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ENZYME CATALYTICAL SITES: BIOINFORMATICS, STRUCTURE AND MODES
OF ACTION

Varfolomeyev S.D.

N.M. Emanuel Institute of Biochemical Physics, RAS, Moscow, Russia
Chemistry Department, Moscow Lomonosov State University, Moscow, Russia
E-mail: sdvarf@enz.chem.msu.ru

The modes of action of enzyme catalytical sites are discussed on the basis of modern
methods of bioinformatics, structural analysis as well as molecular and quantum mechanics
modeling.

The methods of bioinformatics permit researchers to reveal the general properties of
enzymes and of their active sites as well as to deepen our insight into the phenomenon of
biological catalysis.

The major structural paradox of enzymatic catalysis is the fact that the giant quantity of
enzymatic reactions, using actually an infinite quantity of proteins, differing in the primary
structure, is based on the use of a quite limited number of sites in general.

Comparison of the primary sequences of a large group of enzymes of various classes
helped reveal some unobvious principles of formation of enzyme catalytic sites. Upon a great
structural variety of enzymes of given catalytic activities, about 5% positions are strictly
conservative. The amino acids forming the catalytic site are always manifested as
conservative with the Shennon entropy diminishing to zero. The catalytic sites are formed by
acids and bases. In this case, the aspartic acid most frequently occurs in the active site. An
unexpected fact is that the most important amino acid, most frequenting as conservative, is
glycine. The author discusses the role of glycine in formation of three-dimensional structure
of the active site. The phenomenon of the structural unity in forming-up the catalytic sites is
manifested in comparison, with hydrolases, of active sites of enzyme other than hydrolases.
Activation of molecular reactive centers by enzymes of other classes proceeds by the same
nucleophile — electrophile mechanisms as participation of hydrolases, often with the use of the
same three-dimensional structures.

The disclosed regularities are illustrated by a great number of examples of reactions
involving oxido-reductases, synthetases and isomerases.

Some results were obtained using the methods of molecular dynamics and molecular
mechanics.

Development of ideas about molecular modes of action of enzymes in the “classical”

approximation is based on qualitative notions of contemporary chemistry, such as
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“nucleophily”, “electrophily”, dipole moment, etc. The methods of quantum chemistry
become the background for the present-day quantitative research in the field of molecular
nature of enzymatic catalysis. The methods of bioinformatics afford one to reveal the most
essential moiety of the protein molecule, forming the catalytic site, as well as to identify the
group of atoms, the quantum-chemical description of which afford the study of the reaction
elementary acts. The methods of quantum mechanics and the sets of programs for quantum
chemistry, based on them, afford the adequate description of the processes of chemical
activation of molecules and the pathway from substrate to product with participation of
enzyme catalytic groups. The quantum — chemical calculations, based on the use of
fundamental equations and fundamental constants, are the extremely objective criteria in
choosing the reaction mechanism.

The quantum-chemical calculations of reaction mechanisms are discussed by the example

of some “typical” catalytic sites.
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INVESTIGATION OF REDOX REACTIONS MECHANISM: POTENTIAL IMPACT
ON CATALYST DESIGN. CASE STUDY OF HYDROGEN PRODUCTION AND
PURIFICATION ON CERIA-BASED MATERIALS

Mirodatos C., Sadykov V.A.!

Institut de Recherches sur la Catalyse, CNRS, 2 avenue Albert Einstein, F-69626,
Villeurbanne Cedex, France
'Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: Claude.Mirodatos@catalyse.cnrs.fr

In general, the key information for understanding a complex heterogeneous (gas/solid)
catalytic process is to have access to the effective role of the surface by identifying and
quantifying surface active sites and active adspecies coverage under steady-state operating
conditions. Among the most efficient techniques for accessing these data, in operando
spectroscopies like DRIFT allow direct visualisation of surface occupancy, but often only the
most abundant and stable, therefore the less active adspecies or even simple reaction
spectators are detected [1, 2]. Another powerful technique is transient kinetics analysis that is
carried out by allowing the reaction to reach steady-state, i.e., under adsorption-desorption-
reaction equilibrium, and then applying a stepwise change of feed gas concentration or even
better isotopic gas composition. The latter is known as steady-state isotopic transient analysis
(SSITKA) [3]. The analysis of the transient responses enables a quantitative determination of
the concentrations of adsorbed active intermediates species, as well as their rates of formation
and consumption, revealing the main elementary steps on the catalyst surface. Finally, the
conventional kinetic analysis under steady-state conditions where kinetic data are acquired by
varying P, T and W/F conditions and then modelled according different sets of rate equations
also permits to determine surface concentrations. This approach consists of constructing a
scheme of the reaction mechanism based on plausible elementary steps among which one (or
sometimes several) is designated to be the rate-determining step. All other steps are assumed
to be in quasi-equilibrium. The sorption of reactants and products is assumed to take place
according to a model of adsorption such as the Langmuir isotherm. Once the parameters of
the rate equation have been estimated through regression analysis of the experimental data,
the use of the sorption model and a site balance allows calculating the surface coverage of the
intermediate species. However, often the drawback of challenging discrimination between
several close models or coupled variables may lead to major uncertainties in operating surface

description.
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This presentation will focus on the way to access to a qualitative/quantitative active
surface description obtained from the above mentioned methodologies in order to converge
towards more advanced and consolidated mechanisms.

The chosen application domain is the production and purification of hydrogen on ceria-
based materials for which both laboratories have carried out a large range of physico-
chemical, kinetic and mechanistic investigations.

Ceria-based mixed oxides (CexM1,Oy) are versatile solid oxygen exchangers. At high
temperatures (400-800°C) the redox cycle Ce’" < Ce*" + e facilitates oxygen storage and
release from the bulk fluorite lattice. When combined with noble or non noble metal particles,
this makes them ideal candidates for catalytic and/or electrocatalytic oxidation applications
such as natural gas partial oxidation into syngas (POX) for feeding solid-oxide fuel cells.
However, the surface redox chemistry of ceria is sensitive even at low temperatures to crystal
structure defects, which can be tuned by substituting some of the Ce cations with ions of
different size and/or charge [4, 5]. In that low T domain, other reactions related to fuel cell
technology (especially proton-exchange membrane —PEM- cells) are particularly attractive for
small-scale domestic and automotive applications. As such, hydrogen enrichment and
purification by water gas shift (WGS) and CO preferential oxidation (PrOx) aim at decreasing
the CO concentration in hydrogen below 10 ppm, as required for steady-state operation of
PEM FC.

In the case of platinum catalysts supported on mixed oxides the rate of oxygen supply
from the support may determine the rate of methane oxidation and especially the selectivity
towards syngas. In addition, it is known that among the various supports able to provide
active oxygen species, CeO; based solid solutions are capable themselves to oxidize both CH4
and CO even in the absence of gas phase oxygen, at least for a transient period [6, 7]. The
exact and respective role of the metal and of the support (as oxygen generator either from
gaseous oxygen or water) as a function of the applied operating conditions has to be clearly
identified in order to design improved materials able to be both highly active and selective
over a wide range of operating conditions, as required for any commercial application.

In this presentation, the effects of doping ceria supports of platinum catalysts for the three
reactions: CHy POX, CO PrOx in the presence of H,, WGS/RWGS are investigated by
transient kinetics and in operando DRIFT analysis. On the basis of the observed transient
responses, different reaction schemes are proposed. Modelling of the experimental responses
according to these schemes is used to validate or reject the respective models, depending on

the fitness between calculated and experimental transient curves.
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As a complementary approach, the development of new ceria based material using high-
throughput methodology is presented, as a fast strategy for extracting mechanistic information

from primary screening procedure [8].

Support by RFBR-CNRS Grant 05-03-34761 is gratefully acknowledged
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NOBLE METALS CONTAINING CATALYSTS FOR HYDROGEN PRODUCTION

Damyanova S., Petrov L.

Institute of Catalysis, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria
E-mail: petrov@ic.bas.bg

The conversion of hydrocarbons to hydrogen and syngas will play an important role in
the 21 century ranging from large gas to liquid plants and hydrogen plants for refineries to
small units providing hydrogen for fuel cells. The forecasts show that hydrogen will become a
major source of energy in the future. Hydrogen is “the fuel of the future”. It is an
environmentally attractive and clean fuel, potentially non-polluting, inexhaustible, efficient
and cost attractive fuel for different energy demands. Hydrogen can be produced from a
number of sources, including biomass [1], coal [2], solar energy [3], etc. The combustion of
hydrogen in air does not produce CO, as co-product, however when the hydrogen is produced
from fossil fuels it is an indirect source of CO,. Therefore, the use of the H; as a fuel strongly
depends on the method by which it is produced. The efforts are dedicated to develop of
environmental benign and economically competitive H, production technologies and systems
to meet the energy needs.

The natural gas accounts almost 50% of the world’s feedstock for H, production. CHa,
which is the main component of natural gas, is widely used — cheap, widespread and
accessible. The main processes used for hydrogen production from methane are: steam
reforming, dry reforming, partial oxidation and autothermal reforming of methane. The steam
reforming of natural gas provides the cheapest source of industrial hydrogen.

Among the various fuels, which can be converted to hydrogen to be used in fuel cells for
mobile and stationary applications, alcohols are highly promising candidates, because they are
easily decomposed in the presence of water and generate Hj-rich mixtures. Ethanol, which
could be produced in large quantities from biomass, was used in not very successfully in some
countries as a renewable motor fuel; however it is considered as one of the most promising
sources of hydrogen [4].

The catalysts are playing the most critical role in the ultimate development of reforming
processes for hydrogen production. One of the main problems of reforming catalysts is their
fast deactivation due to the formation of coke. There are continually improvements of the
qualities of reforming catalysts. The parameters responsible for enhancement of the catalytic

performances include the catalyst composition, type of the catalyst support, and process
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parameters. Another strategy has been used to circumvent this problem is to design catalysts
with components able to store or release oxygen during reaction conditions.

The conventional catalysts used in the industrial reforming processes are alumina-
supported Ni catalysts due to their low price and high conversion. However, the main problem
of Ni catalysts is their low stability because of carbon deposition and metal sintering under
operating conditions. Nevertheless, numerous effective nickel-containing catalysts for
reforming processes have been developed by incorporation on suitable supports, such as using
alkali and alkaline earth oxides or mixed oxides. It has been proved that the passivation of Ni-
containing catalysts with sulphur [5] greatly affects the cooking tendency.

Compared with the non-noble metal catalysts the noble metal catalysts exhibit excellent
activities and selectivity, and higher stability, due to lower sensitivity to carbon deposition [6,
7]. Comparing the catalysts based on nickel, ruthenium, rhodium, palladium, iridium, and
platinum it has been found that noble metal catalysts show high selectivity for carbon-free
operation during reaction of methane reforming with carbon dioxide. However, the major
drawback of the noble metal catalysts is their high cost and limited availability, which restrict
their potential use in the industrial processes. Therefore, the modification of Ni-based
catalysts by small amount of noble metal can result in a non-expensive bimetallic supported

system assuring both high activity of the catalyst and its low carbon deposition.
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KINETICS AND MECHANISM OF SELECTIVE CATALYTIC REDUCTION OF
NOx WITH HYDROCARBONS UNDER LEAN CONDITIONS

Murzin D.Yu.

Abo Akademi University, Turku/Abo, Finland
E-mail: dmurzin@abo.fi

Lean-burn gasoline and direct injected common rail turbo charged diesel engines have
significant fuel economy benefits compared to stoichiometric gasoline engines. However, the full
worldwide expansion of such engines is hindered by the difficulties in effective NOy and
particulate removal. In exhaust gas cleaning, the catalyst has to operate under highly transient
conditions. A wide temperature range (100-600°C), presence of high amount of water (12 %), a
need for almost zero pressure drop simultaneously with extremely high flow rates (GHSV up to
200 000 h™) and ability to catalyse oxidation reactions and reduction of NO, under highly
oxidising conditions at the same time, are challenges hardly met in any other field of catalysis.

Three major catalytic techniques are widely proposed and used for removal of NOy
emissions from lean-burn and diesel operated vehicles: NO-storage, urea- and hydrocarbons
(HC) selective catalytic reduction (SCR). Each of these techniques have significant
disadvantages such as sulphur sensitiveness and regeneration requirements of NOy-storage
materials, infrastructure issues and formation of ammonium nitrate (at low temperatures) for
urea-SCR and low temperature activity of HC-SCR catalysts. The presentation will focus on
HC-SCR over Ag/alumina, which has been proven to be the most active and stable catalyst. In
particular catalyst preparation, characterization, reaction mechanism and kinetics, importance
of gas-phase reactions as well as beneficial effect of hydrogen will be addressed [1-9]. The
gathered knowledge led to a cascade concept of exhaust pipes, which was confirmed in a full

scale vehicle verification test.
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CATALYSIS IN IONIC LIQUIDS

Hardacre C.

School of Chemistry and Chemical Engineering, Queen’s University, Belfast, UK
E-mail: c.hardacre@qub.ac.uk

Ionic liquids are versatile solvents for both heterogeneously and homogeneously catalysed
reactions. A wide range of reactions have been demonstrated from liquid phase reactions
such as Diels-Alder and aldol transformations as well as liquid-gas reactions such as
hydrogenations and oxidations. This paper illustrates this range of reactions with a focus on
the difference between ionic liquids and molecular solvents; the mechanisms of the processes
and the recyclability of the ionic liquid and catalyst system.

Ionic liquids have been studied extensively as clean solvents for a wide range of chemistry.
This interest is a direct result of the diverse physical properties which these liquids have and
the way in which they may be systematically varied, for example the density, viscosity and
water miscibility. Since they also have effectively zero vapour pressure this makes them ideal
engineering solvents for reactive chemistry, allowing direct distillation from the solvent and

simple solvent recycle without the production of VOC’s.!

A wide range of reactions have
been performed in ionic liquids to date including alkylations,” C-C bond coupling reactions,””
polymerisations,”® hydrogenations,” '° hydroformylation,'' and alkoxycarbonylation.'” These
reactions have been extensively reviewed."> Many of the reactions reported in ionic liquids
are catalytic, using homogeneous, enzyme and heterogeneous catalysts with the vast majority
using homogeneous. This paper describes a range of catalytic processes using homogeneous

and heterogeneous catalysts as well as utilising the ionic liquid as a catalyst.

Despite the large number of reactions performed in ionic liquids, few have demonstrated that
the ionic medium has a positive effect on the enantioselectivity for asymmetric
transformations. The majority of studies concerning catalytic enantioselective reactions have
used the ionic liquid in combination with a molecular co-solvent. In many cases no beneficial
effect on the enantioselectivity compared with the conventional media is found although the
recyclability of the catalyst is improved. In contrast, we have demonstrated that ionic liquids
can not only significantly increase the rate of platinum catalysed asymmetric Diels-Alder
reactions and the recyclability of the catalyst but also allow high enantioselectivities to be
achieved without the need to recourse to low temperatures.'* Using conformationally flexible
inexpensive ligands the ionic liquid slows the rate of racemisation of the catalyst compared

with dichloromethane, increasing the enantioselectivity achieved. This system also allows for
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the possibility of performing semi-continuous reactions and therefore scale-up is enabled. In
gas-liquid-solid reactions ionic liquids have been shown to be highly selective solvents for the
C=C double bond hydrogenation of a,p-unsaturated aldehydes to the corresponding saturated
aldehyde."” By changing the anion of the ionic liquid or the temperature at which the reaction
is performed, it is possible to vary the selectivity and selectivities close to 100 % are possible
when using a Pd/C catalyst although the rate is slower than in conventional organic media.
Similarly high selectivity has been demonstrated using Pt/graphite catalysts in an ionic liquid
media for the conversion to the unsaturated alcohol. The ionic liquid system also facilitates
facile organic solvent extraction or vacuum distillation of the product phase without the

removal of the catalyst and the system shows good recyclability.

For the hydrogenation reactions, the catalysis is truly heterogeneous; however, the use of a
zeolite in the ionic liquid is likely to be homogeneously catalysed. The Friedel-Crafts
benzoylation of anisole has been successfully carried out in [NTf,] based ionic liquids using a
range of zeolites.'® This reaction is thought to proceed via a homogeneous mechanism,
catalysed by HNTf,, generated in-situ by the exchange of the cation from the ionic liquid with
the acid proton on the zeolite. The efficiency of this exchange is shown to be temperature and
ionic liquid dependent. With [Cgpy][BF4], [Csmim][BF4] and [Csmim][OTf] no reaction
occurs indicating that insufficient concentrations of acids are generated in these cases to
facilitate the reaction. However [Pgse14][NTT2] does not support sodium exchange and
[Ngss1]J[NTf,] only exchanges to a small extent and neither therefore facilitate the reaction.
The amount of acid generated at the reaction temperature (80 °C) has been quantified using
titration and sodium exchange experiments with both methods giving comparable results

which correlate well with kinetic data.

The “zeolite” catalysed benzolyation of anisole has been compared with a homogeneously
catalysed process using metal triflate and bistriflimides as well as a binary ionic liquid based
on InCl; and a chloride ionic liquid. The zeolite catalysed process had the quickest rate;
however, it was only recyclable with recalcination of the solid at 500 °C. The homogeneously
catalysed reactions also showed good rates of reaction and were active for a wide range of
substrates.  This system was poorly recyclable and the isolated yields low. The
chloroindate(IIl) ionic liquids were also found to be a versatile reaction media for a wide
range of Friedel-Crafts acylation reactions. In addition, the system is catalytic and totally

recyclable, using an aqueous workup, with no leaching of the indium into the product phase.'’
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A combination of homogeneous and heterogenous catalysts has been used to facilitate the
one-pot synthesis of the fungicide Fenpropimorph via a Heck reaction or an aldol
condensation and then a reductive amination reaction.'® Although both Heck and aldol
processes proceed efficiently in the ionic liquid only the aldol pathway may be recycled. By
using the amine catalyst from the aldol condensation as the reagent in the subsequent
reductive amination reaction a highly atom efficient process is possible. A versatile multistep
catalytic synthesis using a single ionic liquid is possible with the ionic liquid able to be easily
recycled. In contrast using conventional molecular solvents, the separation is more difficult

and requires evaporation and recondensation of the solvent.
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MULTINUCLEAR NMR IMAGING IN CATALYTIC RESEARCH:
RECENT DEVELOPMENTS AND FUTURE PROSPECTS
Koptyug I.V.

International Tomography Center, Novosibirsk, Russia
E-mail: koptyug@tomo.nsc.ru

NMR imaging (MRI) is one of the most powerful non-destructive imaging techniques
developed to date. The important advantage of MRI is the diverse nature of image contrast,
which makes MRI probably the most versatile toolkit for a broad range of applications,
including those in chemical engineering and catalysis. While significant progress has been
achieved in this field lately, the potential of the method for applications in chemical
engineering and catalysis is far from being exhausted, and novel applications continue to
emerge. The results to be presented are intended to demonstrate that the amount of detail the
MRI technique is able to provide is unprecedented, and thus such applications can drastically
advance the knowledge needed to develop novel, highly efficient and environmentally safe
technological processes.

Direct visualization of multiphase catalytic processes. This is a relatively new
modality for MRI applications. Nevertheless, our efforts have led to the first in situ MRI
study of the distribution of liquid phase inside a gas-liquid-solid trickle bed reactor operating
at elevated temperatures. To this end, hydrogenation of unsaturated hydrocarbons such as o-
methylstyrene (AMS) or n-heptene-1 on Pt/y-Al,O; or Pd/y-Al,O; catalysts has been
addressed. Direct visualization of a number of dynamic processes such as oscillating motion
of the liquid front in a single catalyst pellet under unchanged external conditions accompanied
by temperature oscillations, and multiple ignitions of the catalyst has been accomplished. In a
catalyst bed, the presence of partially dry catalyst pellets operating as “minireactors” and
sipping liquid reactants from their neighbors has been established. Our latest efforts have
resulted in the development and implementation of yet faster imaging strategies which enable
us to study various dynamic processes in the operating reactor. Combination of NMR and
MRI approaches was employed to evaluate local degree of chemical conversion, i.e., to obtain
spatially resolved maps of the reactant-to-product ratio.

Flow and filtration of liquids, gases and granular solids. MRI is now routinely applied
to study flow of liquids in various geometries. Nevertheless, some important processes have
not been addressed so far, such as mixing in a cross-flow geometry. We have also extended

the use of MRI techniques to the studies of gas flow and filtration. Such experiments provide
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spatially resolved velocity maps for gas flow in various channels, and distributions of flow
velocities for gas flow in porous media, e.g., in granular beds. This has also allowed us to
explore experimentally the differences in the characteristics of gas and liquid flows. In
particular, experimentally detected distributions of axial molecular displacements in fiber-
type microreactors demonstrate that gas flow can be readily made plug-like even if the reactor
structure is irregular, while for liquids the distribution of velocities is unfavorable and leads to
impractical distributions of contact times. Our MRI studies of the flow and filtration of
granular solids have primarily addressed the gravity driven transport of solid particles in pipes
and through stationary beds comprised of larger solid grains. Such processes are used for heat
transport intensification in endo- or exothermic heterogeneous catalytic reactions as well as
for conversion intensification based on the selective adsorption of a product. However, the
ability to measure velocity distributions of solid particles and to obtain spatially resolved
density and velocity maps of the solid phase will be of importance for many technological
processes, such as pneumatic transport of granular solids, soot combustion in diesel engines,
fluidized catalyst beds, etc.

Drying and adsorption. Our MRI studies of drying processes cover a broad range of
materials, including porous alumina pellets, textile samples, unmodified or washcoated
monoliths, etc. These systems were used as models for evaluating parameters characterizing
mass transport and exchange processes which in many cases govern the efficiency of
heterogeneous catalytic reactions. At the same time, drying is an important technological
process in itself and often represents one of the stages of, e.g., preparation of catalyst support
extrudates or impregnated supported catalysts. Therefore, a number of experiments on the
drying of monoliths with or without washcoats and active components have been performed.
Adsorption studies will be exemplified by the preparation of supported catalysts as well as the
studies of water sorption by composite water sorbents comprising hygroscopic salts dispersed
in a porous matrix. The latter system is important for, e.g., heat pumps development and
applications.

Imaging of the solid phase and multinuclear imaging. MRI studies are usually
performed on liquids or liquid-containing samples, even if the information about the solid
structure is sought. It will be demonstrated that in fact MRI of many rigid solids can be
performed with commercial microimaging instruments. In particular, alumina and other Al-
containing materials (glass, ceramics) are relatively easy to image. This essentially opens up a
window to an entirely new dimension for MRI applications in chemical engineering and

catalysis. The most obvious use is for non-destructive structural studies of, e.g., catalyst beds.
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At the same time, other exciting possibilities will clearly emerge. In particular, the possibility
to develop spatially resolved NMR thermometry techniques for the studies of heat transport in
chemical engineering, including hot spots formation and evolution in catalysis, will be
discussed. Multinuclear imaging of solids can be useful for the direct visualization of, e.g.,
transport of granular solids in various geometries including fluidized beds. Imaging of
materials comprising a solid finely dispersed in a porous solid matrix will be useful, for
instance, for mapping NaCl distribution in building materials, LiCl and other salts in selective
water sorbents, etc.

Another direction pursued in our studies is the combination of multinuclear MRI of
liquids (solutes) with that of solids. This approach appears to be promising for the in situ
studies of the preparation of supported catalysts and composite water sorbents. During the
impregnation stage, transport of the solute (catalyst precursor, salt) can be visualized as it
permeates the porous support immersed in the impregnation solution. Imaging of the solid
phase is helpful to evaluate the final distribution of a catalyst or salt after the pellet is dried.
Comparison of the imaging results of the liquid and solid phases allows one to study
interaction of the active component with the porous support and to assess its redistribution

within the support during the drying stage.
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THE EFFECTS OF ACTIVE SITE COMPOSITION AND STRUCTURE ON THE
MECHANISM AND KINETICS OF HYDROCARBON OXIDATION
Bell A.T.

Department of Chemical Engineering, University of California, California, USA
E-mail: alexbell@uclink.berkeley.edu

It is well established empirically that the activity and selectivity of hydrocarbon oxidation
catalysts are affected by the local composition and structure of the active sites. However, the
precise definition of what is meant by an active site is usually difficult or impossible to
establish for catalysts consisting of either bulk or dispersed metal oxides, and as a result
discussions of structure-performance relationships are often imprecise and lead to long-
standing controversy. These difficulties arise from the presence of a multitude of possible
active sites on bulk and dispersed materials and the lack of experimental methods that can
enable the isolation of those sites exhibiting the highest level of activity. In an attempt to
surmount this limitation, there has appeared a growing interest in the experimental and
theoretical investigation of catalysts consisting of isolated-sites, some times referred to also as
single sites, for which all of the active centers are exactly or nearly the same. Examples of
such sites are monomeric metal-oxo species supported on an oxide, supported and
unsupported heteropolyacids, and dissolved organometallic complexes. This talk will
illustrate the level of detail that can be obtained from studies of methane oxidation occurring
on isolated molybdate species supported on silica on iron oxo species cation-exchanged into
ZSM-5, and the epoxidation of cyclooctene on iron(IIl) porhpyrin complexes. It will be
shown that in the case of isolated molybdate species, experimental evidence, supported by
quantum chemical calculations, lead to the conclusion that the oxidation of CH4 by O, to
CH,O proceeds via a peroxide intermediate. Peroxide species are also thought to be the
active intermediate in the case of CH4 oxidation by N,O over Fe-ZSM-5. Theoretical
calculations show why in this case CO, and H,O are formed rather than CH3;OH or CH;O.
The epoxidation of cyclooctene and several other olefins by H;O, on
iron(II)tetrakisperfuorophenyl porphyrin catalysts is shown to be sensitive to the composition
of the axial ligand associated with the porphyrin, the solvent in which the reaction is carried
out, and coordination of the olefin to the iron center of the porphyrin. The active intermediate
for expoxidation is found to be an iron(IV) pi-radical cation formed via the heterolytic
cleavage of the O-O bond of H,O; coordinated to the iron center in the porphyrin. The extent
of heterolytic versus homolytic cleavage of the O-O bond dictates the selectivity of H,O»
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consumption for epoxidation versus decomposition and is determined by the charge density

on the iron center. The different ways in which the activity and selectivity of the porphyrin

can be tuned will be illustrated.
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C,-C3; OLEFIN PRODUCTION PATHWAYS DURING PROPANE OXIDATION
OVER Li/MgO CATALYSTS: CONTRIBUTION OF HETEROGENEOUS AND
HOMOGENEOUS FACTORS

Sinev M.Yu., Korchak V.N., Seshan K.}, Lefferts L."

N.N. Semenov Institute of Chemical Physics RAS, Moscow, Russia
'University of Twente, Faculty of Science and Technology, Enschede, The Netherlands
E-mail: k.seshan@utwente.nl

The demand for bulk chemicals including light olefins (ethylene, propylene, butenes) is
constantly increasing. However, the rate at which their production can be increased via
traditional processes from different oil fractions (steam cracking of naphtha, fluid catalytic
cracking) is limited by several factors, including accessibility of additional raw materials and
dramatically increasing oil prices. Catalytic dehydrogenation of alkanes, as an alternative
route to olefins, shows some disadvantages such as thermodynamic limitations, a high
tendency to coking and short catalyst lifetimes. In principal, oxidative dehydrogenation
(ODH) of light alkanes can provide with a possibility to avoid these limitations. However,
despite the research efforts invested, industrial scale application of ODH reaction has not been
realized up to now due to the insufficient olefin yields, which typically do not exceed 30%,
especially for Cs; olefins. The latter is caused by a high reactivity of product olefins as
compared with that of initial alkanes. Further, in spite of the absence of thermodynamic
limitations, ODH processes still require relatively high temperatures, similar to those at which
advanced yields of olefins can be obtained in non-oxidative mode. One more disadvantage of
the oxidative conversion of propane and higher alkanes in a substantial contribution of
cracking route (formation of C-C bond splitting products) accompanying the desired ODH
route.

In this paper, the reaction pathways of ODH and cracking product formation are analyzed
in terms of a heterogeneous-homogeneous mechanism. It was demonstrated in many
publications that ODH reaction proceeds via the formation and further transformation of alkyl
radicals generated by the catalyst (see, for instance, [1-3]). Li/MgO catalyst is a convenient
model for the evaluation of reaction pathways because of its well-known capability of
producing free radicals from alkanes [3] and the existence of information required for the
evaluation of rate constants of elementary gas-solid reactions [4].

Catalysts containing 1-7 wt.% Li were prepared by conventional impregnation of MgO
with water solution of LiNO; and finally calcined at 750°C. Catalytic measurements were

performed in a quartz microreactor (4 mm inner diameter) at 1 atm and temperatures < 600°C.
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Experiments performed at varied flow rates and initial concentrations of oxygen and CO,
added to the reaction mixture demonstrate the following trends:

1. Whereas in the empty reactor propane and oxygen conversions follow S-shape curves
indicative for the development of radical-chain reaction, in the presence of catalyst they
increase almost linearly at increasing formal residence time. In the latter case a slight decrease
in propylene (Cs-) and ethylene (C,-) selectivities is accompanied by a small increase of
methane selectivity at increasing propane conversion.

2. If up to 1 vol.% CO; is added to the initial gas mixture, some increase in selectivity to Cs-
is accompanied by a corresponding decrease of C,-; at higher concentrations of CO,
selectivities to all main products remain almost constant. The overall reaction rate gradually
decreases at increasing CO, concentration.

3. At 600°C and low initial oxygen concentration (< 0.01 vol.%) the rates of Cs-, C,- and
methane are almost equal; at increasing oxygen concentration the C;- formation rate
increases, while that of C,- remains almost constant and methane decreases. Simultaneously,
the rates of H, and CO formation are increasing and their ratio reaches ~1 at 20% O, in the
initial mixture.

4. If a void volume after the catalyst bed is added, the Cs- formation rate increases much more
than any other; the formation of H, and CO significantly drops.

The analysis of the above observations together with available gas phase kinetic data and
proposed radical-type heterogeneous reactions and their estimated rate constants suggests the
following about the reaction mechanism and olefin formation pathways in particular.

1. Li/MgO catalyst is active in the formation of initial propyl radicals, but at the same time it
actively terminates secondary radicals; as a result, general kinetic features (the development
of the process in time) change from those typical for chain reactions to "linear".

2. Propylene can form via the following radical processes:

C3H, — CsHe + H 1)
C3Hy + 05 — CsHg + HO» 2)
CyHy + X —> CsHe + XH 3)
[O]s + C3H7 — [OH]s + C3He 4)

Relative importance of each process depends on the reaction conditions:
- in the absence of catalyst and at very low concentrations of oxygen (e.g., at high O,
conversions) Cs- forms mainly via mono-molecular dissociation (1);

- at higher oxygen concentration the reaction process (2) dominates;
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- process (3) can be important in the case of developed chain reaction;
- in the presence of catalyst reactions (2) and (4) are the main sources of propylene, whereas
in post-catalyst void volume additional amount of Cs- can form via reactions (2) and (3).
3. At low concentrations of oxygen ethylene can form via "anaerobic" process
C3H; — C,H4 + CH; ()
which is likely to proceed in parallel with (1) when the formation of equal amounts of Cs-,
C,- and methane is observed. At higher O, concentration the reversible formation of propyl-
peroxy radicals in parallel with reaction (2) becomes important. The consecutive
transformations of CsH,0O, lead to the formation of C,- and carbon oxides.
4. Effects of CO, addition and downstream void volume suggest the possibility of
heterogeneous C,- formation in parallel with total oxidation, for instance

[O]s +C3H; > [OC3H7]S - [O(iH3]s + C,H4 (6)

COx + H,O
Also, additional cracking of propyl radicals can take place over low-coordination sites
actively poisoned by CO,.

Effects of reaction conditions and properties of catalyst active sites upon the ratio of the
rates of formation of n- and iso-propyl radicals, as well as the difference in the reactivities of
the latter in consecutive reactions towards dehydrogenation (Cs-) and cracking products (C,-,
methane) are discussed. It is shown that the increase of H-atom affinity of surface active sites
should result in the shift to a more efficient formation of n-Cs;H5. In their turn, the latter are
likely to be more efficient in some reactions leading to the formation of cracking products.
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DILEMMA OF PEROXIDE OXIDATION: ONE OR TWO OXYGEN ATOMS
TRANSFER

Gekhman A.E.
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JUJIEMMA ITEPOKCUJAHOT'O OKUCJIEHUS:
INEPEHOC OJJHOI'O UWJIM IBYX ATOMOB KHCJIOPOJIA

T'exman AL.E.

WuctutyT 001mieit u Heoprannyeckoit xumuu uMm. H.C. Kypnakosa PAH, Mocksa
E-mail gekhman@igic.ras.ru

OOcyxnaercs mpupoJa HHTEPMEIUaToB peakuuu [IpuiexaeBa M KaTaau3HpyeMOro
THJIPONEPOKCUIHOTO OKUCJIEHUS. DKCIEPUMEHTAIBHO M METOJaMU KBaHTOBO-XUMHUYECKOTO

MOACIIUPOBAHUA M3YUCHBI PCaAKIUHU HN30MCpHU3alMKM MW KOJbBHO-UCHHBIX TayTOMCPHBIX

NpEeBpaIeHUi  MEePOKCUKApOOHOBBIX KuchoT, wux mnpousBogubsix (I) =—— (1) wu
nepokcokomruiekcoB BaHaaus (1) ) (IIT) (IV). TayromepHbIe TpeBpaICHUS
(I) = (II) mpoTekaroT 4epe3 NMepPexoqHOE COCTOSIHUE, B KOTOpoM cBsi3b O-O ymMHEHa 10

CPaBHEHHIO C NHKIUYECKON W alUKIMYECKOW TayTOMEPHBIMH (OpMaMHU TPH COXPaHEHHH
HEM3MEHHBIMH MEXbsJIepHbIX paccrosHuii O-H. BryTtpucdepHsie mnpeBpaiieHuss B
NEPOKCOKOMILIEKCaX BaHaaus NpuBoAT K uHtepmeauary (III), orBercTtBeHHOMY 3a mepeHoc
Ha cyOCTpaT MOJIEKYJIbl CUHIVIETHOIO AMKHMCIOPOAA, U KOMIUIEKCY ¢ Tpuokcosurasaom (IV),
OTBETCTBCHHOMY 3a 00pa30BaHUE 030HA.

PaccMmotpena poib 3aMeCTUTENEH, IMTaHA0B U BHYTPUMOJIEKYJIIPHOU BOJOPOJHOM CBS3HU
B AKTHBHBIX OKHCIMTENSAX Ha KHHETUYECKHE IapaMeTpbl pEeakUuid  pasloKEHus,

OINOKCUAUPOBAHUA, THAPOKCUIUPOBAHUA U IIEPCHOCA CUHTJICTHOI'O JUKHUCIOPOaA.
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CHEMICAL MODIFICATION OF THE SURFACE AND HETEROGENEOUS
DEVELOPMENT OF REACTION CHAINS IN THE PROCESSES OF CATALYTIC
COMBUSTION

Azatyan V.V,
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XUMHUYECKOE MOJUPUITNPOBAHUE NOBEPXHOCTHU U TETEPOI'EHHOE
PASBUTHUE PEAKIHMOHHBIX HEITENU B ITPOHECCAX KATAJIMTUYECKOT'O
I'OPEHUA

A3zarsan B.B.

HNHCTUTYT CTPYKTYpPHOIM MaKpOKHHETUKH U MpodsieM matepuanoeaeHus PAH,
YepHoronoBka, MockoBckast 0011
E-mail: azatyan@ism.ac.ru

Hapsimy ¢ mporpeccMBHBIM pPOCTOM dYHCIa MyOMMKAIUi, MOCBSIICHHBIX TpoIeccaM
KATAJIMTUYECKOTO TOPEHHUS, PACIIMPIETCS TaKXKe KPYr paccMaTpUBaeMbIX MpolieM. ITo
OTHOCHUTCS, B TOM YHCJIE, K XapakTepy TIeTEepPOre€HHbIX CTaauil, K B3aUMHOMY BIIUSHUIO
ra3o(azHoOro ropeHusl U CBOWCTB MOBEPXHOCTH, K MEXaHMU3MY Tpoiiecca B menom. OmHako,
IIPU  AHAJIU3€ OKCIEPUMEHTAIBHBIX JaHHBIX, TaKXe€ KakKk M M[pU MOJACIHPOBAHUU
KaTaJIUTUYECKOTO BOCIUIAMEHEHUS! U TOPEHMs, OCOOEHHOCTH LIEMHOr0 XapakTepa Ipolecca
YUUTHIBAIOTCS KpaiiHe mMasio. Mexy TeMm, MpH J000M MEXaHHW3ME CBOET0 BOSHUKHOBEHHUS, B
TOM 4YHUCJE, TEeTePOreHHO-KaTAIUTHUUYECKOM, pPAa3BUBAIOLIEECS TOPEHHE COMPOBOKIACTCS
3HAYUTEIBbHBIM CaMOPa30rPEBOM PEAKIIMOHHON CMECH M MPOTEKAET MPU aKTUBHOM yYaCTUH
aTOMOB U PAJIMKAJIOB, CIIOCOOHBIX 00ECHEYNUTh pa3BUTHE IIpOLEcca 0 Pa3BETBICHO-I[ETHOMY
MexaHu3My. B HacTosIiee BpeMsi U3BECTHO, YTO B OTIUYHME OT OOIEMPHUHSTHIX 10 HEJaBHETO
BPEMEHH TMpEACTaBICHHM, B Ta30()asHOM TOPEHHH KOHKYPEHIUs pPa3BETBICHUS U OOpbIBA
Heneil SBIISeTCS OCHOBHBIM (DAKTOPOM HE TOJNBKO B OOJACTH JABJICHHWI B COTHU Pa3 HIKE
atMoc(epHOro, HO TakkKe TpHU aTMOC(HEPHOM W TIOBBIINICHHBIX IAaBJICHHUSAX, MPHU JIIOOOM
xapakrepe camopasorpesa. IIpyu 3ToM 3aKOHOMEPHOCTH TOPEHUS OMPENENSIIOTCS OBICTPHIMU
peakiusMd aTOMOB U pPaJMKAIOB, MPOTEKAOIIMMU Kak B Tra3oBoil ¢asze, Tak U Ha
MMOBEPXHOCTH, KOHTAKTUPYIOLIEN C PEaKLUMOHHOW CMECBIO. B pse reTeporeHHbIX peakiui
XMMHYECKH COCTaB M, COOTBETCTBEHHO, CBOMCTBAa IIOBEPXHOCTHM IPETEPIEBAIOT

SHAYUTCIIBHBIC U3MCHCHHS, UYTO CKAa3bIBACTCA HAa 3aKOHOMCPHOCTAX BCET0O IMTPOILECCAa B IICJIOM.
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B macrosmieit pabore mpuUBOAATCA pe3yJIbTaThl OOHAPYXKEHUS M U3Y4YEHUS OBICTPHIX
peakiuii acopOUPOBaHHBIX U3 Ta30BOM (ha3bl CBOOOIHBIX ATOMOB U PAJUKaIOB, TPUBOISIINX
K TETEpPOr€HHOMY pa3BUTHIO PEAKIMOHHBIX LENel, a TakkKe peakuuil XHUMHUYECKOIO
MOIU(PHUIIMPOBAHUS MTOBEPXHOCTH. OnuceiBaercs METO]T OJIHOBPEMEHHOTO
dboTomMeTprUpoBaHUs TUIAMEHU B PA3HBIX YaCTAX PEAKIMOHHOTO MPOCTPAHCTBA, TO3BOJIMBIIUI
O00HAPYX UTh M U3YYUTh U30TEPMUUECKOE T€TEPOreHHOE BOCIUIAMEHEHUE U JIOKATU30BaHHOE Y
NoBepXHOCTH TopeHue. I[lockombky B 3TOM DJKCHEPUMEHTE HadaidbHas TemIepaTypa
MOBEPXHOCTU HE IPEBBILIAET TEMIIEPATypy IOpPIOYEHl ra3oBOW CMECH, TO TOPEHHE SIBISAETCS
Pe3yJIbTaTOM I'€TEpOreHHOT0 Pa3BETBICHMS PEAKIIMOHHBIX 1enel. [loka3zaHo, 4To B OoTIMYME
OT peaklMii TeTepOreHHOI0 pa3BETBJICHUS LeNed, MPOTEKAIOIMUX C Yy4acTHEM aTOMOB U
pajuKaloB, pEaKIUUd TOJNBKO MOIJIEKYJSIPHBIX pPEareHTOB HE CIOCOOHBI  BBI3BATh
BOCIJIAMEHEHHUE.

ITo abcopbumonnsiM MK — cniektpam maeHtugummpoansl atoMbl H u pagukanst OH,
afcopOMpOBaHHbIE U3 30HBI TOPEHMs, YYAacTBYIOIIME B TETEPOrC€HHOM pPa3BUTUU
PEaKIIMOHHBIX IIeTIe ¥ BO MHOTOM OIpPEAENSIONINe WHTEHCUBHOCTh TOPEHUS, XapaKTep €ro
KMUHETUYECKOTO PEeXUMa, B TOM YHCJIE — MHOTOKPATHOE BOCIUIAMEHEHUE Jake€ B CTATHUECKUX
YCIIOBUSIX.

[Tokazarenem TOro, 4To B XOJi€¢ KATaJUTHUECKOrO TOPEHHUS HapsAly C peKoMOMHaluein
afacopOMpOBAHHBIX aTOMOB U PAJWKAlOB, MPOTEKAIOT TaKXke OBICTphlE WX pEaKluu C
MOJICKYJISIPHBIM KHCJIOPOAOM, MPHUBOASIINE K MHTCHCU(DUKALUU TOPEHHS, SBISIIOTCA TaKXe
JaHHbIE, MOJIYYEHHbIE HCIOIb30BAaHUEM M30TOMNOB BOAOPOJA. DTO IO3BOJMIO, HANPUMED,
peructpupoBath B ra3zoBoil ¢aze H,O, u H,O mo ux UK-cnekTpam usnydeHus B miiaMeHH
NneiTepus ¢ KUCIOPOJOM HaJl IOBEPXHOCTSIMH, Ha KOTOPBIX MpeABapUTEIHHO afcopOupoBacs
aTomMapHelii  Bogopoa. be3 mpeaBapuTensHOW — aicopOIMHM  aTOMAapHOIO  BOAOPOJA
KOMIIOHEHTOB C JIETKMM BOJIOPOJOM B IIJJaMEHHM Jeiitepuss He oOHapyxuBaercs. Ha
OCHOBaHUU MOJYUYEHHBIX JaHHBIX TOKA3aHO, YTO XapaKTEPHOE BpeMs PEaKIfil reTepOreHHOTo
pa3BeTBICHUS Lenell ONM3KO K XapaKTEpHOMY BPEMEHH OCHOBHBIX TOMOTCHHBIX CTaIui
Pa3BUBILErOCs TOPEHMSL.

BbisicHeHO, 4TO B mpoleccax BOCIUIAMEHEHUS M TOPEHHs] BOJOPOJICOJEPIKALIUX
COEIMHEHUI Ba)KHBIMH CTAUSIMU T€TEPOrC€HHOT0 Pa3BUTHS PEAKIIMOHHBIX LIETIeH SBISIOTCS:

H, + O, = HO,
H + HO, = OH + OH
H + HO, = H,O + O.
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[IpuBonATCS pe3ysbTaThl KUHETHMYECKOIO aHalIW3a, IPOBEICHHOIO C YYETOM JTHX
peaKkuuid, KOJMUYECTBEHHO OOBSACHSIOIIEI0 KHHETHMYECKHE 3aKOHOMEPHOCTH TOPEHUs, B TOM
YHCJIE HOBBIE KDUTUYECKUE SIBIICHMUS.

[IpuBonsATcs mnpUMEpPhl peakuuid XMMHYECKOT0 MOIM(UIUPOBAHUS IOBEPXHOCTU
aKTUBHBIMH IPOMEXYTOUHBIMU MNPOAYKTaMU TropeHus. ONUCHIBAIOTCS U 00CYKAAI0TCA
9KCHEPUMEHTAIbHbIE JaHHbIE N0 OOHAPYKEHHIO OBICTPBIX PEAKLUUN BHITECHEHHS aTOMOB
METaJUIOB U3 UX TBEPAbIX COJIEH aTOMapHbIM BOJOPOIOM, 00pPa30BaHHBIM B IJIAMEHU. ATOMBI
METaJUIOB B Ta30BOM (pa3e perucTpupyroTcs MO MX AIMHCCHOHHBIM CHEKTpaM. Pe3ynbTarsl,
MOJly4YE€HHblE KOMOMHHMPOBAHHBIM HCIIOIb30BAHUEM KHHETUYECKUX U CIIEKTPOCKONMMYECKUX
METOJI0B, WJUIFOCTPUPYIOT Ha MOJIEKYJSIPHOM YPOBHE CBSI3b TMCTEPE3UCOB KPUTHUYECKUX
YCIIOBUHM BOCIUIAMEHEHHUS U MHTEHCHUBHOCTH TOpeHHus ¢ xapakrepuctukamu HMK- crnexrpos
aacopbupoBanHbix aromoB H u pagukanos OH.

Pab6ora Bemonnaena npu noxaepxkke [Iporpammoii [pesuanyma PAH «HoBbie momxoms

K XMMUHU TOTUTMB ¥ XUMHUYECKOM dekTpodnepreTukey (711).
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TAP-APPROACH IN CATALYTIC MECHANISM REVEALING:
“STATE-BY-STATE TRANSIENT SCREENING”

Yablonsky G.S., Gleaves J.

Department of Chemical Engineering, Washington University,
Box1198, 1 Brookings Dr., St. Louis, MO 63130, USA
E-mail: gy@che.wustl.edu

A new approach, ‘“state-by-state transient screening”’, is presented. According to the
approach, the detailed kinetic mechanism is extracted from primary non-steady-state kinetic
data. The key idea is to kinetically test a catalyst with a particular composition (e.g. amount of
surface oxygen) that changes insignificantly during the test. A complete screening experiment
includes the sequence of such tests performed over a catalyst with different composition
prepared separately and scaled (e.g. oxidation degree). The approach is based on three
experimental principles: a) insignificant catalyst change during a single-pulse experiment; b)
control of reactant amount stored/released by catalyst in a multi-pulse experiment; ¢) uniform
chemical composition within the catalyst zone.

An efficient theory of integral analysis of single-pulse tests (small perturbations) is
developed. Integrals (moments) of the experimentally measured exit flow are used to calculate
the basic kinetic coefficients (including apparent kinetic constant, time delay etc.) given by
the theoretical expressions derived with no assumption regarding kinetic model. Then, the
thorough understanding of the non-steady-state catalyst activity is constructed in two steps: 1)
description with no preliminary assumption about the kinetic model (“model-free”
description) in terms of basic kinetic coefficients; 2) analysis of the basic kinetic coefficients
for different reactants/products as functions of catalyst composition (e.g. catalyst
oxidation/reduction degree) and development of the detailed kinetic model.

The approach is illustrated using selective butane, butadiene and furane oxidation over a

VPO catalyst and water-gas-shift reaction.
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MODERN UNDERSTANDING OF HETEROGENEOUS CATALYSIS: DOES THE
BULK MATTER?
CO, METHANE AND ETHYLENE OXIDATION ON PALLADIUM

Zemlyanov D., Aszalos-Kiss B., Kleimenov E.*, Teschner D.}, Zafeiratos S.%,
Havecker M.}, Knop-Gericke A.}, Schlégl R.Y, Han J.2, Ribeiro F.H.?, Gabasch H.%,
Unterberger W.3, Hayek K.2, Klotzer B.?

Materials and Surface Science Institute and Physics Department, University of Limerick,
Limerick, Ireland
1Abteilung Anorganische Chemie, Fritz-Haber-Institut der Max-Planck-Gesellschatft,
Faradayweg 4-6, D-14195 Berlin, Germany
2School of Chemical Engineering, Purdue University, 480 Stadium Mall Drive, West
Lafayette, IN 47907-2100, USA
3Institut fiir Physikalische Chemie, Universitét Innsbruck, A-6020, Innsbruck, Austria
E-mail: dimazemlyanov@purdue.edu

Annotation
This investigation focuses on oxidation of CO, methane and ethylene on the surface of
palladium single crystals as a model catalyst. The number of in situ and ex situ techniques
was exploited such as in situ XPS, TPD, STM, LEED, kinetic measurements, etc. It was
found that dissolution of carbon and oxygen can change catalytic activity of palladium,
leading to passivation or activation of the catalyst.
Introduction: According to traditional understanding of heterogeneous catalysis, chemical
reaction occurs on the surface and reaction rate mainly depends on a surface composition and
a surface structure. However, dissolution of small molecules such as hydrogen, oxygen
carbon might take place during reaction and this might result in the changes of electronic and
structure property of the surface. As the consequence, catalyst behaviour can change.
This investigation focuses on oxidation of methane and ethylene on the surface of palladium
single crystals as a model catalyst. Palladium is considered as the best catalyst for the
catalytic combustion/partial oxidation of methane and other small hydrocarbons, which is an
environmentally benign process for power generation with low NOy emissions and for
removal of residual methane from the emission gases of methane-powered vehicles (see for
instance [1] and Refs. therein). Catalytic combustion of methane is carried out under
conditions varying from low temperatures, where PdO is the thermodynamically stable phase,
to high temperatures, where Pd metal is stable. PdO is believed to be the more active phase in
methane combustion [2-4]. Therefore, an understanding of the palladium oxidation

mechanism and the mechanism of palladium oxide decomposition is critically important. An

adequate understanding of the oxidation mechanism is impossible without an in situ high-
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pressure study. For this investigation we exploited in situ XPS in combination with ex situ
TPD, STM, LEED, etc. along with kinetic measurements. The in situ high-pressure XPS can
operate up to a few mbar [5, 6].

Palladium Oxidation: Palladium oxidation was found to be complex process, which consists
of several steps. In the case of Pd(111) single crystal, at 431 K in 0.4 mbar O, the surface is
covered by the 2D oxide phase and by the supersaturated O,qs layer. The supersaturated O,gs
layer transforms into the PdsO4 phase upon heating. The supersaturated O,q¢s layer disappears
completely at approximately 470 K. Above 653 K the bulk PdO phase appears and this phase
decomposes completely at 815 K. It was supposed that the 2D oxide phase acts as a precursor
for bulk PdO. Decomposition of the bulk oxide is followed by oxygen dissolution in the bulk
and formation of the O, species along with Og: the oxygen species dissolved deeply in the
bulk. The formation of the O, oxygen results in the expansion of the lattice. The Og oxygen is
more favourable at high temperatures because the O, oxygen could not accumulate in the
near-surface region and diffusion shifts the equilibrium towards Og. The saturation of the bulk
“reservoir” with Og results in increasing of the O, uptake confirming the transformation of O,
to Og at high temperatures. The bulk PdO phase does not form during cooling in 0.4 mbar O,
but below 747 K the PdsO4 phase appeared. Dissolution of oxygen in the palladium bulk is
involved in the oxidation mechanism as an important step.

Ethylene Oxidation: The main finding is a carbidic-like phase, which forms during ethylene
oxidation through carbon dissolution in the palladium bulk. The reaction is catalyzed by both
the pure metallic and the carbon modified phase but the temperature/selectivity performance
of the catalyst changes significantly. At low temperatures, the clean Pd (111) surface mainly
runs the reaction of complete oxidation with a low the activation barrier. However,
dissolution of carbon in the bulk occurs during this stage and once the reaction is catalyzed by
the new carbon-containing phase, the selectivity shifts towards CO and the activation energy
increases. During cooling ramp the activity of the catalyst decreases slowly in the high
temperature range and very fast once the new carbidic phase reappears at approximately
600 K. Carbon modification of the surface/bulk causes the changes of the stability of
adsorbed species. Although the chemical potential of the oxygen in the gas phase remains
constant during the cooling cycle, carbonaceous adsorbats, CO and likely ethylidyne, appear
on the surface at 506 K and poison the reaction.

Methane Oxidation: Using large single crystal model catalysts, we have shown that the

reaction of combustion of methane over Pd is not sensitive to the structure of the catalyst.
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This finding implies that industrial catalysts should be prepared to maximize the Pd surface
area without consideration of the cluster shape. On the other hand, the reaction rate shows
hysteresis behaviour between 600 and 700 K and between 800 and 900 K. Thus during the
heating ramp, the methane conversion starts at >500 K and reaches a maximum at 650 K and
then decreases. The maximum of the reaction rate is not observed during the low temperature
ramp. The in situ XPS highlighted that during the heating cycle the 2D oxide forms and this is
an active phase for methane oxidation. During cooling ramp no oxide phase can be observed
and therefore the catalyst shows a low activity. The high-temperature hysteresis likely
associates with the O, phase. Below 820 K thermodynamic equilibrium is shifted towards O,
but at higher temperatures diffusion in the bulk becomes essential and Og starts to dominate.
Conclusive Remarks: Dissolution of small molecules such as carbon and oxygen can change
catalytic activity of palladium, leading to passivation or activation of the catalyst. Dissolution

is the important step of the reaction mechanism.

References:

[1] G.Zhu, J. Han, D.Y. Zemlyanov and F.H. Ribeiro, Journal of the American Chemical
Society 126 (2004) 9896.

[2] R. Burch, F.J. Urbano and P.K. Loader, Appl. Catal., A 123 (1995) 173.

[3] J.N. Carstens, S.C. Suand A.T. Bell, J. Catal. 176 (1998) 136.

[4] R.S. Monteiro, D. Zemlyanov, J.M. Storey and F.H. Ribeiro, J Catal. 199 (2001) 291.

[5] H. Gabasch, W. Unterberger, K. Hayek, B. Klotzer, E. Kleimenov, D. Teschner,
S. Zafeiratos, M. Havecker, A. Knop-Gericke, R. Schlégl, B. Aszalos-Kiss and
D. Zemlyanov, in preparation).

[6] D.Zemlyanov, B. Aszalos-Kiss, E. Kleimenov, D. Teschner, S. Zafeiratos, M. Havecker,
A. Knop-Gericke, R. Schlogl, H. Gabasch, W. Unterberger, K. Hayek and B. Klétzer, in
press Surface Science.

36



KS-1-7
NEW ADVANCED CATALYSTS ON THE BASIS OF URANIUM OXIDES

Ismagilov Z.R.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: zri@catalysis.ru

The uranium oxides are the most complex in metal — oxygen combination composite systems.
This is caused not only by a multitude of uranium valence states, but also by the existence of
numerous polymorphic modifications, solid solutions, compounds of variable composition
and metastable phases. There are at least 10 individual uranium oxides and 14 mutual
modifications of these oxides. The first part of the lecture is devoted to review of literature
and patent survey on uranium oxide catalysts. Peculiarities of this system, results of
fundamental studies and examples of practical application will be discussed in detail. Data on
mixed oxides of uranium with vanadium, tungsten, molybdenum, chromium, cobalt, rare earth

metals for catalysis also will be presented.

We developed preparation of bulk uranium oxide catalysts by precipitation from uranyl nitrate
and uranyl oxalate solutions followed by drying and calcination and by plasma-chemical
technology.

Several techniques have been modified for preparation of supported catalysts.

Investigation of the catalytic activity of bulk and supported uranium catalysts have been
performed in following reactions.

-oxidation of methane

- oxidation of butane

- wet and dry methane reforming for production of syngas

- catalytic partial oxidation of methane

- dehydroaromatization of methane

- oxidation of chlorinated hydrocarbons

- hydrodesulphurization of thiophene

Catalysts were studied and characterized by a number of physicochemical methods:

XRD, XPS, EXAFS, DRS, FTIR, TPD, TPR, TPO, adsorption methods and etc.

Conclusions on prospective for uranium oxide catalysts will be highlighted.
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PHASE TRANSFER CATALYSIS IN THE CHEMISTRY OF HETEROCYCLIC
COMPOUNDS
Koldobskii G.I.

St. Petersburg State Institute of Technology, St. Petersburg, Russia
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MEX®A3ZHBIN KATAJIN3 B XUMHUH T'ETEPOIIUKINYECKHUX COEI[I/IHEHI/Iﬁ
Koanoockmii I'.A.

Cankr-IlerepOyprckuii rocyJapCTBEHHBIM TEXHOIOTHYEeCKU HHCTUTYT, CaHKT-IleTepOypr
E-mail: koldobsk@tu.spb.ru

3HAUUTENbHBIE JOCTUKEHUS B XHMUU TETEPOLMKIMYECKUX COEIMHEHUHN IOCIETHUX
15-20 ner Hepa3phIBHO CBSI3aHbl C TNPUMEHEHHEM MeToJa MeX(pa3HOro Karaausa.
Nudopmanus Ha 3Ty TeMy, ONMyOJHMKOBaHHAs M0 cepeauHbl 90-X TOIOB MPOIUIOTO BEKa,
0o0obmena B o03opax [1, 2], monorpadusix [3-6] U HCUEPIBIBAIOIIEM CIPABOYHUKE IO
mexdaznomy katanuzy Kemnepa [7].

Huxe oOcykaaroTcss HOBbIE JaHHbIE, TOJIYyUYEHHbIE IVIaBHBIM 00pa3oM B MOCIEAHUE J1BA
JECATUIIETHS, 110 IPUMEHEHHIO METO/1a MeK(a3HOro KaTajln3a B XMMHUU FeTePOLUKINYECKUX
coeuHeHu. VcKimtounTeNnbHble MPEeUMYILECTBa METo1a MeK(a3HOTo KaTajan3a MHOTOKPATHO
IPOJIEMOHCTPUPOBAHBl Ha MPUMEPE TETEPOLMKIMUECKUX CyOCTpPAaTOB CaMOro pazIMYHOrO
CTPOEHHUS.

B o0mupHOM psfy TreTepoOLMKIMYECKUX COEIUHEHUH pa3lM4HbIX KJIacCcOB 0coboe
BHUMAaHHUE yJIeNeTCsl a30TCOAEPKAIUM I'eTepOIHKIaM. ITO 00CTOATENBCTBO CBSI3aHO C TEM,
YTO CpeIud OJTUX COCOUHEHMM HalJeHbl M MOJIY4YWIM IPAKTHYECKOE IPUMEHEHUE
BbICOKOA()()EKTUBHBIE  JIEKAPCTBEHHBIE  IMpenaparbl LIMPOKOTO  CIEKTpa  JIEHCTBUS,
BBICOKOHEPreTUYECKHE MaTepHalibl, KOMIOHEHTHl CHCTEM 3aluCU HMH(OpMAIMH, a TaKxKe
MOHHBIX JKUJIKOCTEH, Ta30reHepUPYIOLINX COCTABOB U JIp.

[TpumeHeHne MeToAa MeX(a3zHOro KaTalu3a B 3TOM DSy OKa3aloCh HCKIIOYUTEIHHO
dpexTuBHBIM. B psine ciydaeB npu H3y4eHUH MeEX(a3HO-KATATUTHUECKUX pPEaKIui ¢
y4acTHEM a30TCOJEpXKAIMX TIeTepOLUKIOB ObUla IOJlydeHa BakHas HHQopManus o
MEXaHMU3ME Takux nporeccoB. Cpeau KBaTEPHU3OBAHHBIX a30TCOACPXKAIIUX I'eTEPOLUKIIOB
HalJIeHbl KaTaln3aTopbl MEX(a3HOTO MepeHoca Mo pALy IMoKazaTeled NPeBOCXOASIINX

OOBIYHBIE YCTBCPTUYHBIC COJIM aMMOHMU.
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MHOTOYHCIICHHBI TIPUMEPHI YCIIEITHOTO TPUMEHEHUST MEX(Pa3HOTO KaTajin3a B CHHTE3E
TeTePOIMKIMYCCKIX  COCJMHEHMI,  IOJIy4eHHE  KOTOPBIX  JIDYTHMH  CIIOCOOaMH
3aTPYAHUTCIIBHO HIIN BOOGH.[C HEBO3MOKHO. B MNEpBYIO O4YCpCAb — O3TO CHHTC3 MAJIbIX
TeTepPOIMKIIOB, BEChbMa YyBCTBUTEIBHBIX K JIEHCTBHIO KHCIOT W oOcHOBaHWH. HambGoiee
BICYATIIAIONINE  pPE3yJbTaThl  NMPUMEHEHHs  MeX(pa3HOro  Karajgw3a B XHUMHHU
TeTePOIUKIMYCCKIX COCIMHCHHUN TOYYEHBI TIPU Pa3padOTKe METOMOB (yHKIIMOHATU3AIHH
Tux cyoctpaTtoB. Crofa clieyeT OTHECTH aJKWIMpPOBaHHE (apHIMPOBAHHME) aMOMICHTHBIX
TeTePOIMKIMYECKAX  AaHUOHOB, OKHCIEHHE (BOCCTAHOBJICHHE) MONMH(YHKIIMOHAIBHO
3aMEIIEHHBIX CyOCTpaToB, HYKJICO(UIHHOE 3aMelleHne B OOKOBOW IIEMH W HEKOTOPHIE
IpyTHe.

B 3axmroueHue cienyer OTMETUTh, YTO JETATbHBIN aHAN3 WMEIOIIUXCS JINTepaTyPHBIX
JaHHBIX MO IMPUMCHCHUIO MCTOAA Me)K(paSHOFO KaTajinda B XHUMHUH TCTCPOUHUKINICCKUX
COCIMHEHUI JaeT OCHOBAaHWE CUUTATh, YTO JAJbHEWINEE Pa3BUTHE 3TOTO METOJA TMO3BOJIUT
pa3paboTaTh HOBbIC OpPUTHHAILHBIC CITIOCOOBI CHHTE3a PaHee MaJOM3BECTHBIX WM BOOOIIE HE

OINMMCAHHBIX T'CTCPOLUUKINICCKUX CTPYKTYP.
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SUSTAINABLE HETEROGENEOUS ACID CATALYSIS BY HETEROPOLY ACIDS

Kozhevnikov 1.V.

Department of Chemistry, University of Liverpool, Liverpool L69 7ZD, UK
E-mail: kozhev@liverpool.ac.uk

This lecture gives a survey of perspectives of heteropoly acids (HPA) as solid acid
catalysts for clean organic synthesis. The focus is on several approaches that could be
effective in overcoming the deactivation of HPA catalysts to achieve sustainable catalyst
performance.

Catalysis by heteropoly acids (broader termed polyoxometalates) is a rapidly developing
field interconnected with many disciplines [1-3]. As catalysts, heteropoly acids (HPA) have
several advantages, with multifunctionality and structural mobility the most important [1, 2].
On one hand, HPA have strong Brensted acidity; on the other, they are efficient oxidants. In
the last three decades, HPA have found application as acid and oxidation catalysts in several
large-scale industrial processes such as hydration of olefins, oxidation of methacrolein to
methacrylic acid and ethylene to acetic acid [1].

Solid HPA are of particular interest as heterogeneous acid catalysts for clean organic
synthesis. They are highly efficient in many practically important reactions such as Friedel-
Crafts alkylation and acylation, esterification, isomerisation and many others [1-3]. As the
solid acid catalysts, HPA have several important advantages over conventional acid catalysts
such as H3;PO4/SiO,, SiO,-Al,03; and zeolites [1-3]: (1) being stronger acids, HPA are
generally more active than the conventional solid acid catalysts, (2) HPA allow efficient
operating under milder conditions, often providing a higher selectivity, with lower energy
consumption, (3) catalysis by HPA is not complicated by side reactions, such as sulfonation,
chlorination and nitration, typical of mineral acids. Hence, the acid catalysis by HPA is a
strong option for “greening up” chemical processes.

The major problem restricting the use of solid HPA catalysts is their low thermal
stability [1]. Similar to other solid acid catalysts, HPA catalysts suffer from deactivation due
to deposition of coke on their surface during operation in organic reactions, causing
temporary or permanent loss of catalytic activity. Burning coke at ca. 550°C routinely
regenerates the conventional solid acid catalysts, zeolites for instance. However, it is not
applicable to the HPA catalysts due to their low thermal stability. Finding a solution to this

problem is key to sustainable heterogeneous catalysis by HPA.
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The following approaches that could help to achieve sustainability in heterogeneous acid
catalysis by HPA are discussed:
a) Development of solid HPA catalysts possessing high thermal stability [4].
b) Catalyst modification in order to reduce the temperature of coke gasification [5-7].
c¢) Inhibition of coke formation on the catalyst during operation [8].

d) Use of HPA for multifunctional catalysis in cascade reactions [9, 10].
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BASE AND ACIDIC CATALYSIS IN DIMETHYL CARBONATE CHEMISTRY

Tundo P.

Department of Environmental Science, Ca’ Foscari University, Dorsoduro 2137, 30123
Venice, Italy
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E-mail: tundop@unive.it

Dimethylcarbonate (DMC) is a valuable methylating reagent which can replace methyl
halides and dimethylsulfate in the methylation of a variety of nucleophiles. It couples tunable
reactivity, and unprecedented selectivity towards mono-C- and mono-N-methylation.

The high selectivity in methylation reactions is due to the double reactivity of DMC which
reacts on its hard centre (the carbonyl group) with harder nucleophiles and on its soft one (the
methyl group) with softer nucleophiles. Recently achieved selectivity with nucleophiles on
N, O, S and C will be given.

Activation of DMC on acidic catalysts zeolites, selectivity toward several functional groups
and the related reaction mechanism will be reported as well.

Depending on the reaction conditions, DMC can be reacted under plug-flow, CSTR, or batch

conditions. Other remarkable reactions are those where DMC behaves as an oxidant.
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KINETIC FEATURES AND MECHANISM OF ETHYLENE POLYMERIZATION
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KHUHETHYECKHUE OCOBEHHOCTHU U MEXAHU3M ITIOJIMMEPU3ALINU
ITHJIEHA HA IOCTMETAJIVIOHNEHOBBIX KATAJIMTHYECKUX CUCTEMAX

HBanues C.C.

Cankr-IlerepOyprekuit punuan Muacturyra katanmmusa um. I'.K. bopeckoBa CO PAH,
Cankr-IlerepOypr
E-mail: ivanchev@SM2270.spb.edu

W3ydeHbl KMHETHYECKHE OCOOCHHOCTH MOJMMEpH3AMM STHJIEHAa Ha KaTaTUTHYECKHX
CUCTEMaX: MKJIOAIKWI3aMellleHHble OMC(MMUHO)IIUPHUINHOBBIE KOMIUIEKCHI XJIOpH/Ia JKele3a
(puc. 1) - MeTUIATIOMOKCAH, ITUKIOAIKHI3aMEeIIEHHbIE OMC-UMUHHBIE KOMILIEKCHI Opomuaa
HUKeJA (pUcC. 2) — METUIIAIIOMOKCAH M 3aMelIeHHbIe (DEHOKCH-UMHHO-TATIONIHbIE KOMITJICKCHI
TUTAaHA U LUPKOHMS (pHc. 3) — METWIATIOMOKCAaH B TemneparypHoMm uHTepBaie 4 — 80°C B

TOMOTI'CHHBIX YCJIOBUAX U ITPU HAHCCCHHUU HAa HOCUTCIIN.

R? R' = uukmnonentun, R> =R* = H;
R! R'= LIUKJIOIICHTHUII, R’*= CHs;, R’= H;
R'= IUKJIOTICHTHII, R*=R’= CHs;
R'=R’= LIUKJIONCHTHII, R’= H;
R'= LUKJIOTESKCHII, R*=R’= H;
R'= LIUKJIOTEKCHUII, R’*= CHs, R’ = H;
R'= LMKJIOTEeKCHII, R*=R’= CHs;
R'=R’= LIUKJIOTEKCHII, R}= H;
R'= LUKIIOOKTHI, R’=R’= H;
R'= UKIIOOKTHI, R’= CH;, R’= H;
R'= IUKJIOOKTHI, R*=R’= CHs;
R'= LUKJIOIOACIINII, R*= CHs, R’= H;
R3 R'= ITUKJITOTOACIINII, R’=R’= CH;

Puc. 1. lluknoankui3zamenieHHble OUC(MMUHO)ITUPUINHOBBIE KOMII-
JIEKCHI XJIOpH/Ia Keye3a
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R3
1_ 2 _p3_171.
" R2 R’ = muxmonenTui, R =R’ =H;
R'= ITUKJIOTICHTHII, R’= CHs;, R} = H;
O / N R'= ITUKJIOTIEHTHI, R’=R*= CHs;
. ‘:Ni’\Br R' = R? = nuknonenrun, R® = H;
O P R' = nuknorekcun, R? = CHs, R* = H;
N R!'= ITUKJIOT€KCHII, R’=R’= CH;
R! R? Puc. 2. lluknoankuiazaMeleHHbIC OMC-MMUHHEIE KOMIIJICKCHI
OpomuIa HUKETsS
R3

R, = C¢Hs, Ry = t-Bu, R3= CHs, M = Zr; (I)
R, = C¢Hs, Ry = t-Bu, Ry = CHs, M = Ti; (II)
R, = C¢Hs, R, = t-Bu, Ry = t-Bu, M = Tj;

R, = C¢Hyy, Ry = t-Bu, Ry = CHs, M = Ti;
R;=n-Bu, R,=t-Bu, Ry= CHs, M = Ti

Puc. 3. 3aMeH_[eHHLIC q)CHOKCI/I—I/IMI/IHO-I‘aJ'IOI/LHHBIC KOMIIJICKCBI
TUTaHA 1 TUPKOHUA

CtpykTypa, TEPMUYECKUE U MOJIEKYJISIPHBIC XapPAKTEPUCTHUKU TOJTYUYEHHBIX MMOJIMMEPOB
uzyuensl Metogamu MK-dypbe cnextpockomuu, JICK, BHCKO3MMETpUHM U  Telb-
npoHukarmei xpomarorpaduu. OnpeneneHa aKTUBHOCTh MOMYUYEHHBIX KaTaTUTHYECKUX
KOMIUIEKCOB, 3aBUCALIas OT TeMIepaTypbl MOJUMEpHU3AlMM U CTPOEHUS KOMILIEKCA.
KBaHTOBO-XMMHUYECKUM PACYETOM C HCIOIB30BAaHUEM TEOpUU (YyHKIIMOHATHLHOW TMIOTHOCTH
ompeseNieHa TePMOCTAOMIBHOCTh KATAIUTUYECKHMX CHUCTEM HAa OCHOBE OHC-UMUHHBIX U
OuC(MMUHO )TUPUANHOBBIX KOMILJIEKCOB U MOKa3aHa BO3MOKHOCTh CMEIIEHUS UX aKTHBHOCTHU
B 0051acTh 0oJiee BBICOKMX TEMIIEPATyp C YBEIMUYEHHEM KOJIUYECTBA METHUJICHOBBIX TPYII B
[UKJIOATKUILHOM 3aMECTUTETIE.

N3y4yeHpl KMHETHYECKHE OCOOCHHOCTH MOJMMEpPHU3alUU ITHICHA HAa aKTHBUPOBAHHBIX
METHJIAJTIOMOKCAHOM JBYXKOMITOHEHTHBIX OMMETAIMUECKUX KATAIUTUYECKUX CHUCTEMaxX C
OMC-UMUHHBIMH ¥ OWC(MMUHO)IUPHIAMHOBBIMUA JHTaHnaMu. Iloka3zaHa COBMECTUMOCTh
M3Y4aeMbIX KOMIUIEKCOB MpU pab0Te B OJHOM PEAKTOpPE W BO3ZMOXKHOCTH MCIOJIb30BAHUS UX
Opyd  TOJYYEHHH  PEAKTOPHBIX  CMECeM  MOJUATWICHOB  HEPA3BETBICHHOM U
KOPOTKOIIETIOYEYHON pa3BeTBICHHON TIPUPOJIBI. Mexanuzm (dbopMupoBaHUs
KOPOTKOIIETIOYEYHOM pa3BETBIEHHOCTH CBA3aH C OCOOEHHOCTSAMHU POCTA MOJIMMEPHOI LIenn Ha
OMC-MMUHHBIX KAaTaJUTUYCCKUX CHUCTEMaX U PETyJUPYETCS COOTHOIIEHWEM KOMIIOHEHTOB
CTPYKTYpPOH HCIIOIB3yEeMbIX OMMETAITMYECKUX KaTATUTUYCCKUX CUCTEM.

N3y4yeHsl 0OCOOEHHOCTH MONMMEpH3AIMM JTUJIEHA B CYCIEH3MOHHOM U Ta3oda3zHoOM
peXuMax ¢ HCHOJb30BaHMEM  HAHECEHHBIX  HA  CHUJIMKarelb  3aMEIICHHBIX
OUC(MMUHO)TUPUIUHOBBIX KOMILJIEKCOB XJIOPHAA Kejle3a M 3aMEIICHHBIX OWC-UMUHHBIX

KOMIIJICKCOB 6pOMI/IIIa HUKCIIA. OHpGIIeJIeHLI OINTUMAJILHBIC YCJIOBUS HAHCCCHHS, 3aBUCAIINC
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OT XapakTepa Juranjga. J[oCTUrHyTas BBICOKAs aKTMBHOCTb HAHECEHHBIX KaTaIUTHYECKUX
CHCTEM M CTPYKTypa IMOJYyYEHHBIX ITOJIUMEPOB OJIM3KH K HAOIIOAeMBIM MTPH HCIIOJIB30BAaHUA
AQHAJIOTMYHBIX TOMOTEHHBIX CHCTEM.

Ha npumepe BnepBble MOJIy4€HHBIX MHOTO(QYHKLIMOHAIBHBIX OMC(MMHHO)IHPHITHOBBIX
KOMILUIEKCOB XJIopuaa xkene3a (puc. 4), akTUBUPOBAHHBIX METHUIATIOMOKCAHOM, IOKa3aHa
BO3MOXXHOCTh TIOBBIIICHUS S()(HEKTUBHOCTH TIO CPAaBHEHUIO C MOHO(DYHKIMOHAIBHBIMU
aHaJoraM#, OCOOCHHO TPH IOBBIMICHHBIX TEMIepaTypax MOJIMMEPH3alHUU, C COXpAaHCHHEM

BBICOKHMX MOJIEKYJISIPHBIX Macc 00pa3yIolerocs Moau3TUiIeHa.

NH,

Puc. 4. MHOroQyHKIIMOHATBHBIE OMC(MMUHO ) TUPUIUMHOBBIE KOMITJIEKCHI XJIOPH/IA JKeje3a

HccnenoBanbl M COMOCTaBJICHBI CTPYKTYPHBIE XapaKTEPUCTUKU M KaTaJUTHYecKas
aKTUBHOCTh ps/ia (PEHOKCHM-UMUHHBIX KOMIUIEKCOB THTaHa M ITUPKOHHUS B COYECTAHHH C
METUJIAIIOMOKCAaHOM B KauecTBe cokaraiau3aropa. [loka3aHa M30CTPYKTYpHOCTh M3YyUYEHHBIX
KOMIUIEKCOB M 00pa3oBaHue XelaTHoro mectuuieHHoro Meramwtonukia M—OC—CC-N-M B

KOMIUIeKce (puc. 5).

il
Puc. 5. IIpocTpaHCcTBEHHOE CTPOCHUE U HyMepalus aTOMOB B (DEHOKCH-UMUHHBIX
metaiutokoMiuiekcax I u Il

JInsl HEeKOTOPBIX THUTAHOBBIX KOMIUICKCOB IIOKa3aH <(OKMBOI» MEXaHM3M IPOTCKaHMS
nporecca MoJIMMEepH3any STHIICHA.

Ha ocHoBe comocTaBiieHHsI CTPYKTYPBl M KaTATUTHYECKOW aKTHBHOCTH psga (peHOKcH-
UMHHHBIX KOMIUIEKCOB Ti M Zr BBICKa3aHbl COOOpa)XKeHHUs, OOBSICHSIONIUE PA3IUYUs B HX

AKTUBHOCTH IIPH NOJIUMCPU3AIIUN STHIICHA.
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THE INVERSE PROBLEMS OF CHEMICAL KINETICS
AND MULTICENTRALITY OF ION-COORDINATED CATALYTIC SYSTEMS FOR
DIENE POLYMERIZATION

Monakov Yu.B., Spivak S.L.!

Institute of Organic Chemistry USC RAS, Ufa, Russia
'Bashkir State University, Ufa, Russia
E-mail: s.spivak@bashnet.ru

OBPATHBIE 3AJIAYM XUMNYECKON KUHETUKH U MIOJUIEHTPOBOCTD
NOHHO-KOOPANMHAIIMOHHbBIX KATAJIMTUYECKUX CUCTEM
MNOJIMMEPU3AIIUU JIMEHOB

Momnakos 10.B., CnuBak cnt

Wuctutyt opranndeckoit xumun YHI[ PAH, Va
1BaHIKHpCKHfl rOCYIapCTBEHHBIN YHHUBEPCHUTET, Y (ha
E-mail: s.spivak@bashnet.ru

IIpn pekname KOHKPETHOIO IIOJUMEPHOTO MaTepuala, MpeXAe BCEro XHUMHUKH
NPEICTaBISIIOT «IAclopT» JaHHOTO IOJMMEPHOIO MaTepuala, a HUMEHHO, €ro KpHUBYIO
MOJIEKYJISIpHO-MaccoBoro pactpeneneuuss (MMP). JlelictBurensHo, kpuBas MMP Hecer
0osbiIoON 00beM HMHOpPMALMM O MEXaHHW3MAaX MPOTEKAaHUS pPEaKIUM IOJIUMEpPU3aLUU U
MO3BOJIICT NPOAHAIN3UPOBATh KAadyeCTBO KOHEYHOIO IOJIMMEpPHOro mnponykra. I[lostomy
3a/1a4ya eTaNbHOro uccienosanus kpusoii MMP u nocTpoeHus ee MaTeMaTH4eCKUX MOZENIEH
BCErJa paccMaTpuBaeTCsd KaK OCHOBA IIPU MAaTEMaTHYECKOM MOJEIMPOBAHUM IIPOLIECCOB
MOJIMMEPH3ALUH.

B HacTosmel pabGoTe paccMaTpUBAOTCS BOIPOCHI HCCIIEAOBAHUS KaTAUTHYECKHX
cucTeM, 00JalaloNIMX CBOMCTBOM MOJUIIEHTPOBOCTH (CYIECTBOBAHME AKTHBHBIX I[EHTPOB
(ALl) paznuuHON NPUPOABI U KHUHETUUECKON aKTUBHOCTH).

B otnmume oT npoCThIX BEIIECTB, HE CYIIECTBYET MPSMBIX SKCIIEPUMEHTAIbHBIX METOJ0B
nonydeHus: KpuBblx MMP nonumepos. [loaTtomy Bcernma onpenensitorcsi Kakhue-To CBOWMCTBA
IIOJIMMEPHBIX CUCTEM, 3aBUCSIIUE OT MOJIEKYJIsipHOU Macchl it MMP. Jlanee, pacuer MMP
CBOJUTCS K HHTETPAILHBIM ypaBHeHUsIM Dpearosnbma nepsoro poza. Apyrumu cioBamu, BCe
CYILIECTBYIOIIME OKCIIEPUMEHTAIBHBIE METOAbl OLICHKM Buaa KpuBo MMP mnonmmepa
OCHOBAHbI Ha MCIIOJIb30BAaHMM 3aBUCUMOCTH MEXAY UIMHOM MaKpOMOJIEKYJ M KaKMM-THOO
(U3UKO-XMMUYECKMM CBOWCTBOM H3y4yaeMoro ooOpasma. VCcXOgHBIM 3KCIEepUMEHTaIbHO

OTIpeIeNIIEMBbIM CBOMCTBOM CITYKHT T€Ib-XpOMATOTpaMMa U3y4yaeMoro 0ObeKTa.
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B pabGore mnpoaHanuzupoBaHbl — UMerOLIUECS — (PU3MKO-XUMHUYECKHE  METO[bI
(b paKIIMOHUPOBAHUS TIOJUMEPOB, IPU 3TOM OTMEUYEHBI IOCTOMHCTBA U OTPAHUUEHUS KaKOTO

u3 Hux. [locTpoeHa MeTonuKa YHMCICHHOTO perieHus oOpatHoi 3amaun MMP. a umeHHoO:

b

(0= ylind) K(2.x)o2

a

Irac qW(X) — OKCHECpUMEHTaIbHAs T'€lIb-XpOMaTOorpaMMa U3y4aeMoro nojaumepa, X = InM , M

— MOJIEKYyJIIpHas macca, K(X,/i) — SIIPO MHTETpaJIbHOTO ypaBHeHHs DpenroibMa MepBOro
poaa, KOTOpoe MoA0Mpalloch Ha OCHOBE KOHKPETHOM KHHETHMYECKOW CXEMBbl Ipoliecca
nojiuMepu3anii, A — KOMIUICKC TapaMeTpOB JaHHON KUHETHUYECKOW MOIECIH, l//(ln/"t) —
UcKoMass (YHKIMS paclpeseieHus] aKTHUBHBIX LEHTPOB IOJUMEpU3aluu. M3I105KeHbl
QITOPUTMBl YHUCIIEHHOTO peuieHus odpatHoil 3amaun MMP, paszpaboTaHHble Ha OCHOBE
Metoa peryisipusanuu A.H.Tuxonosa.

PaccmaTpuBaroTcs 3a1a4u HOHHO-KOOPIMHAIIMOHHON monuMepu3anuu. B kadectse siapa

K(X,/l) HHTErpajibHOro ypasHeHus ®Opearonsma ucnoib3doBaHa monaens Pnopu. PacyerHsie

byHKIUM pacrpeneaeHus y/(lnl) U UX aHaJu3 MO3BOJIWIN OIpPENeIUTh KUHETHYECKUe

nmapamMeTpol UId KaXXAO0ro aKTUBHOI'O I[CHTpPAa MNOJUMCpU3aAllMK W IMPOCICAWTL 3a HX

HU3MCHCHHUEM B XOI€ pC€aKIUU IMOJIMMEPHU3ALTH.
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KEY INTERMEDIATES OF METALLOCENES AND POST-METALLOCENES
CATALYZED OLEFIN POLYMERIZATION
Talsi E.P., Bryliakov K.P., Bochmann M.l, Semikolenova N.V., Zakharov V.A.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
'University of East Anglia, Norwich, United Kingdom
E-mail: talsi@catalysis.ru

Methylaluminoxane (MAO) remains the most widely used co-catalyst for metallocene and
post-metallocene based catalysts. Information on the structure of “cation-like” species formed
upon activation of these catalysts with MAO is crucial in the understanding of polymerization
activities. We present here the 'H and “C NMR spectroscopic study of the cationic
intermediates formed upon activation of various metallocene and post-metallocene catalysts
with MAO. The following metallocene catalysts have been investigated: (Cp-R),ZrCl, (R=H,
Me, 1,2-Me,, 1,2,3-Me;, 1,2,4-Mes, Mes, Mes, nBu, tBu), rac-C,H4(Ind),ZrCl,,
rac-Me;Si(Ind),ZrCl,, rac-Me,Si(1-Ind-2-Me),ZrCl,, rac-Me;Si(2-Me-Benzind),ZrCl,,
rac-Me;Si(1-Ind-2-Me-4-Ph),ZrCl,, rac-C;Ha4(1-Ind-4,5,6,7-H4),Z1Cl,, (1-Ind-2-Me),ZrCl,,
Me,C(Cp)(Flu)ZrCl,, Me,C(Cp-3-Me)(Flu)ZrCl,, Me,Si(Flu),ZrCly, Si,Mes(2-Ind)ZrCl,,
Si;Mey(2-Ind-4,5,6,7-H4),Z1rCl,, Cp,TiCly, rac-CyHy4(Ind), TiCl,, rac-Me,Si(2-Me-
Benzind), TiCl,, (CsMes)TiCl; and [(Me4C5)SiMethBu]TiC12. It has been found that in
conditions approaching to real polymerization (Al/Zr or Al/Ti > 200), intermediates [LoM(p-
Me),AlMe,]' [Me-MAO]™ (II) and L,MMe«Me-A1“=MAO (IV) (M = Zr or Ti) are
present in the reaction solution. For the more restricted coordination gap aperture
metallocenes, heterobinuclear ion pairs of type III strongly dominate in the reaction solution,
whereas in the more open half-sandwich, disilyl bridged and constrained-geometry
complexes, a closer approach of [Me-MAO] is favored to give mainly ‘zwitterion-like’

species of type IV upon activation with MAO.

* \
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Ethene polymerization activity strongly depends on the Al/Zr ratio (Al/Zr = 200-1000) for the
systems (Cp-R),ZrCl,/MAO (R = H, Me, nBu, tBu), while it changes insignificantly in the
same range of Al/Zr ratios for the catalytic systems (Cp-R),ZrCI,/MAO (R = 1,2-Me,, 1,2,3-
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Mes, 1,2,4-Mes, Mey ). These data are interpreted on assumption that complex III is the main
precursor of the active centers of polymerization in (Cp-R),ZrCl,/MAO systems.
The intermediates of olefin polymerization over homogeneous catalysts based on
2,6-bis(imino)pyridine iron(II) chloride (LFeCl,) and AlMes; or MAO as activators have been
studied by 'H and ’H NMR. In conditions approaching to real polymerization, neutral species
of the type [LFe(I)(Cl)(u-Me),AlMe,] or [LFe(Il)(Me)(n-Me),AlMe;] dominate in the
reaction solution in LFeCl,+AlMe; systems, whereas in LFeCl,/MAQO systems, ion pairs
[LFe(IT)(u-Me)(u-Cl)AlMe,] [Me-MAO] (at Al/Fe < 200) and [LFe(II)(u-Me),AlMe,] [Me-
MAOT] (at Al/Fe> 500) are the predominant species.
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In recent years, olefin polymerizations with fluorinated bis(phenoxy-imine) zirconium and
titanium catalysts, discovered by Fujita, have attracted considerable interest, especially with
regard to their living nature. These catalysts should be activated by Lewis acidic co-catalysts
such as methylaluminoxane (MAO) or A1R3/[CPh3]+[B(C6F5)4]_. For the first time, cationic
species formed from bis[N-(3-tert-butylsalicylidene)-2,3.4,5,6-
pentafluoroanilinato]titanium(I'V) dichloride (L,TiCl,) (1) by reaction with MAO or with
AlMe3/[CPh;] [B(CeFs)s]” have been fully characterized by 'H, "’F, C NMR and EPR
spectroscopy. From our results we can conclude that these reactions lead to the formation of
outer sphere ion pairs [L,TiMe(S)]'[Me-MAO] (3) and [L,TiMe(S)]'[B(CsFs)i]™ (3"),
respectively, with S being a weakly coordinated solvent molecule. In the absence of
monomer, species 3 and 3’ are deactivated via transfer of the phenoxy-imine ligand to
aluminium under formation of LAIMe,, and via reduction of Ti(IV) to Ti(IIl). lon-pairs 3 and
3’ react with ethylene to yield the titanium polymeryl species identified as [L,TiP][Me-
MAO] (4) and [L,TiP][B(C¢Fs)s](4"), with P being a growing polymeryl chain. These
results thus represent the first unequivocal observation of Ti-bound polymeryl species in a

living phenoxy-imine titanium(IV)/MAO system.
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To be effective, MAO must be used in large excess with respect to the transition metal
component. For practical applications, it would be desirable to decrease the amount of MAO
activator due to the large cost of MAO. It was found that additions of triisobutyl aluminum
(TIBA) increase the co-catalytic of MAO. The nature of this positive effect of TIBA has been
elucidated in our studies.

Solutions containing mixtures of methylalumoxane (MAQO) and 'BusAl give rise to
'H NMR signals indicative of the presence of the mixed alkyl aluminum dimers iBuzAl(M-
Me),Al'Bu, and of mixed clusters of the type (AIMe(;+2x.y) BuyO(ix)n. These mixed clusters
appear to have stronger Lewis acidic sites and greater hydrodynamic radii than comparable
clusters present in solutions of MAO alone, as judged from EPR signals observed in these
solutions upon addition of TEMPO. When (SBI)ZrCl, (SBI = rac-Me,Si(ind),) is reacted with
one of these mixed activator reagents, the mixed heterobinuclear cation [(SBI)Zr(u-
Me),AlMe'Bu]” appears to be formed, together with its methyl counterpart [(SBI)Zr(u-
Me),AlMe;]", normally predominant in the system (SBI)ZrCl,/MAO at [Allyao/[Zr] ratios
above 100. In the presence of '‘BusAl the formation of heterobinuclear cations is suppressed in
favor of ion pairs containing the cation [(SBI)ZrMe]™ in contact with a (MAO+TIBA)-
derived counter-anion. The greater reactivity of these contact-ion pairs, as compared to the
normally prevalent AlMe; adducts, as well as an increased Lewis acidity of modified MAO
and the ensuing decreased coordination ability of [Me-(MAO+TIBA)]  counter ion as
compared to [Me-MAO] are likely to contribute to the positive effects of TIBA additions on
the co-catalytic activity of MAO.

The work was supported by RFBR grant 03-03-33034, INTAS grant 00-841 and Royal
Society, grant no. 2004/R1-FSU.
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INTENSITY OF IR-ADSORPTION BANDS OF STRETCHING VIBRATIONS - NEW
SPECTRAL CRITERIUM OF CHEMICAL ACTIVATION OF ADSORBED
MOLECULES IN HETEROGENEOUS ACID- AND ACID-BASE CATALYSIS

Kazansky V.B.
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MHTEHCHUBHOCTH MOJIOC UK NOT'JIOIIEHUS BAJJEHTHBIX KOJTJEBAHUM
— HOBBIA CHEKTPAJIbHBI KPUTEPUI XUMNYECKOM AKTUBAIIUN
AJICOPBUPOBAHHBIX MOJIEKYJI BTETEPOIT'EHHO KHCJIOTHOM U
KUCJOTHO-OCHOBHOM KATAJIN3E

Kazauncknii B.b.

WuctutyT oprannyeckoit xumuu um H.J1. 3enmnnckoro PAH, Mocksa
E-mail: vbk@jioc.ac.ru

LlentpanpHoii MpoOIEeMON H3yYeHHUs] MeXaHH3Ma TeTepOTreHHOTO KaTalu3a SBISEeTCS
KOHTPOJIb 32 aKTUBALMEH aJcOpOMPOBAHHBIX MOJIEKY. [Ipr 3TOM B KayecTBE CEKTPAIHHOTO
KpUTEpUsi OOBIYHO MCHOJB3YIOTCS HHU3KO4YacTOTHBhIe caBurd MK 1omoc  BaJIeHTHBIX
KosneOanuii. B HacTosmem Aokiaje B Ka4ecTBE JAOMOTHUTEIBHOTO KPUTEPHS, TTO3BOJISIONIETO
CyIuTh 00 aKTHBAIlMH aJCOPOMPOBAHHBIX MOJIEKYJT B KHUCIOTHOM M KHCJIOTHO-OCHOBHOM
KaTaJu3e, MpeiaracTcs UCIoJIb30BaTh MHTEHCUBHOCTHU nojoc MK nornomenus.

JIeiCTBUTENBHO, COIMJIaCHO OCHOBAaM CIEKTPOCKONHWH, MPUYMHON BO3ZHUKHOBEHHUS
konebaTenbHbIX MK crekTpoB siBisieTcss B3aUMOAEUCTBUE SIEKTPOMArHUTHOTO U3TYUYEHUS C
OCHWUIMPYIOIIUMH  JAUMNOJbHBIMK ~ MOMEHTaMHM  XUMHUYecKuX cBszeid. [lpm  sTom
MHTEHCHUBHOCTH T0JIOC TOTJIOMICHUS MTPOTIOPIIMOHAIBHBI KBAAPATy MEPBBIX MPOU3BOIHBIX OT
JIONTOJTHUTEIBHBIX JTUMOJbHBIX MOMEHTOB, BO3HUKAIOUIMX MPH PACTIKEHUM XUMHYECKHX
CBsI3€H, IO HOPMAIBHBIM KOOPAMHATAM COOTBETCTBYIOIIMX KoneOaHuil. [Ipyrumu cioBamu,
OHM HETIOCPEJACTBEHHO CBSI3aHBI C JIOMOJIHUTEILHON MOJISIPU3ALMEeN XUMUYECKUX CBS3EH, IpHU
UX KOJieOaTeTbHOM BO30YKICHHH.

C npyroit cTOPOHBI TaKXe OOIICTIPUHSITO, YTO aKTUBAIMS aJCOPOMPOBAHHBIX MOJIEKYI B
KHCIIOTHOM M KHCJIOTHO-OCHOBHOM KaTallu3€ CBsi3aHa C HX MOJSpU3aLUed aKTUBHBIMU
[EHTPaMU U 9TO KOOPJMHATON PEaKIMK B 3TOM CiIydae Kak pa3 U sIBISETCS KoyeOaTelbHOe
BO30ykIeHHEe. B 3TOM CBsI3M, B HACTOSIIEM JOKJIa/e 00CYKIAETCS BO3MOKHOCTh KOPPEIISIIIUI
OTHOCHUTENIbHBIX WHTEHCHUBHOCTEH KoJeOaTeNbHbIX Mojoc moriomenus B MK cnekrpax

aI[COp6I/IpOBaHHBIX MOJICKYIJI C UX XMMHUYECKOM aKTUBaIiel B pe3yJibTaTe MOJIsIpU3aInum.
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PaccmoTpenHbie MpUMephl BKITIOYAIOT B ¢€0s1 CBSI3b MHTEHCHUBHOCTHU TTOJIOC TTOTJIOIICHHMS
KHCJIBIX TUAPOKCHIBHBIX TPYI B HEOJIUTAX C UX KUCIOTHBIMU CBOMCTBAMM M aKTUBALIMIO TTPU
azcopOLny Ha HU3KO KOOPAMHUPOBAHHBIX KATHOHAX U KUCIIBIX MPOTOHAX JIETKUX MapaduHOB
u osiepuHOB. [ToydeHHBIE Pe3yIbTaThl CBUICTEIBCTBYIOT 00 aHU30TPOITUH TOJIIPU3YEMOCTH
a7IcOpOMPOBAHHBIX TapauHOB, YTO TPOSBISICTCS B HEOOBIYHBIM  pacIpeaciiCHUEM
nHTeHcuBHOCTEH mosoc MK mornomenus or C-H BaneHTHBIX KojieOaHUH. Y CTaHOBJIEHO, YTO
IIPY TOBBIIICHHBIX TeMIlepaTypax Haubolee CUIbHO nossipuzoBanHbie C-H CBA3M yuacTBYIOT
B TETEPOIUTHYECKON IUCCOLMAIMU W JACTHUAPUpOBaHWU mapaduHOB. Takum o0pazoMm,
OTKPBIBAIOTCS HOBBIE BO3MOXKHOCTH JUIsl OoJiee yriyOJEHHOTO TIOHMMAaHUS CEJICKTHBHOCTH
KUCJIOTHO-KaTaJTUTUYECKUX PEaKIMil Ha aTOMHO-MOJIEKYJIIPHOM YPOBHE.

W3yyenne onuromepusannu THIEHA Ha BOJOPOAHBIX (POpMax IEOTUTOB MOKA3alo, YTO
B3aMMOJICHCTBHE aJICOPOMPOBAHHBIX MOJIEKYJ C TPOTOHAMHU MPHUBOJIUT K HEOOBIYAHO
CHUJIBHOW  TOJSPU3YEMOCTH TaKXE M COCTAaBHBIX KOJI€OaHM JBOWHOM CBS3H C
nedopmarmonHeiMu - kosebanussmu CH, rpynm. DTO CBHIETETBCTBYET O KOHIIEPTHOM
MEXaHU3ME 3JIEMEHTAapHOW CTaguu MEePEeHOca NPOTOHA, B KOTOPOW MPUHUMAIOT y4acTHE
HECKOJIBKO XMMHYECKHUX CBS3EH.

COBOKYIMHOCTh TIOJYYEHHBIX PE3YyJbTATOB IOKA3bIBAECT, YTO MPEJIOKCHHBIA HOBBIMI
CIIEKTPAJbHBI KPUTEPH aKTHUBAIIMM aJCOPOMPOBAHHBIX MOJIEKYJ B pe3yJbTaTe UX
MOJNISIPU3AIUU MMEET JOCTaTOYHO oOImiee 3HadeHue. [IpM 3TOM HHTEHCHBHOCTH TOJIOC
TIOTJIONICHHSI I3MEHSIOTCS TIPH aICOPOINH JIETKUX TapadUHOB B JECATKH pa3, B TO BpeMs Kak
COOTBETCTBYIOIIME HU3KOYACTOTHBIE CIIBUTH COCTABIISIIOT BCETO JUIIb HECKOJIBKO MPOLIEHTOB.
[TonydyeHHble pe3yabTaThl TaK)KE MOKA3bIBAIOT, YTO MJII TECTUPOBAHUS B TE€TEPOTCHHOM
KHCJIOTHOM KaTaju3€ KHUCIBIX aKTUBHBIX LEHTPOB M KHUCIOTHO-OCHOBHBIX Map BO3MOXHO
BMECTO aJCOPOLIMK MOJIENBHBIX MOJICKYJISIPHBIX TECTOB TAaKXKE HCIIOJIIb30BAHUE M CaMUX

pearupyrommx MoJIeKyI.
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bonee, uwem TpuanaTHiIeTHEE HCMHOJIb30BaHUE (UIMYECKUX METOJOB HCCIEIOBAHUS
MOBEPXHOCTH, CPEAM KOTOPBIX CIEAYyeT YMOMSHYTh AU(PPAKIHIO MEUIEHHBIX 3JIEKTPOHOB,
PEHTTEHOBCKYIO (POTO3IEKTPOHHYIO U OKe-3JIEKTPOHHYIO CHEKTPOCKOIHIO, CIIEKTPOCKOIIHIO
PEHTTEHOBCKOTO TMOTJIOMICHUS, CYIIECTBEHHO MPOABHHYJIO HAIIe TIOHUMAHHUE TAKHUX SIBICHUI
KaKk XxeMocopOuus, B3aUMOJAEHCTBUE B aJCOPOMPOBAHHBIX CJOAX, PEKOHCTPYKUUS U
XMMHYECKHE PEaKkllii Ha TOBEPXHOCTH TBEPJIOTO Tena. BMecTe ¢ TeM, NaHHBIE 3TUX METOOB,
TECTUPYIOUIMM OOBEKTOM KOTOPBIX SBISIOTCS 3JIEKTPOHBI, HE MOTYT OBITh HAaNpsMyIO
MIEPEHECEHBI B 00JIACTh TEXHUUECKOTO KaTallu3a, MPEXk/Ie BCEro h3-3a MpoOIeMbl “pressure gap’.
JleiicTBUTENBHO, B yCioBUsX mpoBeneHmst Surface Science skcrepumentos (P < 10™ Ia)
KOHIICHTpAIUsl aKTHUBHBIX B KAaTATMTUYECKOM PEAKIMH YaCTUIl MOXET OBITh CYIIIECTBEHHO
HIDKE TIOpOra  4YyBCTHTEIBHOCTH  HCIOJIb3yeMOro  (u3Mdeckoro Meroga. lorma
peructpupyemas uHpopManus OyneT HUMETh Majo OOLIEro ¢ peaJibHOM MNOBEPXHOCTHIO
paboraromero karammsaropa (P > 107 Pa).

Jlna pemieHuss AaHHOM TMPOOJIEMBl B TMOCJHEIHUE TOJbI MPEANPUHUMAIOTCS AKTHUBHBIC
NOMBITKA Pa3BUTh HOBbIE MM MOJEPHU3UPOBATh M3BECTHBIE METOJBI HCCIEIOBAHUS
MIOBEPXHOCTH C IENIBI0 MPOBEACHUS IKCIEPUMEHTOB NPU JTABJICHUSX PEalbHOTO KaTaln3a.
Cpenau MeTol0B, CIOCOOHBIX paboTaTh MPU BHICOKMX AABIICHUAX, cleayeT ynomsiHytb MK
a0COpOLIMOHHYIO CHEKTPOCKOMUIO C HCIOJIb30BAHUEM MOJSPHU3AIMOHHON Moaymsiiuu (PM
IRAS) ¥ cHeKTpocKOmMIO TreHepauuu cymmapHod uwactoTel (SFG), ckaHupyolryro
TYHHEJIbHYIO U aTOMHO-cuiioByt0 Mukpockonuio (CTM u ACM) u apyrue. Ocoboe mecto

CpelH ATHUX METOJIOB 3aHMMAeT PEHTTeHOBCKask (GoTodekTpoHHas crekrpockorus (POIC),
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KOTOpasi B CUJIy CBOEW YHUBEPCAJIBLHOCTU NMPUBJIEKAaET 0c000€ BHUMaHUE HCCieroBaTesiel —
HauyMHas ¢ KoHIa 70-X, IPUMEPHO pa3 B IECATh JIET MPEANPHHAMAIIAC TIOMBITKA CO3MaHus iN-
situ PODC cniekTpomeTpa.

OavH W3 TakUX CHEKTPOMETPOB BBICOKOTO JaBJICHHS, CIELUAIbHO pa3paboTaHHbBIN
dbupmoit Vacuum Generators, sxcruryatupyercs B Mactutyte karanusa um. [.K. Bopeckosa
CO PAH. Ero mnepBoHauanbHas aJanTaids K MPOBEAEHHIO IN-SitUu wccienoBaHuit
KATATHTHICCKUX PEaKIHil My AaBieHmsx 10 10~ MGap 6bUIa OCYIIECCTBICHA B TA00OPATOPHH
MeTaJIIIMYecKuX karanu3aTopos [1]. Ilocnenyromas MmoaepHu3anys CIEKTPOMETpa MO3BOJINIIA
YBEJIMUYUTh JaBJIEHHE Tra3oBoil ¢a3pl BO Bpems mpoeneHuss PDOOC wusmepenuilt 1o
0.2-0.3 mOap [2], uTO BCEro JHIIb B HECKOJIBKO Pa3 MEHBIIE, YeM MaKCHUMAaJIbHBIC JaBJICHHUS,
UCTIONb3yEMbIE B COBPEMEHHBIX CIEKTPOMETpPax, MPHUCTHIKOBAHHBIX K CTAIllHOHAPHBIM
UCTOYHUKaM CcUHXpoTpoHHOro wm3nyueHust ALS (bepwxim, CIIA) u BESSY (bepnun,
I'epmanns) [3], BO3SMOKHOCTH KOTOPBIX OYAYT TakKe 00CYKIICHBI B TaHHON MPE3EHTAIINH.

Cnenyet, oqHaKO, OTMETUTh, YTO U3MEPEHUS B MIUIMOApHOM JMana3oHe JaBJICHUN He
O3HA4alOT  a-priori  mpoBeAeHHWE  pealbHBIX  IN-SItU  HcCIeoBaHWN  MEXaHH3MOB
KaTaTUTHYECKUX peakuuid. J|eHCTBUTENBHO, ITOBEPXHOCTHBIE YaCTHUIIbI, OOHAPYKUBAEMbIC HA
MOBEPXHOCTH KaTaJIU3aTOPOB IPH TOBBIIIEHHBIX IaBJICHUAX, HE O0OS3aTENIbHO SIBIISIFOTCS
KaTaJUTUYECKN aKTUBHBIMU WJIM MHTEpMEANaTaMu peakuuu. Pe3yabTarsl, npeacTaBieHHbIE B
JaHHOU paboTe, MOKa3bIBAIOT, YTO PEIICHUE JaHHOW MpoOJIeMbl MOXKET OBITH AOCTUTHYTO,
€CIIM 0XapaKTePH30BAHUE MOBEPXHOCTU KaTajau3aTopa OyaeT COBMELICHO ¢ TECTUPOBaHHEM
KaTaJIUTUYECKUX CBOMCTB (aKTUBHOCTh M CEJIEKTUBHOCTb) METOJAMH MAacC-CIIEKTPOMETPUU
WM Ta3oBo  xpomartorpaduu.  DPGEKTUBHOCTH  JAHHOTO  MOAXoda  OyaeT
MPOJAEMOHCTPUPOBAaHA HA psAe MPUMEPOB, CPEeIud KOTOPBIX MCCIEAOBAHUE pPEaKIuil
okucienus CO Ha MOBEpXHOCTH Pt, mapiuaibHOrO OKMCICHHUS METaHOoJa B (popMaliberus] Ha
MeH, pa3joXKEeHUs] METAHOJIA Ha NaJIaAuMM U SMOKCUIMPOBAHUS TUIIEHA Ha cepebpe. bbuio
MOKa3aHO, YTO BO BCEX CIy4asX yJaeTcs aKTUBHUPOBATh IOBEPXHOCTb M OOECHEUUTh
MpOTEeKaHWEe peaKkIuii B MWUTMOAPHOM JHama3oHe MaBJICHUN, YTO JajJ0 BO3MOXKHOCTh
UCCIIEIOBaHHUs PadOTAIOIIUX KaTalU3aTOPOB IOBEPXHOCTHO-UYYBCTBUTEIBHBIMU METOAMH.
beun uaeHTHOUIUPOBAHBI KATAIUTUICCKU AKTHBHBIC YACTHIIBI U MHTCPMEIUATH PEAKIIUH,
U3y4eHa MX MpPHUPOJA, CIENIaHbl BBIBOJABI 00 HUX pOJIM B KATAIUTUYECKUX PEAKIUIX.
[TpennoxeHbl WM YTOYHEHBI MEXaHU3MBI PEAKITHIA.

Hanpumep, snokcuaupoBaHHE STWIEHA B MPUCYTCTBHH MOJEIBHOTO CepeOpsHOro
Katanu3atopa (MoJIMKpUCTaTnueckas (osibra) ObUI0 M3ydeHo Merogamu PDDC in situ u

peakIMoHHOW Macc-criekTpoMeTpuun ¢ nepeHocom mporoHa (ITITP-MC). OcHoBHBIM
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MIPEUMYIIECTBOM ITOr0, HE 4aCTO MCIOJIb3YEMOr0 BapUaHTa METOAA MaCC-CIIEKTPOMETPHUH, B
KOTOPOM HOHU3ALMS aHAIM3UPYEMBIX MOJIEKYJI OCYIIECTBIIAETCS 3a CUET IIEPEHOCA MPOTOHA B
pe3ynbTaTe peakmuH CcO CIeIHalbHO TeHEPUPOBAHHEIM T'MApoKcoHHii-moHoM (H;O"),
SBJISICTCS] BBICOKAs! YyBCTBUTEIHHOCTD 110 OTHOIIEHHUIO K YTIIEBOJAOPOIaM U UX TIPOU3BOIHBIM.

[Mokaszano, uro npu T < 100°C cepebpo NPaKTUUECKH HEAKTUBHO B 0OOpa30BAHUM
STHJICHOKCHU/IA, YTO OOYCIIOBJICHO OJOKHMPOBAHUEM MOBEPXHOCTH KapOOHATHBIMH TPYIIaMU
C032' 1 aJcopOMpOBaHHBIMU yTiepoa-conepxkammmu yactuiiaMmu CHy. Harpes obpasma 1o
150°C npuBOIMT K pasioKeHUIO KapOboHaToB W Bhiropanuio CHy gacTuir, mpu 3TOM, eciu
JaBJICHUE peaKIMOHHON cMecH mpeBbimaet 0.1 mOap, cpeau MpoayKTOB PEAKIIUH TOSBIISCTCS
ITHJICHOKCHI. AKTHUBHAs TOBEPXHOCTh cepedpa COAECPKHUT ABEe (OPMBI aJcOpPOMPOBAHHOTO
KHUCIOpOJla B HYKJICOPUILHOM M 3JeKTpoduiabHOM cocTosHugx. llocnemyromuii Harpes
yBenmnuuBaeT Bbixoag C,H4O 3a cuer AppeHumycoBckoro Qaxtopa, OJHAKO IPH ITOM
HAOMIOAaeTCs [Ie3aKTUBAIIMS MMOBEPXHOCTH, YTO, CKOPEe BCETO, BBI3BIBACTCS OJIOKHPOBKOI
MOBEPXHOCTH MPHUITOBEPXHOCTHBIMU (hopMamu Kuciiopoaa. OOHapy)eHa KOPPEIISAIUs BBIX0a
STWJICHOKCUA C KOHLEHTpaluen 3JIeKTPOPMIBHOTO KUciIopoja. V3MeHeHne yriia HakjoHa
3TON KOPpESILUUA C TEMIIEPAaTypOl IMO3BOJIAET BBIYUCIUTH YHEPTUI0 aKTUBALMM KIIOUEBOU
craguu (~ 50 k/[x/Monb), KOTOpasi OUYeHb XOPOILIO COBHANACT C JUTEPATYPHBIMU JaHHBIMH,
W3MEPEHHBIMHU JUTSI CTAJIMU STOKCUIUPOBAHMS 3TUiieHa. Ha OCHOBaHMM STUX JTAaHHBIX ClenaH
BBIBOJI O TOM, 4YTO D3JEKTPOMUIbHBIA KHUCIOPOJ SBISIETCS SHOKCUAUPYIOIIEH HTHUIICH
yacTULEH. OTOT pe3yjbTaT, BMECT€ C paHee IMOJYYEHHbIMH JaHHBIMM W30TOIHBIX
OKCIIEPUMEHTOB, TO3BOJIICT MPEIOKUTh HOBBIM MEXaHHU3M pEaKIuH (B3aMEH HW3BECTHOMN
TPEYTOJIbHOW CXEMBI), BKIIOYAIOMIMK JIBa KaHaja OOpa30BaHUS TMPOIAYKTOB TOJIHOTO
okucnenuss CO; u H,O: yepe3 B3auMoeiCcTBUE dTUJICHA C HYKICODUILHBIM KUCIOPOIOM U
yepe3 aleTajbAeruji, 0Opa3yIouIuiicss U3 TOro >K€ HWHTepMeauaTra, 4TOo W ATHICHOKCHI.
MoOKHO MPEaNnOoNIOKUTh, YTO KIIIOUEBBIM MHTEPMEINATOM SIBJIIETCS OKCUMETAIOLUKII, POJIb
KOTOPOTO celdyac akTUBHO oOcCykmaercss B juTeparype. JlaHHBIA LUK 3KCIIEPUMEHTOB
BBITIOJIHEH B  coTpyaHudectBe ¢ HWHcrurytom  @putna-Xabepa (I'epmanus) Ha
(GOTOAEKTPOHHOM CIIEKTPOMETpE, COCThIKOBaHHBIM ¢ U/49-2 kanaimom BESSY.

DTOT U Apyrue NpuMepbl MOAEIbHBIX UCCIEIOBaHUM, IPeCTaBICHHbIC B JaHHOK padoTe,
OJTHO3HAYHO TIOKa3bIBAIOT, YTO IN-SitU McciemoBanms pabOTaIOIIEro KaTaln3aTopa MO3BOJISIOT
NpUOIM3UTECS K TIOHMMAHUIO PEATbHBIX MEXaHH3MOB T'€TEPOTCHHBIX KaTaTUTHUCCKUX
peakiuii. OTO MO3BOJISIET YTBEpPXkKAaTh, YTO PA3BUTHE W IPUMEHEHHE TaKMX METOIUK
HECOMHEHHO OyJeT paclupsTbcs, a UX pe3yJbTaThl Bce 4Halle OyAyT HCIOIb30BaThCS IS

yIydyliCeHUS KaTaATIUTUICCKUX CBOMCTB PCAJIbHBIX KaTaJIN3aTOPOB.
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WNudopmaiiysg o cTpOEHUU U PEaKIMOHHON CIIOCOOHOCTU MPOMEKYTOUYHBIX KOMILUIEKCOB
ABIISIETCS HEOOXOIMMOM JIsl yCTAHOBJICHHUS IETAILHOTO MEXaHNW3Ma KaTanu3a.

KaranuzaTop, ero moBepxHOCTh XapaKTEPHU3yeTCs OOJBIIUM KOJHMYECTBOM IMapaMeTpOB.
Cpenu HUX (a30BbI cOCTaB, MeX(a3HbIC TPAHUIIBI, HATUYHE NOHOB METAJUIOB B Pa3IMIHOM
BaJICHTHOM M KOOPAMHALIMOHHOM COCTOSIHMM, Je€()EeKTHOCTh IOBEPXHOCTH MU T.A. Bce
MEPEYUCIICHHbIE MapaMeTphl - MX Ka4eCTBO, KOJMYECTBO, COOTHOIIEHHE IEHTPOB PA3HOTO
TUNIA - 3aBUCAT HEW3BECTHHIM HaM oOOpa3oM OT BO3ACHUCTBHUS PEAKIMOHHOW CpPEIbI,
TEMIICPATYPHI, MOILI/I(bI/IIII/IpOBaHI/ISI, IMPOMOTHUPOBAHHA U T.A. HSMGpI/ITI) MNEPCUNCIICHHBIC BBIIIC
XapaKTePUCTHKU HKCIEPUMEHTAJIbHO - CJoXKHas mpobsiema. OHa CTaHOBUTCS MPAKTHUYECKU
HEPa3peUIMMON, €eCIM TBITaThCS HW3YYUTh CBOMCTBAa KaTalnW3aTopa, €ro MOBEPXHOCTH
HCIMOCPCACTBCHHO B YCIIOBUAX I‘eTepOFCHHO-KaTaJIHTPI‘IGCKOP'I pCaKkunu. HpI/I‘-II/IHa B TOM, 4TO
OOJILIITMHCTBO MPUMEHSEMBIX ceiuac (HU3NYECKUX METOJIOB MCCIEAOBAHHS, B OCOOCHHOCTH
HIMPOKO PACIIPOCTPAHEHHBIX METOOB 3JIEKTPOHHOM CIEKTPOCKOINH, HENb3sl UCII0JIb30BaTh B
YCIIOBUSIX BBICOKHX TEMIIEpaTyp, AaBICHUH, MPUCYTCTBHs HaJ MOBEPXHOCTHIO CMECHU Ta3oB.
Bwmecte ¢ TCM, U3MCPCHUC OTHUX MaApaMCTPOB HMCHHO B YCJIOBHAX PCAKIHUU SABJIACTCA
HGO6XOI[I/IMLIM JUIA IIOHUMAaHW ME€XaHHu3Ma KaTaJiu3a.

C npyro#i CTOpOHBI, JI000€ MU3MEHEHUE CBOMCTB MOBEPXHOCTHU OTPA3UTCS HA COCTaBE M
CBOICTBaX MOBEPXHOCTHBIX KOMIUIEKCOB. B HH(pakpacHbIX cHeKTpax MPU 3TOM MOXKET
HU3MCHUTHCA MMOJIOKCHUC, MHTCHCHUBHOCTS, q)opMa II0JIOC IIOTJIOLICHUA (OTpa)KeHI/ISI, 3MI/ICCI/II/I).
Moxet MPOHUCXOAUTHh UCUC3HOBCHUC OAHHX UM IMOSABJICHUC APYTUX ITOJOC B CIICKTPaAX, a TaAKKC
U3MEHEHHEe CKOpOoCcTel 00pa30BaHMs U PacXOJOBAHUS MOBEPXHOCTHBIX KOMILUIEKCOB. Bee st

napaMeTphl, aKKyMyJUpyIOIlMe B cebde H3MEHEHHE CBOMCTB IOBEPXHOCTH M 00beMa
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KaTaJln3aTopa, MOTYT ObITh U3MEPEHBl HEMOCPEICTBEHHO B YCIOBUSAX PEaKLUH C MOMOILBIO
CHEKTpPOKMHEeTHYeCKOoro Meroxa. CyTb MeTona COCTOMT B OJHOBPEMEHHOM H3MEpPEHUU
CHEKTPAJBHBIX XapaKTEPUCTUK TOBEPXHOCTHBIX coenuHeHuil ¢ mnomompo HK-Pypre
CHEKTPOCKOIUU M CKOpPOCTEW 00pazoBaHUsl MPOAYKTOB peakluu. MeToja MO3BOJISET MyTeEM
CPaBHEHHMsS CKOPOCTH IPEBPAIIEHUS IOBEPXHOCTHBIX KOMIUIEKCOB CO  CKOPOCTSIMH
0o0pa30oBaHMUsl TMPOJYKTOB pEaKIUM ONPEAEINTh, SBIACTCS M JaHHBIM MOBEPXHOCTHBIN
KOMIUIEKC NPOMEKYTOYHBIM B MCCIEAYEMOMN peakuuu. J[pyrumu cioBamu, METOJ TO3BOJISAET
UCCJIEI0BATh OT/AEIbHBIE, JIEMEHTAPHbIE CTaJUU CYMMapHOIO IIpoLecca.

Takolf SKCHEpUMEHTANBHBIA IMOAX0J, KpoMe HH(pOpMAIMA O JAETAILHOM MEXaHHU3Me
KaTaJIMTHYECKUX IPOLIECCOB, MOXKET BBIABUTH U Oosiee 0OIIME 3aKOHOMEPHOCTH KaTajausa,
MMEHHO IIOTOMY, YTO IPEBPALLEHUS IPOMEXKYTOUHBIX KOMIUIEKCOB OIPEIEISIIOTCS BCEH
COBOKYITHOCTBIO CBOMCTB KaTajJu3aTopa. OTH HaAEKAbl CBA3aHbl C HCCIEIOBAaHUEM
AJIEMEHTApHBIX CTAJUN OJHOIO M TOTO K€ KaTaIMTUYECKOrO IpoLecca Ha KaTalu3aTopax
pa3IMYHON CTPYKTYpbl M XHMHUYECKOro cocrtaBa. (C Halledl TOYKM 3pEHUs, BEJIUKA
BEPOSITHOCTb  TOrO, 4YTO OOHAPYXKUTCA  KOPpEeslMs  KHUHETHYECKUX  IapaMeTpoB
AIIEMEHTAPHBIX TOBEPXHOCTHBIX CTaIui peakiuuu ¢ (PU3MKO-XUMHUYECKUMHU CBOHCTBAMHU
KaTajau3aTopoB, KOTOpas IO3BOJIMT BBIABUTH HPHUPOJIY SHEPreTHUEeCKUX OapbepoB
aJIeMeHTapHbIX cTanuil. [Ipu npoBeneHn Takoro CpaBHEHUs] HEOOXOAUMO OBITh YBEPEHHBIM
B TOM, YTO MEXaHU3M pEaKLUU Ha U3y4acMbIX KaTaJIN3aToOpax OJUH U TOT XKe€.

Ha ocHOBe »SKCIIEpUMEHTaJIbHBIX JAaHHBIX O IPOMEKYTOUYHBIX COCOUHEHMSIX B
KaTaJIUTUYECKUX PEAKIHUSIX OKHUCICHHS NPONWIEHA, BOCCTAHOBJIEHHS OKCHJIOB a30Ta C
nomouipto CO  wiIm  yriueBOJOPOAOB, HU3KOTEMIIEPAaTYpPHOTO OKHCIEHHS aMMHAaKa,
npeBpatieHust Metanona [1,2] chopMynupoBaH caeayOUINil KpUTEPHIA:

Ha  HEKOTOPOM  MHOXECTBE  KaTallu3aTOPOB  MeXaHu3M  (TOCIIe0BaTEeNbHOCTh
AJIEMEHTApHBIX CTAAMI) JaHHOW pPeakIUH OJUH U TOT K€, €CJIM UCXOIHbIE aJACOPOLMOHHbIE
(OpMBI peareHTOB Ha HUX OJIMHAKOBBI.

[TpuBoaATCs pe3ynbTaThl PACCMOTPEHUS CHOPMYIMPOBAHHOIO KPUTEPHUS C MO3ULMN
NpPUHIUIIA HAWMEHbIIEro AeUCTBUS [3] W NpUHLMIIA HauMeHbllero ABwxeHus [4]. ns
MOJTBEPIKIICHHSI C(HOPMYITHPOBAHHOTO KPUTEPHS, aHAIM3UPYIOTCS JIUTEPATypHBIE JaHHBIE O
CBOMCTBAaX IPOMEXKYTOUHBIX COEIWHEHUU. B dacTHOCTH, mOIpOOHOE WCCIEIOBAHKE
MeXaHU3Ma OKHUCIIEHMs MpONMJIeHa IoKa3ajlo, 4YTO €ClM MpH aACcOpOLMM MpONUIICHA

06pa3yeTc51 T-KOMIUICKC IIPOIUJICHA, TO Ha KaTaJInu3aToOpC MHIPOTCKACT pPEaKOud MATKOIro

OKHCJICHUS MpONHIIeHa 10 akpojenHa. Ecnu e mpu aacopOuuu odpazyercsi G-KOMIUIEKC
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NPONMJIEHAa, TO Ha KaTalu3aTOpe OCYILECTBIAETCS peakuus INIyOOKOro OKHUCIEHUs
HpONUJICHA.

Eme onxHO moOATBEp)KICHHWE OJHO3HAYHOTO COOTBETCTBUS MEXaHHU3Ma PEaKIUU
aICOPOIIMOHHBIM ()OpMaM pPEareHTOB MOXKHO TOJYYHTh Ha MPHMEpPE pPEeakud CHHTEe3a
MeTaHoJa. B COOTBETCTBUM € NPEACTABICHUAMY, Pa3BUBAEMBIMH B [S5], CHHTE3 METaHOIA Ha
OKCHJHBIX KaTaJlu3aTopax IpoTeKaeT HcKiIounTeabHo uyepes CO2 M He MOXeT
oOpazoBeiBaThes u3 CO.

[To-BuauMoMy, Hamuuue KOMIIEHCAIMOHHOTO 3(dexra [6] MoxkeT ObITh O0OBICHEHO
TOJILKO B TOM CIIydae, €CIIM MEXaHHW3M PEaKIUH OIMH WU TOT XK€ Ha pa3HbIX KaTaJn3aTopax,
(T.e., TOJIBKO B TOM CiIy4ae, €CIU MU3MEpPEHHsI OTHOCATCA K OAMHAKOBOW IO MPHUPOJE CTaAUU
peaKIMy Ha pa3HbIX KaTalau3aTropax).

[TonTBepxeHUEM SIBISETCS TAKKE CYIIECTBOBAHUE pEAKIH, KOTOpble 3(PPEKTHBHO
IPOTEKAIOT TOJIBKO HAa OJJHOM KaTaju3arope. DTO CHHTE3 aMMHaKa Ha elie3e, 00pa3oBaHHE
MaJIEMHOBOTO aHTUpHAa Ha upodocdare BaHaauIa, OKMCICHUE dTUJICHA Ha cepedpe u T.1.
OTH TpuMephl MOKA3bIBalOT, YTO Ui OJHOW peakiMM HEe CYLIECTBYEeT OOJIBIIOTO YHCIIa
MEXaHU3MOB, HMHauye ObUTM OBl HaljeHbl M JApyrue >PQPEeKTHBHbIE KaTaTU3aTOPbl STHX
pEaKLHIA.

C ucnosp30BaHUEM TPEATIAraeMoro KpUTepus NpOBEIEH aHaIu3 (pU3MUECKONW IPUPOAbI
aKTUBAllMOHHBIX 0apbepoB  3JEMEHTApHBIX CTaJuil pPeaKkUUu HUZKOTEMIIEPATypHOIrO

OKHCJICHHA aMMHAKa Ha OKCUIHBIX KaTaJIn3aTopax.

Jlureparypa:

1 Kpsuios O.B., Marsimak B.A. ITIpoMexyToUHbIE COETMHEHNS B TETEPOTEHHOM KaTtanuse. M.
Hayxa., 1996. C. 12-20.

2 Matyshak V.A., Krylov O.V.// Catal. Today. 1996. V.25. P.1.

3 @eiinman P., Xubc A. KBaHTOBasi MexaHWKa M MHTETPpaJIbl IO TpaekToprsiM. M. Mup. 1968 c.
13-52. , ®eitaman P., Jletiton P., Connc M. @eltamanoBckue Jekiun 1o ¢usuke. T.6
OnekrpoanHamuka C.94-118.

4 Rice P.O,, Teller E.J., J. Chem. Phys., 1938, V.6, n4., p.489-496.

PozoBckuit A.fl. // Kunetuka u katanus. 2003. T.44. Ne3. C.391.

6 Kunepman C.JI. OcHOBBI XMMUYECKOI KHHETHKU B T€TEPOr€HHOM Kartaiuse. M.
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ADVANCES IN FTIR STUDIES FOR CATALYSIS

Tsyganenko A.A.

V.A. Fock Institute of Physics of St. Petersburg State University, St. Petersburg, Russia
E-mail: tsyg@photonics.phys.spbu.ru

The lecture deals with the advances and new trends in application of IR spectroscopy for
the studies of catalyst surfaces and the mechanisms of catalytic reactions. Since the first
observations of surface species by means of IR spectroscopy this method became one of the
most powerful tools in the studies of the nature of surface sites and reaction mechanisms.

Spectroscopy at low and variable temperatures enable us to broaden the number of test
molecules for acid sites and besides ammonia pyridine and nitriles, to use CO, NO, H, or
other molecules that do not adsorb at 300 K. Low-temperature adsorption of weak CH proton-
donating molecules such as CHF3, acetylene and its derivatives, HCN and others enables one
to characterize semi-quantitatively the basicity of surface electron-donating sites.

Adsorption dependence on coverage reveals surface heterogeneity that could be real or
induced by adsorption due to lateral interactions between the adsorbed molecules. IR
spectroscopy provides means to distinguish between these two cases and shows that
interactions between the adsorbed molecules affect dramatically the observed strength of acid
sites at high coverages. Isotopic dilution enables one to study the mechanism of interaction,
which includes surface relaxation induced by adsorption.

Coadsorption of weak acids with basic molecules demonstrates the effect of induced
Bronsted acidity, when in the presence of SO,, NO,, or H,S, protonation of such bases as
NHs;, pyridine or 2,5-dimethylpyridine (DMP) occurs on silanol groups that never manifest
any Bronsted acidity with these bases in normal conditions. The effect suggests explanation
for the known phenomenon of promotive action of the above gaseous acids in the reactions
catalyzed by Bronsted sites. Induced basicity in the presence of adsorbed bases can also be
detected spectroscopically.

At low temperatures unstable adsorption products or reaction intermediates could be
trapped. So, CO activation on basic oxygen sites of a number of oxides is shown to occur via
the formation of very reactive ‘carbonite’ CO,> ion. Observation of spectra evolution with
temperature provides information on the chain of reactant transformations and clarifies the
mechanism of catalytic processes. This could be illustrated by catalytic reaction of 2,5-

thiophene d2 isotopic scrambling over activated CaO, which occurs effectively already at 200
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K on the same sites that account for ‘carbonite’ formation and for homomolecular isotopic
scrambling of CO.

Formation of catalysis intermediates often needs activation, and the corresponding IR
bands cannot be seen, if adsorption occurs at too low temperature. Particularly interesting is
the case of thermal activation of states that arise reversibly with heating and could not be
stabilized by freezing. Activated surface complexes could have the geometry different from
those formed normally on the same sites. Such "steric excitation", where the energy is stored
in non-optimum structure, was established for several types of adsorption, the most studied so
far is the case of CO in zeolites that besides the usual C-bonded complexes with the cations or
OH-groups, forms energetically unfavorable O-bonded complexes.

Quantitative analysis of surface adsorption sites is not possible without the knowledge of
absorption coefficients of test molecules. Both quantum chemical calculations and
electrostatic approach predict the correlation between the frequency shifts on adsorption and
the absorption coefficients. Recent data on CO adsorption on ionic surfaces are in a fair

agreement with the theory.
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MECHANISMS OF FORMATION OF CATALYTIC NANOSTRUCTURES AND
THEIR EVOLUTION UNDER INFLUENCE OF CHEMICAL, PHYSICAL AND
MECHANICAL FACTORS

Kukushkin S.A.

Institute of Problems of Mechanical Engineering RAS, St. Petersburg, Russia
E-mail: ksa@phase.ipme.ru

MEXAHHU3Mbl ®OPMUPOBAHUS KATAJIMTUYECKHX HAHOCTPYKTYP U
X 2BOJIONUSA MO BOSAEMCTBUEM XUMHNYECKUX, PUSNYECKUX U
MEXAHHYECKHUX ®AKTOPOB

Kykymxun C.A.

WuctutyT npobnem mammnoBeaenus PAH, Cankr-IlerepOypr
E-mail: ksa@phase.ipme.ru

MexaHu3M M KHHETHKA TeTEpOreHHbIX KATAIUTUYECKUX XUMHUYECKUX pPEaKLMH, Kak
XOpOIIO M3BECTHO, BO MHOIOM ONPEIENSAIOTCS CBOMCTBaMHU IOBEPXHOCTH KaTajlu3aropa,
pacmpesielieHueM 4YacTUI[ Karajau3aTropa Mo pa3mMepaM M uX Mopdonorueit. B mpomecce
paboThl KaTaqu3aTropa €ro IMOBEPXHOCTb MOXKET IEpeCcTpauBaThCs, a €CIM KaTalu3arop
npeacTaBisieT co0oi aHcaMOJab HAaHOYACTHI[, TO B JITOM aHcamMOJie MOTYT TpPOTEKaTh
pas3JInYHbIE HBOJIOLMOHHBIE MPOLECCHI, IPUBOAALINE K JIerpajallil U U3MEHEHUIO CBOICTB
KaranusaTopa. B noknazne paccka3plBaeTcs O IPUPOJE 3TUX MPOLIECCOB.

Byner u3noxeHo COBpEMEHHOE COCTOSIHME NMpOoOJIeMbl U OPUTHMHAIbHBIE MCCIIEIOBAHUS
TEPMOJMHAMMKM, KHHETHKH 3apOXKICHMS M IOCIEAYyIOIIeH HBOJIONMM  aHcamOien
MHOTOKOMIIOHEHTHBIX ~ HaHOCTpykTyp [1-3]. PacckasbiBaetcst o mpupoge (a3oBbIX
NpEeBpallCHU, NPOTEKAIOUIMX B HAHOCUCTEMax IIpH BO3ACHCTBMM HA HUX PAa3IMYHbBIX
XUMHYECKHX, (PU3NIECKUX U MEXaHUIECKUX (PakTopoB [4-6]. B wacTHOCTH, paccMaTpuBaeTCs
BO3/€HCTBUE KUCIOTHOCTU cpelpl (PH) M 31eKTpoMarHUTHOro W3JydeHHs Ha MPOLECCHI
3apOXkK/I€HUS HOBOM (ha3bl.

Ocoboe BHUMaHME ynensgercs mpobiremaM (a3oBBIX NEPEeXOoAOB MpPHU poOCTe U
00pa30BaHNM HOBBIX KOMIIO3UTHBIX MaT€pPHAIOB, HAHOCTPYKTYP M TOHKUX IJICHOK.

N3naraercsd HOBBIM METOJ OMNMCaHUS Ipoliecca 3apOoKICHHS MHOTOKOMIIOHEHTHBIX MU
MHOTro()a3HbIX HAHOCTPYKTYpP, OCHOBAHHBIM Ha HCIOJIB30BAaHUM TEOPUM BO3MYILEHUI,
pazBuroil aBropoM [2]. PaccmarpuBaeTcs H30TEPMHYECKOE U  HEU3OTEPMHUYECKOE
OcTBanbI0BCKOE CO3pEBAaHNE aHCAaMOJIell MHOTOKOMITOHEHTHBIX HAHOOCTPOBKOB HOBOH (ha3bl,

SBJISIFOIIECECS. OJHOM M3 MPUYMH JErpaJalliyd CBOMCTB KaTajau3aTOPOB. 3aTparuBaeTCs LIEJIbINA
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KOMIUIEKC BOMPOCOB, TAKUX KaK paclpeseieHre HAHOCTPYKTYp MO pa3Mepam, WX MUTpaius
KaK Ienoro, mopdoyoruyeckas ycToWduMBOocTh u Jp. llpuBomurtcs Meroamuka pacuera
obnacreii cocyiecTBoBaHus (a3 B MHOTOKOMIIOHEHTHBIX HAHOCHUCTEMAX.

B nmoxmane n3nokeHa Teopwsi, ONMCHIBAONIAs BIUSHUC YIIPYTHX MEXaHHYECKUX TOJICH Ha
POCT KOTEPEHTHBIX HAHOCTPYKTYp Ha MOBEPXHOCTSIX MOJIOKEK M IMOKa3aHa BO3MOXKHOCTb
YOpaBIEHUSI POCTOM ITHX CTPYKTYp [5]. M3maraercs Teopusi penakcaluu yrnpyroi SHEpPruu
[6], MO3BONMBIIAST HE TOJIBKO MPECKA3aTh, HO U PEANbHO BBIPACTUTH MOHOKPUCTAIITHUECKHE
HAHOIIECHKU (ToNMmmHOK oT 5 1o 200 nm) kapOuma KpeMHHsT Ha KPEMHUHM T'eKCaroHaJIbHON
MoauUKAIMKI, HE UMEIOIITNE HANpsDKeHUH [7].

B nokname OynmyT paccMOTpeHBI BOIPOCHI ONUCAHUS PAHHMX CTaaAuid 0Opa3oBaHUs
HAHOTIOP B TBEPJBIX TeNax [6], UTpalONIUX BAXKHYIO POJIb B MIPOIECCE MPOTEKAHUS Pa3INIHBIX
XUMHUYECKHUX PEAKIIN Ha TOBEPXHOCTH MaTEPHUAIIOB.

PaGora BemonHeHa npu ¢unancoBor momnepxkke YK "Cossesgue", C.-lIletepOypr,
donma mommepxkku Hayku U oOpasoBanus, C.-Ilerepdypr u Poccuiickoro ¢donma

byHIamMeHTanbHbIX HccnenoBanuil (mpoekThl: Ne 06-03-32467 u Ne 06-01-00447).
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IN SITUNMR SPECTROSCOPY IN HETEROGENEOUS CATALYSIS.
KINETIC STUDIES OF REACTION MECHANISMS

Stepanov A.G., Parmon V.N., Freude D.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
' Abteilung Grenzflichenphysik, Universitit Leipzig, LinnéstraBe 5, 04103 Leipzig, Germany
E-mail: stepanov(@catalysis.ru

More than two decades of the development and application of high resolution solid state
NMR spectroscopy (MAS NMR) to the study of hydrocarbon conversion were indispensable
for development of modern concepts of catalysis science

Present time progress in the development of NMR technique has allowed also to perform
in situ measurements at high temperature (up to 300 °C and even higher), where mostly the
reactions on the catalyst surface occur. This stimulates in situ NMR monitoring the kinetics
of the reactions which are of importance for catalysis. The kinetics parameters being obtained
can represent the basis for a performance of theoretical quantum chemical calculation of the
reaction pathways and can also be the benchmarks to evaluate the accuracy of computational
methods by comparing theoretical results with the experimental data.

In this presentations we demonstrate the possibilities of in situt MAS NMR spectroscopy
in montoring the kinetics of chemical reactions on solid acid catalysts in a wide temperature
range, from room temperature to 300 °C and the characteristic reaction time ranged from a
few minutes to a few hours. Facilities of both 'H and C MAS NMR with regard to
sensitivity of the NMR methods to detecting slow and fast reactions are analysed.

Importance of the kinetics measurements for clarifyindg the mechanisms of activation
and transformation of hydrocarbons is illustrated with the particular examples of the study of
the reactions of hydrogen exchange, '*C-labeled carbon scrambling, isomerization and
cracking on solid acidic catalysts and Zn-loaded zeolites. Particular attention is drawn to the
significance of simultaneous monitoring the kinetics of the transformation of different
fragments of hydrocarbon molecules. This is crucial for evaluation of the different pathways
of the hydrocarbon activation and conversion.

Acknowledgement. This work was supported by the Russian Foundation for Basic
Research (grant no. 04-03-32372), INTAS (grant no. 03-51-5286) and the Deutsche
Forschungs-gemeinschaft, project FR 902/15.
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CAN QUANTUM CHEMISTRY HELP TO TAYLOR A CATALYST FOR
A PARTICULAR REACTION?
Witko M.

Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences,
ul. Niezapominajek 8, 30 239 Cracow, Poland
E-mail: ncwitko@cyf-kr.edu.pl

At present, a main goal of catalytic science is to tailor the most active and selective
catalyst for a particular reaction. This requires understanding of a mechanism of the reaction
and of the catalyst role, which cannot be obtained without a detailed knowledge of its physical
and chemical properties. Such a goal demands synergy between two parallel and
complementary approaches: experimental and theoretical, and gives the opportunity to
manufacture catalyst for a particular reaction. In the following the role of theory will be will
be illustrated on the example of V-O systems.

Vanadia-based catalysts are used in many different processes that belong to various types
of chemical reactions. They catalyze mild (ammo)oxidation, oxidative dehydrogenation,
dehydrocondensation, dehydrocyclization and many oxidation processes. Vanadia with
mixture of other oxides (Mo-O, Ti-O, Sb-O) is used in a few industrial processes such as
oxidation of propene into acrolein and acrylic acid, benzene to maleic anhydride, anthracene
to anthraquinone or propylene to acrylonitrile.

A wide application of V,0s as catalyst follows from a fact that its crystallites may exhibit
two structurally different types of faces: surface built of chemically saturated atoms and those
built of unsaturated cations and anions. Both show different behavior in catalytic reactions by
performing a complex multi-step operation on the reacting molecule through activation of
some of the bonds within reactant and hindering those interactions, which could result in
unwanted product.

In the lecture the energetic stability of low-indices (010), (100) and (001)V,0s surfaces
will be compared based upon periodic DFT calculations. The electronic structure and activity
of structurally different surface oxygen sites will be discussed using both cluster and periodic
approaches. Adsorption of hydrogen leading to the formation of surface hydroxyl and water
species as well as hydrogen migration through the surfaces will be considered. Creation of
surface oxygen vacancies will be undertaken and followed by their re-oxidation through the

gaseous oxygen.
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MECHANISMS OF HETEROGENEOUS CATALYTIC PROCESSES IN AQUEOUS
MEDIA AND ROLE OF PLATINUM GROUP METALS FOR REDOX CATALYSIS

Ananiev A.V.

Institute of Physical Chemistry, RAS Moscow, Russia
E-mail: ananiev@ipc.rssi.ru

MEXAHU3MBI 'ETEPOI'EHHO-KATAJIMTUYECKHUX ITPOLHECCOB B
BOJHBIX CPEJJAX U POJIb METAJLJIOB IIVIATUHOBOM I'PYIIIbI B
KATAJIM3E OKACJUTEJIBHO-BOCCTAHOBUTEJLHBIX PEAKIINIA

AHaHbeB A.B.

Wuctutyt dpusnyeckoit xumuu PAH, Mocksa
E-mail: ananiev(@ipc.rssi.ru

WNHuTepec Kk reTeporeHHO-KaTaJIUTHUECKUM pPEaKIUsM B BOJHBIX cpefax OOyCIIOBJIEH
BO3MOXXHOCTBIO MX IPUMEHEHMsI B TEXHOJOTHUSAX SAEPHOTO TOIUIMBHOrO Iukia. Karamnus
MOXET OBITh HCIOJIB30BaH MJIS PA3IOXKEHHUS psa OPraHWYECKHX M a30TCOAEepIKAILIUX
HEOPraHUYECKUX COCJAMHEHWH, MpPEenATCTBYIOUIMX YCHEIIHOM mepepaboTKe KUAKHX
PaZMOAKTHBHBIX OTXOJIOB, a TaKKe JUIA CTAOWIM3allMd WOHOB AaKTHHHIOB B 3a/JaHHBIX
CTENEHsIX OKuciIeHHd. OqHaKo, HECMOTPSl Ha NEPCIEKTUBHOCTh MPUMEHEHUS, T€TEPOre€HHbII
KaTajiu3 HE 3aHsul [0 HAaCcTOALIETO BPEMEHM JOCTOMHOIO MeCTa B COBPEMEHHBIX
PaaMOXMMHYECKUX TEXHOJNOTHAX. [IpyuumHONM 3TOro, Ha Hall B3IUIAJ, SBISETCS OTCYTCTBHE
(dyHIaMeHTaJIbHOM Hay4yHOW 0a3bl, MO3BOJISIONIEH HAAEKHO MPOrHO3MPOBATh MPOTEKAHHUE
reTEPOreHHO-KaTAIUTUYECKUX OKHUCIIUTEIbHO-BOCCTAHOBUTENIBHBIX IPOLECCOB U IOBEICHUE
KaTaJIu3aTOpOB B PEAKLIMOHHBIX CHUCTEMax IIPH IOJIFOBPEMEHHOM HCIIONIb30BaHUHU. [loaTomy,
Hapsdy C NPUKIAJHBIMU MCCIEIOBAaHUAMH, B IOCIIE€AHEE BpeMs BCE Oouiblliee BHUMaHHE
yAeNseTcsl MOUCKY M MCCIEAOBAaHUI0 (YHIAMEHTAIbHBIX 3aKOHOMEPHOCTEH I'€TepOreHHO-
KaTaJIMTHYECKUX TPOLIECCOB B BOAHBIX cpenax. 37ech 0co00e MECTO 3aHMMAaeT H3y4YeHHE
MEXAHU3MOB KATaJIUTHUUECKUX PpEaKUMHd M BBIICHEHHE POJIM AaKTHMBHOW IIOBEPXHOCTH
KaTaJIu3aTOPOB B X MHULIMMPOBAHUH.

B noxiane n3nokeHsl pe3ynbTaTsl HCCIEA0BAHUSA MEXaHU3MOB KaTAIUTHYECKUX PEaKIUi
B BOJHBIX HUTPATHBIX CPENAX HA IIPUMEPE KATATUTUYECKOTO PA3JIOKEHUS PsLla OPraHUIECKUX
U a30TCOACPKAIINX HEOPraHNYECKUX COCIMHEHUN — KOMIIOHEHTOB JKMJKHX PaJUOAKTHUBHBIX
OTXOOB M OKHCJIMTEIbHO-BOCCTAHOBHUTEIBHBIX pEaKUUH MOHOB YpaHa, HENTYHUA U
1yToHus. l1IpoaHanu3upoBaHbl TAakXKe pe3yJbTaTbl CPABHUTEIBHOTO W3YYEHUS MOBEICHUS
KaTaJIM3aTOPOB HA OCHOBE METAJUIOB IUIATMHOBOW IPYIIBI B a30THOKHUCIBIX pacTBOpax, U
IPOJAEMOHCTPUPOBAHO BIIMSHUE XapaKTEPUCTHK HUX TIOBEPXHOCTM HAa aKTUBHOCTb U
yCTOMYMBOCTb. PaccMoTpeHa poap IUIATHHOMAOB B WHUIUMUPOBAHUU  OKHUCIIHTEIBHO-

BOCCTAHOBUTCIIBHBIX IPOLICCCOB B a30THOKHCJIBIX PACTBOPAX.
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STUDY OF THE CO INTERACTION WITH THE SURFACE OF OXIDE
CATALYSTS BY ISOTOPE EXCHANGE METHOD
Breveva N.V., Zhavoronkova K.N.

D.I. Mendeleev University of Chemical Technology, Moscow, Russia
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HUCCJEIOBAHUE B3AMMOJEWCTBHUA CO C HOBEPXHOCTHIO OKCHIHBIX
N IEMEHTHbBIX KATAJIM3ATOPOB METO/IOM U30TOIIHOI'O OBMEHA

bpeesa H.B., ’KaBoponkosa K.H.

Poccniickuit xumuko-TexHonorndecknii yausepeuret um. .M. MenneneeBa, Mocksa
E-mail: n_breeva@mail.ru

Peakiust roMmoMoIeKyISIpHOTO U30TOMMHOTO 0OMeHa B MoJiekyJax CO:
Bleg+12c80="3C80+12¢'%0 (1)
SIBJIIETCS OHOM M3 MOJEJIBHBIX PeaKIuil, MO3BOJAIONIEH uccaenoBath B3aumoserctaue CO ¢
MOBEPXHOCTBIO KaTalu3aTopoB. B 3TOoM KadecTBe OHa Oblla MCIOJIB30BAHA JAJISI U3YUYCHHS
KaTAJIMTUYECKUX CBOUCTB psna okcuaoB: ZnO, CuO, Mn3;04, NiO, MnO,, Fe;04,Al,03, B
pabotax JI.A. Kacarkunoit ¢ corpynnukamu.[1-4]. B atux paborax Obulo moka3zaHO, YTO Ha
BCEX M3YYEHHBIX OKCHIAaX HAOIIOMAIOTCS JABE TeMIEpaTypHbIE 00JIACTH MPOTEKAHUS PEaKIuH,
XapaKTepU3YIOLINECs pa3INYHbIMU 3HAUEHUSIMU YHEPTUH aKTUBALIUH.

B  nHacrosmeit paGore ObuUIM  MCCIENOBAaHbl  NPOMBIIIJIEHHBIE — KaTaJlW3aTOpBHI,
UCIIOJB3yeMBbIe Ul npoueccos ¢ yuyactueM CO, B yacTHOCTH, A peakuuu konBepcun CO ¢
BOJISIHBIM T1apOM.

bbun nccienoBaHbl: KaTaau3atop HU3KoTeMnepatypHoii konsepcun CO ¢ BOASIHBIM
nmapom, HTK-10-2M, npuroToBie€HHBII Ha OCHOBE JBOMHOW MEABIIMHKOBOH CONU U
BBICOKOTJIMHO3EMHMCTOTO  0CO0O-YHCTOrO IIeMEeHTa — Tajoma. VcciemoBaHbl —— Takke
OTJIeTbHBIE KOMIO3MIIMKM A3TOro Katanmusaropa: karamuzarop L[KA(ZnO/ramomun), CuO-
TaJIOM U TaJIOMHUH (LIEMEHTHBIA HOCUTEIb, OJYyUYEHHBIH U3 TaJIIOMa IyTEM €ro rujapaTaiui,
YTO NPUBOANIO K 3HAUUTEIBHOMY YBEIMUYEHHIO YAEIbHON MOBEPXHOCTH). DTU KAaTAIU3aTOPBI
6butn purotoBiensl B HUAIle B nabopatopuu npod. E.3. 'onocmana

Kpowme toro, B pabote uccnenoBan psia okcuaos: y-Al,Os3, 9.5%La,0s/ y-Al,O3 u ZrO;.

Ha pucynke 1, a n 6, npezacrasiena 3aBucuMocTb K-y, 0T TeMneparypsl B KOOpIUHATaxX
YpaBHEHHs AppeHHyca Il MCCIEAOBAHHBIX OKCUAHBIX, B TOM YHCJIE€ LIEMEHTHBIX

KaTaJIn3aTOpOB.
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Puc. 1. 3aBucUMOCTb yJ€IbHOM KATAIUTHUYECKOM aKTUBHOCTH KAaTalM3aTOPOB OT
TeMIepaTypbl B KOOpJIMHATaX ypaBHEHUs AppeHuyca.

a) ALO; (1), HTK-10-20M(2), LIKA(3), CuO-tamom (4), ramomus (5).
6) Al O3 (1), V4{0)) (2), La,03/ Al,0O; (3)

Buano, 49ro xapakrep TeMmmepaTypHoM 3aBucuMocTH Ky, 3THMX KaranusaTopos
npuOIU3UTENIbHO OJMHAKOB: HAONIONAIOTCA JBE TEMIIepaTypHble O0JIaCTH MPOTEKaHUS
I'MHUO CO, nuskoremneparypHass (1) u BbelcokoTemmepaTypHas (2), C pa3lIUYHBIMH
BEJIMYMHAMU PHEPTUU aKTHBALMU, M MEXKAY HUIMH TEpeXoHas 00JacTh, IJie C TMOBBIIICHUEM
temrepaTypsl Ky, CHMXKaeTcs 10 ONpeleNeHHOr0 MHHUMAJIBbHOIO 3HA4YCHHUS, a IIpH
JTaTbHEUIIIEM TIOBBIICHUH TEMIEpaTyphl HauuWHaeTrcs obOmacth 2. Takoil xapakrtep
TEMIEPaTypPHOI 3aBUCUMOCTH TUITMYECH JJI1 OKCUA0B MeTaoB [1-5].

Ha HEeKOTOphIX OKCHAHBIX KaTaau3aTopax NP IMOBBIILIEHUU TEMIIEPATypbl UMEI MECTO
rerepooOoMer C'*0 ¢ KHCIOPOZOM IOBEPXHOCTH. JTO MOXHO ObLIO HAOIIONATH IO
YMEHBIIEHUIO CYMMapHON KOHLEHTpPAIUU C'"0 B rasosoii cmecn. B TaGmune 1 yYKa3aHbl
TEMIEPATypbl, TPHU KOTOPHIX TE€TEPOOOMEH CTAHOBUTCS 3aMETHBIM, U IMPEICTaBJICHBI
HayaJlbHbIE CKOPOCTH reTepooOMeHa MPH YKa3aHHBIX TEMIIEpaTypax U OTHOLICHHUS CKOPOCTEH

roMooOMeHa K CKOPOCTH reTepooOMeHa.

Tabnura 1.
I'erepoobmen c®oc IMOBEPXHOCTHBIM KHMCJIOPOJOM KaTaJIM3aTopa.
KaTaJau3aTtop Ky, I'MHO Rrer
T°C monexCO amO - N, o
CMZC CMzc N - R
71O, 400 1.0 10" 6.0 10" 0.6 1.6
FaIIOMUH 390 1.9 10" 6.6 10" 0.15 2.8
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Bugno, uro mis ZrO, u raJroMHHA 3TO OTHOIICHHWE HEBEIMKO, MOXKHO CJelIaTh BBIBOJI,
YTO reTepOOOMEH BHOCUT 3HAYUTENBHBIN BKJIaJ B CKOPOCTh U30TOMMTHOTO 0OMEHa B 0051acTH 2.
Ha xarammzatopax ZnO/ramomun u HTK-10-20M npu makcuMaiabHOH TeMmepaType HX
uccienobanus, 1.€. 250 °C, rerepoodmen orcyrcTBoBan (Ha Y-Al,O; rerepooOMeH He
nabmonancs npu T<420 °C). Ha pucynke la BUIHO, YTO TOUKH B 00IaCTH 2 Ul FaJlOMUHA,
CuO/ramoma, La,03/Al,03 noxarcs mpakTUYeCKH Ha OJHY MPSIMYIO, YTO CBHUJIETEIbCTBYET
00 OIMHAKOBOM MeXaHH3Me 0OMeHa Ha HUX (T€TepPOOOMEH C KHCIOPOJAOM MOBEPXHOCTH).

Hanmnune 2-x temnepatypHbix obiacteit mporekanuss IMUO obOwsicHseTcs pasinyueM
MeXaHm3Ma OoOMEHa B TpeJeliax JITHX O00JIacTei, YTo, B CBOIO OdYepeqh, OOYCIIOBICHO
y4JacTreM B oOMeHe pa3HbIX ¢hopm xemocopoupoBanHoro CO. Uccnenoanue aacopoimun CO
MoKa3ajo, YTO MO MEpPe YMEHBIICHHsS TeMIepaTypbl KoiludecTBa aacopbupoBanHoro CO
YMEHBINIAETCS, TO-BUUMOMY, YMEHBIIAETCS U KOJIHYECTBO MOJEKYJI, aICcOPOMPOBAHHBIX B
To (opme, KOTOpas ydacTByeT B OOMEHE 1O HH3KOTEMIICpATYpPHOMY MEXaHU3MYy. OJTO
NPUBOJAWT K TOMY, 4YTO CKOPOCTh OOMEHa C TIOBBIIICHHUEM TEMIEpaTypbl CHIKACTCS
(mepexoaHast 00J1aCTh) 0 TEX MOp, MOKa He MOJKIIOYUTCS BBICOKOTEMIIEPATYPHBIH MEXaHU3M

¢ 6oJiee BEICOKOW YHEPTHEH aKTUBAIIHH.

Jlureparypa:

Hexunenos B.H., Kacarkuna JI.A. // Kunernka u xataau3.1970,T.11, Ne3,c.683-691.
Hexunenos B.H., Kacarkuna JI.A. // Kuneruka u xatann3.1970,T.11,Ne4,c.910-915.
Hexunenosa JI.I'., Kacatkuna JI.A.// Kunetuka u katanu3.1973,T.14, Ned,c.1003-1009.
Kacarkuna JI.A., Jluxosa JI.A., Cuymesa JI.C.//Tp. MXTHU um. JI.1. Menzaeneena.

Boin. 130, M..1984, ¢.120-125

5 MuxeeBa T.M., Kacatkuna JI.A. Boneiakuna JI.A. / Tp. MXTH, 1987, Beim.147. ¢.71-79
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CARBON OXIDE HYDROGENATION OVER Fe-Ir/Al,0; CATALYSTS

Itkulova Sh.S., Zakumbaeva G.D., Brodskii A.R., Yaskevich V.I., Kildibekova G.

D.V. Sokolsky Institute of Organic Catalysis and Electrochemistry MS&HE RK, Almaty,
Kazakhstan
E-mail: ioce.lac@topmail.kz

I'MIPUPOBAHUE OKCHUJA YIJIEPOJA HA Fe-Ir/AL,O3; KATAJIM3ATOPAX

HUrkyaosa III.C., 3akymobaeBa I'./l., Bpoackuii A.P., SickeBuu B.U., Knasaubexona I'.

WMHCTUTYT OpraHuYeCcKoro Katanusa u aiekrpoxumuu um. /[.B. Cokonbckoro
MunucrepcTBa oOpazoBanus 1 Hayku PecrryOmmku Kazaxcran, Anmarsl, Pecriyonmka Kasaxcran
E-mail: ioce.lac@topmail.kz

B nureparype omnmcaHbl pa3nMuYHBIE MEXAHM3MbBl THAPUPOBAHHS OKCHJA YTIJIEpOJa,
peanu3anus KOTOPbIX 3aBUCUT B IEPBYIO OUEPEAb OT MPUPOIbI UCIIOIB3YEMOI0 KaTalIu3aTopa.
Knaccuuecknii «xapOUIHBI» MEXaHU3M, TIpeiokeHHbIH Durepom u TporieM u pa3BUTHIN
JIPYTHEMH aBTOPaMH, BKJIIOYAIOIIMNA JHUCCOIMATUBHYIO aJCOPOIMIO OKCHAA yIyIiepoja C
MOCJIEYIOIIUM THAPUPOBAHUEM MOBEPXHOCTHOTO YIVIEpOAA 0 METWIBHBIX TPyNI U HX
nonuMepu3alel ¢ o0pazoBaHHMEM BBICIIUX YIJIEBOJAOPOJOB, MO MHEHHIO OONBIIMHCTBA
ABTOPOB, MPWJIOKHUM JUIsI KOOATBTOBBIX KaTalM3aTOPOB, a JJIs KaTaIM3aTOPOB HAa OCHOBE
xerne3a Oosee mpuemiieM Mmexann3M BHeapeHus CO.

B nactosmeit pabote B peakuy TMAPUPOBAHUS OKCHJA yriiepoja ObLIM HCCIEeT0BaHBI
OMMEeTaJUIMYECKUE HKENEe30COACPIKAIUE KAaTaau3aToOphl, MPOMOTHUPOBAHHBIE HPUIANEM U
HAaHECEHHbIE Ha OKcuI amoMuHuga. Dusuxo-xumudeckue csBoiictBa 10 % Fe-Ir/Al,O4
KaTaau3aTopoB u3yudeHbl MeTonamMu PDA, snektponnoit mukpockonuu, TIIB, TII, UKC u
MeccbaypoBckoii  crekTpockormuu.  [locine  peaknuu — THAPUPOBAHUS — MPOBOJUIIOCH
TEPMONPOrPAMMHUPOBAHHOE  BOCCTAHOBJICHWE  KaTaJIM3aTOPOB C  LEJIbIO  BBISBICHUS
00pa30oBaHMs MOBEPXHOCTHBIX YTIIEPOICOACPIKAIINX COCTUHCHHM.

Karanu3aTopsl rOTOBHIMCH METOJOM IPOMHTKH C TOCIEAYIONIEH TepMOOOpabOTKOW H
aktuBauuei. Conepxkanue metaioB (Fe+lr) coctaBmsmo 10 mac. %, KOIM4ecTBO BTOPOTO
MeTajula — MPOMOTOpa BapbupoBanock B mpexaenax ot 5 1o 30 mac.% OT CyMMbl METAJLIOB.
KaranuzaTopbl UCTIBITHIBAINCH B TPOTOYHOM YCTAHOBKE MPU BapbUPOBAHUU TEMIIEPATYPHI OT
200 go 400 °C, masnenus ot 1 go 30 arm, oGbemHOl ckopoctr ot 100 mo 5000 t{'l,
cootHomenue CO/H, cocraBmsuio 1/2. Mcxomuble M KOHEUYHBIE Ta3000pa3HbIC MPOTYKTHI

peaKkIMy aHaIM3UPOBAIUCH XpOMaTorpauuyeckuM METOJOoM B pexume on-line. Kuakue
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OPOAYKTHl pEakIuu coOupaquch B JIOBYIIKE M Jajee TMocie paszaeiaeHus Gpakiuil
AHATM3UPOBAIHUCH XPOMATOTPaPUIECKUM METOIOM.

OCHOBHBIMU TIPOJIYKTaMH THIApUpPOBaHUS okcuga yriaepona Ha 10 % Fe-Ir/AlLOs
karanusaropax npu T = 275-350 °C, pmaBnenum 10-25 arm, OOBEMHOH CKOPOCTH —
1000-3000 4! gensrorcs yrieBogopoasl (Ci-C¢ anmkaHbl U aJKeHbBl HOPMAJIBHOTO U H30-
ctpoenusi), cnuptel C;-C,, OUOKCHA Yyrliepoja, a Takke B HEOONBIIMX KOJUYECTBAX
oOpa3ytotcs Beicmine cnupthl Csy, ampaeruanl U yriaeBopopoasl Ce:. KoHBepcus okcuaa
yriepoma B 3TUX yciaoBusix coctaBisier 35-50 %. Ilosbimenne Temmeparypsbl (>375 °C)
IPUBOJUT K POCTY KOHBEPCHUHM OKCHJAA YIJIEpOJa U K MPEUMYLIECTBEHHOMY OOpa30oBaHMIO
MeTaHa U JUOKCHJIa yTiIepo/a.

MeccbaypoBckoil  creKTpockomueld  ObIO  yCTaHOBJIEHO, YTO B HCXOJAHBIX
10 % Fe-Ir/Al,0O3 kaTanmusaropax MMEIOTCS MENKOIUCIEpCHBIE (< 6 HM) MapaMarHUTHBIC
da3pl  JKeneza, CyMMapHOE OTHOCHUTENIBHOE cojaepxaHue Kotopeix ~ 60 %. B
BOCCTAHOBJICHHBIX 00pa3liax IMPUCYTCTBYIOT cieayromue (opmsl kene3a: o-Fe u Fe® B
MEIKOINCIIEPCHOM ~COCTOSIHHH, a Taioke nxBe ¢opmsr Fe’'. Ilpemmomaraercs, d9To
MeJIKoAucIiepcHas (aza COOTBETCTBYET XKeJle3y, HaXOASIIEMYCsl B COCTaBE OMMETaIITMYECKUX
Fe-Ir knactepos.

DEKTPOHHO-MUKPOCKOTMYECKUM METOJOM ObUIO MOATBEPKACHO, YTO BBEACHUE UPUIUS
(5-30 Mac.% OT cyMMBI METAIIJIOB) CIIOCOOCTBYET AUCIIEPraluy xene3a. B Oumerammmueckux
KaTaJm3zaTopax HabromaeTcst 0ojiee paBHOMEPHOE paclpeieieHue Ha MOBEPXHOCTH HOCUTENS
YaCTHUI[ METAJNIOB, UMEIOIINX, B OCHOBHOM, pazMep okoJio 4.0 HM.

Meronom TIIB Obuto moka3zaHo, 4TO B OMMETAUTMYECKUX KaTaJIM3aTOpax CHIKACTCS
TEMIEpaTypa BOCCTAaHOBICHHUS JKele3a, YCHUIHMBAIOUIEeCs] C YBEIMUYEHUEM COJIEep>KaHus
BTOpOro Metayia: 252 — 221, 388 — 320, 670 — 524 °C.

B UK cnexrpe npu agcopbimn CO Ha 10 % Fe-Ir(95:5)/A1,0; karanu3aTopax BOZHUKAIOT
nosiocekl moryomenuss npu 1650, 2120, 2180, 2280 u 2320 em’. Tlocnennsis monoca
MOTJIOUICHHS OTHOCUTCS K pusmuecku aacopoupoBanHoMy CO,. [Ipu coBMecTHO ancopOruun
CO+H, mosBisieTcs JOMONHUTENbHOE miedo mpu 2060 cM™', KOTOpoe B OTIMYHE OT APYIHX
M0JIOC TOTJIOIIEHUSI COXpaHSEeTCsl NpPU BaKyyMHUpPOBAaHUM CHUCTeMbl. llpu moBbIIEHUN
collepkaHusl Ir MHTEHCHBHOCTH 3TOTO MHUKa BO3PACTAET, YTO TMO3BOJSET OTHECTH €ro K
MocTHKoBO# (opme CO ancopbuposansoro Ha Ir'"". Tlomocy mnormomenus mpu 1650,
casuratomytocs k1600 em! npu coBMmectHoi ancopommu CO-+H;, MOXHO OTHECTH K
crpykrypaM H—C=O0,,.. ITomocsl mormomenust mpu 2120 u 2180 cm™' coorsercrayior CO,

azcopbupoBaHHOMy Ha Fe, Haxomsmiemycsi B pa3IMYHON CTENIEHW OKHUCICHHS. Bwicokme
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3HAQYEHUs T0J0C TOIJIOUIEHHUS CBUAETENBCTBYIOT O BBICOKOAMCIEPCHOM COCTOSIHUU
KaTaJln3aTopa.

[Ipu TepMONIpPOrpaMMHPOBAHHOM BOCCTAHOBJICHHM KaTalnd3aTopa, IPOBOJUBIIEMCS
1ocjie peakuu TUIPUPOBAHHUS OKCHAA Yyriepoja, BO BCEX Clyyasx ObUIO BBISBICHO
o0pa3oBaHHE MeETaHa, BO3PACTAIOLIEE C POCTOM TEMIIEPaTypbl. DTO CBHUAETEIBCTBYET O
HAJIMYMM yIJIepoJia Ha MOBEPXHOCTH KaTalnW3aropa, KOTOPBIH MOXET 00pa3oBaTbCsi B
pesyabTare auccounaTuBHoi ajncopbuunu CO (yp. 1), mubo mpu ompeneneHHBIX YCIOBUSAX

MOJKET UMETh MecTO peakuus bynyapa - qucnponopuuonuposanue CO (yp. 2).

CO; — Caye + Ouge (yp.1)
2CO04zc — Cage + COnape (yp-2)
Caze + Haze = CHyape (yp-3)
Oaxe + Haze — OHagc (yp-4)

OOpa3oBanue Ha BCeX Karajau3aTopax 3Ha4MTeNbHBIX KoimdecTB CO, (ot 6 mo 40 % B
3aBUCUMOCTH OT YCJOBHH IIporecca) MPOUCXOAWT 3a cdeT B3aumoaeictBuss CO ¢

a/71copOMpPOBaHHBIM KHCIOpoaoM (yp. 5), a Takke He MCKIIOYEeH BKiIaj peakuuu bymyapa

(yp. 2).
COaﬂC + Oa;lc - COZanc (yp5)
OGpasoBanue Hapsily ¢ yIIEBOJOPOJAaMH COIIOCTABMMBIX  KOJMYECTB

KHUCTIOPOJICO/IEPKALNX MPOAYKTOB, MPEUMYIIECTBEHHO A3TaHOJa, MO3BOJSET IOMYCTHTh U
Hanmuuue accoumatuBHON ancopbumu CO (yp. 6), nanpHeimiee TUAPUPOBAHHUE KOTOPOTO

MPUBOIUT K 00PAa30BAHUIO KUCIOPOACOACPKAIINUX MPOTYKTOB (Yp. 7-8).

CO; — COype (yp-6)
Ha;[c + COaL[c i H_C=O aac (YP7)
H_C=O ajic + Haﬂc - CHZ_OHaI[C (yp'8)

Buenpenue ancopOupoBanHoro CO B yriieBonopoanyto 1emns (yp. 9) u mocnemnyromiee
THIPUPOBAHUE TPUBOMAT K OOpPA30BAHMIO BBICIIUX KHCIOPOJCOACPKAMUX TPOIYKTOB.
MexaHu3M BHEIPEHUS HE UCKIIOYaeT o0Opa3oBaHUE YIJICBOJIOPOIOB B  pE3yJIbTaTe
SJIMMHUHHUPOBAaHUA BOJbI.

R—CHaaze + COuze = R=CHp—COusc (yp-9)

Bce BO3MOXKHBIE CTamuu 0Opa3oBaHUS MHTEPMEAMATOB W KOHEYHBIX MPOIYKTOB MOTYT

IMPOUCXOAUTH HAa Pa3IMYHbIX aKTUBHBIX LICHTPAX OMMETAIIIINYECKOTO KaTaJm3aTopa.
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MECHANISMS OF ALKANE TRANSFORMATION OVER Zn-CONTAINING
ZEOLITES ACCORDING TO KINETIC AND SPECTROSCOPIC DATA

Kolyagin Yu.G., Ordomsky V.V., Fajula F.!, Ivanova LL
Chemistry Department, Moscow Lomonosov State University, Moscow, Russia

'"UMR 5618 ENSCM/CNRS/UMI, 34296 Montpellier cedex, France
E-mail: iiivanova@phys.chem.msu.ru

MEXAHMW3MBbI IPEBPAIIIEHUSA AJIKAHOB HA Zn-COAEPKAIIIUX
HEOJIUMTAX ITIO KNHETUYECKUM U CIIEKTPAJIBHBIM JAHHBIM

Koasirun 10.I'., Opaomcknii B.B., ®a:kyaa (I).l, HBanoa U.M.

Xumuueckuit ¢pakynbTeT, MOCKOBCKHIA TOCYAapCTBEHHBI YHUBEPCUTET
M. M.B. JlomoHocoBa, MockBa
'UMR 5618 ENSCM/CNRS/UMI, 34296 Montpellier cedex, France
E-mail: iiivanova@phys.chem.msu.ru

Karanutuueckoe npeBpanieHue HU3KOMOJIEKYJISIPHBIX aTKaHOB U Fa30BbIX KOH/ICHCATOB B
apOMAaTHYECKHE YTJIEBOJOPOABI, a TAaKXE B BBICOKOOKTAHOBBIC JOOABKHM K MOTOPHBIM
TOIUTMBAM SIBJIIETCA OJHOW W3 BaXKHEWINMX 3a7a4 COBPEMEHHON HedTenepepaboTKu |
HedTexumuu. L{luHKCOAEepkKAaIlIKe IEOTUTHI OTHOCSTCS K OJHUM U3 HauOoliee MepCIeKTUBHBIX
KaTaqu3aTopoB B JaHHBIX mOpoueccax. OJHaKO BO MHOTMX CJlydyasx CO3JaHHUE
BbICOKOA()(DEKTUBHBIX T'€TEPOT€HHBIX KOHTAKTOB HAa OCHOBE IIEOJIMTOB 3aTPYJHEHO M3-3a
OTCYTCTBHS JETaJbHBIX CBEJCHHI O MeXaHW3Max MpPEeBpalIeHUH YTJIEBOAOPOIOB Ha TaKUX
CUCTEeMaXx.

[lenpo MaHHOTO HCCNEAOBaHUS OBLIO YCTAHOBJICHHE OCHOBHBIX 3aKOHOMEPHOCTEU H
OCOOEHHOCTEl MEXaHM3MOB IPEBpAlllCHUs IMpOIlaHa, H-T€KCaHAa M LUKIONeKcaHa Ha
UHKCO/IEP)KAIUX LIE0JIUTaX.

B kadecTBe Karamm3aTOpOB HCHOJB30BAIM KHUCIOTHBIE U IIMHKCOJEpKalue (OpMBI
neomutoB  MFI ¢ cootHomenusmu Si/Al paBaeiMu 35 u 2000. Iluakconmepskamue
KaTaJIu3aTopbl TOTOBWJIM METOAOM IPONUTKU PACTBOPOM HUTpATa IIMHKA U MOCIEAYIOLIETO
npokanuBanus. CopepikaHue HUHKA cocTaBisuio 2 U 8 mac.%. B kadecTBe peareHTOB ObLIN
BBIOpaHBI IPOTIaH, H-TEKCaH U IIUKJIOTEeKCaH.

CornacHo JaHHBIM, NojlydeHHbIMM Metogamu PDA, YO u HMK-cnekrpockonuu, IUHK
MPUCYTCTBOBAJ KaK B KATHMOHHBIX MO3MIMAX IEOJUTa, TaK MU B BHUAE Okcuua. [lpuuém

BBe/IeHHE 2 Mac.% IMHKA IPUBOIUIIO K 00pa30BaHUIO HAHOYACTHIl OKCHJIA ITMHKA B KaHAJIaX
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L[EONIUTa, a MpHU colepkaHuu Zn 8 mac.% ObUIO Takxke 3auKCHpoBaHO OOpa3oBaHue Oolee
KpYyNHbIX yacTull ZnO, paclonoKEeHHbIX Ha BHEIIHEN IOBEPXHOCTH LIEOJIUTHBIX KPUCTAIUIOB.

ComnocraBieHre HadaJIbHBIX CKOPOCTEH MpeBpallleHue aJKaHoB (IponaHa, H-TeKCaHa U
IUKJIOTEKCaHa), C KOJJMYECTBOM aKTUBHBIX LIEHTPOB Ha PAa3IMYHBIX KaTaiau3aTopax, okKasaso,
YTO HA HAYaJbHBIX CTAIUAX NPEBPAILCHUS IPOIIaHAa OCHOBHYIO POJIb MIPAIOT allPOTOHHBIE
LIUHKCOAEP)KAIME LEHTPbl, a 3a KOHBEPCHIO H-TEKCaHa M LHUKIOINEKCaHa OTBEYarOT
OPOTOHHBIE OPEHCTEIOBCKUE LIEHTPHI.

Kunernyeckuil aHanM3 OCHOBHBIX MaplIpyTOB IIPOLIECCOB HA KHUCIOTHBIX H
Zn-coepKallluX LEOoJUTaxX IO3BOJWI 3aKJIIOUUTh, YTO BBEJACHHE IMHKA MPUBOAUT K
YBEJIMUYEHUIO BKJIAJIOB PEAKLUN NETUAPUPOBAHUSA U apOMATHU3ALMK B IIPEBPAIICHUE BCEX TPEX
UCCIIEOBAHHBIX YIVIEBOJOPONOB. B ciydae mpomaHa aKTMBHOCTb LHMHKCOZAEPXKAIIUX
KaTaJIn3aTOPOB 3aMETHO MPEBOCXOAMIA AaKTUBHOCTh KHUCIOTHBIX (opm. Ilpm sTOoM
NPUHLUINNATBHO MEHSUICS COCTaB HaudajbHBIX IMPOIYKTOB U, COOTBETCTBEHHO, MEXAaHHU3M
HavyaJbHbBIX cTaaui npouecca. Eciu Ha kucinotHoMm neonute H-MFI Ha HawanbHBIX CTagusx
npolrecca OCHOBHBIM MapUIpyTOM ObUI HPOTOJIMTHUYECKUN KPEKUHI, HNPUBOAALIMHA K
0o0pa30BaHUIO METaHa M JTHICHA, TO Ha LMHKCOJEPXKAIIMX KaTalu3aropax OCHOBHOU
NEepBUYHON peakmuel ObUIO0 JAETHIPHPOBAHWE C OOpa3oOBaHWEM IIPONMJICHA, a BKJAl
IPOIYKTOB KPEKUHIa COCTABIISLI He Ooiiee 5 % OT 107U MPEeBPaIEHHOTO peareHTa.

HccnenoBanne Ha4anbHBIX CTAIUil MpeBpalleHus MpomnaHa Ha katanuzaropax Zn/H-MFI
METOJaMH CIIEKTPOCKOIIUHU BC SIMP BMY wu HK-cniekTpockornuu in Situ mokasano, 4To
aKTUBAIMA TMPOINAaHa MPOMCXOTUT IMyTEM JWCCOLUMATHBHOM ancopOIMy Ha ITMHKOKCHIHBIX
LIEHTpaX C OJHOBPEMEHHBIM OOpa30BaHMEM H-IPONWIBHON IpPYMIbI, CBA3aHHOM C aToMOM
muHka, W Zn-OH rpynnel. Ilocnepyromue IeruapupoBaHUE MNPONMIBHOW TIPYIIHI,
peKOMOMHALIMSA U 1eCOPOLUsS MOJIEKYJISIPHOTO BOIOPO/Ia, IPUBOIAT K MOSBICHUIO MTPOIUIICHA
U pereHepanuy KaTaIuTHYECKOro LIEHTpa:

CH; H
/Zn_O\ +C.H /Zn O\ -C.H /Zn_O\
Zn 28 Zn =3 ¢ Zn
| | -H |
/1177077777 /1177777777 S

1 - -
Metonom criekrpockormu  H SIMP in situ 6bu10 Takke 0OHApY)KEHO MPEUMYIIIECTBEHHOE
oboraimieHre TpoTHEM METHJIbHOW rpymmbl B Xoiae HD-oOmeHa mexay nedTepupoBaHHBIM
nponaHoM U KucnoTtHeiMH  OH-rpynnmamm  Zn-copepkamux neoiautos  H-MFI,  uro

MmoATBCPANIIO HpCI[HO)KGHHI:IfI MCXAaHU3M AKTHBAIIUU ITPOITaHa.

77



OP-14

B cnywyae H-rekcaHa M LUKJIOreKCaHa MOAM(UIMPOBAHHWE LUHKOM MPUBOJWIO K
NaJCHUI0 aKTMBHOCTU Karanu3aTopoB. Kpome Toro, BBeJEHHE LIMHKA HE HU3MEHSJIO COCTaB
NEPBUYHBIX MPOAYKTOB, B OCHOBHOM 3TO OBUIM NPOIYKTHl KPEKHHIa C HEOONBLION Hoien
NPOAYKTOB JCTUIAPUPOBAHMS, H3OMepm3anuu u ukiausanuu. Ha Zn/H-MFI jume B
HE3HAYMTEJIBbHOW CTENEHU Iajaja J0Js KPEeKHHIa U yBEJIIMYMBAIACh JOJI M30MEPHU3ALMH 10
CPaBHEHMIO C KHCIOTHON (HOpPMOIi.

HD-o6MeH wMexay JIeHTepUpOBaHHBIM H-TeKcaHoOM M KucioTHbiMM OH-rpynmamu
LIEOJIUTOB ITPOUCXOIUII KaK B METHJIbHBIE, TAK U B METHJICHOBBIE I'PYTIIIHI.

HccnenoBanne  Ha4albHBIX — CTaAMW  INpEBpaALICHUS H-rexcana-1°C  meromom
ciektpockorm “C BMY SIMP in situ, moka3ago NpEHMMYIIECTBEHHOE 0Opa30oBaHHE
n300yTaHa, MpONaHa U HM30I€KCaHOB B KAa4eCTBE OCHOBHBIX MEPBUYHBIX NMPOJYKTOB KakK Ha
MOIU(HUIMPOBAHHBIX LMHKOM, TaK M Ha KHUCIOTHBIX Karainuzaropax. Ilpm sTom He
Ha0Jr0/1a710Ch 00pa30BaHMe dTaHa M METaHa. JTO YKa3bIBAeT HA LENMHON KapOeHHI-MOHHBIN
MEXaHU3M aKTHUBAllMM H-T€KCaHa, KOTOPBIM BKJIHOYAaeT B ce0s CTAAMIO 3apOXKIEHHs LEMH,
Halpumep, IyTeM KpEeKMHra H-TeKkcaHa ¢ oOpa3oBaHHEM oOJiehUHA, WHHUIHUUPYIOLIETO

I‘HIIpPII[HBIfI NEPCHOC U MOCICAYIOIHEC CTaAAUU OJIUTOMECpPU3aAlIUN U KPCKHUHTA.

“H- + +C_H, " KpekuHr +
H-CH, 77— {C6Hl3} h { CnH2n+1} > {CkH2k+l} t CanHoni

: ) )

{1/130-C6H13}
i CH,., , k=34
n3o-C.H,,

Takum oOpa3zoM, TPOBEIEHHOE MCCIEAOBAHUE TTOKA3aJI0, YTO MEXaHU3MbI TIPEBPAIICHHS
alKaHOB Ha Zn-coaepxammx uneonurax MFI 3aBucaAT oT JuMHBI LENU YIJIEBOAOPOJA.
AKTHBaIMs TPOMAHA MPOUCXOTUT MyTEM AMCCOIMATHBHOW aICOpOIMM HA IMHKOKCHIHBIX
[EHTpax, a H-TeKCaHa — M0 IIEMHOMY KapOCHUH-MOHHOMY MEXaHU3My Ha TMPOTOHHBIX

IICHTpax.
Astopsl Onarogapsat pouasl POOU u INTAS u nporpammy HATO «Science for Peace»

3a (pmHaHcoByO noanepkky. Komsrun HO.I'. BeIpaskaeT nmpu3HaTeabHOCTHh (prupme «Xaibaop

Torice» 3a acIUPaHTCKYIO CTUMIEHAMIO.
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IRON EFFECT UPON ALKANES CRACKING OVER MODIFIED NATURAL
ZEOLITES

Konuspaev S.R., Kadirbekov K.A., Sarsekova A.T., Nurbaeva R.K., Koscheev S.V.l,
Salanov A.N.!, Zaikovskii V.L'

A.B. Bekturov Institute of Chemical Sciences, Almaty, Kazakhstan
'Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: kkairati@mail.ru

BJIMAHUE KEJIE3A IITPU KPEKUHI'E ITAPA®UHOB HA
MOJUPUIINPOBAHHBIX ITPUPOJHBIX HEOJIUTAX

Konycnaes C.P., Kagupoekon K.A., CapcexoBa A.T., Hypoaesa P.K., Komees C.B.,
CaynaHnoB A.H.l, 3aiikos B.1.'

WNuctutyT xumudeckux Hayk UM. A.b. bektypoBa, Anmatsl, Kazaxcran
'MucrutyT karammsa um. I.K. Bopeckosa CO PAH, HoBocuGupck
E-mail: kkairati@mail.ru

AKTUBHOCTh ~MOAM(DHUIMPOBAHHBIX (HOPM MHPHUPOJHOTO  LEOJUTA  ONpENeNsieTcs
pPacKpbITUEM Ha HMX MOBEPXHOCTH JIBIOMCOBCKUX KHCIOTHBIX UEHTpoB. KaTtanuzaTopsl
KpEKMHTa  TBEPAOTO  TEXHUYECKOro  mapaduHa  OBUTM  TMONYYeHBl  KHCIOTHBIM
MOIU(DUIIMPOBAHUEM TPUPOIHBIX IICOJTUTOB IO OOIICM3BECTHOW MeETOAMKEe. B KauecTBe
KaTaJlu3aTOPOB KPEKHHra TBEPAOTO0 TEXHHUYECKOro mnapaduHa ObUIM HCHBITaHBI 00pa3lbl
npupoaHoro neonura [lankanaiickoro mecropoxxaenus: HIIIIM-1, HIIIM -2, HITIIM -3
u HIIIM -4, rae o6pazen HIILIM -4, monyyeH AByXCTyNEeHYaTOl 00pabOTKOM MPUPOIHOTO
[E0JUTa CHayajla MHMHEPAIbHOM 3aT€M OpPraHMYeCKOM KHCIOTOM, a OCTAJIbHBIE -
OJIHOKPATHOM, IBYXKPAaTHON M TPEXKpaTHON 00pabOTKOM MHUHEPATLHON KUCIOTOM.

AKTHBHOCTH MOJIU(UIIMPOBAHHBIX IPUPOAHBIX IIEOTUTOB 3aBUCUT HE TOJIBKO OT YCIIOBHIA
KPEKHUHTa, HO U OT crmoco0a MOIUGUIIMPOBAHUS, OMPEICSISIIONIET0 XUMHUECKU COCTaB U
CTpykTypy. B TabGnume 1 mnpencraBiieHbl CpaBHUTENbHBIC ITaHHBIE IO KaTATUTHYECKOM

AKTUBHOCTHU CUHTC3WUPOBAHHBIX KAaTaJIN3aTOPOB.
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Ta6muma 1. Kpexkunr napadrna Ha MOAU(PUITMPOBAHHBIX IIEOJIUTHBIX KaTaTU3aTOPOB
npu Temneparypax 530-560°C 1 CKOpPOCTH 04K CHIPhS 2 Yac

Brixon
Karammza- LIEIEBBIX Konsepcus Conepra- bpomuoe
0 T © C SlOz/ A1203 TDOTVKTOR o, ’ HHEC OJIC- qHCTo
P p I[; ’ ° ¢buHOB, %
0
HIIIIM -1 | 540-560 23,75 16,85-22,62 | 41,2 -65,9 70,55 113,0
HIIIIM -2 | 540 24,6 26,0 56,8 74,62 84,6
HIIIM -3 | 530 23,0 19,0 53,4 72,87 53,4
HIIIIM -4 | 540 26,0 31,9 56,9 70,74 67,0

HecMmoTpss Ha HEMOJHOE KaTATUTHUYECKOE MPEBpAIllEHHE KPEKUPYEMOI'O ChIpbs, MOXHO
3aMEeTUTh, YTO BBIXOJ 0-OJE(UHOB B 2 pa3a BbIIE Ha KaTaJu3aTope, I[OJIy4YEHHOM
JBYXCTyHEeHYaToOl 00paboTKoil mpupoaHoro obpasua - HIIIIM -4, B koTopoM coxpepkaHHe
OKCHJA Kejle3a MUHUMalbHO - 1,2 % Mac. (mpuponHslil neoaut coaepxur ao 10 % mac.
Fe;O;, mocne obpabotku 1,750 HCl - 2,7 % wmac. Fe0s).

npusiedeHrueM POOC u 37MeKTpOHHOW MHKPOCKOTHMH HMCCIEIOBAHbI 00pa3lbl UCXOJHOTO

B c¢Bsa3u ¢ sTUM Hamu cC

JIe3aKTHUBHPOBAHHOTO MOIU(HUITIPOBAHHOTO MTPUPOTHOTO ICOJTHTA.

P®D—cnextpsl peructpupoBasiu Ha crnekrpomerpe KRATOS ¢ wucnonp3oBanuem
uznyuenuss MgK,, hv = 1486,6 »B. Pacuer sHepruii cBsizeil >1E€MEHTOB MPOBOIWIHA C
WCIOJIB30BAHUEM B KauyeCTBE BHYTpPEHHEro crangapra jauHuil Cls, 3HadeHHE KOTOPOro
npuHuManu 284,8 »B. Pacuer NOBEpXHOCTHOIO COJEp)KaHUS 3JIEMEHTOB IPOBOJWIM Ha
OCHOBE 3MITUPUYECKHUX (PAaKTOPOB 3JIEMEHTHON UyBCTBUTEIBHOCTH, MPHUBEICHHBIX bpurrcom
JUIS. aHAJIM3aTOPOB C MIOCTOSIHHON 3Hepruel npomnyckanus. POIC-xapakreprucTuku o0pasios
OPUPOAHOIO LI€OJUTa MpeAcTaBileHbl B Tabmune 2. Ha moBepXHOCTH HMCXOIHOTO
MOIU(PHUIIMPOBAHHOTO TMPHPOTHOTO IEOJUTa OOHAPY)KEHBI 3apsHKEHHBIE (DOPMBI KpEeMHUS,
IIOMUHUS U KeJie3a, HOHOB HAaTpUs HEe 0OHAPYKEHO, OYEBUHO, OHU MOJHOCTHIO yIANISIOTCS
C IOBEPXHOCTH NIpu 00paboTKe CONAHOM KHUCIOTOH. O KOJIMYECTBE 3TUX HOHOB MOKHO

CYAUTHb OTHOCUTCIIBHO IIOMIAAN CIICKTPa aJIFOMHUHUS.

Tabmuua 2. PODC xapakTepucTUKH MOAU(DUINPOBAHHOTO PUPOIHOTO LIEOTUTA

DaeMeHT HI—II—HM HCX H]—U—HM Jorpab.

YPOBEHb Ecs (xn6) 3/Al Ecs (<16) 3/Al
Cls 284.8 31,16 284.8 74,56
O 1s 5324 5,58 534,1 62,64
Na 2s — — 1073,4 97,02
Al 2p 74,6 1 76 1
Si 2p 103,1 1,9 104 15,66
Fe 2p 711,9 2,26 711,8 46,27
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Ha noBepxHOCTH OTpaOOTaHHOTO KaTallM3aToOpa MOBEPXHOCTHBIE HOHBI OKHCISIOTCA,
pPE3KO BO3pacTaeT KOIMYECTBO jKelie3a, KPeMHHMsS, yriepojJa U TOSBISIOTCS HMOHBI HATPUS
(tabmuna 2). Ecnu yBennueHne KOJUYeCcTBa yriiepoa HIeT B pe3yibTaTe HayrIepoKHBaHNU,
TO POCT KOJHMYECTBA XKelie3a W KPEMHHUS MOXKHO OOBSACHUTH TOJBKO TOMOXMMHYECKUMH
peakuusMy, NPOXOASIIMMU B TBepAod ¢aze. 3HAYUTENbHOE KOJMYECTBO yriepoja Ha
MOBEPXHOCTH KaTallM3aTopa MpernoyiaraeT akTUBHOE y4acTHE B MpoIlecce He IMOJHOCTHIO
YAAIEHHOTO MPU KUCIOTHOM MOAU(DHUIIMPOBAHUM KOMIIOHEHTA MPUPOIHOTO [[EOTUTa — HOHOB
xene3a. JlaHHOe  mpenAnoyioKEHWE  MOATBEPXKAACTCS  JAaHHBIMH  [IPOCBEUMBAIOLICH
AJIEKTPOHHOM MHKpOCKONUU  (31eKTpoHHBIH Mukpockon JEM-2010 c¢ yckopsionmum
HanpsokeHueM 200 kB u pazpemieHuem 1,4A). DJIEKTPOHHO—MUKPOCKONTMYECKUE CHUMKH
BBICOKOTO pa3pellieHus] YKa3bIBalOT Ha 00pa30BaHUE YTIEPOAHBIX HUTEH, MPEICTABISIOMINX
co0oi HAaHOTPYOKHU.

TonmHa MX CTEHOK COCTAaBIISIET NPUMEPHO 5 HM, CTPYKTypa oOpa3oBaHa aTOMHBIMHU
cinosmu Tpadura. Ha moBepxHOCTH TpeoOnamaroT TPyOKH C TOYTH TapauieTbHBIMH OCH
cnosiMu rpadurta. T TPyOKH pacTyT Ha METANIMYECKUX YacTHIax Karanuzatopa. OmHako,
BUHOBHUKOM 0Opa30BaHUsSl YIJIEPOJIHBIX HUTEH, B OCHOBHOM, fBIseTcs jkene3o. OO0 sTom
CBUJICTEIILCTBYET HAJIMYMAE MEIKAX YaCTHUIl METaUTMYeCKOTO JKele3a BO BHYTPEHHHUX
MOJIOCTSX ~ YIJIEPOJOHBIX HUTEH. boiiee KpymHble YacTHIBI — JKeje3a MPHUCYTCTBYIOT Ha
MOBEPXHOCTH  KaTaluW3aropa B  HW30JHUPOBAaHHOM  Buae  pasmepom  70-90  HMm.
MukpoaHaTUTUYECKHE SKCIICPUMEHTBI, TPOBEACHHBIC Ha 3JIEKTPOHHOM MUKPOCKOIIE CUCTEMBI
Philips CM-20, o6opynoBanHoM EDAX-cnektpomerpom (EDAX— peHTTreHOBCKas SHEPro—
JUCTIEPCUOHHAS. CHEKTPOCKOMMS AJIEMEHTHOTO aHalln3a) OOHApYKUJIM Ha MOBEPXHOCTHU
Karajau3aTopa B OONBIIMX KOJMUYECTBaX yriepold U skene30. CylIeCTBEHHbIE XUMUYECKUE
C/IBUTH B CIIEKTPaX FOBOPAT O HAXOXKICHUU KeJIe3a B PA3INYHBIX 3aPAI0BBIX COCTOSHUSAX.

Takum 00pa3oM, MOXXKHO CAENaTh 3aKIIOYEHHE, YTO NMPH TEPMUYECKOH 00paboTke, M
OCOOCHHO TMpHU JAJUTEIBbHOM BBICOKOTEMIIEPATYPHOM SKCIUTyaTallud KaTanau3aTtopa, Ha
MOBEPXHOCTh I1[€0JIUTA U3 BHYTPEHHEW MOBEpPXHOCTU (MOp W KaHaiuoB) IUGOYHAUPYIOT
OKCHJIBI JK€Jle3a M JAPYTruX DJIEMEHTOB, KOTOpBIC SIBJISIOTCS TPUYUHON Je3aKTHUBAIMU

KaTaau3aropa.
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CATALYTIC PYROLYSIS OF LOW DENSITY POLYETHYLENE OVER
MICROPOROUS AND MESOPOROUS MOLECULAR SIEVES
Kumar N., Agullo J.!, Berenguer D.}, Gomez A}, Marcilla A.}, Salmi T., Murzin Yu.D.

Laboratory of Industrial Chemistry, Process Chemistry Centre, Abo Akademi University,
20500 Turku/Abo, Finland
'Departmento de Ingenieria Quimica, Facultad de Ciencias, Universidad de Alicante,
Apartado 99, E-03080 Alicante, Spain
E-mail: nkumar@abo.fi

Catalytic pyrolysis of polymers is a promising option for waste plastics recycling as it can
provide several advantages over other currently used methods: the temperature of pyrolysis
can be reduced by the catalytic effect, a high degree of selectivity towards commercial value
fuels or chemicals can be achieved by selecting a suitable material as catalyst. This can help
in solving environmental problems of fossil fuel reserves depletion and scarce space
availability for landfilling are at once enhanced [1-2]. Hence the production of diesel-like
fuels can be achieved by the implementation of a catalytic pyrolysis process using the plastic
waste coming from recycling activities as a raw material. The aim of this work is synthesis of
microporous and mesoporous molecular sieve catalysts with different structures and acidity
such as H-ZSM-5, H-MCM-22 and H-MCM-41 for application in catalytic pyrolysis of low
density polyethylene.

Experimental

Na-ZSM-5, Na-MCM-22 and Na-MCM-41 microporous and mesoporous molecular
sieves were synthesized in 300 ml autoclaves by methods mentioned in references with some
modifications [3-6]. The proton forms of Na-ZSM-5, Na-MCM-22 and Na-MCM-41 were
obtained by ion-exchange with ammonium chloride, pH neutralization, drying and calcination
in a muffle oven. The catalysts have been characterized by XRD, nitrogen adsorption, X-ray
fluorescency, FTIR of adsorbed pyridine and SEM. The catalytic testing in the LDPE
pyrolysis has been carried out by TGA analysis. The TGA weight loss curves has been taken
as measurement of the catalytic activity [7]

Results and discussion

The X-ray powder diffraction patterns of Na-ZSM-5, Na-MCM-22 and Na-MCM-41
exhibited that the materials had highly phase pure ZSM-5, MCM-22 and MCM-41. The
scanning electron micrographs showed their typical morphology. The XRD pattern of Na-
MCM-22 zeolite is given in Figure 1. The nitrogen adsorption measurements revealed the

following order in increasing surface area: Na-ZSM-5 < Na-MCM-22 < Na-MCM-41. The
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acidity measurements of the H-ZSM-5, H-MCM-41 and H-MCM-22 catalysts by FTIR of
adsorbed pyridine and TPD of ammonia showed that all the materials possess Lewis and
Bronsted acid sites. Catalytic pyrolysis of low density polyethylene (LDPE), the main
consituent of plastics wastes, over proton modified microporous and mesoporous molecular
sieves have been investigated. The catalytic activity pattern decreased as follows:
H-MCM-22 > H-MCM-41 > H-ZSM-5-31 (Figure 2). A comparison of the catalytic results
shows that structure of zeolite, acidity, pore size and surface area are important parameters for
a catalyst to be active in the catalytic decomposition of LDPE. The influence of structure of
zeolite and mesoporous material, acidity, porosity and surface area will be discussed in detail

for the catalytic pyrolysis of LDPE.
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Fig. 1. Fig. 2.
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Bsaumopeiicteue CO, ¢ H; mpexacraBinseT TEOpeTUUECKH M NMPAKTUYECKUN HMHTEpEC,
MOCKOJIBKY TPEAINOaracT BOBJICUYEHHUE CTAOMIBHON MOJEKYJbl B XUMUYECKUE PEaKLUu IS
MONyYeHUs] TPAKTHUYECKH BaXHBIX coequHeHwil. Panee [1] Hamu ObUTM  U3y4YEHBI
npespamennss cmecu CO, u H, B CO nu CHy B mpucyrctBun metamioB Co, Ni, Fe, Cu,
HAHECEHHBIX Ha YTJEPOJHBbIE BOJOKHA M BOJOKHUCTbIE MaTepuaibl. OCHOBHBIM MPOIYKTOM
peakiuun Ha Co- m Ni-katanuzaropax siBiusercs CHa, a mHa Fe- m Cu-cucremax - CO.
[Tokazano, 4to HauOosiee AKTHBHBIMU M CEJIEKTUBHBIMU OBUIM KaTalIM3aTOPbhl Ha OCHOBE
AKTUBHPOBAHHOI'O HETKAHOTO yriiepogHoro marepuana (AHM), conepxamue 10 % (Bec.) Cu
u Ni. Ha 3Tux xatanuzaropax HECTAIIMOHAPHBIMU, H30TOMHBIMUA U KHHETUYECKUMHU METOJaMU
n3yueH mexanm3M oOpaszoBanmsi CO m CHy. DkcrnepuMeHTHI B HECTAIIMOHAPHON 00JacTH
MO3BOJIMJIM BHIOpaTh KHHETUYECKYI0 MOJENb, aJCKBATHO OIKCHIBAIONIYIO CTAllMOHAPHOE
MOBEJICHUE KAaTaJIM3aTOPOB, M MPEUIOKUTE cxemy mporieccoB oopazoBanust CO u CHy.

[lepexomHble TPOIECCHl HUCCIEIOBAIM METOIOM OTKIWKA, HaOIonas W3MCHEHHE
COCTOSHUSI CHUCTEMBI B OTBET Ha pe3KOe HM3MEHEHHE KOHIEHTpPAlUuu OIHOTO WU 000UX
KOMIIOHEHTOB PEaKIMOHHONH cMecu. ONBITHI MPOBOJMIA B YCTAHOBKE MaJOro o0bema,
COCIMHEHHOM C BpEMSIpPOJIETHBIM  Macc-ciektpomerpoM MCX-6, dYTO  MO3BOJISIIO
AHATM3UPOBATh PEAKIMOHHYIO CMECh HEMOCPEICTBEHHO B XOJE CPaBHUTEIHLHO OBICTPBIX
penakcalMoOHHbBIX TpolieccoB. Bpems mpeObiBanms (T.€. OTHOIICHHE OOBEMa peakTopa K
CKOpPOCTH IIOTOKa IOJaBa€MOM CMECH) HE HpeBbIATO0 8 C. OTO YYHUTHIBAIOCH IPHU
MOCTPOCHUU PpEIaKCAllMOHHBIX KpUBBIX. V3Mepsuinch credyromme MaccoBble YHCTa:
2 (Bogopon), 15 (meran), 18 (Boxa), 28 (oxcup yriepoaa), 44 (muokcup yrieponaa). B onbite

CJICOWJIN 3a UBMCHCHUEM KOHICHTpAall TOJIBKO OAHOI'O KOMIIOHCHTA C IEPUOANIHOCTBIO 1c.
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H,-D, o6meH uccienoBaiy B TOH e yCTAaHOBKE, YTO U MEepeXoHbIe mpoiecchl. CTeneHb
oOMeHa onpenessiu 1o koiaunuectsy HD.

Kunernky peakiuil u3ydyaiu B CTEKJISSHHOW IEIbHONASHOW MPOTOYHO-IUPKYIALMOHHOMN

YCTaHOBKE € OOOrPEBOM pPEaKIMOHHOTO I[MKJIAa TNpH aTtMochepHOM JaBieHUH. ONBITHI

MIPOBOJIAJIN TIPU HAYaIbHBIX MAPIHATBHBIX JTABICHHIX POCO =0,08-0,33, P(;_| =0,40-0,92 u

CIIeIMaIbHO BBOJMMOIO OKCHJA yTriiepoja PZO 1o 0,067 atm., Temneparypax 360-420 °C

IUIsl HUKeJEeBOro u 560-620 °C s MEIHOrO KaTaau3aTopoB, 00BEMHBIX ckopocTsax CO, -
400-24000 u'. BbIIO MOKAa3aHO, YTO M3YYCHHBIC PEAKIMM MPOTEKANH B KHHETHUCCKOH
obmnacTH.

EnuHCTBEHHBIMM NMPOTyKTaMU peaklMK Ha MEIHbIX Katanu3aTopax asistorcs CO u H,O.

OmnbiThl N0 aacop6umu u aecopobunu Hy; u CO, 1 10 BBITECHEHUIO OJJHOIO KOMIIOHEHTa
npyrum (tuna Hy+He/COy+He B mpssiMoM 1 0OpaTHBIX HalpaBICHUAX, KOcas 4epTa O3HAYaeT
PE3KyI0 CMEeHY YCIoBHM) mokazanu, uyto aacopbuus H, m CO, Ha MeqHBIX KaTanu3aTtopax
obicTpas, a necopoumst MemieHHas. CO,, KOTOpwId aacopOupyercss Ooyiee TPOYHO, YeM
BOJIOPO/I, BEITECHSIET €r0 C MOBEPXHOCTH 3HAUUTENbHO OblcTpee, ueM H, BeiTecHser CO,. Ha
puc.l nmpuBeneHo u3MeHeHue KoHueHTpauuu CO mpu HamycKe peakIMOHHON cMecu Ha

KaTaJIn3aTop I1OCJIC azlcop6um/1 Hyus O6paTHOM OTKJIMKC.

(a) (6)

ycn.ea. CO
ycn.en.CO
o = N w £~ (6,2} [} ~ fer]

P O P N W A OO N ®©® ©

' 0 5 10 15 20 25 30
e 5 10 15 20 25 30
Bpems, C
Bpems, ¢

Puc.1. W3amenenne xonuentpaumu CO B otkimukax (Hpx+He)/(H,+CO;) (a) wm
(H,+CO»)/(Hy+He) (6). Cu/AHM, 455 °C.

Kak Bumno u3 puc.la, umeercsa 3aaepxka Beixoga CO, cBs3aHHas ¢ BbITecHeHHEM Hj
(o3TUM OOYCIIOBIIEH W MAaKCUMyM Ha peJakCalMoHHON kpuBod) u azacopOuueir CO,.
OOpaTHBI OTKIUK JOBOJBHO MEIJICHHBIN, 4TO 00yCIOBICHO pouHOil ancopoumeit CO, Ha
MOBEPXHOCTU METHOTO Karanu3aTopa. dopma OTKIMKOB CBUAECTENHCTBYET O TOM, uTo H) u
CO; y4acTBYIOT B pEaKkiliy B aJICOPOUPOBAHHOM COCTOSTHHH.

OmnpiTel o u3yueHuto Hp/D, oOMeHa moka3zanu, uto creneHb oomena Ha Cu/AHM npu

450°C mocturaet 98 % u sBIsIETCA paBHOBECHOM. [OCKOJIBKY peakiysi H30TOIHOrO 0OMeHa
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BKJIFOYAeT paspbiB cBss3edt H, m D, aacopOmus Bomopona B yCIOBHUSX ONBITOB SIBIISCTCS
IYCCOIIMAaTUBHOM.

[TomyueHnHble JKCIIEpUMEHTAJIbHBIC JaHHBIC HAWIYYIIMM OOpa3oM  OIMHUCHIBAIOTCS

CJICAYyIOIHUM KHHCTUYCCKUM YPABHCHUCM!

r=k IDCOZ Ph J (7 -x03(pPULMEHT, yYUTHIBAIOINN OOPATHYIO PEAKIHIO).

1
0,5
T+ + P

Ha ocHoBanuu HCCTAllMOHAPHBIX, M3O0TOIIHBIX W CTAMMOHAPHBLIX IOAHHBIX IMPCATIOXKCH
MEXaHU3M TIpolecca, B KOTOPOM MEIUICHHOW SIBISETCS CTaIusi B3aUMOJCHCTBUS
aIcOpOMPOBAHHOTO KApPOOKCHIATHOTO KOMIUIEKCA M aTOMa BOJIOPO/Ia.

Ha nHukeneBom katanmuzarope mpu B3aumojeictsuu CO, u H, mporekaroT crnenyroue

peaxIum:
1. CO, + Hy=CO + H,0 (r1)
2.CO + 3H; = CH4 +H,0O (r2)
3. 2C0O = C +CO; (peakmust benna-byayapa). (13)

OTKIMKKM C TONEepeMEHHBIM BBeaeHHeM KoMmmoHeHToB M oTkimku (He+H,/(H,+CO;) n
(He+CO»/(H,+CO,) mokazamu, uro CO, B YCIOBHSX OIBITOB ajacopOupyercs cnabo,
TUAPUPOBAHUE OOpa3yIOIMXCA YTIAEPOIHBIX (PparMeHTOB TpoTeKaeT ObICTpo. bbuto
YCTaHOBJIEHO, 4TO peakuus oopazoBanusi CHj siBisieTcs mocneaoBaTeabHOM.

Haiinens! cienyronme KWUHETHUECKUE YPaBHEHHS peakiuii 1-3.

. Pco.Pu.” Co_y Pco PHZ, :ks Pco ’

=K, D 2 Ky p rs D

rae D= P&,jz *K3 Pco *Ky Pho

Ha ocHOBaHMM CTAallMOHApHBIX M HECTAIMOHAPHBIX JAHHBIX MPEIJIOKEH MEXaHU3M
mporecca, B KOTOPOM MeIJeHHbIMU cTaausMu oOpazoanuss CO u CHy sBASIOTCS cTaguu
B3aMMOJIEMCTBHSI aTOMa BOAOPOJa C aJcOpOUPOBAHHBIMU KapOOKCUIATHBIM U (POPMHIIBHBIM
koMmIuiekcamu. Peaknusa  bemna-bynyapa mporexkaer  depe3  MEUICHHYHO — CTaUIO
B3aUMOJICUCTBUS afcopOupoBaHHON MOJIeKyIbl CO ¢ MOBEpXHOCTHIO KaTalnu3aTropa.

PaGora BeimonHeHa mnpu nojuaepkke Poccuiickoro Qonma  (yHIaMEHTaIbHBIX

uccaenoBanuii (rpant 04-03-32306a).

Jluteparypa:
1 Jlamupyc A.JL., KpeuioBa A.}O., TumxkxoBa JIL.A., Taiimaii H.A., Mspuuenkosa T.H.
Hedrexumms. 2005. T. 45. C. 274-280.
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NOVEL WAY TO THE SYNTHESIS OF THE HIGHLY EFFICIENT OXIDATIVE
CATALYSTS BY Ag AND Au NANOPARTICLES IMMOBILIZATION IN
SOL-GEL SILICATE MATRIXES

Magaev O.V., Fedotova M.P., Malysheva M.A., Knyazev A.S., Stadnichenko A.L',
Boronin A.I.l, Izaak T.I., Vodyvankina O.V., Kurina L.N.

Tomsk State University, Tomsk, Russia
'Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: vodyankina o@mail.ru

HOBBIN MOJIXO/I K CUHTE3Y BBICOKO D®®EKTUBHBIX KATAJIU3ATOPOB
OKUCJIEHUA TYTEM OPITAHU3AIIMU HAHOYACTUL CEPEBPA U 30JI0TA
B 30JIb-T'EJIb CWIMKATHBIX MATPUILIAX

Maraes O.B., ®egorosa M.II., Majabimesa M.A., Kusazes A.C., CTafHHYEHKO A.I/I.l,
boponnn AN, M3aak T.]., Boxsnkuna O.B., Kypuna JI.H.

ToMCKHUI TOCY 1apCTBEHHBIN YHUBEPCUTET, TOMCK
'MuctutyT katammsa um. I.K. Bopeckosa CO PAH, HoBocuGupck
E-mail: vodyankina o@mail.ru

A method of nanoscale Ag and Au particle immobilization in the stabilized phosphate-
silicate matrixes is firstly offered. It has been shown that Ag-containing catalysts are highly
selective in contrast to Au-containing ones in the process of partial ethylene glycol oxidation.
This fact has been explained by the ability of nanoscale Ag particles to the selective oxygen
centre formation.

[lepexon K TEXHOJOTHSIM COBPEMEHHOTO YpPOBHA TpeOyeT NPUHIUIHAIBHO HOBBIX
MaTepuanoB, (YHKIMOHANBHBIE MapaMeTphl KOTOPBIX  OMPEAENSAIOTCS  CBONCTBaAMHU
dbopMUpyIOMUXCS TEJICHANIPABICHHBIM 00pa3oM MHUKpPOOONIAcTeil, a TakkKe Mpoleccamu,
MPOTEKAIOIMMH Ha aTOMapHOM, MOJICKYJISIPHOM YPOBHSX B MOHOCIOSX M HaHOOOBEMAX.
OyHIaMeHTalbHbIe 3HAHHUS (PU3UKO-XUMUYECKMX CBOICTB HAHOCUCTEM, pPaBHO Kak U
MOHMMAaHHE MEXaHU3MOB IMPOIIECCOB, PEATUIYIOIIUXCS C Y4aCTHeM HaHOPa3MEPHBIX YaCTHII,
JIOKQJIM30BAaHHBIX B TaKWX CHUCTEMaX, OMNPEICNISIOT BO3MOXKHOCTh HUX MPAKTHYECKOTO
UCTIONIE30BaHUSl MPHU pa3paboOTKe TMEPCIEKTUBHBIX pPecypcocOeperammmx KaTaTuTHIeCKUX
texHosnoruil. Llenpto Hacrosimeld padoThl SBUIIOCH BBISIBICHHE (DAaKTOPOB, OIMpPENESIONINX
yCIIOBUSL (JOPMHUPOBAHUSI U PEAKIIMOHHYIO CIIOCOOHOCTh HAHOPAa3MEPHBIX YacCTHUI] cepedpa u
30J10Ta B YCIOBHSIX MPOIECCa KATATUTUIECKOTO OKUCICHUS STUJICHTJIUKOJIS.

B pabote npeanoxxkeH croco®d MMMOOWIM3ALMU HAHOPa3MEpPHBIX dacTull Au u Ag B
CTPYKTYpUPOBaHHOM cHIMKATHO-(pocaTHOW MaTpuIle, MO3BOJISIIONINN KOHTPOJIUPOBATH

OIHOBPCMCHHO IIPOLCCCHI q)OpMI/IpOBaHI/IH n CT8.6I/IJ'II/133.I_II/II/I HaHO4YaCTul, MCTALJIOB C
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HoCHeAYIOMUM UX GYHKIIMOHUPOBAHUEM B KaTaJIUTHYECKOM MPEBPALICHUH 3TUIICHTIIUKOJIS B
riokcanb. OCHOBOM Ui CHHTE3a CTPyKTypooOpasyromiedt Matpuibl sBuics SiOa,
MPEJICTABIISIFOIINI CO00# BBICOKOIIOPHUCTYIO CHUCTEMY, B KOTOPYIO BBOJMIUCH KOMITOHEHTHI,
oOecrieunBaromye (GOPMHPOBAHWE HAHOUYACTHI[ METAUla M WX IOABIKHOCTH. B pabote
UCIIOJIb30BaHbl JIBA OCHOBHBIX MOAXOAAa K CHHTE3y: 1. cTymeHuyaThlid (IOCiieJoBaTeIbHBIN)
CUHTE3 KapKacHOW CHUJIMKATHOU CTPYKTYypooOpa3yroliel MaTpHIIbl C 33IaHHON MOPUCTOCTHIO
C TIOCTIEAYIOIUM BBEJICHUEM aKTUBHOTO KOMIIOHEHTA U MOJyYEeHUEM HaHOPa3MEPHBIX YaCTHI]
(HPY) wmerammoB; 2. OJHOBPEMEHHBI  (OMHOCTAIUWHBIA)  CHHTE3  KapKacHOM
CTPYKTYpOOOpa3yIonieid MaTpHIlbl, COBMEIIECHHBIH C BBEICHHEM INPEKYPCOPOB HAHOYACTHIL
MeTaljia Ha CTaAuu (OPMHUPOBAHUS CUITUKATEIIS.

Jlng  uccnenoBaHUs CTPYKTYPHBIX OCOOEHHOCTEH, MOpP(]OIOTHH, KaueCTBEHHOTO H
KOJIMYECTBEHHOTO COCTaBa IMOBEPXHOCTH U 00bEMa CHHTE3UPOBAHHBIX MaTepHAIOB
NPOBE/ICHBI HWCCIIEJOBAHHUS METOJAaMH PEHTTCHOBCKOW (DOTODIIEKTPOHHOH CIIEKTPOCKOIIHU
(P®OC), pactpoBoit saekTpoHHOM MuKpockonuu (POM). [letanpHoe wuCCiIeIOBaHKE
00BEMHON CTPYKTYpbl 00pasiia, pa3MepoB YacTHUIl METAIJIOB B 3aBUCUMOCTHU OT CIocoda
CHHTE3a BBIMOJIHEHO METOJI0OM MPOCBEUMBAIONICH 3JIEKTPOHHON Mukpockonuu (II1OM).

[TokazaHo, YTO CHHTE3WpPYEMbIC KaTaU3aTOPBl COJAEP)KAT HAHOYACTHUIIBI, WMEIOIINE
pasmepsl oT 5 10 100 HM B 3aBHCUMOCTH OT IPUPOIBI METAJIIA, CIIOCO0a BBEICHUS] aKTUBHOTO
KOMIIOHEHTa, XMMHUYECKOr0 COCTaBa W IMOPUCTOM CTPYKTypbl MaTpuubl. Katanutuyeckue
CUCTEeMBl Ha OCHOBE KApPKACHBIX CHIIMKATHBIX MATPUI[ HMEIOT BBICOKYIO TEPMUYECKYIO
cradbunsHocTh (Trur > 1000 °C). Oco0eHHOCThIO (PYHKIMOHMPOBAHUA JaHHBIX MAaTEpHAJIOB
ABIIIETCS  TO, YTO  OKOHYaTellbHOe  (OopMHpOBaHME  KaTajau3aTopa  MPOUCXOAUT
HEMOCPEACTBEHHO B peakTope TMoj MACMCTBHEM peakIMOHHOW cmecu. B mpucyTcTBUM
STUJICHTJIMKOMSI, TJHOKCAls, BOJOPOAA, COACPKAIIUXCS B CMECH, HOHBI METaJIOB
BOCCTaHABIIMBAIOTCS U KOAJIECIIMPYIOT C 00pa30BaHNEM HAHOYACTHIL.

CormacHo manabpiM MeTona POOC mpu tepMuueckoil oOpabOTKE B YCIOBHSIX Kak
BOCCTAaHOBUTENBHOM, TaK U OKUCIUTEIHbHO-BOCCTAHOBUTEIBHON PEAKIIMOHHOW CMECU BHYTPHU
TpaHyJl KaTalu3aropa, Onaronaps HAIMYUIO cPOPMHUPOBAHHOW CETH KaHAJIOB, 3allOJIHEHHBIX
nonudochaToM, TPOUCXOAUT auDPy3usi KOMIIOHEHTOB, B pe3yjbTare KOTOpOH 00BeM
obpasta obegHseTCs, a TOBEPXHOCTh oboramaercs cepedpom u pochopom.

Karanutnueckas axkTUBHOCTh pa3pabaThIBa€MbIX MaTEpHUaJOB H3y4eHa B Tpollecce
OKHCIICHHS 3TWIeHruKos. OOHapyKeHo, 4To cepedpocoaepkanmii katanuzatop (5 % mac.
Ag) IpOSIBISIET BEICOKYIO aKTHBHOCTb, TOT/a KaK KaTAIMTHYECKasi CUCTEMa Ha OCHOBE 30J10Ta

ropaz0o MeHee aKTHBHa B JaHHOW peakuuu. CeNeKTUBHOCTb MO LEJIEBOMY MPOIYKTY —
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[JIMOKCATI0 — COCTaBMJIa, COOTBETCTBEHHO, 65 — 70 % (misa Ag) u 4 — 8 % (ana Au) npu
koHBepcun 86 — 94 % (mnsa Ag) u 30 — 40 % (s Au). Takum obpa3om, Kataiau3aTop Ha
OCHOBE HaHOYACTHUI cepedpa okazaics Oosiee akTHBEH, YeM U3BECTHbIC HAHECEHHBIE CHCTEMBI
U MacCUBHOE MOJMKpHUcTaiuinyeckoe cepeOpo. Ilo pesynapTaramMm  KaTaaUTHYECKUX
JKCIIEPUMEHTOB  YCTaHOBIEHO, 4YTO IIOBBIIIEHHAs  CEJEKTMBHOCTh W AKTHBHOCTH
HaHOKOMITO3UTHOTO KaTajHu3aTopa, COJAEpIKallero Ha MOBEpXHOCTH cepedpo B Buae HPY,
IPOSIBISAETCS B IIMPOKOM JHMAla3oHe, KaKk TeMIIepaTryp, TaKk M COJEp)KaHUS KUCIOpoJa B
PEaKUMOHHOM CMECHM B OTJIMYME OT TPAJUIMOHHBIX MAaCCHUBHBIX M HAHECEHHBIX Ag
KaTaJau3aTopoB. AHAJIN3 CTPYKTYpbl HOBEPXHOCTH KaTajau3aTopa C MCIOIb30BaHUEM (PU3HUKO-
XMMHYECKMX METOJOB [JaeT BO3MOXHOCTb OOBSICHUTH 3TOT (aKT IOBBILIEHHOM
ctabunpHOCcThIO HPY Ag B cTpykType cunukatHo-(pochaTHo maTtpuisl. 3ydeHo BIusHUE
cnocofa BBEJICHHS AKTUBHOIO  KOMIIOHEHTa, a TakXe XHMHUYECKOrO  COCTaBa
CTpYKTypooOpa3yromield MaTpUllbl Ha KaTaJUTHYECKYI0 aKTHUBHOCTh HAHOKOMIIO3UTHBIX
cucreM. [lokazaHo, 4TO, pU M3MEHEHUM cojepxkaHusd ¢ochopa B cCOCTaBE KOMIIO3UTHOU
cuctemsl OT 5 110 15 % mac. MpoOUCXOIUT yBEIMUYEHHUE CEJIEKTUBHOCTH IO TIIMOKCAIIIO, YTO,
BO3MOXHO, CBSI3aHO C M3MEHEHHEM IIOBEPXHOCTHOM KOHIIGHTpALMUM W/HIUM pa3Mepa
HAHOYACTHII cepedpa.

Huszkasg akTUBHOCTB 30JI0TOCOJEpXKALIEH CHCTEMBI MOXET OBITh CBsi3aHA CO CIA0BIM
B3aumozeiicteuem HPY  3om0ora ¢ KMCIOPOAOM B YCIOBHSX  OKHCIUTEIBHOTO
KaTaJIMTHYECKOTO MpPOIlecca, BOZMOXKHO, M3-3a HU3KOH afcoOpOIIMOHHON CIIOCOOHOCTH 30J10Ta
JUIS YacTHIl ¢ pasMepamu, npesbimarommmu 30A. JleficTBuTensHo, cornacHo AaHHbIM PODC
30JI0TO, BXOASIIEE B COCTAaB 0Opa3slOB CHIMKATHOM MaTpHIbI, XapaKTEPU3YeTCsl CHIIbHBIM
CIIEKaHUEM I10CJIE BO3JAEHCTBUSA PEAKLIMOHHON CPEelbl, IIPU 3TOM €0 COCTOSHUE HE MEHSETCS
u xapakrtepusyercs EcB(Au4f) = 84.6 5B, 4TO uHTEepHpeTHpyeTcs HaMU KaK CIEKaHHe
MMEHHO KpymHbIX (>30 A) HaHOYACTHII METaIMYECcKOro 3010Ta. B CBA3M ¢ 3TUM, MOKHO
[oJjlaratb, 4YTO JH3alH aKTHBHBIX 30JO0TOCOJAEPKAIIMX KaTaJlu3aTOpOB CBA3aH  CO
crabunuzanueit HPY ¢ BeckMa ManbsiMu pa3Mepamu, Hampumep, B CHIMKATHO-pochaTHOI
MaTpHLE.

Takum  00pa3oM, yCTaHOBIIEHBI 3aKOHOMEPHOCTH (OPMHPOBAHUS MAaTEPHUANIOB,
colepKalMxXx HaHoyacTUllbl Au W Ag, HaWIeHbl MOAXOJbl K HANPaBJICHHOMY JW3aliHYy
HaHOKOMIIO3UTOB, 00JIaJJal0IMX BHICOKOM KaTaIUTUYECKON aKTUBHOCTBIO U CTA0OMIIBHOCTBIO K
BO3JICUCTBUIO BBICOKOM TEMIIEPATYPBI U KUCIOPOICOACPKALIEH PEAKIIUOHHON CMECH.

Pabota BemonHeHa npu noanepxke dexaeparbHOTO areHTCTBa MO HayKe M MHHOBALIUSM

I'K Ne 02.442.11.7013 u rpantom ®@onpa [Ipesunenta PO Ne MK-1571.2005.3.
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NICKEL EFFECT ON COMPONENTS STATE AND HDS ACTIVITY IN ALUMINA
SUPPORTED HETEROPOLYTUNGSTATES
Palcheva R., Spojakina A., Petrov L.

Institute of Catalysis, Bulgarian Academy of Sciences, Sofia, Bulgaria
E-mail: kiyky@ic.bas.bg

Tungsten containing catalysts are used extensively in important hydrotreating processes
including hydrodesulfurization (HDS) of oils. These processes play an essential role in the
production of environmentally friendly fuels. The strict environmental regulations are the
driving force for development of more active catalysts. Identification of the active phases is a
very important to prepare catalysts with the optimal concentration of suitable components. It
was shown that hydrodesulfurization activity of NiW catalysts is related with the nickel-
tungsten interaction phase formation. In this aspect the heteropolycompounds are especially
interesting for preparation of hydrotreating catalysts because they contain both fundamental
and promoting elements (heteropoly anion and countercation) in a single compound of
defined structure.

The nickel effect on the HDS activity of catalyst prepared using the tungstophosphoric
acid (TPA) demands special attention because nickel is known as the best promotor in the W-
containing hydrotreating catalysts.

Here the influence of the Ni concentration and the preparation conditions of the alumina
supported NiW catalysts modelled using TPA, its Ni salt and Ni(NO); salt on their
components state and HDS activity has been examined.

The catalysts have been prepared by incipient wetness impregnation of alumina with
aqueous solution of TPA (HPW) and its Ni salt (NiPW). The Ni content is varied using
previous loading of the Ni(NOs3); salt solution on the support. The catalysts were dried at
120°C 4h and calcined at 400 °C 2h. The loaded tungsten and nickel are about 19 wt.% and 1-
4.5 wt. %, respectively.

The samples are characterized by BET, IR, and XPS methods. The thiophene conversion
in C4-hydrocarbons at 350 °C was used to evaluate the HDS activity of the catalysts. The
calcined catalyst were pretreated 1h with H,S at 400°C prior to catalyst test. After activation
the catalysts were flushed with argon and feeding with the reaction mixture of thiophene
(6 vol. %) and hydrogen.

The IR spectrum of the acid supported on alumina (HPW) compared to the spectrum of

the TPA shows that initial compound is destroyed partially: the characteristic bands decrease
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their intensities, new appearing bands are overlapped. IR spectra show the presence of the
polymeric compounds with W-O-W, W-O-Ni bonds as well as NiO phase. The Al(Ni)
phosphate phases are also revealed. The perturbation of the bridge bands of the primary
structure in the Ni —containing samples with high intensity could confirm the Ni inclusion in
the bridge bonds substituting tungsten: W-O-Ni bonds.

According to the XPS data the WOLS,, NiS,, WS,-like species and multiple increase of
the phosphorus surface concentration is observed after sulfidation. Nickel from the loaded
nickel polytungstate reacts with the alumina support forming nickelaluminate like phase. A
little amount from previously added Ni provides a preservation of the nickel in the loaded Ni
salt of the TPA on the surface. Added nickel also increases its and the W surface
concentration after sulfidation as well as a sulfidation of the tungsten.

The initial activity of the samples is higher significantly than the steady-state conversion.
It shows that the phase composition of the heteropolytungstates supported and sulfided with
H,S is altered during the reaction. Initial activity is related, most probably, with SH-groups
formed during sulfidation (also remaining OH-groups). Oxosulfided tungsten species and the
above mentioned Ni and W-sulfided species could participate in the thiophene conversion.
The principal role in a formation of active sites and their steady-state activity plays the
sulfided mixed NiW phase. At a higher Ni content the nickel forms a separated phase along
with the Ni-species included in the mixed NiW phase. At high amount of added previously Ni
an increase of the HDS activity is observed as result of cooperation between two separated

NiS and WS, phases.
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CATALYTIC ABATEMENT OF LIQUID AND GASEOUS INDUSTRIAL
POLLUTANTS: THE TRANSBOUNDARY CO-OPERATION EXPERIENCE

Preis S., Kallas J., Kachina A., Kuznetsova E.!, Kozlov D.}, Vorontsov A.}

Lappeenranta University of Technology, Lappeenranta, Finland
'Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: Sergei.Preis@lut.fi

In 2003 the Academy of Finland opened a new programme “Russia in Flux” with the
objective to develop the co-operation activity of scientists in Finland with scientists in Russia.
The project proposal from Lappeenranta University of Technology (LUT) and the Boreskov
Institute of Catalysis in Novosibirsk (BIC) was accepted and financed by the Academy for
2004-20006, project 208134. The research team consists of two units at the Laboratory of
Separation Technology of LUT and the Group of Photocatalysis on Semiconductors,
Department of Non-Traditional Catalytic Processes, BIC. The work on the project involves
also the University of Colorado at Boulder (CU) and Tallinn University of Technology
(TUT). The acute technogenic environmental problems studied by the research team include
aqueous and gaseous discharges from pulp and paper industry, containing refractory and
persistent compounds, and pollution of air and groundwater with the residues of warfare
agents - rocket propellants (RP), basically unsymmetrical dimethyl hydrazine (UDMH), and
chemical warfare agents (CWA). The solution methods under consideration are photocatalytic
and heterogenous Fenton oxidation of lignin, the abundant aqueous waste of pulp and paper
industry, gas-phase photocatalytic oxidation (PCO) of malodorous thiols, aqueous and
gaseous PCO of rocket propellant unsymmetrical dimethyl hydrazine, and aqueous PCO of

chemical warfare agents.

Problems under consideration have an acute character for the environment in Northern
and Arctic countries due to fragile character of nature in severe climate conditions. From the
other hand, the natural factors shaped the profile of this regions’ industry as mainly pulp and
paper production with heavy pollution of major water bodies and air with toxic chemicals.
The presence of rockets using liquid fuels, the high toxicity class chemicals, inevitably causes
acute environmental problems for the population. Both activities — pulp and paper production
and rocket launching — are believed to be the main sources of immunity depressants in Barenz

region areas.

Natural slow, more than 200 days, decomposition of lignin results in formation of toxic
phenolics, aldehydes, ketones, methanol and carbonic acids. The current strategies of
wastewater treatment are ineffective against lignin: the only effective white rot fungi-based
biological oxidation is problematic in non-sterile conditions. The search for the best available
technology for thiols abatement is still in progress: the disadvantages of known oxidation

methods are the transformation of sulphur to its volatile acidic dioxide and the loss of catalyst
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activity even with platinum. PCO over titanium dioxide may present a potential alternative for
the air treatment strategies mentioned above for the ambient conditions, at which the reaction
proceeds effectively, although higher temperatures may be also applied: PCO may convert

sulphur into non-volatile sulphate, which opens certain prospective for the research.

UDMH is used massively as the RP component; the problem is derived from its spills
creating the fatal hazard the population is exposed to. UDMH and the products of its natural
oxidation, nitrosoamines, are highly toxic, carcinogenic and mutagenic. The problem arose
due to multiple space rocket launches, military activities and the disarmament accompanied
with massive storage termination and transportation. Little may be found published on
UDMH decomposition avoiding secondary pollution with NOy inevitably formed in

incineration.

Some CWA are organophosphorous and organosulphurous compounds. One of the most
dangerous CWA, O-ethyl-S-2-(N,N-diisopropilamino)-ethylmethylthiophosphonate, a.k.a.
VX-gas, was accumulated in large amounts and needs safe disposal. Destruction of CWA is
an urgent task in view of requirements of CWA convention and possible emergency
exposures. PCO is the most powerful method for degradation of organic compounds and may

be used for CWA elimination.

The reactions’ pathways, their kinetic characteristics, the optimum conditions for the best

performance at the lowest cost were set as objectives of the present research.

Results

The predominant role of OH-radical was established in aqueous PCO reactions of lignin.
This found a proof in the following facts:
- the PCO efficiency increased with increasing concentrations of lignin; maximum
efficiency, characteristic for aromatic compounds, was not achieved up to 400 ppm of lignin;
- the highest PCO efficiency was observed in neutral and slightly basic media, despite the
fact that the best adsorption was in acidic media;
- PCO benefited from introduction of hydrogen peroxide in acidic medium due to
promoted OH--radical formation;
- there was no direct mineralisation of lignin on the photocatalyst surface, since aldehydes
were observed in the bulk solution;
- the addition of Fe*" ions, up to 0.05 mM, to the lignin solution leads to the drastic
increase of PCO efficiency; a further increase in ferrous ion concentration results in a

decrease in PCO efficiency.

Wet oxidation under sub-critical water conditions showed promising results in lignin

elimination from concentrated debarking waters.

PCO and thermal -catalytic decomposition (TCD) products for ethanethiol (ET,
CH;CH,SH) in continuous flow reactor were SO,, CO, CO, and H,O, acetic acid was
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identified as PCO by-product.The limits of ET concentration and the reaction conditions, at
which the reactor work was stable for indefinite time, were established. The deactivation of
TiO, was found to follow the coverage of the catalyst only with titanium sulphate: no organic
compounds were found in catalyst rinsing water. The reaction kinetics appeared to be
independent on the reaction temperature, which may be explained by adsorption decreasing
with temperature compensating the increase of reaction rate. TCD appeared to decompose ET

to products similar to PCO with much smaller rate and shorter catalyst lifetime.

The ultimate products from gas-phase PCO of UDMH include nitrogen, ammonia, carbon
dioxide and water. N-methyl methanimine CH3;-N=CH, or ethylenimine (CH;),NH, methyl
isocyanate CH3;-N=C=0, and methyl amine CH3-NH, were identified as transient PCO by-
products. The apparent PCO reaction pathway is:

2 (CH3),N-NH, -> 0.5N, + NH; + 2 CH3-N=CH, or 2(CH,),NH (1)
CH;-N=CH, or (CH,),NH -> CH;3-N=C=0 + H,0 -> CH3-NH, + CO, )
CH;-NH, -> HCO-NH, + H,0 (3)
HCO-NH; (formamide) -> NH; + CO, (CO) 4)
NH; > NO, N0, HNO; (5)

Nitrous oxide (N,O) was only observed adsorbed on the TiO, in batch experiments. No
nitrogen oxides were observed in continuous flow or transient PCO due to the low PCO rate
for ammonia. The UDMH catalytic decomposition products, in the absence of UV light were
similar to the PCO ones, although neither nitrogen nor nitrogen oxides were observed. The
ultimate N-containing species in the batch PCO experiments were N, (90-92%), HNO; (8-
10%) and NHj (<1%). The reaction apparently follows the first order kinetics and the rate
does not depend on temperature from 373 to 433 K. Some catalyst deactivation of the catalyst
in continuous flow PCO was observed at temperatures below 393 K due to accumulation of
nitric acid; the activity was restored after the catalyst was heated above 393 K without
UDMH in the gas stream.

UDMH also is easily mineralized by heterogeneous Fenton oxidation in aqueous
solutions. Formic acid, nitromethane and N-hydroxy-N-methyl-methanamine were identified
as by-products. No extremely toxic nitroso dimethylamine was observed. The composition of
intermediates remained similar at the pH range from 1 to 8. Formic acid accumulated in
alkaline media pH indicating slower mineralization. The deactivation of the heterogeneous

catalyst was not observed.

Since direct studies with VX are restricted for safety reasons, less toxic simulation
substance cysteamine-S-phosphate sodium salt (CPSS) was chosen as an experimental object.
Similarly to VX, CPSS contains P-S-C bonds, CH,CH,-part and amino group, which allows

certain analogy. CPSS was easily oxidised photocatalytically in aqueous solutions. Phosphate
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part of CPSS was straightforwardly mineralised, sulphur was oxidised from its reduced state.
Amino group, generally transformed to ammonia, was partially oxidised to nitrite and nitrate
in alkaline media. Acetate as a major carbonaceous product mineralised via oxalate and
formate intermediates. The fastest degradation of the CPSS was observed under neutral media
conditions. The optimum concentration of CPSS for PCO within the experimental conditions

was not found: the higher CPSS concentration the faster its photocatalytic degradation.

The findings described above are not final: the co-operation between BIC and LUT is
under further development. The deepest gratitude goes to Prof. John L. Falconer (CU) for the
support and valuable advises. The contribution of industrious students Ekaterina Kozlova
(BIC), Pavel Kolinko (BIC), Elina Portjanskaja (TUT), Denis Klauson (TUT) and Africa

Boleko Ribas (University of Barcelona) is appreciated.
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I'MIAPOIrEHU3ALNIUA CMECHU OKCHUJOB YI'JIEPOJA ITPU ATMOC®EPHOM
JABJIEHUH

Cepos 10.M., Hukonoposa E.B., lllemko T.P.

Poccuiickuil yHuBepcuret Apyx0bl Hapo10B, MockBa
E-mail: jserov(@ sci.pfu.edu.ru

3aKkiIoueHre MEXKIYHAapOJIHBIX COTJAIlleHWH, OTpaHHYMBAIONIME BBIOPOC OKCHIOB
yIaepoAa B OKPYKAIOIIYIO CPey, MPUBENIO K PE3KOMY YBEIWYCHHIO YHCIIa pabOT CBSI3aHHBIX
C TOMCKOM TEXHOJIOTHH, CITOCOOHBIX KOHBEPTHUPOBAThH BHIOpACHIBAEMBIE OKCHJIBI yTIepo/ia B
MOJIE3HBIE TPOAYKTHI. OOBIYHO TEXHOJOTHUYECKHE BBHIOPOCHI COJEPKAT B CBOEM COCTaBE Kak
MOHO, TaK W AWOKCcHA yriepoma. OJHMM U3 TEPCNEKTUBHBIX HAIMPABICHUN SBISICTCS
pa3zpaboTka 3((HEKTUBHBIX KATATUTUYECKUX CHUCTEM, IO3BOJISIIOIIMX TIpU aTMochepHOM
JMABJICHUM KOHBEPTUPOBAaTH OSTHU BBIOPOCHl B oneduHbL. BechbMa NEpCIEKTHUBHBIMU
KaTaJTUTHYECKUMU CUCTEMaMU ISl TIOJyYeHHUsl 0Jie(UHOB THAPOTEeHU3AIMEN CMECH OKCHJIOB
yIJIEpOJa, OKa3ajluChb CUCTEMbl Ha OCHOBe HaHouacTull MeTtauioB VIII rpymmber. Takue
yIbTpaauciepcHbie nopomku Metamnos (Y/II), MmaTpunimpoBaHHble B HHEPTHOM HOCHUTEIE,
00J1a1a10T YHUKAJIbHBIMU KaTAIMTUYECKUMH CBOMCTBAMU.

Muaporenmsanys cMeCH OKCHJIOB yTJIEpOoJia MPOTEKAET Yepe3 CTaIUU JTUCCOIMATHBHOMN
azicopOIMu, Kak MOHO, TaK U JUOKCUIA YIJIepoja:

s CO CO - Caxc +Oanc (1)

Hns CO, CO, 2> CO+ Oamc (2)

CO - Canc + Oaac (3)
Y OCTIO’KHEHA peakuuen aucnponopuronupoBanus CO:
2CO > CO,+C 4)

KonudyecTBeHHbIE COOTHONIICHUS MEXKIYy OJTHMH PEaKIHUSIMHU OMNPENESIOTCS  Kak
KOHIICHTpAIlMel BOIOPO/Ia Ha TTOBEPXHOCTH KaTajiu3aTopa, TaK U TeMIepaTrypoi mpoiecca. B
3aBUCHMOCTH OT TEMIIEPaTyphl, BO3MOXXHO 00pa30oBaHUE yTJIEBOJOPOAOB, MPEUMYIIECTBEHHO
U3 MOHO- WJIM JAMOKCHJA yTJepoja, YTO MO3BOJISIET MNOA00paTh yciaoBus i 3(h(eKTuBHON
rUAporeHu3anun cmeceid ¢ pasznuuabiMu cootHomeHussiMu CO : CO,. Ilpu npoBeneHuun
nporecca Ha unctoMm Y {1 HuKens, peakius UIeT TOIbKO 10 METaHa, TaK ke, KaK U B cliydae

KOHBCPCHUU OUOKCHIA yriiepoJa.
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OpHako mpu THAPOTEHU3ALUU OJHOTO MOHOOKCHIA YIJIepoJa Ha TaKOM >K€ HHUKeIe
yAaJI0Ch JOCTUTHYTH CEIEKTUBHOCTU MO oneduHam 53,4 at.% npu temmneparype 573 K. Ilpu
azcopOLMK BOJOpPOAA HA METaJUlaX, CIIOCOOHBIX PAcCTBOPATH BOAOPOJ, Ha IOBEPXHOCTH
CYIIECTBYIOT JIBE€ €ro ()OpMBI, OJJHA U3 KOTOPBIX CBSI3aHA TOJBKO C OJHHUM aTOMOM MeTajlia
(Hi), a apyras - npouno ancopoupoBanHas (Hy) - ¢ Heckonbkumu. [1 ]

OOpazoBaHMe YIJIIEBOJOPOIOB HJET 4Yepe3 CTaJuio0 00pa3oBaHMs aKTHBHOTO YTIIEPOJa,
OJTHAKO CEJICKTUBHOCTH TIpoliecca o ojeduHaMm, BeposITHO, onpenessierca cootHomenneM Hy:Hy
Ha TIOBEPXHOCTH KaTanu3aropa. Bospactanue KoHIeHTpanuu Bogopona B Qopme Hy
YBEIIMYHMBAET BHIXOJ ojieuHOB. Bomopon B dhopme Hy, BeposTHO, ydacTByeT U B 00pa3oBaHUU
BOJIBL, a B CiIy4ae TUOKCHUA YIepoja AUCCOLMATUBHAS aICOPOIHs MOCIEAHEro Mo craauu (2)
NPUBOAUT K 3HAUYMTEIFHOMY YBEIMUCHUIO HAa TIOBEPXHOCTH HHKEINSI KOHICHTPALMH KHUCIIOPO/a,
peakiust KoToporo ¢ Hy mpakTHaecku MOTHOCTHIO MOJaBIIsieT 00pa3oBaHue 0JIeUHOB.

3amena Hukens Ha Y/III »kene3a CyIIECTBEHHO M3MEHSET COCTaB IPOIYKTOB PEAKIMU

(Tabmn. 1), npuuem, pu Temreparype 523 K cenekTuBHOCTH 10 osieuHam gocturaet 35 at.%.

Tabmuua.1. KonBepcust cMecu okcuaoB B yriaeBogopoas! (W) U celneKTUBHOCTB Mpolecca 1o
onedunam (S).

T,K 423 473 523 573 623

>W-10° 28 69 108 124 132
MoJIb/(T.aKT.(ha3bl)-gac.

S,%, o onepuHam 30 35 35 26 22

AHanu3 CHeKTPOB TEPMOINPOTPAMMHUPOBAHHON JeCOpPOLMU, KOTOPhIE OBLTU MOTYYEHBI
py HW3yYCHHH aJcoOpOlMd OKCHUIOB yriepojga Ha kenesnoMm YJIII — karamuzartope,
noirydeHHOM CVD wMeTomoM W TIpeABapUTENIbHO WM OOpaOOTaHHOM TejueM, WIH
HACBILICHHBIM BOJOPOAOM, TIOATBEP)KIAET HAIIM MPEANOJNIOKEHUS O BEAyILIeH poiau
BOJIOPO/J1a, a7ICOPOMPOBAHHOTO HA TIOBEPXHOCTH Karaiu3zaropa. (Tabm. 2).

Tabnuma 2. Ancop61ust OKCHIOB yriieposa Ha skenesHoM Y JII1 — kaTanuzarope.

Ancop6rust CO; Ancop6uust CO,+CO
Ancopbu- JHecopbu- Hab6n. popma
Thee,K poBaHHas poBaHHas | a6y Eaec, Kt Eanec,
¢dopma ¢bopma dopua kJlx/ n Kt, o6paboran HaCHIIIEH- KK/ n
MOJIb HBII TenueM HBII BOJOPO MOJIb
oM
433 CO suneiinas CO - + - 24.6 1
453 CO, co | - n n 296 |2
JIUCCOLIMaTUBHAs
473 CO, CO, + 45.3 1 + + 455 |1
513-533 O (0)3 + 57.6 1 + - 57.0 |1
603 caeapbomat- | COy + 50.9 + + 510 |2
663 owmewen | COp | - - - 572 |2
683 CO wocricosas | CO - + + 1263 |1
703-733 Oy (0] - + + 1603 |2
823 CO, CO + 1215 | 2 + + 122.1 |2
JUcconraTuBHAA
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Hcxonst w3 aHamm3a OKCIEPUMEHTABHBIX M JIMTEPATYypHBIX JaHHBIX [2-5] ObUIO
YCTaHOBJICHO, YTO Ha KaTaJln3aTope, 00paboTaHHOM TrejiueM, JUOKCH] yTiiepoia aacopoupyercs
MOJIEKYTISIPHO (tec=473 K), B BHIE KapOOHAT-KapOOKCHIATHOTO KOMITIEKCA (t =603 K) u
JTUCCOITMATUBHO, C OOpa3oBaHMEM MOHOOKCHAAa yriepoaa (=823 K) u aromapHO
azcopOupoBaHHOTO KUCopoaa O = (tye. = 513-533 K). Ipu agcopOim cmecu CO u CO, Ha 3TOM
)K€ Karanuszarope, Habmoganachk emie ogHa ¢opma aacopoupoBanHoro CO, B BHze KapOOHAT-
KapOOKCUJIATHOTO KOMIUIEKCA, TIOSIBIIEHHE KOTOPOrO MOXKET OBbITh CBSI3aHO C peakiuei
muctiporiopiimonrpoBanusi CO. Kpome 3ToH, OOHapy>KeHBI emie JBE HHU3KOTEMIIEpaTypHBIC
dbopmbI agcopOIi MOHOOKCH A yTiepona (te—=433, 453 K) u onHa BeicokoTemnepaTypHas (tyec=
683 K), a Ttakke BbICOKOTEeMIeparypHas (opma aucconmatuBHO ajacopoupoBanHoro CO;
(t1ec=823K). Tlocne HachlmeHUs KaTaaM3aTtopa BOAOPOAOM, M TIOCICIYIOIMIEM YAAJICHUHU C
MOBEPXHOCTH ero cnabo ancopbupoBanHou ¢Gopmbl, u3 cnektpa TIIJI wucues muK,
cootBercTByrommi aacopOimu CO B yumHeitHONW ¢dopMme (te=433 K), u muk atromapHo
azcopOoupoBaHHOro kuciopona (te=513-533 K), a mntencuBHocTh THKa CO (te= 453 K),
oOpa3yrorerocs mpu auccormatiuBaoi ancopoiwm CO,, 3HAUMTETHHO Bo3pocia. [lomydeHHbIe
PE3yJIBTaThl TIO3BOJISIIOT MPEATIONIOKHUTE, YTO TIPOYHO aJICOPOMPOBAHHBINA BOJIOPOJ MPEMATCTBYET
ancop6mmu CO B nMHEHHON (opMe U MHHTEHCUBHO B3aMMOZEHCTBYET C aTOMapHBIM KHUCIIOPOJIOM,
oOpazyromumes 1o peakiuu (2). IMeHHo osToMy, Ipu KOHBEPCUU CMECH OKCHJIOB YTJIEpo/ia Ha
VI xene3a, B obmactu temnepatyp 473-523 K, Habnromanoch yBeNIWYEHHUE KOHIICHTpAIMU
MOHOOKCH/IA YTJIePO/ia, U, COOTBETCTBEHHO, YMEHBIICHNE KOHLICHTPAIIMU TUOKCHIA YIIIepo/ia 1Mo
CPaBHEHMIO C HCXO/IHOM.

JlobGaBieHHEe K HHUKEIIO OJKBUBAaJICHTHOrO KojudectBa YJIII kenme3a 1MO3BOJIAIIO
CYIIECTBEHHO YBEIMYUTh KOHBEPCHIO CMECH OKCHJIOB YTJIEpOAa B YIJIEBOAOPOIBI, IO
CpPaBHEHHMIO C YHCTBIMH JKele3o0M M HukeneM. OpHako B MPOAYKTaX 3HAYUTEIHLHO
YMEHBIIMIIOCH KOJIMYECTBO oyiepUHOB. BeposiTHO, Ha MOBEPXHOCTH OMMETAILTHYECKOTO
o0pa3ima CymecTByeT HECKOJIbKO THUIIOB aKTHBHBIX LIEHTPOB - JKEJIE3HBIC, OTBETCTBEHHBIE 32
obpazoBanne CH, paamkanoB, 3aTeM, NPEANONIOKUTENBFHO, TMPOUCXOANUT TIEPEHOC STHX
pasuKaoB 4yepe3 Ta3oByro (pa3y Ha HUKEJIEBBIC IIEHTPHI, II€ OHU TUAPUPYIOTCS aTOMAapHBIM
BOJIOPOJIOM JIO AJIKaHOB.

[TpoBereHHBIC HAMU UCCIICAOBAHUS TIO3BOJISIIOT TPEATIONIOKUTH, YTO CHCTEMBI HA OCHOBE
HaHovacTul, MetauioB VIII rpynmsel sSBISIOTCS BeCbMa NEPCHEKTUBHBIMHM JUISL CO3JIAHMS
3 PEKTHUBHBIX TPOIECCOB OUYUCTKH TEXHOJIIOTHYECKUX BBEIOPOCOB OT CMeceld OKCHIOB
yraepoaa.
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HenaBHo B WHcTuTyTe KaTanu3a OTKpbITa HOBas — KaTaJUTHYECKas peakLus
HU3KOTEMIIEPAaTypHOT'O PA3JIOKEHHUS CEpOBOJOPOJA, KOTOpas MpOTEKaeT Ha TBEPABIX
Cyab(pUIHBIX KaTaJuzaTopax Mo ciuemyromeMmy Mexanusmy [1]. Ha mepBoii cragum
IPOUCXOAUT CTEXUOMETPUYECKAs peaklus MeXIy JByMS MOJEKyJaMu CEpOBOJOpOJa,
XeMOCOpPOMPOBaHHBIMH Ha IBYX COCEJHUX MOHAX METaJlIa, C 00pa30BaHUEM MOBEPXHOCTHOTO
uatepmeanara {2 M — (1 - Sp) + 2H,c} ¥ BBIZIETICHHEM MOJIEKYJIBI BOJOPO/Ia B Ta30BYIO (ha3y.
Ota cTaaus MpOTEKaeT CaMONPOU3BOJIbHO HA MHOTMX TBEPIBIX MOBEPXHOCTAX 0€3 sHEpruu
akTuBanMu. Ha BTOpO#l cTamuu, yXe ¢ ydyacTHEeM IMOBEPXHOCTH KaTalu3aTopa, MPOUCXOAUT
pasiokeHue KIIOYEBOr0 HMHTEpMEAHNaTra C BBIJCICHWEM BTOPOM MOJIEKYJbl BOJOpOJA B
razoByto (azy u pexomOuHaInmend (oauroMepusariieil) MOJEKYISpHOW cepsl S; B
IIUKJIOOKTacepy Sg. Bropas craguss mnpoTekaeT OYeHb MEUIEHHO TP KOMHATHOH
TeMIeparype, MO3TOMY JJIi €€ YCKOPEHHMsS HCHONb3YIOT IOJOrpeB KaTajlu3aTopa [0
temmeparypbl 40-80 °C [2, 3]. OgHako B 3TOM ciiydae He ynaeTcsi U30exarh CyOIuManum
MOJIEKYJISIPHOM Cepbl ¢ MOBEPXHOCTH KaTalau3aTopa M €€ OTJIOXKEHHS B TBEpAOM BHUIE Ha
CTEHKAaX peakTopa M KOMMYHHUKAalMi, YTO MNPUBOJUT K 3aKymopke nociegHux. Jus
YCTpaHEHUsI 3TOr0 HEAOCTaTKa IpPeJUI0KEHO IOMECTUTh TBEpIbIH KaTanu3atop B CIOH
pPacTBOPUTEIISA, YTO TO3BOJIMIO OBl TAK)KE YCKOPUTH JIMMUTHPYIOIIYIO CTAIHIO PEaKIUH 3a

CYET PacCTBOPEHMSI MOJIEKYJIIPHOMU cepbl [4].
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Ha puc. 1 npencraBieHa THIMYHAsT KPUBasi BBIICIICHUS BOJIOPO/IA B TIPOIIECCE aicopOLun
cepoBoiopoza. [Ipu 3TOM MPOUCXOAUT MOTEMHEHHE PACTBOPHUTENSI, TPUYEM IIBET pacTBOpa
3HAYUTENbHO OTJIMYACTCs OT pacTBOpa CEpPOBOAOPONAa B JAHHOM pacTBopuTene 0e3
KaTanm3atopa. Kolm4ecTBO BBIIEIMBIIETOCS BOAOPOJAA 3aBUCHT OT THIIA KaTalu3aTopa U
pacTBOpUTEINS, OJHAKO HE MpeBbImaeT 2 Moib Hy / Monb Co [uisi TUIUYHBIX CYIb(GUAHBIX
karanu3atopoB  (Co,Mo0)/Al,O3  «METaNIOKOMIIJIEKCHOTO — MPOUCXOXACHUS». JlaHHBII
pe3yJbTaT HAXOJUTCS B MOJIHOM COOTBETCTBHM C IMpeIjaracMbIM MEXaHW3MOM peakiuu. B
npoiiecce IecopOIuK MpU MPOIYBKE PEAKIMOHHOM CHUCTEMBI aprOHOM TaKKe HaOIoJaeTcs
BBIZICJICHHE BOAOPOJa (puC. 2), KOTOpOE 3aBUCUT OT THUIIA KaTalu3aropa U pacTBOPUTEIS, a

Tak)Ke OT BPEMEHH U TEMIEPATyphl BBIIEPKKU B 3aMKHYTOM O00bEME.

Y

anus Ha,

Kouuentp

7
! \'x

) .

400

500

Cer

Ps

Konuenrpauns H

MM

LUK

Puc. 1 Tunuunas kpusas
BBIJICTICHHS BOJIOPO/Ia B
IpoIecce aIcopOIuu
cepoBoIOpoAa IS
KaTaJTUTUYECKOU CUCTEMBI
(Co, Mo)/y-AlL,O3 - 5%
BOJIHBIN pacTBOp MOA.

Puc. 2. XapakrepHas
3aBUCUMOCTh
KOHIIEHTpAIlUU BOJIOPOa
OT BPEMEHHM B TIpolLiecce
JecopOIY TIPH MPOIYBKE
aproOHOM PEAKIMOHHOU
CUCTEMBI

(Co, Mo)/y-AlL, O3 - 5%
pactBop MDA

B cmyuae pa30aBieHHBIX BOAHBIX pAaCTBOPOB MOHOATAHOJIAMHUHA, a TAK)KE OPraHMYECKUX
pacTBOpHUTENEH, MOCIe HECKOIbKUX LUKIIOB aCcOpOIHs — BBIAEPKKA B 3aMKHYTOM 00beMe —
necopOuus, B pacTBOpe HaONIOAaeTcs BBIMAJEHUE TBEPAOW Cepbl B BHUAE IKEITHIX
IUTACTHHYATBIX KPUCTAIOB. JlaHHBIE PEHTreHO(Aa30BOr0 aHAINW3a CBUIETEIBCTBYIOT O TOM,
YTO cepa HAXOOUTCA B BHJEC OPTOPOMOMYECKOW MOAM(DUKALMU O-Cephl C MapaMeTpamu
sueiikn a = 10.45 A, b=12.84 A, c =24.46 A.

Takum o00pa3oMm, MOJIy4€HHbIE JaHHBIE CBUJETENIBCTBYIOT O TOM, 4YTO HaJU4due

pacTBOPUTEINSI CYIIECTBEHHO (Ha 1-2 mopsaka) yBenuuuBaeT 3PPEeKTUBHOCTh KAaTaIN3aTOPOB
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The mechanism of fine chemistry reactions catalyzed by metal stabilized nanodispersions
is in focus of modern research programs. There are a lot of nanostructured polymeric systems
that can control the nanoparticles growth, stabilize them and modify their surface due to
polymer influence. Nanostructured catalytic systems of different types are synthesized
depending on the method of the obtaining of polymeric nanocomposites containing metals
nanoparticles: (i) metal nanodispersions in amphiphilic block copolymer micelles nucleis, (ii)
metal containing nanostructured polymers, (iii) metal nanoparticles impregnated in ultra thin
layers of polyelectrolytes supported on inorganic support. Physical and chemical
investigations show the possibility of transition metals nanoparticles formation with the mean
diameter of 1-2 nm and low size distribution. Besides, the addition of the second modifying
metal to the cluster containing the main catalytically active component leads to the change of
electron density and surface geometry [1-6].

These polymer based bi and mono metallic catalysts were used for the investigation of
the mechanisms of selective oxidation of hydroxy, keto and aldehyde groups [1-3, 5] and
selective hydrogenation of unsaturated substances [4, 6]. A number of physical and chemical
investigations of the synthesized nanocatalysts and substrates was fulfilled. The kinetic
peculiarities of the processes of oxidation and reduction over different catalyst were studied
and substrate ratio, activation energies were determined. The mathematical models of the
reactions were developed and the hypotheses were put forward. The kinetics investigation, the
data of physical and chemical analyses of catalytic systems show the possibility of the
interaction of the catalyst active component with solvent, support, modifier and substrate.
According to obtained data, the oxidation and reduction reactions run through a polyligand
reaction complex. The substrate activation is due to the electron density transfer from the
catalyst active component.

The modification of the catalyst properties by the formation of a stabilizing film round a

particle is possible only for metal nanoparticles. This is the main advantage of such systems
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over other catalysts in fine chemistry reactions. Thus, nanostructured polymers provide not
only the control of nanoparticles growth but further nanostructured modification of their
surface that is very important for any catalytic applications [1-6].

We sincerely thank 6™ Framework Programme for Research, Technological Development

and Demonstration (grant STRP-506621-1) for financial support of this research.
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BJIUAHUE CTPYKTYPbBI YIJIEPOJHBIX HAHOHUTEM HA COCTOSIHUE
AKTHBHOT'O KOMIIOHEHTA U KATAJIMTHYECKHUE CBOMCTBA Pd/C
KATAJIM3ATOPOB B PEAKIIUAX CEJIEKTUBHOI'O 'MIPUPOBAHUA

YecnokoB B.B., [IpocBupun U.I1., 3aiikoBckuii B.U., Comunko U.E.

WuctutyT katanuza um. I'.K. bopeckosa CO PAH, HoBocubupck
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[TannanueBbie KaTaiu3aTOpPbl HAa YTIEPOJHBIX HOCHUTENSX SBISIOTCS IMEPCIEKTUBHBIMU
KaTaJau3aTopaMH ISl CO3/IaHUS MPOLIECCOB CEJIEKTUBHOIO THUAPUPOBaHUA. B CBA3M € 3TUM
MMeeTCs 3HAYUTEIIPHOE KOJMYECTBO PaboT, moCBsIIeHHBIX n3yueHnto Pd/C katanuzaropos. B
pe3yibTaTe NPOBEICHHBIX MCCIEIOBAHUNA YCTAHOBJIEHO, YTO PpEaKIUU THAPUPOBAHUS
ABJISIFOTCS. CTPYKTYPHO-UyBCTBUTEIbHBIMHU, T.€. aKTUBHOCTb U CEJIIEKTUBHOCTh PEAKIUU B
OCHOBHOM 3aBHCHUT OT Pa3MEpPOB YACTHI] METAUIAa U OT T'PAHEH, BBIXOJAIINX HA OBEPXHOCTh
KaTaJIUTUYECKN aKTUBHOTO MeTaiia. Pazmep yacTuil MeTaia pyu NOCTOSTHHOM XUMHUYECKOM
COCTaB€ MOBEPXHOCTH OMPEIEISAET JIEKTPOHHYIO CTPYKTYpPY aKTHUBHBIX IIEHTPOB, XapakTep
B3aUMOJICUCTBUS C pEAKTAaHTAMU U, B KOHEYHOM UTOrE, KATATUTHYECKUE CBONCTBA CUCTEMBI.

Crnemyer OTMETHTb, YTO Ha COCTOSIHUE METaJlIa, KpOME TOTO, MOXKET OKa3bIBaTh BIMSIHUE
TaKX€ B3aMMOJICMCTBUE METAII - YIIEPOAHBI HOCUTEIb. DTO BIUSHHUE, B CBOIO OYEPE/b,
OyJeT 3aBHCETh OT I'paHed rpaduTa, BHIXOIANIMX HA MOBEPXHOCTh. OAHAKO BIMSIHHE 3TOTO
B3aMMOJICHCTBHSI HAa KaTtamuTHdeckue cBoicTBa Pd/C karanm3aTopoB HE HCCIIEIOBAHO, YTO
CBSI3aHO CO CJIOKHOCTBIO CAMHUX YIJIEPOJHBIX CUCTEM M BO3MOMXHOCTSMH CHUHTE3a HOCUTEIEH
C 3aJJaHHBIMHU CBOWCTBAMMU.

Hamu nocTurHyT 3HAUMTENbHBIA MPOTPECC KaK B M3YYEHWU MEXaHU3Ma O0pa30BaHUA
HuTeBuaHOro  yrauepoxa  (filament — carbon), Tak M peryampoBaHUS ~ €ro
Kpuctayiorpadgudeckoro crpoeHus. [lolydeHbl TpH NPUHIUIHAIGHO PAa3IMYHBIX THIIA

HUTEBUJHOTO YTJEpoJaa, B KOTOPhIX OazajbHbIE IJIOCKOCTH TpaduTa pacroyiokKeHbl BIOJIb,
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TIOTIEPEK U MO YIIIoM 45° K OCH HHUTH, T.€. KoakcuaiabHo-Immuaapuueckue KII, cromuarsie C
1 KoakcuabHO-KoHnYeckne KK yriepoanbie HAaHOHUTH.

Ha 5T Tpu mpuHIUNUAIBHO Pa3IUYHBIX THMA HUTEBUAHOTO Yriieponaa ObUl HaHECEeH
namaauii B xkonumdectse 0,1-5 Bec.%. Merogamu 3J€KTPOHHOM MMKPOCKOIHMHM BBICOKOTO
paspemenus, POSC u pentreHorpadun U3y4eHO COCTOSHUE BBICOKOIUCTIEPCHBIX yacTull Pd,
HAHECEHHBIX HAa HUTEBUJIHBIA YTIEpoJ. YCTAaHOBJIEHO, YTO THUI YTJIEPOJHOTO HOCUTENS
OKa3bIBaeT BIMSHHE Ha CBOICTBA AaKTHUBHOTO KOMIOHeHTa. Hawubomee cuibHOE
B3aUMOJICHICTBHE BBICOKOJMCIIEPCHBIX YAaCTULl Majulafus HaOII0AaIoCh C TOPLEBBIMU
rpaHsIMU rpauTa, MNPUBOASIIEE K IEPEHOCY 3JEKTPOHOB C MaIafusl HAa HOCHUTEIb U
cTabuiau3aluu nauiagus B TUCHEPCHOM cocTossHuU. CUbHOE B3aUMOJIEHCTBUE MaJUIausl €
TOPIEBBIMH TpaHsSMH rpaduTa NPUBOAMT K crabmmsarmu Pd®" B HOHHOM cocTosHHMM.
W3MmeHeHne CBOWMCTB NaJlJIaAMEBbIX YACTHIl BBI3BIBAET U3MEHEHHE KATAJIUTHUECKHUX CBOMCTB
Pd/C xaTanu3aTopoB B peaklln CEJICKTHBHOTO THAPUPOBaHUs OyTaaneHa-1,3 B Oy THUIICHBI.

YcTaHOBIEHO, YTO AKTUBHOCTh W CENEKTUBHOCTh Pd/C karamm3aTopoB B peakiuu
CEJICKTHUBHOTO THAPUpPOBaHUs OyTaaneHa-1,3 B OyTHIIEHBI 3aBUCHUT OT JIBYX (pakTOPOB:

1. s 0MHOTO M TOTO K€ HOCHUTENS (TUIa HUTEBUAHOTO YIJIepoia), OOHApy>KEHO, YTO 4eM
BBIILIE JTUCIEPCHOCTh METAINIMYECKOrO Majliajins, TEM BBILIE CEIEKTUBHOCTh MO OyTHJIEHAM
Pd/C xaTanu3zaropa.

2. CunpHOe B3aMMOJCWCTBHE MalIaJus C TOPUEBBIMH TpaHAMU TpaduTa MNPUBOIUT K
crabunmsarm Pd*" B monHoM coctostum. Veemmuenne nomn Pd®T B cocraBe xarammsatopa
NPUBOJIUT KaK K YMEHBIICHHUIO OOIIEH aKTUBHOCTH, TaK M YMEHBIIIEHHIO ceneKTuBHOCTH Pd/C
KaTaJau3aTOPOB B PEAKIMH CEJIEKTUBHOIO THApUpOBaHus OytanueHa-1,3 B OyTuiieHsl (mpu
MPUMEPHO OJMHAKOBOM JIUCTIEPCHOCTH MAaJLIaIus).

JUist peakiuy CeNeKTUBHOTO THAPUPOBAHMS alleTHIICHA B ATUJICH yCTaHOBIEHO, yTo Pd/C
KAaTaIN3aToOpbl, B KOTOPHIX MAJUIAJNH HAXOMWTCS B OCHOBHOM B Pd  m Pd*" cocrosHmsx,
00J1a1ar0T HanboJIee BHICOKOM CEJIEKTUBHOCTBIO.

[TokazaHo, 4TO yIJiepoJHbIE HAHOHUTH CO CTOMYATOM CTPYKTYpOH SBISAIOTCS Hambosee
NEePCHEKTUBHBIMU HOCUTEISAMU JJIs1 co3anus HOBbIX Pd/C katann3aTopoB OYHCTKU ATHUJICHA

OT alCTHUJICHA.
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Reducing the particulate matter (PM) and VOCs emissions simultaneously has been a
major challenge for car manufacturers and researchers. Emission control strategies include
changes and improvements in the fuel used, engine modifications or exhaust after treatment
systems. These latter provide satisfactory results for compliance with the emission regulations
where the engine modifications or fuel improvements are not sufficient. Using oxidation
catalysts in order to oxidize diesel soot is one of the promising after-treatment systems. These
catalysts also provide significant reductions in the CO and HC emissions. They were reported
to be active in PM reduction especially when low sulfur fuel is used.

Many kinds of catalysts have been studied for soot combustion applications, including
single and mixed transition metal oxides, perovskite- and spinel-type oxides, and low melting
point compounds. Most of them were tested based on a tight soot/catalyst contact which is
usually obtained by mechanically mixing the soot and catalysts. However, Neeft et al. found
that the practical physical contact between soot and catalyst in a filter is much closer to a
“loose” contact condition [1].

Ruthenium oxide catalysts have been demonstrated to be active in acetic acid [2] and
propene oxidation [3] reactions. The pronounced activity of ruthenium oxide catalysts seems
to stem form the reducibility of the oxide itself. In the presence of another reducible oxide
such as CeO,, the oxygen needed for the oxidation reaction was reported to be provided by
the second oxide.

In this study, the relationship between the oxidation state of Ru on CeO, support and
catalytic activity in the total oxidation of propene and carbon black is simultaneously
investigated for catalysts prepared by different impregnation methods. It is demonstrated that
the addition of ruthenium to ceria (CeQO;) significantly improves the reactivity: the
temperature of carbon black oxidation decreases by 100 °C (catalysts reactivity in the carbon
black oxidation was evaluated under “loose contact” conditions). It is also shown that the
addition of Ru is very beneficial for the total oxidation of propene. The reactivity for the

simultaneous combustion of carbon black and propene was also investigated.
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After performing an ageing test in carbon black oxidation, the catalysts showed a
relatively long life and could be reused for various catalytic cycles (8 to 10 cycles) without
deactivation. After each cycle, catalysts were studied by temperature programmed reduction
(TPR) and the apparition of new reduction peaks was observed. These new reduction peaks
indicated the presence of new Ru specie that reduce at higher temperatures which can be
correlated with the deactivation of the catalysts.

Several techniques were used to evaluate physico-chemical properties of the solids. It was
shown that after calcination at 600 °C the ruthenium is present as RuO, oxide on ceria’s
surface. TPR experiments of the catalysts showed that the oxygen species of RuO, was
reduced at low temperatures. In addition, Electronic Paramagnetic Resonance (EPR)studies of
outgassed samples at different temperatures showed an anisotropic signal indicating that
Ru(IV) was reduced to intermediate valences states like Ru(Ill) and Ru(Il) at low
temperatures.

It is concluded that “Ru-O-Ce” bonds in the well dispersed Ru species are highly fragile

and that good oxidation activity is related to its mobile oxygen.
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Low temperature CO oxidation over alloy type Sn-Pt/SiO; catalysts with different Sn/Pt
ratios has been investigated using Thermal Programmed Oxidation technique and time on
stream experiments. FTIR and Modssbauer spectroscopy has been used to follow
compositional and structural changes of Sn-Pt/SiO; catalysts during the catalytic run. The
results of Mossbauer spectroscopy showed that under condition of CO oxidation the Sn-Pt
alloys with different compositions are oxidized and strongly reconstructed. The tin-rich alloy
phases are transformed to Sn™ oxide species and alloys with decreased tin content: PtSny
—PtSn, ->Pt,Sn; ->PtSn —Pt;Sn. Pt-rich alloy (Pt3Sn) was converted finally to Pt metal and
SnO, moieties. The results show that the in situ formed, highly mobile “Sn"*-Pt”” ensemble
sites are responsible for high activity, while the formation of relatively stable SnOy type
surface species are involved in the catalyst deactivation.

Low temperature CO oxidation has obtained great academic and industrial interest.
Pt/SnO, and supported gold clusters showed the highest activity [1,2]. With respect to the

high activity of Pt/SnO, catalysts the involvement of Pt-SnOy interface has been proposed [2].

In our recent studies it has been shown that Sn-Pt/SiO; catalysts prepared by an
organometallic method using Controlled Surface Reactions (CSRs) are highly active in the
oxidation of CO at room temperature [3-5]. During the preparation procedure tin containing
surface organometallic species (SOMS) anchored exclusively onto the supported metal can be
obtained depending on the conditions and the mode of surface modification. This method
consists of the sequential anchoring of slab-like Sn-alkyl species to a continuous, two-
dimensional Pt or Sn-Pt alloy surface, followed by stepwise decomposition of these anchored
species using either hydrogen or oxygen. Decomposition of SOMS in hydrogen or oxygen
resulted in the formation of supported alloy-type Sn-Pt surface species or Lewis-acid type
sites consisting of SnOy species anchored onto the active metal, respectively.

Results of Mossbauer spectroscopy studies indicate that during the CO+O; reaction the
primary interaction with oxygen leads to a strong enrichment of tin in the surface layer of the

bimetallic particles and tin, both in the surface layer and in the bulk of the nanocluster, is
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oxidized to Sn*" [4,5]. In the presence of CO + O, mixture two forms of Sn*" oxide has been

evidenced, i.e., (i) a more stable one, Sn4+(ox) with isomer shift around zero, and (i1) a mobile

one, Sn*" (sf) with IS = 0.79-0.94 mm s ™.

The intimate contact between Sn and Pt, both in the reduced and the working catalyst
containing supported alloy-type nanoclusters, is convincingly demonstrated by in situ

Mossbauer spectroscopy. During the room temperature CO oxidation no separation of the

oxidized Sn*" forms was observed. In CO oxidation and subsequent re-activation in hydrogen
a reversible PtSn <> Sn"" + Pt interconversion takes place at room temperature and 82 % of
the original alloy content has been restored. The probability of the Mossbauer effect, fa

(approximated by d[In(A300/A77)]/dT) indicates the surface location of the involved
components. The results of in situ FTIR spectroscopy provided further prove for the above
interconversion. The catalytic experiments are in full accordance with the results of
spectroscopic measurements.

Based on our recent catalytic and Mossbauer spectroscopy results [4,5] and the
mechanism presented in ref. 2 we have suggested that the activation of the CO molecule can
be related to (i) the atomic closeness of Pt and Sn** sites formed in situ from supported Pt-Sn
nanoclusters during the oxidation, and (ii) the CO — Sn*" interaction. This suggestion has been
supported by the results of ab initio Hartree-Fock calculations carried out for the CO — Sn™
cluster, where N= 0, +2 and +4. The results clearly showed that the C=0 bond was weakened
in the proximity of the charged tin atom. This weakening effect is proportional with the
charge of the tin atom [4].

The possible mode of activation of the CO molecule over the (110) surface of the PtSn
(1:1) alloy was also modeled and calculated [4]. For the linear alignment of CO, i.e., when the
CO molecule is perpendicular to the surface, no OeseSn interaction is possible. In contrast, for
the bent structures, the oxygen atom of the CO molecule chemisorbed on the Pt is near to a tin
atom, allowing interaction between them. Consequently, these calculations strongly support
the relevance of our hypothesis with respect to the involvement of “Sn**- Pt”” ensemble sites
in the increased activity of our alloy type Sn-Pt/SiO, catalysts in low temperature CO
oxidation.

The overall result of these transformations is the formation of the following phases or
sites:

(i) Formation of stable tin oxide phase (IS=0.0 mm s, QS$=0.6-0.7 mm ™)
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(i) Appearance of a highly dispersed Sn™ (sf) phase (IS=0.86-1.12 mm s™)
(iii) Formation of free platinum sites (vCO"™ = 2086 cm™', vCO™ =1840 cm™)
(iv) Appearance of a new alloy phase, PtSn (1:1) (IS=1.8 mm s, Q$=0.6-0.7 mm s™").
The schematic view of the supported nanocluster prior and after its reconstruction in the

presence of CO and O, mixture is shown in Scheme 1.

After in situ CO O T T =
activation i |\ [H"-:I_I i)
iy I 5 7
— III' | . ."II
L] L

Scheme 1. Schematic view of the supported Sn-Pt nanocluster after reduction in
hydrogen at 300 °C and after its reconstruction in the presence of CO + O, mixture at room

temperature. Alloy phases: PtSn(a)- Pt-rich alloy; PtSn(b)- Sn-rich alloy.

Results shown in these studies provided unambiguous evidences that in alloy type Sn-
Pt/SiO, catalysts Lewis type ionic Sn™" or polarized metallic Sn®* sites can be formed. These
two types of sites, due to the formation of alloy type supported nanoclusters, are in atomic
closeness. In this way ’Sn **-Pt”” or metal ion-metal nanocluster” ensemble sites can be
formed. In most of the cases these sites are formed in situ.

In this lecture details on the preparation and characterization of Sn-Pt/SiO; catalysts will

be presented and discussed.
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AHUOHIE(DUIIUTHBIE TIEPOBCKUTHI, XAPAKTEPU3YIOIIUECS  BBICOKOW  KHCIOPOIHO-
JIEKTPOHHON TPOBOJIUMOCTBIO, CIIOCOOHBI 3(PPEKTUBHO MOCTABIISTH PEIICTOYHBIN KHUCIOPOT
K TIOBEpXHOCTH KaTalu3aropa, 4YTO JIOJDKHO CIOCOOCTBOBATH  (DYHKLIHOHHPOBAHUIO
MOBEPXHOCTHBIX aKTUBHBIX IIEHTPOB OKHCIUTEIBHBIX MPOIECCOB. XapaKTep OKUCIUTEIbHBIX
MpEeBpaIeHUI METaHa B MPUCYTCTBUU TEPOBCKUTOMOJOOHBIX OKCHUIHBIX CHCTEM Ha OCHOBE
KOOQITETUTOB - (heppuTOB CTpOHIMS [1, 2] yKa3plBaeT Ha KOPPEISAIUI0 MEKIY BETHUYNHAMHU
KOHBEpCHHU CcyOcTpaTa U MOJIBUKHOCTH KHUCIOPO/Ia B KaTanu3aTopax.

enp nanHOM pabOThl - M3yYEHUE BIMSHHS MOABUKHOCTH PEUICTOYHOIO KHCIOpPOJAa B
TBEPABIX pacTBOpax coctaBa LngeSro4CosFep20s5 (rme Ln = La, Pr, Nd, Sm) Ha ux
KATaJIMTUYECKUE CBOMCTBA C  HUCIOJIb30BAHUEM  OKHUCIHMTEIBHOIO  JETUIPUPOBAHUS
STWIOCH30J1a B Ka4eCTBE MOJEIbHOM peakuuu. Karammzatopsl moiiydain KepaMUYECKUM
METOJIOM WJIM C UCMOJIb30BaHHEM MHKPOBOJHOBOTO Bo3zeiicTBus. [1oABMKHOCTH KucCIOpoaa
OILICHMBAJIM HAa OCHOBE pacueTa KaKyIlehcs sHepruu aktupanuu E, mepeHoca KHCIopoaa B
TBepAo(a3HbIX OKcuaax (MeToq MepikaHoBa).

Jlanaple  TaONMMIBI TOKAa3bIBAIOT, YTO BO3paCTaHUE KHUCIOPOAHOW MOJBHIKHOCTU
(YMEHBIIICHHE 3HAUYCHW HHEPTrUM AaKTHUBAIIMM TEPEHOCa KHUCIOpoJaa) B psay O0OpasIlos,
comepxamux La, Pr, Sm compoBoxmaercs Bo3pacTaHWEM CEICKTUBHOCTH B OOpa3OBaHHUH
ctupona. HeOombllioe yMeHBbIIEHHE CENEeKTUBHOCTH OOpa3oBaHHUs CTHUpOJia B Cly4yae
HEOJIMMCOJICPIKAIIIETO  KOHTAKTa, XapaKTepU3YIOMIErocs  HauOONbIIeH  KHCIOPOMHOMN
MOJBMKHOCTBIO, MOXKET OBITh CBSI3aHO C BOBJICUCHHEM PEHICTOYHOTO KUCIOPOa B MPOIECCHI

[IyOOKOTO OKHUCIIEHHUS, O YEM CBHUJIETENILCTBYET BO3pOCIIast celeKTUBHOCTD 1Mo COs.
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Tabmuma

Bmustaue xucnopoanoii noasuxHocTH Ln0.6Sr0.4C00.8Fe0.203-6 Ha pe3ynbTaThl

OKHCJIIMTCJIBHOI'O ACTUAPUPOBAHUA THIOEH30I1a.

Ln CeneKTHBHOCTD, %
E,, x][>/MoIb
Crupon CO, CO
La 200-250 28,0 28.6 14,6
Pr 125-175 38,2 23,1 13,1
Sm 50-100 59,8 6,7 6,6
Nd 10-80 53,4 29,8 3,0

t =590 °C; monbHOe oTHOIEHHE >TUII0eH301/0, = 0,57- 0,65.

B karanmuze OKHCIMTEILHOI'O ACTUAPUPOBAHUA THIIOEH30I1a KOHTAKThI, IOJYYCHHBIC

MHKPOBOJIHOBBIM MCTOAOM, MaJO0 OTIUYAJINUChL OT QaHAJOIOB, CHUHTC3UPOBAHHBIX Ooiee

CJIO)KHBIM KEPAMHUYCCKUM METOJOM.

HOJ’Iy‘ICHHHe B pa60Te JAaHHBIC IIO3BOJIAIOT MMPCAIOJIOXKNUTE, YTO HCECCICKTHUBHOC

OKHCJIEHHE 3THUI0EH301a A0 OKCHAOB YyTJICpOoda MPECUMYIIECCTBECHHO 00s13aHO TOMOTCHHOMY

ra3odazHoMy TMporeccy, a o0pa3oBaHHE CTHPOJIA - PEAKIUH C yYacTUEM KHCIOopoJaa Ha

IMMOBCPXHOCTHU KaTajinu3aTopa.

Pabota Bemonnena npu ¢punancoBoit noanepxkke PODOU, rpant Ne 04-03-32576.

ABTOpBl Onaromapsat 4i.- kopp. PAH T'exmana A.E. 3a momomis B HMHTEpIIpETaIlUN

AHAJIMTHYCCKHUX JaHHBIX U OGCY)KI[@HI/II/I PE3yJIbTATOB.
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NEW CATALYST OF LOW-TEMPERATURE CARBON MONOXIDE OXIDATION
FOR AIR PURIFICATION

Oshanina L.V., Bruk L.G., Grunina S.M., Kuz'micheva G.M., Kotareva L.A.,
Imbs P.A., Titov D.N., Khaidarova E.R., Temkin O.N.

Moscow Lomonosov State Academy of Fine Chemical Technology, Moscow, Russia
E-mail: Ibruk@rol.ru

HOBBIE KATAJIM3ATOPBI HUBKOTEMIIEPATYPHOI'O OKHUCJIEHUA
MOHOOKCHJIA YTJIEPOJA B BO3AYXE

Omanuna U.B., bpyk JL.I'., I'pynuna C.M., Ky3bmuueBa I'.M., Korapesa U.A.,
HNmoce I1.A., Tutos JI.H., Xaiinaposa E.P., Temxun O.H.

MocKkoBCKasi rOCYy1apCTBEHHAs aKaIeMHUsI TOHKOM XUMUYECKOU TEXHOJIOTHHU
M. M.B. JlomoHocoBa, MockBa
E-mail: Ibruk@rol.ru

Monookcua yriepona SIBISE€TCA OJHUM M3 TJABHBIX BEIIECTB, 3arps3HSIOIINX
BO3IYIIHBINA OacceiiH 3eMi B pe3yibTaTe NMPUPOAHBIX (TOXKAphl, U3BEPIKEHUS BYJIKAHOB) U
TEXHOTEHHBIX (MPOMBIIIJIEHHBIE TTPOILIECCHl ¢ YYAaCTHEM KHCIOPOa U OPTAHMYECKUX BEIIECTB,
BBIOPOCHI MPEANPUATHH, COKUTAIONINX YTOJb, IPUPOAHBIN ra3, yriIeBOAOPOIHOE TOIUIMBO IS
MOJTyYeHUsl PHEPTHH TEIIa, BEIXJIOMHEIE Ta3bl aBTOMOOMIIEH ) MPOLIECCOB.

Jist  3amuThl  JIIOACH, TOMaJamIMX B Ype3BbIYAMHBIE CcUTyauud  (MOXKaphl,
aBTOMOOWJIbHBIE 3aTOPBI B TOHHENISAX U T.J.) U paboTaronux B ycioBusx coaepkanus CO B
Bo3ayxe Boie T1JIK (20 MM ) HEOOXOIUMBI CpeACTBa WHAMBHIYAIbHON M KOJUIEKTHBHOU
3amuThl.  DYHKIMOHAIBHYI0  4acThb  3THUX  CPEACTB  COCTAaBJIsIET  KaTajlu3aTop
Hu3koTemneparypHoro okucieHuss CO. K Takum karamuzatopam TPEAbIBISIIOTCS JKECTKHE
TpeOOBaHMS MO AKTUBHOCTH U CTAOMILHOCTH B IITMPOKOM JIMAIIa30HE TEMIIEPATYP, BIAKHOCTH
BO3]lyXa, U COAEPKaHUA B HEM OKcuaa yriepoaa [1-3].

Pa3paboranbl  KaTanmM3aTophl,  COIEpKAIllMe  XJIOPUABl  MEOW, TNalaausi W
Moau(UIUPYOMKE JO00aBKH, HAHECECHHBIC METOJIOM XOJIOAHOW MPOMUTKA HA HOCHTEITH
(akTUBHBIE YTJIM WM OKCUJ aidtoMuHusi). Pa3pabarpiBaemble KaTaJM3aTOpPbl aKTUBHBI
(mo3BonsitoT cHU3KUTh KoHueHTpamuio CO nHmwke I[IJIK) B amamasone comepxanus CO B
Bo3yxe 50-10000 mr/m® mpu Temmepatype 15-70 °C i npn BraxksocTH Bo3myxa ot 10-98 %
orH. KaTammsaropel yCTOYMBBEI K JCHCTBHIO yrieBomopogoB (mo 1000 Mr/m’) u K

CepOCOIEPIKALIIM COSTHHEHISIM (110 20 MI/M).
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B pabore wucciaenoBaHo BIMSHHE CTPYKTYpPhl HOCHUTENs (OKCHIA aTIOMHHHS) Ha
AKTUBHOCTh KaTaJM3aTOPOB OKUCICHHUS MOHOOKCHA yriiepoaa. MeToqoM peHTreHo(ha3oBoro
aHaJIM3a TO0KAa3aHO, YTO HEOOXOJMMBIM YCIIOBHEM ISl UCTIOIH30BAHUS OKCUAA AIFOMHUHUS B
KauyeCTBE HOCHUTEINS SIBIISICTCS HAIWYMe B 00pasle JOCTaTOYHOTO KOJIUYeCTBa Y-(pOpMBL
OnpeneneH psja MPOMBIIIICHHBIX 0OpasloB OKCHAA ATIOMHUHES, HCIOJIB30BAHUE KOTOPBIX
M03BOJISICT TOJy4YaTh HanbOoJIee aKTUBHBIC M CTAOMIILHBIC KAaTATU3aTOPHI.

W3yyenne MexaHM3Ma peaklUMU OKHUCICHHUS OKCHIa yriepoja, IpoTeKalomeld B
TOMOT€HHOKATATUTUYECKUX U TEeTePOreHHOKATATUTUYECKMX CHCTEMax, MpeJCTaBIsSeT
UHTEpeC s YrIyOJIeHHWs TPEICTABICHUW O CXOJACTBE M pa3IMuMsiX B MEXaHU3Max
TEeTEPOreHHOTO M TOMOTreHHoro kataynmsa [1,2]. [lns xaTanu3aTopoB Ha OCHOBE XJIOPUJIOB
MeAu U Taviafus  IPOCIEKUBAIOTCS Kak oOLIMe 4epThl (SKCTpeMallbHas 3aBHUCHMOCTh
AKTUBHOCTH M CTaOUIBHOCTH TOMOTE€HHBIX M T'€TePOTeHHBIX KaTaau3aTOPOB OT COACPKaHHS
BOJIbI B CUCTEME), TaK U pa3inyus (CyleCTBEHHOE BIUSIHUE MPUPOIbI HOCUTEIIA).

MexaHu3M OKHCIICHUSI OKCHJIA YTIepoja M3yuYeH KHHETHICCKUMHU METOJaMH, METOJIaMHU
JNEKTPOHHOW MHMKPOCKOIMHUHU, PEHTT€HO(POTOIEKTPOHHONM MHUKPOCKONHH, 3JIEKTPOHHOTO
napaMarHUTHOTO PE30HAHCA.

B noknane aHanmM3upyroTCsS OCOOEHHOCTH MEXaHW3Ma MPOTEKAHHS PEAKIIUH OKUCIICHHUS
yraepoaa (1) B roMOreHHOKaTATMTHIECKIX U HAHECCHHBIX METATIOKOMITIEKCHBIX CUCTEMaX.

Pabota BeimonHeHa npu noanaepkke rpanta PODU Ne 04-03-33014, u ®I'VIT «[HI]
«HUOITUK».
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COMPARATIVE STUDY OF METHANE PARTIAL OXIDATION TO SYNTHESIS
GAS OVER Pt-PROMOTED AND PURE LaNiOx-CeO;-ZrO, SUPPORTED ON THE
CORUNDUM MONOLITH

Pavlova S.N., Sazonova N.N., Sadykov V.A., Alikina G.M., Lukashevich A.l.,
Gubanova E.L.

Boreskov Institute of Catalysis, SB RAS, Novosibirsk, Russia
E-mail: pavlova@catalysis.nsk.su

The catalytic partial oxidation of methane (POM) to syngas at short contact times is now
considered as an attractive technology for the small-scale and distributed production of syngas in
the stationary and mobile fuel processing. Realization of POM at short contact times (< 0.1 sec)
allows to reduce the size of the fuel processor and requires application of monolithic catalysts
having a low pressure drop. The catalysts comprised of CeO,-ZrO, and Pt-promoted LaNiOy
of perovskite structure as Ni precursor supported on a-Al,O; pellets were shown earlier [1] to
be active and stable catalysts in this process. To develop a high performance catalyst, it is
essential to elucidate the reaction mechanism. So far, two mechanisms have been proposed
for POM over metals (Ni, Pt, Rh) [2]: the first one involves complete oxidation of methane to
CO; and water followed by reforming reactions of the rest methane to CO and H,, and the
second one is the pyrolysis of methane in which CO and H; are formed as primary reaction
products. However, though POM extensively has been studied on various Pt- and Ni-containing
catalysts [2], the nature of the POM routes remains to be open for discussion.

In this work, the comparative study of POM over the catalysts containing promoted by Pt
and pure LaNiOsz and CeO,-ZrO, supported on the corundum monolith was performed. The
reaction kinetics has been studied at extremely short contact times ~ 1- 6 ms that allows to
analyze the process far from the thermodynamic equilibrium constraints. To estimate the
contribution of secondary reactions the steam (SR) and dry (DR) reforming of methane have
been studied as well.

As supports, separate triangular channels of a-Al,O; monolithic substrate with wall
thickness 0.2 mm, side of triangle ~ 2 mm and length of 4-30 mm were used. The
7100 3Ce0 202 (3-10 % w.) and LaNiOy (LaNipoPto ) (2-7%w.) were successively supported by
the incipient wetness impregnation followed by drying and calcination.

Temperature—programmed POM reaction for channels subjected to different
pretreatments in 2% vol. O, in He, 2% vol. H, in He, 1% vol. CH4 in He were studied at 3.2
ms contact time using the feed 1% CH4+0.5% O, in He. The testing of the catalysts in POM,
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SR and DR was carried out at atmospheric pressure, contact times 1-6 ms and temperatures in

the range of 550-900°C in a plug-flow quartz reactor. The catalysts were pretreated in situ at

700-900°C for 1 h in the oxygen or hydrogen flow. After pretreatment, the reaction mixture of a

desired composition was supplied with the flow rate of 5.5-36 I/h i.e. at 0.7-6 ms contact time.
The data of POM TPR show that the dynamics of CH4 and O, consumption and product

evolution strongly depends upon the catalyst composition (Fig. 1) and catalyst pretreatment.
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LaNiPt (O,)
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Fig. 1. Data of temperature-programmed reaction POM over channel of oxidized catalysts
LaNiO,/Ce0,-ZrO,/0-Al,O3 and LaNiPtO,/Ce0,-ZrOy/a-AlL,O5 .

The addition of Pt facilitates the formation of syngas at lower temperature and favors a
high catalyst stability preventing catalyst coking. For Pt-containing catalyst, after all
pretreatment types, syngas evolution starts at temperature about 140-150 °C below that for
pure oxides containing samples. Pre-reduction of the catalysts with hydrogen or methane
decreases the temperature of syngas evolution. Over oxidized catalyst, H,O evolution
followed by CO; appearance in the presence of oxygen in the gas phase is observed. This
means that pyrolysis of CH4 can proceed over both metal nickel (Pt) particles and partially
oxidized Ni or Ni-Pt clusters.

According to the steady-state data, the conversion of reactants and products selectivity
increase with the temperature and the channel length. For both catalysts with and without Pt,
at 1-12 % CHy, at all temperatures, the conversion of methane is significantly lower than the
equilibrium value. The oxygen conversion is incomplete only for experiments with the diluted
feeds containing 1-3.5 % CHy at contact time ~ 2 ms and temperature below 650 °C.

Comparison of activity of the catalysts with Pt and without it reveals that the methane

conversion and product selectivity (Fig. 2) are better for the catalyst without Pt. Decline of
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syngas selectivity is due to a higher combustion selectivity caused by addition of Pt. This
results also in decline of the overall methane conversion over LaNi-Pt-containing catalyst.

It is known that oxygen conversion is 100 % over Pt supported on alumina or ceria even
at a very short contact times and a low temperature (600 °C) [3]. For our catalysts with and
without Pt, the oxygen conversion is incomplete at contact times ~2 ms and temperatures
equal or below 650 °C. However, the formation of syngas over both catalysts is observed in
the presence of gaseous oxygen. This implies that the primary route of methane
transformation on both LaNi- and LaNiPt-containing active component includes CHy4

pyrolysis on partially oxidized Ni

90+ 90
1 1 v

80+ ' A 80- <

i V/.
70+ A/ ®
1 = @
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1 —e—700°C
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Fig. 2. CO selectivity in POM over channel of the LaNi (A) and LaNiPt (B) containing
catalysts. 7%CH4 +3.5%0, in N,.

(Ni-Pt) clusters yielding H, and adsorbed carbon. Indeed, in the presence of oxygen in
the gas phase Ni and Pt are oxidized, so methane steam and dry reforming as well as the water
gas shift reaction are suppressed. Hence, only primary route of syngas generation could
operate in this case.

At higher contact time and temperatures, when the oxygen consumption is complete, the
steam and dry reforming reactions occur, so syngas is generated via consecutive route as well.

The values of dry and steam reforming rate constants are comparable by an order of
magnitude with those of partial methane oxidation. This implies that at least a part of methane
could be converted into syngas via the indirect route involving combustion of methane
followed by subsequent reforming reactions of remaining methane molecules.

Acknowledgements. This work is in part supported by ISTC 2529 Project.
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EFFECT OF OXYGEN MOBILITY ON THE KINETICS OF METHANE
CONVERSION TO THE PRODUCTS OF COMPLETE AND PARTIAL OXIDATION
AT SHORT CONTACT TIMES
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BJIMAHUE NOABNKHOCTHU KUCJIOPOJA KATAJIN3ATOPA HA KHHETUKY
INPEBPAIIEHUA METAHA B ITPOAYKTDI ITOJIHOI'O U ITAPHHUAJIBHOI'O
OKHNCJIEHUSA ITPU MAJIBIX BPEMEHAX KOHTAKTA

IIunaesa JL.I'., CanoBckas E.M., UBanoBa 10.A., IIpoceupun U.I1., Ky3nenosa T.I'.,
Caapikor B.A., Mupoaaroc K.'

WuctutyT katanuza um. I'.K. bopeckosa CO PAH, HoBocubupck
1I/IHCTI/ITyT Karanusa, BunnepOann, ®panmus
E-mail: pinaeva@catalysis.nsk.su

BrisBreHne BIUsHUS MOABMKHOCTU KUCIOPOAA MJIATUHOCOAEPKAIIKUX KaTalIU3aTOPOB Ha
ocHoBe TBepaoro pactBopa CeO,—ZrO, nHa cramuum mnpespamenuss CHx ¢parmenToB
AKTUBUPOBAHHOW MOJICKYJIBl METaHa B MPOAYKTHI IMOJTHOTO M MApPIUATIBLHOTO OKHCICHHS
ABJISIETCSl KJIFOYEBBIM BOIPOCOM B TIOHMMAaHUM MPUHLMIOB JU3allHA ONTHUMAaJIbHBIX
KaTajau3aToOpOB Ui MOMyUYEHHUsl CHHTE3 - ra3a. B maHHOW paboTe MpeacTaBlIsIOTCS MEXaHU3M
U KuHeTuKa peakuuid 1) ampcopOiuu kucnopona Ha CeO,-ZrO, B 3aBUCUMOCTH OT MPHUPOJIBI
JTOTHUPYIOMUX J00aBOK W IUIATHHOBBIX IIEHTPOB, 2) B3aWMOJICHCTBUSA KHCIOpPOJIa C
Pa3IMYHBIMHM  YTJIEPOJACOACPKAIIMMU HWHTEpMeIuaTaMH, OO0pa3yloIMMUCS B Ipoliecce
aktuBanuu mMetada u CO.

OcHOBHOM ~ MOIXOX K  pEHICHUI0 TMOCTaBICHHOM  3aJaud  OCHOBBIBAJICS  Ha
HKCIIEPUMEHTAIFHOM HCCICOBAHUU U MOJICTUPOBAHUHM KHHETHKU TEPEXOIHBIX PEKUMOB
KOMIIJIEKCA PEaKIMi W OTIEIbHBIX CTaJMi, BXOASAIIMX B KAaTAIUTUYECKUN IUKI OKHCIICHHS
METaHa IMpU MajbIX (107 ¢) BPEMEHAaxX KOHTAaKTa, C HCIOJIb30BAHUEM KHHETHYECKOTO
penakcaluoHHOTO U u3oTonHo-guHaMuyeckoro (SSITKA) meronos.

AHanu3 nTMHaMHUKUA OTKIUKOB cucTeMbl CeO;-ZrO,(-La,03) Ha cTyneHuaTtoe M3MeHEHUE
cocTaBa CMECH B peakuuu napoBoid koHBepcuu CO M OKHUCIEHMS METaHa MoKaszajd, 4To B
MPUCYTCTBUH KHCIOpOJa HAa TOBEPXHOCTH HOCHUTENs  (OpMHUPYIOTCS 2 THUMA UEHTPOB

(oxcugHble M TiepokcuaHbie). CropocTh okucienus CO Ha MEPOKCUAHBIX IIEHTpax ¢ Oolee
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MOJBY)KHBIM KHCJIOPOJIOM Ha TOPSAOK BBIIE, Ye€M Ha OKCHIHBIX. BBelneHwe JaHTaHa
YMEHBIIIAeT KOJIMYECTBO TIEPOKCHIHBIX IIEHTPOB. B pesynbraTte CHUXKAKOTCS CKOPOCTH
okuciennu CO (puc. 1A) u u3otonHOro odMeHa kucioposa (puc. 1b).

HccnenoBanust Ha MIATHHOCOAEPIKAIIEM KaTaln3aTope MOKa3al, 4TO KIIFOYEBYIO POJIb B
KAHETHKE TEePEXOIHBIX PEKHMOB WIPAIOT MPOLECCHl OBICTPOrO IMEPEeHOCa KHCIOpoaa ¢
HOCUTEIST Ha IUIaTUHY,

ONpUBOAAIICTO K 3aMCTHOMY YBCIIMUCHUIO CKOPOCTH obMeHa

KHCJIopoJa B TPUCYTCTBHUU IIJIATUHBI IB) Ha ocHOBe u4mclIEHHOro aHanm3a

(puc.

PCIIaKCAllMOHHBIX KPHUBBIX,

Puc. 1. A — oTkIIHK
CO, nocie
CTYIIEHYaTOTO
nepektouenns ¢ He

084 Ce0,-Zr0,-La,0,

Ha cMech (2.5%CO

+ 2.7%H,0 B He) na

OKHUCIIEHHBIX

obpasmax CeO,-

Pt/Ce0,-Zr0 -La,0, Zr0, (-La;05). b~

1 HU3MCHEHHE

0.2 - U30TOITHOM 10U B

] KHCIIOPOJIE TOCIIE

3amenst '°0, Ha 1802

. B cMecu 2%0; B Ar.

o 5 10 15 20 0 20 40 60 500 1000 T = 650°C. Bpems
time, s koHTakTa — 107 C.

Mn30TONHadA Aonsd
L

Ce0,2r0,La,0,

time, s

a TaKKe JaHHBIX MO0 M30TOIMHOMY OOMEHY, ObUIM IOJYy4EHbl OLEHKHM KOHCTaHT CKOPOCTEH
nepeHoca KHCIopoJa ¢ HOCHUTENs Ha IUIaTHUHY, a Takke cKopocTH auddysuum kuciopona B
o0beM HocutTens. bbulo TOKa3aHo, YTO OCHOBHOM BKJaJ B HaOJIOJaeMyIO0 CKOPOCTb
KHCJIOPOJHOIO IMEPEHOCAa BHOCUT IMEPOKCUAHBIM KHCIOPOA, OONajarolluii O4EeHb BBICOKOU
HOJBM>KHOCTBIO.

MogenupoBaHie ITUHAMMYECKOTO TOBEAECHUS CUCTEMBbl B PEAKLMU OKUCIEHHUS MeTaHa
MI0Ka3aJ0, YTO IPH BBICOKOM CKOPOCTH IEpPEHOCa KUCIOpPOJa HOCUTENS Ha IUIATUHY, B
COYETaHUH C OBICTPBIMH MpPEBpAIIECHUSIMH (pPAarMEHTOB AaKTHMBHPOBAHHOW Ha KJacTepax
MEeTajula MOJIEKYJIbl METaHa, B CTALIMOHAPHBIX YCIOBHIX OCTATOYHbIE KoanuecTBa Kak O, Tak
U OKHCJIEHHBIX AaKTHBHBIX II€HTPOB JIOKAJIM3YIOTCA JMIIb B JIOOOBOM YacTH cjos
karanuszaTtopa (puc. 2). Kpome Toro, peakiuu, NpoTeKaronue HenoCpeACTBEHHO Ha HOCUTEIIE,

HE BHOCIT 3HAYUTCIIHLHBIN BKJIad B Ha6monaeMme BCJIMYMHBI KOHBCPCUM MCTaHA U
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CEJICKTUBHOCTU. B 3TOM OTHOIIEHHH OMPENENAIONIyI0 PpOJib UrpaeT MpHUpoJa KIAacTepoB

IUIATUHBI.
Puc. 2. [Ipoduib
257 o 0.5 1 KOHIICHTPAIIMH KUCIOPOa
15 i 2 j ra3oBoi ¢a3sl 1
0.008 3 - e OKHCIICHHBIX [IEHTPOB TI0
dCeO ., -ZrO, & 94+ HEHTD
) o 2 2 3 CJIOI0 KaTanau3aTropa B

o D 1

® x

S 0006 o 5 o5 Ce0,-Zr10, CTaIlMOHAPHBIX YCIOBUSIX
e . z MIPOTEKAHUS PEaKITIHH

g i o § ] OKHCJICHHS] ME€TaHa

3 o 8 0.2 (4.2% CH4 +2.2%0, B He)
Q 0.004 o =

@ o s Ha HOCHTEJIE U

o : o & 0.1 KaTaJlu3aTope.

o 0,002 i qI:,r L T =6500 °C.

§0_04 ] PUC &0 -Z10 “?3,35 Bpewms koHTakTa — 107c.
i F’t/CeOZ-ZFO2 0.02 4 2 2
0.000 0.00
T T T T T T T T T T T 1 T T T T T T T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0
ANVHa cnos AnuvHa cnos

Monudukanyst HOCUTENs JaHTAaHOM, Kak cieayeT M3 AaHHbIX P®OC, npuBoaut K
CTa0WIN3aluU MEJIKOAUCIEPCHBIX KJIACTEepOB IUIaTUHBI. B pesynpTare, 1Mo cpaBHEHHIO ¢
cucremoir Pt/Ce0,-ZrO,, B naHTaHCcOAepKalleM o0paslie Bo3pacTaeT 00Ias KOHIEHTpaLus
AKTUBHBIX IIEHTPOB. DTO NPHUBOJAUT K YBEIMYEHHUIO aKTUBHOCTHM KaTajau3aTopa M, B paMKax
pPacCMOTPEHHOM KHHETUYECKOW CXEMbl pEaKlIHMH, HW3MEHEHUIO COOTHOILIEHUS MEXKIY
CKOPOCTSIMM MapLIPyTOB OKHCJIEHHUS MeTaHa B MPOAYKTHl IOJHOTO M HapLUUaIbHOTO

OKHCJICHHUS B TIOJIb3Y MOCIEAHUX (Ta01.).

Tabmuma. AkTUBHOCTH 00pa3iioB Ha ocHoBe CeO,-ZrO; B peakiusax mapoBoit koaBepcun CO

u okucaenus CHa. T=650 °C.

Ob6pazen Oxucnenne CHy
KoHBepcus, % | cenexktuBHOCTH 110 CO, %
C602—Zr02 23 0
C602-ZI‘02-L3203 26 2
Pt/Ce0,-Z10O, 45 49
Pt/Ce0,-Z1r0O,-
La,0; 77 76

Jlannas paboTta BeinonHeHa npu noanaepxke PODOU (rpant Ne 05-03-34761).
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B noknane mpencraBieHbl JaHHBIE O CENEKTUBHOM KatanutuueckoMm okucienuu (CKO)
HU3KHUX KOHIeHTpanuii meraHa B cmecu CH4:07:Ar=(1,4+2,2):(0,6+0,8):(97+98) (06.%) Ha
10mr 9% Ni-Cu-Cr-katanuzatopa Ha MHUKpPOC(HEpUIECKOM (60+a)-ALOs
(100-200 mxm, StioB=57,7 Mz/l“), moaupunupoBanoMm 2%Ce, ¢ HCIOTH30BAHHEM METOIUKH,
omrcanHoil B [1]. Oxcuanbrii katanuzatop rotoBuiics mo A.C. 1330803 (CCCP) ¢ nporpeBom
Ha Bo3ayxe npu 873 u 1173 K u BoccranoBnenueM B cmecu Hy:Ar=40:60 (06.%) mpu 1173 K.

W3 nannbix POA u OM ¢ mukpoaudpaxuueil 3mekTpoHoB [2, 3] ciegyer, uTo mocie
nporpesa npu 873K ucxonusiit karanuszarop kpome 0- u cienoB a-Al,Osz, COOEPKUT B CBOEM
coctaBe HanouacTuisl (20-100A) oxcunos Ni (pedmexcsr 2,42; 2,084), Cu (2,52; 2,33; 1,91;
1,79; 1,51A), nu6o ux cmecu, xpucrammmdeckuit CeO, (uHTeHCHBHBIE pediexcs 3,13;
1,91A), a Taxxke amomunatsl Ni(Cu)Al,O4 (ManounTeHCcHBHBIE pediekch 2,44; 1,99; 1,53;
1,42A), ¢ pasmepom uactur 100-200A u apyrue ¢asbl, koTopbie MOkHO oTHecTH K CegOyy
(2,80; 1,96A), CuCrO; (1,631; 1,54A), NiCrOy4, CrsO1,. B mponecce nporpesa 1o 54 NiCuCr
Karajgu3aTop TNpeTepreBacT 3HAYMTEIbHBIE W3MEHEHHUs (Ha30BOTO COCTaBa: IMPOHUCXOIUT
kpuctamm3anus CeO,, npespamenue 0—a-Al,Os3, Beime 1073K Bo3pactaer conepxkanue u
pazmep uactury Ni(Cu)AlO4 (400—500A) u nosBisitoTest  aucnepcHole  (azsl CeAlOs,
NiCr;04, CeCuyO,, CuCrO4 (200-300A) Y UMEIOTCSI HEOOJIBIIINE PBHIXJIbIC ICHIPUTHOTO THUIIA
CKOIIIeHHs AucnepcHbIX Hanouactuil (30-50A) NiO, CuO, CeO, 1 ux cMeceil. DTH MPOLECcCHI
BBI3BIBAIOT YMEHBIICHHE OOIICH TTOBEPXHOCTH ¢ 60 10 5-8 M/T.

[Tocne BoccranoBnenuss B H, mpu 1173K nporperoro Ha Bo3ayxe npu 1173 K
Karajau3aTopa B €ro COCTAaBE€ 3HAUMTEIbHO CHMIKAETCS COJEp)KaHHE AIFOMHUHATOB, 3a CYET

yero Bo3pacTaeT cojepxkanue Merammmdeckux Nioum Cu (1,81; 2,08A) B Buae
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TIONMKPUCTANIIMYECKOi Tnenkr, cMemannbix a3 CexCuyOz (2,24; 2,72A), arperaros CeO,
B cmect ¢ NipO3 (200-400A), a Taxske nomynpospaunsix gactuil CegO1; (50-604).

Custue criektpoB TIIB u TIIO noarBepauino oOHapysKeHHbIE TpeBpalieHus okcuaoB Cu
u Ni npu mporpese B allOMUHATHI, a Iocie BoccTaHoBieHus ux > 1173K B meramnueckue
Cu m Ni, crmaB Meau C HHKEJIEM, KOTOPBIE JIETKO B3aUMOJICUCTBYIOT C KHCJIOPOJOM C
273-373 K (puc. 1).

N3 puc. 1 BuaHo, uro B mporperoM npu 873K karanmzatope HAET BOCCTAHOBJICHHUE
okcypa Cu (muk ¢ Tm=523 K), cmemannwix okcuaoB NiO-CuO (Tm = 573K), NiO
(Tm = 673 K) u yactuuno o6pasoasmuxcs amomMuHatoB (TmM=1073K). [To mepe noBsieHust
temnepatypsl nporpeBa B TIIB cmekTpax wucyezaeT cHadaja MUK, COOTBETCTBYIOIIUH
BocctaHoBieHnio NiO u cmecu NiO-CuO wusz-za B3aumoneiictBus ¢ AlOs a 3atem
MPOUCXOAUT TIOMJIOMIeHHne H, Ha BOCCTAaHOBUTENHLHOE PA3JIOKEHHE O0pPa30BaBIIUXCS

amomuHatoB. BoccranoBnennblie npu 1173 u 1225K okxuciieHHblE KaTaau3aTOpbl JIETKO

B3aUMOJICUCTBYIOT C O,.
W3 mony4eHHBIX [AHHBIX BUAHO, 4YTO TIOCIE TpPOrpeBa U
BocctaHoBnenns B H; mpu 1173K  Ni-Cu-Cr karanuzarop
: ; MpeJICTaBIseT co00H HaHeceHHble Ha MoauduiupoBanHbii Ce
A PN

i ¥
! L]
I ]
| 5
_: -
[ |
[ |

(0+a)-Al,O3 MeTammyeckune nucriepcHble ¢Ga3pl HAHOCTPYKTYp Ni

= = H Cu, U ux cmiaBbl C BO3MOXHBIM BHEIPEHHEM Xpoma B
| Y _ MEXI0Y3JIHSI UX PEUICTKH.
Fell e
F|[| Puc.1. Cnexrpst TIIB (crutonasie iuHun) nporpetsix npu 873 (1),
| | 973 (2), 1173 (3), 1473 K (4) xatamuzatopoB u TIIO (mmyHKTHpHBIE),
oy -;l'.""”, —~",_ .. Tocie BOCCTaHOBJIEHM: KaTanu3artopos mpu 1173-1225 K (1, 3, 4).

Paccmotpum moBeaenue BocctaHoBieHHoro mpu 1173K Ni-Cu-Cr/2%Ce/(0+a)-Al,O3 B
peakiuu CKO meTaHa mpu M3MEHEHUHM TEXHOJOTHMYECKHX mapameTpoB. [Ipu moBblmieHUn

temrniepatypbsl ¢ 1073 go 1223 K, cooTHomieHun
[ CHs0,=1,9, 1=3,5mc (W=1.02-10° u"") na6monaercs
o5 290 yBElIMYEHHE MpeBpaienus merana (ocm,) ¢ 80 10

14 [ 220 100%, cenextusnoctr o CO u H; ¢ 75 10100%.

2

0] 1 I Puc.2. Bnusuue temnepatypbl Ha Ocy, H CCICKTUBHOCT

CKO CHy 1o COu Hy mpu CHy : O, =1,9, 1= 3,5 Mc
(W=1,02-10°a™). 1-acy,; 2-Sp; 3-Sco; 4-Hy/CO.
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Haumnas ¢ 1173K CH4 mourm momHOCTBIO mpeBparmiaercs B cmech Hp, mw CO (2:1) ¢
cenekTuBHOCTHIO 110 CO, 5-10% (puc. 2).

B tabmume 1 mpencraBneHsl naHHbIe 0 BiausHUEM cooTHomeHuss CH4:0, u BpemeHm

KOHTAaKTa Ha OlcH,, CCJICKTUBHOCTb PEAKLMH IO CO u H, u coornomenne H,:CO B

00pa3oBaBIIIEiiCsl CMECH.

Tabmuuma 1 - CKO CHy4 mpu 1173K Ha 10 mr 9% Ni-Cu-Cr/2%Ce/(0+a)-AlLO;3
(paz6aBnen kBapuem 1:43), mocne BocctanoBnenus rmpu T=1173 K, 1.

VenoBus peakuuu o, % o, % oco, % an,, % H,/CO
T,MC W-10°, 4! CH4:0,=1,9 +2,0
2.0 1,80 77.42 100 100 100 2.0
3,6 0,99 100 97,14 100 100 2,06
5,0 0,72 100 99,31 100 100 2,01
8,0 0,45 100 99,67 100 100 2,01
CH,4:0, 1=2+2.4 mc (W=1,81+1,5-10%"")
2.0 80,65 100 100 100 2.0
2,6 63,89 100 99,13 91,3 1,84
2.8 58,97 100 99,13 89.56 1,81
3,75 51,11 100 100 82,61 1,65

[TonmyueHHbIE pe3yIbTaThl TO3BOJIHIIN ONPEIEIUTh ONITUMAIIEHBIC YCIIOBHSI CEJICKTHBHOTO
okucnenus CH; B pasbaBneHHbix cmecsix ¢ O, m Ar ¢ oOpa3oBaHHEM CHHTE3-Ta3a Ha
BocctaHoBiIeHHOM Ni-Cu-Cr/2%Ce/(0+a)-Al,O3 xarammuzatope: T=1173 K, CH4:0,=2,
1=2,35-327mc  (W=1,53-1,17-10°4"") co cremenbio mpespamenus ocp, 88-100% wu
cenekTuBHOCTRIO 110 CO-99,6-100%, H»-99-100 % 6e3 o6pazosanust CO,.

Karanuzatop mpopaboran 56 yacoB 0€3 CHUXKEHHUS aKTUBHOCTH, H, MO AaHHBIM OM c
MUKpOAU(GPaKIIMEH 3JIEKTPOHOB, IPEICTABIICH MeTaTndeckuMu vyactuiiamu Cu, Ni, crutaBom
Cu3gNi pasmepom uactun 10 100A, okpyxkeHHbIME Gonee KpynHbiME okcumamu CeO,,
NiCr;04, CrO,, 0-NiAlysO40. OOpa3oBaHue yrIepoJHBIX YaCTUI[ HA KaTanu3aTope He
HaOJIFOJAJIOCh.

Astopsl 6nmarogapusl CameikoBy B.A, CazonoBoit H.H, IlaBnosoii C.H. 3a momomip B

ocsoeunu Metoanku CKO Merana B cuHTe3 Tas.

JIureparypa:

1 IlaBmoma C.H., Cazonora H.H., CagsixoB B.A. u ap. // Kunetuka u xaranus. 2004, 1.45,
Ne4, c. 622.

2 TI'puropsea B.I1., ITomoBa H.M., XXekcenbaera 3.T., Cacc A.C., CamaxoBa P.X.,
Hocymos K./1. // I3B. MOH PK, cep. xum., 2002, Ne5, c.63.

3 Komamko JI.B., XKekcen6aesa 3.T., [Tomosa H.M., Jlocymos K. // 3. MOH PK, 2002,
Nob. c.68.
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SELECTIVE CO OXIDATION: REACTION FEATURE UNDER THE CONDITIONS
OF CATALYST SURFACE IGNITION

Rozovskii A.Ya., Kipnis M.A., Volnina E.A., Lin G.I., Samokhin P.V.
A.V. Topchiev Institute of Petrochemical Synthesis RAS, Moscow, Russia
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CEJEKTHUBHOE OKHUCJIEHUE CO: OCOBEHHOCTHU PEAKIIUA

B PEJKUME BOCINIAMEHEHMA IOBEPXHOCTHU KATAJIM3ATOPA

Po3oBckuii AS., Kunaine M.A., Bonrauna J.A., JIun I'.., Camoxun I1.B.

Wucturyt HepTexummyeckoro cuareza uM. A.B. TommuneBa PAH, Mocksa
E-mail: rozovsk@ips.ac.ru

UccnenoBanus peakuuu KaTaauTuyeckoro okucieHus CO B HpUCYTCTBUM BOAOPOAA
(cenextuBHOE okucieHne CO) B MOCHEIHUE TOMBI MONYYHIU TOTOTHUTEIBHBI UMIYILC B
CBsI3U ¢ mpobiemoit ouncTku Bogopoaa or CO mo ypoBus 10 - 100 ppm s TOIUTMBHBIX
DIIEMEHTOB. AKTYyallbHOW SIBISIETCS pa3paboTKa OJHOCTAAUWHOTO TpoIlecca CENEKTUBHOTO
okucienns CO mnpu BBICOKHX OOBEMHBIX CKOPOCTSX B MPHUCYTCTBHM 3HAUUTEIHHBIX
konuuectB H,O u CO,.

Panee HamMu ObUIO TMOKAa3aHO, YTO MPOBEJIEHUE PEAKIMU B PEKUME BOCIUIAMEHEHUS
MOBEPXHOCTU KaTalIM3aTOpa MO3BOJISIET, MO CPABHEHUIO C H30TEPMUUYECKUM PEAKTOPOM,
CYIIECTBEHHO CHHU3HUTh ocTaToyHoe conaepkanne CO mnpu OTHOCUTENIBHO HEBBICOKOM
orHomeanu O,:CO=1 [1]. B HacrosiemM cOOOIIEHUU MPEACTAaBICHbl MAKPOKHHETUYECKUE
OCOOCHHOCTH peakiuu celekTuBHoro okucieHuss CO B yCHOBHUSIX BOCILUIAMEHEHHS
noBepxHocTu Ru/Al,O3 karanu3aTopa, MO3BOJISIONINE ONTUMH3UPOBATH IPOIECC OKUCICHHUS.

Hcxonnas peaklMOHHas cMECh MOJEIUpPOBaia OTXOMASIIUN Ta3 MapoBOro puQopMHUHTa
MeTaHoJa ¢ J00aBKO# Bo3ayxa - cocTtaB cMmecH, 00. %: 0.75 CO, 0.75 O, 57 H,, 18 CO,,
2021 H,0, oct. N,. ®paknuro karanmzatopa (0.2-0.315 MM), ¢ BBEJICHHBIMH BHYTPh CJIOSI
(BbicoTa 12-14 MM) AByMsi TepMmorapamu, 3arpyxaid B N-0Opa3HbIl KBapLEBBIA PeakTop,
TUaMETPOM CYIIECTBEHHO MEHbIlle BHYTPEHHEro AuaMerpa mneuu (KBa3uaauadaThuyecKuit
peakrop). ['a3 mocne peakTopa ocymiaincs, aHanu3upoBaics xpomarorpaduydecku u UK-
ananu3atopoM (coaepxanue CO ¢ tou”octeio 0.5 ppm). [ns ynpasienust paboToi meyu u
MOHHTOpPHHTA TEMIIEPATyp U OCTaTOYHOTO coaepxkanust CO UCIOIb30BaTH MHOTOKAHAIBHBII
U3MEPUTEIb-PETYIIATOP.

N3BecTHO, 4TO CyIIEeCTBYeT O0JAacTh YCIOBUN (TeMIepaTypa CHUCTEMBI, Harpyska IO

CBIPBIO U T.JI.), B KOTOPOH CHJILHO 3K30T€pMUYECKasi peaklys CIIOHTAHHO NEPEXOTUT B PEKUM
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BOCINIAMCHCHHA ITIOBCPXHOCTH KaTajlu3aTopa. OcobenHocTH OBOJIOINUMK CHUCTEMBI IIpHU
BOCIINTaMCHCHHH MMOBCPXHOCTU KaTaIM3aTOPa IMOKA3aHbI HUXKC.

Ha puc. 1 npuBenena 3anuck octarouHoro cojaepxanus CO B OCYIIEHHOW peaKIIMOHHOM
cMecH, TemmepaTyp medn u karainmzatopa 1%Ru/Al,O; npu cryneHuaTom Harpese
(BbLAEPIKKA HA KakaoH ctynenu 10-20 muH).

Puc. 1. CenextuBuoe oxuciaeune CO Ha

240 - - 10000
220 ] : 9000 1%Ru/Al,O3 xaTanusarope.
] - 8000
200 - £ 7000 1- ocrarounoe coaepxxanue CO,
180 1 - 6000 £
o 1807 000 & 2~ TeMIepatypa meu,
160 | " 4000 S .
] g 3 — TeMmieparypa Ha BXOJIE B CJIOH,
140 £ 3000
120 - 2000 4 — TeMnepaTypa Ha BBIXOJE U3 CIIOS
] - 1000
] i 3
100 ] F o katanuzaropa. Pacxon 87 m”/(kr kar.)/d.
180 420

Kak BUAHO M3 PUCYHKa, CTyIE€HUYAThI MOALEM TEMIEPATyphl I€4M BILIOTH a0 139 °C
COIPOBOXKAAETCA MOCTENEHHBIM HEOOJBIINM CHIDKEHHEM ocTaTo4yHoro cozepxanus CO u
cIa0bIM Pa3orpeBoM Kartaiamsaropa. HakoHel, npu moaséMe Temmeparypsl neun go 144 °C
HAOIOJaeTCsl CKAYOK TEeMIIepaTyphbl B CIO€ KaTalu3aTropa W Pe3KOoe MaJCHHE OCTATOYHOTO
conepxkanus, kak CO (mo ~ 490 ppm), Tak u, o maHHBIM Xpomartorpadun, O, (KOHBEpCHS
Kuciaopona pgocturaer 99.6 %): peanusyercs pPEKUM BOCIUIAMEHEHHUS TOBEPXHOCTH
KaTajau3aTopa M peakius NepexoIuT Bo BHENTHEAU(PPY3HOHHYIO 001aCTh.

Brusaue Temmeparypbl meunm Ha paboOTy Karanm3aTopa B PEKHUME BOCIUIAMEHECHUS
MOBEPXHOCTHU KaTaju3aTopa MpoJIeMOHCTpUpOoBaHO Ha puc. 2. [locne pazorpesa B Toke Hy 1o
144 °C wm mycka peakIMOHHOM CMecH HaOIIoJaloCh BOCIIAMEHEHHE IIOBEPXHOCTH
KaTajau3aTopa M 3TOT PEKUM COXPAHUIICS TIPU CTYIIEHYaTOM CHI)KEHUU TEMIIEPATyphl MEeYH.

Puc. 2. CexextuBuoe oxucieume CO

700 c 230
600 | - 210 Ha 1%Ru/Al,O; xartamuzatope mpH
] £ 190
£ 500 - 170 CTYTIIEHYATOM OXJIAXKICHUH TICUH.
o E
& 400 1150 o 1,2, 3 - ocratouHoe coxaepkanue O,
I 300 ] F130 =
g E 110 CH4, CO, cOOTBETCTBEHHO,
O 200 g
- 90 4, 5 — TemnepaTypa BbIX0/a U3 CIIOSl U
5 ] . - N N g BXOJIa B CJIOM KaTaau3aTopa.
90 100 110 120 130 140 150 Pacxon 91 m>/(kr Kar.)/u.

T neum, °C
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Kak BugHo u3 pucyHka 2, CHWXKEHHE TEeMIlepaTypbl M€Y NPUBOAUT K POCTY
CEJICKTUBHOCTH  PAcCXOJOBaHMUS KHCIOpPOJAA, UTO TMO3BOJISIET JOCTHYh OCTaTOYHOTO
comepskanust CO mopsiaka 100 ppm mpu oTCyTCTBUH MeTaHa (Temieparypa meun ~ 104 °C).
Beigepxka nmpu 104 °C npuBoAMT K M3MEHEHHIO XapaKTepa pacipeaesieHus: TEMIIEPATYPBI 10
CJIOI0 KaTaju3aTopa: «ropsiyas TOYKa» CMEIIAeTcsl MO CJIOI KaTalu3aTropa OT BXoJa K
BBIXO/y, a Ipu Temneparype meud Hmke 100 °C HaOmromaeTcss 3aTyXxaHHE MOBEPXHOCTH
Karajau3aTopa.
Ha ocHOBe NMpOBEACHHBIX HCCIEIOBAHUI pa3pabOTaHbl KaTAIU3aTOp M PEXHUM PaOOTHI,
YTO MO3BOJIAJIO IOCTHYh BRICOKOW aKTUBHOCTH M CENIEKTUBHOCTH B okucieHuu CO (puc. 3).

Puc. 3. CexextuBHoe oxucienue CO

200 - 1 40
] - 35 Ha 0.1%Ru/Al,O; karamusarope.
175 | g
1 2 30 1, 2, 3— Temneparypa Ha BBIXOJIE U3
150 - F25 ¢ .
LR ; F20 5 CUIOA, HA BXOJE B CJIOH KaTamu3aropa

T12s ] - 15 S u HIeYH, COOTBETCTBEHHO,
10
1o ‘5
75 1 ‘ ‘ ‘ ‘ Fo Pacxox 90 M*/(kr kar.)/u.

20 120 220 320 420 520
MWH

100 | 4 — ocraTounoe conepxkanue CO.

Crpenkoii  OTMEUYEH  MOMEHT
3aMeHbl Hy Ha peakliMOHHYI0 CMECh.

Kak BugHO u3 puc. 3, nocne 3ameHsl Hy peakimOHHON CMECBIO yCTaHABIMBAETCS PEXKUM
BOCIUIAMEHEHUS TIOBEPXHOCTH KaTanuzaropa. IIpu aToM ocratounoe coxepxkanne CO MmeHee
15 ppm, HecMOoTps Ha OOJIBLIYI0 OOBEMHYIO CKOPOCTb, MPHUCYTCTBUE 3HAUUTEIbHBIX
konuuectB H,O u CO, m oTHocutenbHO HHM3KOe cooTHomeHne O,/CO. Ilpu mmutensHOM
pabote (Oonee 300 MuHyT) octaTouHOE coaepkanue CO MposBISET TEHACHIMIO K CHUKEHHUIO
npu c1aboM U3MEHEHUH TeMIepaTypHOTO NpoduIst KaTaaus3aropa.

[lonydyeHHble JaHHBIE JEMOHCTPUPYIOT BaXHOCTh MAaKPOKMHETHYECKOTO pEXHUMa
IPOBECHUS pEaKIUM W MPUHLIUIUAIBHYI0 BO3MOYKHOCTh pa3palOTKH OJHOCTaJAUHHOTO
npouecca okuciernuss CO B NMpUCYTCTBUM 3HauuTenbHbIX KonmuecTB Hp, H O, CO, mpu
Harpyskax mopsaka 100m’/(kr kar. ).

Pabora BemonHeHa mpu momuepkke IIporpammel (yHIaMEHTaIBHBIX HCCIEIOBAHUN

[Tpesnanyma PAH Ne 26.

JIureparypa:
1 Al Pozosckuii, M.A. Kunanc, 3.A. Bomauna, I' .. JIun, I1.B. Camoxun. Kunernka n
karanus. 2004, 1. 44, B. 4, c. 654-656.

127



OP-1-23
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NCCIEJOBAHUE COCTOAHUA AKTUBHOI'O KOMIIOHEHTA HAHECEHHBIX
KATAJIM3ATOPOB Pd/Ce0O,-Al;03; B PEAKIIUU OKUCJIEHUSA CO

Caasunckas E.M., Amocos 10.U., Ky3nenos I1.H., [Tonyxuna U.A.,
Craganuenko A.U., I'yasies P.B., 3aiikoBcknii B.U., bopounn A.U., Hockos A.C.

Wuctutyt kartanusza um. I'.K. bopeckosa CO PAH, HoBocubupck
E-mail: lesla@catalysis.nsk.su

[Ipo6nema 3amuThl aTMOC(epbl OT TOKCHUYHBIX KOMIIOHEHTOB BBIXJIOIHBIX Ta30B
JIBUTaTeNIell BHYTPEHHET'0 CrOPAaHUs U BPEIHBIX MPOU3BOJICTB HE TEPSET CBOCH aKTyaJbHOCTH
1o cux nop. Pemenue 3Toit mpo6ieMbl B OCHOBHOM CBSI3bIBAE€TCSI C KATATMTUYECKUM METOA0M
obe3BpexkuBanust [1, 2]. HaubGonee »3¢¢hexkTUBHBIME KaTalu3aTOpaMH OKUCIUTEIBHON
ouncTky Ta3oB oT CO U yrieBoJopoJ0B COAEPKAT B CBOEM COCTaBE TPU THIA KOMIOHEHTOB
(HocHTeNb, TPOMOTOP U AKTUBHBIN KOMIOHEHT). HemocpeacTBEeHHO aKTUBHBIM KOMITIOHEHTOM
ABIISAIOTCA, KaK MPaBUIIO, METAJLIbI INIATUHOBOM I'PYIIBL, TaK KaK B3aMOJECUCTBHE PEareHTOB
U UX MPEBpAIlIeHUE B MPOAYKTHI IIOJHOTO OKUCICHHUS IPOUCXOIUT HETIOCPEACTBEHHO HA 3THX
KOMIIOHEHTaxX KaTanuszaropa. Hanbosnee yacto mpuMeHsI0TCS MeTallbl: MajUlaiuid, TUIaTHHA U
ponui.

Hecmorpss Ha Oonbliue MOCTHKEHUS B TEXHOJOTHH co3MaHus  A(OPEKTUBHBIX
KaTaJIn3aTOpPOB, JI0 CHX IOp HE CO3/laHbl (U3UKO-XMMHUYECKHE OCHOBBI ONTHUMAJILHOTO
(GYHKIIMOHUPOBAHUS ATHX KaTalIU3aTOPOB B PEAKIMIX MapLUUaIbHOTO U MOJHOTO OKHCIEHUS.
B wyactHOCTH, HE pEIIeH OJUH M3 LEHTPAIBHBIX BOIPOCOB O (POPMHUPOBAHMH AKTUBHOTO
KOMIIOHEHTa KaTajiu3aTopoB B BuAe HaHokjactepoB Pt u Pd ompenenennoro pasmepa,
o0ajaronuX BBICOKOM AKTUBHOCTBIO M  XapaKTEPU3YIOMIMXCS BBICOKOM  CTETEHBIO
B3aMMOJIEHCTBHSI C HOCUTENIEM, MPENSATCTBYIONIEH CIIEKaHUIO aKTUBHOTO KOMIIOHEHTA.

Lenbio TaHHOM pabOTHI ABISETCS KOMIUIEKCHOE M3Y4YCHHE KMHETHUECKUMH (M3MEpEeHHe
koHBepcun CO) u ¢usznueckumu (poTodnekTpoHHas crnekTpockormuss POIC, snexTpoHHAs
MUKpOCKOIHsS BbICOKOro paspeuienus [IDMBP u np.) MmeTogamu kaTtanu3aTopoB OKHCIEHHS
CO cocraBa Pd/Ce0,-Al,03, mpuUroTOBICHHBIX KOMOWHAIIMEW MPOMUTOYHBIX METOIHUK M

METOJa T'OMOI'CHHOI'O COOCAXICHMA. OcCHOBHOC BHHMAaHHE B IIaHHOﬁ pa60Te IMPUBJICYCHO K
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YCTAHOBJICHUIO KOPPEJSAIUI KaTalUTUYECKOW AaKTUBHOCTH (TeMIleparypa 3a)KHraHus
peaKIu) C 3JEKTPOHHOM (3apsA0BOE COCTOSIHUE) M T€OMETPUYECKON CTPYKTypoul (pazmep
HAHOYACTHI], B3aMMOJECICTBHE C HOCHUTEIEM) HEMOCPEACTBEHHO AaKTHUBHOIO KOMIIOHEHTa-
nayaaus. B kadecTBe HOcHUTENEH UCIIONIb30BaHkI iceBao0eMuT, V-Al,O3, CeO,, CeO,-Al0s.

[Ipu uccnenoBannyu NaIaAUEBhIX KaTalM3aTOPOB HA OCHOBE HOCUTENEH TICEBIO0EMUTA U
v-Al,O3 OBITO YCTAaHOBIICHO, YTO JUUIS ATHX KAaTaJIM3aTOPOB XapaKTEPHA BHICOKAs TEMIIEpaTypa
saxuranus ~150 °C 1 3aMe/JICHHbIN BBIXOJ HA MaKCHMMAaJIbHYIO BEIMYHHY KOHBEPCHH (pHC.
la, xp. 1). IlpenBapurenbHbIi TEPMUUYECKHA OTKHUT KaTaJIM3aTOPOB TPH TOBBIMICHHBIX
temreparypax 600 °C u 800 °C mpuBoaut k Gojiee OBICTPOMY BBIXOAY Ha MAaKCHMAIBHYIO
KOHBEPCHIO, HO TeMIIepaTypa 3a)KUraHus MPAaKTUYECKH HE MEHSETCS.

[Tpu MomudunupoBanuu MoBepxHOCTH mceBmodbemurta win y-Al,O3; HaHOpa3MEpHBIMU
yactuamu CeO; MPOUCXOTUT PE3KOE YBEIMUEHUE aKTUBHOCTHU KaTanu3aTopoB (puc. la,
Kp. 2). AHaJIOTMYHbIE PE3yJbTaThl JTOCTUTHYTHI IMPHU HCIOJIb30BAaHUU METOAa TOMOI'€HHOTO
OCAXKICHHSI COJel Lepusi W aTIOMHHMS B BHUIE CMEIIAHHOTO OKCHIA C MOCIEAYIOUIUM
HaHECEHHEeM HaHodacTwll najuiaaus. OJHAKO TOJIbKO B ciydae ucnoisib3oBaHusi CeO, kak

HAHOIMCIIEPCHOIO HOCHUTENS MONy4eHsl Haunyumme xapakrepuctuku (Tso = 40 °C, T.e. npu
T = 40 °C xousepcus 50 %) (Puc. la, xp. 3).

a) 5)

KoHBepcusa CO Pd3d
1

3 3377

0,9

2 - 1-Pd/ALO,
08 336.9 - 2-Pd-CE0}/AI,0
' - 3-PdiCe0,

0,7

0,5

0,4

0,3

0,2

336 340 344

o OHeprus casau (3B)
0 50 100 150 200 250 300 350

TemnepaTtypa, °C

Puc. 1. a) Konsepcust CO B peakuuu okuciaeHuss CO B 3aBUCHMOCTH OT TeMIIEpaTyphl. 0)
®otoanektponnsle cnekTpel Pd3d. 1 — xaramuzatop Pd/mcenobemut; 2 — Pd-CeO»/

nceBnodoemut; 3 — Pd/CeO,. Ilepenm wucmplTaHuEM KaTaJM3aTOpPbl MPOKAJICHBI TIPHU
T =400 °C.

HUccnenoBanne MeromoM P®OC  mokaspiBaeT, YTO  aKTHBHBIH  KOMIIOHEHT
xapaktepusyercs BbICOKMMH 3HaueHUsMH Ecy(Pd3dsp) B umHTepBame 336-338 5B,
2+
CBUJICTENILCTBYSI O ero MoHHOM coctostanu Pd” kak B cocraBe PdO (Eq; = 336.6-337.0 3B),

TaK U B cocTaBe cMemmanHoro coenqunenus Pd,CeyO,. JlaHHble MUKpOAU(PAKLIUU YKa3bIBAIOT
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Ha OKCUIHYIO CTpyKTypy namnaaus PdO B kaTamm3atopax Ha OCHOBE IICEeBAOOEMHUTAa U
v-Al,Os, ipu 3TOM pa3Mep YacTull, OIICHEHHBIN 13 MaHHbIX [I1OM, naet 3nauenus 10 — 20 HM.
CuHTe3 yacTull najiafusi B KaTajau3aTropax ¢ J00aBKOM OKcHJa LepUs MPUBOJUT K PE3KOMY
YMEHBIIIEHUI0O HMX pa3MepoB, a HemocpeAcTBeHHO Ha Hocutene CeO, obpasyrorcs
VIUIOIIEHHbIE HaHoudacTuilbl Pd ¢ pasmepom ~1 HM, 4YTO yKa3bplBaeT Ha CHJIBHOE
B3aMMOJICHICTBHE C HOCHUTEJIIEM. OJTH PE3yJbTaThl HAXOJATCS B IOJHOM COOTBETCTBHH C
na"gaeIMuA POOC.

Takum oOpa3om, B kaTanuzaropax ¢ gobaBkamu CeO, mocturaercst Oonee CUIbHOE U
OJIHOPOJHOE TUCTIEPTUPOBAHUE CO CTAOMIM3ANMEH MaJTaiusl HETIOCPEICTBEHHO Ha YaCTHUIIAX
CeO; 3a cuer xuMmdeckoro B3aumojeicTBusi Pd- moeepxHocts CeQO,. AHamW3 CIEKTPOB
Ce3d 00pa3ioB, B3ATHIX O U MOCIE HAHECEHUS aKTHBHOIO KOMIIOHEHTAa MO3BOJISET CAENaTh
BBIBOX O TOM, YTO B3aMMOACHCTBHE Mallams OCYIIECTBIsieTcs ¢ moHamu Ce’ .
®dotosnekrponnsle cnekTpel Pd3d, mpuBenennsie Ha puc. 10, yKa3pIBalOT Ha TO, YTO
COCTOSTHUE YACTHI] MaUTaausl TIPU UX B3aHMOJICHCTBHH C TOBEpXHOCTHI0O CeO, CTaHOBUTCS
3HAYUTETHLHO 00JIee JIEKTPOHOACPHUIIUTHBIM 110 CPABHEHHIO C COCTOSHHEM 4YacTHIl B ¢ase
PdO, obGecnieunBasi CylieCTBEHHOE MOBBIIICHUE KAaTATMUTUYECKOW aKTHMBHOCTH KaTallu3aTopa
IpU HU3KUX TEMIeEparypax U, TeM CaMbIM, MOHIKAs TEMIIEpaTypy 3aKUTaHUS PEaKIuu
okucienns CO (puc. la). [erambHoe 00CYyXIEHUE KOPPEISAIUH AJICKTPOHOICHUITUTHOCTH
AKTUBHOTO KOMIIOHEHTa M KAaTaJUTHUYECKON aKTUBHOCTH MPOBOAMUTCA B paMKax MEXaHH3Ma
JIbHrmMropa - XuHmensByaa.

B paGote mpoBoauTCS MCCIETOBAaHUE TEPMUUYECKON CTAOUIBLHOCTH CHUHTE3UPOBAHHBIX TIO
METOJly TOMOTEHHOro ocaxaeHus kataimzaropoB Pd/CeO,-Al,O; w mokazaHo, dTO
KaTaJIu3aTOPbl COXPAHSIOT BHICOKYIO KaTAIMTUYECKYIO aKTUBHOCTD MPHU MX OT)KUTE BIUIOTH /10

T =800 C, IIpU 3TOM CIICKAHUA HAHOYACTHULl aAKTUBHOI'O KOMITIOHCHTA HE IPOUCXOIUT.

Pabora Bemmonnena npu noguepkke DPLHTII «MccnenoBanus u pa3paboTKH 1O
NPUOPUTETHBIM  HANpPABICHUSAM  pa3BUTUS  Hayku ®  TexHukm», HMH.12.6/003,

I'ocynapctBennbiii KOHTpakT Ne 02.434.11.2004.

JIureparypa:
1 R.J. Farrauto, C.H. Bartholomew, Fundamentals of Industrial. // Catalytic Processes,

Blackie, London, 1997, p. 265.
2 Hideaki Muraki, Geng Zhang. Design of advanced automotive exhaust catalysts. //
Catalysis Today 63 (2000) 337-345.
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AND HYDROGEN PURIFICATION FROM CO
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KATAJIMTUYECKHUE CBOI\/;ICTBA MEJHOHEPHUEBBIX OKCHAHBIX CUCTEM
B PEAKIIUAX ITAPOBOU KOHBEPCHUU METAHOJIA, IMUMETHJIOBOI'O
IOUPA U OYUCTKHU BOAOPOJA OT CO

CubpiTHukOB I1. B.l‘z1 nyel, Boakopa I'.I' .1, CragHu4eHKO A.I/I.l, I'yasie P.B.l’z,

benasen B. I[.], Komeen C. B.l, boponun, A.I/I.l, Cobstnun B. A. 2

1I/IHCTI/ITyT karanuza um. I'.K. bopeckosa CO PAH, HoBocubupck
*HoBocrOUpCKHit rocy 1apCTBEHHBIH yHIBepcnTet, HoBocnOupek
E-mail: pvsnyt@catalysis.ru

B nocnegnee Bpemsi ObUi0 OOHApPYKEHO, YTO MEIHO-LIEPUEBBIE OKCUIHBIE CHCTEMBI
SBIISIOTCA AKTUBHBIMHM KaTalau3aTOpamMH BO MHOTHX PEaKIHMsIX, B TOM YHCJE W B MpoIeccax
KOHBEPCHH TOILTUB B BOJOPOJCOACPKAIIUN Ta3, HEOOXOAMMBINA NJsi MHUTAHUS TOIUTMBHBIX
AJIEMEHTOB.

B nacrosimeit pabore u3yueHbl KMHETHUECKHE 3aKOHOMEPHOCTH MPOTEKAHUS PEaKLUU
MapoBOil KOHBEPCHM JHWMETHIOBOTO 3(upa, MApOBOW KOHBEPCHU METAHOJA U PEaKIUU
cesieKTUBHOro okuciaeHuss CO B IPHUCYTCTBHUM BOJOPOAA HAa OKCUAHBIX MEIHO-LIEPHEBBIX
Karajau3aTopax. bbuin uccnenoBaHbl 3aBUCUMOCTH aKTUBHOCTH KaTaJlW3aTOPOB OT COCTaBa,
METO/1a IPUTOTOBJICHUS U YCIOBUI MPOBENICHUS ATHUX PEAKIIHII.

HccnenoBanuss mpoBOAWIM B MPOTOYHOM peEaKkTope NpU aTMocepHOM [aBICHUU B
unTepBane Temmeparyp 150 — 400 °C u ckopoctu motoka 10000-100000 4. Katamusatops!
JI0 ¥ TIOCJIE PEaKIMu OBbUIM OXapaKTepH30BaHbI MpH momoiu MetoqoB: POA, POOC u
JNEKTPOHHOW MHUKpOCcKonmuH. B Xoje mnpoTekaHus peakluu COCTOSHHUE KaTalu3aTopoB
xapaktepuzoBainu MmeroaoM MK-dypbe ciekTpockonuu.

[TokazaHo, 4yTO MEIHO-IIEPUEBBIE OKCHJHBIE KaTalu3aTOpbl SIBJISIOTCS AKTUBHBIMH B
peakuuu napoBOoM KOHBepcuM MeTaHoja. OOHapyKeHO, YTO NpH HU3KHX TemIepaTypax
(200-250 °C) OCHOBHBIMH NPOLYKTAMHU PEAKIMU SBISAIOTCHS YIJIEKUCIBIA Ta3 M BOIOPOL.

Konsepcust metanona 100 % mocruraercs npu temneparype 320 °C, mpu 3TOM Kpome
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VIJIEKUCIIOTO Ta3a W BOJAOpoja HaOmomaercs oOpa3oBaHHE HEOOJBIIIOT0 KOJUYECTBA
MOHOOKCHAa yriepoga. Haubomee BeposATHO, MOHOOKCH[ YTJepoja MPEeHMYIIECTBEHHO
oOpasyeTtcs 1o oOpaTHoii peakuuu napoBoit kousepcuu CO.

Jlnst mpoBeeHUsl peakluy TapoBOM KOHBEpCHH TUMeTWioBoro 3¢dupa (AMD) Obum
MpeIOKEeHBI OM(PYHKITMOHAIBHBIC KaTaJTUTHYCCKUE CHUCTeMBI. Karamms3aTtopsl COCTOSIN U3
MeaHo-1iepueBoro okcuga (1 - 20 Bec.%), HaHECEHHOTO Ha OKCHZ aloMHHHS. BecoBoe
cootHomeHne Cu:Ce B MegHo-liepreBOM OKcuie BapbupoBanu oT 1 go 4. IlokaszaHo, 4to
KHUCJIOTHBIE IIEHTPHl OKCHJAa AITIOMHUHHS KaTaTU3UPYIOT peakiuio ruapatamuu MO B
METaHOJI, @ MEIHO-IICPUEBBIA IEHTP OTBEYAET 3a MAPOBYI0 KOHBEPCHIO OOpa30BaBIIIETO
METaHOJIa B BOJOPOJACOAepKamuid ra3. Hambompineil mpou3BOAUTEIBHOCTRIO TIO BOJIOPOIY
obnaman karammzatop 20 Bec.% (CuO-CeO;)/Al,0O3;, mpu otnomenun Cu/Ce = 3. Ha
OCHOBaHUU TIOJTYUYEHHBIX JAHHBIX OOCYXKIAIOTCS MEXaHU3MbI PEaKIUH MapoBO KOHBEPCUU
MeTtaHosa u JIMD.

[Tokazano, 4TO MEIHO-IICPUEBBIC OKCHUIHBIC KaTaIM3aTOPHI SBJISIOTCS AKTUBHBIMH H
CEeJNIEKTHBHBIMU B peakiuu okucienuss CO B Bogopoacoaepxamux cMecax. OOHapyKeHo, 4TO
MeZb CETPETUPYETCS Ha MOBEPXHOCTU OKCUAA LIEPHsI, €€ COCTOSHHUS JTAOMIBbHBI U 3aBUCSIT OT
yCIIOBUH TIpemoOpaboTOK KaTanmm3atopa. 3a mpoTekaHue peaknuu okucieHuss CO B
npucyTcTBUM H; Ha MEITHO-IIEPHEBBIX OKCHIHBIX KaTalu3aTopax OTBETCTBEHHOM SIBIISICTCS
MeAb B JUCIEPCHOM COCTOSHUHM, KOTOpas, TMO-BUANMOMY, TMPEICTaBIseT CcoOoi
TIOBEPXHOCTHBIE JBYMEpDHBIE HJIM TpEeXMEpHBIE KiIacTephl, coiepxkamme nonbl Cu'. Ha
OCHOBaHWH TIOJIYYCHHBIX JAaHHBIX OOCYXXITaeTcss HAauOOJee BEPOSATHBIM MEXAaHH3M PEAKIIUU

okuciaeHnus CO B IpUCYTCTBUM BOAOPO/IA HA OKCUIHOM MEAHO-LIEPUEBOM KaTaau3aTope.
PabGora wactmyno mnomnepxkana rpaHtom PODU 03-03-33036, rpantom BRHE

NO-008-X1 wu rocymapcTBeHHbIM KOHTpakToM DenepanbHOro areHTCTBA MO HAyKe H

naHoBanmaM Ne 02.442.11.7070
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E-mail: pakhomov(@catalysis.ru

AdporenpHble  HAaHOKPHUCTAJUIMYECKHWE OKCHABI MarHus W Kajublus  oO0JajaroT
YHUKAJTbHBIMU CBOWCTBAMU JIECTPYKTUBHBIX COPOSHTOB MO OTHOIIICHHUIO KO MHOTHM KJIaccaM
TOKCUYHBIX BemlecTB [1]. B cBsi3u ¢ ycTaHOBICHHOH [2] CLIOCOOHOCTHIO TAaHHBIX MAaTEPUAIOB
azcopOupoBaTh Ta3000pa3HBIA XJOp W OOpPa30BHIBATH AIIYKThI, OOJIATAIONINE BBICOKOH
PEaKUMOHHON CIOCOOHOCTBIO B PEaKIUSX XJIOPUPOBAHMS, MPEICTABISIET OOJBIION HHTEpEC
NPOBEPUTh ATO SIBICHHE HAa TMPOMBIIUICHHO BAaXHBIX TMpOIECCax XJIOPUPOBAHHUS C
NEepCHEeKTHBON pa3paboTku Oojiee FPPEKTUBHBIX KAaTATUTUYECKHX CHUCTEM IO CPaBHEHUIO C
CYILLECTBYIOIIMMHU aHajoraMu. B 3Toil CBsI3M HaMU HM3y4YEeHBl 3aKOHOMEPHOCTH Napo¢a3HOro
XJIODUPOBAHMSI MeTaHa U JACTHUAPOXJIOpUpOoBaHUE 1,2-AMXJIOpITaHa Ha a’POTEIbHBIX
HaHOKpucTanyeckux okcuaax AP-MgO, AP-Al,Os u AP-TiO, (AP- Aerogel Prepared).

CuHTE3 a’poreiabHbIX HAHOJMCIIECHBIX OKCHUIOB OCYIIECTBIISUICA MO OpPUTHHAIBHBIM
30J1b-T€Jlb METOJUKaM M3 COOTBETCTBYIOIIMX aJKOKCHUIOB B COYETAaHUU C CYLIKOW B
CBEPXKPUTHUYECCKUX YCIOBUAX [1-3]. AKTUBHOCTD U CEIEKTUBHOCTh B PEaKIMsIX ra30(ha3Horo
XJIOPDUPOBAHMSI M JIETHAPOXJIOPHUPOBAHUS U3MEPSUIM B TMPOTOYHOM yCTaHOBKe [4] co
CTAIlMOHAPHBIM CIIOEM KaTaau3aTopa C aHAIM30M Ta3000pa3HBIX XJIOpa U XJIOPHCTOTO
BOZIOPO/Ia THTPUMETPUYIECKUM METOZOM, & OPraHUYECKHUX MPOYyKTOB — MeToxoM I 7KX.

[Ipn wuccnenoBaHMM 3aKOHOMEPHOCTEH mMapoda3sHOro XJIOpUPOBaHMS MeETaHa Ha

AP-MgO (pa3mep uactun 3-4 um, BET-545 M°/T) B IMAMa30He temmnepatyp 280-350 °C u nipu
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HIMPOKOM BapbUPOBAHMM BPEMEHU KOHTAaKTa ObUIO YCTAHOBIJIEHO, YTO COCTaB MPOAYKTOB
XJIOPUPOBAHUS OMNPEACNAETCS HCKIIOUUTENIBHO CXEMOM MOCIeA0BaTebHO-APAILIEIbHOTO
xsiopupoBanusl. IlokazaHo, 4TO, MO CpaBHEHUIO C MPOMBIIUIEHHBIMH KOHTakTamu, AP-MgO
oOmamaer OoJiee BHICOKOW aKTUBHOCTBIO M M30MpATENFHBIM JEHCTBHEM. DTO MPOSBISIETCS B
3HAQYUTEIBHO MEHBIIEM 3HAYCHWM DSHEPruM akTuBanuu Tmpomecca Ha AP-MgO
(63 x/x/mMonp), uyeM Ha MPOMBIIUIEHHBIX Karainu3atopax (75-92 xJlx/mMonp). B
COMNOCTaBUMBIX YCJOBHMSX IMpouecc xjopupoBaHuss MeraHa Ha AP-MgO xapaktepusyertcs
CYIIECTBEHHO 0oJiee BBICOKOH CENEKTUBHOCTHIO O MoOHOXJIoOpMeTaHny (90-98 mon %) mo
CpPaBHEHHMIO C TIPOMBIIUICHHBIMHA KaTajau3aropaMu. TpeTrbs OCOOCHHOCTH Ipollecca Ha
AP-MgO coCcTOUT B 3HAYUTEIHLHOM MOBBIIIEHUH CTENIEHU MPEBPAILCHUSI METaHa BO BPEMEHHU
peakuuu 1pu Temneparype 350 °C, mpH 3TOM CEJEKTHBHOCTH 00pa30BaHMs IPOIYKTa
monoxinopupoBanusi, CH3;Cl, octaércs Ha oueHb BBICOKOM YPOBHE.

VYcTaHOBIEHBI PSIIbl AKTHBHOCTH PA3IUYHBIX HAHOKPUCTAUIMUYECKUX OKCHAOB M UX
MEHEE JTHCIIEPCHBIX aHAJIOrOB IPU pa3iW4HbIX Temreparypax. Ha ocHOBe aHanu3a 3Heprui
aKTHBAllMM PEaKLUMUU XJIOPUPOBAHUS METaHAa HAa 3THUX OKCHUIAX MOKAa3aHO, YTO IOJIYYEHHBIE
JaHHBIE MOTYT OBITh HHTEPIPETUPOBAHBI KOHKYPEHIIMEH NBYX MEXaHHW3MOB XJIOPHUPOBAHUS:
CBOOOHOPAIMKAILHBIM, MHUIMHPYEMBIM Ha MOBEPXHOCTH U NIPOTEKAIOLUIEM B 00beMe, U
YUCTO TE€TEPOreHHO-KaTAIUTUYECKMM MeXaHu3MoM. Ha mnpumepe OKCHAOB Marsus,
MPUTOTOBJICHHBIX Pa3HBIMU CIIOCOOAMHU YCTAHOBJIEHO, 4YTO COOTHOIIEHHE CBOOOIHO-
paguKaIbHOM UM TE€TEPOrCHHO-KATAIUTUYECKONW pEeaklUMii BO3PACTAET C YMEHBIICHHUEM
JUCTIEPCHOCTH OKCHUJIOB.

Ha ocHOoBe MaHHBIX MO aKTUBHOCTH, DHEPIUsAM AKTUBALMM U CEIEKTUBHOCTU PEAKIINHU
XJIODUPOBaHMS MeTaHa Ha HaHokpuctasummyeckux AP-MgO, AP-ALO; u AP-TiO;
YCTAaHOBJIEHA CBSI3b MEXIYy OJTHUMH TIOKa3aTelsIMU M XUMHUYECKOM NPHUPOAON OKCHJA.
[TokazaHo, 4to ompenensromuM (HaKTOpPOM TIOBEACHUS OKCHIOB B KaTalH3e SBISIFOTCS
KHCJIOTHO-OCHOBHBIE CBOMCTBAa J3THUX OKCHUIOB M IMPOAYKTOB HMX TOHNOXHMHYECKOTO
npeBpamieHuss B xone peakuud. Tak, MgO ob6nagaer sSpKoO BBIPaKEHHBIMH OCHOBHBIMHU
ceoiictBamu, MgCl, u Al,O3 — kucnotaeivu, Ti0O, — amdoTepHBIMU. DTO ONPEACIISET CaMyto
BBICOKYI0 HHEPTHOCTH T10; 1 BBICOKYI0 akTUBHOCTH Al,O3, MgO u MgCl..

Psn peaknumonnsix cnocoOnocteit AP-MgO > AP-Al,O; > AP-TiO, xoppenupyer ¢
PSIOM DHEPTUil aKTUBAIMU ATHX peakiuil. Habmrogaemsrit psin cenextuBHoct AP-MgO >
AP-TiO, > AP-Al,O; 000CHOBaH C TOYKM 3pEHUS BIMSHUS KUCIOTHO-OCHOBHBIX CBOHCTB

KOMIIOHCHTOB KaTAIUTUICCKOW CUCTEMBI HA COOTHOIIICHHE OCHOBHOM ¥ MOOOYHON PEaAKIIHIA.
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[Tpu uccnenoannu metomom XRD oOpasiioB AP-MgO, ucnbITaHHBIX TIPU TEMIIEpaTypax
xjopupoBanuss MeraHa 340-350 °C, ObUIO YCTaHOBJICHO, YTO B TIPOLECCE pPEAKIMH
HAHOAMCIIECPHBIA OKCHJ MarHus TOJHOCTBIO MNEepexoAuT B a3y Oe3BOJHOTIO XJIOpUAA
marHus. [lo JaHHBIM TEKCTYpPHOTO aHajm3a TaKoH (a3oBBI TEpPexXoll COMPOBOXKIACTCS
YMEHBIIIEHUEM yJIeTbHON TOBEPXHOCTH U o0OBeMa Top OTpabOTaHHOrO oOpasla 1o
CPaBHEHMIO C MCXOJIHBIM 0o0Jjee YyeM Ha MOPAJOK. DTO CBSI3aHO C TEM, UYTO XJIOPUJ MarHus,
obnanaromuit B 3,6 paza 607bIKUM (Pa30BbIM 00HEMOM, 3aMONHIET COOON Pa3BUTYIO CUCTEMY
HOp MCXOAHOTO okcuaa. OIHAKO, HECMOTPSI Ha PE3KOE CHIDKEHHE Y/ENbHOM MOBEPXHOCTH
obpasnia AP-MgO B mpolecce XJIOpUpOBaHUS METaHA, KaK OTMEYaioch Beime (m. 1),
HaOJIr0/1aeTCsl PEe3KOe MOBBILICHNUE CTENEHU IMPEBPAIEHUs] METaHA ¢ COXPAHEHUEM BBICOKOH
CEJIEKTUBHOCTH I10 MOHOXJIOPMETaHy. ODTH pe3yJbTaThl yKa3blBalOT Ha TO, YTO yJelbHas
aKTUBHOCTh XJIOPHJIAa Martus, oOpa3yomlerocs B pe3yJbTaTe TOMOXMMUYECKOH peakiuu
MEXIy OKCHIOM MarHhs W XJOPHPHCTBIM BOJOPOAOM, HA OJUH—IBA IOPSIKA BBIIIC
AKTUBHOCTH UCXOAHOTO OKCUA.

IToka3aHo, YTO MCHOJIH30BAHNE HAHOKPUCTAIIMUECKUX OKCHJIOB MAarHHUs U alIOMHUHUS B
Ka4yecTBE KaTaJM3aTOpOB razo(asHoro JAeTHAPOXJIOPUPOBaHHS 1,2-AMXJIOpITaHA MO3BOJSET
YBEJIMUUTh CKOPOCTh peakuuu Ha 2-4 mopsaka npu 100%-oi cenexktuBHOCTH 10 25 %
KOHBEPCHH. Y CTAaHOBJIEH PsiJl aKTUBHOCTH KaTaJau3aTOpOB

AP-Al,O3 > AP-MgO-C > CP-MgO

[TonmyuyeHnslii psim  0OOCHOBaH € TOYKM 3PEHUS KOHKYPEHLIMH MEXaHH3MOB
ammvuanpoBanns E1 wm E2 w kumcnmotHo-ocHOBHBIX cBoicTB Al,O3, MgO um MgCl,
SBIISIFOIIMXCSI COTNIACHO JaHHBIM PDA OCHOBHBIMU KOMIIOHEHTAMH KaTaJIUTUYECKUX CHUCTEM.

PaGora BeImonHeHa mpu noaaepxke rpanta POOU 04-03-32511.
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3amaya mpeaBUACHUS KATaTUTHYECKOrO ACHCTBHS IS peaklMil IIyOOKOTO OKHCIICHUS
Jake Ha CETOAHSAIIHHMNA JIeHb SBISETCS CIO0XKHOH MOTOMY, YTO Ha, Ka3ajoch ObI, MPOCTYIO
3aBHCUMOCTh CKOPOCTH pEaKIMH OT DSHEPruM CBS3M KHCIOpPOJa C IMOBEPXHOCTBHIO
KaTajan3aTopa MOXKET HaKJIaJIbIBaThCs BIUSHUE IPYruX ¢akTopoB. Tak, MpUCyTCTBUE aTOMOB
rajiouia, B YacTHOCTH XJOpa, B MOJIEKyJaX OpPraHHYECKUX COCIUHEHHH 3HAUYUTEIHHO
YCIOXKHSET MpPOoIecC MX TITyOOKOro OKUCIIEHHUS 10 CPaBHEHHUIO C JPYTMMH OPraHMYECKUMH
BemiecTBamMu. M3BeCcTHO, YTO mpH TIIyOOKOM OKHCICHHH XJIOPOPTaHHMYECKUX COEIMHEHHH,
KpOME JHOKCHJAA YyTiepoAa M BOJIbI, O00pa3yloTCsl TaKKe XJOPHUCTBIM BOJOpPOA U XJIOp,
KOTOpBIE MOTYT CYIIECTBEHHO U3MEHAITh CBOWCTBA MOBEPXHOCTH KaTalIU3aTopa.

OOpa3oBaHue XJopa B MPOAYKTaX peakiuu OyJIeT CIoCOOCTBOBATH XJIOPUPOBAHHIO
MIOBEPXHOCTH OKCHUIHBIX KaTaJIN3aTOPOB:

Me,Op, +m/2 Cl; =2 MeCly, + m/2 O, (1)

[ToaToMy Ba)kHO, YTOOBI MOBEPXHOCTHBIE XJIOPUABI JIETKO pa3jaraiuch, T.e. YTOOBI JETKO
npoTeKaa peaxius:

MeClpy+ m/40,= 1/2Me,On + m/2 Cly. (2)

O BO3MOXHOCTH TpoTekaHus peakiui (1) u (2) MOXKET CBHACTEIbCTBOBATh BEIUYHHA
u3MeHeHus1 cB0OoaHOM sHeprun [ mb6ca 3TuX peakiuil.

B pabote mpencraBieHbl Kak pe3ysbTaThbl MCCICIOBAHUS CBA3H MEXAY XUMHUYECKUMHU
CBOWCTBAMH pa3HBIX KAaTaJIW3aTOPOB M MX KATAIUTUYECKOH AaKTHBHOCTHIO B PEAKIIMU
[IyOOKOTO OKUCTICHHS XJIOPCOAEPHKAILEro OPraHMYeCKOro COEAUHEHMs, TaK U BIUSHUE
CTPYKTYPBI pa3HbIX XJIOPOPTaHHMUECKUX COCAMHEHMH Ha MX PEaKIMOHHYIO CIIOCOOHOCTH Ha

OIHOM U TOM K€ KaTaJin3aTopeC.
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3a MOJeNmbHBIE MOJICKYJIBl XJIOPCOACP)KAIIMX COEAWHEHHWH B3ATHI TETPAXJOPITaH,
TeKCaxJIOPITaH, a TAKKE pa3IndHbIe XJIOPIPOU3BOIHBIE OEH30a.

CpaBHUTEIBHOE MCCIEIOBAHNE KAaTAIUTHUYECKUX CBOMCTB PA3IUYHBIX OKCHJIOB METAJIIOB

B pEaKIUAX TITyOOKOTO OKHCIICHHUS XJIOPIPOU3BOAHBIX MPOBOIMIN B OJIMHAKOBBIX YCJIOBHUSX,

MOJACPKUBAst UX KOHUEHTPAIIMIO B BO3IyXeE 5 ,8:10 Mo/ 1 00BEéMHYIO cCKOpOCTh 600 qac™.

BupnHo, 4T0 mpHM TIIyOOKOM OKHCIIEHHH TeTpaxjopMeTaHa M IeKcaxJiopaTaHa HauOojee

aKTHBHBIM CpEIM OKCHIOB METAJUIOB SIBISIETCS OKCHJI XpOMa, Uil KOTOPOTO CBOOOHBIC

sHepruu ['mb6ca umeroT HeOobIIME 3HAUCHUS, TPUIEM IS peakiiu 00pa3oBaHMs XJIOpUIA

XpOMa OHa TMOJIOKHUTEbHA, a ISl OKUCICHUS XJIOpHIA XpoMa - OTPHUIIATENbHA, T.€. PEaKIHs

pazoKeHus XJIopuaa XpoMa sBJIsIeTCs CaMONPOU3BOJIBHOM U peolaiaeT.

Cr
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CEo0OMEAA SHEPTHA PRARIHH |, IFAIMOIE  Cpofopmea A SHeprHA peakInm 2, ERimos

Puc. 1. 3aBucumoctr  crenenu  mpeBpamenus (X, %)  Terpaxiopmerana (O) wu
rekcaxjopaTana (A ) or cBOOOIHOM sHeprun peakuuu (1) XIOpUpoOBaHUS OKCHUIOB METAILIIOB

1 OT CBOOOJHOW SHEPTUH PEAKINH (2) OKUCICHHS XJIOPHUIOB METAJLIOB.

[Tpu oxucnennu xnopoenzona (Xb) kpome ocHOBHBIX poaykToB - CO, u HCI - HaiineHs
TaK)Ke CJIEJOBbIE KOoNMYecTBa (eHOoJa, XJIOPPEHOJIOB U MUPOKATEXUHA, a MPH MPOBEACHUU
peaKuuy Ha OKCHIHBIX MEIHOM, XpOMOBOM M KOOATbTOBOM KaTaaU3aTOpaX MMEIOTCS TAKKe
oenzon (b), m-muxmnopo6enzon (I1JIXB), o-muxnopoenszon (OAXB), 1,2,3- , 1,2,4- u 1,3,5-
tpuxiopoenzonsl  (TpXb), 1,2,4,5- u 1,3,4,5-rerpaxnopoenzonsl  (TerXb), a Takxke
rekcaxjopoenzon (I'XB).

[Tokazano, 4To Ha mpoiecc riayookoro okucieHuss Xb Ha OKCUIHBIX KaTaau3aTopax, Kak
U B Clly4ae C TETPaxJIOPMETAaHOM U TI'eKCaXJIOPITAHOM, BIIUAET HE TOJBKO DHEPIHsl CBA3U

KHCJIOpOJa C IMOBCPXHOCTBIO KaTajin3aTopa, HO U HPOLCCCHL 06pa3013aH1/1;1 " Pas3IOKCHUA
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XJIOPUAOB MeTaJIoB. HaiiieHo, 4TO MOCeIHUN MPoIece MPUBOIUT K 00pa3oBaHHUIO OoJjiee
XJIODUPOBAHHBIX, YeM XJIOpOeH301, 0eH30710B. [10CKOIBKY Hapsily C MOIUXJIOPOCH30IaMHU B
NPOAYKTaX pPEaKLUu HMMEeTCsl Takke O€H30J, TO MpeAarnojaraercs MNPOTEKaHHE pPeaKIHUU
JUCTIPONIOPIIMOHUPOBAHUS XJIOPOEH30I1a Ha MOBEPXHOCTH KaTalln3aTopa.

IIpencraBneHsl pe3yiabTaThl CPaBHUTEIBHOIO HCCIIEAOBAaHUS TINTyOOKOrO OKHCIIEHUS
Oensona u ero xyoprpousBoausix (Xb, OAXb, MJAXb, ITJIXb, 1,2,3-, 1,3,5- u 1,2,4- TpXBb,
1,2,4,5-TetXb, I'Xb) ) Ha okcume XpomMa B OJWHAKOBBIX YCJIOBHSX IPOBEICHHS
9KCHEPUMEHTA.

[Tokazano, uTo /s OEH30J1a M BCEX €T0 XJIOPIPOW3BOAHBIX HAOIIOMAETCs MPAKTUIECKU
OJIMHAKOBasi 3aBUCUMOCTb CTENEHHM MPEBpAIICHUs OT TeMIepaTryphl, T.€. PEaKLHOHHAs
CIIOCOOHOCTh MOJIEKYJI OJMHAKOBa W HE 3aBUCUT OT KOJIMYECTBA aTOMOB XJIOpa U HUX
HOJIOXKEHUS B MOJIEKYJI€.

PaccmatpuBarotest pesynbTaTthl uccnenoBanus MK-cnektpoB agcopoupoBanHoro Xb Ha
NOBEPXHOCTH OKcuaa Meau. [loka3aHo, YTO B M3YYEHHOM CHEKTPAJIbHOM JMaNa3oHe
nosiBisitoTest  mosiockl  moryomenuss  (I1I1), koTopele  XapakTepusyroT — KosieOaHUs
apomaTtudeckoro konbua (1445, 1480 u 1585 CM'I) u neopMalOHHbIE KOIEOaHUsI CBS3EH -
C-C-H (1020, u 1260 cm™), a Taxxe C-Cl (1080 cM™'), 9TO CBHIETEIBCTBYET O COXPAHCHHH
€ro MOJIEKYJIIPHOM CTPYKTyphl npu aacopbuuu. [loBbllieHne TeMmepaTypsl aacopOouuu ot
KOMHaTHOH 10 473K mpuBomut K wucdessoBenmio I mpu 1020, 1080 um 1170 oM u
nosienenuto I1IT mpu 1040, 1110, 1200 u mupoxoit nosocs! npu 1550 cm'. Takoe H3MeHEHHE
B CIIEKTpax CBUIETEIBCTBYET O TOM, UTO MPOUCXOIUT OTPBIB aTOMa Xjopa OT MoJieKybl Xb u
oOpa3oBaHue (PEHOJATHBIX U KapOOKCHIATHBIX CTPYKTYp, MPHUUYEM IOCIEAHHUE NEePeXOAasT
MOTOM B KapOOHaTHBIE.

Hasmmame TIIT 1080 cv™, KoTOpas oTBevaeT Kojebanuto cBs3zu C-Cl, cBUAETENBCTBYET O
TOM, 4TO 00pa3oBaHue (DEHOJSATHBIX CTPYKTYp OCYIIECTBIISIETCS HE TOJBKO 3a CUYET OTPHIBA
aToMma XJIopa, HO M B pe3yjbTaTe Juccoruanuu Mosiekysisl no C-H cszu.

Heob6xomumo oTMETHTH, YTO TIOCJIE€ OJHOPA30BOM ajacopOumu XJIOpOeH30i1a Ha
noBepxHocTH oOpasna CuO mpu KOMHATHOW TeMmepaType C AajbHelilei necopOuueil mpu
MOBBILIEHHON TeMIIepaType, MOBTOPHas afCcOPIMs XJI0pOEeH3051a HE TPOUCXOIUT.

Pe3ynbTaThl Mccae10BaHUs PEaKMU OKHCICHHUs OeH30ja Mocie MPOBEICHHs peakivu ¢
xsiopOenzonom npu 605 K, xorna nepen nogaueit 6eH3o1a KaTanu3aTop IpoAyBaju IOTOKOM
BO3/lyXa B Te4YeHHE & 4YacoB IpU YyKa3aHHOH TeMIepaType 10 IOJHOrO MpeKpalieHus
BBIJICJICHUS] KaKUX-THOO TPOIYKTOB C TMOBEPXHOCTH KaTalIM3aTopa, TOKa3ald Haludue B
HPOAYKTaX peakLuy XJI0pOCH30JI0B, KOJIUYECTBO KOTOPHIX CO BPEMEHEM YMEHbBILAIOCH.

[Ipemmaraercss BO3SMOXHBIN MEXaHH3M PEaKIM TITyOOKOTO OKHCICHHUS XJIOPCOICPIKALIIX

OpTraHU4YCCKUX COCIMHEHUN Ha OKCHIHHUX KaTaJu3aTopax.
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Pd-COAEP/KAILINX KATAJIM3ATOPOB B PEAKIIHN
I'maAPOJEXJIOPUPOBAHUA

Loayouna E.B., KaueBcknii C.A., JlokteBa E.C., /lynun B.B.

Xumuueckuit ¢pakynbTeT, MOCKOBCKHIA TOCYAapCTBEHHBI YHUBEPCUTET
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E-mail: golubina@kge.msu.ru

[lannagueBsle  KaTaiau3aTOphl  SBISAIOTCA  HaumOoJee  aKTHUBHBIMU B PEaKIHMH
ruaponexaopupoBanus. OJHAKO H3-3a MX BBICOKOW CTOMMOCTH AaKTyaJbHBIM SIBIISIETCS
CHIDKEHHE KoiuyecTBa Pd W OgHOBpeMEHHOE YBENIWYEHHE AKTUBHOCTH KaTalU3aTopa.
BBenenue BTOporo Meramia B aKTUBHBIM KOMIIOHEHT HAHECEHHBIX KaTallu3aTOPOB SBIISETCS
NEPCIEKTUBHBIM  CIIOCOOOM  TMOBBIMIEHHWS] AKTUBHOCTH  KaTaju3aTopa U  H3MEHEHHS
cenekTUBHOCTU. OHAKO MPUYMHBI MU3MEHEHHSI aKTUBHOCTU W CEJIEKTHMBHOCTH B PEAKIUU
THJIPOACXJIOPUPOBAHUM HA CETONHIIIHUM NeHb M3ydeHbl Mano. B ¢opmupoBanuu cBoiicTB
HAHECEHHbIX OMMETAINIMYECKUX KAaTaJu3aTOPOB BAXXHYIO pPOJb HUIPACT B3aUMOJICHCTBUE
METaJIJIOB, KaK MEeXAy co0oM, Tak U ¢ HocuteneM. [Ipu 3TomM nake 4acTUYHOE M3MEHEHUE
3apsa HAHECEHHOT0 MeTalyla B COCTaBe AaKTHBHBIX IIEHTPOB MOXKET CYIIECTBEHHO
CKa3bIBaThCsl HA KaTAJIUTUYECKUX CBOMCTBAX.

B3aumopeiicTBie B aKTHBHOM KOMIIOHCHTE M3ydYajd Ha mpuMepe OnmMerammieckux Pd-
Fe, Pd-Ni, Pd-Cu u Pd-Co karanmzatopoB (oOmee coaepxkanue wMetamaoB 10 %),
HAHECCHHBIX Ha AaKTUBUPOBAHHBIM yrojb M YyIbTpaauclepcHbIl anmMmas. Karanutuueckue
CBOWCTBA KAaTaJM3aTOPOB CpaBHUBAIM B peakIMAX ra3o(asHoro H KHUIKO(Pa3HOTO
(MynbTH(A3HOTO) THAPOACXJIOPUPOBaHMs. B KauecTBe MOJENBHBIX CyOCTpaTOB razoda3zHon
peakiuu ucrnosibzoBanu CCly, a B MynbTH(A3HON peakiuu — Xja0poeH30:1, 1,4-nuxnopoeH3oun,
1,3,5-tpuxsopOen3on, a Takxke rekcaxiopoenzon u 2.4,8-tpuxnopaubdbenzodypan. Bo Bcex
cilydasix B MYJbTH(A3HBIX YCIOBHUAX THAPOJACXIOPUPOBAHUE MPOTEKAIO MOCIEAOBATEIBHO.
[lokazaHno, 4TO JUId XJIODUPOBAHHBIX OEH30JI0B pEaKLMs XOPOLIO  OMHCHIBAETCS

KUHETUYECKUM YpaBHEHHEM I0CIIEeI0BaTeIbHOM peakluu NepBoro nopsaka. B 3aBucumocTt
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OT MPHUPOABI METallJla AKTUBHOCTh OMMETAJUIMYECKUX KaTaIN3aTOPOB yBEIMYUBACTCS B PSLy
Cu — Co — Fe — Ni npu onunakoBoMm cooTHomiennu Pd:Me. Karanutudeckass akTHBHOCTh
TaKXKe 3aBHCeNa OT COOTHOIIEHHs MeTamwioB. Tak, Hampumep ans Pd-Fe kartamuzaTopos
HauOobIIass aKTUBHOCTH JIOCTHTAJach MpU cooTHomeHun metawioB Pd:Fe = 4:1 u 1:1,
AKTUBHOCTh OMMETA/NIMYECKUX KaTallM3aTOpOB Oblja 3HAYUTEIHHO BBILIE IO CPaBHEHHUIO C
Pd/C. Cnenyer OTMETHTb, YTO MPU ITHUX COOTHOIICHUSX AKTUBHOCTH ObUIa MPUMEPHO
onnHakoBoil. [TomydeHHBI pe3yabTaT MOKa3bIBAET, YTO B CIIy4ae MPUTOTOBJICHHBIX B paboTe
KaTaJIn3aTOpOB BO3MOKHa 3ameHa yacT Pd Ha Fe Ge3 cyniecTBeHHOH MOTepH aKTUBHOCTH.

BoisiBieHBl 3aKOHOMEPHOCTH BIMSHHUS HOpuponabl HocutTens u pH pactBopa mnpu
HAaHECEHWH MeTaJlla Ha aKTUBHOCTh Karanu3aropa. [Ipm HaHeceHun MeTaioB U3 pacTBopa C
pH = 3 akTUBHOCTH KaTanu3aTopoB OblIa 3HaUUTENbHO Bbie. Metonom TIIB mokaszano, 4to
HAHECEHHME U3 CHIIBHO KHUCJIOro pactBopa (pH = 1) npuBOAUT K KancyJMpOBaHUIO METANIOB
YTIEPOAHBIM HOCUTENIEM U TO3TOMY TaKH€ KaTalu3aTOpbl MPAKTUUECKU HEAKTHBHBI.

Hcnons3oBaHne B KauyecTBE HOCHUTENS MEJIKOKPUCTAIMYECKOTO YJIbTPAIUCIEPCHOTO
anMasza CYUIECTBEHHO YyBEJIWYMBAeT akTHUBHOCTh Pd  karanu3aTopoB — BCIIEICTBUE
CTaOUITN3alIMU AKTUBHBIX B THUIPOACXJIOPUPOBAHUYU MEIIKHX YaCTHUI[ METaJIa.

Meronamu nsmepennst HamarundeHHoctH, JITA, TIIB u POSC nokazano, 94To akTUBHAs
YacTUIla COJICPKHUT CIUIAB MeETauioB, oOorameHHbii Pd. YcranoBineHbsl ciemyromye
HampaBleHUs] BO3ACHCTBUS BTOPOrO MeTalljla Ha KaTaluTU4Yeckue cBoiicTBa Pd-comepxammumx
karanu3aTopoB: (1) u3MeHeHue dIeKTpoHHOro coctossHus Pd; (2) oOpasoBanme Pd-Me
crtaBa; (3) mpenmorBpamieHue oTpaBieHuss Pd monx geiictBuem Beiaenstomerocs HCI; (4)
paszbasienne Pd ¢ o6pa3oBanueM Gosee MEIKUX 4acTHll; (5) OJIOKMPOBKA aKTHBHBIX IICHTPOB
OKCHJIOM HEOIaropoJHOro MeTaia B Cllydae BHICOKOTO COJIepP:KaHUsl BTOPOTO MeTaslia.

ABTOpBI BeIpaXKatoT O6marogapHocts A.X.H. [LLA. UepnaBckomy, a.x.H. A.FO. CraxeeBy 3a
HNOMOIIb B PU3UKO-XUMUYECKUX UCCIIEIOBAHUIX.

Pabora Bemonnena mnpu ¢uHancoBor mnojuepxkke PODU (rpant Ne 04-03-32869),
[TporpammMsbl no moajepxke BeAymMx HayyHbIX mkos P® (mpoext HII Ne 1275.2003.3) u
INTAS (rpant Ne 04-83-2734).
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XJIOpOPraHUYECKHUE COCTMHEHUSI BXOJAT B YMCIO 12 caMbIX YCTOMYMBBIX OPraHUYECKUX
3arps3HUATENEN, U CHOCOOHBI K Onoakkymynsauuu. OHU 00pa3yroTcs npu paboTe MHOTHX
IPOMBIIUIEHHBIX Npou3BOACTB. Karamutuueckoe ruapoxexsnopupoBanue (I'ZIX) sBusercs
XOpOILIUM CHOCOOOM YTHUIM3ALUMU XJIOPOPTaHUUECKUX COEIUHEHMH, ¢ MpPEeBpaAlleHUEM HUX B
HETOKCHUYHBIC TMOJe3HbIe MPOoAyKThl. [Ipu aTom B mporecce I'/IX uckimodeHo oOpazoBaHme
00J1ee TOKCUYHBIX IPOILYKTOB, HATPUMEP TUOKCHHOB.

B kauectBe karamusaropoB ['J[X d9acTo HCHONB3YIOT NAUIaJWNA, HAHECCHHBIM Ha
NOJI0KKY. Bp1OOp HOCHTENSI UTPAET BaXKHYIO POJIb, TAK KAK BO MHOT'OM OIIPEJIENSIET CBOMCTBA
karanusaTopa. Cpeln MHOKECTBA BBICOKOAUCIIEPCHBIX U IIOPUCTBIX CHCTEM, UCIIOIb3yEMBIX B
KaueCTBE IOJJIOKEK JUISl HAHECEHHBIX KaTaJlM3aTOPOB, YIJIEPOAHBIE MaTEpHalbl 3aHUMAIOT
ocoboe Mecto. Tak, OOJBIIMHCTBO YIJIEPOAHBIX HOCUTENECH OTHOCHTEIBHO HHEPTHHI U B
MEHBIIEH CTENEHU IOJBEPIarOTCs Pa3pyLICHUIO B arpeCCHBHBIX PEAKIMOHHBIX Cpelax Io
CPAaBHEHHIO C OKCUIHBIMHM HOCUTENAMH. OTHUM U3 NEPCIEKTUBHBIX YIICPOAHBIX MATEPHAIIOB
SBIISICTCA yIBTPAAMCIIEPCHBIA, WM JAeToHAMOHHBIN anma3 (Y/IA), KoTopelii moiy4aroT
METOJIOM B3PBIBHOTO CHHTE€3a IPU YTWIM3AallMM B3pbIBYATHIX BellecTB. Manblii pa3mep U
YHOPSAOYEHHAs] JOKpUCTAJUIMUEcKas CTpykTypa uactull YJIA oOecnednBarOT Takomy
HOCHUTEIII0 YHUKaJIbHbIE (PU3UKO-XUMUYECKHE CBONCTBA.

B paborte ObuM MPUTOTOBJIEHBI KaTanuzatopsl, coaepxkamue Pd (or 0,5 mo 5 % mo
Macce), HAHECEHHbIN Ha YJIbTPAaJUCIEPCHBIM anama3; HUCIOIb30BAIA TaKXKe IPOJAKHBIN
karamm3atop 5 % Pd/C ¢upmer Fluca. AKTHBHOCTH KaTaM3aTOpPOB CpPaBHUBAIH B

mynbTudazaom ['IX 1,3,5-tpuxmnopbenzona (1,3,5-TXb) npu 50 °C. Peaknuonnas cpena
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conepkana BoaHyo dazy — 5 % Bonusiii pactBop KOH, pactBop cybcrpara B M300KTaHe,
BHYTPEHHUH CTaHAAPT — HOHAH, areHT MeX(a3zHOro mepeHoca — alnukBat 336, reTeporeHHbII
KaTajJinu3aTop U BOIOPOA, KOTOpBIfI nogaBajin B CHUCTECMY IIpU MOMOMIKU CTCKIIAHHOI'O
Kanusuispa.

Bce wucnonb3oBanHbie  katanm3atopel  ocymectBiasiim X 1,3,5-TXb  no

MocJie0BaTeIbHOM CXEMCE€, KOHCUHBIM IIPOAYKTOM ObLI OEH30I1.

Cl +H, Cl +H, ©
- HCI - HCI - HCI
1

I'mpponexnopuposanue 1,3,5-TXb B npucyrcTBun karaau3aTopos Ha Y /A mpoxonuio B
HECKOJIbKO pa3 ObIcTpee, yeM B mpucyTctBuu Pd Ha aktuBupoBaHHOM yrie. Tak, moimHoe
npespamenue 1,3,5-TXb B 6enson B npucyrcteun 5 % Pd/YJIA npoxonuno 3a 40 MuHyT. 3a
310 Bpems koHBepcus 1,3,5-TXb B npucyTcTBuM npombliieHHOro karanusaropa 5 % Pd/C
(Fluca) coctaBuna Bcero 13 %. Yactuiel anmasza uMeroT Mainblii pazmep (20 HM), a momags
nosepxHoctu okoso 300 M/, MIO3TOMY BEPOSITHO, YTO OOJIbINAsl YACTh MaJIaJusl HAXOAUTCS
Ha NoBepXHOCTH YJIA U, K TOMY €, OKa3bIBa€TCS B BBICOKOIHEPIreTUYECKOM COCTOSHUHU.
[TpucyTcTBHE Ha MOBEPXHOCTU OOJBIIOrO KOJMYECTBA BaJIEHTHO-HEHACHIIICHHBIX aTOMOB
yraepoaa MOKET TMPUBOAUTh K CTa0MIM3alud HEOONBIIUX YacTUI[ Majuiagus, a
CJIeI0BATENIbHO, K BEICOKOM aKTUBHOCTHU Kataiu3aTtopa Ha Y J[A.

Ckopocts I'/IX 1,3,5-TXb B mpucyrcTBHM Katanu3aTtopoB Ha YJIA B ycloBusX, Koraa
Macca karaimuzaropa coctasimsuia 0,1 r, a xommdectBo 1,3,5-TXb - 0,35 mMmonb, HacTOIBKO
BBICOKA, YTO CJOKHO CpPaBHHMBATh aKTUBHOCTb KaTalM3aTOPOB C Pa3IUYHBIM COAEp)KaHHEM
nauiaausa. [lostomy OBUTH TPOBENCHBI JOMOJIHUTENBHBIE OIBITHI C MEHBIIEH HaBECKOU
katamzaropa (0,025 r) u Gombimmm kommdecTBoM cybctpara (0,8 Mmonb). B atom ciydae
aKTHBHOCTb KaTaln3aTopoB Ha YJIA Bo3pacTaeT ¢ yBeIMUYEHHEM cojep)kaHus nauiaaus. Tak,
noiHoe mpespamienue 1,3,5-TXb B Oenzon B mpucyrctBuu 5 % Pd/YJIA mnpoxomuio 3a
95 MUHYT, a IPY YMEHBIIEHUU COJIEp)KaHus nawiaaus B kataauzatope B 10 pa3 (0,5 % Pd/Y]1A),
BpeMs motHoro npespamieHus 1,3,5-TXb B 6er3on yBennunBaioch 10 420 MUHYT.

s mambonee aktuBHOTO Karanm3atopa (5 % Pd/YIIA) Obuio mpoBeneHO W3YYCHHE
3aBucumoctu ckopoctu I'/IX 1,3,5-TXb ot temnepatyps! B unrepsaie ot 40 no 60 °C. Ilpu
temneparype 40 °C ckopoCTh peaklMy OKa3ajach 3aKOHOMEPHO MeHblle, yeM npu 50 °C.

Opnnako npu 60 °C 3a nepseie 70 — 80 munHyT 061ast kousepeus 1,3,5-TXb cocrasmsna 70 %,
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a cojeprkanue OeHzoza npu 3ToM okojo 40 %. 3ateM CKOPOCTh peaklUy Pe3KO CHIKAeTCs,
Tak 4yto monHoe mpespameHue 1,3,5-TXb B Genzon mporekano 3a 500 MuHyT. AHanu3
KHHETMYECKMX KPUBBIX IOKa3al, 4To MpH Temmeparype okojo 60 °C MexaHu3M peakuuu
MEHSIeTCS:  M3MEHEHHE  KOHLIEHTPAlMM  IPOMEXKYTOUHBIX  MPOAYKTOB  CTaHOBHTCS
CTallMOHAPHBIM.

3ameneHe CKOPOCTH peaklMu U cMeHa mexaHuszma npu 60 °C MOKeT NMpOMCXOAWUTH
BCJICJICTBHE W3MEHEHHS THIA MOIU(PHKAINK AKTUBHBIX YACTHIl, U3MEHEHHS CTPYKTYPHI
aKTUBHBIX YaCTHUL M IPUPOABI B3aUMOJECHCTBUS KaTajlu3aTropa C areHTOM MexX(pa3HOro
IepEeHOCa, a TAKXKE 3a CUeT OTJIOKEHHsI Ha TTOBEPXHOCTH KaTaau3aTropa MpoLyKTOB PEeaKLnu.

Pabora Bemonnena npu nojaepxke PODU (rpant Ne 04-03-32-869) u mporpammsl
NOJ/ICP’KKU BEAYIIMX HaydHBIX mKoJ PO (mpoext HII Ne 1275.2003.3).
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MEXAHUW3M OKUCJIUTEJIBHOT'O XJIOPUPOBAHUSA METAHA U
ITPAKTUYECKHUE PEKOMEH/JALIUN

Po3anos B.H., Tperep 10.A.

Hayuno-uccnenoBarenbckuii nH)eHepHBIN IeHTp «CuHTe3», MockBa
E-mail: vnrozanov(@mail.ru, treger ihf@mtu-net.ru

B mocnennee BpeMsi B CBS3M € PE3KUM MOJIOpOKaHHEM He(TH BO30OHOBHIICS MHTEpEC K
MPOIIECCY OKCUXJIOPUPOBAHUSI METaHA, KaK METOJY MOTYyUYEHHUsS! XJIOPUCTOTO METHIIA C IENbI0
€ro TOCJEAYIONIer0 MpeBpalleHuss B OCH3WH, alleTHJICH, dTUJICH M BUHWIXJIOPUA. MeTon
MOJIYYEHUS KUIKOTO TOIUIMBA 4Y€pe3 CTAIUI0 OKCUXJIOPUPOBAHHUS METaHA CUHTAeTCs Oosee
BBITOJIHBIM IO CpaBHEHMIO ¢ ApyruMu [1]. Tak, XJOpHUCTBIM METUIT MOTy4YaeTcsl U3 METaHa B
OJIHy CTaJHI0, a METAHOII — B JIBE CTa/IUU Yepe3 MOJy4eHne CHHTE3-Tasa.

Ecnu xmopucTeiii Bogopoad, o0pa3yromuiics Ha CTaauu MHUPOJIN3a XJIOPUCTOTO METHUIIA,
BO3BpAIllaTh HAa CTAJAMIO €ro TMOJYyYEHMs, TO TMOJydaeTcs cOaJaHCHPOBAHHOE TIO XJIOPY
MIPOM3BOJICTBO, HAIPUMED:

2CH;Cl —— C,Hs +2 HCI
2CH4 +2HCl1+ O, —— 2CH;3Cl + 2H,0

OcHoBOH uIsl Tpoliecca OKUCIUTENIBHOTO XJIOPUPOBAHMS METaHA IOCITYXHWJIAa peakius
OKHUCJICHHS XJIOPHCTOTO BOAOPOAa KHUCIOPOJIOM 0 XJjopa (Ha3blBaeMas TakKe peakiueit
JlukoHa), ocymiecTBisieMasl Jaile BCero B ra3oBOi (ase Ha Karamuzaropax, COJEpKaIlux
XJIOpU MEMIHM, IIpU Temmeparypax 350-450 °C.

[TokazaHo, yTo Hambosee aKTUBHBIM KaTalIU3aTOPOM SIBIISIETCS XJIOpHAs Mellb B CMECH C
XJIOpUJIAMU Kalldsig M PEAKO3EMENbHBIX 53JeMeHTOB. [lo aKTUBHOCTH UCClEOBaHHbBIE
KaTaJlnu3aTOPbl MOXKHO PACIIONOKUTh B CAEAYIOMINMI Pl
CuCl,-KC1-0,2LaCl; > CuCl,KCI-0,3Ru" > CuCl,-KCl > CuCl, > Fe;03 > Cr,03 > PdCl,.

[Io maHHBIM KHWHETHMYECKHUX MCCIIEAOBAaHUNM CKOPOCTh peakuuu JIMKOHa 3aBUCHT OT
napuuagbHOTO JaBieHus: kucinopoaa B creneHu 0,5. bbuto HaliieHO Takke, 4TO ancopOIus

KHCJIOpOJa KaTaIn3aTOpOM MPOTCKACT 3HAYUTCIILHO MCIJICHHCC, YCM ancop6um{ XJIopa u
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XJIOPUCTOTO BOAOPOJA. DTUM JaHHBIM COOTBETCTBYET MPUHATHIM OOJBIIMHCTBOM aBTOPOB
CTaJAUNHBIN MEXaHW3M, OCHOBAaHHBIA HAa TOM, YTO XJIOpP oOpa3yeTcs Ha CTaJuu Pa3IoKEHUS
XJIOpUZAA JBYXBAJICHTHOU MEIU, KOTOPBIA PErCHEPUPYETCS B3aUMOICHCTBUEM C KUCIOPOIOM,
a 3aTeM C XJIOPUAOM BOJOPOJA.
2CuCl,  ~ 2CuCl+Cl, (6bIcTpO)
2 CuCl+ 0O, —» Cu0,Cl, (MemneHHO)
Cu202C12 +4HC] —» 2 CuClz + Clz +2 HZO (6LICTpO).
DTOM cXEME COOTBETCTBYET CIEAYIONIEE KNHETUYECKOE YPAaBHEHHE!
w = 4kK[CuCL]*- Poy/Pcl, = k'-Po,/Pcl, ,

rae k - koncranTa ckopoctu, K - koHcTanTa paBHoBecus, a k' =4 k-K - [CuClz]z.

BelmenpusBeneHHas cxeMa MOXKET CIYKATh WIIIOCTpauued OAHOW M3 IEPBBIX TEOPHUH
Karaiau3a, OOBACHAIOIIEH  MEXaHW3M  KaTaIUTUYEeCKOoro  JeicTBus — oOpa3zoBaHUEM
MIPOMEKYTOUHBIX COEIMHEHUW, KOTOpbIE 3aTEM MPEBPAILAIOTCS B MPOAYKTHl PEAKIHH C
pereHepanyeil MCXOJHOrO KaTaju3aropa. JTa cxema O0ecleYHBaeT B3pPhIBOOE30MACHOCTD
IIpoLecca OKCUXJIOPUPOBAHUS M CHUKAET OKHCICHUE METAaHA 10 OKCHJOB yIVIEpOJA 3a CUET
TOTO, YTO HA MEPBOW CTAINU METAH XJOPUPYIOT C MOMOIIBIO XJIOPUAA MEAM, a HA BTOPOH -
OKHCJISIIOT BOCCTAHOBJIEHHYIO (JOPMY MEIU KUCIOPOJOM U XJIOPUIOM BOAOPOJA.

B pesynbraTe uccienoBaHus KHUHETHMKM M MEXaHHM3Ma IpOLECcCa OKCHUXJIOPUPOBAHUS
MeTaHa (Tabnuia 1) He OpUT0 0OHAPYKEHO MPSIMON 3aBUCHMOCTH MEX]Ty TTOBEPXHOCTHIO COJTU
WJIM HOCUTENS M aKTUBHOCTBIO KaTajlu3aTopa, 4YTO TOBOPUT O HAJIMYMHU TOMOT€HHBIX CTaIH.

Tabmuma 1. BnumsiHue yaenbHON mMOBepXHOCTH coiu (S;) M CBOOOAHOW OT COMH

IMOBCPXHOCTHU HOCUTCIIA (SH) Ha IMOKa3aTeJIn IMpouecca OKCUXJIIOPUPOBAHUA MCTaHA

Se, Sk, Kounsepcuu, %

M/r M/r HCI CH4 0, HCIB Cl, | CH4B CO+CO;,
8,2 171 51,6 28,6 28,6 14,2 6,4

2,2 11 53,2 30,1 30,1 12,1 6,3

0,8 0 49,5 28,0 31,2 15,0 5,6

Cranust OKUCIIEHUS XJIOPUCTOrO BOAOPOAA KUCIOPOIOM A0 XJIOpa MPOTEKAET TOMOI'€HHO
BO BceM oObeme coneBoro pacruiaBa. Crtaaus XJIOpUPOBaHHMS MeETaHa M XJIOPMETaHOB B
3HAYUTENIBHON CTENEHU HJET B ra30BOi (pa3e ¢ yuyacTUEM MOBEPXHOCTH KOHTAaKTa (HOCUTENS

U pacIulaBa) Ha CTaIMM UHUIIMUPOBAHUS U OOpbIBA IIETIH.
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CkopocTh T0O0YHOI peakluy IITyOOKOTro OKHCIIEHUSI MeTaHa U XJIOPMETAHOB /10 OKCHJIOB
yriaepoja TaKkKe MpsMO HE CBsi3aHA C YJCJIBbHOW IOBEPXHOCTHIO COJNM M HOCHTENS, T.C.
MPOTEKAET, B OCHOBHOM, II0 TOMOT€HHOMY WJIM T€TePOr€HHO-TOMOT€HHOMY MEXaHU3MY .

B nanbHeiineM uccienoBaHHe KWHETHKH PEAKLIUU OKCHUXJIOPHUPOBAHUS MPOBOIMIOCH B
peakTope C BHOPOB3BEUIEHHBIM CJIOEM KaTaju3aTopa MpH OTCYTCTBHU CBOOOJHOTO OoOBeMa
Haja kKatanu3aropoMm [2]. IlomyueHsl cienyroliye MNOPSAKH PEAKIMM OKCHUXJIOPHUPOBAHUS
MeraHa 1o peareHtam: HyneBod mo HCI, Omuskuit k 1 mo CHy m Onu3kuii K Hy/IO TIO
kucaopony. Ilopsaaku moOOYHBIX peakiuil rTyOOKOTr0 OKMCICHHS MO0 METaHy M KHCIOpPOIY
omu3kn Kk 1. COOTHOIIEHHE CKOPOCTEH OKUCIICHHUS! XJIOPHCTOTO METWIIA, METHIICHXJIOPUAA,
xJ0pohopMa, YETBIPEXXJIOPUCTOTO YIiepoJa W MeTaHa JI0 OKCHAOB YIJIEpOJa COCTABISET
1:0,29:1,1:0,91:0,06. Mexanu3m peaxiuii TIiyOOKOTr0 OKUCICHHUS U3y4YeH HEJ0CTATOYHO.

VYuuteiBasgs 6osblIod TemoBod 3(@exkT ocHoBHOW peakuuu 163 k/[x/Monb u BKIaxn
NOOOYHBIX peaknuid TIIyOOKOTO OKHCIICHHs, TI€pBOHAYAIbHBIE HCCIIEOBAHUS  OBUIH
HaNpaBlieHbl HA CO3JIaHUE Tpollecca B TCEBIOOXKIKEHHOM cioe KoHTakTa. OmHako mpu
Mepexojiec Ha OMBITHYI0 YCTAaHOBKY C YyBelMueHHWEeM auameTpa peaktopa ¢ 40 mo 400 mm
CropaHHe MeTaHa M XJIOPMETAHOB /10 OKCHJIOB YIJIepo/ia YBEINYHIOCH ~ B 3 pasa.

Ha ocHoBaHuM HM3yuyeHHs] MEXaHHW3Ma M KUHETUKU PEaKLUU OKCHUXJIOPUPOBAHUS METaHa
Ha OIBITHO-TIPOMBIIIICHHON ycTaHOBKe YeOokcapckoro m. o. "XuMmpom" MOIIHOCTBIO
1500 T x;mopMeTaHOB B ToJ ObUI WCHBITAH JBYXCTYNEHYATHIH aaua0aTHYECKUN peakTop,
M3TOTOBJICHHBIM U3 yriaepoaucToit cranu + ¢yrepoBka [3]. Temnepatypa Ha BXoje B clol
karanusaropa cocrasisiaa 300-320 °C, a na Beixoge 400-420 °C. Temneparypa Ha BHIXOZE U3
CJIOSl KaTajau3aTopa yIpaBisuiach Mojadeil KUCIOpPOoAa B KAKAYIO CTYNEHb aquadaTHYeCKOro
peaktopa. Ilpm KOHLEHTpauuu KHCIOpoAa B peakUuoHHOW cmecu 1,5-2 % ero cremneHb
IPEBpaLICHMsI B KaXKJI0OM ciloe Katanu3aTopa cocrasisiia 80-90 %.

CHmxXeHHe KOHIIEHTpAIMK KUCIOPOa YMEHBIINIO BbIXO/I MOOOYHBIX OKCHJIOB yTiepoa,
TaK KaK HaOJI0aeMbIil IOPSI0K PEaKIMU 10 KUCIOPOLy JJIsl OCHOBHOM peakuuu 6Jau30k K 0,
a JUIs MOOOYHBIX PeaKIHi riTyO00KOro OKUCIEeHUs OM30K K 1.

B Poccun paGoThl 10 OKCHXJIOPUPOBAHHIO METaHa ObUIM JTOBEICHBI JI0 CTPOUTEIHCTBA
MPOMBIIIJIEHHOTO MTPOU3BOJICTBA XJIOPMETAHOB MOIIHOCTBIO 55 ThIC.T TOJ Ha SIBaHCKOM II.O.
"Taxukxumnpom". HamonoBuHy 3aKkOHYEHHBIE PAa0OTBI IO  CTPOUTEIBCTBY  OBLTH

npekparieHsl B 1992 1. u3-3a orcyTcTBHS (PMHAHCHPOBAHUS.
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B mpouecce rereporeHHO-KaTaTUTHUYECKOTO IIyOOKOTO OKHCIIEHHUS XJIOPCOAEPKALIUX
OpPraHUYECKUX BELIECTB 00pa3yloTCs XJIOP U XJIOPUCTHIM BOAOPOA, KOTOPbIE, B3aUMOICHCTBY
C KaTaJu3aTOpPOM, BBI3BIBAIOT €r0 OTPABJICHHE WM JECTPYKLHUIO BCIEACTBHE 0Opa3oBaHUs
XJIOPU/IOB METAJJIOB, MMEIOIINX HHU3KHE TeMIepaTypbl IiaBieHus. [lo aToil mpuunHe He
pa3paboTaHbl KaTaau3aTOPbl INIyOOKOrO OKHMCIEHHS TaJOreHCOJEpXKalluX OpraHuYeCKUX
OTXOJIOB.

Hamu mokaszaHo, 4TO B pAacIUIaBICHHBIX CHUCTEMax Ha OCHOBE XJIOPHJOB IIEIOYHBIX
METaJUIOB, BKJIIOYAIOMIMX OKCHABI METaUIOB IEPEeMEHHOW BaJCHTHOCTH, B TPHCYTCTBHU
KHCJIOpO/a  BO3AyXa  XJOPCOAEpXKalllMe OpraHMYecKHe BEUIeCTBA  OKHCISAIOTCS ¢
00pa3oBaHUEM MOJEKYJSIPHOTO XJOpa, KOTOPBIM BbLIENseTcs B ra3oByio ¢aszy [1, 2]. Xmop
oOpasyeTcs Takke B pe3yJbTare OKUCIeHUs xjopua-uoHoB B cucrteme NaCl- V,0s5-O; [3].
CkopocTh 00pa3oBaHMs XJIOpA M €ro KOJMYECTBO 3aBUCAT OT MPUPOABI MeTaia, 4To
CBUJIETEJILCTBYET O KATAJIUTHUYECKOW POJIM OKCHUIOB psAa METAJIOB IE€PEeMEHHOU
BAJICHTHOCTH B PEAKIMAX OKUCIIEHUS XJIOPHUI-MOHOB B PaCIUIaBE.

B nanHOM paboTe mnpuBENEHBI PE3yJIbTAaThl HU3YUYEHHS] 3aKOHOMEPHOCTEH OKHUCIIEHHUS
xaopua-uoHoB B cucteme NaCl-Me,Oy-O,, rne Me — V, Cr, Co, Cu, Mo, Sb u NaCl-CuCl-O,
Kak OJHOW M3 craguii  IIyOOKOro  IeTepOoreHHO-KaTaJIUTUYECKOIO  OKHUCIIECHUS
XJIOPCOJEPKALMX OPraHMUECKUX BEIIECTB. DKCIEPUMEHTHI IPOBOJAMIN, 6apOOTHPYs BO3AYX
yepe3 pacivlaB MM HPOIycKas BO3AyX (230T) HaJ MOBEPXHOCTHIO PEAKLIHMOHHOW CMECH.
Metonuka MpoBeNEHUs IKCIEPUMEHTOB NOApoOHO omucaHa B pabdore [3]. KommuectBo

BBIJICTISIIONIETOCS XJIOpa OMpPEAEsIi METOJIOM XHMMHYECKOro aHaimuza, merogamu JITA u
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P®A wuccnenoBanu mpoObl HMCXOMHBIX COCIWHEHMH W OTBEPXKACHHBIX CMECEH Iocie
MIPOBEICHUS PEAKIUU.

B armocdepe azora B3ammopeiictBue CrQOs c¢ NaCl mnporekaer, BO3MOXHO, IO

ypaBHEHUSAM
2 NaCl + CrOs; = Na,CrOs; + Cl,, (1)
NaCl + CrO; = NaCrO, + 0,5 Cl, + 0,5 O,. (2)

Oxcun momubnena (VI) pearupyer ¢ XJIopuaoM HaTpuss B aTrMocdepe as3ora

MPEANOJI0KUTENBHO 10 YPaBHEHHUIO
2 NaCl + M003 = Na2M003 + C12 (3)

B cucremax NaCl-Cr,03; u NaCl-CuCl npu temneparype 820 °C okucaeHHe XJIOpHI-
HMOHOB B aTMoc(epe a30oTa HE MPOMCXOAUT, a B arMocdepe Bo3ayxa XJop oOpasyercs u3
XJIOPUJI-MOHOB B PE3yJIbTaTe aKTHBAIMH KucIoponaa Bo3ayxa okcuaoM xpoma (III) wmm
xnopugom meau (I).

Pesynbrater POA cmeceit NaCl + 20 mac.% MoQO; mpu nporyCKaHMM BO3ayXxa
MO3BOJIAIOT CENATh BBIBOJI, YTO B PEAKIIUU OKUCIICHUS XJIOPUI-HOHOB 00pazyroTcs Na;MoOy,
NayMo0,07 1 cltokHBIA okcux MoaudOaeHa cocraBa MogO .

KoHCTaHTBI CKOPOCTH peakIHMy OKHCICHHS XJIOpHI-HOHOB B cucreMax NaCl-MoOs;
pPacCUUTHIBAIA MO TICEBJIONEPBOMY IMOPSIKY, T. K. CUCTEMa COACPKHUT HU30BITOK XJIOpHIa
HaTpus. PacueT mpoBOIMIM UCXOI U3 MPEANOJIO0XKEHHS, YTO B OKHCICHHH XJIOPHJI-MOHOB
MPUHUMAET Y4YacTHUE OJHO U3 COEJUHEHMM, Halu4he KOTOPOro B CHCTEME JOKa3aHO Ha
ocHoBaHWM JdaHHBIX P®A. Pesymbrarhl pacueTroB, TpHUBEACHHBIE B  TaOJUIE,
CBHUJICTEILCTBYIOT 0 ToM, 4To B cuctemMe NaCl + MoOs; BO3MOXXHO TpOTEKaHHE O00erx
YKa3aHHBIX PEaKIHil, a CKOPOCTh B3aUMHOTO MPEBPAILIECHUS COEIUNHEHUN, IPUCYTCTBYIOLIUX B

CUCTCMC, BBIIIC CKOPOCTU OKHUCJIICHUSA XJIOPUA-UOHOB.

KoncTaHTEI CKOpPOCTH p€AaKIIMU OKHCIICHHA XJIOPUA-HOHOB B CUCTEMEC

NaCl + MoO; nipu Gap6otaxe Bo3ayxa (2,5 1/4) u temmneparype 820 °C

k-10%, ¢,
Peakuus npu KoHueHTpauu MoOs (Mac.%)
10 20
2NaCl +2MoO; + 0,50, = Na;Mo,07 + Cl, 0,12 £ 0,04 0,16 + 0,03
2NaCl + MoO3; + 0,50, = Na;MoO4 + Cl, 0,07 £ 0,01 0,08 £ 0,02
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3HavYeHUST KOHCTAHT CKOpPOCTH 0Opa3oBaHus xyopa B cucteme NaCl-MoOs; Hmke, 4em B
cucreme NaCl-V,0s (k = (0,80 £ 0,02) - 10™* ¢™) [3].

KonuuectBo oOpa3oBaBuierocst xjopa Mpu MPOMYyCKaHUH BO3AyXa HaJ MOBEPXHOCTHIO
peakunonHoit cmecu cocraBa NaCl-Sb,Os (20 mac.%) MeHblle, 4eM B pe3yjbTare
B3aumoneicteusi B cuctemMe NaCl-MoOs;—0O,. KonmdectBo  BBIACISIEMOro  XJjopa
yBEIUYMBAETCsA Tpu jAo0aBieHnu B cuctemy V,0s. OmnpeserneHa KOHCTaHTa CKOPOCTH
peakmuu B cucteme NaCl-Sb,0s—0; mo riceBonepBomMy MOPSIKY I YpaBHEHUN

2 NaCl + Sb205 = Na28b205 + Clz, (4)
2 NaCl + Sb,0s5 +0,5 O, =2 NaSbO; + Cl;, (5)

k = (0,39 £ 0,06) - 10 ¢’'. Crieayer oTMeTHTb, UTO MPH YMEHBIICHAN PACXOJa BO3LyXa
xsiop u3 cucreMbl NaCl-Sb,Os BbiiensieTcss MeHee MHTEHCUBHO, B TO BpeMsl Kak J100aBlieHHe
MEHTAOKCH/Ia BAaHAIMSI K YKa3aHHOW CMECH YBEITHYHUBAET KOJIMUYECTBO 0OPA3YIOIETOCs XJIopa.

MakcumanbHOE€ KOJIMUYECTBO XJjiopa TpH OapOOTHpOBaHMM BO3[yXa 4Yepe3 paciuiaB
BbIJIETISIETCS] B Pe3yJIbTaTe B3aMMOICHCTBHS XJIOpUAa HATpUsSl C MEHTAOKCHIOM BaHAIMs, a B
clly4ae TMpOMYyCKAaHHUA BO3JIyXa HaJ TOBEPXHOCTHIO PEAKIMOHHONW CMECH HauOONIbIIyIO
AKTUBHOCTb B PEAKIIMU OKUCIICHUS XJIOPUA-UOHOB IposBisieT okcua xpoma (VI).

AKTUBHOCTb W3YUYEHHBIX COCIUHEHUN B PEAKIIUU OKUCIICHUS XJIOPUI-UOHOB CHIKAETCS B
pany:

CrOs; > V5,05 > V5,05 + Sb,O5 > M0O3 > Sb,Os5> CuCl > Cr,03 > C030..

[TomydeHHble pe3ynbTaThl U3yUYEHHUSI OKHUCICHUS XJIOPHI-MOHOB ¢ 00pa3oBaHHEM XJIOpa
CBHJICTENBCTBYIOT O BO3MOXHOCTH cuHTe3a cucreM NaCl-Me,Oy, conepxkamux cmecu
OKCHJIOB METAJJIOB TIEPEMEHHOM BAJIGHTHOCTH, B KOTOPBIX CKOPOCTh 0Opa3OBaHHS XJopa U
BBIIEJICHUSI €r0 M3 paciuiaBa OyJeT COM3MEpHUMa CO CKOPOCTHIO IMOCTYIUIEHHS B CHCTEMY

XJIOpa B pE3yJIbTaTe FJ'IY6OKOFO OKHCJICHUS T'AJIOTCHYTJICBOAOPOAOB.

Jluteparypa:
1 Yu.S. Chekryshkin, T.A. Rozdyalovskaya, Z.R. Ismagilov, M.A. Kerzhentsev,
O.A. Tetenova, A.A. Fedorov. Eurasian Chem. Tech. Journal. 2003. Ne5. P. 201-207.
2 10.C. YekpsiikuH, T.A. Po3asnoBckas, A.A. @enopos. I'eTeporeHHo-KaTaTuTHYECKOE
ri1y0OKO€ OKHCIICHHE TaJOreHCOoIepKallluX BEIIECTB Ha pacijiaBax 3JEKTPOJIUTOB.
ExarepunOypr: YpO PAH, 2005. 124 c.
3 T.A. Po3psanosckas, FO.C. Yekprikus, XK. A. Bayrckux, B.H. Hekpacos,
O.B. JIumanosckas. PactutaBel. 2004. Ne4. C. 75-84.
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BJUAHUE CUJIBHOI'O B3AUMOJENCTBUA METAJLI-HOCUTEJb HA
KATAJIMTUYECKYIO AKTUBHOCTb CUCTEMbI
Pd-Zr0O,-AL,O3; B IT'HAPOAEXJIOPUPOBAHHNHU XJIOPBEH30J10B

Typakyaosa A.O., Koporkos A.B., I'oinyouna E.B., JlokreBa E.C.

Xumudeckuit pakynbTeT MOCKOBCKOTO TOCYIapCTBEHHOT'O YHUBEPCUTETA
M. M.B. JlomoHocoBa, MockBa
E-mail: les@kge.msu.ru, atur@kge.msu.ru

bunapubie OKCHIBI Ha OCHOBE OKCHJOB LIMPKOHUS M QIIOMUHUS, HUCIOJIb3yeMbIE B
KaueCTBE HOCHUTEJECH, SBISIIOTCA XOPOIIMMH TPOMOTOPAMH KATAJIMTHUYECKOW aKTHBHOCTH;
OHM 00JIaJA0T TAaK)KE BBICOKOW MEXaHWYECKOW MPOYHOCTHIO, TEPMUUYECKON CTAOMIHHOCTHIO,
YCTOWYMBBI K JEHCTBUIO arpecCUBHON CpEIbl, YTO MOXXET CIIOCOOCTBOBATh YBEIMUYEHUIO
CTaOMJIBHOCTHU KaTaJTM3aTOPOB B )KECTKUX YCIOBUAX peakiuu runpoaexiopuposanus (I'/1X).

B Hacrosimeit paboTe n3ydeHa BO3MOXKHOCTh HCIOJB30BaHUSI OKCUAHBIX cUCTeM ZrO;-
Alb,Os; B KkadecTBe HOCUTEICH M1 TPUTOTOBICHUS dS(PGEKTHBHBIX KaTalnu3aTOPOB
TUApONEXJIopupoBaHus.  Hocutenu  TOTOBHIM ~ METOJOM  OCaXIEHUS  aMMHAKOM
COOTBETCTBYIOIIMX THUAPOKCHAOB U3 pactBopoB wux coieil [ZrO(NOs3),x2H,O u
AI(NO3),x9H,0] u mnocieayomuM UX OTKUTOM. TepMHUEeCKHE CBOWCTBA THIPOKCHUIOB
oxapaktepusoBanbl MeTogoM [ITA. Onpenenensl BemuunuHbl yaenbHOU moBepxHocTH (BOT)
U (a3oBbIi cocTaB OKCHIHBIX cucTeM (PDA), mpokaneHHBIX MPHU Pa3NUYHBIX TeMIIepaTypax.
Karanuzatopsr roroBmiu ocaxaenuem Pd(OH), wa Hocutens u3 pactBopa PdCl, B 0,01M
BonHOoM pactBope HCl myrtem noGasnenust 1M NaOH no pH =10. B kauectBe HOcHTenen
OBLIM MCTOJIb30BaHbl YHUCTHIE OKCHU/BI LIMPKOHUS U aTIOMUHUS U OuHapHble cucTeMbl ZrO;-
ALOs, conepxamue 1; 5 u 10 monb.% BTOporo kommoHeHTa. KaTanuzatopsl Ha OMHApPHBIX
Hocutensax coctaBa 2% Pd/(ZrO,+1%A1,05) u 2%Pd/(ZrO,+5%Al1,03) nposiBUIIA BBICOKYIO
AaKTUBHOCTH M cTaOMiIbHOCTH B MynbTH(]a3zHOM ['IX 1,3,5-x10p6en3omna. Tak, B mpuCyTCTBUA
2% Pd/(ZrO,+1%A1,03) 100% xouBepcun 1,3,5-TXb nmocrturaercs 3a 25 MUH peakiud, B
npucytctBun 2%Pd/(ZrO,+5%A1,03) - 3a 50 mun (0,1 r karanuzatopa, 50°C, 0,35 M 1,3,5-
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TXb, pactBoputens u3o-okraH, 5% BogH. KOH, 0,26 mmons AnmkBata 336). B tex ke
ycnoBusx B mpucyTctBuu 2% Pd/ALO; u 2% Pd/ ZrO, 100% xonBepcus 1,3,5-TXb
nocruranacek nocie 200 muH peakuuu. Kunernueckue KpuBbI€, MONTYYEHHBIE B IPUCYTCTBUN
KaTaJM3aTOPOB HA WHIWBUIYATbHBIX OKCHAAX, UMenH u3yioM mocie 30-50 MuH peakiuw,
CBUJIETEJICTBYIOIMI O MOTepe KaTaJnu3aTopaMH AaKTUBHOCTH. BBICOKYIO aKTHBHOCTb H
CTa0WJIBHOCTh ~ KaTaJlM3aTOPOB  HAa  OCHOBE OMHApHBIX  OKCHJOB B  Ipolecce
THJIPOACXJIOPUPOBAHMSI MOXKHO CBsi3aThb ¢ 0Opa3oBaHHMEM TBEPAOTO pacTBOpa WM
MHTEpPMETAININYECKOro coenuHeHust ZrOQ, ¢ OKCHIOM MNajulajusi, BOZHUKAIOIIETO Ha CTaJuu
OTKHTa TPEeKypcopa KaTanm3aTopa. JTO COEIMHEHHE MOJKET CIIYKMTh HCTOUHHKOM Pd"™,
KOTOPBIH, COTIIACHO JIMTEPATyPHBIM JIaHHBIM, yuyacTByeT B aktuBaruu cBsizu C—Cl [1]. Kpome
TOTO, 3TOT TBEPJbIH PacTBOP WJIM MHTEPMETAJUIM] MOCIE BOCCTAHOBICHHUS MOXKET CIY>KUTh
HMCTOYHUKOM aKTHBHOTO BOJOpOJa, HeoOXxoaumoro ais mporecca X,

Takum oOpa3om, B paboTe BIEPBBIE IMONYYEHBI BBICOKOA((EKTUBHBIC ITajUIaHEBhIC
KaTaJIn3aTOPhl THAPOJAEXJIOPUPOBAHMS HA OCHOBE OMHAPHBIX OKCUIOB Z10,-Al0Os.

Pabora BbimonHeHa npu nopaepxkke PODPU  (rpant 04-03-32869) u HMHTAC
(rpanT 04-83-2734).

Jlureparypa:
1 L.M. Gomez-Sainero, X.L. Seoane, J.L.G. Fierro, A. Arcoya. J. Catalysis, 2002,V.209,
P.279.
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ITpoMBIIITIEHHBIE TPOLECCHI OKUCIATEIBHOIO XJIOPUPOBAHMS dTUIICHA € IIOJydeHueMm 1,2-

JUXJIOPATaHA KaK LIEJIEBOTO IPOAYKTa [0 peaKLUu:
C2H4 + 2HCI1 + 0,502 —> C2H4C12 + HzO

IIPOTEKAET C YYaCTUEM MEIbXJOPUIHBIX KaTaJU3aTOPOB HA OCHOBE OKCHJa aJIIOMMHHUS KaK
HOCHTEJIS.

OKucIuTeNpHOE XJIOPUPOBAHHUE ITHIIEHA CXEMAaTUYHO MOXKET OBbITh MIPEJCTABICHO B BUJIE
OKHUCJINTEIIbHO-BOCCTAHOBUTEIIBHON PEAKIMM, B KOTOPOHW XJIOPHI MEIU HaxXOAUTCS B
JUHAMHYECKOM PAaBHOBECUU MEX]Yy OJHO- U JIByXBaJIEHTHBIM COCTOsIHUEM [1]:

C2H4 2C11C12 HZO

C2H4C12 CU2C12 2HCIl+ 1/2 02

ITpoBeneHue mponecca B NCEBAOOKIKEHHOM CJI0€ KaTajau3aTopa TpeOyeT, Kak MpaBuIIo,
OTHOCHTEJIbHO HU3KUX Temreparyp (210-225 °C), uto omnpezensieTcss HaJIUYMeM aKTHBHBIX
MEIHO-AIIOMUHHUEBBIX KOMILJIEKCOB.

Ucnonms3oBanne y- wimm 0-Al,O; B KadecTBe HOCHTENS NPUBOAWT K YBEIHMUCHUIO
aKLENTOPHOM CIIOCOOHOCTH KaTHOHA MEJM 3a CYET 00pa30BaHUs MOCTHKOBBIX CBA3EH MEKIY
KaTHOHAMH MEM U KaTHOHaMH HocuTesd [2]. DTo obieryaer pa3pblB JBOWHON CBA3U ATUIICHA
IPYU €ro B3aUMOJECHCTBUM C KaTHOHAMHU MeIU. XJIOPUCTBIM BOJOPOJ yYacTBYET HE TOJBKO B
pereHepany UCX0HOTO COCTOSIHUS MEIH, HO U B (JOPMHUPOBAHUH KATATUTHYECKN aKTUBHBIX
HeHTpoB Ha moBepxHOCTH AlO3;, W B yBENMYEHUH TUCIIEPCHOCTH COJEBOM (a3bl Ha
TMOBEPXHOCTH KaTajiu3aTopa. Pojib KHCIOpOaa CBOAMTCS HE TOJNBKO K okucienuto Cu' 110

2+
Cu”’, HO OH TaKXe COCOOCTBYET MUI'PALIMM HOHOB XJ0pa ¢ obpazoBanueM CuCl, .
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Hapsiny ¢ xmopuaoM Meau B KaTalM3aTOpbl OKCHUXJIOPUPOBAHMSI STHJIEHA MOTYT
BBOJHUTHCS B KAueCTBE MPOMOTOPOB WM CTAOWMIM3ATOPOB XJIOPHIBI TaKMX METAJUIOB Kak
JAHTaH, MarHvii, Kaauil W Jp., KOTOpbIE, C OAHOW CTOPOHBI (JIaHTaH), YBEJIMYUBAIOT
CIIOCOOHOCTh KaTMOHOB MEIU K KOOPAMHAIIMOHHOMY CBSI3BIBAHUIO C oyie(puHAMHU, C APyroi
CTOpOHBI (MarHui, Kajuii), CIOCOOCTBYIOT YMEHBIIECHUIO IOJIM TOOOYHBIX peaKIui, B
YaCTHOCTH, peakluil TTyOOKOT0 OKHCIECHUS.

B mpoMBIIIIeHHBIX yCIOBUSX MPAKTUYECKU TMOJIHAS KOHBEPCHS XJIOPUCTOTO BOJIOPOA
OOBIYHO MOXXET OBITh JOCTUTHYTa IyTeM BapbUPOBAHHS TEMIIEPATyphl, a TaKkKe H30BITKA
sTiiieHa U kuciopona no otHomenuto Kk HCL Ilo stoit mpuymHe BBIOOp KaTanu3aTopa U
YCIIOBUH MpPOTEKaHUsl IMpoliecca TUKTYETCs, MPEeXIe BCEro, CEIEKTUBHOCThIO 00Opa3oBaHUS
TUXJIOpITaHA.

Hawmnyumue »skcrulyaTallMOHHBIE CBOMCTBA B IIPOLECCE MPOSABISAIOT KaTalU3aTOpPBI
NICEBAO0XKWKEHHOTO CJI0s, COAepXKalllieé MHHMMAJIbHOE KOJMYECTBO MEAM Ha BHELIHEH
MMOBEPXHOCTH 3epHA Karanuzaropa. ATomHoe cooTHomeHne Al:Cu Ha BHEIIHEH TOBEPXHOCTH
3epHa cocrasisieT Benuunny 40-43, uTo yka3bIBaeT Ha TO, YTO 10 75 % Meau, HAHECEHHOW Ha
KaTajau3aTop, HaXOAUTCA BHYTpHM 3epHa [3]. B Takux karammzaTopax COJEBOM KOMIIOHEHT
HaXOAMUTCS B BBICOKOAMCIIEPCHOM COCTOSIHMM, IpPUYEM B KaTajau3aTope BeJMKa MO
MOBEPXHOCTH, CBOOOJHON OT COJIEBBIX (a3, a TakkKe J0Js MOBEPXHOCTH C ydyacTKaMu, Ha
KOTOPBIX MeJIb HaXOJUTCS B pPEIIeTKE HOCHUTENs B BUJE alIOMUHATHBIX CTPYKTYyp [4]. D10
MO3BOJIAET IPOBOJUTH MPOLECC OKCUXJOPUPOBAHMS STHIEHA NPU MUHUMaIbHBIX (2-3 %)
M30BITKaX 3TUJICHA M KUCIIOPOJIA 10 OTHOMICHHUIO K XJIOPHCTOMY BOAOpPOAY Oe3 ariiomMepamnuu
YacTHIl KaTajgu3aropa. SIBieHue ariomMepanuyd OOBIYHO XapaKTepHO IS KaTalu3aTopoB,
CoJIepKalIuX M30BITOUYHBIE OTHOCHUTENHFHO B3aMMOJCHCTBHS C HOCUTEIIEM MEIbCOAEp KaIUe
dazer — CuCly, Cuy(OH);Cl 1 1p. Ha TOBEPXHOCTH KaTalln3aTopa.

IIpy wucnonb30BaHMKM B TPOLECCE TAKUX KaTaJIW3aTOpPOB B pEXUME paboThl ¢
OTHOCcHUTENbHO Hm3KoW KoHBepcued HCI waOmromaercst paspylieHHe aJlOMHHATOB
OJIHOBaJIeHTHOUW Mequ ¢ oOpazoBanuemM CuCl. DTo NpUBOANT K HAPYLICHHUIO OartaHca MEXIy
Cu" u Cu*" . TlIpu stom u36brTounsii CuCl 06pasyerT HEeCTEXHOMETPHUECKHH KOMILIEKC C
peaxumonnoit Bogoit HCuCl,*0,5H,0 ¢ muskoit Temneparypoii miasienus (145 °C) [5]. Dto
CIOCOOCTBYET arjioMepalnuy 4acTul] Karajau3aTopa M, Jajiee, HapyUIeHHIO TUIPOAMHAMHUKHU
nceBAO0XKIKEeHHOTo cnosi. [lo yka3aHHOW mpuyuHE MpollecCc HEOOXOAUMO MPOBOAWUTH MPHU
n30bITKe dTHiIeHa 1Mo oTHomreHuto Kk HCl me menee 7-10 % Mo, 4TO BEOET K CHIIKEHHIO
KOHBEPCUM JTUJICHA, YBEJIWYEHHUIO BbIXoAa MNpoaykroB COyx M yXYyJIUIEHHIO TEXHUKO-

SKOHOMHMYECKHUX IMOKa3aTelei mpornecca.
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BoccranoBnenne HOPMalbHOTO TICEBIOOXKMKEHHUS MOXET OBITh JOCTUTHYTO MyTEeM
00paboTKH KaTalu3aTopa BO3AYXOM. B 3THX yCIOBUSAX MPOUCXOIUT pa3pylleHHEe KOMIUIEKCa
C OJIHOBPEMEHHBIM OKHCIIeHHeM Mexu 10 Cu’':

HCuC12°0,5H20 + 0,2502 — CuClz + Hzo
W, B JAbHEIIIEM, BOCCTAHOBIEHHEM HeoOxomumoro Gamanca Cu®'- Cu'.

OCHOBHBIM HampaBlieHHEM MOOOYHBIX MPEBPALEHUI B MPOIECCE OKCHUXJIOPUPOBAHUS

STHJICHA SIBIISIETCS 00pa30BaHNE OKCUIOB yTepoa M0 CYMMapHON peaKIuu:
C2H4 + (X+1)02 — 2COX + 2H20

[Ipu 3ToM B paGouem uHrepBase temieparyp (210-240 °C) gucTbiil HOCHTENbh HEAKTUBEH
B peakiusax riryookoro okucienus. [Ipuaumas okcuanasie ¢popmbl Mmenu (CuO, CuO+CuCly,
Cuy(OH);Cl) B kauecTBe aKTUBHBIX LIEHTPOB PEAKIUi TTyOOKOTO OKHCIEHUS ITHIEHA U
JIUXJIOpITaHa, MOXKHO IIoJIlaraTh, 4YTO PEOKUCIEHHas QopMa Meau, KOOPAHMHAMOHHO
CBsI3aHHAs C HOCUTEJIEM, OKUCIISIET OPTaHUMYECKH CyOCTparT.

DHeprusi axkTHBAIMM pPEaKIUl OKHUCIEHUS BBIIIE OHHEPruM aKTUBALMK pEaKUuu
okcuxjopupoBanus Ha 17-30 kJ/[k/Monb, 4YTO OOBSCHSET CHUXKEHHE CEJIEKTHBHOCTHU
00pa30BaHUs TUXJIOPITAaHA C MOBHIIIEHUEM TEMIIEPATyPhI.

PezepBom nanbHelero ynaydlieHHs TEXHOJOTHYECKUX IOKa3aTesiel IMpolecca MOXKET
SBUTbCS HCIIOJIb30BaHHE OoJiee BBICOKOTEMIIEPATYpPHBIX KaTalu3aTOpPOB, OTHOCUTEIBHO
HU3Kas aKTUBHOCTH KOTOPBIX KOMIIEHCHPYETCS MOBBINIEHHEM TeMmIepaTypbl no 235-240 °C
IpY CHUKCHUU BPEMEHU KOHTakTa. [I[poM3BOAUTENHHOCTh IPU 3TOM MOXKET OBITh YBEIUYCHA
¢ 0,5 no 0,7 T IXD/(t.kareuac). 3a cuet cHIKeHHs BbIxoAa MpoaykToB COyx 3¢pdexTuBHOCTD

WCITOJIb30BaHUS dTHUJICHA MOKET OBbITh yBennyeHa Ha 0,2-0,3 %.
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Haitnen HOBBIM MapumpyT [JIsi peakUMd BOCCTAHOBHUTEJIBHOM  J€THUIpaTallid
amuaruyeckux cnuptoB  (C—Cs), mporekaromeid ¢ o00pa3oBaHMEM  HACBIIECHHBIX
yraesonopoaos [1-2] mpu 300—400 °C, 30—50 atm. B mpUCYTCTBHM HOJUMETAIIIMYECKUX

JKCIIE30COACPIKAIINX CUCTCM. TaK, 9TAaHOJ pCarupyeT 1o CXeme:
n C,H;OH + C,HsOH —» C,,H4n+o + CH;CHO +n H,O, rme n >1

[leneBbIMH MPOTYKTAMHU PEAKIMH SBJSIFOTCS HAChIIeHHBIE yrieBogopoasl Cs—Co,
MIPEICTABIISIIONINE COOOM OCHOBHBIE KOMITOHEHTHI OCH3MHOBOU (pakimu. Beixos ankaHoOBOM
dpaxuu gocturaer 50 % macc, B KOTOpO#l coaepkaHHE M30aJIKAaHOB — HambOosee HEHHBIX
BBICOKOOKTaHOBBIX KOMITOHEHTOB OeH3uHa mpeBbimaer 90 % macc.

[Tpupoma MCXOMHOTO CIUPTA OKA3BIBACT BIUSHUE HA COCTaB O0Pa3yIOMIUXCS MTPOIYKTOB,
2-metminponanodi-1 wiu 3-meTwi0yTaHol-1 ¢ BBICOKOW CEEKTHBHOCTBIO IPEBPAIAIOTCS B

AUMCTUII3aMCIICHHBIC OKTAHBI WJIM ACKAHBI, TPCACTABIAIONINC coOoi MNPOAYKTBI CABANBAHUS

2LH] + 2H,0
Z\K\OH 2

rae [H] — ucrounuk Bogopona, B Ka4eCTBE KOTOPOI'O MOKET BBICTyIaTh MOJIEKYJIA UICXOJIHOTO

YTIEPOAHOIO OCTOBA CIMPTA

CIIUPTA, MOJIBEPraroIIascs JETHIPUPOBAHUIO.
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Hatinens! ycinoBusi, 00ecreunBaroIfe KPOCC-KOHICHCANIO ATM(PaTHISCKUX W IMUKINIECKUX
CIOUPTOB B OJHY CTaJuI0, C OOpa30BaHMEM JAPYTUX IIEHHBIX KOMIIOHEHTOB TOIUIMB —

AJTKUJIITUKIIOAJIKAHOB
C,H;

2[H
C,H.OH + Q/ _2H] Q/ © 2H,0

O6CY)KI[3IOTC5I BO3MOXHBIC MCXaHU3MBI ITPCBPALICHUA 3TAHOJIA B aJIKAHBI.

OH

OCHOBHBIM HMCTOYHMKOM anu(aTHYECKUX CHUPTOB SBJsETCs Ouomacca, KoTopas
OTHOCHUTCSI K BO30OHOBIIIEMbIM BHJaM ChIpbs. [IpeacraBrneHHbie B paboTe pe3ybTaThl
JEMOHCTPHUPYIOT peaibHYyI0 BO3MOXXHOCTH HCIIOJIb30BAHMS B HEHAEKOM OYAyIIeM HOBBIX
nmoAXoa0B IJid MOJYYCHHA 3KOJOTMYCCKU YHUCTBIX M BBICOKOKAUYCCTBCHHLIX TOIIJIMB U3 ChIPbA
HeHeCpTSIHOFO IMPOUCXOKACHU.

ABTOpHI  BhIpakaroT OnaromapHocth DdoHay (yHIaMEHTambHBIX  HCCIEIOBAHUI
[Ipesunnyma PAH (ITporpamma 7) u POOU (rpant Ne 05-03-32683) 3a ¢dunHAHCOBYIO

HOJJIEPIKKY pabOTHI.
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STRONG METAL-SUPPORT INTERACTION IN THE NICKEL-CONTAINING
PHYLLOALUMOSILICATE CATALYSTS

Khassin A.A., Yurieva T.M., Kustova G.N., Minyukova T.P., Plyasova L.M.,
Zaikovskii V.1., Kaichev V.V, Bukhtiyarov V.I., Anufrienko V.F., Parmon V.N.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: aakhassin@catalysis.ru

Synthetic TO (1 tetrahedron layer : 1 octahedral layer) phylloaluminosilicates of Ni-Mg-
Al with amesite (septechlorite) structure were synthesized and characterized. The evolution of
the structure of Ni-Mg-Al-Si amesite system was studied during its treatment in the inert and
reductive media regarding their potential application as precursors of catalysts, e.g., for
methane steam reforming. The amesite-like structure was shown to transform to the

polymorphous chlorite structure upon calcination in the inert gas flow at 600-650°C. During

this transformation, nickel cations form
vast clusters, supposedly in the brucite- |57 4
like layers of the chlorite structure (see e

Fig. 1). After reduction, the samples "\Q"-".} g 1

comprise Ni’ supported by chlorite-

AT 600-650"C in IMERT GAS FLOW

CHLORITE Ma OH), *(Ma, Al HAL S O JOH],.

vermiculite and do not contain silica, Ty : :

, O 3H Mo A ) .
which was proved by XPS data. The TRSA | e S
amesite-derived support is stable in the wﬁ,ﬁ:ﬁ* 0 INM @@Q@
inert, reductive and H,O-containing media s f;;_ l Wi REDUCTION

it N AT 4507-720C In HYDROGEN FLOW
at 800°C, 0.1 MPa, as well as at 650°C in i, | VERMIGULITE (Mo, ALJALSL.OJOH), + N
A
the reaction mixture (CH;, CO, Hy and | . __-?j;f‘"“ BEY
A o i
water), which contains 0.8 MPa of H,O. i :

The nature of the metallic nickel Fig. 1. The schematic presentation of the amesite-like structure

. . . transformations during its calcination in Ar flow and reductive
particles formed during the reduction of treatment.
the Ni-Mg-chlorite-vermiculite was studied by a combination of XRD, XPS, HREM and
adsorption methods. The surface of the samples was found as highly oxidized even after their
reduction at 925 K. The experimental XPS Ni2p core-level spectra are shown in Fig. 2. The
position of the Ni2ps, line at 855.4-856.2 eV, together with the prominent satellite peaks
located 6 eV above the principle lines Ni2ps, and Ni2psp,, clearly show that nickel mainly

exists in the Ni*" state both before and after the reduction (Fig. 2, curves 1-3). Only a weak

shoulder at ~853 eV may indicate the presence of metallic nickel on the surface or in the
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855.4|| 856.2 subsurface layers. Meantime, the sharp
Ni2p

decrease in the Ni/Si atomic ratio during the

treatment in the hydrogen flow could be

852.8 . .
\ accounted for the reduction of Ni*" and the

1
\1\/\\“/\/‘»\‘ ) formation of metallic nickel particles. Ar’
sputtering of the reduced sample during
3 5 min resulted in vanishing of the cationic

x3
M NWWMNMM* 4 state of Ni and in the appearance of the sharp

A3 \ Ni2ps;; line at 852.8 eV due to Ni° species.

Hwﬂm . Also, the sputtering was accompanied by a

significant  increase in  the  surface

850 855 860 865 870 875 880 885 concentration of nickel. Therefore, one may
Binding Energy, eV

Intensity, arb.units

suppose that the reduced sample contains the

Fig. 2. XPS Ni2p spectra of the sample NAS2:

(1) uncalcined; (2) calcined in Ar at 925 K (3) calcined in
Ar at 925 K and reduced in H; at 925 K; (4) reduced at
925 K and treated in a batch reactor at 2 MPa,
CO:H,:H,0 = 1:2:2 at 925 K; (5) the sample as in curve 4
after the Ar" sputtering for 5 minutes.

decoration ca. 2 nm (the analysis depth of XPS is about 3-4 nm). Taking into account the rate

metallic nickel particles, which are decorated
by a film or by some particles of Ni*" oxide

with a characteristic thickness of the

of ion etching of ca. 1-2 nm min™', the mean size of the metallic nickel particles can be

estimated as above 10 nm.

S

Fig. 3. Electron micrographs of a Ni-Mg amesite sample after the consecutive calcination in Ar at 925 K and reduction in

hydrogen at 925 K. The incut to the left micrograph shows the Fourier-filtered image of the particle B.

The high resolution microscopy (see the right frame in Fig. 3) shows, that the well
crystallized Ni’ nanoparticles (4-8 nm in size) (B) are covered by a rather thick layer (ca. 2

nm) of amorphous oxide (A), while the phylloaluminosilicate support is well crystallized (C).
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The reduction extent of Ni*" exceeds 95 % of the nickel loading, while the decoration extent

exceeds 90 % of the Ni’ surface.

The data on the Ni%dispersion: The “metallic core — oxide shell”
1 — L_] XRD line broadening particles don’t seem to adsorb oxygen from
r L] I Hydmogen thermodesorpbon
B Crxygen adsomption from N .C .
E P — N,O, but they are able to activate
3 . . . .
NIMgO = dihydrogen and adsorb it reversibly with
i3 -3 § & "®-7 @ the same capacity, as it is known for the
Estimatad Ip-!{lh! Ni" surface area, m g
The catalytic activity data: metallic nickel surface. Also, these
g - ' particles are rather active in the methane
2 ?l;l'l‘-HHF-\ll'l Rafarmng
E = H Malarts Becompoaon oxidation reactions (steam  methane
-
NiMgO reforming) with the specific activity at least
60 02 o8 08 08 10 12

Specific activity, normalized 1o that of Nitgd 0.5 of that measured for the Nl/MgO
Fig. 4. Comparison of the Qata o.n.the metallic Ni speciﬁc catalyst. They seem to be absolutely
surface area and the catalytic activity data between the Ni-

Ic\gtgal asftneSite samples and co-precipitated Ni-Mg (1:1)  jpactive in the graphite formation by both:
. the methane decomposition and CO
disproportionation. According to the TEM data, the measured activity in these processes
should be, plausibly, accounted for by the presence of non-decorated Ni° “impurities”.
The nature of the strong metal-support interaction in the Ni-containing

phylloaluminosilicates and the structure of the observed “metallic core — oxide shell” particles

should be the topic for the further research with using the high-resolution methods.

159



OP-1-35

METHODS TO STUDY THE KINETICS OF ELEMENTARY STEPS OF
FISCHER-TROPSCH SYNTHESIS ON COBALT CATALYSTS

Khodakov A.Y.2, Fongarland P.}, Anfray J.'%, Bremaud M.}, Jallais S.?, Peregryn B.%,
Lermontov A.S.}, Pietrzyk S.! and Schweich D.2

'Laboratoire de Catalyse de Lille, USTL, Batiment C3, 59655 Villeneuve d'Ascq, France
?Laboratoire de Génie des Procédés Catalytiques, 43 Bd du 11 novembre 1918, BP 2077,
69616 Villeurbanne Cedex, France
3Air Liquide, CRCD, 78354 Jouy-en-Josas, France
E-mail: andrei.khodakov@univ-lillel.fr

Annotation

Two different but complementary methods were used to study the kinetics of Fischer-
Tropsch synthesis on cobalt supported catalysts. The first method focuses on the transient
kinetic measurements and analysis of several elementary steps of Fischer-Tropsch synthesis
over cobalt supported catalysts in a pulse fixed bed microreatcor. The second method
addresses measuring and modeling intrinsic steady-state Fischer-Tropsch kinetics in a slurry
stirred tank reactor. The results on the mechanism and kinetics of Fischer-Tropsch synthesis
obtained by both methods are discussed in the paper.

1. Introduction

Fischer-Tropsch (FT) synthesis produces clean fuels from natural gas, coal and biomass.
Cobalt supported catalysts have been particularly suitable for production of diesel fuels and
wax. The efficient control of the selectivity is one of the key issues of FT synthesis. The
reaction proceeds at the conditions far from the equilibrium; the hydrocarbon selectivity is
principally governed by the reaction kinetics. The reaction starts by chemisorption of
hydrogen and carbon monoxide followed by the formation of the first CHy monomer species.
The reaction involves polymerization of surface CHy monomers. Linear a-olefins and
paraffins are the primary products of FT synthesis. This scheme leads to the Anderson-
Schulz-Flory (ASF) distribution of hydrocarbons. The secondary reactions lead to deviations
from ASF statistics, which are generally attributed to readsorption of a-olefins produced by
the FT reaction. This paper addresses two different methods to study the kinetics of
elementary steps of FT synthesis. The first method involves measuring and modeling transient
responses of carbon monoxide, hydrogen and reaction products in a pulse fixed bed
microreactor. The second method is based on the steady-state kinetic studies of Fischer-
Tropsch synthesis in a slurry stirred tank reactor.

2. Experimental

For transient experiments in a pulse microreactor 10 wt. % cobalt catalysts were prepared
by impregnation of silica or alumina using aqueous solution of cobalt nitrate or cobalt acetate.

Dihydrogen hexachloroplatinate (IV) and ruthenium nitrosyl nitrate were added to the
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impregnating solutions for catalyst promotion. Prior to the kinetic experiments, the catalysts
were reduced in a flow of hydrogen at 673 K for 5 h.

For steady-state kinetic studies in a slury reactor a commercial Co/Al,O3 with 15 wt. %
Co loading and 50 pm mean grain diameter was used. The catalyst was reduced inside the
reactor by hydrogen at atmospheric pressure at 673 K. For the slurry reactor start-up, the Shell
SX70 wax was loaded into the reactor under inert atmosphere.

The adsorption transient experiments were performed at 423 K and atmospheric pressure
using a tubular reactor with plug-flow hydrodynamics. A 300 cm’ continuous stirred tank
reactor (CSTR) was used for steady-state kinetic measurements at 493 K and 20 bars of total
pressure. The inlet H,/CO ratio varied between 1.6 and 3.6. The details of the reactor and
experimental set up are available elsewhere [1].

3. Results and Discussion.

Transient Kinetics in a tubular microreactor. Irreversible uptakes of the adsorbats and
broadening the transient response curves of the adsorbing gases provided the information
about the reversibility and relative rates of adsorption and desorption. At the temperatures
below 373 K hydrogen chemisorption was found to be partially irreversible on cobalt
catalysts. At temperatures higher than 423 K hydrogen chemisorption was fast and reversible.

Carbon monoxide chemisorption has been found mostly irreversible on cobalt silica and
alumina supported catalysts at the whole range of studied temperatures (323-523 K).
Formation of carbon dioxide from chemisorbed carbon monoxide species at temperatures
higher than 423 K implies dissociation of chemisorbed carbon monoxide on cobalt catalysts.

Methane and water were the principal products of hydrogenation of carbon monoxide
pulses in a flow of hydrogen over cobalt catalysts at the temperatures higher than 403 K. C2+
hydrocarbons were not detected at these conditions.

The transient response curves obtained on cobalt silica and alumina supported catalysts at
423 K have been fitted using the modified Kobayashi method [2, 3]. The kinetic model
involves irreversible chemisorption and dissociation of carbon monoxide, quasi-equilibrated
adsorption of hydrogen and reversible adsorption of water. The variations of the pressure of
gaseous components (CO, H,, CH4 and H,0) and surface coverage of adsorbed species (H*,
CO*, C*, O*) were described by a system of partial differential equations (PDE) with
predetermined initial conditions.

The kinetic analysis suggests that at 423 K the rates of carbon monoxide dissociation and

desorption of water from the catalysts seem to be much slower than the rates of carbon
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monoxide adsorption and hydrogenation of surface carbon species. At these conditions
oxygen-containing species are the most abundant surface intermediates.

Steady-state kinetics in a slurry reactor. Preliminary experiments showed the absence
of external (gas-liquid) and intraparticle mass transfer limitations in the slurry stirred tank
reactor at the conditions of FT synthesis. The rates of carbon monoxide conversion and
hydrocarbon production were calculated from inlet and outlet mass flows. The chemical
compositions of the liquid and gaseous phase were obtained from flash calculations, which
are based on the equal fugaicities of each component in gaseous and liquid phases.

Depending on the experimental conditions, the time required to attain the steady-state
state varied between 11 and 25 days. The experimental data show higher carbon monoxide
conversion and higher methane selectivity at higher H,/CO ratios. For syngas with H,/CO
ratios between 1.6 and 3.6, the selectivity plots exhibit different deviations from the ASF
distributions. The olefin to paraffin ratio decreases exponentially as a function of carbon
number.

The experimental data have been fitted using the comprehensive kinetic model. The
reaction pathways involved hydrogen and carbon monoxide chemisorption, carbon monoxide
dissociation, polymerization of CHy species, olefin readsorption and hydrogenation. The
model adequately predicts the experimental relations between the carbon monoxide
conversion rates and chemical composition of the liquid phase. The model also foresees the
experimentally observed deviations from the ASF distribution at different H,/CO ratios,
which are due to olefin readsorption and chain reinitiation. The prediction of the rates of
higher olefin production was less satisfactory. This could be probably attributed to the very
low concentrations of higher olefins and the presence of different products of their
isomerization.
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OCOBEHHOCTH UCITOJBb30BAHUSA KATAJIN3ATOPOB B TEXHOJIOTUA
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HoBOMOCKOBCKUIT MHCTUTYT a30THOM MPOMBINUIEHHOCTH, HOBOMOCKOBCK
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*OI'YIT «BYXUH», ExarepunOypr
’0A0 «MMK», Marautoropck
E-mail: gez@novomoskovsk.ru

[Tocnennee Bpemst BcE Gosblliee pacpoOCTpaHEHHE TOTYyYaeT OYMCTKAa KOKCOBOTO ras3a Io
merony «Kapn Iltune» [1], mpenmonararomeMy KaTaTUTHUYECKOE PA3IOKEHUE aMMHaKa C
MoJlydeHHeM a3oTa W Bojopona. Beicokas (~1100 °C) Ttemmeparypa W NpPHCYTCTBHE B
nepepabaTbIBAEMOM Tra3e 3HAUUTENBHBIX KOJIUYECTB BOJSHBIX MapoB U CEPOBOAOPOJA HE
MO3BOJIAIOT HEMOCPEICTBEHHO NPHUMEHUTH 3/1€Ch HM3BECTHBIE KaTallW3aTOPbl JUCCOLUALUU
ammuaka (KJ1A), ucnonbs3yemsbie U CO3AaHMS 3aIIUTHRIX atMocdep [2].

[Iporecc paznokeHus: aMMHAYHbBIX [MAPOB C OUMCTKOW OT LMAaHKCTOro Bojopoaa (1o [1])
B 1iexe ynaBimuBaHus (L[Y-2) mpoaykToB KOKCOBaHHS KOKCOXHMHYECKOTO MPOU3BOJCTBA
(KXIT) MarauTtoropckoro metamryprudeckoro kombunara (MMK) ocHoBaH Ha peakiusx:

NH; = 3/2H, + 1/2N2, HCN + H,O =3/2H, + CO + 1/2N, .

Uto06bl MpeoTBPATUTh MEPEOKUCIICHHE aMMHaKa U CepOBOAOPO/Ia, MPUCYTCTBYIOMIETO B
KOKCOBOM Trase, MpoLEecC pa3ioKeHUs: aMMHaKa BelyT B BOCCTAHOBUTENBHOM cpesie, KoTopast
co3aaéred 3a CYET CyOCTEXMOMETPUUECKOT0 COKUTaHUS TOIUIMBA (KOKCOBOTO rasa).

AMMUauHbple Tapbel TepepadaThIBalOTCA B JIBYX BEPTUKAIBHBIX IMIMHIPUYECKUX
peakTopax-nedyax: 00bEM KaTanuzatopa B peakrope H-6101A cooTBETCTBYeT MPOEKTHOMY —
15M°, B peakrope H-6101B 3arpy3ka kaTanu3zaTopa yMeHbIlIeHa Ha TpeTh. [Ipu pacxone Ha
KKyl Tedb: aMMHAYHBIX MapoB 3550 HM’/dac; KOKcoBOro rasa 1300 mm’/dac; BO3gyxa

3 5 -1
4700 uM’/gac, - 00bEMHas Harpy3ka Ha kKatanuzaTtop pocturaeT ~1000 gac™.
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Kartanuzatop wusroraBnuBaercss 4-X KpaTHOM MPONMUTKOM MAarHe3MalbHOTO HOCHUTEIIS
BOJIHBIM PACTBOPOM a30THOKHUCIJIOIO HHUKENS C MPOMEXKYTOUYHBIM IMPOKAJIMBAHUEM C LEIbIO
nepeBojia akTHMBHOTO KommoHeHTa B NiO. XwuMuyeckwii cocTaB  KaTaau3aTopa,
otpaborasmero 1 roa: 87,4 % MgO; 6,0 % NiO; 1,0 % Fe,03; 4,3 % SiOy; 0,012 % S;
0,036 % SO~; €My COOTBETCTBYET IO JAaHHBIM JIaOOpPaTOPHBIX HCCIeA0BaHUN (ha30BbIif
cocraB: MgO; NiO; Mg,SiO4+(Mgo 6Fe00.4)SiOs4. TTo nanaeiM JITA — aHanmu3a notepst Macchl
npu Harpese karamuszartopa g0 1000 °C — 1,03 %, ¢ 290° xo 1000 °C — 0,28 %.

OddextnBHas kKoHcTaHTa ckopocth K ompemensercs W3 OTHOIICHHS KOHIICHTPAIHI
aMMHuaka Ha BbIXoJie K mcxomHoi [NH3]/[NH;3]o, ucxomst u3 4ero akTMBHOCTH KaTajaw3aTopa
IIpY BpEMEHHU KOHTAKTa T OLICHUBAIOT Oe3pa3MepHbIM komIuiekcoM: Kt~ -In([NH;3]/[NHs]o).

HI/IHaMI/IKy AKTUBHOCTH, OTpaKaro-

et HIyI0 JIe3aKTHBAIMIO KaTajlu3aTropa B
i TEYEHHE MEPBbIX 5 JET HKCIUTyaTaluu
fr Karajaus3aropa Gl-11 B neyax
I paznoxenus ammuaka L{Y-2 KXII
5r WJUTIOCTPUPYET PUCYHOK 1, e mpsamoit
i [OKa3aHa MHTEPHOJUpPYIOLasi 3aBUCH-
’ L | | | . ! mocth  Kt=f(t), moctpoeHHas ¢
2 3 4 5 & xo(dunuentom koppensauu R~0,86 ms
Puc. 1. lezaktuBanus karanuzatopa G1-11 3HAYCHUsI  JICKPEMEHTA  AKTUBHOCTH
B mporecce skcrnyararun MMK: karanuzatopa G1-11 B meun pasnoxeHus

H-6101A - 1(0); H-6101B - 2 (m). ammuaka H6101A —0,3 nb/rox. [TyHkTup

cooTBeTcTBYET AaHHBIM H6101B.

TepMoaMHaMUYECKU aHAIM3 IMOKa3bIBACT HEIEJICCOOOpPa3HOCTh CHWKCHHS paboueit
TEMIEPATypbl TpOIEecca pPA3NIOKECHHs; TPH CHIDKEHUU aqunabaTHYecKoW TeMIiepaTyphl
ra3oBOil CMecH OCTaTO4YHas paBHOBecHas KoHueHTparus [NH;] pe3sko Bo3pactaer, 4ro
CBHUJICTEIILCTBYET O PE3KOM YBEIMYCHHH IPOCKOKAa amMMmuaka. CHIDKEHHE TeMIepaTyphl
mporecca, Jaxe NPH HCIOJB30BAHMH BBICOKOAKTUBHOTO KaTalM3aTopa, HE OO0ECIeUuT
3¢ (HEKTUBHOTO Pa3I0KEHUSI KOKCOXMUMUYECKOro ammuaka. Emé Oomplliee 3HaAUYCHHUE HWMEET
OTpaBIICHHE KaTAIM3aTOpa CEPOBOIOPOIOM, YCYTYOIsIeMOE CHUKCHUEM TEMITEPATYPBI.

B xome maGopaTopHBIX HCCIENOBaHMA OBUI OCYIIECTBJICH IOJ00pP OTEUECTBEHHBIX
KaTaJu3aTOPOB Ppa3lIOKCHUsS aMMHaka H HM3Y4YeHBl OCHOBHBIC 3aKOHOMEPHOCTH WX
JIE3aKTUBAIMU B IPUCYTCTBUU 3HAUUTEIHHBIX KOJIMYECTB ITAPOB BOJBI U CEPOBOIOPO/A.

VcnpiTan psij KaTaln3aTopoB COACPIKAIINX B KAUECTBE aKTHBHBIX KOMITOHEHTOB OKCHJIBI
HMKEJIA, JKene3a ¥ Meau. Karanusaropbl MCHBITHIBAIN B AuMana3one temneparyp 650-1100 °C
1pu 06BEMHOIT CKOPOCTH 110 aMMHAKCoAepKameMy razy 20000 4.

VcnpiTaHust KaTaqu3aTOPOB MPOBOMIN Ha MOJCIBHBIX CMECSX OJIM3KHX IO COCTaBy C
NPOMBIIIJICHHBIMA aMMHAKCOJICP)KAIllUMU Ta3aMH, HO B YCJIOBHSAX 0oJiee KECTKUX, YeM

peanpHO CYIIECTBYIONIME B MpombinuieHHOCTH. CocTaB IByX cmeced gaH B % 00.: cocTaB
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1 - NH; (14,5), H,S (4,1), H,O (40,0), apron (41,4) u coctaB 2 - NH3 (14,1), HaS (0,95),
H,O (44,65), apron (40,3).

VYCTaHOBIEHO, YTO Hapbl BOJBI PE3KO CHIKAKOT AaKTUBHOCTH JKEJIE€30COAEpIKAILErO
KaranuzaTopa pasnoxkeHuss ammuaka (KJIA-1A), Ha KOTOpOM CTemeHb MPEeBpALICHUS MPU
temriepatype 950 °C B orcyrcTBue cepoBoaopona He npesbimaeT 30 %. boiee akTuBHBI B
IpOLIECCE pa3JIOKEHUs aMMHaka MOoAU(HUIMpoBaHHbIe Karanu3aTopsl Tuna KJIA-18A,
[PUTOTOBJICHHBIC HA HOCUTEIIC, CHHTE3UPOBAHHOM MpH Temreparype 1450 °C.

BBenenue cepoBooposia B PEaKIUMOHHYIO CMECh 3HAYUTENBHO CHI)KAET KOHBEPCHUIO
aMMMaKa Ha HUKEJIEBBIX Karaimu3aropax npu temmeparypax 850-900 °C. [lns kataau3atopos
KJIA-18A u Gl1-11 BASF npoucxonut majaeHue akTUBHOCTH, Oonee dem Ha 30 %. Ilpum
temneparypax 850-900 °C me3akTHBaIMs KaTajIn3aTOPOB HOCHT OOPaTHMBIN XapakTep, O YeM
CBUJIETEILCTBYET IIOCTETIEHHOE BOCCTAHOBJIEHHE KAaTaJMTUUYECKOW aKTUBHOCTH IOCIE
IPEKpaLICHHs 0Jauu CEPOBOIOPOa B Ta30BYI0 CMECH.

IIpoBeneHHbIE HCCIIENOBaHMS IOKa3aJd, YTO [JIsl KOMIIEHCALUU JE€3aKTUBHUPYIOIIErO
NEHCTBUS  cepoBOJOpONa HEOOXOAMMO TIOBBIIIEHHE paboueld TemmepaTypbl B  CIOE
karanuzaTopa. Tak, Ha kartanuzatope KJIA-18A mpu xonuentpauuu H2S B raze 0,95 % o0.
CTereHb pasjiokenus ammuaka 99,7 % nocruraercst ipu 1100 °C, a npu xounentpanun H,S
4,1 % 00. — npu 1150 °C. HeckoabKO BBIIIE HEOOXOAUMO JIEPKATh TEMIIEPATYpPY IMpoOLEcca
JUISl TOCTUKEHUS CTENEHHU pa3iokeHust ammuaka 99,7 % Ha karanuzatope G1-11.

[To nabopaTopHbIM oOIleHKaM oTeuecTBeHHBIM KaTanu3aTtop KIIA-18A He ycrymaer mo
aktuBHOCTH Katanmuzaropy G1-11 ¢upmer «k BASF».

Takum 00pa3oM, OMBIT NMPOMBIIUIEHHONW SKCIUTyaTallid CBHJIETEIBCTBYET O BBICOKOM
3¢ (}eKTUBHOCTH TMpoliecca KaTaTUTUYECKOTO Pa3lIOKEeHUsS aMMHaKa KOKCOXHMMHUYECKOTO
IPOUCXOXKIEHHS, COIEpIKAILEro cepoBomopon, mpu Ttemmeparype 1100 °C u  Boie.
JlezakTuBanysg KaTaqu3aropa HOCUT MOHOTOHHBIM XapakTep W MOXET OBbITh HaJa&XHO
CIPOrHO3MPOBAHA.

Takum o00pazom, yCIOBHS pealu3alid TEPCHEKTUBHOM TEXHOJIIOTUU Pa3NoKEHUs
aMMHaKka KOKCOXMMHYECKOIO TPOUCXOXKIEHUS TMPEABABIAIOT 0coOble TpeOOoBaHUS K

Karajau3aTopam, KOTOpbIe HEOOXOUMO YUUTHIBATh TIPH UX MMOA00pE WK pa3paboTKe.

Jlureparypa:
1 K.P. Svoboda, P.E. Diemer //Iron and Steel Engineer.1990, Ne 12. P. 42-46.
2 E.3.Tonocman, B.H. Edppemon //Xumuueckast nmpomsinuieHHOCTb. 1985, Ne 5. C. 33-37.
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JlepmonToB A.C., Mactionuna T.H., [lemnuen T.A.
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1I/IHCTI/ITyT xumuyeckor ¢pusuku um. H.H. CemenoBa PAH, Mocksa
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OpauM u3 cnoco6oB co3iaHusd APGEKTUBHBIX KaTAIUTUYECKUX CHUCTEM JUISl peakluu
cenexkTuBHOro BocctaHoBieHuss NOy yraeBogopoaamu B mpucytcteuu O, (HC-CKB NOy)
SIBIISIETCS.  HMCTIONIb30BaHWE J(PQeKTa CHHEPru3Ma, 3aKII0YAIONIETOCS B CBEPXaIIUTHBHOM
YBEIMUYEHUN KaTaJIMTUYECKOW aKTUBHOCTH HA MEXaHHYECKHMX CMECSX KaTajJu3aTOpOB IO
CPaBHEHMIO C CYMMOW aKTUBHOCTEW HWHAMBUAYAIbHBIX KaTaJU3aTOPOB, BXOMAAIIUX B HX
coctaB. DPdeKT cuHepru3Ma OOHAPYKEH HaMU TPH HM3YyUYCHUU PEAKIMH CEJICKTUBHOTO
BoccTaHoBIeHHUss NOy IPOIaHoOM Ha MPOMBIIIIEHHBIX OKCUAHBIX KaTanu3aTtopax CTK, Ni-Cr-
okcuanoMm, HTK-10-1, He comep:kamiux B CBOEM cocTaBe OJIaropoaHbIX MeTauioB [1].

[lenpro maHHOW PabOTHI SBJISIIOCH JIETalbHOE MCClIeoBaHne Mexann3ma mnporecca CKB
NOy mpornaHoM Ha HOpoMbIIUIEHHOM Kartanu3aTope Ni-Cr-oKCcHMIHOM JJsi yCTaHOBJICHUS
npupoas! 3ddekra cuHepruzMa, HabIIOJAEMOTO Ha MEXaHHMUYECKOW CMECH KaTalli3aTOpOB
HTK-10-1 u Ni-Cr-okcuaHoro.

Coueranne  UK-cnekTtpockonmuu  in Situ €  KUHETUYECKUM  METOIOM U
TEPMOTPOrPaMMHUPYEMOi  tlecopOLMeil sBIseTCS OJHUM U3 Haumbosiee HAACKHBIX U
WHGOPMATUBHBIX TOIXOJOB K YCTAaHOBICHHIO MEXaHW3Ma Te€TePOreHHO-KaTaTUTHYECKON
peaKuy, TMO3BOJSIONIUM HCCIEN0BATh CTPYKTYPY, CBOMCTBA M MapLIPYyThl MpeBpalleHui
MMOBEPXHOCTHBIX COCIMHEHUM [2].

Hccnemyemplii  katanmm3atop mnpeactaBisieT co0oii  Ni-Cr-oKCHIHYIO IIIMAHETh C
npumechio NiO, B cocTaBe karanuszaropa ooHapyxkeH rpadut (Syy 150 M/T).

MaxkcumanbHas crtenenb mnpeBpameHus NO Ha Ni-Cr-okcHIHOM — KaTalu3aTope
coctasiseT 40 % mpu temnepatype okoisio 300 °C. Konsepcust C3Hg nocturaer =100 % mpu

TOM K€ TeMIEPAType.
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B ycrnoBusx peakiuy Ha HHUKEIb-XPOMOBOM KaTallu3aTOpe CYIIECTBYIOT HUTPUTHBIE,
HUTPATHBIC W AaIlCTATHBIC TIOBEPXHOCTHBIC KOMIUIEKCHI. [IpW IMOBBIIEHUH TEMIIEPATypPhI
HUTPUTHBIC KOMIUIEKCHl TPEBpAIlalOTCs B HUTpaTHbie. VHAMBUAyanbHAs —ancopOIus
KHUCTIOpOJla Maja, OJHAKO TIOBEPXHOCTHBIE KHCIOPOJCOJEPKAINe I[EHTPhl MPUHUMAIOT
ydacTue B 00pa30BaHMU KOMIUIEKCOB PEareHTOB.

Pesynbratel cpaBHeHust ckopocted peakuun HC-CKB NOx (Wpeaa) M CKOpOCTER
npeBparieHusi KOMITIEKCOB (Wyowmy), HaONMIOAaeMbIX Ha MOBEpXHOCTH Ni-Cr-oKCHIHOTO
KaTajau3aTopa, Ipu pa3IudHbIX TEMIIEpaTypax MprBeaeHbI B Tabmule 1.

Ta6muma 1. CpaBHeHHE CKOPOCTEH MPEBPAILICHNUS] KOMIUIEKCOB, HAOJIO1aeMbIX Ha

noBepxHocTH Ni-Cr-okcHIHOTO KataimsaTopa co ckopocThio peakiuu HC-CKB NOy.

[ToBepXxHOCTHBIM T, k, Weomnn. Wpeaxn., MOJIEK/MUH
KOMIUIEKC °C | mun” | monex/mun x 107" x 107
70 | 0.003 0.015
— 100 | 0.01 0.049 0
150 | 0.09 0.360
200 | 0.56 0.640
225 0.02 0.032 0.128
anerar 250 | 0.09 0.019 0.256
275 0.16 0.041 0.291
300 | 0.31 0.069 0.400

IIpu wuccnemoBanmm okwucieHuss mnpomnaHa Ha Ni-Cr-oKCHIHOM KaTajau3aTrope B
npoaykrax peakuuu Oblin 3aduxcupoBansl CO,, CO um H2 (tabmuuma 2). Kakxux-nmmu6o
IPOJYKTOB OKUCIIMUTEIBHOTO JErHApUpOBaHuUs (Hampumep, mpomuieH), kperunra (Cl, C2-
YTIEBOAOPOABI) M KUCIOPOACOAEPKAIINX OPraHNYECKUX COCTUHEHUH (aKpOJIeHH, aKpHIOBas
KHCJIOTa) HE OOHAPYKEHO.

Tabmuma 2. KoaBepcus mpormana u coctaB mpoykToB B peakinu C3Hg+O;

Ha Ni-Cr-okcugHom karanuzatope (coctaB cmecu 0.5%C3Hg+2.5%0,/Ny).

C3H8102=115
T, °C Cogepxanue, 00. %
Ko, %o H, CO, Co
250 8 - clennl -
300 83 0.03 1.17 -
400 100 0.65 1.52 0.05
500 100 0.13 1.62 0.06

COBOKYHHOCTB IMPUBCACHHBIX IOAHHBIX IMO3BOJACT MPEAIONKHUTH CICAYIOMICC OIMMCAaHNEC

mexannzma CKB NO, nponanom Ha Ni-Cr kaTanuzaTope.

npu 1'<200°C

O,
NO — NOz_

0,

NO5
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0,/NO;5”
C3H8 _— CH3COO

npu 7> 250°C

N
I) CH;COO —O> N, + CO;, + H,O (2)
IT) Ha BOCcCTaHOBJIEHHOM MOBEPXHOCTH:
CsHg + 30, 2C0O; +3H, + CO + H,0O
NO — N+O
N+N— N, 3)

CsHg + O — CO, + H,O

[Tpu Hu3kux Temmnepatypax (~10 200 °C) Ha Ni-Cr-okCHIHOM KaTaJu3aToOpe HHUTPATHHIE
MOBEPXHOCTHBIE CTPYKTYPBI PEarupyroT C MPOMAHOM C 3aMETHOM CKOPOCTBIO, NIPHU 3TOM
KoHBepcun okcuaoB a3zoTa B peaknun HC-CKB NO, ne nabmiomaercs (tabmuua 1), HO
OTMEYAeTCs] POCT WMHTEHCUBHOCTH III. aimeratHoro komiuiekca (1). DTo o3Hadaer, 4To
HUTPATHBIC CTPYKTYPhI YUYACTBYIOT B IIPOIleCCe 00pa30BaHUS M HAKOTUICHUS HA TIOBEPXHOCTH
aIETaTHBIX KOMILJIEKCOB.

B oGmactu Temmepatyp Beime 250 °C peanmmsyercs nBa Mapripyrta. OIWH U3 HUX
3aKJII0YAeTCs BO B3aMMOJCHCTBUM alleTaTHBIX U HUTPATHBIX KOMILUIEKCOB C 0Opa3oBaHUEM
npoaykroB peakuuu (2). Ilo BTOpoMy MapupyTy peanusyercs peakuusi € y4dacTUEM
aleTaTHBIX KOMIUIEKCOB. B moGaBieHme K HEH Ha BOCCTAHOBJIEHHOW TOBEPXHOCTH
HaumHaeTcs peaknus pasigoxkenus NO. B wurore aroMbr a3ora peKOMOWHUPYIOT C
o0Opa3oBaHHEM MOJEKYIIpHOTo a30Ta (3), a aTOMBI KHCIIOPO/a B PEAKIIUU C aKTUBUPOBAHHBIM
yIJI€BOAOPOAOM (BO3MOXKHO, B pagukaibHOU (opme) obpasytoT Boxy u CO,. B pesynbrare
MPOUCXOANUT pPEreHepaIusi aKTUBHOTO IIEHTpa MOBEpXHOCTH. Ellle oaHOM peakiuen, BKIaL
KOTOPOW B CyMMAapHBIA MPOIIECC BO3PACTAET C TEMIIEPATYPOM, SBIISIETCS PEaAKIUs TIIyOOKOTO
OKHCJICHUS MIPOTaHa.

PaboTa BrITTONTHEHA TTpH YacTUIHOU (prHAHCOBOH Tomnepkke PODU. [TpoekT Ne 02-03-33161.

JIureparypa:

1  bypneitnas T.H., JaBeinoBa M.H., I'ne6oB JI.C. u np. // Hedrexumus. 1997. T. 37. Ne 6.
C. 504-508.

2 Matyshak V.A., Krylov O.V. In situ // Catal. Today. 1995. V. 25. P. 1-87.
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JlennTpuukays OpOMBIIIJIEHHBIX Ia30BbIX BBIOPOCOB OCYILECTBIISAETCS, KaK MPaBUIIO,
3a CYeT CeJEeKTUBHOro KaTtaauTtudeckoro BoccraHosieHus (CKB) okcuaoB azoTa aMMuakom
win yriesoaopoaamu. M3sectHo, uro CKB NO «rpebyer» OBYX KaTaTUTHYECKUX (YHKIIMN
(LIEHTPOB) — PEIOKC U KUCIOTHBIX. PaHee Hamu mokaszaHo [1], 4To ycuiieHHE pelOKC-CBONCTB
katanu3atopoB Rh-Me,O,/ZrO, (Me=Cr, Ce, Co) mpu BBEACHUHM pPOJHsA HE HU3MEHUIIO HMX
OM(yHKIMOHAIBHOW MNPUPOAbl (HAIMYME PpEAOKC- M CHJIBHBIX KHUCIOTHBIX IIEHTPOB
Bbpencrena), uro BaxkHo 11 nposiBienuss CKB-aktuBHOCTH.

IIpu BoccranoBiaeHun NO C;-Cy-yriaeBonopoaaMu BIMSHHE POAUS Ha AaKTUBHOCTH
CoO/ZrO, ananornuyno misi Cr- u Ce-comepkalinx Karaiau3atopoB: KoHBepcus NO mnpu
300 °C nmosprmaetcst ¢ 40 % m0 51 %. MHoe nmoBeneHne HaOII0AETCs TP BOCCTAHOBIICHUN
meraHoM. Rh-CoO/ZrO, mokazam  MEHBIIYIO  aKTHBHOCTH B CPaBHEHHUHU  C

HENPOMOTHPOBaHHBIM oOpa3om (Tabm. 1).

Tabmuma 1. CKB-aktuBHOCTH (NO-CH,,/O3) 10% CoO/ZrO, xaTanu3aTopos

Karanusarop Kounsepcust NO, %/T temneparypa goctmkenus, °C
C3H8-C4H10+NO+02 CH4+NO+02

Rh-Co0/ZrO, 51/300 41/300

Co0/Zr0, 40/300 72/300

Co0/S04*/Zr0, - 26/360

CoO(Mn, Fe)/SO4*/ZrO, - 62/350

Higs CKB NO meranom Ha Co-copepxalllux KaTajau3aTopax aKTUBHBIMHU LIEHTPAMH
+
SBJISIFOTCSL TPOTOHBI HOCUTEIISI U Co*" -nonsI [2]. Oxucnenne NO no NO; 1 BOCCTaHOBJICHHE

19 +
NO; 10 N, ocymiecTBisieTcss KOMOMHAIMEH KaTHOHHOTO U KuciaoTHoro (H') neHTpos:
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Co* H'

1) NO+ 0O, = NO,, 2) NO, +CHy = CO,+ H,O + N,

B nuteparype o0cykmaeTcss HECKOJIBKO BO3MOXHBIX IMyTell oOpa3oBaHHs a30Ta Ha
NPOTOHMPOBAHHOM IIEHTpe HocuTens. AncopOupoBaHHbi NO, pearupyer ¢ MOJEKYJIOou
YTJIEBOI0pOa, 00pa3yst HUTPOAIKaH, KOTOPBIMA 3aTeM 00pa3yeT MOJICKYJISIpHBIN a30T. [pyras
BO3MOYKHOCTh - OpPEHCTEIOBCKMU KHCIOTHBIM LEHTp mpoToHupyer (aemporoHupyer) CHy,
o0pa3ys nepexoaHblii KapOKaTHOH CH5+(CH3+) ¢ mocreayrolieit arakoi kapokatrona NO, u3
ra3oBoil (¢aspl. [IpU4nHON TOPMOXKEHUSI PEaKUMU B M3OBITKE KHUCIOPOAA MOXKET OBITh HE
TOJIbKO KOHKYypupytotias afacopoiust NO u O, Ha OJHUX U TeX K€ aKTUBHBIX LIEHTPAX POIUs,
HO U KoHKypeHIus okucnurened (NO u O;) 3a yrieBoJopOAHBIA BOCCTAaHOBUTENb. Poib
BOCCTAHOBUTENISI METaHa 3aKJIIOYaeTcs B YyAaJIeHUH aJcOpOMPOBAHHOTO KHUCIOpoJga U
BOCCTAaHOBJICHUH KaTajau3aTropa - akTUBHOTO LIEHTpa POAUSI.

AxtiBHOCTE CO-COIEpIKAIIHX KaTanu3aTopo Ha ocHoBe (SO4°/ZrO,) B CKB NO-CH,
3aBHCHUT OT KOJHMYECTBAa BBEACHHBIX CyJb(aT-uoHOB. Jlydiiue pe3ynbTaThl MOTYYEHBI IS
oOpa3lia ¢ MHUHHMAJBHBIM COZEpPKaHHEM SO4*. OXHAKO €ro aKkTHBHOCTh HAMHOTO HIIKE
HecynbpartupoBanHoro oopasua (Tabin. 1), 4To MOXKHO CBA3aTh ¢ MEHbBIICH KOHLEHTpaIMen
KUCJIOTHBIX LEHTPOB bpeHcTena Ha MOBEPXHOCTHM KaTtaliu3aropa corjacHo JaHHbiM HK-
crektpockonuu [3]. BBeneHue B CoO-SO42'/Zr02 JKelle3a W MapraHila MNPUBOJIHUT K
YBEIMUYEHUIO aKTUBHOCTH OOpPAa3IOB B pe3yJbTaTe MOBBIINICHUS CYMMapHON KOHICHTpPAIlluU
AKTUBHBIX [IEHTPOB (KUCIOTHBIX H OKUCIUTEILHO-BOCCTAHOBUTEIHHBIX ).

B mpucyrctBun BoccranoButens CsHs—CsHjp mnu CO Ttemmeparypbl HpeBpalieHUs
okcuaa azora (I) Ha Fe-11eonMTHBIX KaTamu3aTtopax pa3IMuHbIX CTPYKTYpHBIX THUTIOB (Y, M,
neHTacui) cHmkaroTces Ha 70-150°. B ycnoBusix CKB — mponiecca Beicokne koHBepcuu N,O
(90 — 94 %) pocruratorcs mnpu Oonee Hu3zkux (Ha 50-150°) Ttemmeparypax mnpu
HCIIOJIB30BAHUHU YTIEBOAO0POA0B, yeM CO, mprueM aKTUBHOCTb KaTajau3aTOPOB KOPPEIUPYET
C HAJIMYMEM Ha UX MMOBEPXHOCTU 0OJIee CUIIbHBIX KUCIOTHBIX IIeHTpoB (Tabu. 2).

AxtuBannio N,O Ha Fe-copepxaniux neHTacuaax CBS3bIBAIOT C HAIMYUEM O-I[CHTPOB,
COCTOAIIMX U3 aTOMOB Xeje3a, ¢ 00pa3oBaHHEM MOBEPXHOCTHOTO KHCIOPOJa BBICOKOM
pPEaKIMOHHONW CcMmocoOHOCTH [4]. AKTHBallMIO QJKAaHOB CBS3BIBAIOT C HAJIWYUEM Ha
MOBEPXHOCTU KaTajllu3aTopa aTOMapHOro KHUCIOPOAA M KUCIOTHO-OCHOBHBIX LEHTPOB [5].
Cornacno ganueiM TII/IA u MK-cnekrpockonuu akTUBHOCTh Fe-11€0MMTHBIX KaTaau3aTopoB
B CKB N,O yrineBogopogamMu KOpPpeIHUpPYET C HAJIMYUEM HA UX MOBEPXHOCTHU CHIIBHBIX

KUCIOTHBIX B-1ieHTpoB (Puc., Tabdmn. 2).
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Tabmuma 2. AktuBHOCTh Fe-comepkamux Kataiu3aTopoB B peakiusax npeBpamieHuss NoO u

KHCJIOTHOCTDB ITOBCPXHOCTH 110 TepMOI[eCOp6I_[I/II/I aMMHaKa

XN,0-N,, % (T, °C) mnst mporeccos: KuciotHOCTb,
KlzI)Toangzsagop T mMmoub NH3/r (Tmax,
( A) ©2 3) Paznosxenue N20+ C3-C4 N20+ C3-C4+ 02 OC)
K=1 (K;=0,69 (225),
Fe,03/H-M 94 (550) 94 (450) 94 (500) K,=0.31 (590))
Fe,03/[(ZrO)*-H-LIBH] 90 (550) 93 (410) 90 (450) K=0,41 (K;=0,23(230),
K»=0,18 (450))
Fe,05/(35%ZrO,+ 94 (582) 93 (420) 90 (505) K=0,35 (K;=0,21(220),
65%H-11BH) K»,=0,142 (470))
Fe,05/[(ZrO)**-H-Y] 15(550) 91 (490) 57 (550) K=0,39 (220)
Puc.  UK-cnektpel  o0pa3umoB  mocie
. a7cOpOITHU TUPHUINHA:
2 1- Fe,05/(35%Z1r0,+65%H-11BH);
g 1550
: S 2-Fe,04/[(ZrO)**-H-1IBH];
1
§ 3-Fe,05/[(ZrO)**-H-Y]; 4- oHOBBIH crieKTp
E KaTaJM3aTopPOB JI0 aJCOPOLUHU MUPUANHA

1700 1600 1500 1400

-1
Vv, CM

Takum ob6pazom, mposiBneHne CKB-akTHBHOCTH OKCHIHBIX KaTaJlM3aTOpPOB HA OCHOBE
ZrO; u ueonutoB B peakiusix BoccTaHoBleHHs NO u N;O 3aBUCHUT Kak OT XUMHUYECKOH

MMpupoabl, TaK U CUJIBI pEAOKC- U KHUCJIIOTHBIX HCHTPOB.

Jlureparypa:
[1] C.H.Opnuk, B.JI.Ctpyxxko, T.B.Muponioxk, u ap., Kuner. karain., 44 (2003) 744.
[2] J. Yan, M.C. Kung, W.M.H. Sachtler et al., J.Catal., 175 (1998) 294.
[3] T.B.Muponrok, B.JI.Ctpyxko, C.H.Opnuk, Teoper. u sxkcnepum. xumus, 41 (2005) 121.
[4] A.C.Xapuronos, T.H.Anekcanaposa, ['.1.ITanoB u ap., Kuner. karain., 34 (1994) 296.
[5] JL.A.Mapromuc, B.H.Kopuak, Ycnexu xumun., 67 (1998) 1175.
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B xaranusze 10cTaTOYHO MIMPOKO UCIOIB3YIOT CBOMCTBA COEAUHEHHUI TUPKOHUS. OKCUIBI
— B COCTaBE HOCHUTENEH KaTaIUTUYECKH aKTHUBHOW Macchl, QocdaThl Kak B KadecTBe
HOCUTeNEeH, Tak M AaKTUBHBIX COCIMHEHUH B Kataiuse psjga peakuuid. HMonooOMeHHBIE
CBOMCTBA JBOWHBIX (OCHATOB IUPKOHHS C IEJIOYHBIMA WJIH IIEIOYHO3EMEITbHBIMU
MeTaJUTaMH HaXOAAT MPUMEHEHHE B COPOITMOHHBIX MPOIIECCaXx.

Jlisg monydeHUsT Ha MeTajulax IMOBEPXHOCTHBIX OKCHIHBIX CIIOEB C COCAMHEHUSMU
[IUPKOHHUS, MOKET OBITh IPUMEHEH METO/| TUIa3MEHHO-3JIEKTPOIUTHIECKOTO OKCUAUPOBAHUS
(mamee II30). Cytpb MeTOAa — OJJIEKTPOXUMHUYECKOE OKCHAMPOBAHUE METAIOB TIpU
OJITHOBPEMEHHOM BO3JCHCTBUU Ha MOBEPXHOCTh AJICKTPHUECCKUMU pa3psaMu: UCKPOBBIMH U
JyTOBBIMHU.

Panee nHamu 060CHOBaHBI ycliOBUSI (pOpMHpOBaHMS HAa BEHTWIBHBIX MeTalUlax (TUTaH,
QTFOMUHHM, HIOOWH M CIUIaBBl HA WX OCHOBE) aHOMHBIX [1D0-coeB, BKIIOYAIOIINX B COCTAB,
HapsAy C okcugaMu oOpabarepiBaemoro meramia, ZrO; [1, 2]. Wmeromuecs Ha ceromHs
JaHHble [2, 3] MO3BOJISIIOT NPEANOIOXKUTh, YTO JUISl MOJYYEHUs MOBEpXHOCTHbIX [ID0-
CTpykTyp ¢ QocharaMu UUPKOHHS MOTYT OBITH TMPUMEHEHBI  JJCKTPOIHUTHl  C
noJu(ocHaTHBIMU KOMIUIEKCAMH [IUPKOHHMS.

OxcuIHbIE CIOM Ha THTaHe (OPMHUPOBAIM TalIbBAHOCTATUYECKH (i, = 0,08 Alen?,
¢t = 10 munyT) B 3nekTponuTax ¢ NagPsOig 1 Zr(SO4),, 3a1aBast Hy’)KHOE pacyeTHOE 3HAUCHUE
MOJILHOT'O OTHOILICHHS 1 = [P60186']/ [Zr4+].

B tabymnax 1 u 2 mpuBeICHBI TaHHBIC 110 BIUSHHUIO BEJIMYMHBI MOJILHOTO OTHOIICHUS 1 =
[P60136']/[Zr4+] B DJICKTPOJIUTE HA TOJIIMHY, (ha30BBI COCTaB, DJIEMEHTHBI COCTAB BHEIIIHEH

yactu copmupoBanHbix [190-croes.
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Ta6muma 1. BausiHue BeTWYUHBI MOJLHOTO OTHOIIEHUS 72 Ha TOJIIMHY U AJIEMEHTHBIA COCTaB

CII0EB
DeMeHTHBINA cocTas, Mac%o
n pH | h, Mmkm
Ti Zr P Na O
- 5 16 37,2 - 15,4 0,3 52,8
3 6 15 26,8 7,6 14,5 0,2 42,2
0,75 2 24 20,4 20,7 12,3 0,3 41,6

Tabnuna 2. Bnusiaue oTxura Ha (ha30BbIil COCTaB CIIOEB

" daz30BbIl cOCTaB
MICXOIHBIN 500°C 800°C
. TiOz(a,p)+TiPzO7+
- p/a TiOz (a, p) TisPcOns
. TiOz(a,p)+Ti4P6023+

10 p/a Ti10, (a) +T19.8Z10,P>07

3 p/a Ti0O, (a) T102(a,p) + Tio,gzr072P207
0.5 TiO(p)+Z1rP207+ | TiOa(a,p)+ZrOx(x) + TiOy(a,p) + ZrP,O7 + Ti,ZrO¢

’ TizZI‘O6 ZI‘P207+TiPO4 + NaZI‘z(PO4)3

[Ipumeuanue: a - aHaTas, p - pyTHI, K - KyOuueckasi.

Takum 00pa3om, HCTOIB3Ys AMEKTPOIUTH ¢ mosmdocdaTHbivu komruiekcamu Zr(1V)

metogoM I1D0 Ha TuTaHe MOXHO (OPMHUPOBATH LUPKOHHUICOAEp)KAIME MOBEPXHOCTHBIE

cion. KonndecTBO LUPKOHUS B IJIGHKAX YJA€TCS pEryJupoBaTh BEIHUUYMHOW n =
[mommdocdar]/[Zr* ] B 06beme smexTponura. Hanbosree mIOTHBIE CIIOM HOPMUPYIOTCS TIPH 71
= 1-1,5. Omkur Ha BO3QyXe MPUBOJIUT K KPUCTAIM3ALMU B CJIOSAX, B 3aBUCHUMOCTH OT
BCJIMYMHBI /7 B 3JICKTPOJIUTEC M TEMIEpaTypbl OTXkHra, psaa GochaToB MUPKOHUS, TUTAHA,
IBOMHBIX (pocaTo, B ToM uuncie npu #=0,5 nupodocdara uupkonus ZrP,0;.

Pabora BrmonHeHa B pamkax rpantoB [Ipesumenta Poccum Ne 31.300.21.0369-MK miist

Mos10bIX yueHbIX U rpanta IBO PAH Ne 04-1-04-011.
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C.1395-1396.
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M3YYEHUE AKTUBHOCTH MEJIbCOAEPKALIUX KATAJTU3ATOPOB B
PEAKIIUU TNIPUPOBAHUA MOJIOYHOU KUCJIOTBI

CumonoB M.H., CumaxoBa U.JI., lememikuna M.II., MuniokoBa T.I1., Xacun A.A.,
IOpbeBa T.M.
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E-mail: smike@ngs.ru

[IponwieHrIMKONh  HAXOAWT IMMPOKOE TMPUMEHEHHE B COCTaBE aHTU(PHU3OB,
aHTHOOJIeICHUTENEeH, JETePTeHTOB, a TAK)KE B IPOU3BOJCTBE PsJa MUIIEBBIX, IEKAPCTBEHHBIX
¥ KOCMETHYECKHX MPOJyKTOB. B HacTosiee BpeMsi CHHTE3 MPONIIICHTIIUKOMS 0a3upyeTcs Ha
UCTIOJIb30BAaHUU TPYTHOBO300OHOBISIEMBIX H JJOPOTOCTOSIIINX HEPTEPECYyPCOB.

ATNBTEpHATUBHBIM AKOJOTHYECKUA O€30IMaCHBIM CITIOCOOOM IOTYUYEHHUS MPOTHIICHTITUKOIIS
MOJKET OBITh KaTATUTUYECKOE THAPUPOBAHUE MOJIOYHON KUCIOTHI B pucyTcTBUHM Ni, Re, Ru
Karajau3aTopoB, TpeOyrolmiee, OIHAKO, BEChbMa  JKECTKUX  YCIOBHH  MPOBEICHUS
(PH,=50-200 atm) [1-3]. B kauectBe Hamboiiee MEPCIEKTUBHONW KATATUTHYECKOW CHCTEMBI
ABTOPHI IPEIIAratoT MEIbCOIEPIKAIUE CUCTEMBI [4].

Lenbto qaHHON pabOTHI SIBISETCA U3yUYEHUE PEAKIIMH TUIPUPOBAHHS MOJIOYHON KHUCIOTHI
B MPONUJICHIJIUKONb MPU HU3KUX JABJICHUSIX BOJAOPOJa B MPUCYTCTBUU MEIbCOICPKALINX
KaTaJn3aTopoB.

B macrosmieit pabore mpenacTaBieHbl Pe3ysbTaThl M3yYCHHs] KaTAIUTUYECKHX CBOMCTB
MeIH, TOJIYYEeHHOW IyTeM BOCCTAHOBUTEIBHON aKTUBAIIMM BOJOPOAOM COEIWHEHUN
paznuuHoro cocrtaBa: xpomuta Meau CuCr,Os, okcuaa meab-miuHKa CugpsZng 9O, MeaHo-
HUHKOBOTro rugpokcocuinkara (CugsZng 7)[S14010](OH2)*nH,O, MeaHoro ruapokcocuankara
CUg(OH)12*(Si4010)2*nH20.

DKCIEpUMEHTHI MPOBOJWIN B CTEKISTHHOM MPOTOYHOM pEaKTOpe Ha KaTalu3aTopax C
Pa3IUYHBIM COJIEpP)KaHUEM MEIH MPU aTMOC(EpPHOM JaBICHUH BOJOPOAA M TeMIlepaType OT
130 mo 220°C. OGuapyxeno, uro katanmusatop 8% Cu/ZnO He NpOSABISIET 3aMETHOMN

AKTUBHOCTHU B YCIOBUAX PEAKIUU. KaTaJ'II/ISaTOpBI XpOMUT MC€IU H MGI[HO-I_[I/IHKOBHﬁ
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THJIPOKCOCHUIIMKAT MPOSIBIISAIOT BECbMa HU3KYIO KaTAIUTUUECKYI0 aKTUBHOCTh. [ napupoBaHue
MOJIOYHOM KucnoTel B npucytctBuu 14% Cu/SiO; npuBOAMT K 0Opa3oBaHMIO IIEJIEBOTO
OPOAYKTa PEaKIMU MPONMUJICHIVIMKONA U PsAAy MOOOYHBIX MPOJIYKTOB — IPOIMOHOBON
KHCJIOThI, U30IpONaHojIa, IPONaHoja U MOJIOYHOro anbjaeruaa. Haiineno, 4to BappupoBaHue
COJIEpKAaHUS MEIU B KaTalu3aTrope NMPHUBOAUT K U3MEHEHUIO CKOPOCTH PEaKIMM U COCTaBa
OPOAYKTOB B  peaknuMoHHOH  cmecu. CpaBHEHHE  KaTaJUTHMYECKOW  aKTHBHOCTHU
BOCCTAQHOBJICHHBIX THIPOKCOCHWJIMKATOB MEIM C DPA3JIMYHbIM  COJEp’KaHUEM Meau
npeICTaBIeHo B Tabmwmie 1.
Taba. 1. 3aBUCMMOCTH KaTaJIUTHYECKONH aKTUBHOCTH OT cojepxkanus meau npu 200 °C,

1 aT™m, KOHLIEHTpaIUsE MOJOYHOUM KUCIOTHI 13,6 Bec. %

Conepxanue Menu, Crernenb CeIeKTUBHOCTD CeeKTUBHOCTD B
Bec. % TpeBpaIiecHus B MPOTNMJICHTJIUKOJb, MIPOTTMOHOBYIO
cyOctpara, % % KHCI0TY, %
22 83 57 41
14,2 45 50 5
45,5 95 65 35
53,1 98 2 55

N3ydeHne BIMSAHUSA TEMIIEPATypbl NP OAMHAKOBBIX BPEMEHAX KOHTAKTa I0KAa3allo, 4TO
soime 220 °C HaOar0gaeTcs MHTEHCHBHOE OOpa3oBaHME MPOAYKTOB MUPOJIHM3a MOJOYHOMN
xucaoTel. Humke 130 °C peakiys He POTEKAET ¢ 3aMETHOM CKOPOCTBIO.

3aBUCUMOCTh CENIEKTUBHOCTH O0Opa30BaHUs MPOAYKTOB PEAKIMH OT BPEMEHU KOHTAKTa
CBHUICTCIILCTBYCT O TOM, YTO 06paSOBaHI/I€ IMMPOMUJICHTJIIMKOJIAL U HpOHI/IOHOBOf/’I KHCJIOTBI
[POTEKAET 110 MapayIeJIbHbIM MaplIpyTaM.

boun HaliieHbl ONTUMAaNbHBIE YCIOBUS MOJNYyYEHHUS NPONMUJICHIVIMKOJS, MPU KOTOPBIX
KOHBEpPCHsI MOJIOYHOW KHCIOTBHI cocTaBisieT 95 %, celnekTUBHOCTH 00Opa3oBaHUs
OPONWICHINIUKONSA — 65 %. B aHanormyHbIX YCIOBHSX HAa M3BECTHBIX KaTalu3aTopax C
comepxanueM wmemu 10 % wmacc. KOHBEpCHs MOJIOYHOM KHCIOTBI cocTaBiser 7 %,

CEJIEKTUBHOCTH 00pa30BaHUsl MPOMHIECHTTTUKOMIS 75 %.

JIureparypa:

Schmidt, US Patent 2,322,098 (1943)
Antons, US Patent 5,731,479 (1998)
Kitson et al., US Patent 4,777,303 (1988)
Cortright et all, US Patent 6,455,742 (2002)
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B nmocnenHee BpeMs 0oibllioe BHUMaHHE YAENSAETCS HM3YUYEHUIO MPOTEKaHUs
reTepOreHHO-KaTAIUTUYECKUX PEaKLUi C MCIIONb30BaHUEM MOPUCTHIX MeMOpaH. K HOBOMY
HAIpPaBJIEHUIO B ATOW 00JIACTU MOXHO OTHECTH pa3pabOTKH, HANpaBiICHHbIE HAa CO3JIaHUE
KaTaJIMTHYECKUX MOPUCTHIX MEMOpaH Kak "aHcamOis1" MUKpOPEaKTOPOB, COYETAIOUINX B ceOe
KaTaJIUTUYECKYI0 aKTUBHOCTb U CEJIEKTUBHBINA MEPEHOC ra3000pa3HbIX MPOAYKTOB.

B kauecTBe HOcuUTENEH HCHONB30BAIM KEPAMHUECKHE M METaNIOKEpaMHUYECKHe
nopucteie MemMOpanbl Mapku «Trumem” um «bBYM» ¢ pasmepom mop 0,12 m 3 MKwm,
COOTBETCTBEHHO, BO BHYTPEHHEM OOBEME KaHAJOB KOTOPHIX C MCIOJIH30BAHUEM AalIKOKCO
METO/I0B OBLTH C(OPMHUPOBAHBI METAJIOOKCHIHBIE KaTATUTHYECKUuE cucTeMbl [1,2]. Peakmum
OPOBOJWIM HA MPOTOYHOM MeMOpaHHO-KaTAIUTHYECKOW YCTaHOBKE B MEMOpaHHOM U
MPOTOYHOM peXHUME (PUIBTPALNN PEAKIIMOHHBIX T'a30B.

C ucronp30BaHUEM aTKOKCO CHHTE30B pa3padOTaHbl HOBBIE MOAXOJbI K (hOpMUPOBAHHIO
BBICOKOJIMCIIEPCHBIX KAaTaUTUUYECKUX CHCTEM BHYTPH MEMOpPAHHBIX KaHAJOB U TOHKUX
ME30IIOPUCTBIX IOKPBITUH HAa UX €OMETPUYECKOM MOBEPXHOCTH. B kauecTBe karamusaropa
NETUIPUPOBAHMS METAaHOJIa BHYTPU KaHAJOB METaJUIOKEpaMHUYEeCKOH MeMOpaHbl MapKu
“Trumem” ObUTH CUHTE3UPOBaHBI BEICOKOaUCTIEpHCHIe KiacTepbl Cry03xAl,03xZn0O okcupa.
B kadectBe wMe3omopucToli MeMOpaHbl METOJIOM Spin-coating Ha TEeOMETPHUYECKOM
MIOBEPXHOCTH METAJUIOKepaMUUecKoi MeMOpaHbl ObUT copmupoBaH TOHKUH cioit PyTi;.

0.5x02 okcuaa, o0janaroIero oJHOPOJAHON MOPHUCTON CTPYKTYpPOH W pa3smMepoM mop (2 HM)
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(puc.1). JlermapupoBaHrue MeTaHOJA TPOBOIWIM B MEMOPaHHO-KATAIUTHUUECKOW SUCHKe,

npez[Haz.HaquHoﬁ TAKXKEC JI1 OIPCACICHUA ITPOHUITACMOCTH I'a30B.

Puc. 1

[Iponunaemocts razos: H,, He, CO,, Bo3ayx, CHy4 B 3-8 pa3 HMXe npu MOTOKE B CTOPOHY
CEJICKTUBHOI'O ME30MOPHUCTOTO CJI0sA, YeM B OOpaTHOM HaNpaBlIEHHWH, YTO YyKa3bIBaeT Ha
aCUMMETpPUYHBIN 3¢ QeKT mnepeHoca razoo0pasHbIXx CyOcTpaToB B THOpHIHONH MeMOpaHe,
paccMaTpuBaeMOil Kak IpaJueHTHO-MIOPUCTAs CUCTEMa ¢ mopaMu B auamna3zoHe 2-3000 HM..
TemneparypHasi 3aBUCUMOCTb ITPOHUIIAEMOCTHU TO3BOJISET 3aKIOYUTh, YTO B IIEPBOM CIIy4yae
JOMHUHHUPYET MOBEPXHOCTHASI U aKTUBHpOBaHHAas nuddy3us ra3zos, a BO BTOPOM — CBOOOIHO-
MOJIEKYJISIPHOE TEUEHHE.

CKopocTh JeruapupOBaHHsl METaHoJNa B (QOpMaIbIErHJl W BOAOPOJ HAMpsAMYIO
KOppEeIUpyeT  C  CEJIEKTUBHBIMM  CBOMCTBAMM  HANpaBIEHHOIO  TIa3olepeHoca.
[Tpon3BOaUTENBHOCTh O BBIXOAY BOJOpOJA MpHU IOAa4Ye IMapoB METaHOJa B CTOPOHY
CEJIEKTUBHOIO CJIOS, TPAKTUYECKH, Ha TOJI MOpsKa BBIIIE, YeM INpH Mojade cyOcTpara B
oOpaTHOM HampaBlieHWU. Takue CHUCTeMBbl MOKHO paccMaTpuUBaTh B KadecTBe MeMOpaHHO-
KaTaJuTHYeCcKoro "auona'.

Kepamuueckass MemOpaHa, BHYTpeHHHH 00BEM KaHAJIOB KOTOPOH MOAM(PHUIIMPOBAH
KatanuTHueckoir cucremoir La-Ce/MgO mposBIsSieT TOBBIIEHHYIO aKTUBHOCTh U
CEJICKTUBHOCTh B 00pa30BaHUM CHUHTE3 Ta3a B PEaKIUU OKUCJICHHS MeTaHa KHCIOPOJIOM
BO3/lyXa MpH TMOHWKCHHBIX Temreparypax 550-650 °C. Ilpu xouBepcuu Merana 35 %
CEJICKTUBHOCTh B 00pa3oBaHMU CHHTE3 rasza jgocturaetr 99 %. Ilpouecc xapakrtepusyercs
IIEPEMEHHOIN CEJIEKTUBHOCTBIO C aBTOKATAJIMTHUECKUM caMmoperyiaupoBanueM. Ha 1-oit
cTaguu oOpaszyercst cuHTe3 ra3, odorameHHbsidi H, (Hy/CO ~4) B pesynbrare mpoOTEKaHHS
JIBYX pEaKIui:

CH4+ % 0, — 2H, + CO (1) u CH4 — C + 2H; (2). B anutenbHOM OMbITe HAWIEHO, YTO
nocie 500 MHMH MNpOTEKAaHHsS peaKUUMud Ha TMOBEPXHOCTH KaTallM3aTopa HaKalJuBaeTCs
KpUTHUECKOE cojiepaHune Kokca (~ 1% Mo OTHOILIEHUIO K Macce Karaiau3aTopa), ocje Yero
JTOMUHUPYET PeaKIusi KUCIOPOo/aa ¢ MOBEPXHOCTHBIM yriiepoaoM: 2C + O, (Bozayxa) — 2CO

(3), B pesymprare KOTOpPOW BO3pacTaeT BBIXOJ MOHOOKCHIA yriepoja. AHamu3

177



OP-1-41
MaKpOKHHETHUYECKUX MapaMeTpoB yKa3blBaeT, yTo peakius (3), ckopee BCero, MpOTEKAaeT C
IPOMEXYTOUHBIM 0Opa3oBanueM CO,, KOTOPBIA ¢ BBHICOKOM CKOPOCTBHIO B3aUMOJICHCTBYET ¢
YTJIEPOJIOM TTOBEPXHOCTH, C 00pazoBaHreM MoHOOKcua yraepona: C + O, — [CO;] (3a); C +
CO, — 2 CO (36). B pesynbrate, yriepoJHble OTJIOKEHHUS MPAKTHYECKH ITOJHOCTHIO
nepepadaThIBAlOTCSI B MOHOOKCH]T yTIIepo/ia B TeueHue nocieayronmx 1300 MuH npoBeneHus
OTIBITA, TTOCJIEC Yer0 BHOBb HAOJIIOAAaETCsl pOCT BBIXOJa BOAOPO/IA.

Haiigeno, 4To B KaTalUTUYECKUX KaHalaX KepaMUYEeCKOW MeMOpaHbl WHTEHCHBHO
NPOTEKAET YIJICKUCIOTHBIM pU(POPMHUHI MeTaHa ¢ O0Opa30BaHMEM CHHTE3 raza Takxe Npu

MOHIKEHHBIX Temmeparypax 550-650°C: CO, + CH; — 2CO + 2H, (4) (puc. 2).

25

& — CHy
20 A ._ H2
15 - A — CO

MNP, n/y*npeakr.
=
o

(6]
|

o

520 570 620 670
T, rpaa. C

Puc. 2. 3aBUCHMOCTD MPOU3BOUTEIHLHOCTH YIVIEKUCIOTHOTO PU(GOPMHUHTAa METaHA OT
TEMIIEPATYPBI
(T= 650 °C; Pacxon - 12 CM3/MI/IH.; CH4/CO,-1)

Meramiokepamuueckass MemOpana, coxaepxamas Cugs3Ti; 970215 cucTeMy co
CTPYKTYpO# aHara3za, 00ecredrMBaeT BBICOKOCKOPOCTHOE ucuepmbiBatoniee okucierue CO,
cojepxaiierocsi B Bozayxe o 1% 06., 3a 1 munmcekynay npu temneparypax a0 300 °C,
KOTJIa Ta30BBIN TIOTOK HAXOAMTCS €IIIe B PEKUME BI3KOCTHOTO TeueHHs. CKOPOCTh OKHUCICHUS
CO cyIiecTBEHHO BO3pAacTaeT C YMEHBIICHHEM pa3Mepa MOop KaHAIOB U yBEIHMYECHUEM
CTETICHU 3allOJTHEHUsI KaHaJI0B MeMOpaH KaTanu3aTopoM. K 0COOEHHOCTSM 3aKOHOMEPHOCTEH
MPOTEKaHUsl PeaKIHH B KAaTAIUTUYECKUX MHUKpPOKaHAJIax MEeMOpaHbl OTHOCUTCS TO, YTO C
YBEJIMUEHUEM KOJIMYECTBA KaTajlu3aTopa BO3pACTalOT cpa3y [Ba OCHOBOIIOJIAraroIInX
KUHETHYEeCKHX TMapamerpa: >(PQeKTUBHAS KOHCTaHTAa CKOPOCTH pEaKUUd U Kaxylascs
DHEPTUsl aKTUBAIMH, YKa3blBas HAa KOMIICHCALMOHHBIA THI TETEPOTeHHO-KATATUTHYECKIX
peaxiuii, T0CTaTOYHO PEKO MPOSIBISIEMbIN B T€TEPOTeHHOM KaTajuse.

Pabora momnepxana NWO (mpoekt 047.015.009) u [Iporpammoii [Ipesuanyma PAH.

Jluteparypa:
JL.N.Tpycos, ITatent CILIA Ne5, 364, 586 ot 15 HOsA6ps 1994r.
WN.I1.bopoBunckas, A.I' . Mepxanos, B.1.YBapos. [1latent P® Ne2175904 ot 25.02.2000.
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Since their discovery, molecular dihydrogen complexes have generated considerable
interest not only because of their fundamental importance but mainly because of their
(possible) catalytic activity. In catalytic processes there are some cases in which H, serves to
create a free coordination site, but cases where its presence is of mandatory importance for the
stabilization of catalytic precursors and/or intermediates are much more numerous (Scheme
1). Heterolytic splitting of H, is an important step in the activation of dihydrogen in the
course of ionic hydrogenation, which involves the sequential transfer of H" and H to

substrates (Scheme 2). [1]

Scheme 1. Scheme 2.
/H
LM_ gy
™~
H
/R H Hy
T LnM/H — R Ha
Hydrogen
coordination
R R
— /:/ M I—ﬂ + /HT +
LMy L.M _H M—I_}I — M\H
| or \/H LM R LM
H H \/ AN H Hydride
Z2 r transfer Proton
R transfer R,C=E
R
/ M—H
a R,C*—EH
H, LM _
b) E =CR,, NR, O

Many n°-H, metal complexes can be generated as either stable species or elusive

intermediates, in the course of both hydrogenation and dehydrogenation processes. Indeed,
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the n°-H, ligand does not necessarily need the intervention of molecular hydrogen to be
formed as it may also be obtained from a terminal hydride by treatment with various proton
donors, including many solvents of common use in organometallic synthesis and
homogeneous catalysis (e. g. alcohols) [2]. The formation of n>-H, complexes in
homogeneous processes is therefore a facile route and should always be considered in the
mechanistic elaboration of any reaction involving either H, and a metal complex or a
metalhydride and a Brensted acid.

Thus, the proton-transfer processes to and from transition metal centers and hydride
ligand sites have received a great deal of attention over the last two decades. It is now well
established that the proton transfer occurs via intermediates, for which characteristic
spectroscopic signatures have been established, that contain hydrogen bonds between the
proton donor and the proton acceptor (the metal center or a hydride ligand). [3] The term
“non-classical hydrogen bonding” has been coined to address these interactions, while H-
bonding specifically involving a hydride ligand has also been termed ‘“dihydrogen
bonding”.[4]

Scheme 3.

+HX 5\+ PT . / i

M—H M—H =——= M--—| M--- X
H~ H NI:
H—x “X H ™S ML
Dihydrogen Proton lon pair
bonding transfer dissociation

The relationship between the transition metal hydride structure and the mechanism of the
proton transfer reaction, its thermodynamics and kinetics has been of interest to us in recent
years. The recent results obtained for the protonation of PP3sMH,, (PP; = P(CH,CH,PPh;);; n =
2 M =Fe, Ru, Os; [5]n=1M = Co) and Cp*MH,(dppe) (M = Fe, n = 1;[5] M = Mo, n = 3)
will be discussed in this presentation. The combination of spectroscopic (IR, UV, NMR)
studies at 190-290 K with DFT calculations disclosed the static and dynamic features of these
hydrogen bonds. The nature, properties and guiding role of hydrogen bonded complexes in
the proton transfer processes were elucidated. Proton transfer kinetics and thermodynamics
were studied. Peculiarities were found in the relationship between the strength of hydrogen

bonds and ease of proton transfer to unconventional basic sites. These studies led to the
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elucidation of the mechanism (Scheme 3) and energy profile (see an example in Figure 1) of
proton transfer to and from transition metal hydride complexes via hydrogen bonded
intermediates. The important role of hydrogen bonded ion pairs [M(n*-H»)]"...X in the
stabilization of dihydrogen complexes was shown. The influence of media properties on the
kinetics and thermodynamics of the proton transfer was studied. Two possible pathways for
further transformation of (n?-H,) hydrides: isomerization into classical polyhydride and H,

substitution by another ligand, such as X', CO, N, etc — will be discussed.

Figure 1. Experimental energy profile (AH) for the reaction of Cp*FeH(dppe) with HFIP.
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By the study of homogeneous and heterogeneous catalytic reaction kinetics in increasing
frequency nontrivial dynamic behaviour of reacting systems (the critical phenomena) is
observed - occurrence of intermediates, products and reactions rates self-oscillations, multiple
steady states, hysteresis, chaotic behaviour [1, 2]. Reactions, in which the critical phenomena
are found out (mostly oscillations of concentrations) in homogeneous isothermal conditions,
in general concern to organic substrates oxidation processes by strong oxidants (KBrOs, KIOs,
H,0,, O,), catalyzed by metals ions of variable valency (Ce (IV)/Ce (III), Mn (IIT)/Mn (II), Fe
(IIT)/Fe (II), Co (III)/Co (II) and others), and to inorganic reactions with participation of H,O,
[1]. Self-oscillations are discovered also in typical reaction of benzaldehyde liquid-phase
oxidation by oxygen at the presence of Co (II) complexes [3].

Participants of our team discovered the critical phenomena in typical reactions of the
organometallic catalysis by metals complexes in which no substrates destruction, but
synthesis of complex molecules occurs. So, in acetylene carbalkoxylation reaction in the
system PdBr, — KBr — HBr — butanol-1 — dimethylsulphoxide proceed the reactions:

CO + (CH3)2SO —— CO; + (CH3),S (1)

2CO + C;H; + 2ROH —— ROCOCH=CHCOOR (E, Z) + (CH3)S + H,O ()

with periodic change of carbon monoxide and acetylene absorption rate, values of
platinum electrode electric potential (Ep;), pH and color of a reaction solution [4]. By the
study of various alkynes oxidative carbonylation reaction in the system PdI, - KI - MeOH on
reaction (3)

RC=CH + 2CO + 2MeOH + /2 O, — MeOCOC(R)=CHCOOMe + H,O (E, Z)  (3)
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oscillations of Ep; and pH have been found out [5-7]. The multiple steady states phenomenon
in reaction of maleic anhydride synthesis from acetylene and CO was discovered [8].

The analysis of the information concerning reaction mechanism with the critical
phenomena and experience of such processes studying [5-7] allow us to formulate the features
of homogeneous catalytic reactions mechanisms which can become the reason of nontrivial
dynamic behaviour:

1) Presence of nonlinear stages in the process mechanism (reaction between
intermediates, presence of one or more catalysts);

2) Participation of active particles formation and destruction stages, i.e. chain
mechanisms of the catalytic process;

Presence in the mechanism schema the positive (autocatalysis) and negative
(autoinhibition) feedbacks.

The study of reaction (3) in solutions of Pd (II) iodide complexes allow us to suppose an
autocatalysis by hydride particles HPdI, the presence of active particles formation and
destruction stages, and features of the chain multiroute process display.

We are thinking, that mechanisms of many processes in organometallic catalysis allow to
expect occurrence of self-oscillations and other critical phenomena. The searching of such
phenomena is important for development of the catalytic reactions mechanisms theory, and
their presence is the powerful tool of hypotheses discrimination [7].
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B nocnegnue rtoapl  Oosblloe  BHUMAaHHUE YIENSETCA MOAPOOHOMY  HM3YyUYEHUIO
BO3MO>XHOCTH NPUMEHEHHUS B KaTajau3e pelKo3eMenbHbIX 3iieMeHToB (P3D). B pesynbrare
U3yUYeHHs] MeXaHU3Ma KaTaIUTUYECKUX PEaKIMU YCTaHOBJIEHA aKTUBHOCTh P30 B mpoueccax
He()TEeXUMUU U OpraHuYecKoro cuuresa [1-3].

Karanutiaeckast akTHBHOCTh PEIKO3EMETBbHBIX JIEMEHTOB 00YCIIOBJICHA UX MTEPEMEHHOMN
BaJICHTHOCTBIO, YTO POJHUT HMX C NEPEXOJHBIMH METAUIAMU IEPUOJUYECKON CHCTEMBI
Menneneea JI.1., nposIBASIONIMMYU BBICOKHE KaTAIUTHUECKUE CBOMCTBA B PEAKLUAX PA3HOTO
THUIIA.

C nenpro u3yuyeHust BnusiHus P30 Ha cBoiicTBa alrOMOIJIATUHOBOIO KaTalu3aropa u
pa3paboTKK BHICOKOAKTUBHOIO KaTaau3aTopa pu(OpMHUHTa ¢ MaJIbIM COAEPKaHUEM TUIATHHBI
UCCIIeIOBaHa CepUsl KaTaln3aTopoB ¢ cojepxkaHueM miatunel 0,25 mac. %, BKIIHOYAIOLIMX
caMapui, €BpOIHiA, TaAOTUHUN, UTTEpOU niau uTTpuii B kKommdectse 0,1-0,4 mac. %.

N3yuenue KaTaIUTUYECKUX CBOMCTB AJIFOMOIIJIATUHOBBIX KaTaJanu3aTopoB,
mMoauduuupoBanHsix P3M, mokaseiBaer, uto B psaay Gd >Y >Eu >Sm >Yb nauOosnbiieit

AKTUBHOCTBIO 00J1a/Ial0T KaTaIu3aToOpbl, MOAU(DULIMPOBAHHbIE TaJOTUHIEM (Ta0IL.).

Biusaue P33 Ha kaTalMTHYECKUE CBOMCTBA AIFOMOIUIATUHOBOIO Katanu3aTopa npu S00°C

CocTtaB IpOAYKTOB peakiuu, Mac. %
P35 C.H
2C-Cs n30-Ce-Hyy MIIT CeHs ﬁ
Sm 10,1 20,1 17,5 5,5 0,5
Eu 12,2 20,3 19,9 10,6 0,9
Yb 9,8 17,7 21,6 3,6 0,4
Gd 22,0 28,7 8,1 30,4 1,4
Y 20,0 28,1 10,1 15,2 0,7

MonudunrpoBanue agrOMOIUIATHHOBOTO Karanu3aropa P30 mpuBOIUT K IMOAABICHUIO
KUCJIOTHOM (DYHKIIMM HOCUTENs, YTO COIMPOBOXKAAETCS CHIDKeHHEM ponu peakiuu Cs-

JNETUIPOLUKIN3alMU U OTpa)kaeTcsl Ha TepepacrpeiesieHud HarnpaBiIeHU apoMaTu3aluy H-
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reKcaHa B M0JIb3y 00pa3oBaHMs O€H30J1a B pe3ysbTaTe MOCIe0BATEILHOTO AETHAPUPOBAHUS.
B psaay P33 ¢ yBenuueHneM aTOMHOTO HOMEpa YMEHBIIIAIOTCSl pa3Mephl aTOMa U MOHA.
YMeHbIIIeHHEe aTOMHOTO pajuyca BICUET 3a COOOM MOHMKEHHE OCHOBHOCTH OKCHIOB
P3D. U X0Ts XMMHYECKHE CBOWCTBA BCEX JNAHTAHMIOB B COCTOSIHHM OKHCJIEHHS 3 MOYTH
OJIMHAKOBbI, HAOMIOJAIOTCS BCE K€ KOJIMYECTBEHHBIE pAa3JIUyMsi, KOTOpPhIE HUMEIOT
CUCTEMAaTUYECKUN XapakTep MpHU Iepexojie OT JaHTaHa K jrorenuto. Ilo BenmunHe cBoero
MOHHOTO pajanyca HUTTPUH 3aHMMAET MECTO MEXAy MIHCIPO3UEeM U TOJIBMHEM, YTO
00yCIaBIMBaET ero cxoAcTBo ¢ P32, atomuslii pamuyc Y Ha 0,002 A MeHbIue, yeM paguyc
Gd, aromubli paguyc kotoporo Ha 0,138 A MeHplme artomMHOro paamyca UTTEpOHSL.
OCHOBHOCTh OKCHZA TaJOJIMHMUA OONbIIe, YeM OKCHIa HUTTepOus, YTO TPOSIBISETCS B
pPa3IMYHOM BIUSHUHM 3THUX OKCHJIOB Ha KHCJIOTHBIE CBOWCTBA HOCUTENA. {7151 moaATBep K IeHUs
TaHHOTO TmpenmnonoxkeHuss metogoMm HWK-crekTpockonmuu H3yuyeHbl aKTUBHBIE LIEHTPbI
KaTaJIn3aTOPOB,  MOAW(DUIIMPOBAHHBIX  TAJOJIMHUEM ¥ UTTepOMeM,  3aHMMAIOIINX
COOTBETCTBEHHO TIEpBOE U TIOCIETHEE MECTO B YCTAaHOBJICHHOM psy AaKTHBHOCTH
MOJIM(UIIMPOBAHHBIX ATOMOIUIATHHOBBIX KaTalM3aTOPOB apoMaru3aluu H-rekcaHa. Ilocme
B3aMMOJeHCcTBUS ¢ MoJieKyinamu nupuanHa B MK-criekTpax okcuga amtoMUHUS TOSIBUIICS PAJT
mojioc ¢ vacroramu 1630, 1580, 1490 u 1440 em’. Tlomocer 1630 em' u 1490 CM'l, B
COOTBETCTBUHM C JIUTEPATypPHbIMU JaHHBIMU [4], OTHeCEeHBl K MOJIEKyJIaM MHpHIUHA,
KOOPAMHUPOBAHHBIM JIBIOMCOBCKUM KHCJIOTHBIM IIEHTPOM MOBEPXHOCTH OKCHIA aTIOMUHUS.
Ionocsr 1580 u 1440 cM' COOTBETCTBYIOT KONCGAHHSAM (DH3UUECKH aicOpOHPOBAHHBIX
MOJIEKYJ mupuaAnHA. [Ipy NCHoIp30BaHNH B KauecTBe MOAMDUIIUpYIOIEH TOOaBKH UTTEpOUs
CYILIIECTBEHHO M3MEHSETCS OTHOCHTEIbHAS CHJIA MOBEPXHOCTHBIX AKTUBHBIX LIEHTPOB. XOTS
nocne ancop6run nupuanHa B MK-cmekTpax KaTanUTUYECKOW CHUCTEMBI W HAOIIOJArOTCs
momocsl 1630 oM (IbIOMCOBCKHE KHCIOTHbIE IeHTphl), 1440 oM’  (dusuuecku
aIcCOpOMPOBAHHBIC MOJIEKYJIbl MUPUANHA), HO MHTEHCHUBHOCTH JAHHBIX IOJOC 3HAYUTEIHHO
MEHBIIIE, YeM B UCXOIHOM OKCH/JIE aJTFOMUHHUSI, YTO YKa3bIBaeT Ha CYIIECTBEHHOE YMEHbIICHHUE
KHUCJIOTHOCTH TIOBEPXHOCTH B pe3yJibTaTe MOAUPHUIIMPOBAHUS HOCUTeNs uTTepouem. [loutn
MOJIHOE€ OTCYTCTBHE KHUCJIOTHBIX LIEHTPOB MPOUCXOAMUT Ha MOBEPXHOCTU OKCHUIA aJTIOMUHUS,
MOIU(PHUIIMPOBAHHOTO TAJOJMHUEM. OTOT BBIBOJ cienyeT u3 aHanmm3a MK-crekrpos
NUpUAMHA, aJcOpOMpPOBAaHHOTO Ha JaHHOM cucreme. Ilocne nerkoro BakyyMHpPOBaHHUS
HAOMI0JaeTCsl TIOJTHOE YIalleHHe TOJIOC, XapaKTePHBIX ISl M30BITOUHBIX MapoB MUPUIUHA U
busndecku amcopobupoBanHbix ero ¢opm. B MK-cnekrtpe Takxke He HaOMIOJaeTCs TOJIOC,
XapaKkTepu3yomux o0pa3oBaHHE WOHA NMHUPUAWHUS Ha OPEHCTEIOBCKMX IEHTpax, a Iojoca
nornomenns 1630 cM™', KOTOPYIO CIeAyeT OTHECTH K KOOPANHHPOBAHHBIM HA JIHIOMCOBCKHX
KUCJIOTHBIX IEHTpax MOJEKyJlaM NUpUauHa, O4YeHb cinabas. IlomyueHHble JaHHBIE
CBUJETEIBCTBYIOT O Pa3lWYHOM BIUAHUU P30 Ha KUCIOTHYIO (QYHKIMIO HOCHUTENS, 4TO
IPOSIBIISICTCS B PA3IMUMHU KaTATUTHYECKUX CBOWCTB MOAM(PHIIMPOBAHHBIX aTFOMOIUIATHHOBBIX

KaTaJin3aToOpoOB.
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[TonTBepxknenneM BiMsHUA P30 Ha KUCIOTHBIE CBOWCTBA HOCUTENA SIBISETCS TaKKe
YCTAaHOBJICHHAs] ~ BEMWYMHA  HAOMIOJaeMOW  JHEPrMH  aKTUBAallMM  H-TEKCaHAa  Ha
ATIOMOIUIATUHOTAJOJIMHUEBOM KaTalin3aTope, coBmnagawmomas ¢ Ey.sy, Ha "3amenoueHHoM"
AIIOMOIIJIATHHOBOM KaTajn3aTope, Al KOTOPOTO XapaKTepeH KOHCEKYTHBHBIH MEXaHHU3M
apoMaru3aluy H-apauHOB.

Ocobennoctn  coenmuHernid P30 cBs3aHsl ¢ (GOpMHpPOBaHHMEM  CBA3E€H  HOH
PEAKO3EMENIBHOTO  JJIEMEHTA-JIMTaH[, XapakTep KOTOPBIX OMNPEICNSIeTCS  BIHSHHEM
AJICKTPOHHOMU MJIOTHOCTH HE3amnoJHEeHHOH 4f-0007109KH BaJICHTHOW OpOUTAIIH.

AKTHBHOCTh M CEJICKTHBHOCTh KAaTaJIUTHYECKUX CHCTEM MOXKHO PETYJIMPOBATH IyTEM
W3MEHEHUsl JIMTaHJIHOTO COCTaBa WJIM BBEJACHHEM JOHOPHBIX J00aBOK, YTO BIUSET Ha
KOMILIEKCO00pa3yIolie CBONCTBA CUCTEMBI.

Penxo3eMenbHble 3JEMEHTHI — KOMIUIEKCOOOpa30BaTeNN CpEJHE CHIIbI, CIIOCOOHBIE
MPOSIBIISIT BBICOKHE KOOPIWHAIMOHHBIC Yncia. OTCyTCTBHE CTPOrOW H30MPATEIIbHOCTH K
JOHOPHBIM ~ aToMaM JIMTAaHJIOB  OOYyClaBIMBAaeT pa3HooOpasue KomiuiekcoB  P30.
KoopannannonHoe uucino B Komiuiekcax P30 B momaBnsromeM OOJBIIMHCTBE CIy4yacB
MPEBBIIIAET HIECTh, YTO MO3BOJIAET MIPUMEHSTh UX B )KUJIKO(A3HOM OKHCIEHUU OPTraHUYECKUX
BEIIECTB.

Y CTaHOBIIEHO MPOMOTHUPYIOIIEE ACHCTBUE TUOKCUIA IEPUS HA TUTATUHOBBINA KaTalIu3aTop
ra3o(azHoro OKMCIEHUS YKCYCHOTO albAeTua B YKCYCHYIO KHCIIOTY.

B npombllluleHHOCTH [aHHBIM MpoLecc OCYHIECTBISETCA C II€JbI0  OJHOBPEMEHHOTO
MOJTYYCHHUSI YKCYCHOM KHUCIOTBI M YKCYCHOTO aHTHApPHUAA. B TNPHCYTCTBHUH CMEIIEHHOTO
KaTaln3aTopa aleTaToB MeAX 1 KoOaIbTa BBIX0/ YKCycHOro anruapuzaa (YA) cocrasiuser 56%.

C uenpto wusydyeHuss BausHUS P3D mpoBoAMIM OKHCIEHHE alleTalbleruaa Mpu
atMocdepHOM naBieHuu, Temrneparype 50°C B mpoTOYHOH yCTaHOBKE 0apOOTaXKHOTO THIA.
KaranuzaTtop mMeer clenyrommii cocTaB, MOJIb/J: ameraT Mezuxl-l6,5-10'3 ; ameraT KobOajabTa
- 5, 54-10'3; amerar P30 —1,13-10'3. UccnenoBano BiMSIHUE WTTpUS, JaHTaHa, LEpus,
npa3eouMa 1 TaJ0dHHHUSL.

AKTHBHOCTh KaTaju3aTopa OILIEHHWBAJaCh IO CEJIEKTUBHOCTH OOpa30BaHUs YKCYCHOTO
AHTH]IPH]IA.

YCTaHOBIEHO pa3NUYHOE BIUSHUE PEIKO3EMENIbHBIX DJJIEMEHTOB HA HAIMPaBICHUS
pEaKIuu OKHUCIECHUS alleTaabAeTuaa B CTOpoHy oOpa3zoBaHus YA.

Paznuuns axktuBHOcTH aneratoB P3O B OKHCIEHHMM alleTalbIerydAa CBA3aHO C
YCTOMYMBOCTBIO KOMILUIEKCOB B YKCYCHOKHMCJIOM pacTBOpe. YCTOMYMBOCTH al€TATHBIX
KOMIUIEKCOB TIpa3eoJuMa U TaJOJIMHUS B pPAacTBOPE HE CHOCOOCTBYET YCKOPEHUIO
OKHUCJIUTEIHHON peaKIMH, TOTJa KaK MEHEe yCTONYMBBHIE alleTaThl UTTPUSA, JIaHTaHA, LIEPHUs
YBEJIMYUBAIOT aKTUBHOCTH KaTaJln3aTopa B HAMpaBJIeHUU o0pa3oBaHus Y A.

[MpomoTupyrommii 3h(PEeKT B peakiuu OKUCICHHS aleTalbJeruaa CBS3aH ¢ TEM 4TO B
pPEaKIMOHHONW CMECH BO3MOXHO O0pa3oBaHHME M Paclaj MalIOyCTOHYMBBIX KOMILIEKCHBIX

coenuHeHni P30 kak ¢ aneTanbaeruaoM, Tak U ¢ KHCIOPOJIOM BO3yXa, OOECIEUHBAIOIINX
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Oosee MATKHMH ITyTh EPEHOCA KUCIOPOia Ha CTaAUU MOTYUYEHUsI NEPBUYHOTO MOJIEKYJISIPHOTO
npoaykra peakuuu — HagykcycHodl kucinotel (HYK). BsaumopeiictBue HVYK ¢
alETAIBJETUIOM HPUBOJUT K HANPABIEHHOMY CHHTE3Y KOHEUHBIX MOJEKYJISIPHBIX
IPOAYKTOB, @ MIMEHHO, YKCYCHOT'O aHTHUAPUAA.

Hawnbonee BbicOkass W crabmibHas CEJIEKTUBHOCTH oOpa3oBaHus YA HaOmogaiach B
IPUCYTCTBUM alleTaTa UTTPUSI.

Pe3synbTaThl uccienoBaHus MO U3YyYEHUIO BIMSHUS KOHLEHTpPALMU aleTara UTTPUs Ha
aKTUBHOCTb KaTaJlM3aTopa B HalpaBJIeHUU 00pa3oBaHusl Y A MOKa3bIBalOT, YTO ONTUMAJIbHBIE
npesenbl BAPbUPOBAHMS KOHIEHTPAMK Haxomstcs B mpeaenax 1,13 — 1,5-10° moms/m.
JlanbHeifiiee  yBeIMUCHHE  KOHIEHTpaud WTTpus 10  4,4-10°Moms/n  moHmKaer
CeJIeKTUBHOCTH Tpouecca o YA. [Ipu monHol 3ameHe anerara koOaibTa Ha aleTaT UTTpUs
OKHCJICHHUS HE TIPOUCXOMMT.

Taxum 00pa3om, IPOBEAEHO CUCTEMATUYECKOE UCCIEAOBAHNE BIUSHUS PEIKO3EMEIbHBIX
3IIEMEHTOB (CamapHii, eBpONUH, TaJOJUHHUNA, UTTEpOUN, UTTPUH) HA CKOPOCTH OTHEIBbHBIX
HaIpaBJICHUH NPEBPAILECHUS H-TE€KCAHA U OKUCIICHUS alleTalIbJETH/A.

VYcTaHOBIIEH psAJl aKTUBHOCTH M CEJIEKTMBHOCTH MOAMMDUIUPYIOMIUX 3JIEMEHTOB I10
HalpaBJICHUIO peakiuu apomarusanuu, B psagy Gd >Y >Eu >Sm >Yb naubonbmreit
AKTUBHOCTBIO 00J1a1al0T KaTaIM3aTOPbl, MOAU(DUIIUPOBAHHbIE TaI0TMHUEM.

OmnpeneneH ONTUMAIbHBIM COCTaB  AJIOMOIIATMHOTIAJAIMHUEBON  KAaTaJIUTHYECKON
CHUCTEMBI JJI IPOBEJCHMS IPOLIECCa apOMaTU3aluy H-TEKCaHa.

Ha ocHOBe pe3ynbTaToB HCCIET0BAHNN (PU3UKO-XUMHYECKIX U KaTATUTHYECKIX CBOWCTB
KaTaJIn3aTOPOB BBICKA3aHBl TPEINOJIOKEHUA O MEXaHU3ME BIMSHUS MOIUPHUIMPYIOLIHX
N00aBOK Ha aKTUBHOCTh M CEJIEKTUBHOCTh M3YYEHHBIX KaTanu3atopoB. MoauduuupoBaHue
AIIOMOIIJIATUHOBOTO KaTaJIM3aTOpa PEAKO3EMEIbHBIMU DJIEMEHTAMM IOJABISET KHCIOTHBIE
LEHTPbl HOCUTENS,, OTBETCTBEHHBIE 32 M30MEPHU3ALMIO YIJIEBOJAOPOJOB, B PE3yJbTaTe YEro
apomartu3anus H-napauHOB UAET IMyTEM HUX MOCIEA0BATEIBHOTO AETHIPUPOBAHUS.

Kpome Toro, mpoBeneHHOE HCClIEIOBaHME IO BIMAHUIO J00aBok anerara P30 Ha
OKHCJICHHE alleTalbJerhia MOKa3blBAET, YTO HauOOJbINAsl CEIEKTUBHOCTh 00pa3zoBaHus YA
JOCTUTAeTCs TIPU BBEJCHWUW arerata WUTTpusi B KoimuectBe 1,13 — 1,5-10'3 MOJIB/II B
NPOMBIIIJICHHYIO CHUCTEMY, COJEpJKalllylo aleraTsl KoOajabTa WU MeAu. BBIXOH yKCYCHOTro
anbaeruna npu 3toM cocrasiseT 70 mac. %, yBenumumBasich Ha 20-25 % 1o CpaBHEHUIO C

IMPOMBIIIJICHHBIM KaTaJIUu3aTOPOM.
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1 Karamutuueckuit pudopmunr yriesonoponos/ [loa. pea. nmpod. P.U. Ky3pmuHnoii.-
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pe3K0o3eMeNbpHBIX MeTauoB. — MuHck: Hayka u texnuka, 1977. — C. 3.
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Simonov A.N., Matvienko L.G., Pestunova O.P., Parmon V.N.
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NCCIEJOBAHUE ABTOKATAJIUTUYECKOI'O MEXAHU3MA PEAKIIUN
BYTJIEPOBA

Cumonos A.H., MarBuenko JL.I'., IlectrynoBa O.I1., [Tapmon B.H

Wuctutyt kartanusza uMm. I'.K. bopeckosa CO PAH, HoBocubupck
E-mail: san@catalysis.ru

[Tomumepuzanust dopMaibaeTuaa B MOHOCaXapuabl B BOJHOM IIEIOYHOM cpene Obuia
oTkpbITa enie B 1861 romy u m3BecTHa Kak GopmosHas peakims bytineposa. B Hacrosiee Bpems
OOILETIPUHATO, YTO 0Opa30BaHUE MOHOCAXAPHUIIOB U3 (POPMANIBAETHAA TI0 STOM PEeaKIUu SIBIISIETCS
ABTOKATAJIMTUUECKUM, T.K. HHULUUPYETCS JIIOObIM yriieBoJoM. CaMble akTHBHBIE KaTaIU3aTOPBI
paccMaTpuBaeMOro IMpouecca — THAPOKCUIBI HIEJTOYHO-36MENIbHBIX MeTaiuioB. Hecmotps Ha ToO,
yro peakuusi bytnepoBa msBectHa moutu 150 ner, neTanbHbBIE MEXaHW3M OJUTOMEpU3ALU
(dopmainberiuia ¥ MpUYMHA aBTOKAaTATUTUYECKOTO XapakTepa mpolecca JI0 CuX Mop OCTAIOTCs He
BIIOJIHE SICHBIMHA. ABTOKATAIMTHYECKUN XapakTep peakuuu bymiepoBa M OZHOBpEMEHHOE
IpoTeKaHue B (POPMO3HON CHCTEME HECKOJIBKUX MOOOYHBIX PEaKLUil JEIaroT MPOLECC CUHTE3a
YIJIEBOJIOB U3 (POPMANIBJETH/IA B CTATUYECKHUX YCIOBUSAX HEYIPABIIIEMbBIM.

C wnenpto Gonee riyOOKOTO TMOHMMAHUS MEXAaHHW3Ma WMHUIMMPOBAHUS U TPOTEKAHHS
peakuuu byTiepoBa HaMM MccielOBaHbl BIMSHUE MPUPOIbI HHUIMATOPa (aJIbJ03 U KETO3 OT
C, no Cg), BpeMEHH KOHTAKTa M HAadaJbHOW KOHIICHTPAIIMM CyOCTpaTa Ha TMPOTEKAHHE
npouecca Kak B NMPOTOYHO-IUPKYJISILIMOHHOM, TaK M B CTaTUYECKOM pEAaKTOpax, a TaKkKe
HEKOTOpBIE 3aKOHOMEPHOCTH 00pa30BaHMsI €HAMOJIBHBIX (POPM MOHOCAXAPHUIOB.

VYCTaHOBIEHO, YTO B NIPOTOYHBIX YCIOBHMSX peakuuio byTiiepoBa MHHLMUPYIOT Bce
Husmme yrieBoasl (C,, C3), a U3 BBICIIMX aKTUBHOW OKa3zanach Jimiib Cg-KeTo3a copOo3a.
[Ipn momaroBoM yMEHBIIEHHH BpPEMEHM KOHTAKTa CMECH B PEAKTOPE B HEMPEPHIBHOM
HKCIIEPUMEHTE yAaloCh 3a(UKCHpPOBAaTh S5 CTALMOHAPHBIX COCTOSHHM C KOHBEpCHEH
dopmanpaeruna ot 80 no 20 %. anpHeiiee yBelIn4eHHe CKOPOCTH MPOTOKA MPUBOAMIO K
OCTaHOBKE pEaKIUHM. B cTalmMoOHapHOM COCTOSIHMM HE3aBHCHMO OT HA4YaJIbHBIX YCIOBUHI
COCTaB U COOTHOULIEHHE HAOJI0/IaeMbIX IPOAYKTOB B IpEJeNax MOrPEUIHOCTH KCIEPUMEHTA
OBLIIN OJUHAKOBBIMHU.

B cratnueckom PCaKTOPE BCC UCIIBITAHHBIC YIJICBOAblI MHUITUUPOBAJIN OJIUTOMCPU3ALIUTO

dopmanpaeruna. B orcyTcTBue nHUIIMAaTOpa 00pa30BaHUs MOHOCAXapHUIOB HE MPOUCXOAMIIO,

188



OP-11-4

R, R, a pacxon ¢dopmanpaeruga ObuT 00YCIIOBICH
(0] (0}
- Ca?* \\\C MPOTEKaHUEM peakuuu Kannunuapo.
Ca
OH Nunnuupyromas akTUBHOCT YIJIEBOJOB pocia
OH (0]
R; R; IIpU IIOHIDKEHUM YHCIIa aTOMOB YyIVIEpOda B
Puc. 1. I[lepexoo yenes0006 6 eHOUONbHYIO LeNy, TPUYEeM KETO3bl 00Jiee aKTHBHBI, 4YeM

hopmy 6 npucymcemeuu 2uOpoKcuUoa Kaibyust
anpao3el. [Ipeamonarasi, 4To WHUIUHUPYIOLIAS

AKTUBHOCTh MOHOCAXapHJOB CBSI3aHA C MX CHOCOOHOCTHIO MEPEXOIUTh B IIEIOYHON Cpeae B
ESHANOIBHYIO0 (OPMY, KOTOpasi MOXKET 00pa30BhIBATH KOMIUIEKCHI C HOHAMU KanbIus (puc. 1),
MBI HCCIICIOBAIM KHHETUKY TEpeXoJia pPa3IMYHBIX YIJIEBOJOB B CHAMONBHYIO (HOopMy B
NPUCYTCTBUM TUAPOKCHIA Kanblusg crekrpogoromerpudyecku. OOHapyxkeHa sIBHas
KOppesiysl aKTUBHOCTH B MHHUIIMMPOBAHHM peakiuu byTiepoBa co CKOpOCThIO Tepexona
MOHOCAXapuJOB B EHAHONBbHYIO Qopmy. [l TOATBEpKIEHUS THIIOTE3BI O TOM, 4TO
WHULUUPYIONIAs aKTUBHOCTh YTJEBOAOB 3aBHCHT HMMEHHO OT CKOPOCTH OOpa3oBaHMs
eHAMONIbHON (OpPMBI, MBI CHHTE3UPOBAJIM M BBIACTWIM B TBEPIOM BHJE EHAUOJIbHbBIE
KOMIUIEKCHI TIIFOKO3bI, (PYKTO3bI, puOO3bI, COPOO3BI M JEHAPOKETO3bl. VHUIUUpyomas
AKTHUBHOCTb 3THUX KOMIUIEKCOB OKa3ajaCh 3HAYUTEIBHO BBIIIE MHUIIMUPYIOMIEH aKTUBHOCTH
YUCTHIX yTJIEBOIOB.

B mpucyTcTBUM TUApOKCHAA KalblUsl BBICIINE MOHOCAaXapuIbl MOMHMO OOpa30BaHUS
eHAMONBbHBIX (opM pacmierusitorcss Ha Hu3mme yriaeBoasl C-Cs. B cBoro ouepens,
MOCIICIHUE B IIEIOYHON Cpejie KOHACHCUPYIOTCS ¢ 00pa30BaHUEM HECKOJIbKHX OTIMYHBIX OT
ucxonubix yriaeBogoB or C4 nmo Ces. Bo3MoxkHBIE TOMapHbIE B3aUMOICHCTBUS HHU3IIUX
VIJIE€BOJOB B TMPUCYTCTBUM THUAPOKCHIA KajblMsl OBUIM MCCIEIOBAHBI B OTAEIBHBIX
skcnepuMeHTax. CyIlecTBEHHO, YTO COCTAaB MPOJIYKTOB, MOJTYYa€MbIil MPU B3aUMOJECUCTBUU

Cy- u C3-yrieBojoB, OKazalcs CXOXKHUM C

R, R,
0 0 COCTaBOM IIPOJYKTOB Peakuuu ByTieposa.
HO Ca?" HO / \Ca [IpoBeeHHBIE HAMU  MCCIEIOBAHUSL
OH OH_ O/ TITO3BOJIAKOT HpC,Z[HOHO)KI/ITL, qTo B
R R WHUIMUPOBAHUK  pEakiuu  byTiepoBa
2 2

MOHOCAaXapuJaMH KIIOUEBYIO POJIb UTPAOT

Puc.2. Obpaszosanue uiecmuuieHn020 eHOUOLHO2O
Komnexca mporecchl  00pa3oBaHUSl  E€HIUOJIBHBIX
dbopM yrIeBOJOB W HUX TOCIAEAYIOUIETO PETPOANBIAOIBHOTO pACHICTICHUS Ha HU3IINE
yraeBoasl. IlpemnoskeHa Taike oOmas cxema MpoTeKaHus peakiuu bytiaepoa. Mel
MoJIaraeéM, 4TO B XOJI€ PETPOATBA0JIBLHOTO PACHICIUICHUS YIJIEBOJBI 00pa3yOT €HAMOIbHBIN

KOMILIEKC HE C TSATHWICHHBIM IIMKJIOM, TPEIJIOKEHHBIM B psae pabor [1, 2], a ¢
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mecTuwieHHbIM (puc. 2). MMeHHo paHHas ¢opMa MOHOcaxapuaa MOKET IOJABEPraThCs
pacmierieHuto [3, 4], B TO BpeMsi Kak 00pa3oBaHKE MATHUWICHHOTO €HAUOJIBLHOTO KOMILICKCA
CHOCOOCTBYET JIMIIb MPOTEKAHHIO M30MEpPHU3AIMM MOHOCAaXapuaoB 1o peakuuu JloOpu ne
bproitna AnpOepna Ban DxeHmreitna. /laHHOE TpearnonokeHHe OOBSICHSET MOBHIIICHHYIO
WHHUIMUPYIONIYI0 aKTUBHOCTh KETO3 TI0 CPABHEHUIO C abJo3aMu. J[JIs1 BCEX MCIBITAHHBIX B
Ka4eCTBE MHUIUATOPOB ajibJ0-MOHOCAXapHI0B 00pa30BaHUE MICCTUUICHHOTO €HIMOJIEHOTO
KOMILIEKCA 3aTPYJHEHO CTEPUYECKH, B TO BpEMs KakK Ui BCEX KETO-YIJIEBOIOB Oosee

MpeaAIOYTUTCIILHO O6p330BaHI/Ie HUMCHHO IICCTUYICHHBIX CHANOJIbHBIX KOMIIJICKCOB (pI/IC 3)

Imowosa Copbosa

Puc. 3. Ilpocmpancmeenuvie cmpykmypsl 2i0Ko3vl (anv0o3a) u copbosvl (kemosa) u
B03MOICHBLE NYMU 00PA306AHUSA eHOUOIbHBIX KOMNIIEKCO8 OISl SMUX Y2/1e60008.

Bce mpomyKkThl OECTpYKIMH YTI€BOAA-WHHUIIMATOPA CIIOCOOHBI BCTYNaTh B MPOIECC
aJTBJI0JIBHON KOHACHCANU ¢ opMaibaeruaoM. Tak kak Bce Beicmue yrieBoabl Cs-Cq MOTYT
00pa30BbIBATh YCTONUMBBIE HUKIMUYECKHUE MOTyalleTallbHble (POPMBI, HanboIee BEPOSITHO, YTO
¢ (QopmanbIeruoM B3aUMOJCHCTBYIOT HMEHHO HM3IIME yriaeBoisl. [lomumo 3Toro
IpOTEeKaeT KOHJICH AU HU3IINX YTIIEBOJOB JAPYT C IPYTOM, B pe3yJibTaTe 4ero u oopasyercs
BC€ MHOT0O00pasne MpoIyKTOB peakuuu byTieposa.

Pabora BeimonHeHa mpu (uHaHCOBOW mommepkke rpaHta PODU (Ne 05-03-32862),
Wnterpaumonnoro npoekra (Ne 148), mporpammsl Ilpesnauyma PAH «llpoucxoxnenue u

sBoJIIOIHs O6rocdepb» U rpanTta «Hayunslie mikossl Poccumy (Ne. 1484.2003.3).

Jlureparypa:

Socha R.F., Weiss A.H., Sakharov M.M.// Journal of Catalysis. 1981. T.67, C.207-217
Weiss A.H., Seleznev V.A., et al. // Journal of Catalysis. 1977. V.48. P.354-364
Quesnel Y., Toupet L., al // Tetrahedron: Asymmetry. 1999. V.10. P.1015-1018
Simpura 1., Nevalainen V. // Tetrahedron. 2003 V.59. P.7535-7546
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NCCIEJOBAHUE MEXAHU3MA KATAJIMTUYECKOI'O
Ir'maPOCUJINJINPOBAHUSA

CkBopuoB H.K., ne Bexknu /I.A., Pe3nukoB A.H., YBapos B.M.
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Peakiusi KaTaqUTUYECKOTO THIPOCUIMIIMPOBAHMS JISKUT B OCHOBE YHHUBEPCAIHLHOIO
NpenapaTUBHOIO M TMPOMBIIUIEHHOTO METO/a CHHTEe3a MHOTHX KPEeMHHHOpPraHMYecKHX
coequHeHuil. OHa 3aKIIOYaeTcs B NPUCOCTUHEHUH KPEMHUHTHAPUAOB K Pa3IHYHBIM
HETpeIebHBIM COeTMHEHUAM, coneprkamuM cBa3u C=C, C=0, C=N u T1.1.

Ha cerognst mpeajioXeHO HECKOJIBKO CXeM MexaHu3Ma 3Toi peakuuu. Cxema Yoka-
Xeppona!!!  mpenmomaraer  06paTHMyI0  KOOPAMHAIMIO alKeHa ¥ OKHCIHTETBHOE
npucoequaeHne Si-H k atoMy mimaTWHBL, a B KayeCTBE KIIIOUEBOW CTaJMU — BHEAPCHHE
KOODJAMHUPOBAHHOTO  ajJKeHa IO  CBA3M  METAUI-BOJOPOJ]  C  IOCIEAYIOIIHUM
BOCCTQHOBUTEJIHBIM 3JMMHUHUPOBAHHEM AJKWJIBHOTO M CHJIMJIBHOTO JIMTaHjoB. [laHHas
cxeMa OOBSICHSET M30TOMHBIM OOMEH Mexay aikeHoM u Si-D, m u3omepusanuio ankeHa,

2 .
1 npennoxennoit

ABJISIOLLYIOCS] TOOOYHBIM IpolieccoM. B cooTBeTcTBHM C Apyroi cxemoi
U1 OOBSCHEHHSI TTOOOYHOTO ACTUIPOTEHATUBHOTO CHJIMJIMPOBAHUS, TMPEANOIaraeTcsi, 4To
BHEJIPEHUE TPOUCXOJUT B CBSI3b METAUI-KPEMHHMI, a 3aTeM CIEeAyeT AIMMHUHUPOBAHME
CHWJIWJIBHOTO M TUJPHUIHOTO JIUTaH/IOB.

CymiecTByeT ® Jpyras KOHLEMIMS aKTHUBAllUU CBSI3U Si-HB], Oasupyromiasicss Ha
MPEANOJIOKEHUH O T]Z-KOOPIII/IHaHI/H/I ruapocuiaaHa 0e3 TOJHOrO pa3pbiBa  CBs3eH
(TpexieHTpoBasl CBS3b) W HaIIEIIas SKCICPUMEHTAIbHOE TMOATBEPXKICHUE, HANPUMEp, B
na"gueix PCA u SAMPM,

B noxnane 0600111€Hb UMEIOIINECS IUTEPATYPHBIE TaHHBIE U PE3yIbTaThl COOCTBEHHBIX
UCCJICIOBAHUM MeXaHM3Ma pPeaklUUd TUAPOCUIMIMPOBAHUSA, KAaTAIU3UPYEMON KOMILJIEKCAMH

IIaTUHBI, ITaJIJIaaus 1 pOI[I/ISI[S].
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HJ’IH BBIICHCHHA MCEXaHHU3Ma KaTaJIUTUYCCKOro TUAPOCHINIIUPOBAHUA HaMU OBLIO

HCCIICIOBAHO BSaHMOﬂeﬁCTBHe KOOpAWHAITUOHHBIX COGI[HHCHHIZ KaK C
TUAPOCWIWIIMPYIOIIUMHU arcHTaMu — THAPOCWJIaHAMU W TUAPOCHUIIOKCAHAMHU, TaK H C
CY6CTpaTaMI/I — KCTOHaMH, aJIKCHaMH, BHHUJICUIOKCaAHaMH. Hcmons3oBanne XHUPpaAJIbHBIX

CyJIb(OKCHUICOACPKAIMX  KOMILJIEKCOB  IO3BOJWJIO NPUMEHUTh METOJA  JUCIEPCHU
ONTUYECKOI0 BPAILLEHHUS B COBOKYIIHOCTH €O crnexkrpockonuen SMP (lH, B, 31P) JUIst
KMHETUYECKOTO0 KOHTPOJIA 3a MPEBpAIlCHUEM KaTalu3aTOPOB B pEaKLIMOHHOMU CpeJe.

B  noxmane npoBeNeH  aHaIU3  CUCTEMATHUYECKUX  MCCIEAOBAHUM  KUHETUKU
TUAPOCUIIWIIMPOBAHUST  Pa3IMYHBIX  cyOcTpaToB  (0J€(UHOB,  AlETHJIEHOB, JHEHOB,
BUHWICWJIOKCAHOB, KE€TOHOB) B MPHCYTCTBUM KOMIUIEKCOB IUIATHHBI, POJMs, Najiaaus U
Hukensd. Ha ocHOBaHMM aHanmu3a M ¢ y4eTOM JIMTEPATYyPHBIX JAHHBIX YCTAHOBJIEHO, YTO B
3aBUCUMOCTM  OT IPHUPOABI  METANIOKOMIUIEKCA, JIMTAHJHOTO  OKPYXEHMsI aToMa-
KOMIUIEKCO00pa30BaTesis, CTENEHH OKHCIEHHUS MeTaljia, NPUPOJbl CaMUX CYOCTpaToB M
peareHTOB Ppealn3yIOTCsl pa3Hble CXEMbl MEXaHHM3Ma, BIMSIOIME Ha CIOCO0 AaKTHBALUU
KPEMHUMTHIPHUIA U HENPENEIbHOIO COECIUHEHMS M NPUBOJALIME K M3MEHEHHIO CKOPOCTh
JUMUTHPYIOIIEH CTaJuu KaTaJUTHYECKOro Ipolecca. B YacTHOCTM MOKa3aHO, 4TO
OKHUCJIUTEIbHOE MpHucOoeIuHEHNEe K KomiulekcaMm IutatunbI(Il) He sBhsercs o0si3aTenbHOM
CTagueN KaTaianu3a.

IToxazaHa BO3MOKHOCTb JIMTAHJHOTO KOHTPOJISI aKTUBHOCTH M CEJIEKTUBHOCTU JEUCTBHUSA
KaTajan3aTOpOB Ha OCHOBE IUIOCKO-KBaJapaTHhIX KoMmiuiekcoB [ML,X,], M=Ni, Pd, Pt.
[IpennoxkeHsl «IKaIbl JIATAHI0BY MTO3BOJIAIOIINE IPOTHO3UPOBATh KaTAJIUTUYECKUE CBOMCTBA
KOMIUIEKCOB UCXO/ISl U3 G-IOHOPHBIX U T-aKLIENTPOHBIX CBOWCTB JIUTAaHOB B KOMILJIEKCAX.

PaGora BeimonHena mnpu ¢uHaHCOBOM momnepkke PODOU  (Ne 04-03-32632a,
06-03-32137a) u [Ipesunenta PO (Ne MK-3204.2005.3).
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Zeolites have been used for alkylation of many aromatic compounds. Alkylation of
benzene with ethanol over zeolites gives ethylbenzene [1], alkylation of toluene with
methanol is one of the methods used to produce xylene [2]. Phenol alkylation with methanol
in the presence of zeolites gives the mixture of O- & C-alkylated products [3]. N & C-
alkylation took place during the metylation of aniline with methanol [4].

In the present paper the alkylation of phenol & aniline with methanol has demonstrate. It
was earlier supposed [5], that alkylation of phenol with methanol took place either or as O-
alkylation with formation of methyl phenyl ether ( anisol), which further will be rearranged in
cresol / Kursanov reaction in Russian chemical literature / at high temperature or had been

have direct high-temperature alkylation / 250-300 °C/ in benzene ring of phenol.

_OH _~OCHj _OH
+ CH3;0H—> — CH; —@

Here it has been use as zeolite ZSM-5 modified by BusN+Br. The heating of phenol with
methanol over mentioned zeolite gives only the mixture of cresols (in generally p-cresol till
90 %) at 35-37 % yield at 300 °C. The heating of anisole is resulted in formation of p-cresol at
the same temperature with a low yield (18%). The heating in the same conditions of the ethyl
phenol ether does not result in similar results, i.e. to formation of ethyl phenol. Moreover, the
products of O—alkylation — alkyl phenyl ethers are not found out during the heating 1-butanol
& 1-hexanol in the same condition.

On the basis of mentioned supervision it is possible to assume, that during the alkylation

of phenol with methanol on zeolites has places C-alkylation in a benzene ring.
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Alkylation of aniline with methanol was studied over ZSM-5 modified zeolite at the
300 °C. In this case it has obtained the N-methyl aniline (I) and N,N,-dimethyl aniline (II)
with the ring alkylated products (III) at the ratio LILIIT 6:1:3.

CH,

H
NH N N/ NH
2 \ CH, - \ /
+ CH,0H — . O CH; |
CH

H2N <

The received results, on our sight, testify that the phenol sorption on zeolite surface
stronger than aniline. The methylation of phenol passes only on a ring of benzene owing to

strong OH-zeolite connection, while weaker N-H-zeolite connection allowed to have N-

alkylated product.
References:
1  Given P.H., Hammick D.L. J.Chem.Soc., 1947, 928.
2 Kaeding W.W., J.Catal. 1985, 95, 112.
3 Chantal P.D., Kaliaguine S., Gradmaison, Appl. Catal., 1985, 18, 133.
4  Pillai R.B.C., React.Kinet.Catal.Lett, 1996, 1, 145.
5 Ternay A.L., Contemporary Organic Chemistry, Second edition, W.B.Saunders

Company, 1979.
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Wutepec xk xumuu (HOCPUHOBBIX KOMIUIEKCOB Majlaids B 3HAYUTENbHON CTENeHH
o0yCIIOBJIEH WX AaKTUBHOCTHIO B KaTaau3e pa3lUYHbIX peaKkiuil MpeBpaleHus
HEHACBHIIIICHHBIX COCIMHECHH, B TOM YHUCJIC W B PEAKIMH TUIAPUPOBAHUS. DTO CBS3aHO CO
cnenu(UIeCKUMU CBOMCTBaMU MaIIaaus, CPEIH KOTOPHIX HEOOXOAWMO OTMETHUTH JIETKOCTh
MPOTEKAaHUsI OKHCIUTEIbHO-BOCCTAHOBUTENBHBIX pEeakUUid B KOOPIMHAIMOHHOHN cdepe
namiaaus U CcrnocoOHOCTh (OCPUHOB CTAOMIM3UPOBATH METAUI B HHU3KOM U BBICOKOM
CTETICHSIX OKUCIICHUSI.

B noxmame Ha mpumepe [-IUKETOHATHBIX KOMIUIEKCOB MaNIagusl C TPETHUYHBIMH,
BTOPUYHBIMA ¥ TEPBUYHBIMUA (OCUHAMH TPEACTABICHBI OONIMEe 3aKOHOMEPHOCTH |
paznuuus, HaOmoAaeMble pu (GOPMUPOBAHUHN MAJUIAUEBBIX KaTalu3aTOPOB TUAPUPOBAHUS
MOJT ACMCTBUEM Pa3IMUHBIX BOCCTAHOBUTEICH.

[TokazaHo, YTO B 3aBUCHUMOCTH OT TPUPOILI (PocHopopraHuIecKoro COETUHCHHS,
COOTHOILIGHUSI MEXIy HCXOIHBIMH KOMIIOHEHTamH, peakius Pd(acac), ¢ ¢ochunamm B
WHEPTHOM aTMocdepe MPOTEKaeT IO pa3IMYHBIM MapuipyTaMm (KOMILIEKCOOOpa3oBaHHE,
0OMEH aIuIOJUTaHA0B, PEIOKC-TIPOIecC), MPUBOAS K OOpa30BaHMIO MOHOSICPHBIX
komruiekcoB Pd(II) wnu Pd(0), 6u- u tpexwbsaaepubix komiekco Pd(IT), Pd(I) u nHanouacTuig
auameTpoMm 2-3 HM, coaepkamux UH-PpocHUHUICHOBBIE JHUTaHAbl U KOOPAMHUPOBAHHBIE
nepBUYHbIE (HOCPHUHBI.

Ocoboe BHHMaHHE YIENEHO BOMPOCAM O3BOJNIONHMU PACCMATPUBAEMBIX CHCTEM TIOJ
NeiiCTBHEM BOCCTaHOBUTENEH U B Tporecce Karanmuza. KIIroueBBIMH — peakiusMu
(GopMHpOBaHUST KaTaJIM3aTOPOB THIPHPOBAHUS Ha OCHOBE (POCHUHOBBIX KOMIUIEKCOB

najuiaauss B BOAOPOJE SBIsOTCA ruaporeHonus cBszed Pd-X (X - anuponurann),
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npuBoasiuii K BocctanoBienuto Pd(I1)—>Pd(0); nectpykius pochuHOB B KOOpAUHAITMOHHOMN
chepe Pd(0), Brmrouaromias OKHCIUTEIBHOE TpHUcOeAUHEHHE (OCPOPOPTraHHUECKUX
murangoB k Pd(0) ¢ mocnenmytommm ruaporeHonuzoMm cBsisu Pd-C u  obpazoBanuem
NONHSIIEPHBIX (pocPuIHBIX U (HOCPUHUICHOBBIX KOMIUIEKCOB MAJIIaIUs; a B MPEIACITHHOM
ciydae — ¢ochunoB mammagus (PdeP, PdisP); dopmupoBanme 3akpenneHHbIX Ha
naymaauiigochopopranudecknx Matpuiax —kiaactrepoB namiaaus(0) mom  aedcTBUEM
BOJIOPOJIa M HEHACHIIIEHHBIX CyOCTPaTOB. AKTUBHBIMU B TUAPUPOBAHUU SIBISIFOTCS KJIACTEPhI
Pd(0) mmu ruapuns! knactepos [Pd Hy], nMMOOMIM30BaHHbIE HA NONUSIEPHBIX KOMILIEKCAX
namwtanus ¢ pochunapiMu, HocHUHUICHOBBIMU JTUTaHIaMH WK (hochuIax mauiaus.

[Mpu peiictBun Ha komruiekchl namtanus(ll) cumpHOro BoccTaHoBuTens (NaH,PO,,
AlEt;) B mHepTHOU atmocdepe dopmupyrorcs Hanodactuibl Pd(0), crabunmusmpoBaHHBIE
TpudenmipochruHOM U MOMUAACPHBIMU (POCHUAHBIMU KOMIUIEKCAMH MajUIaus B ciydae
NaH,PO, unu AlEt;(Acac) u PPh; B ciywae AlEt;. Tunm oOpasyromieiicsi HaHOYaCTHIIBI
(METaJTMYECKOE PO MU aCCOIMATHI MOJIUSAACPHBIX KOMIUIEKCOB Mautaaust ¢ pochuIHbIMY,
(dhochUHUIEHOBBIMY JTUTAHIaMH, Ha KOTOPBIX ©IMMOOUIN30BaHb! Kiactepbl Pd(0)) 3aBucut ot
COOTHOILEHUsI cKopoctel BocctaHoBieHust Pd(I) u mectpykium docdopopraHmyecKux
JIUTaHJ0B, KOTOPbIE B CBOIO OYEpE/Ib OIMpPENESIOTCS HE TOJBKO MPHUPOI0N BOCCTAHOBUTES,
HO U aTMocdepoii nporiecca (Bomopox  wiu aprox), COOTHOILIEHUEM
BOCCTAaHOBUTENb/MAJIaAUNA. B  yCIOBUSIX TI'HAPOTEHU3ALMOHHOIO KaTajdu3a BO3MOXKHO
penucneprupoBanue HanodacTun namiaaus(0) u mepexoa UX B HOJHSIEPHBIE KOMIUIEKCHI
nautaaus ¢ pochopopraHUIeCKUMH JTUTaHIAMH.

N3yudeHbl CBOMCTBA PaCCMOTPEHHBIX CHUCTEM B TruapupoBaHuu. Ha mpumepe cucreMsl
Pd(acac),PPh; + NaH,PO, noka3ano, 4To (yHKIIMOHUPOBAHHUE €€ BKIIOYAET TPH OCHOBHBIX
mapuipyTa: ¢opmupoBanue HaHowactul] Pd(0), coOCTBEHHO KaTaJIUTHUECKUH IIMKII
(KaTaMTUYECKOE TUAPUPOBAHME) U JI€3aKTHBAIMS U pEereHepanus Karajau3zaTopa B
pe3yJabTare AecTpyKIuH (pochopopraHMueCKUX JIUTaH 0B.

DKCIepUMEHTAILHO OOOCHOBAaHbBI MPUYHMHBI AKCTPEMAIBHOTO XapaKkTepa 3aBUCHMOCTHU
yZIeIbHOM aKTUBHOCTH OT COOTHOIIEHHS NCXOJHBIX KOMIIOHEHTOB B CUCTEMaX LIUTIICPOBCKOTO
TUTIA. YBEJIWYEHUE yACIbHON aKTHBHOCTH KaTaduTH4YecKoi cuctembl Pd(acac), + AlEt; mpu
u3MeHeHun oTHomeHus Al/Pd cBs3aHO ¢ pPOCTOM OHUCIIEPCHOCTH MHUKPOTETEPOTCHHOMN
CUCTEMBI, YBEJIMUYEHUEM [OJIM BOCCTAHOBIIEHHOTO MaNIafusl U HM3MEHEHHEM MPHUPOJbI
auranaHoi obonouku. [Tpuunnoit s¢pexra nnrndupoanus npu u3deitke AlEt; (Al/Pd > 4)
ABJIIETCS aACOpOIMs TPUATWIANIOMUHUSA Ha HaHo4yacTHIax mnauiagus. [IpennokeHsl myTu
YOpaBIEHUSI CENEKTUBHOCTHIO TNAJIAJMEBBIX KATaTU3aTOPOB TMPU TUIPUPOBAHUH  Ol-

AlCTUJICHOBBIX YIJICBOOOPOJOB.
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CATALYTIC AND PHYSICOCHEMICAL PROPERTIES OF Pt/a-GeO, SYSTEMS
IN REACTION OF SLECTIVE HYDROGENATION OF a,B-UNSATURATED
ALDEHYDES IN A GAS PHASE

Gebauer-Henke E., Rynkowski J.

Institute of General and Ecological Chemistry, Technical University of £0dz,
90-924 L.6dz, Zwirki 36, Poland
E-mail: egebauer@mail.p.lodz.pl

The production of unsaturated alcohols from o,B-unsaturated aldehydes is a very
important reaction in the preparation of many pharmaceutical, agrochemical, fragrance
compounds and fine chemicals.

Hydrogenation reactions are mostly carried out with supported group VIII metal
catalysts. Thermodynamically the hydrogenation of the carbonyl group into an unsaturated
alcohol is not favored. It was found that the addition of promoters [1, 2] and the use of
bimetallic catalysts [3] improve largely the selectivity to unsaturated alcohols of platinum
based catalysts. An improvement of selectivity towards unsaturated alcohols can be achieved
by using various promoters like Sn, Ge and Ga [2, 4]. The promoting effect of Ga and Ge can
be explained by the sorption of the C=0 group at the Pt — metal oxide interface, where it can
be activated by the Lewis acide site and dissociated hydrogen can be supplied by Pt. At PtGa
and PtGe species such activation leads to high rate of unsaturated alcohol formation [5].

a-GeO, (Sger = 3,8 m*/g) was impregnated with a methanolic solution of Pt(acac) in the
amount appropriate to obtain 1, 2 and 5 wt. % of platinum. The real content of platinum in the
catalysts was very close to the nominal one, which was checked by ICP analysis. The
catalysts were dried at 100 °C for 2 hrs and calcined in air at 500 °C for 2 hrs.

Support and catalysts were characterized by BET, TEM, XRD,, TPR, FTIR and TG-DTA
methods.

Most of the catalytic tests were performed at a reaction temperature of 80 °C. Both
activity and selectivity to the crotyl alcohol were much higher than in the experiments carried
out in 50 °C. For all catalysts under study the maximum is reached for the samples reduced at
120 °C. The reduction of the catalyst at the temperatures from 170 °C results in a remarkable
drop of activity, whereas the catalysts reduced at the temperatures above 200 °C are inactive.
The changes of the catalysts activity and selectivity during the time on stream are given in
Fig. 1a and b. All catalysts show a deactivation period, about 120 min. After 120 min. the

activity remains stable, the reaction is occurring in the quasi steady — state regime. The

197



OP-11-8

decrease in the activity is accompanied by the increase in the selectivity to crotyl alcohol.
During the time of reaching the steady — state regime, the most active catalyst centers on
which the hydrogenation of C=C bond prevails are subjected to partial poisoning, which leads

to the enhancement of C=0 hydrogenation.

(¢] . (¢]
temp. red=120°C temp. reaction=80°C temp. red=120"C, temp. reaction=80"C
350 -\3- 100- * 5wt % F’t/(x-GeO2
— < o 2wt %Pt/o-GeO
b 5 * * 5wt.% Pt/a—G602 S -~ & 1wt %Ploe 02
o 3001« * 2wt %Ptlo-GeO, S - % Pt/a-GeO,
‘ o * * X
2 250 * A 1wt %Ptlo-GeO, c  60- *****:...:::
IS 1%e0 > * ...:AAAAAAA
3 ° * o) 40 *x e A
e (] * * * - - * [ ] A
200 * % x kK o ° A
> oo P o . A
= A A [ ] +— A A
= As,ia *® o0 > 207
< 150 Aa AAAA S 0
0 50 100 150 3 0 50 100 150
, : [ . .
Time on stream [min] n Time on stream [min]

Fig.1. (a) the changes of catalysts activity during the time on stream, (b) selectivity to crotyl
alcohol for catalysts containing different amount of platinum

XRD patterns of the 5 wt. % Pt/a-GeO, catalyst reduced at 120, 200 and 300 °C revealed
that the reflex characteristic of metallic platinum Pt (20=46,38) is observed only for sample
reduced at 120 °C. TPR profiles of the catalysts show a significant consumption of hydrogen,
starting from the temperature of 180-200 °C which is obviously connected with the a-GeO,
reduction. In lower temperatures ca. 120 °C K some surface reduction of the support occurs,
leading to the creation of some Pt’ — Ge®" sites on the surface, enhancing hydrogenation of the
C=0 bond. At higher reduction temperatures platinum can be converted into the inactive PtGe
species and/or totally covered by the partially reduced support. This could explain lack of
platinum XRD reflexes for the catalyst reduced at the temperatures > 200 °C, and the drop of
activity for the samples reduced at the temperatures > 170 °C. The mean particle size of
5 wt. % Pt/a-GeO, catalyst determined from the broadening of Pt reflexes was about 11 nm,
whereas the mean particle size distribution evaluated basing on TEM images 2 — 5 nm: 23 %,
5-10 nm: 34 % 10 — 15 nm: 25 % and 15 — 20 nm: 16 % . Thus, mean crystallite sizes
determined for 5 wt. % Pt/a-GeO,; catalysts by means of XRD and TEM methods are in a

relatively good accordance.
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To sum up we can say that Pt/a-GeO, catalysts show promising activity and selectivity to
crotyl alcohol. The optimum parameters (reaction temperature = 353 K, temperature of

catalysts reduction = 393 K, platinum loading — 5 wt. %) were elaborated
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MEXAHMHW3M PEAKIIUU TPEBPAIIIEHUSA H-'EKCAHA HA Fe-Pt-Mo/Al,O3
KATAJIM3ATOPAX, TIPOMOTUPOBAHHBIX HEOJIUTOM

3akymbaeBa I'./l., Bpoackmii A.P.. I'a3u3oBa A.Jl., KymabexoBa A.K., fAckeBuu B.HU.

WMHCTUTYT OpraHuyecKoro kKatauusa u aekrpoxumuu um. /[.B. Cokonbckoro
MunuctepctBa oOpa3oBaHus U Hayku, AnmaTsel, Kazaxcran
E-mail:Gaizhan@topmail.ru

[{eonuTconepskaliie KaTalu3aTopbl, IIMPOKO HCIIOJNB3YIOIIUECS B TEOPETUYECKUX H
MPUKIIAIHBIX UCCIEAOBAHUAX, BCE €IIE HEJOCTATOYHO M3Yy4EeHBI, OCOOCHHO 3TO OTHOCUTCS K
MHOTOKOMIIOHEHTHBIM IO MEPEXOJHBIM MEeTallaM KaTaIUTUYECKUM CHUCTEMaM, CIIOCOOHBIM
MPOBOJUTH B OJIHY CTAJIHIO0 Cpa3y HECKOJIBKO mporieccoB. OCHOBHBIE BOIIPOCHI, TPeOyroIne
yTIyOJICHHBIX UCCIICOBAHUM, CBSI3aHBI C B3aMMOJICHCTBIEM KOMIIOHCHTOB B TAKUX CHUCTEMax
U MEXaHM3MOM TMPOTEKAIOIUX Ha HUX KaTalUTUYEeCKHX  peaknuil. M3yueHuro
oMU yHKIIMOHATLHBIX KATATUTUYECKUX CHCTEM TIOCBSIIIIEHA JaHHas paboTa.

[upoxum HAOOpPOM (PUBUKO-XUMHUYECKUX METOJOB: MEeCCOAyIPOBCKasi CIIEKTPOCKOIIHSI,
AIEKTPOHHAsT MUKPOCKOMHSI, peHTTeHO(a30BbIi aHamu3 u Jp., ucciaenaoBansl Fe-Pt-Mo/Al,O3
KaTajau3aTopbl, IPOMOTHpOBaHHbIe LeosnToM HZSM, npu BapeupoBanuu cojepxkanus Pt ot
0,1 mo 0,4 %, rasosoii armocdepsl (Ar, Hy, Oy) u temmepatypsl. Ha »Tux cucremax
OpOBOAMIIOCH TpeBpamieHue H-rekcana mpu 573-673 K (P=2 Mlla, Vo6=3qac'1,
Hj:cpippe=200:1).

C nomormpio MeccOayIpOBCKON CHEKTPOCKOMHUH ObLI M3Y4YEeH MPOLECC BOCCTAHOBIICHUS
katanu3aTopoB. 3omepnslie casuru (IS) mpuBeaeHs! oTHOcUTENBHO o-Fe.

Hcxonuplii CHEKTp CHCTEMBI MPEACTaBIsET COOOW CYMEpHo3UILMI0 ABYX IyONETOB,
OTBEUAIOLINX BHICOKOCIIMHOBEIM cocrostHmsaM Fe,® 1 Fe,” . OHE UMeIoT GIM3KHe H30MEpPHbIE
caeura (~ 0,31 MM/c), HO OTIMYAIOTCA BEIMYMHAMH KBaJPYHOJbHBIX pacmierieHui (QS).
Jos Fel3+ QS ~ 1,40 mm/c, a ms Fe,*t ~ 0,85 mm/c. @opma ¢ OONBIINM KBaAPYIOIBHBIM
pacuieryieHueM MOXET OBITh OTHECEHa K HOHAaM JKeje3a, pACIOJIOKEHHBIM OJIKe K

IMMOBEPXHOCTU HOCHUTCIIA. Ha BO3yX€ C POCTOM TEMIICPATYPbI HNPOUCXOAUT YMCHLIICHUC
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BEJIMYMHBI U30MEPHOI'0 C/IBUra (TemmnepaTypHblil ¢pakTop). KBagpynoiabHoe ke paciienyieHue
IIPAKTUYECKHU HE MEHSETCS.

3aMeHa Bo3yxa Ha BoaopoA npuBoauT npu 373 K k Hayany mporecca BOCCTaHOBJIECHUS
xenesa. [Ipu 5TOM TeMmepaType CHCTeMa COIep uT 10 3 % Fe* .

[loBplIeHNE TEMMepaTyphl aKTHBU3UpPYyeT ATOT mpouecc u npu 473 K B cucreme
npucytcrByer ~ 27 % Fe*', IIpUYEM OHO HAXOIUTCS B JBYX COCTOSIHHUSAX, IO-BHIUMOMY,
OTBEUAIONIMX JBYM COCTOSHHAM HcXomubix dopm Fe''. Moxno monarate, uro dopma c
oompmmmM QS, Takke Kak 3TO OBLIO s Fe3+, MOXET OBITh CBsi3aHa C HMOHAMHU JKeJie3a
pacroiokeHHbIMU OmKe K rmoBepxHoctu Hocutens. [Ipu 673 K B cucteme ocTaeTcst TOJIBKO
onua popma Fe’*, Bumumo, Gonee riy6oko pacronoxennas, n ase Gopmsr Fe*'. ITpu 773 K
CHCTEMa COIEPIKHT TOIBKO 3TH 1B hopmbl Fe?'.

IToHnxeHue TemnepaTypsl B BOAOPOAHOM arMocdepe BmioTh 10 373 K He mpuBOAMT K
MOSIBJICHHUIO HOBBIX (opMm kene3a B cucreMe. OnHako oOpamiaer Ha ceOs BHUMaHUE
nepepacnpe/ieIeHue HHTEHCUBHOCTEHW CUTHAJIOB OT (hopM Fe’". C nonmxeHunem TeMIepaTypbl
MHTEHCUBHOCTh CHUTHajla (OPMBI ¢ OOJBIIUM KBaJAPYIOJBHBIM PACIICIUIEHUEM pacTeT, YTO
MOYKHO CBSI3aTh C CHJIBHOH TEMIIEpaTypHOW 3aBUCHUMOCTBIO BEPOSITHOCTH d(PQeKTa JUIst STOU
¢dopmsbl. [locneanee 1Mo BUAMMOMY, OOBSACHSETCS CPAaBHUTENIBLHO CIa0BbIM B3aUMOJCHCTBHEM
dopmsr Fe;”" ¢ HocHTenmeM, MOCKOIBKY NPEINONAraeTcsi, 9To MMEHHO OHA DACIIONOMKEHA
OJInXKe K IOBEPXHOCTH.

IIpu 293 K B cucreme kxpome (opm Fe’" mosBisieTcst eme onma dbopma xenesa, ¢
IS ~ 0,33 mm/c u QS ~ 1,13 MM/c ¢ OTHOCUTENBHBIM cozepkaHueMm ~ 16 %. Drta gopma
MOXXeT ObITb oTHeceHa K (ase Fe-Pt, mockombky ee  meccOayIpoBCKHE MapaMeTphbl
aQHAJIOTMYHBI TeM, KOTOpbIe HaOIroAanuck B padborax [1-4] ansa ¢a3 (kaacrepon) Fe-Pt, Fe-Pd,
Fe-Rh, pacnionoxeHHBIX B IPUITOBEPXHOCTHBIX CIOSX.

Cnektp cucremsl, npokasieHHo npu 773 K Ha Bo3gyxe u cHAThid npu 293 K,
npecTaBisieT co00il Cyneprno3uuo IByX TyOleToB, COOTBETCTBYIOIIMX ABYM COCTOSIHUSM
Fe’*, Tak, kak 9TO HAGNIOAANTOCH I HCXOAHOTO COCTOSHHS CHCTEMBL. OIHAKO, B 3TOM
cilydae, HabJrojaeMble 3Ha4eHUs KBaJPyTOIbHbIX PACIIEIUIEHUH CYIIECTBEHHO OOJIBIIIE.

ITocne npokanku npu 773 K Ha Bozayxe, npu temnepatype 293 K nonasancst BoIopon,
IPH 9TOM MPOHMCXOMMIO YaCTHYHOE BOCCTAHOBIEGHHE M B CcHcTeMe mommmo dopm Fe'*
Habroxanock ~ 19 % Fe™', omHako MecchayspoBCKHe IapaMeTphbl 5TOil (hOPMBI OTIHYAIHCH
OT mapaMeTpoB paHee HaGmromaBumixcs ¢popm Fe®'. B paGorax [1-4] Takoe moBemeHue
CHCTEM, T.€. CIOCOOHOCTb K BOCCTAHOBJIEHMIO NP KOMHATHOM TeMIlepaType, CUUTAIOCh

IpSIMBIM JI0Ka3aTeNbCTBOM MPUCYTCTBUA B HUX (a3 (kimactepos) Fe-Pt, Fe-Pd, Fe-Rh.
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DNEeKTpOHHAsT MHKPOCKOMHS U  PEHTreHo(a3oBbIl aHAM3 TakKe MOITBEP)KIAIOT
BO3MOKHOCTh Hannuus ¢asel Fe-Pt. E€ koimudecTBo yBenuuuBaeTcs ¢ poctoM coaeprkanus Pt.

['uapokoHBepcuss H-TEKCaHAa Ha JAHHBIX CHCTEMax TPOTEKAeT IO HaMpaBJICHUSM:
TUAPOKPEKHUHT, NETHIPUPOBAHUE, TUAPOU3OMEPU3AINS U aJKWIHNpPOBAaHUE C 0Opa3oBaHUEM
BeriectB paznuaHoro crpoenus (Ci-C4 u Cs-Cg yriieBogopoisl, uzoankanbl Cs-Co, oreuHbI
Cs-Co u ap.). B Tabnurie npuBeneHbl pe3ynbTaThl, OJTyYEeHHBIC TIPU IPEBPAIICHUH H-TeKcaHa
Ha Karajau3aTopax ¢ pa3jMuHbIM cojepxkaHuem Pt. M3 3TuX NaHHBIX CIEIyeT, YTO BBIXOJ
IPOAYKTOB TMAPOKPEKUHIa Kojebnercs B npenenax 41,4-47,5 %, conepkaHue M30-ajJKaHOB
Cs-Cy BO3pactaer ot 17,1 no 27,2 % c yBenuuenuem koHueHtpauuun Pt. Halimeno okosio
0,1-0,2% oneduHOB B apOMATUYECKUX YTIIEBOAOPOIOB, OCTabHOE - H-anKaHbl Cs-Co B TOM

YHUCJIC H-IT'CKCaH.

Tabmuma. IlpeBpamenne H-C¢Hjs4 ©Ha  meommrcomepxkamux — Fe-Mo-Pt/Al,O5—
karammsaropax (T = 593K, P = 2MIla, V5= 3uac™’, Ha:cepse = 200:1)

Conepka | Komnsep- VTIIeBOIOPOHBIN COCTAB KaTaiu3ara, %o Mac.

-Hue Pt, cusd H- > C- ) h) z Xapomaru-
% rekcasa,% Cy W304]KaHbl | H-aIKaHbl | ONe(UHEI YecKue
0,1 72,4 47,5 17,1 35,2 0,2 clieanl
0,2 71,8 414 23,6 347 0,2 0,1
0,4 81,9 46,4 27,2 264 clIeanl clIe bl

AHanmmM3 cocTaBa MPOJYKTOB PEAaKLUH IMO3BOJSIET ONpPEACTUTh MEXaHW3M peakiuu. Ha
KHCJIOTHBIX LIEHTPaX MPOTEKaeT THAPOKPEKHHT H-rekcana nmo C-C-cBs3u ¢ oOpasoBanuem C-
C4 u Cs-Cy yrneBonoposos. IlosiBnenue B katanuzare ankaHoB -C, (6>n>6) yka3blBaeT Ha
B3aHMOHCﬁCTBHe MCKOY coboit MMOBCPXHOCTHBIX AKTUBUPOBAHHBIX KOMIIJIEKCOB,
00pa3yronMxcsi MpH THUAPOKPEKWHTE H-TeKcaHa. lIpucyTcTBHE OJIeMHOB M BO3pacTaHHE
BBIXOJ]a M30-aJIKAHOB C POCTOM cojiepkKaHHus Pt CBHIETENBCTBYET, YTO MPOLECC, BKIIOYAET
JErUIpUPOBAaHUE H-TE€KCaHa, MPOAYKTOB KPEKMHIA M MX AJIKWIMPOBAHMS C IOCIEIyIOIEH
U30Mepu3aleil ¥ TUAPUPOBAHHEM HEIMPEJCIbHOTO IMOBEPXHOCTHOTO H30-KOMILIEKCA C
oOpazoBanneMm uzoankaHoB Cs-Co. MexaHU3M peakiuu THAPO-IETUIAPUPOBAHHUS U

U30MEpU3alMU MOXKHO TPEJCTaBUTh B BUJIE CXEMBI [S]:

-2H H' +2H
H-CnHszrz W H-CHHZH H30-CHH2n m’ HSO_CHHZI]JrZ

VBenuuenue Bbixoga u30-ankaHoB (Cs-Cy TOKa3pIBaeT, 4YTO JAETHAPUPOBAHME,
U30MepU3aIysl U THAPUPOBAHUE MPOTEKAIOT HA aKTUBHBIX IEHTPAX, MPEICTABISIOMNUX COO0H

Fe-Pt knactepsl, CBS3aHHBIE CO CTPYKTypoH neonuta. Beixox uszo-ankaHoB Cs-Cg pacter ¢
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yBEIUYCHUEM coacpkaHusg Pt B karammsaTrope, T.€. COOTBETCTBEHHO Koiu4decTBy Fe-

Pt/ueonur cucrem.
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KINETICS OF AQUEOUS NITRATE SOLUTIONS HYDROGENATION
OVER Rh/AL,O3; AND Rh-Cu/ALL, O3 CATALYSTS

Karski S., Witonska 1., Goluchowska J.
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ul. Zeromskiego 116, 90-924 £.6dz, Poland
E-mail: karski@mail.p.lodz.pl

Nitrates(V) are among the most widespread pollutants of underground and surface
waters. One of the main and difficult to eliminate dangers to the cleanliness of water is
connected with agriculture (overuse of fertilizers and plant protection substantes in
agricultured regions, introduction of industrial waste such as silage into the environment)
country and city areas without a sewer system and also air pollution. Moreover, waters are
greatly contaminated by plants producing nitrogen compounds, storehouses, sewage treatment
plants and transport. For these reasons the fact that the content of nitrates(V) in groundwater
used to produce drinking water has increased in the last few years is alarming.

Nitrate ions (NOs") are not directly toxic but they could be transformed to harmful nitrite
ions (NOy") in the human body. It has been reported that nitrite ions cause a blue baby
syndrome and are a precursor to carcinogenic nitrosoamine [1]. The European Community
allows up to 50 mg/dm’ of nitrates(V) in drinking water. World Health Organization (WHO)
recommends 25mg NOs/dm’ as an acceptable level for drinking water.

Removal of nitrates from drinking water is an important and constantly developing field
of studies. Biological and physicochemical methods allow effective removal of nitrates but
have several economical and ecological disadvantages. Therefore, an increasing attention is
being focused on catalytic denitrification using solid catalysts as an alternative technology
[2, 3]. Advantages of this technology include rapid treatment, safety and economical benefits.

The catalytic hydrogenation of NOs™ in water involved the use of noble metal catalysts [4-22].
Among these metals, palladium has proved to be the most active and selective for this
reaction. Rhodium catalysts are less selective towards N, in this process than Pd catalysts.
The activity and selectivity can be improved by an addition of a second metal of groups 11,
12, 13 and 14.

Mostly copper, tin, indium and zinc were used as a promoting second metal [4-22].
Although there have been published a lot of papers connected with studies of activity and

selectivity toward nitrogen formation the changes in the catalytic behaviour as a function of
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the second metal are still not fully understood and a general reaction mechanism has not been
proposed yet. To establish a mechanism of a given reaction kinetic studies are necessary.

This paper describes the kinetic studies on the hydrogenation of nitrate in water at
293-313
K using Rh and Rh-Cu on alumina catalysts. We estimated the order of reaction in relation to
nitrate(V) which was hydrogenated using hydrogen in abundance. The hydrogen flow was
constant (0,2 dm’/min) during all the reaction. From our results we also calculated a rate

constant for the temperature 293, 303 and 313 K and activation energy.
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THE MECHANISMS OF S-CONTAINING COMPOUNDS HDS OVER TRANSITION
METAL SULFIDES: THE PRESENT-DAY STATE OF THE PROBLEM AND
PRACTICAL APPLICATION OF RECENT FINDINGS TO CATALYST DESIGN

Kogan V.M.

N.D. Zelinsky Institute of Organic Chemistry RAS, Moscow, Russia
E-mail: kogan@gagarinclub.ru

MEXAHHW3M I'MJIPOTEHOJIM3A S-COJIEPKAIIINX COEIMHEHUII
CYJIb®UJIAMHU NEPEXOHBIX METAJIJIOB: COBPEMEHHOE COCTOSTHUE
MPOBJIEMBI M TIPAKTUYECKOE MCITOJb30BAHUE PE3VJILTATOB ITPU
KOHCTPYUPOBAHUM KATAJIU3ATOPOB

Koraun B.M.

WNuctutyT oprannyeckort xumuu um. H.JI. 3enmunckoro PAH, Mocksa
E-mail: kogan@gagarinclub.ru

[ToTpeOHOCTh B CBEpXUYHUCTHIX TOIUIMBAX, OTBEUYAIOIIMX BO3PACTAIOIIUM 3KOJIOTHYECKUM
TpeOOBaHUAM, IIPEXKAE BCETO MO COAEPIKAHUIO CEPBI U a30Ta, CTABUT IEpe]] UCCIIEOBATENIMU
3aJaud CO3JIaHUS HOBBIX BBICOKOA((EKTHBHBIX TEXHOJIOTUN YyIalleHUus TIeTepoaToMoB U
COOTBETCTBYIOIIMX KaTaJW3aToOpoB. 3a IMocjenHee BpeMs Obul pa3paboTaH psll TakUX
TEXHOJIOTHH, OCHOBAaHHBIX Ha Ipoleccax aJcopOLuu, CEIEKTUBHOTO OKUCIICHHUS, IKCTPAKIIUH,
ANKWINPOBAHUSI, KOMIUIEKCOOOpa30BaHMs, MPUMEHEHUS YJIbTPa3ByKa, MUKPOBOJHOBOIO M
PEHTTEHOBCKOTO H3JTy4YeHHUH, a TakKe€ MUKPOOHMOIOIMYECKOTO Pa3iOkKEeHHs S-CoJeprKallux
coenuHeHuil. OaHaKo, B CUIIy psAZla PUYMH, B TOM YUCIIE 3KOHOMUYECKHUX, Ha CETONHAIIHUN
JIeHb ¥ ONMKaNIIyI0 MEePCIeKTUBY HU OJHA U3 MEPEYNCICHHBIX TEXHOJOTUN HE MOXKET CTaTh
JIOCTOMHOM 3aMEHOM TpaAUIMOHHOMW THUIPOOYMCTKE. Pe3epBbl JexaT B COYETAaHUHU
TUAPOOYHUCTKM C OJHUM M3 BBIIICIIEPEYUCICHHBIX MPOLECCOB, HANpPHUMEpP, IPOLECCOM
npeaBapuTeNnbHON ancopOuuu N-colepKaluxX COCTUHEHHM, MPOTEKalomeM Ha TeX Ke
Ni(Co)MoS karanuzatopax, 4YTO M OCHOBHAas CEpOOYMCTKA. J[Js1 NPOrHO3MPOBAHUS
KaTaJIUTUYECKUX CBOMCTB BHOBb CO3JaBacMbIX CHUCTEM H3YUEHHE JTUHAMHKU AKTHUBHBIX
LEHTPOB B YCIIOBUSIX MPOBEACHUS PEAKUWH M MEXaHMW3Ma NPOTEKaHUS PEaKUUid Ha 3TUX
HEHTpax, MPUOOpeTaeT KIYEBOE 3HAUCHHE.

B noxmnane OyayT pacCMOTPEHBI CXEMBI MTPEBpAILEHHs] CEPOOPTaHUYECKUX COCTUHEHUN U
CTPYKTYpHbIE MOJENIH KaTajJu3aToOpOB, IIOCIE YEro IoJy4aT OCBEUIeHHEe paboThl 10

MEXaHU3MYy peakinuu ruapoodeccepruBanus. OcoObIii MHTEPEC MPEACTABIAIOT T€ PabOThI, B
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KOTOPBIX XUMHU3M IIPEBpAIICHHUS CEPOOPTaHMUYECKUX COEAMHEHUH COMOCTaBISAETCS CO
CTPOEHHEM KaTallu3aTopa.
KitoueBbIM AJ11 MOHUMaHUS CTPYKTYpPbl aKTUBHBIX IICHTPOB SIBISIETCS BOIPOC O TOM,
KaKyl0 UIMCHHO COBOKYITHOCTh aTOMOB, CYIIECTBYIOIINX HA IMOBEPXHOCTH aKTHUBHOW (a3bl B
YCIIOBUSIX PEAKIMH, MOKHO CUMTATh CTPYKTYpOW, 0Opa3yroliell aKTUBHBIN LIEHTP, U 3a 4TO
3Ta COBOKYIHOCTh AaTOMOB OTBEYAeT, T.€. KAKUE DJIEMEHTapHbIE PEaKIUU KaTalu3UpyeT.
[ToaToMy HEBO3MOXHO H3ydaTh CTPYKTYpY AaKTHBHOTO IIEHTpa B OTPbIBE OT MEXaHH3Ma
peakuuu. B TO e Bpems, OJTMH U TOT K€ LIEHTP MOXKET KaTaIu3upOBaTh Pa3IUYHbIC PEaKIIHH
B 3aBUCHUMOCTH OT CTPYKTYPBI pearcHTa W pe3yibTaThl, TIOJyUYECHHBIC B XOJIE MCCIICIOBAHUS
B3aMMOJICHCTBHSI aKTUBHBIX LIEHTPOB C Pa3IMYHBIMH pEeareHTaMH, MOTYT OBbITb pPa3JINYHBbI.
Kak mnpaBumo, Ha Karaiau3aTope CYIIECTBYET HECKOJBKO THIIOB AaKTUBHBIX IEHTPOB,
KaTaIM3UPYIONNX pa3inudHble peakuuu. [lo-BUIUMOMY, aKTHUBHBIA LEHTP OMPEIEICHHOTO
TUTIA JIOJDKCH 00JIaJlaTh HEKMMH OOIIMMH CBOWCTBAMH, BHE 3aBUCHMOCTH OT TOTO, KaKOH
peareHt ¢ HUM B3auMojieicTByeT. [IpobiieMy MOKHO CBECTH K YEThIPEM BOMNPOCAM:
1. Kakue THUMIBI EHTPOB CYLIECTBYIOT HA TMOBEPXHOCTH AKTHBHOW (ha3bl M KakoBa HX
CTpyKTypa?

2. T'me pacmoioxeHbl 3TH IICHTPHI (MecTa JIOKaJIW3alii aKTUBHBIX IICHTPOB Ha
MMOBEPXHOCTH aKTHUBHOM (pa3bl)?

3. Kakyto ponp UrparoT aHMOHHBIE BaKaHCUU B (YOPMUPOBAHUU U (PYHKIIMOHUPOBAHUU
AKTUBHBIX LIEHTPOB?

4. KakoB MEXaHHM3M aKTHBAIIMH BOJOPOJIa U HA KAKUX IIEHTPAX OHA MIPOUCXOIUT?

K HacrosmemMy BpeMeHHW HAKOIUJICH 3HAYUTENbHBIA (aKTUYECKM Marepuan |
NPEJIOKEHO OO0NbIIOe KOJMMYECTBO KOHIEMIMM OTHOCUTENBHO CTPYKTYPbl aKTHBHBIX
IEHTPOB W MEXaHW3Ma TPEBPAIICHUS CEPOOPTaHUYECKUX COCTUHEHHA Ha CyIb(OUIHBIX
Katanm3aropax. Kpome Toro, Omaromaps KOMIBIOTEPHOMY MOJICIUPOBAHUIO IIPOILIECCOB
azcopOIMu M peakuu TUO(EHOMOJAOOHBIX MOJIEKYJ Ha MoBepxHocTH MoS, ynmamoch
3HAYUTENBHO TPOABUHYTHCS B TMOHHMAaHUU MEXaHHW3Ma PEaKIuu TUApooOeccepuBaHUS Ha
ATOMapHOM YPOBHE M TIOJYYUTh TEOPETHYECKHE OTBETHI HAa TMEPEUYUCIICHHBIC BOIPOCHI.
OpnHako psi MPUHITUITHAIBEHBIX BOIIPOCOB OCTAETCS HEAOCTATOYHO M3YUCHHBIM, B YaCTHOCTH:

1. Ponp OCHOBHOro MeTaula ¥ IPOMOTOpa B KaTaluu3e CyiabQUAaMU IEPEXOJHBIX
METAJUIOB.

2. Bumsanume cocraBa CoMoS-karanuzatopa U yCJIOBUH IPOBEJIEHUS pEakUUu Ha
IOJIBUYKHOCTB ITOBEPXHOCTHBIX SH-Tpynn n BakaHCcHH.

3. [Ilpupoaa HEeHTPOB IUAPOTrECHOIN3A U THAPUPOBAHUS.
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BrmstHre cocTaBa ChIphsi Ha pabOTy STHX IICHTPOB.

Ponb HOCHTENS B hopMupoBaHUM U (DYHKIIMOHUPOBAHUH aKTUBHBIX IICHTPOB U BIUSHUC
Ha uX padoty monuduimpoBanus Hocurens pochopom u GTopom.

MexaHu3M OTpaBICHUS aKTUBHBIX IEHTPOB N-COJCPKAITUMHU COCTHHCHUSMH.

HpI/IMCHeHI/Ie PaaruoOnU30TOMMHBIX MCETOJOB HCCIICAOBAHUA MCXAaHMU3MOB KAaTAJTUTUYCCKHX

peaKHI/Iﬁ MO3BOJIAIOT HNPOCIICAUTh NHUHAMUKY B3aUMOICUCTBUS peareaTta € IOBCPXHOCTHIO

KaTajl3aTopa M Ha OCHOBAaHMHM 3TOro c(opMynupoBaTh YCIOBUS (OPMHUPOBAHUS U

¢ynkunonupoBanusi Mo- u Co-aKTHBHBIX LEHTPOB, IO3BOJIIOLINE CBS3aTh IUIOTHOCTU

BaKaHCHUM C COACPIKAHUCM B CBIPLC JICTKUX, TAXKCEIIBIX CCPOOPTaHUYCCKUX COGI[I/IHGHI/Iﬁ n ux

MPOU3BOAHBIX. B X0/1e TakMX MCCIe0BaHMM OBLIO yCTaHOBJICHO, YTO:

1.

Mo-LIeHTpBl  SIBISIOTCSI OCHOBHBIM aKTHBHBIM KOMIIOHEHTOM B KaTaJIUTHYECKOM
rugporeHonuse tuodpena. Ponmp Co B cocraBe akTHBHOM (pa3bl 3aKIIOYaeTcss B
YBEJIMUYEHUU YUCJIa BaKaHCUH, CBSI3aHHBIX ¢ Mo, 1 MPOMOTHPOBAHUU aKTMUBHOCTH Mo-
IIEHTPOB, a TaKXe B CO3/IaHUU COOCTBEHHBIX (MEHEE aKTHBHBIX) IICHTPOB |
COOTBETCTBYIOIIMX UM BaKaHCHA.

IIpu ruapoobeccepuBaHnU THO(EHA peakUus THAPUPOBAHMS NPOTEKAET HA TeX JKe
aKTUBHBIX LIEHTPAaX, YTO U peaklus odeccepruBaHUsl.

Peakiun  rugpupoBanmss u  rugporeHosmsza  C-S-cBszeit  Ttmodena wu 4,6-
IUMETUIANOCH30THO(DEHAa MPOTEKAIOT MPEUMYIIECTBEHHO Ha Mo-IIeHTpaxX, TOrja Kak
peakius ruaporenonusa C-S-cs3u aumbenzotuodena mporekaer Ha Co-IeHTpax, a
MocJeyroIee THAPHPOBAHNE apOMATHUECKOTO KOJIblla 0Opa3yromerocs: Oudpennina — Ha
Mo-1ieHTpax. ITO CrpaBeUIMBO U IS TpeBpaleHnii N-coaepkaimnx COeTMHEHUH.
MexaHu3M  OTpaBI€HUS AaKTUBHBIX IIEHTPOB CYJIb(GUAHBIX KaTaau3aTopoB  N-
COJIEp/KallUMHM COEIMHEHUSIMHU CBSI3aH C MOTEpPEed NMOJIBMKHOCTU MOBEPXHOCTHBIX SH-
TPYII ¥ CIIOCOOHOCTH K BOCCTAHOBJICHHIO MCXOIHOTO YHCIA «PadOTArOMINX» BaKaHCHIA.
AKTUBHBIE LIEHTpPBI, CBsI3aHHbIE ¢ Mo, TIOJBEP)KEHBI OTPaBICHUIO B OOJIBIICH CTENEeHH,
4eM UeHTpbl, cBs3aHHble ¢ Co. VYBenuueHue TMOABMXKHOCTH dYactu SH-rpynm
00yCJIOBJIEHO 00pa30BaHUEM MTPOMEKYTOUHON MHEPTHOM YTIEPOTHON MMOATIOKKH MEXKITY
HOCHTEJIEM B aKTHBHOU (ha3oi.

[Ipupona HocuTenss He BIMAET HAa MPUPOIY AKTHBHBIX LIEHTPOB U YTO POJIb HOCUTEINS
3aKJIIOYAETCsl B M3MEHEHHH KOJIMYEeCTBa aKTUBHBIX LIEHTPoB. Moauduuuposanue Al,Os
dochopom u PTOPOM MPHUBOAUT K YBEITHMUEHHIO CTEMIEHW BOCCTAHOBJICHUS AKTHBHOM

¢basbl.
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6. Co(Ni)Mo-katanu3aTtop Hambonee >p(HEeKTUBEH B TEpepadOTKE CHIPhs, COMEPIKAIIETO
pasiMyYHbIe MO COCTAaBY S-COJAEpKAIe MOJEKYJbI, €CId OTHOIICHHE YHCIIa BaKaHCHA

Mo-uientpoB Kk uunciay BakaHcuii Co(Ni)-IIEHTpPOB COOTBETCTBYET OTHOIICHHUIO B

nepepadbaThIBAEMOM CHIPhE CYMMBI JICTKHX M TIPOCTPAHCTBEHHO 3aTPYIHEHHBIX TSIKEIIBIX

S-copepxaiux MOJIEKyJ K TSKEIbIM S-COAepKAIIUM MOJIEKYJIaM.

Hailinennple 3aBUCHMOCTH JIETTM B OCHOBY MeTOZa MOI0Opa KaTaau3aTOpOB IS
mpolecca npeABapUTeIbHOro yaaneHus: N-coaepiKaluX COeAMHEHUN U3 JU3EIbHOTO CHIPBS,
MO3BOJIAIOIIETO CHU3UTH COJIEPIKaHUE Cephl B MPOAYKTaX ruapoounctku 10 10 ppm. Metoxq
PaZMOM30TOITHOTO OKCIIPECC-aHa n3a CyNb()UIHBIX KaTalu3aTOpOB TIO3BOJISIET OTOMPAThH
obOpasnpl, Hambonee HPGEeKTUBHBIE UIsI TEPepadOTKU ChIPhS C 3aJaHHBIM COCTaBOM
cepoopraHnyeckux coeauHeHuid. CpaBHEHUE peE3yNbTaTOB TECTUPOBAHUS C JaHHBIMU
NWIOTHBIX H TPOMBIIIJICHHBIX HCIBITAHUNA TOKA3ajJ0 aJeKBATHOCTh MPEIJIOKEHHBIX

KpUTEPUEB OILIEHKU 3P PEKTUBHOCTU pabOThI KaTaIM3aTOPOB r'UAPOOOECCEPUBAHHUS.
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PECULIARITIES OF DEACTIVATION OF ZIRCONIUM SULFATE CATALYSTS
FOR ISOBUTANE ALKYLATION WITH BUTENES

Lavrenov A.V., Duplyakin V.K., Paukshtis E.A.!, Bal’zhinimaev B.S.!

Institute of Hydrocarbons Processing SB RAS, Omsk, Russia
'Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: lavr@incat.okno.ru

OCOBEHHOCTMU JE3AKTUBALIMU IIUPKOHUHUCYJIb®ATHBIX
KATAJIM3ATOPOB AJIKHWJIMPOBAHUSA U3OBYTAHA BYTEHAMMU

JlaBpenoB A.B., lyniasikud B.K., Ilaykmruc E.A.!, Baab:xunnmaes B.C.'

HuctutyT npobiem nepepabotku yriesogoponoB CO PAH, Omck
'MucrutyT Karammsa um. I'.K. Bopeckosa CO PAH, HoBocuGupck
E-mail: lavr@incat.okno.ru

['maBHOI CIOXKHOCTBIO Ha MYTH NPOMBIIUIEHHOTO HUCIOJIb30BAaHUSI TBEPAOKHCIOTHBIX
CUCTEM MJIs aTKUJIMPOBAaHUS H300yTaHa OyTeHAMHU SBIAETCS WX OBICTpasl Je3aKTUBAIuS,
KOTOPYIO Yallle BCETO CBSA3BIBAIOT C 00pa30BaHMEM BBICOKOMOJIEKYJISIPHBIX YIJIEBOJIOPOJIOB,
OJIOKMPYIOLIUX MOPUCTYIO CTPYKTYPY M aKTUBHBIE IIEHTPBI KaTaau3aTtopoB. llepcriekTuBHbIE
KaTaJM3aToOphl AJKUJIUPOBAHUS HA OCHOBE CYJIh()AaTHUPOBAHHOTO JMOKCHAA IUPKOHUA (SZ)
TakKe HE SBIAIOTCS HCKIIOUYEHHEM B O3TOM oOTHomeHuu. [loaTomMy QopmupoBanue
NPEJICTaBICHUH O TMPUPOJAE M MEXaHU3ME Je3aKTUBaluMu SZ-CUCTEM B IIpoLEecce
AIKWINPOBAHMSI MPEACTABISACTCS BAXKHBIM JUISI OLIEHKHM BO3MOYKHOCTEH HMX HPAaKTHUYECKOTO
MPUMEHEHUSI.

Hacrosiee  cooOrieHre TOCBSIIEHO BBISBICHHIO OCOOCHHOCTEH  J€3aKTHBAIMU
KaTaJau3aTOpOB HAa OCHOBE SZ, HAHECEHHOIO Ha IIOBEPXHOCTh OKCHJA ANIOMUHHUSA U
cunukarens (SZS). Ilpu 3ToM X0 1€3aKTUBALIMOHHBIX MPOIIECCOB KOHTPOJIUPOBAJICS KaK I10
U3MEHEHHUSIM COCTaBa pEaKIMOHHOW Ccpelbl B 3aBUCUMOCTH OT YCJOBHM MPOBEICHUS
ANKWINPOBaHUS (TeMIiepaTypa, CKOpPOCTh MOJA4YH CHIPbs, MPOJIOJDKUTENBHOCTh), TaK U IO
M3MEHEHUSIM COCTOSIHUS TIOBEPXHOCTH KaTaln3aTopa.

[Toka3aHo, YTO C TOYKM 3pEHHUS XapaKTepa IMPOTEKAIOIIMX Ha IMPKOHHUKCYIh(paTHBIX
KaTaju3aTopax MpoIecCcoB MPEBPAIICHUS UCXOTHBIX YTIIEBOIOPOI0OB (M300yTaHa U OyTEHOB),
BECh OTPE30K BPEMEHH, B TEUEHUE KOTOPOTO (PUKCHUPYETCS aKTUBHOCTh CHUCTEMBI, YCIOBHO
MOJKET OBITh pa30UT Ha TPU MEPUOJIA, TNIABHO CMEHSIOIIUX APYT Apyra (puc. 1).

Hauanpuplii  mepmon  paboThl  SZ-KaTaau3aTOpOB — XapaKTEPH3YEeTCs HECEJCKTUBHBIM

MIPEBPALEHUEM HCXOIHOTO ChIPbsl U BBIXOAOM NpOoAYyKTOB C5+, mpeBbIiaronieM BeauiuHy 2,04
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IT-1, KOTOpasi OTBEYaeT CTEXUOMETPUH ATKUIMPOBaHUs. B HanbonbIel cTenenn Takoe pa3BUTHE
MpolIecca CBSI3aHHO C M30BITOYHBIM /TSI ATKUIMPOBAHMS pacxoloBaHUeM H300yTaHa. [Ipu sTom
COCTaB TOYYAFOIIUXCS KUAKUX YTIIEBOJIOPOIOB OKasbiBaeTcs oboraieH m3oankanamu C5-C7, a

B Ka4eCTBE JIOTIOJHUTEIBHOTO MPOyKTa 00pa3yercsi H-OyTaH.
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Puc. 1. Bnusnue maccoBoil ckopocTu mojaun OyTeHOB (4-1) Ha cTeneHb MpeBpaIleHus
OyreHoB (X, %) M BBIXOJ KHIKHX MpoaykToB ankuiaupoBanusi (YCS5+, r r-1) mpu
temmneparype 40 °C

Bropas BpemenHas dasza mpoiiecca MOKET ObITh OTHECEHAa K COOCTBEHHO MPOTEKAHHUIO
ATKWIMPOBaHMUST W300yTaHa OyTeHAMH W XapaKTEPU3YeTCs] TUIUYHBIMH 3HAYCHUSMHU
MoKa3aTesiel JUisl 3TOM peakiuu. B 4acTHOCTH, BBIXOJOM KUAKOTO AJIKWIATA, HaXOIAIIEroCs
B nipenenax ot 1,9 go 1,6 r r-1 u maccoBoit noneit nzoankanoB C8 B coctaBe npoaykToB C5+
He MeHee 80 mac%.

Hactynnienue TpeThero mnepuoja MPEBpALICHUN CBA3AHO C MOJHOW J€3aKTHUBALUEH
KaTajau3aToOpoB B AJKWIMPOBAHMM, T.€. TMPEKpaIleHHEeM IMpeBpallieHuss u300yTaHa U
COXpAaHCHHEM aKTUBHOCTH B PEAKIUAX, WICHTU(MUIMPYEMbIX HAMHU KaK ‘‘JAeCTPYKTHBHAsS
onuromepusanus 0yreHoB”. [locnenusisi sABIsSETCS MPOLECCOM IMepepacipeiesieHHs alKeHOB,
OCHOBaHHOM Ha COYETAHUU CTAJUN OJUTOMEPHU3ALMM, KPEKHMHTa U TEpPeHoca BOJOPOJA.
PesynpTatoM mpoTeKkaHuss AECTPYKTHBHOW OJIMTOMEPHU3AllMU  SBJSIETCS  0Opa3oBaHUE
HIMpoKoro Habopa uzoankaHoB (C5-C8, KayeCTBEHHO HMAECHTUYHBIX TUIUYHBIM MPOJYyKTaM
ANKWINPOBAaHUS U300yTaHa OyTEeHAMH.

AncopOupoBaHHBIE Ha TOBEPXHOCTH KaTalW3aTOp MPOIYKTHI, OOpa3yromuecs MpH
pa3MuYHBIX BpeMeHaxX MpoBeaeHus mpouecca ankuiuposanus (0,5; 1 u 6 ydacoB), Obun
uccienoBansl Mmetogamu Y @ u MK-cnekrpockonuu. Kak BUIHO U3 JaHHBIX, IPEACTaBICHHbBIX
Ha puUC. 2, y>K€ Ha HaYaJIbHOM JTare ajJKWINPOBaHUS OBICTPO 00pa3yroTcs yrieBOIOPOIAHbBIE

COCIMHECHHS TOJIMEHOBOM, a TaK K€ QJIKWIIHUKIONCHTAAUCHOBOW MPUPOABI U TIO MeEpe
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AC3aKTHBAlMM KaTajlu3aTopa HX IIOBCPXHOCTHBIC KOHLCHTPAIMKW YBCIHMYHUBAKOTCA. Ot

MPOAYKTBI MPAKTUYCCKHU HC SKCTPArMPYHOTCA AUITUIIOBBIM B(I)I/IPOM U ABJIFOTCA IPOYHO

CBA3aHHBIMU C ITOBCPXHOCTBIO KaTaJIku3aTopa.

= SKCTPArHPOBAHHOE BEILECTBO o, O,
—— SZS-6 riocrie SKCTPAKLIN 2 I
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Puc. 2. UnenTudukamus npuposl COCIUHEHUM HAa MOBEPXHOCTH JI€3aKTUBHPOBAHHBIX
SZS-xatanuzaropoB 1o gaHHbIM Y @- u UK-cniekrpockonuu

Takum oOpa3oM, OCHOBHOW NPHUYMHOW JI€3aKTUBAIMH SZ-CUCTEM MOXHO CYHTATh
HeoOpaTUMOEe  B3aUMOJICHCTBUME  HUX  IOBEPXHOCTHBIX  KHUCJIOTHBIX  LIEHTPOB  C
CHUJIbHOOCHOBHBIMHU HEHACHIIIICHHBIMH YTJIEBOJIOPOJHBIMU MOJIEKYJIAMHU.

Kaxercs sicHbM, 4TO (OopMUpOBaHUE YIIIEBOJAOPOIHBIX COSIWHEHUHN THUIIA MOJHEHOB U
QIKWILKKIONEHTAIUEHOB B YCJIOBUAX KHCJIOTHO-OCHOBHOTO KaTalu3a HE MOXET ObITh
NPEJICTaBICHO MHAYe, KaK B BUJE COYETAHUS IOCIEIOBATEIbHO MPOTEKAIOUINX IPOLIECCOB
OJINTOMEPU3ALMU U KPEKUHIA YIJIEBOJOPOAHBIX MoJeKyl. [lo HameMy MHEHUIO, peanusanus
NI€3aKTUBALIMOHHBIX TPEBpAIllEHUH MOXET OBITh CBs3aHAa C JAelcTBUEM JIbIOMCOBCKHX
KHUCJIOTHBIX  IIEHTPOB, NPUCYTCTBYIOIIMX HA MOBEPXHOCTH  LHUPKOHUICYIh(hATHBIX
KaTaJau3aToOpOB HapsAay C NPOTOHOJOHOPHBIMU. B 3TOM cilyyae CTaHOBUTCS BO3MO>KHBIM
OTPBIB TUJPUA-UOHOB HE TOJIBKO OT U300yTaHa, HO M OT OyTEHOB, a TaKXe APYTUX AaJKEHOB,
oOpasyromuxcs in situ B Xoze ankuiaupoBaHus. Ilpu 3TOM B KauecTBe MPOMEKYTOUHBIX
aKTUBHBIX YacTUIl (OPMHUPYIOTCS KAaTHOHBI aJUTWIBHOTO THUIA, B3aMMOJCIHCTBHE KOTOPBIX C
IPYTMMH  HEHACBHIIIEHHBIMH  MOJIEKYJIaMH  JIEHCTBUTENIBHO MOXET  COIPOBOXKIATHCS
niepepacnpeeNiecHHeM yIiepoia U BOAOPoia ¢ 00pa30BaHUEM H30aJIKAHOBBIX, IMOJIMEHOBBIX U
ANTKWIUKIONEHTaAUCHOBBIX YTIE€BOAOPOIOB.

[To pe3ynbrataM MpoOBEACHHBIX MCCIICAOBAHMN MpEIoKeHa 00Ias cxema HarpaBiIeHUI
00pa30BaHMs LEJIEBbIX U MOOOYHBIX IPOAYKTOB B X0/1€ AJIKUIMPOBAHUS N300yTaHa OyTeHaMU

Ha [IUPKOHUHCYIb(PATHBIX KaTalu3aToOpax.
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ROLE OF THE SOLVENT IN THE REACTIONS OF HYDROGENATION OF
SUBSTITUTED NITRO- AND AZOBENZENES

Lefedova O.V., Ulitin M.V., Lukin M.V., Smirnova I.V.

Ivanovo State Chemico-Technological University, Ivanovo, Russia
E-mail: physchem@isuct.ru

POJIb PACTBOPUTEJISA B PEAKHHUAX T'NAPOI'EHU3ALINN
SAMEINEHHBIX HUTPO- 1 ASOBEH30J1I0OB

Jledenosa O.B., Yaurun M.B., JIykun M.B., Cmupnosa HU.B.

M BaHOBCKHMI rOCYJapCTBEHHBIM XUMHKO-TEXHOJIOIMYECKUN YHUBEPCUTET
E-mail: physchem@jisuct.ru

N3BecTHO, 4TO MpUpPOJA U COCTaB PACTBOPUTEIS ONIPEACIIAIOT CKOPOCTh M CEIEKTUBHOCTh
peakiuil kunko(a3HOW THApPOTeHU3aluu. PacTBopuTeNnbh Kak KOMIIOHEHT >KUAKO(A3HBIX
KaTaTUTHYECKUX CHUCTEM YYacTBYeT B (DOPMHUPOBAHMU TOBEPXHOCTHBIX AKTHBHPOBAHHBIX
KOMILJIEKCOB B XOJI¢ MPOMEXKYTOUHBIX B3aMMOJICUCTBUM, W3MEHSAET DSHEPreTHUECKOE
COCTOSIHME€ AaKTHBHBIX LEHTPOB IOBEPXHOCTH KATAM3aTOpa M PEarupyrollnux BEIIECTB B
pe3yibTaTe HMX COJIbBATALIMM, OKA3bIBACT BIIMSIHUE HA PACTBOPHUMOCTb, CKOPOCTb CTaaui
muddy3un U T.N. Bo MHOTMX ciyyasx IelieHanpaBlIeHHbIM BapbUPOBAHHEM TMPUPOABI U
COCTaBa PAaCTBOPUTENSI MOXKHO JIOCTHYh TE€X K€ MapaMETPOB aKTUBHOCTH M CEIEKTHUBHOCTH
KUAKO(PA3ZHBIX KATATUTUYECKUX CHCTEM, YTO U IPU HCIOJIb30BAHUHM MHOTOKOMIIOHEHTHBIX
KaTaJln3aTOPOB CIOXKHOTO COCTABA.

Pe3ynbrarthl IpOBENEHHBIX MCCIEIOBAHUNA CBHJIETEIBCTBYIOT O TOM, YTO XapakrTep
3aBUCHMOCTH CKOpPOCTEM M KOHCTAHT CKOPOCTEH pEeaKkIMil T'MIPOTCHHU3ALUU 3aMEICHHBIX
HUTPO— M a300€H30JI0B OT COCTaBa OMHAPHBIX PACTBOPHUTENICH anr(paTHIECKUN CIUPT—BOJA
00yCIIOBJIEH TJIaBHBIM 00pa3oM HM3MEHEHHEM COJbBaTallMM TUAPUPYEMBIX COEIUHEHUH.
OKCINEPUMEHTANBHO JOKA3aHO HAJIWYME JIMHEMHOW KOPPEISUUU MEXAY KUHETUYECKUMH
napamMeTpamMu peakuui THAPOTEHHU3AIMH, TEIJIOTAaMH  COJIbBAaTallMd WM  IepeHoca
PacTBOPEHHBIX BEIIECTB M OATOXPOMHBIMU CABUTaMU K—10J0¢ MOrIoeHus B 3JIeKTPOHHBIX
CIIEKTpax, KOTOpbIE SBISIOTCS XapaKTEPUCTUKAMHM COJIbBATALlMOHHBIX B3aUMOJECUCTBUI.
JluHeiiHas B3aMMOCBS3b CKOPOCTEW TUAPOTrCHHU3alMH, TEIUIOT COJbBATAllMU ITOBEPXHOCTH
CKEJIETHOTO HUKEJS U JIOHOPHBIX YUCEN WHIWBHUIYATbHBIX PACTBOPUTENICH CBUACTEICTBYIOT
0 TOM, YTO UMEHHO crHeruduueckas colbBaTallus THAPUPYEMBIX COCAMHEHUNW U aKTHUBHBIX

HOCHTPOB IMOBCPXHOCTHU OIPEACTIACT CKOPOCTU THAPOTCHHU3AIIUH, a TAKXKC BKCTpeMaJ'IbHHﬁ
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XapakTep 3aBUCUMOCTH KOHCTAHT CKOPOCTEW peaklyii Ha PaBHOJOCTYITHON MOBEPXHOCTH OT
cocTaBa OMHApPHBIX pacTBOpuUTENEH CIUPT—BOJA. JlanHble a1cOpOIIMOHHO—
KaJIOpUMETPUUYECKUX U3MEPEHUI MOKa3alld, YTO BIUSHUE PACTBOPUTEINS HAa 3aKOHOMEPHOCTHU
azcopOLKU BOJIOPO/Aa MOBEPXHOCTHIO CKEJIETHOIO HHUKENS 3aKII0YaeTcs B KOJUYECTBEHHOM
nepepacnpeelicHIH BeJIMYUH acoOpOIiy MHANBUAYTbHBIX (GopM agcopdara, 1 000CHOBATH
B3aMMOCBSI3b XAPAKTEPUCTUK aJCOPOLIMOHHBIX COCTOSHHM BOJOpOJa CO CKOPOCTBIO U
CEJIEKTUBHOCTBIO peakIMi kuakohazHoi ruaporeHusanuu. [1o3toMy pacTBOpUTENs MOKHO
UCIIONBb30BaTh Kak d3(QeKTHBHOE CpEeACTBO YIpaBICHHS CBOWCTBAMM JKUAKO(DA3HBIX
KaTaJIUTUYECKUX CHCTEM.

Pesynprarel MccaenoBaHMM  KUMHETHKM —pEaKkUUd TUAPOTEHU3ALMH  3aMELICHHBIX
HUTPOXJIOPOEH30JI0B U 2—HUTPOA300€H30JI0B MOKa3aJd, 4YTO BapbUPOBAaHHEM IPHPOIBI U
COCTaBa PACTBOPUTENS MOXKHO PEryJUpOBaTh CEJEKTUBHOCTb PEAKLUN TMAPOTEHU3ALNU B
MIMPOKHUX Tpenenax. Tak, B peakuusx AEralOWIUpPOBAHUS XJIOPaMHUHOOCH30J0B Hamboiee
aKTUBHBI [IPOYHOCBSI3aHHBIE aTOMapHble (POPMBI BOJIOPOJA, BEIUYHUHBI aICOPOLIUU KOTOPBIX
CYLIECTBEHHO CHW)KAIOTCS C POCTOM KHCJIOTHOCTH cpeabl. JlaHHbIE aicopOLMOHHBIX
UCCIIC/IOBAaHUN TIO3BOJIMJIM  BBIOpaTh ONTUMAJIBHBIA COCTaB PACTBOPUTENS, KOTOPBIN
o0Oecrevynsl UHTErpajibHyl0 CEJIEKTUBHOCTh CKEJIETHOTO HUKEJS B PEAKIMM T'MIPOreHU3ALUU
3aMEeUIEHHBIX HUTPOXJIOPOEH30I0B M0 XJI0paMUHaM He Huxke 99 % u 2—HUTpoa300eH30510B 110
2H—6en3tpuasonam He MeHee 85 %.

OTnuUnTENEHOW OCOOCHHOCTBIO PEaKIMi KUAKO(A3HOH THAPOTreHU3ANN 3aMEIIEeHHBIX
2—-HUTPOa300€H30JI0B SBISETCS HAJIMYUE B CXE€Max XHMMHUYECKUX NPEBpAIlCHUH B XOJe
peakuuii TUAPOTEHU3AalUd TOMOICHHO—KAaTAJIUTUYECKUX CTAaaui. BBUIO yCTaHOBIEHO, YTO
TPUA30JIbHBIA MK~ oOpa3yercss B  pe3ylbTareé TOMOI€HHOM  IeperpymnnupoBKU
IPOMEXYTOUHBIX IPOAYKTOB T'MAPOTr€HU3alUu. bBOJBIIMHCTBO T'OMOTEHHBIX CTaguil
IPOTEKAeT MO0 MEXAHU3MYy pEaKUUil KHUCIOTHO—OCHOBHOI'O THIIA, B KOTOPBIX PACTBOPUTEIH
MOJKET BBICTYNIaThb B KadyecTBEe KaraiausaTopa. Pe3ynpTaTel HCCIENOBAaHUN KUHETHKHU
TOMOTE€HHBIX NPEBPALICHUA MPOMEXYTOUHBIX NPOAYKTOB IO3BOJWIM PACKPHITH OCHOBHBIE
IPUYUHBI BIUSHUS NPUPOIBI U COCTaBa PACTBOPUTENS HAa CKOPOCTb M HAIlpaBJICHHUE CTaIuil

XUMHUUYECKHUX MPEBPAIICHUN 3aMEIIEHHBIX 2—HUTPOa300€H30II0B.

214



OP-11-14

KINETICS AND MECHANISM OF PHOSPHORUS AND PHOSPHIDE OXIDATIVE
ALCOXYLATION IN THE PRESENCE OF FeX;-I CATALYTIC SYSTEM

Polimbetova G.S., Aleshkova M.M., Ibraimova Zh.U., Borangazieva A.K.,
Bugubaeva G.O.

D.V. Sokolsky Institute of Organic Catalysis and Electrochemistry
MS&HE RK, Almaty, Kazakhstan
E-mail: orgcat@nursat.kz

KNHETUKA U MEXAHU3M OKUCJIUTEJBHOTI'O AJIKOKCUJINPOBAHUA
POCPOPA H @OCPUJOB B IPUCYTCTBUH
KATAJIMTUYECKOU CUCTEMBI FeX;-1,

IHonumoberoBa I'.C., AgemikoBa M.M., UopaumoBa 7K.Y., bopanrasuena A.K.,
Byry6aesa I'.O.

HNucturyT opranmdeckoro karanusa u snekrpoxumun um. J{.B. Coxonsckoro MOH PK
Anmatel, Ka3zaxcran
E-mail: orgcat@nursat.kz

[ToBbllIeHHBIE JKOJOTMYECKHE M HKOHOMHUYECKHE TpeOOBaHMA K TEXHOJIOTHYECKUM
mpoleccam, Hapsaay ¢ Bo3pacTaoiiei moTpedHOCThI0 B (hochopopraHMueCcKUX MPOU3BOIHBIX,
CTUMYJUPYIOT MOUCKH allbTePHATUBHBIX, SKOJIOTMUYECKH OE30MacHBIX CIIOCOOOB MOIYUYEHUS
neHHbIX  (pocopopranmueckux coeauHeHuii (POC). Tpamunmonueie TexHomormun DOC
OCHOBAaHbl HA MHCIIOJNB30BAHUM XJOPHUIOB M OKCHUXJOPHIOB (hocdopa ¢ mociueayrommum
3aMeIleHUEM aTOMOB XJIOpa Ha Pa3InyHble (PYHKIIMOHAIBHBIE TPYIIIBI, COMTPOBOXKAAIOIINMCS
BbIJIETICHUEM TOKCUYHBIX, TPYIHOYTHIIU3UPYEMBIX XJIOPCOAEPIKAIINX COSTUHEHHM.

Hamu BriepBbIe MCTIONIB30BAH KaTATUTUYECKUM MTOJIXO/ JJIs1 IPOMOTUPOBAHUS OPraHUYECKUX
peakmuii kpacHoro ¢ocdopa, dhochuna u pochuaOB MEPEXOAHBIX METAIIIOB, MO3BOJISIOLIHIA
OCYILIECTBUTh 3aMEHY TOKCHYHOIO OKHCIUTENs (XJopa) Ha Oe3BpEAHBIA KHUCIOpPOJ BO3MyXa.
Panee HamMu OblTa TOKa3aHa BO3MOXHOCTb OCYHIECTBICHHSI PEAKIUH OKHCIUTEILHOTO
ankokcuiuposanust Pn, PHs, Zn;P, (P;) B nmpucyrcrBun xomruiekcos Cu(ll) u Fe(Ill) [1, 2]. B
JAHHOM MaTepuajie Mbl MPEJACTaBIIEM PE3YyJbTaThl, MOJyYEHHBIC MPHU MCIIOIB30BAaHUU HOBOMU
noau(yHKIIMOHATBHOM KaTtanmuTryeckoil cuctembl Ha ocHoBe FeXs-I, (X = CI, Br, SO4, NOs3),
MO3BOJISIIOUIEH C BEICOKOM CKOPOCTBIO U CEJIEKTUBHOCTBIO MTPOBOJUTH PEAKIIUIO.

F€X3-Iz
Pi+ O,+BuOH — (BuO),HPO, (BuO);PO

-H,O
Karanmutnueckune peakiuu okucnurenbHoro P-O coderanus docdopa u dochumos c

OyTaHOJIOM H3Y4YEHbl METOJaMH XUMHUYECKOIO0 MOJEIUPOBAHUS, KUHETHKH, PEIOKC-
norenuuomerpuu, KX, YO-, UK-, AMP 31p. CIIEKTPOCKOIIMU. B ONTUMAabHBIX yCIOBUIX

CyMMapHsIii BbIxoJ1 3¢pupos dochopa cocrasmser 80-100 %.
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Haitneno, 4to npu MCIONB30BaHUUA CMENIAHHOW KAaTAIUTHYECKOW CUCTEMBI MPOUCXOAUT
CBEPXaINTUBHOE YBEIMYCHHE CKOPOCTH peakmuid u BbIxona (ochopopraHmIecKux
HpOZ[yKTOB 110 CpaBHeHI/IIO C JOTHUMHU HapaMeTpaMI/I B HpI/ICYTCTBI/II/I I/IHIII/IBI/II[yaJIBHBIX
komrnoHeHToB (Puc.). Jlnsg peakiuu ¢ yyacTheMm KpacHOro ¢ocdopa MaKCUMyM HPUXOTUTCS
Ha cooTHOomeHne FeXs/I, ~1-3, ms peakuuu ¢ yuactuem gochumon ~10-15.

Puc. /lnarpamma 3aBUCUMOCTH BBIXOJA

20

npoayktos (1 — (BuO);PO;
2 — (BuO),HPO) u ckopoctu

N 15
& peakmuu (3) OT COOTHOIIEHUS
=
% {  KOMIIOHEHTOB KaTaJln3aTopa B CUCTEME
2 10 3
= L Zn3Pr-BuOH-FeCls-I; (1,=0+0,06 M, 60 °).
5 g
=] =

[$2]

0 " 1 " 1 " 1 " 1 " 1 " 0
0,0 0,1 0,2 0,3 0,4 0,5 0,6

Conepxanne Fe(111), M

Cwmemannbiii katanuzatop FeXs-I, mpossnser cuHepruueckue cBoiictBa. be3 iona B
cupToBBIX pactBopax FeXs, xucmopon okucnser ZnsP, no0 auankuindochuToB
HE3HAUUTENbHBIMU CKOpOCTSMH, a ¢ P, u PHj3 He pearupyet. B criupToBbIX pacTBOpax noja
dopMHpyIOTCSI B OCHOBHOM QJIKWIMOAMIBI M HEOpPraHWYecKue KHUCIoThl (ocdopa.
Hcnonp30BaHue CMEIIAHHOM KaTaJIMTHUYECKOW CHUCTEMBl MEHSET HANpaBlICHHE IIpolecca U
NO3BOJISIET OCYLIECTBUTh pEakUuio OkuciauTenbHoro P-O-coueranus Qocpopa u ero
POU3BOAHBIX 110 3pupoB Gocdopa (111, V).

AHanu3 IUTEpaTypHbIX JaHHBIX, OOIIME KHHETHYECKHUE 3aKOHOMEPHOCTH pEaKIUl
OKHCIIUTEIPHOTO  aJIKOKCHimpoBaHus  ¢ochopa u  dochuaoB W HACHTUYIHOCTH
(dochopopraHn4eckux MPOAYKTOB MO3BOJMIA HaM HPEJIOKUTh E€IUHBIN pelOKC-MEXaHU3M
peakuuu. IIpornecc mporekaeT uyepe3 KiO4eBble CTaguu: BoccTaHoBieHus I, dochopom,
dochunamu no HI ¢ obpasoBanuem ¢ochopoprannyeckoro npoaykra u okucienus HI
kuciopoioM. Karanus B MpUCYTCTBUU CMEIIaHHOM cucTeMbl [,/FeX; ocymecTrisiercs 3a cuet
pacnpeneneHus (pyHKIUH MEXTy KOMIIOHEHTaMH KaTajlu3aTopa W MPOTEKaHHs PeakLuu I0
TEpMOJMHAMMYECKH Oosiee BBITOAHOMY MapupyTy. Moa sBIseTcs OTBETCTBEHHBIM 3a
PEaKIMI0 OKHCIUTEIBHOTO ajJKoKcuiaupoBaHus ¢ocdopa u pochunos a0 aupos docdopa
(I, V).

Bropoili KOMINOHEHT KaTaJUTHYECKOW CHUCTEMBI UTPAaeT PoOjb OKHUCIMTENS BBIICISAIOLIETOCs
uojoBopopoaa. Karanutuueckuil UK 3aMblkaeTcss B pesyibrate peokucieHus FeXs

KHCIIOPOOM.
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FeXo l2 BuCH Ha OCHOBaHHUU IOy YEHHBIX
0, P, ,ZngP,,PHs

AKCIIEPUMEHTAIBHBIX MAHHBIX 51

MPEUIOKEHHOTO Pa3AeIbHOTO PEeIOKC-

MEXaHu3s3Ma MCECTOAO0M CTaHI/IOHapHI)IX

H,O (BUORHPO,  koHIICHTpaIMii  BBIBEICHO  KUHCTH-
FeX H (BUOPO

YECKOE YPaBHEHUE PEAKIINH:

ks[Pi][BuOH][12]-kok[FeX3][O2]

Winax=
kox[FeX3][O2]+ ks[P;][BuOH]

AHanu3 KMHETHYECKHX M aKTHBALIMOHHBIX MapaMeTPOB PEaKIMH, BHIYMCICHHBIX ITyTeM
rpauuecKkoro peueHus YypaBHEHHUs, IOKa3bIBaeT, 4YTO (POCHOpPUIUPYIOMIME areHThl IO
AKTUBHOCTH B PEAKIIMH OKHCIUTEIBHOr0 P-O-codeTaHus co CnMpTaMu pacroiararoTcs B
cnenyrommid psia: Pn< ZniP, < PH;. 3nadenus ko s Bcex (ochopummpyronmx areHToB
OIM3KN MEXIy co00i. DTO MO3BOJISET 3aKIIOYUTh, YTO UMEHHO I, SIBIIS€TCS OTBETCTBEHHBIM
3a OKHCJEHHE P; M moAaTBep)KAaeT NMPaBHIBHOCTH MPEAJIOKEHHOTO pa3IeibHOTO PEIOKC-
mexaHu3ma. KirodueBble cTaguy XapaKkTepU3yIOTCsl OTPULATEIbHBIMU 3HAUEHUSIMH SHTPOIIUU

aKTUBAIUH, YTO CBUJIETEIBCTBYET O KOOPJAMHAIIMOHHOM MEXaHu3Me 3Tux peakuuid (Taoir.).

Tadauua. Kunernueckre u akTUBallMOHHBIE ApaMETPhl peakuil OKuciauTenbHoro P-O

coueranus gocdopa u pocduaos B cnupToBbix pactBopax I/FeCls

P; T,°C | ks, 1°/MOJIB>-MUH Ko, J1°/MOJIB>MUH E”, klx/Monb | -AS”, Jlx/Monb-K
P, 80 3107 70 80 26
Zn;P, 60 6-107 10 43 103
PH; 50 2.2 - 15 248

Takum oOpaszoMm, paszpabortana HoBas >(ddexTuBHas kartamutudeckas cuctema FeXs-Ip
peakiyii  OKHCIHMTEIBHOTO AIKOKCHIMpOBaHUs (ochopa u  (ochumos, mpemioxeH

CTaJIMHBIN MEXaHU3M IpoIEecca.

JIureparypa:

1 Hopdman f.A., AnemkoBa M.M., [Tomumberosa I'.C. u np. Ven. xum. 1993. 62. Ne9.
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Boreskov Institute of Catalysis, SB RAS, Novosibirsk, Russia
E-mail: bryliako@catalysis.ru

In the past two decades, chiral sulfoxides have been finding increasing use, reflecting the
growing interest both in convenient auxiliaries in asymmetric synthesis and products with
biological properties containing a chiral sulfinyl group. Until now, modified Sharpless
systems (based on Ti(Oi-Pr)s/diethyl tartrate combinations) have been regarded as the most
effective sulfoxidation systems. However, they suffer from low turnover numbers
(10-20 mol.-% of the catalyst required), low chemoselectivity and the need in relatively
expensive alkylhydroperoxides as oxidants. In this paper, we describe novel routes to attain
chiral sulfoxides via catalytic oxidation reactions.

Recently, we have proposed a [(salen)Fe''C1] based catalytic system for stereoselective

oxidation of alkyl aryl sulfides [1].

H H;
=N N= 6 =N N= 6
complex 1 > Pt
e O . RRS™O o~ oo
PhIO (1.1 eq.), c 4 c 4
solvent up to 62% ee

(RR)-1 (S.9)-1b

The catalytically active species has been detected by "H NMR at low temperature (-20 to
0 °C). After shaking of complex 2 with PhIO in CDCI; upon cooling, formation of a new
Fe(IIT) complex is observed, although no PhI can be seen by '"H NMR. Thus, the intermediate
is apparently a iodosylbenzene-iron(Ill)(salen) complex. Its concentration decreases after
addition of sulfides and can be restored by the addition of extra PhIO. The catalytic cycle for

Fe'(salen) catalyzed sulfide oxidation has been proposed.

RS*OR'
+ Phl Fe'll(salen*) PhIO
RSR' (salen*)Fe!"-OIPh

Another catalytic system to be reported is based on titanium(IV) complexes with

tridentate Schiff base ligands derived from chiral aminoalcohols [2]. It has been found to be
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capable of asymmetric oxidation of prochiral sulfides by 30 % aqueous hydrogen peroxide
with over 90 % yield and 60 % ee, the catalyst performing up to 100 turnovers. The
conditions are very simple: the active catalyst is formed in situ from Ti(Oi-Pr)s and chiral

ligand 2 (1.25-1.5 equiv.), and the reaction can be performed in open vessel without

precautions.
_ Tio(-Pr),/1(2) R
S Y X~ “\\\H
R H,0, (30%) A N—
R O Y ~
4 CH,CI, N
OH HO
X o ©OH
4a: R= p-BrPh, R'= Me X
4b: R= p-NO,Ph, R'= Me Esg-lgi R=t-Bu, X= Y=t-Bu
e " S)-1b: R=t-Bu, X= Y= | o
4c: R=Ph, R'= CH,Ph (S)-Lc: R= i-Pr, X= Y= t-Bu (1R,25)-2a: X= Y= t-Bu
(R)-1d: R= Ph, X=t-Bu, Y=H (IR,28)-2b: X=Y=1

The kinetics of the catalytic reaction has been followed by 'H NMR. The nature of possible
intermediates is discussed.

The third interesting system employs a homochiral porous coordination polymer
{[Zny(bdc)(L-lac)(dmf)]-dmf-H,O}, recently synthesized from zinc with L-lactic acid and
terephtalic acid [3]. Surprisingly, the 3D zinc containing framework has been shown to
catalyze size-selective (but stereorandom) oxidation of sulfides by H;O, or wurea
hydroperoxide. Furthermore, it is capable of enantioselective sorption of the resulting
sulfoxides that gives an opportunity of size-selective catalytic oxidation of thioethers by H,O,

and enantioselective separation of the products in one-pot process.

This work was supported by the Russian Foundation for Basic Research, grant 03-03-
32009. BKP thanks ROSNAUKA agency for the financial support, project 2005-PU-
111.0/004/171.
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HALIDE-FREE CARBONYLATION OF DIMETHYL ETHER. STUDY OF
SUPERACID AND CATALYTIC PROPERTIES OF Rh/CsH3.,PW1,04 SYSTEMS

Volkova G.G., Plyasova L.M., Budneva A.A., Paukshtis E.A., Maksimovskaya R.I.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: ggvolkova@catalysis.nsk.su

BE3T'AJIO'EHHOE KAPBOHUJIUPOBAHUE JUMETHNJIOBOI'O 3(I)I/I}’A.
HNCCIUEAOBAHUME CYIHEPKUCJIOTHBIX U KATAJIUTUHYECKHUX CBOUCTB
Rh/CSXH3-xPW12040 CUCTEM

Boakosa I'.I'., IlnsicoBa JI.M., bBynneBa A.A., [laykmtuc E.A., Makcumosckas P.U.

Wuctutyt katanuza um. I.K.bopeckoBa CO PAH, r. HoBocu6upck
E-mail: ggvolkova@catalysis.nsk.su

B wHacrosmee Bpemss Oonee 60% yKCYCHOW KHCIOTBI TPOU3BOAMTCA IyTEM
KapOOHWIMPOBAHMS METAHONA B JKHIKOH (haze Ha TOMOTCHHOM pPOIMECBOM KaTalu3aTope C
METWJIMOAUJIOM B KauecTBe mpomoropa. Pa3paboTka reTeporeHHOro KaTajlin3aTropa MpsMOro
KapOOHWIHpOBaHU AuMeTHIOBOro 3¢upa (IAMD) B Merunarerar Mo3BOJUT 3HAUYUTEIHHO
VIYUYIIUTh 3KOJOTMYECKHE U HSKOHOMHUYECKHE IOKa3aTelld Mpolecca 3a CYET HCKIIOYEHUS
METWINOAN/A, IPOBEICHUS PEAKIMH B ra30BOil a3e 1 3aMeHbl MeTaHosa Ha JIMD.

CH;3-O-CH; + CO — CH3-CO-0O-CH;

B Wucturyre xarammza CO PAH s peakium Ge3rajJoreHHOTO KapOOHUIMPOBAHMS
JIMD mpeanoxkenbl 3¢ (GEKTUBHBIE TeTEpOTeHHBIE KaTalIM3aTOpPbl HAa OCHOBE KHCIBIX
1[e31eBbIX conel hochopBOIBPPaMOBO TETEPONOTUKUCIOTH ¢ qo0aBkamu poaus [1-3], ux
AKTHUBHOCTH Ha MOPSIOK MPEBHIIIAET U3BECTHYIO B TUTEparype [4].

KiroueBoit cramuedt peakiuu sBasieTcs aktuBaus cBs3u C-O  (9Heprust CBs3M
350 kmx/mMonp) B Monekyie JIMD, 4To MpoOMCXOIUT Ha TMOBEPXHOCTH KaTalU3aTOPOB C
CUJIbHBIMU KHUCJIOTHBIMU IICHTPAMH, KOTOpPbIE 4YacTO HAa3bIBAIOT «CYNMEPKUCIOTHBIMU»
Karanu3aTopamu. Peaknus KapOOHWIMPOBAHUS CHHPTOB WIH J(PUPOB HAa H3BECTHBIX
KHCJIOTHBIX KaTajau3aTopax, HalpuMmep, ICOJTUTaxX C J00aBKaMU pPOIUS, HJIET TOJIBKO B
MPUCYTCTBUU MPOMOTOpaA - MeTunmoauaa [S], sneprus ceszu C-1 B Moiiekyne MeTWIHOIUIA
cocrasiseT 240 KK/ MOJIb.

[lenpto maHHOTO WCCIEAOBAaHHUS OBUIO YCTAaHOBIEHHE MPHPOMABI CYNEPKHUCIOTHBIX H

YHUKAJIBHBIX KATATUTUYCCKUX CBOMCTB KHCJIBIX OE3HUCBBIX COJIEH.
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CucreMaTH4ecKOe WCCIICOBAHNE KATAIUTHUYECKUX W (PU3HKO-XUMHUYECKUX CBOMCTB
okcuaHbIX cucteM coctaBa Rh/CsyH3; xPW 2040 (1.5 < x £ 2) mo3Bosuino uaeHTUPHUITUPOBATH
aKTHUBHBIE IEHTPHl KaTalM3aTropa. YCTAHOBICHO, 4YTO B PEaKIUU Oe3rajoreHHOro
kapOoHurpoBaHus JJMD B MeTunaieraT NpUHAMAIOT y4acTHE J1Ba BUJA IICHTPOB:

e  cuIbHBIC OpeHcTenoBcKue KucioTHbie 1eHTpsI (BKLI);

e  kapOoHMIBHBIE KoMILIekchl poaus: Rh(CO),", Rhy(CO)3, Rhg(CO);e.

B T0 e Bpewmsi, u3meHenue konnentpanuu BKI] u BenmuuuHbl yaenpHON MOBEPXHOCTH B
3aBUCHMOCTH OT COCTaBa KHCJIOW IIE3UEBOM COJU HE N1aBajio OOBSICHEHHS, IIOYEMY COJIU
coctaBa Csl.5 u Cs 2 mokas3plBaloT MakCUMaJIbHYI0 akTMBHOCTh, a Cs1.0 u Cs 2.5 wmano

aKTHBHBI B TaHHOU peakuuu (Puc.1-3).

-8
% W, 10" Monb/T ¢ KoHIeHTpams x. S ya., BET
0] BKII, mxmonb/T 200 |
160 -
30+ 1401 150 -
120
201 100 1 1001
80
50 -
10 1 60 4
0 40 0 ; ; ; .
' ' ' ' 201 Csl  Csl5 Cs2  Cs25
Csl  Csl5  Cs2  Cs25 o
Csl Csl5 Cs2 Cs2.5
Puc. 1. 3aBucumocts ckopoctn  Puc. 2. 3aBucUMOCTb Puc. 3. 3aBucumocts
oOpa3oBaHus MeTuianerara or  kKoHueHtpauuu BKI[ ot YAEJIBHON TOBEPXHOCTU
cocrasa Cs conu coctaBa Cs conu KaTaJIn3aTopoB OT

cocrasa Cs conu

Jlnst Toro 4toOBl MOHATH M3MEHEHHWE AaKTHMBHOCTH KaTaM3aTOPOB B 3aBHCHMOCTH OT
cocTtaBa Kuciiod nesueBor coau, Meromamu PDA u SIMP wmccinemoBanHsl 0cOOEHHOCTH
dbopmupoBanus (Ha30BOro cocraBa KUCIBIX IIe3UEBBIX coleil pochopponabhpamosoit I'TIK.
YcTaHOBNICHO, YUTO:
e B obmactu coctaBoB Csl-Cs2.5 nHabmomaercss oOpazoBaHMe ABYX (a3 — KHUCIIOH
LIE3UEBOM COJIM U KUCJIOTHI,

e Kxuciuele 1e3ueBble coinu umeroT cocrtaB Cs2.1-Cs2.7, cpennue conu cocraBa Csl-
Csl.5 ne obpasyiorcs, pasmep nepsuunbix uactur 80-100A. KomuuecTBo nesus,
BBeieHHOTO B cuctemy CsyH3 PW 204, ompenenser yaenpbHyr MOBEPXHOCTD

KaTaJIn3aToOpoOB.
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e [ITIK naxoautrcs Ha mnoBepxHocTu Cs @Qa3pl, KOTOpas SBISETCS HOCHUTEIEM,
kosnuecTBO ['TIK mpakThyeckn TOYHO COBMANAET C AKTUBHOCTHIO KAaTaJIU3aTOPOB
(Tabmuma 1).

Ta6JII/ILIa 1. ®a30BEIH COCTaB U aKTUBHOCTh KaTaJIM3aTopoOB

Obpa3zen PeanbHblil cocTaB KMCIOM Ckopoctb 00pa3oBaHus
Cs conu METHIIAlleTaTa,
10 mol m2s™
I%Rh/C51_5H1_5PW12040 0.8H3PW12040/C82,2 Ho,gPW12040 0.78
1%Rh/CSzHPW1204() 0.5H3PW12040/C82,5 H0.5PW12040 0.42

Takum oOpa3oM, BRICOKast aKTUBHOCTh KHCIIBIX 11e3UeBBIX coieit coctaBoB Csl.5 u Cs 2.0
00yCIlIOBJIeHa KaK MUHUMYM JIByMs (haKTOpaMH: BBICOKOM MOBEPXHOCTHIO U OCOOCHHOCTSIMU
(1)330BOI‘0 COCTaBa. KI/ICJII:IC IIE3UCBLIC COJIX SABJISAKOTCA I[ByX(i)aBHI:IMI/I CUCTEMaMHU,
COCTOAIMMU €3 (a3bl KHUCION I1[E3MEBOM COJMM C OOJIBIIUM COJEPKAHHEM IIE3Hsl TI0
OTHOIIIEHUIO K UCXOJTHOMY COCTaBY M (Da3bl T€TEPOIMOJIMKUCIOTHI, KOTOpasl pacroyiaraercs Ha
MOBEPXHOCTH 11€3UEBOM colu. YcTaHOBIEeHO, uTo KonndecTBo ['TIK Ha moBepxHOocTH Cs (hazbl
XOPOIIO COTJIACYEeTCS C aKTUBHOCTHIO KaTalIM3aTopa. DTOT Pe3yJbTaT MO3BOJISIET OOBICHUTH
CynepKI/ICJ'IOTHI)IC 158 YHI/IKaJ'II)HLIe KAaTAJINTUYCCKUC CBOﬁCTBa KHUCJIBIX IIE3UCBBIX COHGI>'I

b ochopBoIBEPPOMOBOIT KUCTOTHI B peakiiuy 0e3rajJoreHHoro kapooHmmpoBanus [JMD.
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MECHANISM OF ETHYLENE METHOXYCARBONYLATION REACTION
CATALYZED BY PALLADIUM((II) COMPLEXES
WITH 1,1'-BIS(PHOSPHINO)METALLOCENES LIGANDS

Gusev O.V.

A.N. Nesmeyanov Institute of Organoelement Compounds RAS, Moscow, Russia
E-mail: gusev(@ineos.ac.ru

MEXAHM3M PEAKIITUN METOKCUKABOHUJIMPOBAHUA STHJIEHA,
KATAJIM3UPYEMOU KOMIVIEKCAMM ITAJIJIA AUSAIT)
C 1,1'-BUC(POCPUHO)METAIVIOHNEHOBBIMU JIMTTAHIAMU

I'yces O.B.

HNucturyt anementooprannyueckux coeanHenuii um. A.H. HecmessnoBa PAH, Mocksa
E-mail: gusev@ineos.ac.ru

Kommnekcer  mammamusi(Il) ¢ 1,1'-6uc(dpochuno)MeTamnoneHoBBIMU  JTUTaHAAMU
NPEACTaBISIIOT CcO0OM  KaTanu3aTophl MPOIECCOB UYEPEAYIOUICHCS COMOIMMEpPU3allii 1
QIKOKCUKapOOHMIMPOBAHUS  JTWJIEHA  Pa3IMYHOM  CTEMHM  aKTUBHOCTU. Jlydmmmu
KATATM3aTOPAMH  CONOJMMEPH3ALMH  SABIAIOTCA ~ KOMIUIGKCHI mamtamgus ¢ [Fe(n’-
C5H4PR2)2Pd(H20)2]2+ (R = Me, Et), akTUBHOCTB 3THX COCIMHECHHH J1a)K€ HECKOJBKO BBIIIIE,
deM y craHgapTHbIX Katamusatopos  [(dppp)Pd(H,0)2]*" '. Mexanusm  peakuun,

BKJTIOUAIOIIHN A FHHpHHHBIﬁ, METOKCUJILHBIA U B-XeHaTHLII\/'I HHTCPpMCINAThI, IIPCACTABIICH Ha

' C. Bianchini, A. Meli, W. Oberhauser, S. Parisel, E. Passaglia, F. Ciardelli, O.V. Gusev, A.M. Kal'sin, N.V.
Vologdin Organometallics, 2005, 24, 1018
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Oco0OeHHOCThIO JIMTAHJIOB C METAJUIOOPTraHMYEeCKUMU (pparMeHTaMu SBISETCS CKpbITas
BO3MOXKHOCTh K YBEJIMYCHHUIO YHCIA 3aHUMAEMBIX HMMH KOOPAWHAIMOHHBIX MECT |

U3MEHEHHIO KOHPUTypalu aToMoB (ocdopa.

PR, 2t PR, )2t
L
MO  Pd(L) = M—Pd(L)
/ R
PR, PR,
I 11

L = H,0, MeCN, PPh;

AHaNOTUYHAsA CUTyalUsl MOXKET PEeajM30BaThCS MPU YBEIHUEHHH CTEPUYECKOro 00beMa
ourannoB L wum 3amecturener 'y aromoB ¢ochopa R, u 1npum  yBenuueHUH
JIEKTPOHHOJJOHOPHBIX CBOWCTB METAJUIOLCHUIBHBIX (ParMEHTOB WJINM IPH YBEIUYECHUU
AJIEKTPOHHOAKIIENITOPHBIX CBOKMCTB aTOMA MaJUIAIHs.

Haiineno, uyto oOpa3oBanue wunTepMmenunatoB Tumna II mpuBoautr k 00pa3oBaHUIO
allWJIbHBIX COETUHEHUH, KOTOPBIE B YCIOBHSX NMPOBENCHUS PEaKLUU ObICTpee MOABEpPraroTcs
METaHOJIU3Yy, YEM NPUCOCIUHAIOT CIEIYIOUIYI0 MOJIEKYJIY JTHJIEHA, U NPOLYKTOM pEaKLUuu
ABJISIETCS] METHIIIIPOIIMOHAT.

/@PPM TOTS @PPM OTs
Fe \/\Pd/\ co \de//o/T

\S Fe /

MeOH

C,H, K'
C,HsC(0)OMe

OTs
h2 HW

d

P

=
D

0
T

NV

e
AN
S

>

2

OcoOprit mHTEpeC npenacTaBisier ciydaid 1,1'-Ouc(aum3onpornundocduno)depporicHa,
T.K. NP HUCHOJb30BAHUU STOTO COEAMHEHHs OblIa MOJYy4YeHa CMECh METHJIPONHOHATA W
JIUATUIIKETOHA C CEJIEKTUBHOCTBIO 99%, 4TO CBUAETENLCTBYET O TOM, YTO PEAKIUU K -P,P,Fe
anuiapHOTO MHTepMennara (cxema 1, ki C) ¢ MeTaHOJIOM (METAHOJIW3) WIH C ATHUICHOM
(MUTpaHULIMOHHOE BHEAPEHHUE) MPOUCXOJAT € OJU3KUMH CKOPOCTSIMH, a CKOPOCTb
OIPEIEIAOIIEH CTaUEN SABISECTCA Pa3phIB CBA3U KEJIC30-TTAIIIaAUMN.

PaGora  BeimonmHeHa mpu  ¢uHaHCOBOW  moanepxkke  Poccuiickoro  ¢onma

byHaamMeHTaIBHBIX UccienoBanuii rpanT Ne 03-03-32471.
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MECHANISM OF LIQUID-PHASE CATALYTIC OXIDATION OF n-BUTYLENES
TO METHYLETHYLKETONE

Zhizhina E.G., Odyakov V.F., Simonova M.V., Matveev K.I.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: zhizh@catalysis.nsk.su

MEXAHMUW3M KUIKOPAZHOI'O KATAJIMTUYECKOI'O OKUCJIEHUA
H-BYTUWJIEHA B METUWITUJIKETOH

Kuxuna E.I'., Onsaxos B.®., CumonoBa M.B., MatBeeB K.H.

Wuctutyt karanusza um. I'.K. bopeckoBa CO PAH, HoBocubupck
E-mail: zhizh@catalysis.nsk.su

Metumtrniketon (MOK) ucnonb3yercsi B KaUYeCTBE YHHUBEPCATBHOTO PACTBOPHUTEIIS IS
Kpacok, SMaJjiei, Moy peTaHOBBIX MOKPHITU. OH sSBIsSETCS AenapapuHU3aTOPOM CMa30YHBIX
Maces, 00eCleunBalOUIMM HUX MOPO30CTOMKOCTb, U CBHIPbEM Ui TOHKOTO OPraHHMYECKOTrO
cuHTe3a. Muposoe npousoactBo MOK mpessiiiaer 1 MiH. T B rog, Ho B Poccun oH He
IIPOU3BOJUTCSI.

Hamu Obin mpeanoskeH cmoco0 MpsSMOTo KaTaTUTHYECKOTO OKHCIIEHHUS H-OyTHIICHOB B

MD3K 1no peakuuu (1) ¢ uzbuparenpHocTbio 607€e 97% [1].

Pd + TTIK=x

H—C4Hg +Oz > CH3COC2H5 (1)

KaranuzaTopamu 3TOro0 mnpoiecca sSBISIOTCA BOAHBIE pacTBOPHI koMiuiekca namnaaus (1I)
u Mo-V-docdopnsix rerepononukucior HzPViMoi24049 (ITIK-Xx, 2 < X < 6) CTPYKTYpbI
Kerrmna. Jlns oOecniedeHuss B3pbIBOOE30MACHOCTH W YJIYYIICHUS  CEJICKTHBHOCTHU
IPOMBINUIEHHBIN Tnpouecc (1) nomkeH MpOBOAMTHCA B JIBa ATala B Pa3HBIX peakTopax B
YCJIOBUSIX HECTAIIMOHApPHOTO Katanu3a: 1-il atan — B3aumopeiicteue H-C4Hg ¢ pactBopom
Karanu3aTopa To peakmuu (2) ¢ oOpa3oBanueM BoccTaHoBiIeHHOW (opmbr [TIK-x
(HnI'TIK-x = H3+x+mPVIVmVX-mMO12-XO40; m — cremnedb BoccTaHoBiaeHust H,I'TIK-x wmm
YHCJIO JIEKTPOHOB, MOy4eHHbIX Mosiekyaon I'TIK-x); 2-i1 atan — perenepanusi OKUCIEHHON

¢dopmel I'TIK-x kucnopoaom no ypaBHeHuto (3).

m m PdH m
/» H-C4Hg + T'TIK-x + "/, HLO ——» "/, CH3COC,H;s + H,, I TIK-x 2)
HoITK-x + "/, 0, — > I'TIK-x+ "/, H,0 (3)
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HccnenoBanne KHHETUKU M MEXaHU3Ma peakiuy (2) MO3BOJIMIN MOTYyUYUTh KUHETHYECKOE
ypaBHeHue e€ ckopoctu (A) [2]:

W, =k, - [Pd]* - [a-C4Hs] (A)

W3 monydeHHBIX MaHHBIX CIIEIYET, 4TO peakius (2) coctout m3 cramauii (2.4)—(2.6), B
xone kotopeix H-CsHg okucnserca KoMILIEKCOM sz2+ B MDK, a TITIK-x oxwucisger

o o 2+
BOCCTAHOBJICHHBIM ITAJIIaAUHU B sz .

Pd,*" + B-C4Hg + HhO —==— [Pdy(C4Hyg)(H,0)]* (2.4)
[Pdy(C4Hs)(H,0)]*" ——» Pd,’ + CH3;COC,Hs + 2H" (2.5)
Pd,’ +2 H" + Hyo[ TIK-x ——» Pd,*" + H[TIK-x (2.6)

WM npenmectBytoT ObicTpble ctaguu (2.1)—(2.3), ¢popmupyromnme akTHBHBIN KOMILIEKC

Pd,*".

Pd*" + v-C4Hg + HbO —=—=> [Pd(C4Hs)(H,0)]*" 2.1)
[Pd(C4Hs)(H,0)]*" — Pd’ + CH;COC,Hs + 2H" (2.2)
pd’ + pd* Pd,** (2.3)

Peakmus (3) Toxe siBisieTcst MHOTocTanmuidHO. [Ipu m > 2.0 e€ sHeprusi akTUBaIMK Maja
(Ea ~ 10 x/Ixx/M0mB), @ CKOPOCTH BBIpa)KaeTCsl MPOCTHIM KMHETHYEeCKUM ypaBHeHHEM (B):

W3 =ks - [TTIA-Xyn23] - [02] (b),
rae ['TIA-xy,>3 — TeTeponoNInaHuoH CO CTENEeHbI0 BOCCTaHOBIeHHUS m > 3. B xozae peakuuu (3)
00pa3yroTcs MPOMEKYTOUHBbIE KOMIUIEKChI aHMOHOB [ TIA-Xy, (Hx+m_1PVIVmVVX_mMo12_XO404‘)
C KHCTIOPOJOM, B COCTaB KOTOpPbIX BXoAWT 3 wiu 4 atoma Banaaus (IV) [3]. Pacnmag stux
koMIiekcoB (3.3) ¢ mepemadeit, Hampumep, TPEX AJICKTPOHOB Ha Moyiekyiny O, sBISETCS
JUMHUTHPYIOIIEH cTaauel peakiuu (3) mpy BHICOKUX 3HAYEHHUSAX M.

(T'MA-Xp3) - O — I'TIA-X,,0 + ‘OH + H,O (3.3)

[Ipn manbix BeanmumHax m (m < 2) koHueHTpauus aHuoHOB ['TIA-x.>3 Mana, u oHH
00pa3yroTcsi TOJIBKO MyTEM SHIOTEPMHUYHBIX peakUuil aucnponopiuonupoBanus (3.1) u

(3.2):

2TTHA-xp=1 <=—— TTIA-Xp= + T'TIA-Xm=0 (31)

2TTHA-Xpy <=—— TITIA-Xps + TTIA-X— (32)

Oo6pazoBanue ['TIA-X;—3 mpu m < 2 onpeaensieTcs COBOKYIMHOCTBIO 3TUX JIBYX PEaKIIHi,
OTIpeNIeNAIONMX CKOPOCTh OCHOBHOM peakuuu (3). Kunernueckue 3aKOHOMEPHOCTH MTPU 3TOM
CHJIBHO YCIIOKHSIOTCS, a E, CTAaHOBUTCS NMEpeMEHHON BEIMYMHOU, OBICTPO BO3pacTarolien

npu yMmeHbuieHMM m [3]. C u3MEHEHHMEM m CWIbHO MEHSETCS XUMHUYECKHH COCTaB
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KaTajau3aTopa M ero peaklHOHHasi cliocoOHOCTh. BeneacTBre 3TOro CyIeCTBEHHO MEHSETCS
BUJ KHHETHUECKOTro ypaBHeHUs peakuud (3) [3]. C moBbIlIeHUEM TeMIIepaTypsl U JaBICHUS
O, rimyOuna npotekanus peakiuu (3) Bospacraer [4].

[TpouzBogutensHOCTh KaTanu3aropa (Pd + I'TIK-x) B mpouecce (2) + (3) onpexnensiercst
yuciaoM atoMoB BaHanus (X) B moJiekyse ['TIK-x u konnentpanueii ['TIK-x.

Karamuzatopsr Ha ocHOBe BomHbIX pacTBopoB ['TIK-x ctpykrypsr Kerruna (x > 4) Opu1mn
HEJOCTAaTOYHO TUIPOIUTUYECKH M TEPMUYECKH YCTOMYUBBHI. 3HAYUTENBHO YCTOWYMBEE
OKa3aJuch pa3pabOTaHHbIE HAMU [UJIsl MPOMBIIIJICHHOTO HCIOJIb30BAaHUS KaTaau3aToOphl C
MoIUpHUIMPOBaHHBIMU cocTaBaMu pacTBopoB ['TIK-x’, koTopbie oTBeuaroT OpyTTO-PopmMyIie
H.,P,Mo,V,Op, tie 1 £z<3;8<y<16;1<x’<12;a=2b-6y-5x"*+z); 40 <b <89 [5].
BricokoBananueBbie katanmmzatopsl (Pd + TITIK-x’) okazanmuch Takke 3HAYUTEIHHO
pou3BOAUTENIbHEE U3BECTHBIX KatanuzaTopoB (Pd + I'TIK-x). Mexanusmsl peakmuii (2) u (3)
¢ yuactueM karanuzatopoB (Pd + I'TIK-x’) coBnagaroT ¢ COOTBETCTBYIONIMMU MEXaHU3MAMH

st karanuzatopoB (Pd + ['TIK-x).

Jluteparypa:

1 Pat. 826603, Belgium, 1975. / Matveev K.I., Shitova N.B., Pai Z.P. et al. — 27 p.
Zhizhina E.G., Simonova M.V., Odyakov V.F., Matveev K.I. // React. Kin. Cat. Letters —2003,
V.80, N.1, P.171-180.

3 Xwmxkwuna E.I'., Ogsxos B.®., CumonoBa M.B., Marsees K.I. // Kuneruka u xaraaus — 2005, T.
46, Ne 3, c. 380-389.

4 Xwuxwuna E.I'., CumonoBa M.B., Oxsaxos B.®., Marsees K.U. // Karann3 B TpOMBITIUICHHOCTH
2005, Ne 2, ¢.17-25.

5  Tarent Ne 2230612, 2004, Poccus / Marsees K. ., XKuxuna E.I'., Onsixos B.®D. // 300perenus
—2004 — Ne 17, II gacTs, c. 389.
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Mo-V-®OCPOPHBIE 'ETEPOIIOJUKHUCJIOTHI - KATAJIMBATOPHI B
CUHTE3AX BUTAMHMHOBE U K

Kuxuna E.I'., Onsaxos B.®., CumonoBa M.B., MatBeeB K.H.

Wuctutyt karanusza um. I'.K. bopeckoBa CO PAH, HoBocubupck
E-mail: zhizh@catalysis.nsk.su

Buramunsl rpynn K u E wurparot BakHylo poiib B KH3HEACSITEIBHOCTH OpPraHu3Ma U
IIMPOKO HUCIONB3YIOTCSA B MEAMIMWHE TpU JIEYEHUH U TPODUIAKTHUKE Pa3IAYHBIX
3a00jeBaHUNA. OTHM BUTAaMHHBI HCIOJIB3YIOTCS B JKMBOTHOBOJCTBE JUISI TIOBBIIICHUS
NPOJXYKTUBHOCTH CEIbCKOXO3SIMICTBEHHBIX JKUBOTHBIX, & BUTAaMHH E HaxoaWT NMpHMEHEHHE
Takke B nap(roMepHOil MPOMBIIIIEHHOCTH.

BonpmmHacTBO BUTaMUHOB Tpymnbl K SBISIOTCS mapa-XMHOHAMU, KOTOPbIE, KaK IIPaBHIIO,
NOJYYal0T HEKATAIUTUYECKH C HCIOJIb30BAHMEM CHIIBHBIX OKHcIUTene. B uacTHOCTH,
OCHOBHBIM CIIOCOOOM TPOMBINUICHHOTO TOMy4YeHus: ButamuHa Ks (2-metui-1,4-HadTOXHHOH,
MeHaauoH, MJI) sBusercs oxucieHue 2-meTwiaHadTammHa XpomoBoi cMmecbo [1]. K
HEJOoCTaTKaM Mpou3BoJcTBA MJl MO TakoW TEXHOJOTHUM OTHOCHUTCS OOWJIME CTOYHBIX BOJ,
COJepXKAIUX TOKCHYHBIE COCAMHEHUS XpOMa, CMOJIbI U KHUCIOTBI, HU3Kas CEJIEKTUBHOCTbH
neneBoi peakimu (<50%) u aedummr ceipbs. Jpyroit mapa-xuHOH - 2,3,5-TpuMerni-1,4-
oenzoxuHoH (TMX), sBISIOIIMICSA TMOMYNPOAYKTOM B CHHTe3¢ BuUTamMMHa E, B
MPOMBIIIICHHOCTH ToNydalT okucieHuem 2,3,6-tpumermidenona (TM®P) B mpucyTCTBUU

CuCl; [2] mo peakium (1).

OH (0]
H; CH; H;C CH;,
r 0, — » + H,0 (1)
CHj CH,
(6]
T™® TMX
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OCHOBHBIM HEJOCTAaTKOM TaKOTO IMpoIlecca sBiseTcs xjgopupoBanue TMX u moOOYHBIX

MPOAYKTOB B SKOJIOTMUYECKU OMACHBIE XJIOPOPTaHUYECKUE COCTUHEHUS, KOTOPBIE TPUXOTUTCS
BBIJICTISITH 1 00€3BPEIKUBATS.

Hamu paspabGotansl HOBBIe criocoObr momyueHuss TMX u MJ] mo peakmmm (2) ¢

UCIIOJIb30BaHuEeM pacTtBopoB Mo-V-dochopubix rerepononukuciaor (I'TIK), sBisroruxcs

BbICOKOCeNeKTHUBHBIMU (90-99%) katanu3zaTopaMu OKUCIECHUS anKuia(EeHOIOB OEH30IbHOTO U

Ha(i)TaJ'II/IHOBOFO pPAAOB B COOTBETCTBYROIINEC IMapa-XUHOHBI KUCIIOPOAOM.

(0]
OH CH;
™/ s 4m H0+TIKx —> M, + H, T TIK-x"1(2)
(6]
2MHI M1

I'TIK crpyktypsl Kerruna H3xPViMo02x049 (I'TIK-X), TpaAHIIMOHHO HCHONB3yEMBIEC B
KayecTBe  0OpaTUMO  JCWUCTBYIOUIMX  OKHCIUTENed, HE  TMO3BOJWIA  CO3/IaTh
BBICOKOTEXHOJIOTUYHBIE  KaTalW3aToOpbl ISl TMEPEYUCICHHBIX MPOLIECCOB  BCIEJICTBHE
TUAPOJUTHYECKON HEYCTOMYMBOCTH MX pacTBopoB. llosTomy Hamm Obutn paszpaboTaHbl
CrocoObl CHHTE3a yCTOMYMBBIX MOAU(DHUITMPOBAHHBIX pacTBOPOB BhIcOKOBaHaaueBbx [ TIK-x’
(X’>6) HEKEeITMHOBCKHUX COCTaBOB, KOTOpble 3()PEKTUBHO KaTaTU3UPOBAIU OKHCICHUE
ANKWI(QEHOIOB KUCIOPOJOM. B WX TPHUCYTCTBHUHM OKHCICHHE NPOBOAIT B JABYX(a3zHOM
cucreMe (50-60°C), a pereHepanuio KaTajau3zaropa Mo peakuuu (3) OCYIIECTBISIOT B
otnensHoM ctaanu (160-190°C) non naBinenuem O,.

H,.ITIK-x + m/4 02 — > ITIK-x + m/2 Hzo (3)

N30uparensHocTh Katanuzatopa ['TIK-x’ npu okucnenun TM® B TMX onpenensiercs
OTHOCHUTENIbHBIMH CKOPOCTSIMH OCHOBHOT'O M TOOOYHBIX MPEBPAIlIEHU Ha OTJENbHBIX 3Tarax
peakiuu (1). Drta peakuusi mMpoTeKaeT uyepe3 psia dIEMEHTApHBIX CTauil, BKIIOYAIOIIMX

OTPBIB JIBYX IPOTOHOB MU YETBIPEX DHIJIEKTPOHOB OT MOJIeKylbl TM® ¢ ruaponusom

O
H;C. CH;
MIPOMEKYTOUYHOTO KapOOKaTHOHA . Ecniu mpomexyTouHbIE paIuKabl
CH;4

T
H

229



OP-I1-19

Hj CH,;
HC CH,
u yCIIEBAIOT OTAATh CBOM 3eKTpoHbl Monekyne I'TIK-x’, To

CH, v o

oOpa3yercs ueneBoil npoaykt TMX. Ilpu 3amenneHun nepegadu 3JI€KTPOHOB HA MOJIEKYITY
I'TIK-X’ yBenn4uBaeTcsl BEPOSITHOCTh KOHAECHCALMU MPOMEKYTOUHBIX PAIUKAIOB C APYTUMU
YACTUIIAMU C 00pa30BaHUEM BBICOKOMOJICKYJISIPHBIX TOOOYHBIX MPOAYKTOB (cMod). [ToaTomy
B XO/JI€ pEaKLMU OKUCIUTENbHBIN noTeHman pactopa ['TIK-x’ He JOJKEH OMyCKaThCsl HUKE
0,8 B (otHOCUTenpsHO HBD).

MakcuMaabHO NOBBICUTH CEJIEKTUBHOCTh KaTaJM3aTopa yAAJOCh HCIOJb30BaHUEM
NEPBUYHBIX HEPA3BETBIEHHBIX CIHMPTOB, M30MPATEIHHO COJBBATUPYIOLUIUX AKTUBHBIE TOYKHU
IPOMEXYTOUHBIX PAIUKAIOB M 3aTPyJHSAIONMX HUX peakuuu. IlomoxkuTenbHOe BIUsSHUE
pacTBopuTeNel yObIBaJIoO B psALy: H-CIIUPTHI > H-KApOOHOBBIE KUCIOTHI > UX CIOXKHBIE 3(pUPHI
> KETOHBI > MPOCThIE (QUPBIL.

IMIpu oxucnennn TM® B TMX (1) pactBoper [TIK-x’ (x’>6) obecnednBaioT
MaKCUMaJIbHYIO CeIeKTUBHOCTD (98-99%) u npousBogutenbHOCTh (600-800 T TMX/m-4) [3].
OTU moKa3zaTeNnu MPEBOCXOAAT KayecTBa M3BECTHBIX KaTalnu3aTopoB mnosydeHus TMX.
PazpaboTanHublii crmoco® MEPCIEKTUBEH ISl HOBOU IKON02UYHOU MEXHOA02UYU TIPOU3BOICTBA
BuTamuHa E.

Pa3paboran HOBBI crioco0 momydenus MJ] oxuciennem 2-metmiHadrona-1 (2MH1) B
npucyTCTBUH MoauduimpoBaHHbiXx pactBopoB [TIK-x’ [4] mo peaknum (2) B aByxda3HOU
cucteMe B aTMocdepe HHEPTHOro raza. MakcuMalbHasi CeJNEeKTUBHOCTh, paBHas 90%,
JOCTUTAETCS B MPUCYTCTBUU J00aBOK YKCYCHOM KHCIOTHI B BoaHOM pactBope [TIK-x .
Jlyummm opraHu4ecKuM pacTBopuTesieM Ipu nosnydennn 2MH1 oka3zancst TpUXI0pITHIIEH.

[TonydyeHHbIe pe3yabTaThl JETJIH B OCHOBY pa3pabOTaHHONM HAaMU HOBOW MajlOOTXOJHOU
texHosornn “Bukacu6” cunTe3a BuTamumHOoB Tpynmel K [4, 5]. Tlo atoii TexHOmoruu
HapaOOTaHbl OMBITHBIE MapTuH BuTamuHa Ki, Bukacoma (BomopactBopumoil dopmel Ki) u
ButamuHa Ky (mmamerara wmenaguona). ONBITHBIE MApTUU MPOIUIA  OUOJIOTUYECKUE
UCIBITAHUS HA CEJIbCKOXO3SMCTBEHHBIX MNPEANpPUATUSAX (NITULEBOACTBO, CBHHOBOJOCTBO,
KPOJIMKOBOJCTBO U Ap.). Ilo pe3ynbraTtam ycrneuHbix OMOIOTMYEeCKUX MCHBITAHUHN, TOTy4YeH
cepmugpukam, pazpelialIiuil TPUMEHEHHE BHUKAcola B >KMBOTHOBOJACTBE B KaueCTBE

,I[O6aBOK B KOpMa JXUBOTHBIX.
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OXIDATION OF ORGANIC COMPOUNDS CATALYZED BY
POLYOXOPHOSPHOVANADOMOLYBDATE HsPV;M01004 : MECHANISTIC
INSIGHTS

Khenkin A.M.

Department of Organic Chemistry, Weizmann Institute of Science, Rehovot, Israel 76100
E-mail: alex.khenkin@weizmann.ac.il

Better understanding of homogeneous catalytic oxidation by molecular oxygen is
fundamental to the design and functioning of green catalysts for selective oxidation. Among
such catalysts, polyoxometalates (POM) constitute a large and growing class of claster-
anions, whose compositions, structures, and key properties are readily modified at the
molecular level. One fundamental problem in the catalytic oxidation is that most
homogeneous catalysts are partly organic in nature and thus thermodynamically unstable with
respect to CO, and H,O in the presence of O, whereas polyoxometalates remaining resistant
to oxidative degradation. Although many types of polyoxometalate-catalyzed reaction are
being reported, one compound that has been catalytically active in many liquid-phase reaction
with molecular oxygen has been the mixed agenda phosphovanadomolybdate,
HsPV,Mo010049. This compound catalyze oxidative dehydrogenation of dienes, alcohols,

amines and phenols according to Scheme 1:

Scheme 1

S-H, + POMox —> S + 2H' + POMred

POMred + 2H" + 1/20, ———> POMox + H,0

In these cases, the substrates are oxydehydrogenated but not oxygenated.

In this presentation will be reported of our finding that vanadium containing POM
HsPV;Mo0;0O49 can activate C-H bonds in aromatic and alkylaromatic compounds and
oxygenate such substrates by a Mars - van Krevelen type mechanism. It will be also shown
and discussed the evidence for the activation of the hydrocarbon substrate by electron
transfer, including observation of reaction intermediates, and present some insight on the

oxygen-transfer step from the polyoxometalate to the activated hydrocarbon [1].
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Surprising is the finding that HsPV,;Mo0,¢04 catalyzed the selective aerobic oxygenation
of nitrobenzene to 2-nitrophenol. Kinetic experiments together with isotope studies indicated
the possibility of initial formation of a radical intermediate formed through an intramolecular
regioselective process and oxidation [2].

Similar, such intramolecular process leads to formation of radical intermediates in
primary alcohols and aldehydes aerobic oxidation in the presence of HsPV,Mo0;0049 which
cause C-C bond cleavage in alcohols and oxidative deformylation of aldehydes.

The mild oxidants such as nitrate salts or sulfoxides were activated in the presence of
HsPV;Mo,0049 and yield selective oxidation of alkylarenes. As evidenced by IR and NMR
spectroscopy initially oxidants reacted with HsPV,Mo,0049 catalyzed to yield an active
intermediate. In an electron-transfer reaction this intermediate reacts with the alkylarene
substrate to yield a radical-cation based donor — acceptor intermediate. The reaction
mechanism is supported by the correlation of the reaction rate with the ionization potential of
substrates, kinetic isotope effect and the reaction order in the catalyst [3].

All reactions presented are summarized in Scheme 2:

Scheme 2
C-C bond cleavage
A

X 8]
aleohols : : :
HEPVIMol0040
G
aldelydes
L) Q
G)‘\@ detormylation

References:
A.M. Khenkin, L.Weiner, Y. Wang, R. Neumann J. Amer. Chem. Soc. 2001,123, 8531-8542
M. Khenkin, L. Weiner, and R. Neumann J. Amer. Chem. Soc. 2005, 127, 9988-9989
3 AM. Khenkin, R. Neumann; J. Amer. Chem. Soc. 2004, 126 , 6356-6362;
A.M. Khenkin, R. Neumann; J. Amer. Chem. Soc. 2002, 124, 4198-4199.
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KOMILIEKCHBIE KATAJIN3ATOPBI HA OCHOBE clf/(:u+2 PEJI-OKC
CUCTEMBI B PEAKIIUSIX BHYTPUMOJIEKYJIIPHOU IUKJIN3ALIMA
MOJINT AJIOTEHAJKEHOBBIX KUCJIOT

Muxkaeasu A.P.
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E-mail: aramrm@seua.am

QDyHKIMOHAIBHO 3aMELICHHbIE Mallble UM CpEelHUE KapOOLMKIbI YacTO BCTPEYAsTCS B
OMOJIOTMYECKH aKTHUBHBIX MOJEKYJaX M HIMPOKO NMPUMEHSIOTCS B MEAMLMHE U B CEIbCKOM
xo3siicTBe [1-3]. Pa3zpaboTka HOBBIX JOCTYIHBIX METOAOB CUHTE3a TAKUX LIUKJIOB U U3y4YEHUE
peruo- W  CTEPEOXHMMHUHM IIPOLECCOB  SBIAIOTCS  YPE3BBIYAMHO  BAXXHOM  3aJadei.
[lepcrieKTMBHOM, Ha HAll B3MUIAN, SABJIAETCSA PEaKUUs BHYTPUMOJIEKYJAPHOW LUKIN3ALUU
IIPOM3BOJHBIX MOJUTAJIOT€HAIIKEHOB B IPUCYTCTBUM KOMIIJIEKCHBIX KAaTaJU3aTOPOB HA OCHOBE
NepexoaHbIX MeTauioB [4]. B 3TOM psiay OCOOCHHBIM MHTEpEC MpPEACTABISET H3Y4YCHHE
peakuMyu BHYTPUMOJIEKYJSIPHOM LMKIM3allUM MPOU3BOJHBIX  2,2-TUXJIOP-5-TE€KCEHOBBIX
KHCIIOT B TPOU3BOAHBIC NUKIOOYTaH-1-kapOOHOBOW KHCIOTHI [5]. C TpakTUYEKON TOUKH
3peHHst OOJIbLIOE 3HAYCHUE UMEET MOUCK HOBBIX BO3ZMOXKHOCTEH MPUIIOKEHUS 3TOM peakLuy,
0COOEHHO €CJIM YYWTHIBaTh OIPAaHUYEHHOCTh YHCJIA METOJOB IOCTPOCHUS COSAMHEHHH ¢
YETBIPEXWIEHHBIMU LIUKIJIAMHU.

B3anmoneiicBrue NpOW3BOAHBIX TPUXJIOPYKCYCHOM KHCIOTBI C pa3vyHbIMH  1,3-
aJIKaJIM€HaMU B IIPUCYTCTBUU COEAVHEHHUN OJHOBAJIEHTHOW MEAM B alleTOHUTPUIIE IPUBOJUT
K 00pa30BaHUIO OL,0l-TUXJIOPAJIKEHOBBIX KHCJIOT WIH COOTBETCTBYIOIINX
AJIKEHUJI3aMEIIEHHBIX oL, 0L-TUXJIOP-Y-JIAKTOHOB [6]. bsio MOKa3aHo, 4TO
PETMOHANPABICHHOCTh MPUCOEIUHEHNS 3aBUCUT OT IIOJIOKEHUS U XapaKTepa 3aMECTUTENEH B
1,3-conpspkeHHON cucTeMe W 00pasyroTcs aiayKTel Kak 1,4- tak u 1,2-mpucoeaunenus. B
ciayyae npuMenenus 1,1-guximop-5-metwi-1,3-nentaguena (I), He copeprkaiero KOHIIEBOM
HE3aMEUICHHOM BMHWIBHOM TIpYyNNbI, B3aMMOJCHCTBHE IPOTEKAeT B IPUCYTCTBUHU

KaTaJIMTHYECKUX KOJMYECTB BTOPUUYHBIX aMHHOB U 0e3 mpuMeHeHus pactBopurens (tp=110

234



OP-I1-21
°C) [7]. omyuennsie 3,3-gumetnn-2,2,4,6,6-neHTaxmnop-5-rekceHoBbie  KUCIOTHI  (I1)

YCIICIHO MPUMEHCHBI B CUHTE3€C ITUPCTPOUIO0B, CXEMaA 1.

CXEMA 1
C Cl 2 Cl 2
< Cl CR2 Cu, HN(R])z — R Zn/Cu — R
C O —\ "B 00120 Cl DMFA C "
1) ¢ c1 ¢l (1I)

R’=COOMe, COOEt, CN; R'=CH(CH;),, C,H,, CsH,;; X=H, CI.

[Ipennonaranock, YTO HAJIMYKME B OL,0-AUXJIOpankeHOBbIX kucnoTax (II) koHieBoil rem-
JTUXJIOPBUHWIBHOM TPYIIBl CO3/aCT XOPOIIUE TPEANOCHUIKH JUISl PETHOCTICHU(PUIHOTO
IIPOTEKAaHUs MpoLecca BHYTPUMOJIEKYJIPHOW LMKIA3ALMU. J[IeHCTBUTEIBHO, HUCCIIEIOBAaHUS
[IOKa3aJId, 4TO IPU YBEIUYCHUU IPOJOKUTEIBHOCTU PEaKLUU MPUCOCIUHEHUS Hapsady C
JMHENWHBIM aJlyKTOM 00pa3yroTcs u nmpousBojHble nukinodyTtana (IV,VI,VII). [Toka3ano, uro
BBIJICJICHHBIE W3 PEAaKIIMOHHOW CMECH Ol,0l-IUXJIOP-5-TE€KCEHOBBIE KUCJIOTHI B IIPUCYTCTBUU

aMHMHHBIX KOMIUIEKCOB OJHOBAJECHTHOW MEIHU IIOABEPraroTCs BHYTPUMOJIEKYJISPHOU

LUKJIU3AIUH, IPUBOJIA K COCTMHEHUSAM IIMKIO0yTaHOBOTO CTPOEHUS, cXema 2.

CXEMA 2

R=COCI
CIM_R Cu’, HN(R"),
Cl Cl 100-120 °C
an €1 €l
H R=CN
CN ClsC CN
cl;c el . CEID ey T8 el
c1m [ocHs - -
H ' IC H 3 C 1..--' "-.IC H 3
(VID) (V1)

R'=CH(CH3), C4Hy, CsH;;; R"=a) H, 6) Me.

W3 mpuBeneHHON CXeMBbI BHHO, YTO PEAKIUs MPOTEKAET KaK peruocrnenuuaHo, Tak u
crepeoceneKTuBHO. [{uknnueckuil xinopanruapu [V nmocpeacTsoM rupoivsa 1 METaHOJINU3a
NpeBpalieH B COOTBETCTBYIOIIYIO KHUCIOTYy Va u B MetunoBbli >¢gup Vb. Crpoenue
COCIMHEHUI IUKIO0YTaHOBOTO pPsiia YCTAaHOBJICHO HAa OCHOBaHMM JaHHbIX SIMP ananmsa.
Crpoenne Va(R’=COOH),Vb(R’>=COOMe),VI (R=CN), ObUI0 MOATBEPKICHO METOJIOM

PEHTTEHOCTPYKTYPHOIO aHanu3a |35, 8].
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BBUIO MOKA3aHO, 4TO B yclIoBusx peakmmu mukmmsamun (Cu’, HN(R'), 100-120 °C)
n3zomepu3anus mukmmdeckoro Hurpmwia VI B VII He Habmogaercsi. HeTpynHo 3aMeTHTB, 4TO
TaKO€ CTEPEOKOHTPOJIUPYEMOE TEUEHHE Ipolecca LMKIN3aluu OOYCIOBICHO pa3ivuuueM
(YHKIMOHATIBHBIX TPYIN B MCXOJHBIX OL,0-IUXJOpankeHoBbIX kuciorax II. Habmomaemoe
MOXHO  OOSICHUTb,  y4YUTHIBas, UYTO 3aKOHOMEPHOCTH pPEAKUMHU  MPUCOCTUHEHUS
raJIOr€HCOAEPKAIIMX TEJIOT€HOB K HEHACBHIIICHHBIM CHCTEMaM B IPUCYTCTBUM COEIUHEHUU
NEPEXO/IHBIX METAJIJIOB U Pa3IMUYHbIX PACTBOPUTENEH (UM COMHUIMATOPOB) COOTBETCTBYIOT
NPUHIUIY KOOPJMHALMOHHOIO KaTaliu3a, COIVIACHO KOTOpPOMY OOpa30BaHHbBIC paJMKajbl
HaXOAATCs B KOOpAMHAUMU WM B3aUMOAECUCTBUU C METAJUIMYECKUM LeHTpoM. CoriacHo
STUM MPUHIUIIAM B 3aBUCUMOCTH OT MPHUPOJIBI JIUTaHI0B (CyOcTpaTa, aajieHTa, paCTBOPUTEIIS,
COMHHLIMATOpA), YCJIOBUH pEaklUuy, HOHA MeTaljla M W3MEHEHUS CTEIEHH OKHCICHUS
MOCJIETHETO B TEYCHHUE PEAKIIMY COCTaB KOOPIMHAIIMOHHOM Cephl IpeTeprieBacT N3MEHEHHE.
Hampumep nienp octuraercs, €Clid akT IEPEeHOca IEKTPOHA B OKUCICHUHM-BOCCTAHOBICHUU
MOHA MeTajlyla, U PaJUKaJIbHOE INPUCOECIUHEHHE pPAcCMaTpUBaTh KaK €IWHBIM akT. OTOT

MEXaHU3M ydera IIOJIAPHOCTH u HYKJICO(pUITBHO-3TIEKTPOPHUIBHBIX CBOMCTB

BSaHMO}ICﬁCTBYIOIHHX YaCTHIl HaMH ITPHUBCICH Ha CXEMEC 3.

CXEMA 3

Cl

cl
clr ¢ ¢l

(I1)

(VD

cr ’ ©) B)

B nons3y npeiiokeHHOro MexaHu3Ma MpeACTaBIISIOT AONATHUTEIbHBIE TOKA3aTeIbCTBA
CTEPEOM3OMEPHBIM  COCTAaB MPOAYKTOB  LMKIM3AUMUA  O,0.-AUXJIOPATKEHOBBIX  KHCIIOT

aHajoruyHoro crpoenus [9,10].
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Hacmoswas paboma 6vina noodepoicena ApMAHCKUM HAYUOHANbHBIM (POHOOM HAYKU U

obpaszoeanus (ANSEF, Grant Ne. NS 75-01, 2002 2. u Grant Ne 05-PS-chemorg-814-116,

2005 2.).
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MexdasHplii katanu3 B IBYX(a3HbIX pacTBOPax SIBJISAETCS aKTUBHO pa3BUBAIOLIMMCS
HaIpaBJIEHUEM TOHKOI'O OpPraHMYECKOro CHHTe3a. B mocnenHue nBaaunath JeT pacTyLIui
MHTEpEC K ATOM OOJaCTH KaTajiu3a BO MHOTOM OOYCIJIOBJIEH CO3JaHHUEM OOJBIIOr0 Kpyra
nonrokcoMmeramnaTHelx (IIOM) roMoreHHsIX KaTalau3aTopoB M OTKPBITHEM KaTaTUTHYECKHX
cUCTeM Ha OcHOBe mnepokcomnonuokcomeramuiatoB (IITIOM), npumeHseMBbIX B COYETaHUH C
KaTaJln3aTopaMu MeX(a3HOro mepeHoca — 4eTBEPTUYHBIMH aMMOHHeBbIMH coisimu (UAC).
Taxue KaTaTMTHYECKUE CUCTEMBI TIO3BOJISIIOT pa3pabaThiBaTh HOBBIE A((HEKTUBHBIC TTOIXOIBI
K CHHTE3Yy psAlia MIPAKTHUYECKH LIEHHBIX aTu(paTHIECKUX U apOMATUYECKHUX 3MIOKCUIOB, a TAKXKE
MOHO-, JAW- M [OJUKApOOHOBBIX KHCIOT IIyT€M TMPSMOIO OKHCIEHHS PAa3JIMYHbIX
OpraHMYecKux cyOcTpaTroB. B cBsi3u ¢ 3THM, MpHU HCHOJIB30BAHUM MHOTOKOMIIOHEHTHBIX
cucteM Ha ocHoBe I[IIIOM miig peanuszanyiv NPOMBIIUIEHHO 3HAYMMBIX PEAKIMA OKUCICHUS
HENpeieibHbIX  YIJIEBOJOPOJOB  HEOOXOIMMO  JIeTaJlbHOE  M3Y4YEHHE  MEXaHHU3Ma
(GopMHpOBaHUS aKTUBHBIX KaTAIUTHUYECKUX KOMIUIEKCOB.

VYuuThIBas MPOAOIIKAIOLIMECS CIOPHI 10 MOBOAY CTPYKTYPbl aKTUBHBIX OKHMCIISIOLIMX
YacTHll, YYAaCTBYIOIIUX B IIPOLIECCE OKHUCIEHUS MEPOKCUAOM BOJOPOJa OPraHMYECKHX
cyOCTpaToB, yTOUYHHMM, YTO IIPHU NEPOKCOMETAJUIATHOM MEXAaHU3ME CTEIEHb OKUCICHHs MOHA
MeTajula He u3MeHsercs, u B orcyrctBuuM H;O, He NPOMCXOOUT CTEXMOMETPHUUYECKOTO
okucieHus. Ilpu mporekaHuu peakuuu MO OKCOMETA/NIATHOMY IYTHU CTENEHb OKHUCICHUS
MeTaya MeHsiercs, U B orcyTcTBUM H,0,, Korja karamu3aTop HAXOIWUTCS B OKUCIEHHOMN
dbopme, HaOMIOACTCS CTEXHOMETpUYEeCKoe okucieHue [1]. B menom st mepexoHbIX

METAIIJIOB SIBIISIFOIIUXCS: OMHOCUMENbHO Clabbimu oxuciumensmu, Hanpumep, Mo(VI),
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W(VI), Ti(IV), Re(VII), xapakTepeH NEpOKCOMETAJUIATHBIA MEXaHU3M; CUIbHbLIMU
oxucaumensamu, HaXOIAUIMMUCS B BBICIINX CTENEHAX okucieHus, Hanpumep, Cr(VI), Mn(V),
Os(VIID), Ru(VI), Ru(VII) nHaOmromgaeTcss OKCOMETA/UIATHBIH MEXaHHU3M. VICKIIFOUeHHEM
apisietrcs:  BaHaAauil (V), KOTOPBIM MOXET KaTalM3UpOBaTh pEAKIIUI0 OKUCJICHUS B
3aBUCUMOCTH OT CyOCTpara Kak MO MEePOKCOMETaUIATHOMY (PMOKCHUAMPOBAHUE OJCHUHOB),
TaK ¥ TI0 OKCOMETAJUIaTHOMY (OKHCIIEHUE CIIUPTOB) MEXaHU3MY.

[looToMy Tmpu TpPOBEACHHWHM  UCCIENOBAHMA MBI  Yy4IM  pe3yJabTaThl  paboT
uccienoarensckux rpynn C. Venturello, Y. Ishii, Kazuhiko Sato u ap. [2, 3], co3maBmux
JMAHHOE HAINpaBJICHHEC W AKTUBHO pPa0OTAOMMX B 3TOH O0OJAcCTH, a WMEHHO, 4YTO TIpHU
OCYUIECTBIICHUM CHHTE3a KaTalu3zaTtopa in Sifu TPOUCXOOUT OOpa3oBaHHE CMECHU
MEPOKCOKOMILIEKCOB, Pa3IMYaronuXxcs Mo cBoeil cTpykrype. Kak Obuto mokaszano [4], mpu
OCYIIECTBIICHUU CHUHTE3a Karajau3aTopa in Sifu C HCIOJb30BAaHUEM B KAaueCTBE
npeamectBeHHUKOB (H3:PW 2,04 + H,0,) wim (H,WO,4 + H3;PO4 + H,0,), nmpoucxoaut
o0Opa3oBaHHe CMeCU MEPOKCOKOMILIEKCOB, Pa3IMYAIOIINXCS 110 CBOEH CTPYKType, Halpumep,
st nepokcokoMiuiekcoB  Bodbhpama:  Q3{PO4WO(0O2)2]s}, Q2 W203(02)4(H20),],
Q2{HPO4WO(0,)2]2}. DT xomriekchl ObUTH BBIAENIEHBI U oxapaktepu3oBanbl K-, KP- u
EXAFS-meronamu. HanOosnpliyto KaTaluTUYECKYH0 aKTUBHOCTb, 10 MHEHHUIO OOJIBIIMHCTBA
uccieaoBareneld paboTalomuX B 9TOH 00JacTH, MPOSIBISET KOMIUIEKCHBIM aHMOH COCTaBa
{POLWO(0,)2]4}"". [ToaTomy oTpaboTka METOOUK TMOJy4YEeHHs KaTanuzaropa Oblia
HaIpaBlieHAa HA CHHTE3 KOMILJIEKCOB, COJEPKAIINX MMEHHO ATOT aHHUOH, C MCIOJIh30BAaHUEM
st cunte3a YAC ¢ropa u xiopa. OCHOBHOE NMPEUMYIIECTBO BBIOPAHHOIO HaMH MOAXO0Ja
3aKJIoyaeTcsl B cienylomieM. B oTiauuue OoT mpuroToBlIEHUS B pexXHUME in situ (Korga Bce
MPEIIIECTBEHHUKH TO0ABISIOTCS HEMOCPEICTBEHHO B PEAKIIMOHHYIO CMECh, COAEPIKAILYIO
cyOCTpaT W OKHCIUTENb), CHHTE3HUPYs KaTalu3aTop NpPEIBAPUTEIHLHO C MOCIEAYIOUUM
UCTIOJTb30BAaHUEM IS )KHUJIKO(DA3HOTO OKUCIICHHUS, MOKHO, BO-TICPBBIX, CHHTE3UPOBAThH TOJIHKO
Haubonee akTUBHBIA aHHOH {PO4WO(0,),]s}>, BO-BTOPBIX, B pEaKIHOHHOH CMECH
UCKJII0YaeTcs MPUCYTCTBUE TaJIOUI-MOHOB, KoTopbie BHOcATCs ¢ HAC.

B pabGore mpoBemeHBI UCCIENOBaHWS MO BBISIBJICHUIO Hauboiee aKTUBHOM
KaTaJIUTHYECKOM CHCTEMBl B YCJIOBHSIX MEX(Pa3HOTO KaTajim3a I OCYIIECTBICHUS
OKHUCJIUTEIbHONH TpaHChOpMAllMU LUKINYECKUX OJeUHOB W HEHACBHIIIEHHBIX >KUPHBIX
kucnoT. [lokazaHo, 4TO peakiuyu OKUCIEHUS MEPOKCHIOM BOJOPOJA C Pa3pblBOM ABOMHOM
CBSI3M MOXXHO IIPOBOJMTH C CEJIEKTUBHOCTBIO IO OCHOBHBIM IpoayKTaM He meHee 80 % mpu

96-99 % xoHBepcHUH.
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Takum oOpa3om, IpUHUMAsE BO BHUMaHHUE, YTO PEAKIIMH OKUCIUTEIHFHOTO PaCHICTUICHHUS
BBIIIICYKAa3aHHBIX CYyOCTpAaTOB C TIOJIYYEHHEM MOHO- M JUKapOOHOBBIX KHCJIOT MOTYT
NPOTEKaTh B OTCYTCTBUH PAacTBOPUTENEH, MPOLECCHl CTAHOBATCS HE TOJBKO 3KOHOMHYECKH,
HO 3KOJIOTUYECKH MTPUBJICKATSILHBIMH.

Paboma  ewvinonnena  npu  @unancosoli  nodoepocke  Poccuiickoco  @ownoa
@yHOamenmanvuoix uccredoganuti (npoexkm, Ne04-03-32425); Ilpoecpammer OXHM PAH
(npoexm  Ned.6.2.) u DedepanvHou  yYenegol - HAYYHO-MEXHUYECKOU  NPOSPAMMOU

«Hccnedosanuss u pazpabomku no NPUOPUMEMHLIM HANPABLEHUSM PA36UmMusi HAYKU U

mexuuxuy Ha 2002-2006 200wt (OLIHTII, I'oc. koumpaxm Ne(02.434.11.2026).
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B mHacrosimmee Bpems MNPUPONHBIA Ta3 B XMMHUYECKOH M HEPTEXUMHYECKOU
IPOMBIIIIEHHOCTH TepepadaThiBacTCad IO TPAJULHMOHHBIM TEXHOJOTUSAM, KOTOpBIE, Kak
MIPaBUJIO, SIBJISIIOTCS MHOTOCTaAUMHBIMU. 3BECTHO, YTO KONMYECTBO METAHA B 3aJI€KAX €r0
TUAPATOB Ha JIHE OKEeaHa MPEBBIIAET COJAEP)KAHME METaHa BO BCEX OCTaJbHBIX €ro
ucrounukax. llosTomy mnpoOiema KBanU(UIIMPOBAHHOTO HCIOJIH30BAHUS KOMIIOHEHTOB
IPUPOJIHOTO raza, B 0COOEHHOCTH METaHa, SIBJISIETCS aKTyalbHOM 10 cux nop [1-3].

['oMOreHHbIe KaTaTUTUYECKHUE CUCTEMBI HA OCHOBE POJIHS M COKATaIN3aTOPOB, TAKUX KaK
COCIMHEHUS WoJa, MeOu WU JKeJe3a, OKa3aluch H(PQPEKTUBHBIMU TPU OKHCICHUU
HachllleHHbIX yriieBogopoaoB C—C,. Ilpm KOHCTpyHMpOBaHMM MCCIEAYEMBIX CHUCTEM
UCTIONIB30Bajach AHAJOTHS C JCWCTBHEM OMOKATaIW3aTOPOB, a MMEHHO, BKJIIOYEHHE B
cucteMy BocctanoButeneit (CO, H;) mis reHepupoBaHHs M3 MOJIEKYJSPHOTO KHUCIOpOa
JBYX3JIEKTPOHHBIX OKHCJIUTENIEH, NMEPOKCHAA BOJAOpOAA WM €ro 3KBUBaJIEHTOB [3]. [ns
pa3BuTHs 3TOH pabOThl HEOOXOAMMO HWMETh NPEJCTABICHHE O MEXaHU3Me JACUCTBUS
KaTaJIUTHYECKUX CHCTEM.

I. 'enepupoBanmne ABYXIEKTPOHHBIX OKUCIUTENEH U3 MOJIEKYJISIPHOTO KUCIOPOIa.

Coenunenus ona, menu (1) u xxenesa(ll) pearupyroT ¢ MOIEKYISIPHBIM KHCIOPOAOM IO

peaKIusIM:
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2HI+ 0O, - H;O0, +1,

HI +H,0O, - HOI + H,0

2M" + 0, + H,0 2 2H,0, +2M""!

[Tepokcun Bomopoga W WOAHOBATHCTAas KHCJIOTA MOTYT HaXOJMTHhCS B PAaBHOBECHH C
pacTBOPHUTEIISIMH, B KauyeCTBE KOTOPBIX HCIOJB3YIOTCA YKCYCHas, IeHTepOyKCycHas—da,
TpuPTOpYKCyCHasi, neiTepodTopyKCycHas kucimora—d;:

HOI + R-COOH <« R-COOI +H,0O

H,O, +R-COOH <« R-COOOH + H,O

Bona saBiasgeTcs HE0OXOIMMBIM KOMIIOHEHTOM KaTaJIUTHYECKUX CHCTEM.

Jloka3aTebCcTBOM  MPOMEKYTOYHOTO  OOpa3oBaHUs TEPOKCHIA BOAOPOJA  SIBISETCS
HAlICHHBI HaMU (DAKT OKHUCICHHUS METAUIMYECKOTO THUTaHa. OTOT (DakT OOBSICHSIETCS
CHSITHEM 3alUTHOMU TJICHKU C TIOBEPXHOCTH TUTAHA!

TiO, + H, O, = H, TiOq

BosBpamienne okucieHHBIX (OpM B BOCCTAaHOBIEHHBIC TPOMCXOIUT TMOJA JIeHCTBUEM
BOCCTAHOBUTEJIEH NPU KaTalIN3€ COCAUHEHUSIMU POIUS:

I, + HbLO +CO - 2HI +CO,

oM™ + H,0 +CO > 2M"+ CO, +2H"

Paznmuuus  mexny  poaui—HOAMO—XJIOPHUAHONM W poauii—Menn(3kene30)—XIOpUIHBIMU
CHUCTEMaMH, CBSI3aHHBIE C T€HEPUPOBAHMEM PA3HBIX OKUCIUTENEH, MPUBOAIT K PA3IUYUIO B
KHHETHYECKUX 3aKOHOMEPHOCTAX. [IepoKCHAHOE OKHUCIIEHHE alKaHOB M3BECTHO M H3YUYECHO,
cM. Hanpumep [4].

II. Kunetnueckue KpuBbIE MMEIOT MPUMEPHO OJMHAKOBBINM BUJ JUIS BCEX pa3pabOTaHHBIX
CUCTEM: HAOIIOAI0TCSI MAKCUMYMBI Ha 3aBHCHMOCTSIX BBIXOJa MPOIyKTOB OT naBieHus CO,
KOHIICHTPAIIUU BOJBI M XJIOP-HOHOB, OT HoA-uoHOB (st Rh — I' —CI™ cuctemsi). [Topsmox
peaKIu 10 KOHIIEHTPALUU POIUS OJIU30K K TIEPBOMY.

III. UccnenoBanue W30TOIMHBIMUA METOJAMHU.

HaGmonatorcss kunetndeckue u3otonHeie 3pdextet (KUD) mo pactBopurento. Otu
3¢ deKTHI cocTaBiAIOT 1,7-2 /I MONMyYeHHs] OPraHUISCKUX MPOTyKTOB M3 MeTaHa st Rh—I™
— CI" cucremsl u quis okucienus CO B CO;, st Bcex cuctem. st cucteM, HE COAepIKaIIIX
uon, obcyxnaemprii KD nns obpazoBanusi mpoaykToB U3 MeraHa Ommsok k 1. Ilpunsro
cuurark, 4yTo ecau KD no pactBopurento >1, To B MexaHM3ME NPoOLIECcca UMEETCS CTaausl, B
KOTOPOM MPOUCXOAUT NPOTOHHAs AMCCOLMalMs HHTepMmenuarta (cinaboil kucimorel). B

obcyxmaembix cucreMax KMD mo pacTBOpHUTENI0 MOXKHO OOBSCHUTH TE€M, YTO B HOIUJI-
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coJepxalleil cucreme TpedyeTcs TUCCOLMALNSA HOHOBATUCTON KUCIIOTHI, B ME/lb- U XKee30-
coJiepXKalUXCcsl CUCTeMaX aHaJOrMYHOM JIHMCCOLUAIMU HE TPOUCXOHUT.

Kunernuyeckue uzotonHbie 3PQexTsl mo MeTaHy Kecpa/Keps AL BCEX CHCTEM OKas3allucCh
ONMM3KUMU K 4, YTO yKa3blBa€T HA MOJICKYJSPHBIA MEXaHH3M IIpOIecca W MEIJICHHYIO
CTaJIUI0 — aKTUBALMI0 METaHA. JTO MOJTBEPXkAAETCS M NMPUMEHEHUEM JIOBYIIEK PaJHUKaJIOB,
KOTOpbIE HE OKa3bIBAIOT HMKAKOIro JAEWCTBHsS Ha mpouecc. [lomyueHbl J0BOJBHO Ba)kKHbIE
JIAHHBIC TIPH MCIONB30BaHHH coefuueruii ¢ O (O,, Hy0). IIpy 9TOM MedeHbIil KHCIOPOST
NonagaeT B TPUPTOPYKCYCHYIO KHUCIIOTY, HCIOJNb3YEeMYyl0 B KauecTBe KOMIIOHEHTa
pacTBOpPUTEIS, HE3aBUCUMO OT TOrO, I€ B3AT 'O — B ra3oBoi WM B KHIKOI daze. [pu
HCTIONB30BaHHKE *O B rase B MPOAYKTAX PEAKIMH HAOTIOIACTCA GOJIBIIOE KOMMYECTBO O,
COOTBETCTBEHHO, €CIIH B Ta30BOH (haze comepxutcs '°0, a xuakas $haza CoTePKUT MEUCHBIN
KHCJIOPO/I, KOJINYECTBO HEMEUEHBIX MPOJYKTOB U3 METaHa MPEBBIIIAET KOJINYECTBO MEUCHBIX.
OTO mMO3BOJSET TNoOjararth, 4ro OOJbIIas YacTh KUCIOPOJAa B MPOAYKTHl pEaKIUU
(aHAIM3UPOBAIM OCHOBHOW MPOAYKT — METHIATPUQTOPAIIETAT) MOMAIAET U3 MOJEKYISIPHOTO
Kucinoposa. PacnpeneneHue M30TONOB MOKA3bIBAET, YTO OKCOKOMIUIEKCHI POJUS HE MOTYT
ObITh MHTEpPMEIUAaTaMU MpoIlecca, T.K. JIETKO OOMEHHBAIOT KHCIOPOJ C KUAKOH (ha3oil.
Haubonee npeanoytuTeneH MEXaHu3M C y4aCTHEM MEPOKCOKOMILIEKCOB, B KOTOPOM, 110 BCel
BEPOSITHOCTH, OOMEHA KUCIOPOAA CO CPEIO HE MPOUCXOAUT. MeTaH aKTUBUPYETCs Ha OJTHOM
U3 aTOMOB KHCIIOpOJa IMEpPOKCOKOMIUIEKCa, 3aTeM cienyeT BHeapeHue kuciopoga B C—H
CBSI3b C 00pa30BaHMEM METaHOJa KaK MEepBUYHOrO NMpoayKkTa. OCHOBHOM MPOAYKT PEaKIH —
METHATPUPTOpALIETAT 00pazyeTcs MyTeM dTepuruKaum:
RO ¥ R~ 0—cHy —» Rh™-0 + CH;OH
O NN
O H
Pab6ota BeimonHena nmpu noanepxke PODU (rpantsr Ne 02—-03-33153 u 05-03-32489)

MpOTpaMMBI TIPE3UACHTA M0 MoAAepKKe HaydHbIX KO (TpanT Ne HIII-1764.2003.9)

JIureparypa:

1  H.M. Mouncees. Kuneruka n kartanmus. 2001. T. 42. Ne 1. C. 5.

2 AE. lunos, I'.b. [llynbenuH. AKTUBaLUSA U KaTAIUTUYECKUE PEAKLIUN YTIEBOIOPOIOB.
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3 E.I. Yenaiikun. Kuneruka u katanus. 2004. T.45. Ne 3. C. 331.

4 A.E.T'exman, U. I1. Cronsapos, H.B. EpmioBa, H.. Mouceesa, 1.11. MouceeB. Kuneruka
u karanusz. 2004. T.45. Ne 1. C. 45.
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ASYMMETRIC DEUTERATION OF METHYL LEVULINATE CATALYZED
BY Ru(II)-(S)-BINAP-HC1 SYSTEM IN PROTIC SOLVENTS

Starodubtseva E.V., Turova O.V., Vinogradov M.G., Ferapontov V.A.

N.D. Zelinsky Institute of Organic Chemistry RAS, Moscow, Russia
E-mail: ving@jioc.ac.ru

ACUMMETPUYECKOE I[EﬁTEVPHPOBAHHE METUJIVIEBYJ/IMHATA,
KATAJIM3UPYEMOE CUCTEMOMU Ru(I)—<(S)-BINAP-HCI B ITIPOTOHHBbIX
PACTBOPUTEJIAX

Crapoayouesa E.B.. Typosa O.B., Bunorpagos M.I'., ®epanontoB B.A.

WNuctutyT oprannyeckoit xumuu um. H.JI. 3enmunckoro PAH, Mocksa
E-mail: ving@ioc.ac.ru
AcUMMETpUYECKOE TUIPUPOBAHHE HS(PUPOB JIEBYJIMHOBOW KHUCJIOTHI, KaTaJU3UPyEeMOeE
cucremoit Ru(I1)-BINAP-HCI B ciupToBoii cpeze, NpuBOAUT K 00pa30BaHUIO0 XUPAIBHOTO Y-
BaneponaktoHa. Bmenenue B cuctemy HCl ([HCI]J/[Ru] =10) mo3Boiauiao MHOTOKpaTHO
YBEJIMYHUTH CKOPOCTh peakuuu. IIpu 60 °C u maBnenun 60 aTM gocturaercs BhIXox 95 % 3a
nepuoJl MeHee 3 4 MpU IHAHTHUOCEJIEKTHUBHOCTH ruapupoBanHus 98 — 99 % ee [1]. bsuio
BBICKA3aHO TPEINOJIOXKEHNE 00 yJyacTUU B KaTtaauTudeckoMm mpoiecce komruiekcoB Ru(Il) c

N2-KOOpAMHUPOBaHHBIM (A) U G-cBsi3aHHBIM (B) Bo10po10M, HaXOIAINXCS B PABHOBECHUH:

HCIA
* P
p*p P\R ¢l H, C‘ _cl / P Gl
(COD)Ru(2-methylallyl), T MeO _ u —2 ~Ru *C Ru
Ny <
’ P Cl H\/H cl 5 p/ \H
COD - 1,5-cyclooctadiene A Hel B

P*P - 2,2°-bis(diphenylphosphino)-1,1"-binaphthyl
(BINAP)

C wnenpio u3ydeHHs] MeXaHHM3Ma aCHMMETPUYECKOTO  THAPHUPOBAHUSA Y-KETOA(PHPOB
OCYLIECTBJIEHA peaKlysi BOCCTAHOBJICHUS JEUTEpUEM METW/UIEBYJIMHaTa |, KaTanusupyemas
cucremoit Ru(Il)-BINAP-HCI B paznumusbix mpoToHHBIX cpenax: MeOH, MeOH-H,O,
CH,Cl,—H,0, TT'®-H;0, a Takxe B cooTBeTCTBYIONMX D-comepxamux pactBoputensax (P =
50-70 arm, T = 25-75 °C). [IpoxykThl peakuuu aHanusupoBaau Merogamu IMP u KX ua
KOJIOHKE C XHMpaJbHOW cTanmoHapHoil (as3oil. B pesynprare aeditepupoBanus 1 B cpene
6e3BogHoro wiu BoaHoro MeOH mnonyden 4D-3ameni€éHHbIA JTaKTOH 2 € ONTUYECKUM

BEIXOZ1I0M 98-99 % ee:
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o]
n o o
A/K/OR D, / Ru(ll)-(S)-BINAP-HCI MOR 4
> - o
5 3 | MeOH(D) I v o ©
(o]
1 (R=Me) °© 2

Copepxanue neutepus B NoJoXkeHUMM 4 jakToHa 2 He npesbimianio 60 %, 4ro
oObsicHaercst peakiueit H/D-oOmena mexny aeWTepueM M IMPOTOHHBIM PACTBOPHUTEIEM,
IPOTEKAIOIEH ¢ yJyacTHeM PYTEHHEBOI'O KaTalu3aTopa. DTOT OOMEH SBISIETCS pe3yJIbTaToOM

rereponuza D2 B koopaunanmonnoi chepe Ru(Il).

RS 7'@%—?

D, HCl DCl

MeOH MeOD

YcranoneHo, uyto ckopocTh katanuzupyemoir HCI(DCI) peaknuun H/D-oOMeHa mexay
yactuamu Ru-D u Ru-H 3HaunTeNnbHO BEINIE CKOPOCTH BOCCTAHOBJICHUS 1, Onaromaps yemy
3HaUMUTENbHAs A0Js yacTtull Ru-D ycrieBaeT 0OMEHSATh NEUTEPUIHBIN JTUTAH HA THAPUTHBIH,
0COOCHHO B HayalbHBI TEPHUOJ peakluu, Korjaa cojaepkanue B pacTtBope MeOD,
o0pa3yronierocs B pe3yJibTaTe TaKoro 0OMeHa, Jajleko OT PAaBHOBECHOTO.

B otmuume ot peakmmu B 6e3B. MeOH, karanutmueckoe neitepupoBanue 1 B 0Oe3B.
MeOD naét nmakToH 2, cofepskamuid IeUTepuil He TOJIBKO B mojiokeHuu 4 (94 %), HO u B
nosioskeHusAxX 3 u 5 (22 % B KaXKJIOM U3 HUX). DTO CBSI3aHO C TEM, UYTO UCXOAHBII keToddup 1
YaCTUYHO MOJIBEpraeTcs KUcIoTHOKartammupyemomy H/D -oOMeHy ¢ neiiTepopacTBoputenemM
M0 O-yTJIIEPOJHBIM aToMaM. DTOT OOMEH MPOMCXOIUT Ha CTAJAHH, MPEIIICCTBYIONIEH cTaTun
BOCCTAHOBJICHHSI, TAK KaK JJAKTOH 2 B T€X e YCIOBHIX He moasepraercss H/D-obMmeny HU 1O
OJIHOMY U3 €0 YIJIEPOIHBIX aTOMOB.

Oco0eHHOCTh KaTaIUTUYIECKOTo JeiiTepupoBanus keroddupa 1 B Bogarom MeOH (~15%
MoiibH. H>O) cocTouT B TOM, YTO BOJIa BBI3BIBAET J€3aKTUBALIMIO PYTEHUEBOrO KaTajau3aTopa
10 JIOCTHKEHHs IOJIHOTO npeBparienus 1 B 2 (kousepcus 1 ~70 % npu 60 °C). JlanbHeiimee
HarpeBaHue PeaklMOHHOW CMECH MPHUBOJIUT K MMOCTETIEHHOMY 3aMELICHHI0 aTOMOB BOAOPOJa
OCTaBILIErOCsl HEMpeBpamEéHHbIM KeToddupa 1 Ha geiirepuil B monoxkeHusix 3 u 5 mojg

JelcTBHEM KHUCJIOTHI, TOT'Ja KaK JJaKTOH 2 COACPIKUT I[eﬁTeprI TOJIBKO B IIOJIOKCHUH 4.
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Boccranosnenue kerosdupa 1 BogopogoM uiu aerTepueM B OE3BOJHBIX aPOTOHHBIX
pactBoputensix (TT® nnmu CH,Cly) He mpoucxoansao B yKa3aHHBIX BBIIIE YCIOBUAX, OJIHAKO
OHO MMEJIO MECTO B TEX K€ paCTBOPUTENX, coaepxkauux ~15% monsH. H,O unu D20. Kak u
B BogHOM MeOH, B »3THX pacTBOpUTENSIX HE YJIAETCSl OCTUTHYTH IIOJIHOM KOHBEpPCUU
cyocrpata. Bmecte ¢ tem, B Boaablx TI'® u CH,Cl, (B oTimune OT peakiud B BOTHOM
MeOH) kak ucxonHblif KeTod(hup, Tak U 00pa3yrOIUICS JIAKTOH 2 XapaKTepU3yHTCs
IIPAKTUYECKH OJMHAKOBBIM COACpXKAHMEM JeUTepus B MNOJNOKEHMAX 3 u 5. Oto0
CBUJETEIBCTBYET O TOM, YTO CKOPOCTb BOCCTAaHOBJIEHUS | B MCCIEIOBAHHBIX BOJHBIX
alPOTOHHBIX PAcTBOPUTENIX HaMmHOro Hmxke ckopoctd CH/CD-oOMmeHa mjii MCXOIHOTO
cyOcTpata B 3THX cpelax. OHAHTUOCEIEKTHBHOCTh BOCCTAHOBJIIEHUS B YKa3aHHBIX

aCTBOPHUTEIAX TaKxKe cyliecTBeHHO Hinke (70-75 % ee), ueM B CIIUPTOBOM CpEIE.
b

Jlureparypa:
[1] E.B. Crapony6uesa, O.B. Typosa, M. TI. Bunorpanos JI. C. ['opuikosa,
B. A. ®epanonroB, Hzeecmus AH. Cep. xum., 2005, 2301.
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ASYMMETRIC HYDROGENATION OF KETONES CATALYSED BY CHIRAL
PLANAR PHOSPHINE THIOETHER IRIDIUM COMPLEXES

Malacea R., E. Le Roux’, Manoury E., Poli R., Gonsalvi L.}, Peruzzini M.*

Laboratoire de Chimie de Coordination, UPR-CNRS 8241 liée par convention a I’Université
paul Sabatier et a I’Institut National Polytechnique de Toulouse , 205 Route de Narbonne,
F-31077 Toulouse Cedex, France
"Istituto di Chimica dei Composti Organo Metallici, Via Madonna del Piano 10, Polo
Scientifico di Sesto Fiorentino, [-50019 Sesto Fiorentino, Italy.

E-mail: poli@lcc-toulouse.fr

The catalytic hydrogenation of polar bonds and the asymmetric versions of these are key
reactions in fine chemical and pharmaceutical synthesis. In 2001 Noyori described new
BINAP/diamine ruthenium complexes which are productive and highly enantioselective
catalysts for the hydrogenation of a range of aromatic, heteroaromatic and unsaturated ketones
in 2-propanol containing tBuOK or KOH.' For example, acetophenone and its derivatives are
hydrogenated with substrate:catalyst ratios up to 100.000:1, to give the secondary alcohols
quantitatively with 99% e.e.

The hydrogenation of the same type of substrates with other metals has received less
attention. Dahlenberg and Gotz developped B-Aminophosphane iridium complexes which act
as catalysts for the direct hydrogenation alkyl aryl ketones to the corresponding 1-
phenylalkanols, if combined with an alkaline or amine base in methanol under H; (50 bar)
between 25 and 50°C.> The reaction occurs with TOF from 1 to 30 h™ and moderate
enantioselectivities (20-75% e.e.). Water soluble diamine iridium catalysts have been tested
in asymmetric hydrogenation of ketones and also give moderate enantioselectivities
(40-50 %) for TOF from 1to 50 h™'.?

We have recently reported new planar-chiral P,S ferrocenyl ligands* and have explored
their iridium coordination chemistry (scheme 1). These complexes proved to have a very
good activity for the hydrogenation of various alkyl aryl ketones (TOF 150 to 250 h™") and a
good enantioselectivity (77% e.e. for R = benzyl). The simultaneous presence of H, (30 bar)
and an alcohol solvent (except for tBuOH) and a base (KOH, MeONa) were found to be
necessary for the hydrogenation. Other mechanistic details will also be presented and

discussed.
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[Ir(COD)CI],
>

fast
equilibrium

Scheme 1

We are grateful to the HYDROCHEM program (Project RTN n® HPRN-CT-2002-00176)
and to the COST Action D29 (Working group D29/0009/03 «Green Chemistry through

Aqueous Organometallic Catalysis») for support of this work.
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MECHANISM OF TRIMETHYLPENTANE AND DIMETHYLHEXANE
GENERATION UPON ALKYLATION OF N- AND ISOBUTANE WITH
N-BUTENES-2 IN THE PRESENCE OF X- FAUJASITE IN LANTHANUM-
CALCIUM FORM

Bachurikhin A.L., Mortikov E.S.

N.D. Zelinskii Institute of Organic Chemistry RAS, Moscow, Russia
Shao-kahn@yandex.ru

MEXAHUW3M OBPA30OBAHUSA TPUMETUJIIIEHTAHOB U
JUMETWITEKCAHOB ITPU AVIKUWJINPOBAHUU
H- " U3OBYTAHA H-BYTEHAMMU-2 B IIPUCYTCTBUU
X-®OKA3UTOB B JIAHTAH-KAJIBIIMEBOW ®OPME

Bauypuxun A.JI., Moptukos E.C.

WNuctutyT oprannueckoit xumuu um. H.JI. 3enunckoro PAH, Mocksa
Shao-kahn@yandex.ru

[IpoBeaeH comocTaBUTENbHBIN aHAIN3 B3aUMOICUCTBHS H-OyTaHa U U30MEPHON CMeCH

H-Oytana (80 Mo01.%) u u3o0yrana (20 mon.%) c H-OyTeHamMHu-2 B TNPHUCYTCTBUU
NOJUKAaTUOHHBIX (opM ¢oxa3zutoB PdLaCaX. Pe3ynbprarsl mcciemoBaHHil MOKa3asd, 4YTO
TPaJUIMOHHBIC MPEICTABICHUS O NPEBPAIICHUSIX H30MapaduHOBBIX YIJIEBOJIOPOJIOB B
peaKknusaX aJKHINPOBAHUS HEJOCTATOYHO AJEKBATHO OTPAXKAIOT MOBEJICHHE H-TIapa)uHOB B
noJoOHBIX peakiusx. Onupasch Ha pe3ybTaThl KBAHTOBOXMMHUYECKOIO pacyeTa SHTAIbIHNN

obpazoBanus ankaHoB C4—Cg M UX KaTHOHHBIX (hOpM, CHENaH BBIBOJ O KIIIOYEBOH POJIU

>
-
+ )L\

B ()OPMHUPOBAHUHU CTPYKTYpBI H30MEPHOT0O cocTaBa mpoaykros peakiuu (CXEMA 1).

B3aUMOIIPCBpPALIICHUS:

SKCHCPI/IMGHT&HBHHC JAaHHBIC O pacCIpCACICHUN N30MCPOB C8 B KaTajIn3aTC B 3aBUCHUMOCTHU

OT TEMIIEPATyphl U BPEMEHHU PEaKIMH MO3BOIMIN MPEUIOKUTH OOLIYI0 CXeMy IpeBpaleHUH
yIJI€BOAOPOAOB NPU AIKUIMPOBAHUU NapaUHOB H- U U30- CTPOCHHUS, U3 KOTOPOIl ClenyroT
CJIEIyIOIINE OCHOBHBIE BBIBOBI:

1. OCHOBHBIM MPOMEKYTOUYHBIM MHTEPMEIUATOM IPU 00pa30BaHUU TPUMETUIINIEHTAHOB

(TMII) sBnsercs 2,2,3-TMII(4T)-katron (CXEMA 1)
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2.

2,3,4-TMII, 2,3,3-TMII u 2,2,3-TMII ¢ ognoit ctopousl u 2,2,4-TMII ¢ npyroi
00pa3yIoTcs, TIaBHBIM 00pa3oM 1O pa3HbIM peaknnoHHbIM MapipyTam (CXEMA 1 u
CXEMA 2)

. B 3aBucumoctn ot mapapuna C; (u300yTaH wuiaum H-OyTaH) OoJbIlas dYacTh

nuMetunrekcanoB ([IMI') oGpa3yeTcst 1Mo pa3HBIM pPEaKIIMOHHBIM HAMpPaBJICHHSIM, C

MMPOMEIKYTOYHBIM 06pa3OBaHI/IeM Pa3HBIX HHTCPMCIUATOB!
3,4-IMT'(21) B ciyJae HCIIOJTH30BaAHUS H-OyTaHa (CXEMA 3)
2,2-7IMI'(3") B ciyuae ncnons3oBanus m300yTana (CXEMA 4)

CXEMA 1. OcHoBHble mpeamnonaraemMble MapimpyTsl Tpespamenus 2,2,3-TMII(4™)-

katuoHa (Lludppamu na CXEME 1 o003HaueHs! 3Hauenus AHy neperpynnupoBoK KaTHOHOB B

KKaJ1/MOJIb )

D 2 3)
T ~CHy| |~H
1793 2,16 |-13,03

(2,2,4-TMII)

N&O—%Y/v=}+—

~CHj3 -13,60 —-15,09

'4

~CHj3 ‘ + 4-2~H \+ ‘ ~CHj3 ‘ + ‘
-13,23 —-14,72‘ | ‘ 13,62 ‘ | ‘ 1,20 ‘ |\/
| | 2-4 ~CH3 -11,44 —-12,93
2,3,4-TMII 2,3,3-TMII 2,2,3-TMIl «—

CXEMA 2. HauGonee BeposTHBIM MpeamoiaraeMblii MapimpyT obpazoBanus 2,2,4-

TMIL.

\/\<——’WK+ Y > d =h
(2,2,4-TMIT)
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CXEMA 3. HauGonee BeposTHBIE MNpEANOJAraeMble MapIIPYThl 00pa3sOBaHUs

u3zomepoB JIMI' pu ncnosp3oBaHuy B KauecTBe napaduxa H-OyTaHa.

\/\ LN —— A —> msomeps JIMIT 1 JIMD

3,4-IMI'(21)

CXEMA 4. HauGosnee BepOATHbIE MNPENONAraeMble MapuIpyThl 00pa3soBaHUs

u3zomepoB /IMI" npu ucnonb3oBaHUM B KadecTBe napaduHa M300yTaHa MM €ro CMECH C H-

OyTaHoM (M30MepH3aTa).

M N +> N . — > usomepsr AMT u JIMT

2,2-IMI’(3™)

251



OP-I1-27

CATALYTIC ALLYLATION OF OXO- AND AZA- DERIVATIVES OF
NORBORNENE

Evstigneeva E.M., Leontjeva S.V., Manulik O.S., Bobkova E.N., Flid V.R.

Lomonosov Moscow State Academy of Fine Chemical Technology, Moscow, Russia
E-mail: eme2003@list.ru

KATAJIMTUYECKOE AJVIMIMPOBAHUE OKCO- ! A3A- ITPOU3BO/JIHbIX
HOPBOPHEHA

EBcrurneesa E.M., JleontbeBa C.B., Manyauk O.C., bookosa E.H., ®aux B.P.

MocKkoBCKasi rOCYy1apCTBEHHAs aKaIeMHUsI TOHKOM XUMUYECKOU TEXHOJIOTHHU
M. M.B. JlomoHocoBa, MockBa
E-mail: eme2003@list.ru

OcobeHHocThIO coenuHeHni Ounmkio[2.2.1]rent-2-eHoBoro (HOPOOPHEHOBOTO) psiza
SIBIISICTCS TIOBBIIICHHAS PEAKIMOHHAS CIIOCOOHOCTh BHYTPUIMKINYECKOH JIBOMHOHN CBS3H
BCJIEJICTBHE BBICOKOTO HAIpsIKEHHUs YIJIEPOJHOro Kapkaca. l30uparenbHoe ydacTHe B
peaKIMy 3TOH CBSI3U MO3BOJIIET COXPAHUTH JPYTrUe MEHEe PEaKLMOHHbIE KPaTHBIE CBSI3U IS
NOCHEAYIOIUX MPEBpPALICHU, 4YTO HAaXOIUT IPUMEHEHHE, B YAaCTHOCTH, B pEAKLUAX
METaTe3UCHOW MOJIMMEPU3alMu C packpeiTueM Lukiaa [1]. Peakuus HeTpaIuIMOHHOTO
KaTAJIMTUYECKOTO  aJTWiIMpoBaHus HopOopHeHoB (peakmust (1), X=CH,, (CH,),),
3aKioyaromascss B npucoeauHeHuu ¢parmenra CsHy Kk IBOWHON CBS3M, 10 HACTOSIIETO
BpeMEHH Obljla peaqn30BaHa TOJIBKO JJIS 3TOrO Kjacca COeAMHEHHH. AJUTMIBHBIN (pparMeHT,
HCTOYHHUKOM KOTOPOTO, KaK MPaBUIIO, SIBJISIOTCS CIIOKHBIE aJUTMIIOBBIC d(UPHI, TEPSIET aTOM
BOJOpOJIa M TpaHC(HOPMUPYETCSs B METUICHLUMKIOOYTAaHOBYIO WJIM METUICHOBYIO U

BUHWIBHYIO I'PYTIIIBL:

X X X
Z 1
‘ﬁ@ 4 C;HsOCOR' T, M i M + rRlcoon (1)

X = CH,, CH,CH,, O, NR*; R'=H, CH;, Ph, C(CH3),

KaTa.HI/BaTOpaMI/I 3TOU H€06I)I‘-IHOI>’I p€akuuu SABJIAIOTCA KOMIUICKCBI HHKCEIA WA
nawtagus ¢ pochopopranmaecknmu smrangamu Pdi(OAc)s/PPhs, [(n-C3Hs)PdCl]o/PPh; u
Ni(C3Hs)2/P(O'C3H7); [2-6].

Mpgb1 YCTaHOBUJIU, YTO 3TU KATAJIU3ATOPLI TAKIKE 3(1)(1)6KTI/IBHBI IIpu AJUTAIIMPOBAHUN OKCO-

W a3a- MPOWM3BOJHBIX HOPOOPHEHA, SBISIOMUXCS auaykramu Jlwibca-Anbaepa pa3indHbIX
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TUEHO(UIIOB — MaJIEeMHOBOTO aHTUAPUIA, METUIBUHIWIKETOHA, OEH30XHMHOHA, IUMETUIOBOTO
a¢upa aneTUIeHANKapOOHOBOM KUCIOTHI U 1p. - ¢ pypaHoM U N-3aMelIeHHbIM TuppoiioM. B
LeNOM, IpH OYEBHAHOM CXOJACTBE MeXaHH3Ma, coemumuenms ¢ X=0, NR® Gomee
PEaKIMOHHOCTIOCOOHBI 10 CPAaBHEHHIO C KapOOLMKIMYECKUMH cyOcTtparamu. beina
IpOBeJeHa ONTUMHU3ALIMS TEMIIEPATYPHBIX YCIOBUN U MPUPOJIBI KaTalIU3aTopa, MO3BOJUBIIAS
MUHUMHU3HUPOBATH MOOOUYHBIE PEAKIIUU JIECTPYKIHUU OKCO- U a3a- HOPOOPHEHOBOTO KapKaca u
pa3paboTaTh YHUBEPCAIbHbBIN METOJI CEJIEKTUBHOTO CHHTE3a HOBBIX MPOJIYKTOB IO pEaKIUU
(1). YCTaHOBIEHO BIMSHHE MPHPOIBI 3aMecTuTeqss R' Kak Ha CeIeKTHBHOCTh, TaK M Ha
CKOpPOCTb MpoI1iecca.

N3yuena Taxyke BO3MOXKHOCThH MCTONb30BaHUs MOHHBIX kunkocten (MXK) [BMIM][BF4]
u [BMIM][PF¢] B kauectBe cpenpl, obneryaromeii oTaeneHrne MpoayKTOB U pereHepaio
karanu3atopa. JlesaktuBarusi komiuiekcoB Ni(0) B MK, mo-Bumumomy, TpOUCXOAWT B
pe3ysibTaTe OKUCIUTEILHOTO TNPHUCOEAWHEHHs] K KAaTHOHY PAacTBOPUTENS € 00pa3oBaHHEM
kapOeHoBoro komiuiekca. Kommiekcsl Pd(0) B aHaJIOTMYHBIX YCIOBHSX COXPaHSIOT CBOO
AKTUBHOCTb.

3HauuTeNbHOE  yCcKOpeHue peakmuu (1)  JocTHraeTcs TpH  HMCIOJB30BAHHUU
AUTIPOPMHUATOB (Rle) B K. BaxHo, 4TO Tpu 3TOM HE HAOIIOTACTCS Pa3IOKCHHUS
(hopMHuaT-MOHOB, COMPOBOXKIAIOMIETOCS TTOOOYHOM peaKIuel THAPUPOBAHUS IBOMHBIX CBS3CH
B MpoAyKTax ammuiaupoBaHus. [IpenmnonoxurensHo, ¢GopMUAT-TUAPUIHBIE KOMILIEKCHI
najtagus crabuiamsupyrores 3a cuer obpaszoBaHus C=O-+H-C BOmOpOAHBIX CBsi3el ¢
kaTnoHom MOK.

Pabora BeImonHEeHa TIpu  Tomuepkke Poccmiickoro  ¢GoHma ¢yHIaAMEHTAIBHBIX

uccnenoBanuii (rpantel Ne05-03-32258-a u 05-03-08134-o¢u_a).
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TpaguiionHsie TPOIECCH AEIUTHU(PUKAIMU JPEBECHOTO ChIPhs, HCIOJb3yeMbIe s
MOJIYYEHUSI IIEJUTIONO3bI, OCHOBaHbI Ha pEAKIUAX JCCTPYKIMH JUTHUHA CEpo- |
XJIOpCOACpKAIMMMH ~ peareHTaMu. B Hacrosimiee BpeMsi HMHTCHCHUBHO — HCCIEAYIOTCS
9KOJIOTHYECKH Oe30macHble MPOLECChl eIUTHU(UKAIIMYU, HCIONb3YIONUE KaTaanu3aTOphl,
OpraHWYECKHE CcpeAbl U HETOKCUYHBbIC JETUTHUQUIIUPYIONIUE PETeHThl (KUCIOpOA U
MEPOKCHUJ] BOJIOPOIA).

B pabore wuccienoBaHbpl 3aKOHOMEPHOCTH M XHMH3M OKHCIHUTEIBHOW JECTPYKIIMH
JUTHUHA XBOMHOMN (MUXTa, TUCTBEHHUIIA) U JIUCTBEHHOH (0cHHa, Oepe3a) APEeBECUHBI B Cpelie
«YKCYCHasi KUCJIOTa — MEPOKCHUJ BOJOPOAa — BOJIa — Kartanuzatop». s yCKopeHus peakiuii
OKUCITUTEIHHOM ACCTPYKIMH JUTHUHA OBLUIM HMCIOJIB30BaHBl PACTBOPUMBIC KaTAIU3ATOPHI
kucnotHoro (H,SO4) m oxucnurensHoro (HMoO,, NaMoQO4) Tuma medcTBusi, a Takxke
rereporenHslii katanuzatop Ti0,.

B npucyTcTBUM CEPHOKMCIOTHOIO KaTalM3aTopa C POCTOM TEMIIEpaTypbl BO3pacTaeT
KOHILIGHTpAIMsl IIEJUTIOJIO3Bl B BOJIOKHUCTOM TPOAYKTE M CHHXKAETCS COJEp KaHHe
OCTaTOYHOTO JIMTHUHA. OIHAKO TPH 3TOM YMEHBIIAETCS BBIXOJ BOJIOKHHCTOTO MPOAYKTa
BCJIC/ICTBUE YCKOPEHHS PEaKIUil OKUCIUTETbHOW AECTPYKIMH JUTHUHA, TEeMHIICIUTION03 U
aMmop(hHON YacTM MEJUTFOJIO3BI TPU  TIOBBIIICHHON  TemmepaType.  AHalOrWdHbIe
3aKOHOMEPHOCTH HAOJIOJATUCh U B CITydae TOBBIMICHHSI KOHIICHTPAIMU TIEPOKCH/IA BOJIOPOIA B
nenurHuduLmpytoriem pactsope ot 1,5 1o 8,2 % mac.

Hcnonk3oBanue B mporecce AeMUTHUGUKALNN IPEBECHMHBI BMECTO CEPHOKHCIOTHOTO

KaTajin3daTopa pacCTBOPUMBIX KaTaJIU3aTOPOB OKHUCIUTCIBHO-BOCCTAHOBUTCIIBHOIO THUIIA —
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H,MoO4 nu FeMoO4 no3BossieT CHU3UTh KOHIUEHTpanuio Kataiauszaropa 10 0,5 % mac. npu
COXPAHEHUU TMPHUEMIIEMOTO BBIXO/JAa BOJOKHHCTOTO MPOAYKTa C BBICOKHM COJEpKaHUEM
LEJUTIOJIO3bI.

BnepBrie mokazaHa BO3MOXHOCTh 3HAYUTEIBHOW WHTEHCHU(PHUKALMM  TpoIecca
OKHUCJIUTEIBHOW JECTPYKIMH JPEBECHOrO JIMTHUHA B MPHUCYTCTBUU TIE€TEPOr€HHOTO
karanuzatopa TiO,. [IpenMyiiecTBa ero UCHOIB30BAHUS IO CPABHEHHIO C CEPHOKHCIOTHBIM
KaTajau3aTopoM — OTO CHU)KEHHE KOPPO3MOHHOW aKTUBHOCTH JACTUTHU(DUIHPYIOMIUX
PacTBOPOB, MOBBIIIEHUE BBIXOA, & B ONPEEICHHBIX YCIOBUSIX U COACPKAHUS LIEJUTIONIO3bI B
MOJIy4Ya€MOM BOJIOKHHCTOM TIPOTYKTE.

Y cTaHOBNIEHO, YTO OCHOBHBIE 3aKOHOMEPHOCTH Mpoliecca AeNIUTHU(PUKAIUN JPEBECHBIX
ONMUJIOK B TPHUCYTCTBHUH Te€TepOreHHOro karaiuzatopa 110, BO MHOTOM aHaJOTHYHBI
HAOMIOTaeMBIM B CIlydae PACTBOPCHHBIX  CEPHOKUCIOTHOTO ©  MOJIMOACHOBOTO
karanu3aTopoB. OmHAKO, B IEJIOM, JSIUTHUPHUIUPYIONAs aKTHBHOCTh PACTBOPEHHOTO M
TETEPOreHHOTO KaTaJIM3aTOPOB OKHCIUTEIbHO-BoccTaHOBUTENbHOTO THHA (HM0O4 u TiO;)
BBIIIIE, YeM PACTBOPEHHOTO KUCIOTHOTO KaTanuzaropa (Hy SOy).

beul  comocTaBneH BBIXOA WM COCTaB  BOJIOKHHUCTBIX —IPOJIYKTOB, IOJYYCHHBIX
KaTaJIUTHYECKON NeMUrHu(UKAIMEH OMIIIOK PA3JIMYHBIX MOPOJ] IPEBECUHBI B UIACHTHYHBIX
ycioBusix. M3 OCHMHOBBIX M O€pe30BBIX ONWJIOK MOJy4YeHbl KayeCTBEHHBIE BOJOKHUCTHIE
IPOAYKTHI (comepkat okojo 80 % uemntono3sl U MeHee 1 % JTUrHuHA) ¢ BBICOKUM BBIXOJIOM
(oxoso 48 % oT Maccel a.c.a.) IpU CIEAYIONUX YCIOBHIX NENUTHU(UKAIIUN: TeMIlepaTypa
130 °C, koHIIEHTpalus CEPHOKUCIOTHOTrO Karanusatopa 2 % Mac., mepoKcHaa BOJOpOaa
4,2 % wmac., ykcycHON KucioTel 25,8 % wmac., ruapoMoayis 10 M IpOJOIKATEIBHOCTh
nporecca 3 4. Jlng Toro, 4ToObl MOMYYUTh BOJIOKHUCTBIA MPOIYKT C Majoi KOHIEHTpaluen
OCTAaTOYHOTO JIMTHWHA U3 TIOPOJI IPEBECHHBI C MOBBIIICHHBIM COJIEPKaHUEM JIUTHHUHA (MTUXTA,
JUCTBEHHMIIA) HEOOXOAUMO NMPUMEHATH Oosiee akTHBHBIE KaTanuzatopbl (H:MoOy, TiO;) u
MOBBINICHHYI0 KoHIIeHTpanuio H,O, (He menee 6,4 % mac.).

N3yyeHn cocTaB HU3KOMOJIEKYJSIPHBIX BEIIECTB, OOPA3yIOMIUXCS MPH OKUCIUTEIHHOM
JNeNMUTHU(UKAIMN IPEeBECUHBI Oepe3bl W JIMCTBEHHUIBI B MPUCYTCTBUU CEPHOKHCIOTHOTO
karamuzatopa. OOHapy>XEHHbIE pa3Iuuusi B  XUMHUYECKOM COCTaBE COCIAMHCHU,
oOpazyromecs TpU ACCTPYKTHUBHBIX OKHUCIUTENBHBIX TPEBpAIICHUAX JIUTHUHA U
MOJIMCAaXapUIOB CBS3aHBl C HAJIMYMEM 3HAYUTEIHHOTO KOJIMYECTBA TIEHTO3 B JAPEBECHHE
Oepe3pl M apaOMHOTalakTaHa B JPEBECHHE JIMCTBEHHHIIBI, a TaKXke C mpeoliagaHueM

CUPHUHIHUIIBHBIX q)paFMCHTOB B JINTHUHEC 661)63])1 U I'BassIWJIBbHBIX — B JIUTHUHEC JIMCTBCHHUIIBI.
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COBOKYMHOCTh IMOJIYYEHHBIX U HU3BECTHBIX W3 JHUTEPATYphl JaHHBIX CBUACTEILCTBYET B
MOJIB3Y MpeoOIalaHusl TOMOJIMTUYECKOTO MaplIpyTa OKUCIUTEIbHOM NeTUTHU(UKAINKA B
MPUCYTCTBUM M3YUYEHHBIX KaTaIU3aTOPOB, MHUIIMUPYIOIIUX pacrnaj MepoKcHaa BOAOPOJa C
o0pa3oBaHUEeM THAPOKCH-paguKaioB. [locrmemHue, Kak H3BECTHO, CIOCOOHBI 3()(HEKTHBHO
OCYIIECTBIISITH OKUCIUTENbHYIO JECTPYKIHIO TUTHUHA.

MosHO mpenrnonaraTh, 4TO KaTaIUTHYECKOE ACWCTBHE PACTBOPEHHBIX KATaIU3aTOPOB
H,SO4 u H;Mo0O4 peanusyercs TOCpeACTBOM HX aCOpOIUN Ha (PYHKIIMOHANBHBIX TpyHmax
nurauHa. Kak mokazanu pe3ynbTaTbl HU3yYEHHs] KOMILJIEKCOB METANIOB C MOJEIbHBIMU
COCIMHCHUSIMU JINTHUHA, CBS3BIBAHME METAJUIOKOMIUIEKCHOTO KaTaliM3aTopa C JUTHUHOM
MOJKET OCYIIECTBISATHCS OCPEACTBOM THIPOKCUIBHBIX U METOKCUIIBHBIX TPYIII JIMTHUHA.

B cnyuae rereporennoro kartamuzatopa TiO, OYEBHIHO peamu3yeTcss MEXaHU3M
ornocpeoBaHHOro Karanu3a. CyTb €ro CBOJAUTCS K TOMY, YTO THAPOKCH- U IEPOKCUPATUKAIIBI,
obpa3yromuecss Ha moBepxHOCcTH Ti0;, TUPGYHIUPYIOT B pacTBOp, a 3aTeM K TOBEPXHOCTH
YaCTHIl APEBECUHBI, oOecTieunBas 3h(HEKTUBHYIO TECTPYKIUIO TUTHUHA.

OOHapy»xeH (aKkT yCKOPEHUs] PeaKlUii OKHCIUTEIbHON AECTPYKIMU JAPEBECHOTO JIUTHUHA B
Cpefie YKCYCHOM KHUCIIOTBI M IPOKCHZA BOAOPOJA IPU HCIIOJIBL30BAHUM IPENBAPUTEIILHON Y D-
AKTHUBAIIMU PEaKIMOHHOW cMecu B TpucyTcTBuM (porokarammzaropa TiO,. I[Ipomotupyromiee
BiusiHUE Y@-00mydyeHHs Ha OKHUCIMUTENbHYIO AECTPYKIMIO JPEBECHOIO JIMTHWHA OYEBUIHO
CBSI3aHO C WHTEHCHU(HKAIMEH peakiuid OoO0pa3oBaHUS THUAPOKCH- M TMHUPOKCUPAJUKAIIOB MPU
doToNMM3e MONEKYN MEepOKCHIa BOAOpOaa Ha MOBepXHOCTH (oTokaranmmzaropa Ti0,. HaiineHb
YCIIOBHSI TIPOBENICHUST TIporecca (HPOTOCTHUMYJITMPOBAHHON —KATATUTHISCKOW —JCTMTHADUKAITAH
JPEBECHUHBI, TIO3BOJLIIONIME IIOJydaTh C JOCTAaTOYHO BBICOKMM BbIXOAOM (40-44 % wmac.)

XUMHYCCKU YHCTYIO HEIUIIOJIO3Y, HE COACPKAINYO OCTATOYHOI'O JIMTHUHA.

256



OP-11-29

THE CATALYTIC ACTION OF AMMONIA AT THE MECHANOCHEMICAL
SYNTHESIS OF HYDRIDE OF MAGNESIUM INTERMETALLIDE

Molchanov V.V., Goidin V.V., Buyanov R.A.

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
E-mail: molchanov(@catalysis.nsk.su

KATAJIMTUYECKOE JEMCTBUE AMMHMAKA ITPU MEXAHOXUMHWYECKOM
CUHTE3E 'MHIPUJA UHTEPMETAJUVINJIA MATHUSA

Mo.uanoB B.B., I'oiinnn B.B., Bysinos P.A.
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I'mapuasl MHTEPMETAJUIMYECKUX COEIMHEHMH MCIOIb3YIOTCS B KaueCTBE CHCTEM —
aKKyMYJISTOpOB Booposia. OHM Takxke MPOSBISIOT KaTATUTHUECKYI0 aKTUBHOCTD B pEaKIUIX
C yYacTHeM BOJOPOAA, YTO MJUIIOCTpUpYETCsl OOonbIIMM KoiaumuecTBoM pabot [1-4]. [lo
cepenuHbl  80-X rogoB  OBUIO M3BECTHO JBa crHocoba  MOMy4YeHHs]  THIPHUIIOB
MHTEPMETAININYECKUX COEJIMHEHUI: THJIPUPOBAHUE CILJIaBOB, MOJIyYEHHBIX
nupoMmetarypruduecku [1-3], U monyueHue depe3 MarHMMOpraHMYeCKue COeIMHEHHs [4].
HenocraTtkamu mepBoro croco0a siBIsieTCs BRICOKOE MOTPEOICHUE YHEPTUU U HEOOXOAMMOCTh
JUINTEIbHONU pa3pabOTKU CHCTEM LMKJIAMU TUAPUPOBAHME-IAETUIPUPOBAHUE JJISI IIOJHOTO
B3aUMOJICIICTBUS METAJUIOB C BOJOPOJOM, a TakXe HH3Kas YyAeIbHas IOBEPXHOCTb.
Henocratku BTOporo cmocoba cCBsi3aHbl C HEYJOOCTBOM IIPOBEAEHUS TEXHOJOTHYECKUX
ornepanuili ¢ METAUNIOPraHUYECKUMHU COEIUHEHUSAMH. OTHX HEIOCTATKOB JIMILIEH METOJ
MOJy4YEeHUs THAPUAOB C MHCIOJNb30BAHHMEM TaK HA3bIBAEMBbIX MEXAHUYECKUX CIUIABOB,
MOJTYYEHHBIX MEXaHOXMMHUYECKOW aKTHBAlMEHd CMecH NBYX MeTauioB [5]. Takue cucteMsl
JIETKO IMOJIBEPraroTcsl THAPUPOBAHUIO 0€3 JTOMOIHUTENBHBIX Pa3pad0TOK, UMEIOT J0CTATOYHO
Pa3BUTYIO YAEIbHYIO MOBEPXHOCTb, a 3aTPaThl SHEPrUM HA MEXAHWYECKYI0 aKTHBALUIO
CYILLIECTBEHHO HIJKE, YeM IpU NUpOMETaTypruueckoM merozae. Hamu paspaboran meTon
CHHTE€3a THAPHUI0B HHTEPMETAIUINAOB, 3aAKIIOYAIOIIUICSI B MEXaHOXMMHUYECKOH 00paboTke
CIUIAaBOB MJIM CMECEW METaIOB NpH BBICOKOM JaBJIEHHMHM Bojaopona [6]. B passutue storo
METOJla H3Y4YEHO BIIMSHHE aMMHaka Ha MEXaHOXMMMUYECKUH CHHTE3 THUIPHUIIOB
MHTEPMETAJUIUOB B YCIOBUSAX BBICOKOTO JIaBJICHUS ra30BOi (a3bl.

Mexanndeckyto aktuBammio (MA) mpoBomuiau B 1aHeTtapHor wmenbHHIE Al'O-2,

pa3paborannoit B UXTT u MX CO PAH, cranpHbsiMu mapamu auamerpoMm 5-10 MM mpu
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qacToTe BpaleHus 6apabanos 10-17 ¢!, oGbem GapaGanos 150 cm’. AtMocdepa B Gapabanax
co3JaBajlach B YCTaHOBKE, IO3BOJISIIONIEH JocTUraTh nAaBieHus razoB go 10 Mlla. B
MPOMBITBHIII HECKOJIBKO pa3 BOJOpOJIOM OapabaH 3akauuBajcs aMMHak U3 pacyera 5% 00. B
CMECH C BOJOPOAOM, a MOTOM 3aKayuBaJICS BOAOPOJ [0 JOCTIXKEHHUS HEOOXOJUMOTO
JaBlieHus B OapabaHe.

AHanu3 TPOAYKTOB peaklUuid MPOBOIWICS METOJIOM PEHTTeHO(a30BOro aHalM3a.
Hudpakrorpammel  00pa3rioB  Obut  monyudeHbl Ha  audpaktromerpe HZG-4C ¢
ucnonszoBanueM CuK,-uznyuenus ¢ rpa)uTOBEIM MOHOXPOMATOPOM Ha OTPaKEHHOM IyUKe.

Crnextpsl SIMP Ha npoToHax ObuH MOTy4YeHbI Ha ciekTpoMmerpe Bruker DPX-250.

B IpHCYTCTBHHM aMMHAKa IIPU YacToTe BpalieHus 6apabanos 10 ¢! B Teuenne 30 MuH.
MIPOUCXOIUT MOTJIOIIEHNE BOAOPOa B KOJIMUECTBE, HEOOXOJUMOM JUJIsl 00pa30oBaHMsI THAPUIA
MarHuss WiM rugpuga uHtepmertaumga MgoNiHs. Onnako, 1o AaHHBIM - aupakmuu
peHTreHoBckux aydeid u SIMP, B pe3ynbrare Takoil oOpaOOTKH MPOUCXOAUT OOpa3oBaHUE
peHTreHoaMOphHBIX THAPUAA MarHusg M MeTaliudeckoro Hukems (puc. 1). YBenudenwe
BpeMeHn MA BIu1oTh 0 120 MHH. HEe IPUBOAMUT K M3MEHEHUsM (hazoBoro cocraBa. OaHAKO
TpH 4acTOTe BpalleHHs GapabanoB 17 ¢’ yxe depes 5 MHHYT aKTHBALMH 0Opa3yeTcs CMECh
da3 rugpunoB martepmetauaoB Mg,NiH u Mg,NiHy (puc. 2), a yepe3 15 munyT - daza
Mg,NiHy. T.e. rumpun uHTEpMeTalIua MarHusi ¢ HHUKeENeM ¢ (ha30BBIM COCTAaBOM THIIA
Mg,NiH, 6511 IosTy4eH 3a Bpemsi, B 2 pa3a MEHbIIIEe, YeM B OTCYTCTBHE aMMHAKa, TTOCKOJIbKY
npu MA uHTEepMeTallliu[a MarHusi C HUKEJIIEeM B YUCTOM Bojopoje npu nasienun 10 Mlla
Mg,NiHs o6pa3zyercst Tonbko yepe3 30 muHyT [6]. OnmMcaHHOE TOBEACHHE CHUCTEMBI: Kak
YCKOpEHHE B3aUMOJICHCTBUS, TaK M pa3nuuus B ()a30BOM COCTaBE MPOIYKTOB pPEaKIIHH,

YKa3bIBA€T HAa UIBMCHCHHUEC MEXaHHU3Ma BSaHMOHeﬁCTBHH MCTAJUIOB C BOOOPOJOM.
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Puc. 1. IudpaxtorpamMmma oOpasiia CHCTEMbI Puc. 2. [Tudpakrorpammsr 06pa3ioB
2Mg+Ni nocne 30 mua MA nipu gacToTe cuctembl 2Mg+Ni nocne MA npu
Bpamenns 10 ¢ 1 maBaeHHy cMecH gacrote Bpamtenus 17 ¢! i napnenun
Bosopoa+ammuak 10 Mlla. cmecH Bogopoa+ammuak 10 MITa.
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Kak m B cmywae uumcroro Bomopona [6], mpu mo0aBiIeHUHM amMMHUaKa MPOUCXOIUT
oOpa3oBaHue BbICOKOTeMmmepaTypHoil Qopmbl MgyNiHy, ycroitunBoi mNpu KOMHATHOM
TEMIIepaType, YTO SIBJISAETCS HEOOBIYHBIM, MOCKOJIBKY JUIsl 3TOTO COCIMHEHHs HaOIIolaeTcs
obpatuMmbiii monuMopdHbI nepexon npu Temmeparype 503 K [7]. Takoe mnoBenenmue
CHUCTEMBI, KaK U paHee [6], MBI CBS3bIBa€M C BBEJCHHEM B oOpasell OOJIbIIEro KOJIMYeCTBa
BOJIOpPOZa, dYeM HeoOxomumMo 1Mo crexuomerpun Tuapuna MgyNiHs. Heckonbkumu
HE3aBHCHUMBIMH METOAaMHU OBLIIO U3MEPEHO COEepPKaHue BOAOPOIa B 00pasIax.
N3mepeHne MTHTEHCUBHOCTH CUTHAJIA OT sIAEP 'H ruapuja Ha cunekrpax SIMP nokasano,
YTO KOJIMYECTBO BOAOPOa cooTBeTCTBYET hopmyine Mg,NiHg (Tabin. 1). B kauectBe sTanona
MCIIOJIb30BasICS OOPTUAPUA HATPHSL.

Tabnuma 1. KonmuvectBo siaep 'Hs oOpa3uax mno naHueiM SIMP.

Oo6pasen Hagecka, mMr KommuecrBo aromoB H, 107
NaBH4 200 127,3
Mg-Ni-H 450 146,2
Pacuer mst Mg,NiHg 450 143,8

N3mepenune BemnuuHbI IAJICHUS TaBIICHUS BOAOPOaa B OapabaHax MEIbHHIIBI TTO3BOJIHIIO
paccuuTaTh, 4TO 5 T 00pasua coctaBa 2Mg+Ni nornotunu 3,1 1 Bomopoaa. [Ipu mepecuere
ATOTO KOJIMYECTBA BOJOpOJAa Ha (OPMYJIBHYIO EOUHHIYYy TOJIy4YaeM COCTaB THUApUIA -
Mg;NiH5s 94, 4TO BOJTHE COOTBETCTBYET JaHHBIM SIMP.

ConepxaHue BOJIOPOJa ONPENETIIOCh €Ile ABYMS METOJaMHU: U3MEPEHUE KOJIMYECTBA
BOJIOPOJIa, BBIAENMBILIETOCS IMPU HarpeBaHuM oOpasna Ao Ttemmeparypsl 673 K u mpu
pacTBOPEHUH B COJIIHOW KHUCJIOTE. B mepBoM ciyuae BbIAENSIETCS TOJIBKO BOJOPOA THIAPHUAA,
BO BTOPOM K HEMY J00aBJISETCS BOJOPOJ, OOpa3yrOIIUIICS MPU B3aUMOJICHCTBUM MarHusi 1
HUKeIs ¢ kucimoToi. O0a MeToa Janu pe3yJIbTaThl, MOATBEPKIAIoNIe NanHbie MeToaa SIMP
(Tabm. 2).

Tabnuma 2. Onpenenenue KOIXYECTBa BOJOPOIa B 00pasiie TUApUIA.

Merton omnpeaeneHus Hagecka, mr O06Bem Bogopoaa, Ml ®dopmyna
HarpeBanue 673 K 970 570 Mg>NiHs o3
PactBopenue B HCI 480 570 Mg,NiHg

UeTpipe HE3aBUCHMBIX METOA OMNPENETCHUS KOJIMYECTBA BOAOPOAA B IOJYyUYEHHOM
TUAPUJIC JaTH OYCHB OJIM3KHE PE3yIbTATHI.
YuuTthIBas yCKOpeHHe 00pa30BaHUs THAPHAA MHTEPMETAIINAA U U3MEHEHNE MeXaHu3Ma

BSaHMOﬂeﬁCTBI/Iﬂ, MBI CUUTACM, YTO aAMMHAK B JAHHOM CJIydacC SABJIACTCA KaTaJIM3aTOpPOM
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peakuuu TUAPUPOBAHMS WMHTEpMETA/NIM[a MarHus W HHUKENs. DHEprus CBSI3U BOJOpOAa B
MOJIEKyJie aMMHaka CYIIECTBEHHO cialdee CBsI3W B MOJeKyle Bomopoaa — 83-84 wu
103-104 kxayi/Monb COOTBETCTBEHHO. HauanbHO# craguel peakiuu MOXXKET OBITh OTpPHIB
BOJIOpOJIa OT MOJIEKYJIbl aMMHaKa, KOTOPbIM 3aTeEM BOCCTAHABIMBAETCS MPU B3aUMOJCHCTBUI
C MoJekyioi Boaopoma. Takum o0pa3oMm, BEpOSITHO, pPEAIU3YETCs  CTaIUHHBIN
KaTaTUTUYECKUA MEXaHW3M, TJl¢ aMMHUaK BBICTYINAeT B KauecTBE Karaiu3aTopa. Hrinke Mbl
MPUBOJUM BEChMa YCJIOBHYIO CXEMY OINKCAHHOTO IMpoIliecca, MOCKOIbKY B HACTOsIIEe BpeMs
HE HMMEEM CTpOTMX J0Ka3aTelNbCTB €€ peanu3auuu. JladpHeHIMe HCCIENOBAHUS B 3TOM
HaIpaBJICHUU TNPEACTABISAIOTCA HAM BeChbMa NMEPCHEKTUBHBIMM, KaK C MPAKTHYECKON TOYKHU
3peHus, TaK U Ui MOHUMAaHHUS MEXaHU3MOB B3aUMO/ICHCTBUS METAIJIOB C BOAOPOIOM.

NH; + Mg-Ni< — NH,e + H-Mg-Ni<

NH,e + H, —> NH; + He

He + H-Mg-Ni< — Mg,NiHy

Oo6nHapyxeHHbIe 3G(HEKTHI KATATUTHYECKOTO ACHCTBUS aMMHaKa ¥ 00pa30BaHUs TUIPHUIA
coctaBa Mg:NiHg nMmeroT nmpaktudeckoe 3HadeHue. 3a 6ojee KOPOTKOE BpeMs, C MEHbIITUMU
sHeprosarpaTamMu oOpasyercs ruapui, coaepxamuii Ha 30% Oousbie BOAOPOAA, KOTOPBII

MOKET OBITh MCIIOJIB30BaH KaK AaKKyMyJIATOp BOAOpPOJA M KaTaau3arop i peakiuil

TUPUPOBAHUS.
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KNHETUKA U MEXAHU3M KATAJINBUPOBAHHOI'O
M-TOJYOJICYJb®OKUCJIO0TON OKUCJIEHUA SIIOKCUIA CTUPOJIA
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Iletpos JI.B., Conssnukos B.M.

HuctutyT npobnem xumudeckont pusuku PAH, UepHoromnoska, MockoBckasi 001.
E-mail: petrov@icp.ac.ru

KoHKkypeHIIHs TOMOJUTHYECKOTO U TE€TEPOTUTUIECKOT0 KATAIUTUYECKOTO MPEBPAICHUs
JTaOMIIBHBIX OPTaHUYECKUX BEIECTB M3y4Yajach IMEPBOHAYAIBHO HA IMPHMEPE KHCIOTHOTO
KaTajau3a pacrnaja ruApOoNnepoKCHIOB MPOCTO KaK MHTEPECHBIN XUMUYECKUI 0OBEKT: MPOTOH
(cunmpHAs KUCJIOTa B pAcTBOpPE CHHPTA) MPEBpAllaeT TUAPONEPOKCHI B TMPOIYKTHI IO
HE3aBUCHMBIM DPaJUKaIbHOMY M HOHHOMY Mapumpytam [1]. C pacmmpeHuem kpyra
HaOroIeHus  OOBEKTOB  KOHKYPEHLMH  BBIACHWIIACH  BO3MOXHOCTH  NPAKTHYECKOTO
UCIIOJIb30BaHUSI KOHKYPEHTHBIX CHUCTEM: METAJUIOCOIEeprKallie KaTanu3atopsl Ha ocHoBe Cr,
V  pasnaraioT BTOPUYHBIM TUAPONEPOKCHJ  IUKJIOTEKCHIA TMPEUMYIIECTBEHHO IO
HEpaauKaTbHOMY (MOHHOMY) ITyTH, OOECICUYMBAIOIIEMY BBICOKHI BBIXOJ IHMKJIOTCKCAHOHA,
MOJIYTIPOJIyKTa it cMHTEe3a KampoHa [2,3]. HaobopoT, B mpakTHUKe MCIIOIB30BAHMS CHCTEM
KHCJIOTA - TUAPOTNIEPOKCU ISl MHHULIMMPOBAHUS PaJUKAIbHOM MOIMMEpU3alliY [IEHEH KakK pa3
TOMOJIMTUYECKUN MapuipyT paspylieHus ruapomnepokcuna [4]. CpaBHUTENBHO HEIaBHO
YCTaHOBJICHHBIN (DAKT Ayanu3Ma MpEeBpaIleHusl SMOKCUAA CTHPOJIA MPU JEHCTBUU KHCIOT B
MOJISIPHOM CTIMPTOBO# cpexe [5,6] He mpocTo 1006aBuI 00BEKTOB HAOIIOACHUS KOHKYPEHITMT
KHUCJIOTHO-KaTaJIMTHUYECKUX PEeaKIuii, HO MOCTaBHJI BOIPOC, HE UMEIOIINIA OTBETa 0 CUX MOp:
MO0 KAaKOW peakiuu TOIJIOMIAeTCS KHUCIOPOJ MpPHU OKUCICHHUU STOKCHAAa B KUCIOWU cpene?
Oco00 MHTPUTYET TO OOCTOSTENHCTBO, YTO KUCIOPOJ SIBHO TOTJIOIIAETCS HE B CBOOOIHO-
panukanbHON peaknmu. OHAKO, BBEJICHHE B TBOWHYIO CUCTEMY STIOKCHJ - KHCIOTa CTHPOJIA
WM BTOPUYHOTO CIUPTa M3OMPONaHoia MPUBOAUT K MPOTEKAHUIO B HOBOM, TPOWHOU yxke
CUCTEME, peaKlMU paJuKaibHO-IIEMHOTO OKHCIEHUS BBEACHHOTO cybcTpara (Sub), ctupona

WIM CIHPTa, COOTBETCTBEHHO [7]. (CXeMaTHdecku MapuIpyThl IMPEBPALIEHUS 3MOKCHIA
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ctupona (3C) moxa nerictBuem kucinotel (HAn) B aoitHoit (JIC) u TpoitHoi cucteme (TpC)

MOKHO IIPpECACTABUTD TaK:

JC (2C + HAn) — nonHas nonmmepuzanus (I)
! LO— HepaauKaabHoe okucienue smokcuaa (1)
L Oz, Sub (TpC) — panuKaibHO-1IeNHOEe okucaeHue cyocrpara (II1).

Mapupyt (I) xopomio u3BecTeH, OH SBISETCS OCHOBOW MPAKTUKH MHOTOTOHHAXKHOTO
IIPAKTUYECKOI0 MCIIOJIb30BaHMs AMOKCHI0B, B Hameld JIC Bkiag ero B pacxol0oBaHUE
amokcuaa coctaBiger > 95%. IlepBoHauanbHO TMPEASIOKEHHBIM BapUaHT MeEXaHHM3Ma
mapmpyta (I1), HepamukampHOro okucieHuss DC, COCTOST B MPEANOIOKCHUH BHEIPCHUS
Monekybl kucnopoaa mo C — C cBA3M IPOTOHU30BAHHOTO SMOKCHU/IA; YCKOPSIIOIIee 1eHCTBUE
conen MEaHU 6]31)'[0 HUCTOJIKOBAHO KaK IMPOSBJICHUC KaTajin3a IMapaMariuTHbBIM HOHOM MCIU,

CHHUMAKImeEro CITMHOBBIM 3arpeT Ha PCAaKIHUIO BHCAPCHHUA TPUILIICTA 021

o /O_O\
2
B-CH—CH @—CH CH
\O/ 2 ~— O/ 2
+ +
H H

MexaHu3M 3TOT, OJTHAKO, HE OBLI MOATBEPKIEH MOCIEAOBABIIMMU HaOmoAeHUAMU. Bo
nepBbIX, oOpa3zyromieecs B JIC BemecTBO MEPOKCUTHOTO XapaKTepa 0Ka3aloch HE 030HUIOM,
a mepokcunoM Bogopoxaa (I1B). Bo-Bropsix, HakammBaromuiicst B atmocdepe O, 1B OpicTpo
pacmamaercs c mnpekpamieHueM nonaun O, B peakTop; Bo30OHOBiIeHHE Oapboraxa O,
MPUBOJUT K OBTOpHOMY HakorieHuio [1B ¢ mepBoHavansHOM ckopocThio. B criennaibHBIX
OMBITAX  YCTAaHOBIEHO, YTO  BBEACHHE  AIKHWITHIPONEPOKCHIOB  (I[MKIOTEKCHII-,
TPET.Oy TUITUIPOTIEPOKCH/T) u apaJIKWIITUIPOTIEPOKCUIOB (benumTHII-,
kymuinruaponepokcua) B JIC B orcyrctBue O, Takke HMEET pe3yiabTaTOM OBICTPOE
pacxonoBanue ROOH [8]. HagexxHo moka3aHo, 4TO 3TO pacxoJ0BaHUE HAOIIOIaeTCs JTUIIb B

npucyTcTBUM 00oux komrnoHeHToB JIC, snokcnaa U KucaoThl. OfHa KUCIIOTa HE TPUBOIUT K

pacxonosanrto ROOH, T.e. 3TO He MPOCTON KUCIOTHO-KAaTAIUTUYECKUI pacnaj, N3y4eHHBIH
panee. Otcroma mpeamnonoxeHue o6 ooOpazoBanuu B JIC (OC + HAn) mpomexyTodHOU
aKTUBHOM YacTHIIbI, CIOCOOHOW B MHEPTHOM aTMocdepe pas3pyliaTh T'MAPONEPOKCUIBI, a B
NPUCYTCTBUHM KHCIOpOJa IMOTJouiath ero ¢ obpa3zoBanueM Oenzanbaeruga u [IB. Taxoii
qacTuied MokeT ObiTh (eHmnkapOeH [8], oOpasyrommiics W TNpeBpallaloniics B

COOTBETCTBUHU CO CXEMOM:
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ROOH
SH* k k . K
PhCH-CH,=——= PhCH-CH;—~=PhEHCH,0H—3= PhCH—| °

\O/ K \5/ K o, ,

¢ ‘kz 4 . PhCHOO —= P

B cxeme ki, k3, ks 11 k's — KOHCTaHTBI CKOPOCTH MPEBPAIIEHUI COOTBETCTBYIONIUX YaCTHII,
k, u k4 — ynenbHble CKOpOCTH THOETH aKTHBHBIX YaCTHIl, KapOkaTnoHa U GeHmikapoena. B
cormacuu co cxemoi, mist ciaydas K[DC] > 1 Ha ombITe AOKHBI HAOMIOIATHCS TEPBBIE
MOPSAIKKA IO KHCIOT€ W HYJEBBIE IO SIOKCUAY [UIS CIEAYIONIMX peakiuil: OpyTTo-
pacxoioBaHus HMHOKcujaa, noryomeHus O, IBOMHOW CHUCTEMOW, HAKOIUIEHUS IPOAYKTa
okucaeHus (OeH3anpernaa) u pacxogoBaHus ruaponepokcuao B JIC 6e3 kuciaopoaa; mpu
9TOM BEJIMYUHBI KOHCTAHT CKOPOCTH TPEX MOCJIETHUX PeaKIUi M0 aOCOTIOTHOM BEIMYUHE HE
JOJKHBI CUJIBHO paznuyarbes. B caMom jene, BhIpaK€HUS HAYallbHBIX CKOPOCTEH peakuuit
opyrro-pacxomoBanust OC, oxucinenus JIC, HaKOIUIEHHUS TPOAYKTA  OKHCICHHS
oemsanmpueruna (BA) m pacmama IIB u THapomepokcHIoB Kymmia H  (EHHIITHIA
toxmectBenns, V = ki [TCK]' [2C]° (343 K, pacrBopurens tper.6yranon ¢ 10% 06.
xnop6ensona, TCK — mapa-tonyoncynsgpoxuciora, [IC] >> [TCK]). Bennuunsl KOHCTaHT
CKOPOCTH TIOTJIONICHHsI KHUclopona JBoiHOW cucteMoil (kKoz), HakOIUIeHHS TpU 3TOM
oensanpaeruna (ksa) u pacxomoBanus B npucyrcreun JC xymunruapornepokcuaa (krmnk) B
aTMoc(epe aproHa npuBeIeHbI HUXKE.

koa= 3.32x10° exp (-83.6 k/lx.Momb /RT) ¢!, koa = 5.7x10™ (343 K).

ksa= 2.02x10"%exp (-89.0 /lx.momb /RT) ¢!, kga = 5.3x10™ (343 K).

krk = 1.42x10%exp (-80.6 x[x.moms ' /RT) ¢, krpx = 7.5%107* (343 K).
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KATAJUTUUYECKOE BOCCTAHOBJIEHME 0-OKCUITPOITMOHOBOIA
KHCJIOTBI B MTPONWJIEHTJIUKOJb HA BOCCTAHOBJEHHOM
MEJbCOJEPKAIIEM KATAJIM3ATOPE

Cumaxopa N.JI., CumonoB M.H., lememikuna M.II., MunoxoBa T.I1., Xacun A.A.,
OpbeBa T.M.
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JIMrnapokcuankaHpl, TAKME KaK STWICHIVIMKOJIb U MPONWICHIJINKOJb, HAXOAST IMPOKOE
IpUMEHEHWE B  MPOU3BOJACTBE  MOJIMAIPHUPHBIX CMOJ, B  COCTaBE  pPAaCTBOPOB-
aHTHOOJEeIeHUTEIEeH, B IPOU3BOJACTBE IHILEBBIX, KOCMETHUYECKUX MU JIEKapCTBEHHBIX
IpOoAYKTOB. I [ponuiIeHruKoIp B OTAMYNE OT STHJICHIJINKOJISI MEHEE TOKCHUYEH.

TpaauumoHHO TNPOW3BOACTBO NPONMMJICHINIMKONA Oa3upyercs Ha OPraHUYECKUX
COCIMHEHUSX, conep)amuxcs B HepTH. [IponHIeHrIUKONb MOydaloT MyTeM THIpaTaliu
INPONUICHOKCUAA, CTaausl TUAPOIM3a KOTOPOro TPeOyeT BBICOKOI'O AABICHHUS U BBICOKOH
temneparypsl. [IponuieHoKcH ] B CBOIO o4epeab MPOU3BOIAT MO XJIOPTUAPUHHOMY CHOCO0Y
WIA OKHUCIIEHHEM B NPUCYTCTBUHM TmepokcunaoB [1]. Hambosee mepcrneKTHBHBIM SIBISETCS
CHUHTE3 MPOMNWIEHIJIUKOIS W3 O-OKCHUIPONMOHOBOM KHCIOTBHI IIyTEM CEJIEKTHBHOIO
BOCCTaHOBJIEHUSI B MATKUX YCJIOBUAX KapOOKCHJIBHOW TPYIIBI KUCIOTHI B THAPOKCHIBHYIO B

MNPUCYTCTBUHU MCABCOACPIKAIINUX  KaTallu-

100 1

o —#&— NponnoHoBas K-Ta
3aTOPOB T'HIPUPOBAHUSL. . CS-0,5 | | o o o
o N 7 \ —A— -OKCMMPOMNMOHOBas K-Ta
Ilenpto  naHHOW  pabOTHl  SIBIISIETCS g \
u3yuyeHue OOIIMX 3aKOHOMEPHOCTEeH U 2 \ /
@ 40+ X
=8 Va mw—a S
MEXaHHW3Ma PEaKIuu THIPUPOBAHUS O-OKCHU- Sl /) .
/ /A/’A‘A
IIPOIIMOHOBOM KHUCJIOTHI B IIPOIWICHITIUKOIIb 0¥ P .
0 100 200 300 400

B MATKUX  YCIIOBHAX B MMPUCYTCTBUHA Bpems noaauum peareHTa, MUH

MEIbCOIEPIKAIINX KaTaTH3aTOPOB. Puc. 1. CocTtaB npoayKTOB ruIpupOBaHUs
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CornacHo nanaeiM [DKX aHanmv3za OCHOBHBIMHM MPOAYKTAMHU PEAKIUU THAPUPOBAHUS O
OKCUTPOITMOHOBOM KHUCIOTHI SBISIOTCS MPOMHIJICHTIIUKOIb M MPOMHOHOBAs KuciaoTa. B xome
DKCIIEPUMEHTOB  3a(pUKCHUPOBAHO OOpa30BaHHWE HW3OMPOIAHOJNA, 0-OKCHUIIPOITMOHOBOTO
ajlpacruaa W HOPOAYKTOB  OJIMUTOMCPHU3AlMU  IMPOIMMWJICHTJIMKOJIA B KOJIMYCCTBAX, HC

npesblarommx 2% macc. [lokaszano, 4To Hccneq0BaHHBIE KaTaIU3aTOPbI IPOSBIISIIOT

D -EI!. H
.H"-’. i T, T
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OH

Puc. 2. Cxema mnpeBpamieHus 0-OKCUIPOMMOHOBOM KHUCIOTHI B MPOMMJICHTJIUKOIb H
MPOIMOHOBYIO KUCJIOTY.

KaTaJIUTHYECKYI0 AKTUBHOCTb B pPEAKUUU TUIPUPOBAHMS O-OKCUIIPOMMOHOBOW KHCIOTHI
TOJILKO TIOCJIE MX BOCCTAHOBUTENIBLHOW aKTHUBAIMHM B aTMocdepe Bogopoaa. [IpeanornoxeHo,
YTO pa3iuyusi B KAaTAINTHYECKOW AKTUBHOCTH MOTYT OBITh CBSI3aHBI C KOJHYECTBOM H
JOCTYITHOCTBIO METAJIIMYECKOW Meau, 00pa3yrolleicsi B XO0Jle BOCCTAHOBJICHMSI OKCHIHBIX
NpeIeCTBeHHUKOB KaTanu3atopoB. Hanbombias BeaTuunHa KOHBEPCUM MOJIOYHOM KHCIOTHI
JOCTUTaeTcs Ha MEAHO-KPEMHHEBOM KaTaiu3arope XpU30KoJuIa-nmogooHo# cTpykTypsl (Puc.
1). U3y4eHsl KHHETHYECKHE 3aKOHOMEPHOCTH CEJIEKTUBHOTO Mapo(a3sHOTo THIPUPOBAHUS O
OKCHUIIPOITMOHOBOM KUCJIOTHI. BBIACHEHBI (AKTOpPBI, OMNpEAENsAIOINe CKOPOCTh, COCTaB
HPOIYKTOB I'MJIPUPOBAHUS U CEIIEKTUBHOCTh 00pa30BaHMs MPONMIICHTIIUKOJIS.

ITokazaHo, 4yTO IpeBpalICHHE MOJIOYHON KHUCIIOTHI IPOTEKAET MO JABYM NapajuleIbHbIM
MapuipyTtam: mo mapmpyTy [ ¢ oOpa3oBaHumeM NpONWICHIIUKONA, no Mapmpyty II ¢
oOpa3oBanuem mnponuoHoBoi kuciaotel (Puc. 2). IlpennonoikeHo, 4To B pe3yJsbTaTe
JMCCOLIMAaTUBHON aicOPOLIMU  0.-OKCUIIPOITMOHOBOM KHUCJIOTHI IPOUCXOAUT OOpa3oBaHHE
NPOMEXYTOUHBIX alWIbHBIX (OpM, MOCIEAOBAaTeNbHOE TMIPUPOBAHHE KOTOPBIX Ha
MIOBEPXHOCTH BOCCTAHOBJICHHOH MeAM TPUBOIUT K OOpPA30BAHMUIO (-OKCHIIPOIIMOHOBOTO

anpAECTHA W, 3aTeM, NOponuieHriukoiasd. Mapmpyrt I, mo-BuamMomy, peanusyercss B
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pe3yjbpTaTe JAErMJparalid MPOMEKYTOYHBIX (OPM Ha KHCIOTHBIX LIEHTPaX HOCUTENS C
obpazoBanneM C=C ABOHHON CBSI3M M TOCIEIYIOLIET0 €€ T'MIPUPOBAHUS Ha MOBEPXHOCTU
BOCCTAHOBJIEHHOM MeIU. DTa MOJEIb XOpOILIO COIJacyercsi C pe3yJibTaTaMH HCCIEeI0BaHUS
MEeXaHHU3Ma TUJIPUPOBAHUS YKCYCHOM KHUCIOTHI [2], a Takke MOJIOYHOM KHCIOThI Ha
MeJIbHAaHECEHHBIX KaTaiau3aTtopax [3].

HaiineHHble 3aKOHOMEPHOCTH MPEBPAIICHUS (.-OKCUIIPOITMOHOBON KUCJIOTHI MOTYT OBITh
UCNONB30BaHbl  JUId  pa3paboTKu  3(PQPEKTUBHOTO  YNpPaBICHHUS  CEJIEKTHBHOCTBIO
KaTaJIUTUYECKOTO CUHTE3a MPONUIIEHTIINKOJIA Ha MEABCOACPKAILNX KaTaIu3aTopax B MATKUX

YCIIOBUSIX.

Jlureparypa:
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MPEBPAIIIEHNS CEPOOPTAHUYECKHWX COEJIWHEHMM B ITPOIIECCAX
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B Hacrosimiee Bpemsi crana akTyallbHOM 3ajaya IMOJTYYEHUsI KOMIIOHEHTOB JU3EJIbHBIX
TOIUIUB CO CBEPXHU3KHM COJEp>KaHUEM ocTaTouHOU ceprl (50 ppm U MeHee) U3 ChIpbS C
BBICOKMM  COJEP)KAHHEM TETEPOCOCAVNHEHUHN, MOJUIMKINYECKUX apOMATHYECKUX U
HEIpeaeNbHbIX YIJIEBOIOPOIOB.

Pemnte mocraBlieHHYI0 3aady MOXKHO ITyT€M ONTUMM3ALUUA THUIPOTEHU3ALMOHHBIX
MPOIIECCOB, B OCHOBE KOTOPBIX JIEKAT PEAKIHH THAPOTEHOIN3a CEPOOPTaHUIECKUX
COECIUHEHU.

B Hactosmiedt pabote Ha mpuMepe THAPOOOIATOpaKUBAaHUS CMECH MPSMOTOHHBIX U
BTOPUYHBIX CPETHEAUCTUIUIATHBIX U OCH3WHOBBIX (DPAKIMI H3yUeHBI PEaKIUU MIPEBPALCHUS
Pa3IUYHBIX CEPOOPTAHUYECKUX COCIUWHEHUH (MEpKamnTaHbl, CyJIbOUIBI, IUCYIb(UIB,
THO(heHbI, 0eH30THO(DEHBI).

Ha ocHOBaHMU MONy4EHHBIX Pe3yJIbTATOB OIMpEAeTeHBI MOAXO0bI K pa3padoTKe cocTaBa
KATAJIMTUYECKOM CHUCTEMBbl U TEXHOJIOTMYECKUX [apaMEeTpPOB €€ HSKCIUTyaTallud MpHu
nepepadoTKe Pa3IuYHBIX BUAOB CHIPhS IS MOJIYYCHUS! KOMIIOHEHTOB JIU3EJIbHBIX TOILJIUB CO
CBEPXHU3KHUM COJIEPKAHUEM CEPBI.

[TokazaHo, YTO CMECEBOE ChIpbE OTIUYAETCS OT MPSIMOTOHHOTO HE TOJBKO Ooiee
BBICOKHM COJICpKaHHEM O0IIel cepbl 1 THOPEHOBBIX COSAMHECHUN. Pa3nideH Takke 1 coCTaB
THOPEHOBBIX coennHeHU. THOPCHOBBIC COCIMHEHUS MPSIMOTOHHOTO CHIPBS MPEICTABICHBI

TOJIbKO IubeH3otnodeHamu. B cmeceBoM chipbe, B OTIMYKE OT MPSIMOTOHHOTO, OOHAPYKEHBI
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anKUATHOQEHBI (BBEACHBI C OCH3MHOM BHICPEKMHTAa) U (DeHaHTpeHTHO(hEHBI (BBEICHBI C
razoiinem BucOpekunra) (puc. 1).

[IpuBeneHsl  TemmepaTypHble  HMHTEpBajbl, HpPU  KOTOPBIX  MPEUMYIIECTBEHHO
OCYIIECTBIISIOTCS peakuuu paspeiBa cBsizu  C-S MEPKAaNTAHOBBIX, CYJIb(QUIHBIX U
THO(EHOBBIX COSTUHEHUH.

PaccmoTpen Habop peakiuii, o KOTOPHIM MOXET MPOXOAUTH MPEBPAICHUE THO(EHOBBIX
COCJIMHEHUI Ha aIFOMOKOOAIET— U ATFOMOHUKEIIbMOIHOICHOBBIX KaTaln3aTopax.

[Tokazano, 49to 3((EeKTUBHOCTH  MpPEBpAIICHUS  TMPAKTHUYECKH  BCEX  TPYIMII
CEpOOPTraHMYECKUX COCTUHEHUH, HWICHTH()HUIMPOBAHHBIX B CHIPbE, HAa KaTATUTHYECKOU
CHCTEME, COCTOSIICH W3 aTIOMOHHUKENIb- M aTOMOKOOAIBTMOIHOACHOBBIX KaTaln3aTopax
BBIIIIC, YEM TOJBKO Ha aFOMOKOOAILTMOJIMOICHOBOM WM QIFOMOHHKEIHbMOJIHOICHOBOM
katanuzatope. Haubonbmmii  3¢p¢exT KaTanuTUYeCKOM  CHCTEMBI, COCTOSIIEH U3
ITIOMOKOOAITBT- U ATFOMOHUKEITBMOIHOICHOBBIX KaTann3aropax 3a)MKCUPOBAH B PEAKIHIX
npeBpaiieHusi THO()EHOBBIX COCTUHCHUH.

PesynbraToM naHHON pa0OTHI SBISETCS pPa3pabdOTKa KOHKPETHOM KaTaTUTHYECKON
CHUCTEMBl Ul THUAPOOOJIATOPAKUBAHUSA PEAJHHOIO BBICOKOCEPHUCTOTO CHIPbS C IIEIIBIO

MOJIY4YCHHA KOMIIOHCHTOB AMU3CJIIBHOT'O TOIIMBA CO CBEPXHU3KHUM COACPKAHUEM CCPBI.
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CATALYTIC COALS PROCESSING INTO LIQUID FUEL:
MEHANOCHEMICAL ACTIVATION OF COALS

Kairbekov G.K., Aybakirov E.A., Eshova G.T., Miltikbaieva G.K.

Al-Farabi Kazakh National University, Chemical Faculty, Almaty, Kazakhstan
E-mail: rinctm@kazsu.kz

KATAJIMTUYECKAS IEPEPABOTKA YIJIEW B KUJKOE TOIIMBO:
MEXAHOXUMHNYECKASA AKTUBALIUA YTIJIEU

Kaupo6ekon K.K., Ayoakupos E.A., Emosa K. T., MeuiTsik0aeBa K. K.

Kazaxckuit Hanimonaneueiit YaUBepcuteT UM. anb-Oapadbu, Anmatel, Kazaxcran
E-mail: rinctm@kazsu.kz

[IpumeneHne meTona MEXaHWYECKOW aKTHBALMM YTJIEH SBISIETCA OJHOM U3 CTaAud UX
MOJITOTOBKHU K MepepadoTKe, 3T0 M03BOoJIsAET 3(H(PEKTHBHO YIIPABIATH MPOIlECCAMH TOTYUYEHHS
IPOIYKTOB TepMOJECTPyKUUHU. Tak, MexaHudeckas oOpabOTKM OypbIX Yriield NPUBOIUT K
CYIIECTBEHHBIM XMMHYECKUM W3MEHEHUSIM UX CTPYKTYphl, KOTOpPHIE B CBOIO Ouepeidb
OKa3bIBAIOT BIIMSHHUE B MpOIlecCe KaTaIUTUYECKOM THAPOTeHU3allud Ha XapaKTePUCTUKHU
MOJTy4aeMbIX IPOAYKTOB.

B nokmame mpuBeneHB pe3yNbTAaThl HMCCIACAOBAaHUS BIUSHUS TPEIBAPUTEILHON
00paboOTKH YISl MyTEeM MEXaHWYECKHX BO3JCHCTBHIA Ha €r0 XapaKTEPUCTUKH B IPOIECCE
ruaporeHu3anuu. B kadecTBe — KaTaau3aTOpOB — HCIOJNB30BAINCH MPUPOIHBIE OOKCHUTHI
(FeO +Fe,0s: 23,7 %, Si0:5,1 %, Al,0s:5,1 % wu np.).

Jliss BBISIBICHUS BJIVMSIHHSIT MEXAHMUYECKON aKTHBAIMM HAa TMPOILECC THUAPOTCHU3AINH
UCXOJHBIA YTOjb HW3MENbYaId B HIAPOBOM MeNbHHIE. MexaHW4ecKyto o0paloTKy yriis
npoBogwin B Teuenue 15, 30, 60 munyT. [Ipornecc MexaHMYECKOW aKTUBAIMU YIJIEH — 3TO
UX U3METbYCHUE, MPUBOASIIEE K YBEIMUCHHUIO YIETbHON MOBEPXHOCTH 33 CUET YMEHBIICHUS
pa3MepoB YaCTHUIl M BCKPBITUSL HEJOCTYMHBIX paHee mop. [Ipy MHTEHCMBHOM MEXaHUYECKOM
BO3JICUCTBUM HAa Yrojb, HApsAAy C JIUCIEPTUPOBAHMEM MPOUCXOJUT  MX AaKTHUBAIHS,
COTPOBOXKAAIOIIASACS 3HAYUTENbHBIMU CTPYKTYPHBIMH H3MEHEHUSIMU OPraHU4YeCKOW MaccChl
yras (OMY). IlokazaHo, 4TO TpU TUAPOTCHHU3AIMH JUCIEPTHPOBAHHBIX YITIEH BBIXOJ
KHUJIKUX TPOJYKTOB Bo3pacTaeT (Tabmumal).

MakcumanbHblii BbIXOJ HaOmomaercss npu 30 MuHyTHOM 00paboTke. JlanmpHeliee
U3MEbUYCHNUE YTJS HE BIMAET Ha BBIXOJ XHUAKUX MPOAYKTOB. OYeBUAHO, MpU OOJIBIIUX

BPEMCHAX MCXAHOAKTHUBAIIUU B OTUX YCIIOBHUAX YCTAHABJIMNBACTCA JUHAMUYCCKOC PABHOBCCHUC!
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CKOPOCTh O00pa30BaHMsS CBOOOJHBIX PATUKAJIOB 32 CUET MEXAHOAECTPYKIMH CTaHOBUTCS

COI/I3MepI/IMOI>'I CO CKOPOCTBHIO UX peKOM6I/IHaHI/II/I.

Tabmma 1
BnusiHue Mexannueckoi 00pabOTKH yIiisi HA BBIXOJ XKHIKUX MPOIYKTOB

(T=420 °C, =15 mun, m, (6oxcut-094) = 0,671)

Bpems Praxs BpIxona KUIKHUX IPOLYKTOB, Beixon | Beixox | Ilore-
obpabotku, | Mlla Mac. % rasa, 1Jrama, pH,
MUH. Ho 180- | 250- - Mac. Mmac. Mac.
180°C | 250°C | 320°C % % %

0 2,8 12,8 10,3 25,8 48,9 12,0 36,5 2,6

15 3,0 13,2 13,0 25,7 51,9 13,8 30,5 3,8

30 3,1 14,2 12,4 27,9 54,5 13,9 27,7 3,9

60 3,2 13,9 10,7 28,1 52,7 13,2 30,4 3,7

006 »stOM CBHUICTCIILCTBYCT HCCICAOBAHUC ITapaMarHUTHBIX CBOMCTB HUCXOOAHOI'O H

IPEIBapUTENBHO TUCHIEPrUpoBaHHbIX yriei ( merox DIIP, tabnuua 2).

Tabnuua 2
[TapameTpsl cnekTpoB DIIP HCXOAHOTO YIS U [TOCIe MEXaHOOOpabOTKH
Bpewmsa [lIvprHa nuHuwM, Konuentpanusa CPC,
aKTHBAIUY, 3pcTeabl N'10" crmm/r g-thakrop
MUH
0 4,0 1,9 2,0021
15 4,1 23 2,0022
30 4,5 2,7 2,0018
60 4,4 2,4 2,0026

AHanu3 3TUX M3MEpPEeHHUH IOKa3bIBaeT, UYTO B pe3yJibTaTe MEXaHW4YecKod 00padoTku
HaOJro1aeTcsl yBEIMUYCHHE KOHIGHTpauuu cBoOogHOpanukanbHbiXx cocrostauil (CPC) B
3aBUCHUMOCTH OT BpPEMEHHM €ro axkTuBaluu. B akTuBUpoBaHHOM B TeueHue 60 MUH yrie
HaOmogaeTcs: cHwkenrne koHreHTpamuun CPC. DTo CBHUAECTENBCTBYET O TOM, YTO IpH Oojee
IPOIOJKUTENBHON 00pabOTKe YIJIsl MPOUCXOAUT PEKOMOMHALIUS 00pa3yromuXcs CBOOOAHBIX
pagukanoB. Metogom OIIP OblT0 Takke BBISBICHO YBEIMYCHHE KOHICHTPAIMM HOHOB
TPEXBAJICHTHOIO JK€JI€3a, COACPKALIETOCA B yIJIE.

OCHOBHBIMM KaTalIM3aTOPaMHM PpACLICIUICHUS YTOJBHBIX MAaKpPOMOJIEKYJ SIBISIOTCS
coeMHEeHHs kene3a, riaBHbIM oOpasom Fe (III). B munepanbHoil wactu yrieil cogeputcs

no ~ 20% oxcugo Fe (ILII ). Ilpm MexaHoakTHBAaLWU YISl HaOJIOJAeTCs YBEIHMUYCHHE
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KOHLOCHTpAUK TPEXBAJICHTHOIO JKEJI€3a, TO C€CTb YaCThb IKEC€JIC3a, HaAXOoJAJgIasacCsa B
ABYXBAJICHTHOM COCTOSIHHUH, B PE3YJILTATC MCXAHOAKTUBAIIUU OKUCIIICTCS B TPECXBAJICHTHOC,
YTO MOJOXKHUTCIILHO BJIMACT HA MMPOLECCC TUAPOIrCHU3AIUN U IPUBOJAT K BO3PACTAHUIO BbIXOJa

KUAKUX MpoaykToB[1-3].

Jlureparypa

1 Jlebenera B.B., Xpenkosa T.M., ['onnenko H.JI. Xumus tBepaoro torumaa.-1978.-Neb.-
C.144-146.

2 TlonyGennea M.®., /lyranoBa B.B., baxxenoB b.A.,Muxaiinenko I'.A. Xumus TBepa0ro
tormmBa.-1997. -Ne 6.-C. 62-70.

3 Kaup6ekon XK.K., fxynosa D. H., Kaup6exos A.K., Emosa XX.T., Abnaiixan A.
Becthuk Ka3l'V. Cepus xumuueckas. —2000. -Ne 1.—C. 26-33.
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FCC GASOLINE SULFUR REDUCTION ADDITIVES: ACTIVITY AND
MECHANISMS
Travert A., Can F., Mahjoubi F., Maugé F., Hu R.*, Wormsbecher R.F.}

Laboratoire Catalyse et Spectrochimie, UMR CNRS - ENSICAEN, Caen, France
'W.R. Grace & Co.- Conn. 7500 Grace Drive Columbia, MD 21044 USA
E-mail: arnaud.travert@ensicaen.fr

Desulfurization activity of gasoline sulfur reduction additives (GSR) based on Zn/Al,O;
have been evaluated in the cracking of model and regular FCC feeds in a SCT-MAT unit.
This additive did not significantly change the selectivity of the cracking catalyst but
significantly reduced gasoline sulfur contents. The mechanism of sulfur reduction by
Zn/Al,Os3 has been further investigated using infrared spectroscopy at reaction conditions
close to those used in FCC.

Catalytic cracking units account for one third of the gasoline pool but are at the origin of
90 % of gasoline sulfur [1]. The use of GSR additives (Gasoline Sulfur Reduction) with the
FCC catalyst allows to significantly reduce sulfur content of the gasoline cut. In this
communication, the effect of Zn/Al,Os [2, 3] additives is evaluated in the cracking of model
(hexadecane-hexylthiophene) and regular FCC feeds in a Short Contact Time Microactivity
Test unit (SCT-MAT). The mechanism of sulfur reduction by these additives has been further
investigated using infrared spectroscopy at reaction conditions (operando) close to those used
in FCC.

Blending Zn/Al,O5 additive with the FCC catalyst does not significantly change cracking
selectivities. On the other hand, a significant decrease of the sulfur content of the gasoline cut
is observed. This additive allow to completely eliminate tetrahydrothiophene (THT) and to
significantly reduce thiophene as well as light alkylthiophenes. Zn/Al,O5 additive itself is
very active and selective for THT catalytic decomposition, leading to butadiene and H,S.
Essential spectral features occurring on the surface during the reaction are perturbation of
surface OH groups due to hydrogen bond formation and continuous increase of intensity of
bands at 1560 and 1450 cm™ (Figure 1B). Identical species are formed by butadiene alone,
showing that during THT decomposition, they are formed by reaction of the product
(butadiene) on the surface. Isotopic O'%/0'® exchange of surface oxygen of the catalysts allow
us to assign these bands to v(CO) stretching vibrations of carboxylate species. Catalyst
deactivation is correlated with the amount of carboxylates accumulated on the surface,
showing that such species poison active sites for THT decomposition. The participation of

Lewis acid sites to the reaction has been directly evidenced in operando conditions: pyridine
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adsorption show that strongly coordinated pyridine leads to a poisoning of the catalyst.
Besides, the correlation between deactivation and surface carboxylates accumulation indicates
that basic oxygen atoms are also involved in the reaction mechanism. Our results suggest that
Lewis acid-base pairs are active sites for THT decomposition on Zn/Al,O; additives. We
propose that decomposition mechanism of THT proceeds by strong coordination of THT on
Lewis acid sites through the sulfur atom followed C-S bond breaking (beta-elimination
mechanism). This leads to the formation of a surface thiolate which is easily transformed into
butadiene by subsequent C-S cleavage, sulfur being released in the form of H,S.

Contrary to THT, thiophene shows minute reactivity on Zn/Al,Os. This contrasts SCT-
MAT results that show that Zn/Al,Os blended with a FCC catalyst is effective to reduce
thiophene and alkylthiophenes. As outlined in the literature, hydrogen transfer (HT) to

thiophenic compounds is the main route for their desulfurization by the FCC catalyst.

R R
4 i& - 3 —— RC, + H,S
S HT S

cracking

Scheme 1

At reaction conditions, the cracking catalyst essentially gives rise to THT
dehydrogenation, leading to thiophene whereas Zn/Al,O; is more active and much more
selective for THT decomposition (95 % vs. 45 %). Our results thus show that in actual FCC
conditions, Zn/Al,O;3 additives lead to a reduction of gasoline thiophenic compounds by an
efficient decomposition of tetrahydrothiophenes produced by hydrogen transfer on the FCC
catalyst.

References:

1 Habib Jr., E. T.; Zhao, X.; Yaluris, G.; Cheng, W. C.; Boock, L. T.; Gilson, J. P., in
Zeolites for Cleaner Technologies Ed. Guisnet, M.; Gilson, J. P. (Imperial College Press,
London, 2002), 105.

2 Kim, G.; Wormsbecher, R. F. US Patent 5,376,608, (1994).

3 Hu, R.; Zhao, X.; Wormsbecher, R. F.; Ziebarth, M. S.; US patent application US
2005/0205464 A1 (2005).

4 Chester, W. C.; Roberie, T.; Timkent, H. K. C.; Ziebarth, M. S.; US patent application
US 2002/0179498 A1 (2002).
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NOVEL HETEROGENIZED NICKEL CATALYSTS IN THE REACTIONS WITH
NORBORNADIENE PARTICIPATION
Flid V.R., Dmitriev D.V., Leont’eva S.V., Katsman E.A.

Lomonosov Moscow State Academy of Fine Chemical Technology, Moscow, Russia
E-mail: vilid@rol.ru

HOBBIE 'ETEPOTEHU3UPOBAHHBIE HUKEJIEBBIE KATAJIU3ATOPBI
PEAKIIMHU C YHACTHEM HOPBOPHA/IUEHA

®aug B.P., iImutpues /I.B., JleontbeBa C.B., Kaipqman E.A.

MocKkoBCKasi rOCy1apCTBEHHAs aKaIeMHUsI TOHKOM XUMUYECKOU TEXHOJIOTHHU
M. M.B. JlomoHocoBa, MockBa
E-mail: vilid@rol.ru

Comumepuszanust HopOopHanuena (HBJ]) ¢ ¢yHKIMoOHaIRHO 3aMEICHHBIMU alKeHAMU
ABJIIETCS ~ NEPCIEKTUBHBIM  CIHOCOOOM  MOJYYEHHS  HOBBIX  MOJU(UIIMPOBAHHBIX
KapOOLUKINYECKUX CTPYKTYD, UMEIOLINX MIUPOKKEe o0IacTu npuMeHenus. Peanuzanus Takux
peakuuili B OJHY TEXHOJOTHYECKYI0 CTaJMI0 BechMa 3aTpyaHeHa. Tem He MeHee, B
NPUCYTCTBUM  TOMOT€HHBIX  HHUKENEBBIX  KaTajdu3aTOpOB  YJAeTCs  OCYILECTBUTH
conumepuszanio HBJl ¢ onepunamm, ABoiHas CBA3b KOTOPBIX aKTUBUPOBAHA CHJIbBHBIM
3JIEKTPOHOAKIENTOPHBIM 3aMecTuTeneM. Tak, B peakuuu HBJ[ ¢ MeTUIBHHMIKETOHOM
(MBK)  mpoucxomur  oOpa3oBaHHE€  MPOCTPAHCTBEHHBIX  H30MEPOB  &-aleTwIl-
TeTpaI_II/IKHO[4.3.0.02’4.03’7]H0H3Ha O =un 3-aLIeTI/IJI-TpI/ILII/IKHO[4‘2.1.02’5]HOH-7-eHa 1)

(peakuus 1):

Ni-kar M
by e om 7 A2
O

C CH;3 I
O
KonuuecTBO KaTaaIuTHUYECKUX CHUCTCM, IMO3BOJAIOMIUX OCYIICCTBUTHL TAKYI0 PCAKIUIO,
OrpaHHU4YC€HO, IIPHU 3TOM OoJbIlasg UX 4acThb MMPOABISACT aKTUBHOCTL B YCJIOBUAX I'OMOI'CHHOI'O
KaTajau3a, MPUBOJIS K 00pa30BaHUIO CMECH K30- 1 dHI0-n30MepoB I [1-3].
Peanuzamus [2+2]-uukinonpucoenHeHus, MpuBoAsmero k mpoaykrty II, ormedena
TONILKO JUIS TETEPOTEeHHOTO KaTalu3aTopa, MPEACTABISIONIEIO0 COOOW XJIOPHI HHUKEIs,

HAHECEHHBIN Ha THAPOKCU]T aTFOMUHHS U BOCCTAHOBJICHHBIN TsoKENTbIMH ankaHaMu (Ciq — Cyp)
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B atMocdepe azota npu 550 °C ¢ nmocnenyromieit Mogudukaruein Tpudenmndochurom [4],
onHako coeauHeHue II, BechbMa MEPCHEKTHUBHOE KaK TMONYNPOAYKT MJisi AadbHEHIINX
MpEeBpaIeHU C y4acTHEM HANpsHKEHHOW HOPOOPHEHOBOW IBOWHON CBsI3U (JIMHEWHAs U
MeTaTe3uCHasl MOoJUMepU3alusl, aUIMJIMpOBaHWE U [1p.), oOpa3yercs B MHHOPHBIX
komunuecTBax (10 20 %).

KitoueBbiM  3Tamom  ¢GopMUpOBaHUs KAaTaau3aTOPOB TMOJOOHOTO THMA SIBISIETCA
BBICOKOTEMIIEPATypPHOE  BOCCTAHOBJICHHE COJM  HUKENS  TSKEIbIM  YIJIeBOJOPOIOM
(ckenmaTenbHO, YTOOBI Temmeparypa ero kumeHus mpesbimana 200 — 250 °C) c
OTHOBPEMEHHBIM (D OpMUpOBAaHMEM  CBsi3ed  HHUKeNb —  yraepon. VcciemoBaHus
3aKOHOMEpPHOCTEH €ero (GopMHUpPOBaHUS COBOKYMHOCTHIO (PU3UKO-XUMUYECKUX METOJI0B
MO3BOJIMJIM BBICKA3aTh MPEANOIOKEHHE O BO3MOXKHOCTH T€HEPHUPOBAHHS KapOCHOBBIX WU
KapOMIIHBIX COCIWHEHUIN HHKENs, KOTOPhIE B YCJIOBHSIX PEAKIMH CIIOCOOHBI 00pa30BHIBATH
KaTaJTUTHYSCKU aKTUBHBIC KOMIUIEKCHI [5].

Hamu pa3paGoTaH HOBBIM TEXHOJOTUYHBIM KaTaau3aTop, TMO3BOJISIIONINN TTOBBICUTH
CEJIGKTMBHOCTh 1O  HOpOOpHEHOBOMY  mpousBogHomy II, a  Takke  oOuryro
IIPOM3BOJUTENBHOCTD IIPOLIECCA COOAUMEPU3ALINH.

OOmuit TOAX0A K TEHEPUPOBAHUIO KATAJTUTUYECKH AaKTHBHBIX IIEHTPOB YUWUTHIBAET
0COOCHHOCTH MexaHu3Ma peakiuu romomauMepusarm HBJI [6-8]. On 3akmouaercs B
NpeABapUTEIIFHOM 00pa30BaHMN METAJUIOPTaHUUECKUX COEAWHEHUN BOCCTAHOBICHHOTO HUKEIS
¢ HB/l, hopmMupoBaHiM KOMILJIEKCOB OMPENICICHHOTO COCTaBa U CTPOSHHUS, M UX MOCIIEAYIOIIEM
TEPMHUUYECKOM DPAa3IoKeHUU. Takoi MOIXOJA TMO3BOJSIET MOIy4aTh MOHOSIEPHBIE KOMILIEKCHI
HUKENSI, KOTOpPbIe B JaJbHEUIIIEM CTAHOBSTCS OCHOBOM KaTaJM3aTOpoOB C 0ojee BBICOKOH
YIENbHOW aKTUBHOCTBIO M CEJIEKTUBHOCTBHIO Onaromapsi OIHOPOAHOCTH CTPYKTyphl. U3
UCXOJHBIX MeTamiopranndeckux coenuHennit Hukens (Ni(CsHs),, Ni(1,5-COD),, Ni(CsHs), u
np.) B macce HBJI dopmupyrorcst romoHopOopHarieHoBbie koMiutekesl Hukens Ni(HBJI), n
Ni(HB/l);, Haxomsmmecss B paBHOBecuH. CHHTE3 aKTHBHOTO KOMITOHEHTa KaTajlu3aTopa
npoBoawin B Bakyyme (0,5+2 [1a) unu B aTMocdepe OUUILIEHHOTO U OCYIIIEHHOTO HHEPTHOTO Ta3a
(a3oTa wm aproHa).

[Tony4yeHHbI KaTanu3aTop MCHOBITHIBAIM B peakuuu coguMmepuszaunn HBJ[I m MBK
(katamutuaeckas cuctema 1, KC-1). Kpome Toro, yuuteiBas, uro (GpocuHOBBIC JIUTAHIBI
OKa3bIBAIOT 3HAYMTENIbHOE BIMSHHE Ha 3aKOHOMepHocTH mpouecca, KC—1 gomomHuTenbHO
oOpabatbiBasiu B BakyyMe 1pu 25 °C 5KBUMOJISIPHBIM IO OTHOILIEHHIO K HUKEJIO KOJTMYECTBOM
tpudenmnpochuna (TOD) (karamurudeckas cucrtema 2, KC-2). [IpoBeneHHbIE UCTIBITAHUS

IMoKasaJii, 4TO CCJICKTHUBHOCTb pPCaKOHWH I10 HHIAWBUAYAJIBHBIM IMPOAYKTaAM MOXKET OBITh
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noBbIieHa 10 60-80 %. ITpon3BoANTENBHOCTD KaTaau3aTopa Bo3pacTaeT B 8-15 pa3, a uncio
KaTaJTUTUYECKUX IUKIOB npeBbimaet 10000, 94To sBisieTcsi HEOOBIYHO BBICOKUM ISl pEaKIni
¢ yuactueM HB/I. ITono6ubie addexTsl oTMeUeHs! Takke npu romoaumepusanuu HBJ{ u ero
KaTAJIMTHYECKOM aJUTMIINPOBAHUH.

Bbicokass aKTHBHOCTh M CEJIEKTHBHOCTH Pa3paOOTaHHBIX KAaTAIUTHYECKHX CHCTEM IIO
CPaBHEHUIO C U3BECTHBIMHU OOBSICHSETCS, TO-BUANMOMY, O0JIee paBHOMEPHBIM H OTHOPOIHBIM
pacmpesielieHHeM aTOMOB HHUKENs Ha TOBEPXHOCTH HOCHUTENS, OTCYTCTBHEM IIUPOKOTO
CHEKTpa KIAcTepOB HHUKENS WIHM JPYrHX MOJHMAIEPHBIX oOpa3oBaHuil. OueBUAHO, Takou
Croco0 TEHEpUPOBAaHWS M HAHECEHUS AKTHBHOTO KOMIIOHEHTa B BHUJE NpPEIBAPUTEIHHO
BOCCTAHOBJICHHOTO METAJIOKOMIUIEKCHOTO COCTMHEHUS MOXKET NPUBOJHWTH K pealn3aluu
MaTpu4HOro 3QdeKra — OJHOro M3 BaKHEWIIMX HANpPABICHUH MOBBIIICHUS CEIEKTHBHOCTH

XUMUYECKHUX PEAKLIHUU.

Pab6ora BemonHena npu noguep:kke PODU (rpantsr 05-03-32258 u 05-03-08134 odu-a).
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Introduction

Acetic acid (AcOH) on industrial scale is mainly produced by carbonylation of methanol
and liquid phase oxidation of ethylene and butane [1]. Gas phase oxidation of n-butenes on
VOx catalyst is also a potential route for the production of AcOH on a smaller industrial scale
of about 100 T tons per year. The mechanism of butene oxidation to AcOH is still a matter of
discussion. Seiyama et al. proposed an oxihydrative scission mechanism involving water as a
reactant [2]. In contrast, Kaneko et al. suggested a reaction mechanism without the
participation of H,O [3]. This investigation is aimed at elucidating the reaction pathway for
oxidation of 1-butene using VOx catalysts in presence and absence of water, taking in to
consideration different views from literature. The oxidation of various potential intermediates
and influence of water on reaction was studied using steady state isotopic transient kinetic

analysis (SSITKA) with periodic '*0/'°0 switching.

Experimental

VO,/SbOy/Ti0, and VOy/T10; catalysts were prepared by spray-drying of a suspension of
TiO; and suitable vanadium/ antimony precursor. The catalytic experiments were carried out
at an atmospheric pressure in a continuous flow tubular quartz-glass reactor in the
temperature range of 120 to 360 °C. The influence of various reaction conditions (residence
time, temperature and concentration of ;) on reaction was also studied. The initial
concentration of 1-butene was maintained at 1.4 %, while individual concentrations of the
dosed potential intermediates 2-butanol (BuOH), acetaldehyde (AcH), methyl ethyl ketone
(MEK) and propionaldehyde (PA) amounted to 0.12 %. '°0 and '®O streams were switched
and especially water concentration was broadly varied. A mass spectrometer (Omni-Star GSD
300 C2, Pfeiffer-Vacuum) was used for on line-analysis of reactants and oxidations products,
enabling a parallel detection of up to 80 fragments in a detection interval from 0.1-5 sec. This

system was equipped with an additional gas stream selector (GSS 300, Pfeiffer-Vacuum) to
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provide stable experimentation of analysing the reaction products. Additionally, GC and GC-
MS was also used to identify various products.

Results and Discussion

In the oxidation of 1-butene more than 30 products were identified by on line MS and
GC-MS including C;-Cs carboxylic acids and anhydrides with AcOH as main product (70 %
selectivity). Along with these products, C;-C4 alcohols, C;-C4 mono- and dicarbonyl
compounds, C;-C4 carboxylic acid and esters, butadiene, dioxolane and dioxane derivatives
and products of total oxidation were identified. It was observed that the selectivity of AcOH
increased with increase in residence time and conc. of O,. The highest selectivity of AcOH
was found in a temperature interval from 200 to 230 °C.

In the SSITKA measurements the distribution of '°O and 'O in the oxidation products
was determined after single or periodic switching of 'O to '*O. During the oxidation of 1-
butene in presence of water, it was found that the isotope transfer from O, in AcOH was fast
but limited

(Fig. 1a) The degree of isotope replacement in AcOH and in presence of H,O was app.

10 % at 160 °C and increased to 25-35 % with increase of the reaction temperature to 260 °C.

“0,<>"0,  T240C  17%HO ©0,<>"0, T 240°C  dry flow
i
a b

—————— —64

60 e 62 ——e4

ACOH(2x0") -> AcOH(0"0™) + AcOH (2x0'™®)
AcOH (2xO™®) -> AcOH (0°0™®) + AcOH (2x0™) '

MS-Intensity
MS-Intensity

7777777 /
1

0 250 500 750 1000 1250 1500 0 1000 2000 3000 4000 5000 6000
time (s) time (s)

Fig. 1: O-isotopes exchange in acetic acid (AcOH) during the oxidation of 1-butene in
presence (17%) (a) and absence (b) of water, catalyst: VOx-TiO,

These results clearly indicated that water participated in the reaction and an O-isotope
exchange took place between oxygen and adsorbed water molecules on the catalyst surface,
which limited isotope exchange during the oxidation of 1-butene in presence of H,'°O. The
water was involved in reaction steps such as the formation of 2-BuOH and/or AcOH [6].
Alternative mechanisms of the '"®O-isotope transfer during the oxidation of 1-butene in

absence and presence of water are developed.
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During the oxidation of 2-BuOH with O; in presence of water, selectivities of AcOH of
about 30 % and MEK of 10 % were obtained. On the contrary, in the oxidation of MEK under
identical reaction conditions the selectivity of AcOH formation amounted to 75 %. This
suggests that AcOH is mainly formed via MEK and not through 2-BuOH alone. The reaction
rates and selectivity of acetic acid from various reactants decreased in the temperature range
of 170 to 200 °C in the order: AcH > MEK > PA > 2.BuOH > 1-butene. Dioxolane and
dioxane derivatives formed by dimerisation of ethyloxirane (Et-Ox) and dimethyloxirane
(Di-Me-Ox), were found as intermediate products in the oxidation of 1-butene [4]. Due to
their low thermal stability, oxiranes react to MEK and n-butyl aldehyde (BA) by ring opening
reaction. Further, the formation of C4 glycols (Bu-diols) and their corresponding esters were
observed in presence of water and carboxylic acids.

The selectivity for the formation of AcOH and maleic anhydride (MA) was found to be
temperature dependent. In low temperature range from 160 to 240 °C, AcOH was
predominantly formed while at high temperature range 320 -360 °C MA was favoured., The
formation of AcOH and MA was found to be more in presence of water compared to the
reaction in absence of water. At high temperatures dehydration of C4 glycols to butadiene was
favoured leading to the formation of maleic acid and MA [5].

In conclusion AcOH is formed 1) by oxidative cleavage of MEK formed from 2-BuOH
and ii) from MEK via formation of oxiranes. Temperature and presence of water strongly
determine the formation of AcOH and other products by influencing the different pathways of

the reaction network.

This work was supported by the German Federal Ministry of Education and Research
(grant no. 03C0323C).
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OCHOBHBIMU TIPOAYKTaMHU OJIMTOMEPHU3ALMHU 0.-METUJICTUPOJIA SIBJISIOTCS, B OCHOBHOM,
JTUMEPHI JIMTHEWHOU U IUKIndecKoi cTpykTyp (I-1V): 4-metun-2,4-mudennnnented-1 (nmm o-
mumep — 1), 4-metun-2,4-nudenmnmnenten-2 (wmu  B-gumep — 1), 1,1,3-tpumernn-3-
dbenmmnaad (v nukIndeckui aumep — 1) u, B onpeneneHHbIX yeiaoBusx, nuc/Tpanc-1,3-
aumetui-1,3-mudpennnuukino-6yran (IV) [1-3]. Kpome Toro, cycTst HeKoTopoe BpeMsl mocie

Haydajia p€aKluu, B KaTajau3aTeC MOABIAIOTCA TPUMCEPHI.

H; H H
3 3
? ? = —(I: —CH=C —CH CH,
H,C—C —CH,— CH, H,.C 3 O
— : C G
H,C” CH,
I Il I

H,C=

C uenpio uccleqOBaHUs KUHETHYECKHX 3aKOHOMEPHOCTEH MpOTEeKaHHs peakiuu Oblia
IpoBeJicHa CepHUsl OMBITOB, B XOJ€ KOTOPHIX HCCIIEJOBAIIOCH BIUSHUE TEMIIEpaTyphl,
KOHIIEHTPALMU KaTalnu3aTopa 1 MpoI0JKUTEIILHOCTH OIbITa Ha KOHBEPCHUIO O.-METHUJICTHPOIIA,
BBIXOJ U COCTaB MPOJYKTOB OJIMTOMepHu3anuu. KuHeTHueckue 3aBHCHUMOCTH TONTYYECHBI B
npucytcreud neoauta NaHY ¢ M=6,0 u crenenbsto aekatnonupoBanus S3%mac.

Ha ocHoBaHMM TpOBEIEHHBIX SKCIEPUMEHTOB M aHaJIM3a JIUTEPATypPHBIX JAHHBIX
IpeyioKeHa cXeMa XUMHUYecKHux mpeBpaieHuii (1) o-merunctupona Ha neonute NaHY,
KOTOpas BKItoYaeT B ce0st 9 craauid.

Kunernueckne  ypaBHEHHs,  COOTBETCTByIOIIME  cxeMe  npeBpamenuid (1),
IPOAHAIM3UPOBAaHbl B BHUJE JBYX (PYHKIMOHAJIbHBIX 3aBHCHUMOCTEH: B paMKax 3aKoHa
neiictByromux mace (3/IM) — Bropoii cronber (1), a Takxke B BUae 3aBUCUMOCTel JIsHTMIOpa-
XunmensByga (JI-X) — tperuit cronberny (1). Ilpemmonmaraercs TOpMOXKEHHE peakUUi

HCXOJIHBIM Ol-METHJICTHPOJIOM, T.€. Z=1+b-Xj.
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1. 2X, X, W 1=K, X*-K0X, Wi Wi=(K, X, %K 0X2)/Z

2.2X, X3 W,=KoX, %K 1 X3 Wo=(Ko X, %K1 X3)/Z

32X > Xy W3=K5X,’ W3=K3X,*/Z

4. Xo & X; W4=Ku4X5-K12X3 Wi=(K4X5-K12X3)/Z

5. X0 > Xy Ws=KsX, Ws=K5X,/Z

6. X3 - Xa We=KeXs We=KX5/Z 1)
7. X5+ X > X5 W=K;X X3 W=K7XX,/Z

8. Xi+X;53— Xs Wis=KsX X3 Ws=KsXX3/Z

9. Xi+ X4 = X5 Wo=KoX X4 Wo=KoXX4/Z

Bce »skcnepuMeHTanpHbIE JaHHBIE TOJAYYEHBl B HW30TEPMHUYECKHUX YCIOBHUSX B
[IEPUOJNYECKOM  peakTope ¢ Memaukoi. JloCTaToO4HO  KOPPEKTHO  IeTEepOreHHO-
KaTaJIMTHUECKUE TIPOLIECCHl B TAaKOM pEaKTOpe MOTYT OBITh OMHUCAaHBl B MPHONMKEHUU
uaeansHoro cmemieHus. [lpu pazpaboTke MaTeMaTHUYECKOrO OMHCAHMS YYUTHIBAJIOCh TaKKe,
YTO PEAKIMH MPOTEKAOT C 3aMETHBIM YMEHBIIEHUEM YK CIIa MOJIEN pEaKIIMOHHOW CMECH.

Torma, mareMaTMdeckoe OINKCAaHUE IIPOLIECcCa OJMIOMEPHU3ALNU O-METHII-CTUPOia B

N30TCPMHUYCCKOM PCAKTOPC HUACAIBHOIO CMCIICHHUA HNPCACTABIIACTCA CUCTEeMOM ypaBHeHI/Iﬁ

(2), 3).

G

CL_T:_kzajwj=FN, §,=v,. jl..9 2)
. F—xF

dx, _F-xF, F=9ssvw, s 3)

dt N V, 5

C HaYaIbHLIMH yCIoBHAMH — t=0: x;=x;° N=I;

r7€ Xi — KOHIEHTpAIlMd KOMIIOHEHTOB (MOJBHBIE J0JN); 1= — O.-METWJICTHpOJ, 1=2 — O~
mamep, 1=3 — [B-gumep, =4 — mmKIMYecKud ammep, i=5 — Ttpumeps;; N=C/C, -
OTHOCUTEJIBbHOE M3MEHEHUE YHUCIa MOJEH PEaKIMOHHOM CMECH; Vij — CTEXHOMETPHUYECKUE
KOX(PUITUEHTHI, ompeaensseMbie cxeMoil mpeBpamiennid (1); C — MonbHas TUIOTHOCTh
peakunoHHOM cMecH; Gy — Bec Katanusaropa; V, — 00beM peakTopa; t — Bpems.

C momotrpio MaTemMaTHueckoro omucanus (2)-(3) ¢ kuHeTHueckuMu ypaBHeHusMu (1)
perieHa oOpaTHasi KMHETHYECKas 3aJada U HaWIEHBbl YMCICHHBIC 3HAYCHUS KHHETUYCCKUX
napameTpoB. CpaBHEHHE PACUYCTHBIX M IKCIICPUMCHTAIBHBIX JAHHBIX MPHUBEACHO B Tabm.l.
ToyHOCTh OMUCAaHUS DSKCHEPUMEHTANbHBIX JAaHHBIX [0 HW3MEHEHHI0 KOHIEHTpalui
KOMIIOHEHTOB HAXOJHUTCS B Mpejaenax MOTPENIHOCTH KOJIMYECTBEHHOTO aHalu3a Kak it

KHHETUYECKOW Mozienu ¢ ypaBHeHUAMHU 3/IM, Tak u ypaBHeHusiMu JI-X.
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OnHako mpu YBENMYEHHHM cOAEpKaHMs Karaimuzaropa a0 10% mac. W NOBBIIEHHS

temnepatypbl g0 100 °C, T.e. B YCIOBHUSX TPEAINONAraeMoil MPaKTH-YECKON peann3aluu

npoliecca, KHHETHYECKUE ypaBHEHHs B BUJE 3aBUcUMOcCTel JIsHrMiopa-XuHIeabpByja 6omee

TOYHO OINHMCBLIBAIOT JAHHBIC SKCIICPUMCHTA. H03TOMy npu mnocjacayromeM MOACINPOBAHUA

mponecca nNpeAmnojaracTcsa ux UCIOJIb30BaHUC.

Tabmauua 1
Bpewms X Xot X3 X4
(1) OneIT ‘ 3AM ‘ JI-X' | OmbIT ‘ 3AM ‘ JI- X' | OnsIT ‘ 3AM ‘ JI-X
80°C, 5 %(mac.) KaTamusaropa
0,5 58,6 68,7 69,1 35,5 28,3 28,3 2,0 1,6 2,0
1,0 51,1 51,9 52,5 42,2 42,5 42,0 2,4 2.5 3,1
2,0 41,0 34,5 35,3 51,1 56,3 56,4 3,1 3,4 4,3
3,0 31,1 25,8 26,5 59,6 62,8 63,1 3,1 3,9 5,0
80°C, 10 %(mac.) kaTaamusaropa
0,5 39,2 46,3 44.4 50,3 51,6 50,3 3,2 3,1 3,0
1,0 30,1 26,8 27,8 58,6 64,3 63,6 4,0 4,0 4,0
2,0 17,3 15,2 15,5 70,5 72,5 72,1 4,6 4,7 4,8
3,0 10,0 10,5 10,5 77,3 75,3 74,5 5,1 5,0 5,2
90°C, 5 %(mac.) KaTamusaropa
0,5 38,7 40,9 43,8 49,8 52,3 50,2 6,5 5,3 5,0
1,0 27,5 25,5 26,4 60,1 65,0 64,7 6,6 6,6 6,5
2,0 14,4 14,4 14,1 73,2 73,2 73,9 7,1 7,6 7,6
3,0 7,8 9,8 9,4 78,0 75,9 76,8 8,0 8,0 8,1
90°C, 10 %(mac.) karaausaropa
0,5 35,3 38,9 35,5 50,8 52,2 54,7 6,9 5,8 6,3
1,0 23,1 22,5 21,3 62,4 64,1 65,0 7,2 7,4 7,7
2,0 11,5 11,5 11,5 70,3 70,3 70,3 7,8 8,5 8,7
3,0 5,1 7,4 7,7 74,7 71,4 71,3 9,2 8,9 9,2
100°C, 5 %(mac.) kaTaam3aTropa
0,5 29,1 24,7 29,1 59,8 64,7 62,2 6,6 7,7 7,2
1,0 12,4 13,8 12,2 72,1 72,4 75,6 8,9 8,9 8,9
2,0 2,0 7,1 4,3 80,6 75,8 80,2 10,1 9,8 9,8
3,0 1,0 4,6 2,3 80,6 76,0 80,4 11,2 10,4 10,1
100°C, 10 %(mac.) karanusaropa
0,5 9,0 9,5 9,4 75,2 74,7 75,1 10,2 11,3 12,4
1,0 5,1 4,8 4,7 77,5 77,3 76,6 11,7 12,8 14,1
2,0 3,2 2,2 2,3 73,0 74,8 74,5 17,1 15,7 16,6
3,0 1,0 1,3 1,5 72,3 71,0 71,8 18,9 18,9 18,6
JIureparypa

—
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Pa3zpaboTanel MeTOOBI CHHTE3a HOBOTO CEMEWCTBA XENATHPYIOUIMX MOHO- W
HOJIMJICHTATHBIX AaXUPANbHBIX JIMTAHJOB U3 psjna amuHo-O0uc(l,l-mudenunnstanona). C ux
y4acTHEM I0JTy4eHbl KOOPAMHAIIMOHHBIE COEIMHEHUS, B COCTaB KOTOPBHIX BXOJAT OJUH U JBa
aToMa MeTajljla ¢ caMoi pazHooOpa3Hol cuMmmeTpueil mosekys. Cocra, CTpoeHHE, (PU3UKO-
XMMHYECKHE W XHMHYECKHE CBOMCTBA CHHTE3MPOBAHHBIX COCIMHEHUH  HM3Yy4EHBI
COBPEMEHHBIMU METO/aMH  (U3UKO-XUMHYECKOTO aHaIM3a M METOJaMU CTPYKTYpHOTO
ananu3a. [IpoBeseHbl neTaqbHbIE UCCIEIOBAHUS MO0 TECTUPOBAHHMIO BCEX CHHTE3MPOBAHHBIX
KOMILUIEKCOB THTAaHA C TMOJYYCHHBIMH KOMIUIEKCAMH Ha KaTaJIMTUYECKYI0 aKTHBHOCTH B
NOJIMMEpHU3allMy  3TWJIIEHA B TOMOTCHHBIX YCIOBHAX. l3ydeHO BIHMSHHE CTPYKTYpPHI
KOMIUIEKCA, COOTHOLICHUSI KOHIIEHTPAIU METHJIATIOMOKCaHa, TEMIIEPATyp U KOHIIEHTpaui
KOMIIJIEKCOB U CyOCTPaToOB Ha yIENbHYI0 aKTUBHOCTb CHHTE3UPOBAHHBIX KOMIUIEKCOB.

JUJ1st TOITyYeHHBIX KOOPAMHAIMOHHBIX COSAMHEHUH ¢ aMrHO-0uc(1,1-mudenmmranonom)
UCCIIEOBAaHbl KHHETHYECKHE 3aBHCHMOCTH CKOPOCTH 0Opa3oBaHMS IOJNOJIE(HUHOB OT
BPEMEHH, TEMIIepaTypbl, COOTHOIIEHUS MCXOIHBIX KOMIIOHEHTOB. YCTAaHOBIJIEHO, YTO
yBenuueHue MosbHOro oTHomeHus: AIMAO/Ti B HUX CONPOBOXKIAETCS MOCTEICHHBIM

pPOCTOM aKTUBHOCTH, KOTOpast cTabmimm3upyercst mpu oTHoreHuu 1050.
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HJ’IH O9TUX CHCTEM IIOJTYYCHBI HMMOOMJIN30BaHHbIE KaTaJUTHYECKHE CUCTEMBI, C
HCIIOJIB30BaHHUECM XeMOCOp6eHTa, COACPKAIUICTO aMHUHOIPYIIILY. ZL]'IH 9TOro HCIIOJIb30BaIn

HCCKOJIBKO MOAXO0A0B, OJUH U3 KOTOPLIX NPHUBCACH HUIKC:

SiO, SiO, SiO,

i0,

n

[IpoBenena cpaBHUTENBHAS OLIEHKA KMHETHKH TOJIMMEPH3AIMY THIICHA W TPOIMJICHA Ha
UMMOOWIM30BAaHHBIX M TOMOTEHHBIX CHUCTEMaxX IMpPH MPOYUX PABHBIX YCIOBUSX U C
M3MEHEHHEM TeMIIePaTyphl MOJTMMEPU3AIIIH.

PaGora BeimonHena npu ¢uHaHCOBOM moanepxkke PODU (rpant Ne 05-03-32771-a u

04-03-08018 ocput_a).
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Peakuun apoMaTH4eCKMX M30LIMAHATOB NPEACTABISAIOT MHTEPEC NS MCCIEAO0BaTElNed B
CBSI3M C MX CIIOCOOHOCTbIO K MHOTOYHCICHHBIM B3aWMOJICHCTBUSAM, NPUBOIAIIUM K
(GopMUPOBAaHHIO TMPOAYKTOB pa3inyHOW mpupoabl. Haubosnee mmpokuil Kpyr peaxuuit
OCHOBAaH Ha CIIOCOOHOCTHM M30LMAHATHBIX TPYII PACKPBIBATHCSA IO MOJIMMEPU3ALUOHHOMY
tuny. M3onnanaTel OTHOCATCS K KJIACCY HEHACBIIEHHBIX COCOUHEHUN C KyMYJIMPOBaHHBIMU
JBOMHBIMU CBSI3IMU. DJIEKTPOHHAs MIIOTHOCTh B NCO-rpynme pacnpeneneHa Tak, 4to a3oT U
KHCJIOPO/  00JalaloT 3IIEKTPOHOJOHOPHBIMH, a YIJEpOX - DIEKTPOHOAKIENTOPHBIMU
cBoricTBamu. DHeprus cBs3u C=0 coctasmset 3aech 635 kJx/Moib, a C=N - 375 kJ[>x/MOb.
HmenHo Gnarogapsi 3ToMy 0OCTOSTENbCTBY HCCIIEAOBATENIIMU OOHAPYKUBAETCSI B OCHOBHOM
dakT packpbiTus u3omMaHaTHOM rpynnbsl o N=C cBs3u. Bmecre ¢ Tem, cymecTByroT
eMHUYHbIE MyOJIMKalUK, I€ ONUCHIBAIOTCS PEaKLUU, B KOTOPHIX MPOUCXOJUT PACKPBITHE
KapOOHWJIBHOW COCTABJISIONIEH M30ITMAHATHON TPYyNIbl. Peakius MOKeT OCYIIECTBIATHCS O
KaTHOHHOMY WJIM [0 aHMOHHOMY MexaHu3My. Haubosee M3y4yeHHbIM M NPOTHO3UPYEMBIM

ABJISICTCS AHUOHHOC MHUIITUUPOBAHUC.

B nmanHOit paboTe uW3ydyeHa BO3MOXHOCTb HMHHMLMUPOBAHMS  MOJMMEPU3ALUU
apoOMaTUYECKUX M30I[MAHATOB C Pa3pbIBOM M30IMAHATHBIX TPYII 1o kapoonmny. Ilocnennee
0Ka3aJIOCh BO3MOXXHBIM B p€3yJIbTaTe MCIIOJIb30BAHMS B KAUECTBE MHUIIMATOPOB AJIKOTOJISITOB
LICJIOYHBIX METAUIOB B YCIOBHUAX ACCOLMHUPOBAHUSA TMAPOKCHIBHBIX TPYII MCIOIb3YEMbIX
3nech cokaranuzaropoB. Ha ocHoBanumm WK-cnekTpockonmuueckux HcciaeoBaHUN ObLIO

IIOKa3aHo, 4YTO B BLIGpaHHBIX PCAKIIMOHHBIX YCJIOBHAX YaCTb HW30LHMAHATHBIX TPYIII
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packpbeIBaeTcs IO KapOOHWIy C 00pa3oBaHHEM OKCOAaHMOHOB H  (opMUpOBaHHEM
MOJIMU30IIMAHATHBIX 3BEHBEB alleTAIbHON MpupoAbl. Tak, B CHeKTpax ObUTH OOHApy>KEHBI

-1 _ o

nosiockl 1675 cM ', cooTBeTcTBYIOMMUE KoneOanusiMm N=C CBSI3U U MOSIBJICHHE HOBOW TOJOCHI

-1 o o o o
B obmactu 1175 cMm™, cBA3aHHOM ¢ KosneOaHUSMU OOpa3yrolIeics 37ech NPOCTOW IPUPHOI
rpynnbl. C MOSBIEHUEM acCCOLMHUPOBAHHBIX (OPM THAPOKCHIBHBIX TPYNI U IO Mepe

-1 o
YMEHBIIICHUS WHTEHCHUBHOCTHM TONOCHl 2275 cM', COOTBETCTBYIOIIEH KOJIeOaHUSIM
M30I[MaHATHBIX TPYIIN, BO3HUKAET U HaYMHAET PACTH HOBas OYEHb y3Kas IMOJoca B 00IAcTH
-1 -1

2336 cm . Ilomoca 2336 cM™ ObllIa OTHECEHA HAaMU K BaJeHTHBIM KoyieOanusM N=C cBs3u,
Haxomsmelicss B 00NAacTH BO3JMEHCTBHSA JICNIOKAIM30BAHHOTO OTPHIATEIILHOTO 3apsija
COCEJICTBYIOIIET0 OKCOaHNOHA. TO ecTh, BaJIeHTHbIE KOJeOaHUs 3TOW IPyIIbl aHATOTHYHBI 110
cune ocuwusitopa N=C cBS3M H30LMAHATHOW TPYNIbl, HO BCIEACTBUE OTCYTCTBHS
COMPSKEHHOTO C HeW KapOOHMIA SBISIOTCS 3HAUUTEIBHO MEHEe HWHTCHCHBHBIMHU, a

COOTBCTCTBYIOIIHEC UM IMOJIOCBI HCMHOT'O CMCIICHHBIMHA B BBICOKOYACTOTHYIO 001aCTh.

[TosiBnienne xpomodopa, KOTOPBIM SBISETCS TOJUU3OIMAHATHAS TPYHIHPOBKA
aleTagbHOW MPHUPOJIBI, TPUBOJIUT K 3aMETHBIM U3MEHEHUSM JJIEKTPOHHOTO CHEKTpa. YXKe B
MepBbIe MUHYTHI IOCJIE Hayaja peakluud MPOUCXOAUT Hcue3HOoBeHue mosiocskl 45000 em! u
BO3HHKHOBeHHe nonockl 42500 cvm™'. B nanpHeimeM moioca 42500 em’! YBEJIUYUBAET CBOIO
MHTEHCHBHOCTh M CO BPEMEHEM MPOMCXOANT MOSBICHHE Iieda B obmactu 39000 cm.
DNEKTPOHHBINA CIIEKTP TOATBEPKIACT, TAKUM 00pa3oM, 00pa30BaHUE 3/IeCh TIOTUH30IMAHATOR

aleTAIbHOW MPUPO/IBI.

N=C=0 + KO—R ——= R—0—(—01 (=0 (l%—o*K+

N N n-2 N

Tak Kak HeCTaOWIM3MPOBAHHBIH OKCOAHMOH MOKET IPHBECTH K HEOOPaTHMBIM
HpOHeCCﬂM paprmeHI/IH aliCTaJIbHOI'0 IIOJIMHU301IMaHaTa, AJId €TI0 CTa6I/IHH3aHI/IH B CI/ICTeMy
HOHI/IMepI/ISaHI/II/I BBOAUJINCH HI/ITpaTLI P39, CHOCO6HLIC O6pa3OBBIBaTB C HHM HquHYIO

KOBAJICHTHYIO CBA3b. IlosBnenue CIICKTpa JIIOMUHCCHCHIMN Yy IIOJJUMCPHBIX IIJICHOK,

MOJIYYCHHBIX Ha OCHOBC HU3Yy4YaCMbIX [MOJIMMEPHU3AIMOHHBIX TIIPOLHECCOB B YCJIOBUAX
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MoauUKAIIMK HHUTpaTaMH dpOWsi, TMOATBEP)KIAaeT BO3MOXKHOCTh OOpa30BaHUs 37ECh

JIOBOJIBHO MPOTSHDKEHHON MOJIMU30I[MAHATHON CTPYKTYPbI alleTaIbHON MPUPO/IBI.

VYcTaHOBNEHBl pEaKIMOHHBIE YCJIOBUSA, IMPU KOTOPBIX 0Opasyroluecss OKCOAHHOHBI
OPUBOJAT K MHULMHUPOBAHUIO PEAKIIMU COMOJUMEpPU3AIMH apOMATUYECKUX H3OIHMAHATOB C

HNUKIIMYCCKUMHU OPraHONUKIIOCUIIOKCAaHaAMMU.
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TITANIUM-MAGNESIUM CATALYSTS IN THE PROCESSES OF OLEFINS AND
DIENES POLYMERIZATION

Mushina E.A., Smetannikov O.V., Chinova M.S., Podolsky Yu.Ya., Antipov E.M.,
Frolov V.M.

A.V. Topchiev Institute of Petrochemical Synthesis RAS, Moscow, Russia
E-mail: mushina@ips.ac.ru

TUTAH-MATI'HUEBBIE KATAJIM3ATOPBI B IIPOHECCAX ITIOJIMMEPU3ALINN
OJE®HUHOB U ITUEHOB

Mvmuna E.A., CmeranaukoB O.B., Ynnosa M.C., Ilogoabckuii FO.51.,
AnTnnos E.M., ®po.ioB B.M.

Wucturyt HepTexummyeckoro cuareza uM. A.B. TommuneBa PAH, Mocksa
E-mail: mushina@ips.ac.ru

Co3nanbl BbICOKOI()()EKTUBHBIE KATATUTHUUECKHE CUCTEMbl U KOMIIO3MIIMHM HAa OCHOBE
TUTAH-MarHUeBBIX KaTaJIM3aTOPOB JUISl MOJUMEpPHU3ALUKN 0JIe(UHOB U JHUEHOB, a TAKXKe JUIS
NOJYYCHUSI MX COIOJUMEPOB M BBICOKOJIUCIIEPCHBIX IOJMMEPHBIX cMmeceil. Paspabotan
HOBBIl OpPUTMHAIbHBIA METOJ NIPUTOTOBJIEHMSI TUTaH-MarHUeBbIX KaTanuzatopoB (TMK),
OCHOBAHHBIN Ha CIIOCOOHOCTH BOCCTAHOBJICHHSI XJIOPUAOB TUTaHA METANINYECKUM MarHUeM B
NPUCYTCTBUM XJopankwioB. IIpoBenensl pentreHoctpykrypHele U HK-cnekrpanbHbie
UCCIICIOBAaHUS CHHTE3MPOBAHHBIX KaTainu3aTopoB. HoBbBI cmoco0 monydyeHus TUTaH-
MarHueBOro KaTalu3aTopa XapaKTepU3yeTCs BBICOKOW BOCIPOU3BOJMMOCTBIO, IO3BOJISET
BapbUPOBATh B IMIMPOKHUX MPELIIax COOTHOIICHHE Mex 1y MeTamutamu (Ti/Mg).

B pabotre mpenacraBieHsl TpU HANpaBiEHUS HCIOJIB30BAaHUS TUTAaH-MarHUEBBIX
KaTaJau3aToOpOB:

- TIPOIECC MOTMMEPHU3AINH U COMOTMMEPHU3AINH 0JIC(hUHOB U TUCHOB;

- TOJIMMEpHU3alusl JHECHOB M CONOJUMEpPH3AlMs HX CO CTHPOJOM B IPUCYTCTBUU
OJIUTOIMEHWIIbHBIX KOMIUIEKCOB MEPEXOIHBIX METAIIOB (TUTaH, HUKEIb, KOOAIBT, IUPKOHUIN)
B coueTannu ¢ TMK Kkak 371€KTpOHOAKIENTOPHBIM COETUHEHUEM;

- OusnepHble U UMMOOWIM30BaHHBIE HA HEOPraHMYECKOM HOCHUTEJE KaTalu3aTopbl Ha
ocHoBe TMK © OJMTrOIMEHWIBHBIX KOMILUIEKCOB IMEPEXOAHBIX METAJUIOB B IMIPOIECCe
HOJMMEPHU3aMU OJIC(PUHOB U TUESHOB.

Hamu BrmepBble yCTaHOBJEHO, 4TO CHHTe3MpoBaHHble HamMu TMK B kxoMOMHanuu c
TPUATKUIIATIOMUHUEM TPOSIBIIIOT BBICOKYIO aKTUBHOCTD B TPaHC-TIOJIMMEpPU3alluu OyTaaueHa

[1] m wm3ompena u wux cononumepusanuu. [Ipu >TOM mnpouecc HE CONMpPOBOKAACTCA
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oOpa3oBaHueM onuroMepoB. IIpoBeneHa onTUMM3anus Mpolecca MOJYyYCHHUs YHUKAJIbHOTO
TEpPMOIIACTUYHOTO MaTepHuaja - CHHTeTHYecKoW ryrranepuu (1,4-TpaHc-mONMU30IpEHA) C
ucnoas3oBannem TMK [2].

BnepBbie moxazaHa BBICOKas AaKTUBHOCTb THUTAH-aJIOMUHUN  OJMIOJWEHUIBHOIO
KOMILJIEKCa B Ipolieccax MOJIMMEepU3aluu OyTaJueHa U CTUPOJIa U UX CONOJIMMEpPU3ALUU B
coyeranuu ¢ TMK kak 3J€KTpOHOAKLENTOPHBIM COEAMHEHHEM. M3ydeHO BIHMSIHHE COCTaBa
MOHOMEpHON CMECH Ha MUKPOCTPYKTYpY IMOJMOyTaJueHa M cocTaB comoiumMepa. JlaHHble
JCK, HK-cneKkTpalbHOTO M PEHTTEHOCTPYKTYPHOTO HCCIIEAOBAHHS CBHIETENBCTBYIOT 00
00pa30BaHMs CTATUCTUYECKOTO COMOIUMEPA.

N3ydensl  OusiiepHble  KaTaNUTHYECKHME  CHCTEMbl,  MPEACTaBISIOIUE  COOOMH
UMMOOMJIN30BaHHBIE HAa HEOPraHMYECKOM HOCHUTENE THUTAH-MarHUeBbIE KaTalu3aTophl,
MOIU(HUIMPOBAHHBIE HUKEIb- WIM LUUPKOHUH- OJIMTOJUCHUIIBHBIMH  KOMIUICKCAMH.

HccnenoBanbsl 0COOCHHOCTH MOJIMMEPU3AIMN ATHIICHA U OyTaJiMeHa Ha 9TUX CUCTeMax |3, 4].

PaGora BemmonmHeHa mnpu nonaexkke Poccuiickoro @onma DyHIaMEHTaIbHBIX

Hccnenoanmii (2005-6 05-03-32535 u 04-03-080068-ODH).
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Polymerization, Catalysts for a New Millenium”, Edited by R. Bloom, A. Follestad,
E. Rytter, M. Tilset, M. Ystenes, Springer, Berlin, P. 327-334 (2001).
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Nasirov F.A., Novruzova F.M., Azizov A.H., Janibeyov N.F.

Institute of Petrochemical Processes of Azerbaijan National Academy of Science,
Baku, Azerbaijan
E-mail: fizulin52@rambler.ru

MEXAHMUW3M NOJIUMEPU3ALIUUA BYTA/IMUEHA B IIPUCYTCTBUHU
BU®YHKIINMOHAJIBHBIX HUKEJIb 1 KOBAJIBTCOJAEP/KALIUX
KATAJIMTUYECKUX JTUTHOCUCTEM

Hacupos ®.A., HoBpy3oBa ®.M., A3u30B A.I'., /[zkanndexos H.D.

Wucturyt HepTexummuecknx nporeccoB Hammonansroit Akanemun Hayk AzepOaiimkana,
baky, Azepbaiimxan
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Karanutuueckue mgutmocucremsl Ha ocHoBe O,0-auapuii(anKui)3aMeleHHbIX JIUTHO-
docdaros, N,N-au3aMeIeHHbIX AUTHOKApOAMAaTOB, KCAHTOTCHATOB HUKENS M KOOaibTra M
amroMuHuopranndeckux coeauHeHnit (AOC) MmposBISIOT OYeHb BBICOKYIO aKTHBHOCTH B
mpolecce MoIMMepu3aluu OyTaJaueHa.

Bricokas katanuTudeckas aKTUBHOCTH TUTHOCHUCTEM TIO3BOJWIIA HaM paboTaTh MTpH
HU3KUX KOHIEHTPAIUSAX COCTUHEHUN HUKENS U KoOanbTa (Topsaka 10°-10" MOJIB/TT) U, TEM
CaMbIM, BBISIBUTH HEKOTOPBIE paHee HE OTMEUEHHbIE 3aKOHOMEPHOCTH 00pa30BaHUs U rUOeIn
aKTUBHBIX LEHTPOB, yTO4HUTH poib AOC B mporeccax peryaupoBaHUsl MOJIEKYJIIPHOM
MacChl U MUKPOCTPYKTYPbI OTUOYTaAMEHA.

N3BecTHO, YTO aKTHUBHBIE LEHTPHI KaTaIUTUYECKHX cucTem Tumna llurmepa-Hatra st
NoJIUMEpHU3allMK  JIUEHOB  TPEIACTABISIOT  COO0OM  KOMILJIEKCHI — MPOMEKYTOUYHBIX
METAIJIOOPTaHUYECKUX COSAMHEHU, BOSHUKAIOIINE B CUCTEME B PE3yJIbTaTe aTKUINPOBAHUS
HCXOJIHOTO COeAMHEeHUsT mepexoaHoro metawa noxa nercreueM AOC. HauanbHbiil nepuop
YCKOpPEHHUs] Ha KHUHETHMYECKHMX KpPHUBBIX OOYCJIOBJIIEH TMEpPEX0I0M MEHee aKTUBHBIX
MIPOMEKYTOUHBIX ATKUIbHBIX U TUAPUIHBIX MPOU3BOIHBIX (SBISIOUIMXCA HE UCTHHHBIMH, a
MOTEHUIUATBHBIMU IIEHTPA-MH pOCTa) B OoJiee aKTHUBHBIC AIKEHWJIbHBIE LIEHTPBI, KOTOPHIE
00pa3yroTcs Moclie MPUCOCTUHEHHS TEPBOM MOJEKyJIbl MOoHOMepa mo cBsizu C-Me (akt
WHULUUPOBAHUS LIETIH) U IPUBOJAAT K BOZHUKHOBEHUIO UCTUHHBIX IICHTPOB POCTA.

O,Z[HaKO, POJIb IMPOHIECCOB o6pa3013aH1/m AJIKCHUJIBHBIX ITPOM3BOJHBIX B BO3HHMKHOBCHHUU

HHAYKOUOHHOI'O IIE€proaa HECYHICCTBCHHA, HA YTO YKa3bIBA€T OTCYTCTBUC 3aBUCUMOCTHU Tyyy OT
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[M]. MHIyKIMOHHBIN MEpHOA Ha KMHETHYECKUX KPHUBBIX OOYCIIOBJIEH MEJIEHHBIM IPOILIECCOM
B3aMMOJICHCTBHS KOMIIOHEHTOB KaTalu3aTopa, MPUBOISAIIMM K 00pa30BaHUIO MPOMEXKYTOUYHBIX
IKWIBHBIX TMPOU3BOAHBIX MEPEXOAHOr0 MeTauia. Ha 3TO yKasbIBaeT 3aBUCHUMOCTb Tyyy OT
KOHIICHTPALIMM KOMIIOHEHTOB KaTalIU3aTopa, MPOJOLKUTEIBHOCTh KOTOPOTO ONpPENeNsieTcs He
aOcomoTHRIMU 3HaueHusMH [Me] u [Al], a uUX mnpou3BeACHHWSIMHU, TPUYEM JTaHHAS
3aBUCHUMOCTh HOCUT aCHMIITOTUYECKYIO 3aBUCUMOCTh M HMEET OrpPOMHOE 3HAu€HHE Npu
MPOTHO3UPOBAHUU  KOHIICHTPALIMOHHOTO  HWHTEpBaja  KATAJIUTUYECKOM  AKTUBHOCTH
JTUTHOCHUCTEM.

OKCTpeMalibHasi ~ TEMIlepaTypHasi — 3aBUCHMOCTh ~ CKOPOCTH  THoiuMmepm3aimu — 0e3
nperBapuTeIbHOrO  (popMHMpOBaHUSI ~ Karanu3aropa  OOBACHAETCS  OMMOJIEKYJISIPHOM
JIe3aKTHUBAIMEel aKTUBHBIX IIEHTPOB, OOMajaromieil Oonbliel SHeprueil aKTHBALUMH, YeM POCT
uenv. buMonexkysnspHas [e3aKTHBAlUs LIEHTPOB SIBIIIETCSI HE EIWHCTBEHHOW peakuuei
OrpaHMYEHUS 1IETU, U 3HAYUTEJIHOE BO3PACTAHME YMCIA MOJMMEPHBIX LIeNed ¢ KOHBEpCHen
MOHOMEpA U MPHU YBEIMUYEHUH €r0 KOHIICHTPALMU YKa3bIBAET HA HAIMYKME B CUCTEME Mepeaavu
[eMd Ha MOHOMEpP, U B ATOM JUTHOCHUCTEMBl BEOYT ceOs aHaJIOTW4YHO APYTHM CHCTEMaM
(kapOoKcUIaTHBIE, alleTUIIAllETOHATHBIe, T-aJUTWIIbHBIE cucTeMbl). [lepenaya nenu Ha MOHOMeED,
KaK M3BECTHO, IPUBOMT K MOSBICHUIO KOHIIEBBIX COMPSDKEHHBIX IBOMHBIX CBSI3€H, IPUCYTCTBUE
KOTOPBIX B TOJIMMEPE JOKA3aHO pEAKIMEH CUHTE3UPOBAHHOIO MOJUMEpPa C MAJIIEMHOBBIM
AQHTUAPUAOM TMpPU MITKUX YCIoBUSAX. OIHAKO, YMCIO MOJEKYJ MaJeMHOBOIO aHTUAPHUA,
MIPUCOECTUHUBIINXCS HA OJHY NOJMMEPHYIO LIENIb MEHbIIE €JUHUIBI, YTO CBUACTEIBCTBYET O
HAIAYMM IPYTUX MyTEH Mepeadn ey, He MPUBOISAIIMX K MOSBICHUIO COTMPSKEHHBIX JBOMHBIX
CBA3€H B MOJIUMEPE.

OnHuM 13 Takux MyTeH SBISETCA OKUCIUTEIbHO-BOCCTAHOBUTEIBHOE OIPAHUYEHUE LIETIH
¢ ucnosibzoBanneM AOC. bumonekynsipHas A€3aKTUBAIUA LEHTPOB pPOCTa U OTPAHUYCHUE
nenu ¢ ydactueM AOC B3auMOCBSI3aHbI U ITOBTOPSIOTCS HEOJAHOKpATHO. B pe3ynbraTe 3THX
peaKkUuil B CUCTEME BO3PACTAET YUCIO IOJIMMEPHBIX LENEeH, MPEKPaTUBLIMX CBOW POCT IO
OMMOJIEKYIIPHOMY MEXaHHU3MYy, U B 3TOM CMBbICJE, JAHHBIA MPOLECC SBISIETCS MPOLIECCOM
OTpaHUYEHUS LEIH.

TakuMm 06pa30M, HaMH YCTAHOBJICHbI OCHOBHBLIC JJICMCHTAPHBIC CTaAWM IIPOLCCCa
MMoJIMMEPHU3all 6YTaI[I/I€Ha B TPUCYTCTBHUHU KATAIUTUYCCKUX JHUTHOCHCTCM! oboMeH
AUJO0JIMTaHI0B, AJIKUJIIMPOBAHUEC, POCT LCIIH, IICPpCaada UCu Ha MOHOMCED, 6I/IMOJ'ICKy.]'I$IpH8.5I
AC3aKTHUBALUA, OKUCIUTCIIbHO-BOCCTAHOBUTCIIBHOC  OIpaHUYCHHUC 1HOCNINHU C  YYaCTHCM
aJIIOMHHHfIOPFaHH‘ICCKOFO COCAMHCHUS.

CMBICII M3BECTHOIO W3 JIMTEPATYpPHBIX MAaTEPUAIOB M HAIIUX DSKCIIEPUMEHTAIBHBIX
pe3ynpTaToB  (paKTa CyIIECTBOBAHMS B3aUMOCBS3H MEXIY MOJEKYISIPHOW Maccol U
MUKPOCTPYKTYPOH IOJMIAUECHOB, CUHTE3UPYEMBIX HAa KOOPAWHALMOHHO-WOHHBIX CUCTEMAaX
(ueM BbIILIE MOJIEKYJISIpHAsl Macca MoJuMepa, TeM OOJIbIlle ero CTepeoperyIipHOCTb, MU JKe

Ha000POT) 710 CUX TIOP OCTABAIOCHh HEPACKPHITHIM.
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Hamu ycrtaHOBiI€HO, YTO A peanu3alMy PA3IMYHBIX BAPUAHTOB B3aMMOCBS3AHHBIX
U3MEHEHHH MOJICKYJISIPHBIX MAacC M MHKPOCTPYKTYpHI MOTUOyTaaueHa HE TOJBKO MPUPOAa
MeTajula SIBJISIeTCs CYIIECTBEHHOW, HO 0oJiee Ba)KHBIM SIBIISICTCS ONTUMAIBHOE JUISl KaXKJOTO
BapHaHTa COYETaHHE DJIEKTPOHHBIX M CTEPUUYECKHX 3(PQPEKTOB aToMa MeTalja B aKTUBHOM
LEHTpe. OTO 3HAYUT, YTO HA OJHOM M TOM K€ METAJUIE B 3aBUCUMOCTH OT CTEIEHHU €ro
OKHCJIEHHUS, a TaKXKe OT CTPYKTYpbl JIMTAHJIOB U MPUPOJbl PEAKIIMOHHON CPEllbl MOTYT ObITh
NOJy4Y€Hbl TOJUAMEHbl C pa3IUYHBIMH COUYETAHUSIMU  MOJIEKYJSIPHOM Macchl U
MUKPOCTPYKTYPBI.

3aKOH B3aMMOCBSI3U MEXIY MOJIEKYJISIPHOM Maccoi U MUKPOCTPYKTYpoil moaudyTaaueHa
MIOKA3bIBAET, YTO B CIy4yae KaTAJUTHUYECKUX CHUCTEM HA OCHOBE COEAMHEHMH MEPEXOHBIX
METaJUIOB MPaKTHUECKUI MHTEepec JUIsl CHHTE3a MOJUOyTaaueHa ¢ ONTHUMalbHO-HAPYIIEHHON
MHUKPOCTPYKTYPOH M HY>KHOH IS MepepadOTKH MOJICKYJIApHOM maccoit ([n] = 2-5) moryT
IPEJCTaBUTh JIUIIb CUCTEMbI, OOECIIEUNBAIOIINE MOJyYEHUE OUYEHb BBICOKOMOJIEKYIISIPHOTO
nojauOyTaaueHa, IMOCKOJIbKY UMEHHO Ha 3THUX CHCTeMaxX BO3MOXKHO HEOOXOIMMOE CHIDKEHHE
conepxaHus 1,4-11uc-3BeHbEB 0€3 BBIXOJA 3a HIKHHE MpPEJesibl BEIMYUMH MOJIEKYJISPHBIX
Macc, MPUTOAHBIX [UIsl HCIIOJIB30BAHMS B INUHHOW ITPOMBIIIJICHHOCTH.

COBOKYNHOCTh TOJYYEHHBIX PE3yJbTaTOB M JIMTEPATYPHBIX JAHHBIX IO3BOJIMIM HaM
IPEUIOKUTh OOIIyI0 CXeMy MEXaHHM3Ma B3aWMOCBS3aHHOTO MOJIEKYJISPHO-MAacCOBOTO U
CTEpEeOpEryIMPOBaHUS B IIPOLIECCE CUHTE3a MONINOYTaAueHa.

"MepTBHii" noxuMep

M, |,4-TpaHc-npucoOeANHEHUE M, 1,4-unc-npucoeantenue
MexanusM "KUBBIX Henei" Mexanusm "xKuBBIX Hemeii”

7 MeX
HC MeX oM
CH , N n H,-C
HC/ N Mex &, P-HC —H \C’H
n
-QH AN Il
po: HC C-H
CH=CH | o
NCcHs—CH, /CHZ )
CH = CH
cIH = CH,
H(i — MeX,
H—C —<H CH
b A/[’k/ e HC D/Mexn
/CHz -4 N
nel O Mex, .
P - CQlH, . £ P-CH, CH ,—CH,
. HC 7= \
CH=CH z N
~c ! © CH = CH
CH,—CH,
H,C = CH

P-CH,-CH-CH,-CH-MeX,

QMHOHHIP0oHdII
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Terpakuc-tuknonentaauenuy uupkonust (CsHs)sZr sBnsercs omHuMm u3 Hauboee
JNOCTYIHBIX  LMKJIONEHTAJUEHWIbHBIX  MPOM3BOAHBIX  IUpKoHusA. Ilo  gaHHBIM
peHTreHocTpykTypHoro ananusza B moJiekyie (CsHs)sZr Tpu CsHs-rpymiibl cBS3aHbI C aTOMOM
IUPKOHUS 110 1 -THIy (-cBssu Zr-C), a oJHa — 110 T|1—TI/Il'Iy (o-cBs3b Zr-C) [1, 2]. B cBs3u
co cBoeoOpasubiM cTpoeHueM (CsHs)sZr mpencraBnseTrcss HMHTEPECHBIM — HM3YUYUTh
KaTaJUTUYECKUE CBOICTBA 3TOr0 COEAMHEHHMS B MOJIMMEPU3ALMOHHBIX Mpoleccax. B
komOmHamu ¢ MAO w/wmm npyrumu cokatanm3atopamu (CsHs)sZr MokeT UCTIOIB30BaThHCS
KAaK PAacTBOPUMBIN KaTaau3aTop MOJIUMEPHU3ALMU WM COMOJIMMEpPU3AIUU 3THIICHA, a TaKKe
KaK OCHOBa J/Jisi CO3JaHMS HAHECEHHBIX ITUPKOHOIICHOBBIX KaTanu3aTopoB. [IpoBeneHHbBIE
HaMH [peBapUTENIbHbIE HCCIIEJOBAHMS TOKa3alH, YTO NpPU MOJIMMEpPHU3ALUU STUIICHA MO
nercTBreM pacTBopuMoil karamutudeckoi cucteMbl (CsHs)sZr — MAO (I) B cpene Tomyona
npu 60 °C, maBnenum stuneHa 0.5 MIla, xonnentpamuu (CsHs)sZr = 0.002 mmonws/n u
MoOJIbHOM cooTHomieHun Al/Zr = 25000 B Tteuenue 60 MHUHYT NPOU3BOJIUTEIHLHOCTH
Karanu3aTopa gocturaer 742 xr [ID/r Zr B wac. B nmanpHeimeM ObUIO TMOKa3aHO, YTO
IPOU3BOIUTEIHLHOCTh TAHHON CUCTEMBI MOXKHO YBeIHuuTh 70 2180 kr [13/r Zr B yac. Ucxons
U3 BBISBJICHHBIX OONBIINX MMOTEHIHUAIBHBIX BO3MOXKHOCTEH KAaTaJTUTHUYECKONH CHCTEMBI
(CsHs)aZr — MAO, uenpto HacTOSIIEH paOOThI SIBISUTMCH WCCIICIOBAHMS IO ONTHMHU3AINH
YCJIOBHH €€ MCTOIB30BAHMS B IPOLIECCE MOTUMEPHU3AIIMN U COTIONMMEPHU3AIINH ITUJICHA.

Terpakuc(muknonentaguenua) uupkonus (CsHs)sZr mnomywyanu B3auMoJelCTBHEM
CsHsK ¢ ZrCly B 6en3one npu cootHomeHuu peareHToB 4:1 [4]. Ilomumepusanus TuineHa

MoJ IeUCTBUEM pacTBOpuMon Katanmutuueckoi cuctemsbl (CsHs)aZr — MAO mpoBoauiacek B
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THIATEIFHO MPOMBITOM M 3BaKYHPOBAHHOM |-JIMTPOBOM pPEAaKTOpE W3 HEpKaBeloIled cTalu
1X18HIT B n30TepMUYECKUX U H300apPUUECKHUX yCIOBHSIX.

BrlnonHeHO feTanbHOE HCCIEAOBaHUE KUHETHMUYECKHMX 3aKOHOMEPHOCTEM mporecca
MOJIMMEPU3AINH STUJICHA MO JCHCTBHEM pacTBOPUMON Katanutuueckoil cucteMsl (CsHs)aZr
— MAO B cpene Tonyona npu 60 °C u nasnenuu stuneHa 0.5 Mlla. B nanbheiiem 0b110
yctaHoBieHo, uro cucrema (CsHs)sZr — MAO mnposiBisieT CpaBHUTENBHO BBICOKYIO
KaTaTUTUYECKyI0 aKTUBHOCTh U TPOU3BOAUTENHHOCTH MPHU MOJUMEPHU3AINH JTUJICHA U B
cpene rexcaHa. OlLEHOYHBIE pacyeThl IMOKA3bIBAIOT, YTO 3aMEHa TOJIyoJla Ha H-TeKCaH
NPUBOJUT K CHIDKEHHIO KOHCTaHTHI CKOpOcTH pocta nenu oT ~1500 no ~1000 n/mMoib.cek.
3T10T 3P PEKT MOKHO OOBSICHUTH CMEIIEHUEM PaBHOBECHS KOMILIEKCOOOPa30BaHMs aKTUBHBIX
HEeHTpoB nojaumepuzanuu ¢ MAO [ 3 ].

N3yyeHo Takke BIMSAHHME BOJIOPOJAA Ha aKTUBHOCTb JAHHOW KAaTaIUTHYECKOW CHCTEMBI.
VYcraHoBneHo, yTO J00aBKH BOJOPO/ia B ra30ByI0 a3y peakTopa MOTYT KaK MOBBIIIATh, TaK U
CHI)KATh MPOM3BOJAUTEIHHOCTh KaTtanu3aropa. Hanbomnee BbicOkmii abCOMOTHBIN Bbixoa 19
(79.6 T) W HauBbICIIAs MPOU3BOJIUTENBHOCTH KaranuzaTopa (2180 xr II3/r Zr B uyac)
nocturaroTcs npu coaepxkanuu 0.9 06.% H, B cMecu ¢ atriienoM. [loBeimenne conepxaHust
BOZIOpo/a B Ta3oBoil ¢aze peaktopa oT 0.9 mo 13 06. % H, mpuBOAMT K CHUKEHHUIO KakK
Bbixoga [13, Tak M MPOU3BOIUTENBHOCTU KaTajau3atopa. B To jxe Bpemsi BOJIOPOJ SBIISIETCS
3¢ (HEeKTUBHBIM PETYISITOPOM MOJIEKYISIpHOH Maccel oOpasyromierocs [19. TloBbimenue
collep’kaHusl BojopoJa B ra3oBoit ¢aze peakropa ot 0 mo 15.0 % Bemer Kk MOHOTOHHOMY
MIOBBIIICHUIO TTOKa3aTelNsi TeKydecTH paciuiaBa mponaykra (ot 0.33 mo 132 1/10 mun npu
Harpyske 0.5 MIla u Temneparype 190 °C).

Hamu wu3ydeHo Takke BIUSHHE TMPOJODKUTEIBHOCTH (DOPKOHTAKTa KOMIIOHEHTOB
KaTajau3aTopa Ha KUHETHYECKHE 3aKOHOMEPHOCTHU PACXOJOBAaHUS 3TUJIEHA B IMPOLECCE €ro
MOJIMMEPU3AIUU B CpPe/ie H-T€KCaHa U Ha Mpou3BOAUTENbHOCTh cucteMbl (CsHs)sZr — MAO.
W3 nosy4eHHBIX NaHHBIX CIENYeT, YTO U3MEHEHNE NpoaosKuTenbHOCTH (0T 0 1o 70 yacoB)
u temmeparypsl (ot 20 go 60 °C) (OpKOHTAaKTHPOBAHHUS KOMIIOHEHTOB KaTajau3aTropa B
OTCYTCTBHE 3THJICHA MPU NPOUYMX HEU3MEHHBIX YCIOBHSX, MPAKTUUYECKU HE BIUSIOT Ha
BbIxoa [ID M Ha cpenHIO NPOM3BOAUTENBHOCTH KaTalau3aTopa. OTO CBUAETEIBCTBYET O

JOCTaTOYHO BBICOKOM CTaOMIBLHOCTH aKTUBHBIX LCHTPOB B paCCManHBaCMOﬁ CHUCTEMC.

Hacrosimass pabGora BbImonHeHa mpu (uHaHCOBOW mnonaepkke Poccuiickoro donna

byHnameHTanbHbIX uccnenoanuil (mpoekt Ne 04-03-08036).

JIureparypa:
1  Kymumos B.U., bpaitnuna 3.M., bokuii H.I'., Ctpyukos 10.T. // 3. AH CCCP. Cep.
xuM. 1969. Ne 11. C. 2626.
2 Rogers R.D., Bynum R.-W., Atwood J.L. // J. Amer. Chem. Soc. 1978. V. 100. No 16
p. 5238.
Shiraki Y., Nakamoto Y., Souma Y. // J. Mol. Catal. A 2002. V. 187 p. 283
4 bopucos A. I1., Maxaes B./l. // Metannooprannueckast xumusi. 1989. T. 2. Ne 3 c. 680.
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KNHETHYECKASA HEOJHOPOJAHOCTb AKTUBHbIX HEHTPOB
TUTAHCOJAEPKAIIIUX NOHHO-KOOPAUHAIIMOHHBIX KATAJIMTUYECKHUX
CUCTEM ITPHA ITIOJIMMEPU3ALIUU U3OITPEHA
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B psine pabot [1-2], mosBHBIIKUXCS B MeYaTH B MOCIEAHEE BPEMs, ISl TOJTMMEPU3AIUN
JTUEHOB Ha JIAHTAHWUJHBIX MOHHO-KOOPIUHAIIMOHHBIX KATAIUTUYECKHX CHCTEMax IOKa3aHO
HAIMYUE HECKOJIBKMX THUIIOB AaKTUBHBIX [EHTPOB, PA3IMYAIONINXCSd KUHETHUYECKOM
AKTUBHOCTHIO. OTHOCHUTEIHHO KMHETUYECKON HEOJHOPOIHOCTH TUTAHOBBIX KATATUTHUYECKUX
CUCTEM TpH TOJUMEpPU3AlHUU H30MpEHA JTaHHBIE OTCYTCTBYIOT. [loaTomy menbio paboTh
OBLIO: HCCIIEJOBAaHME KHWHETUYECKOW HEOJHOPOJHOCTH AaKTUBHBIX IIEHTPOB THUTAHOBBIX
KATAJIMTUYECKUX CUCTEM MOHHO-KOOPJIWHALIMOHHON MOJUMEPU3ALMH U30TPEHA, HAXOXKICHUE
KMHETUYECKUX MapaMeTpoB Ipoliecca MOIUMEpPU3alnU JUIsl OTIAENbHBIX THIIOB AKTHUBHBIX
LEHTPOB M KaTATUTHUYECKON CHCTEMBI.

[TomyueHnHble METOIOM TeJb-TIPpOHHKAIONMEeH xpoMarorpadpuu My, M, moruuzonpeHa B
ciaydae  HWcmoib3oBaHMs — Karamutmueckodt  cuctembl  TiCls-Al(i-C4Ho)s  pactyTt, a
noymaucrepcHocTh  (My,/M,) yMeHbIIaeTcss TpH yBEIWYCHHUHM KOHBEPCHMH MOHOMEpa
npubnusutensHo 10 10 %. JlanpHeWmmii pocT KOHBEPCHUH H3OMpEeHa HE NPUBOIUT K
3aMETHBIM H3MEHEHHUSIM MOJEKYJSpHBIX XapakTepucTuk. [lommaucnepcHocTh B Ipoliecce
NOJMMEpH3aIMK HECKOJIbKO yMeHbiaercs (My /My~ ¢ 5 10 3,5).

Cumuramm, 4yto mnpuuMHOW Oojiee mmpokoro MMP, 1o CpaBHEHHIO C TEOPETHUYECKU
MIPEJCKA3bIBAEMBIM, SIBIISIETCS] HAJIMYME HECKOJIbKUX TUIOB AKTUBHBIX LIEHTPOB, PA3TUYAIOLINXCS
M0 KHHETHUECKUM XapaKTEPUCTHUKAM, IIPOTEKAIOIIHNX C UX YYaCTHEM IIPOIIECCOB.

Kpussie MMP mnonuuzonpena MoHOMOAanbHBI. PerneHnem oOpatHbix 3amau MMP ¢
MCTIOJIh30BAHUEM METOJIa pPeryiisipu3anu TuxoHosa [3 - 4] ObLUTH MOyUYEHBI pacTpeieICHuUs 110
KUHETUIECKOW HEOJHOPOIHOCTH aKTUBHBIX IIEHTPOB. Pactipenenenus Haxonwim B rpaduuecKoM
e B xoopamHatax w(Inf) — InM; smecs w(Inf) = @(B)B°, B — BeposTHOCTH mporecca

orpanmdeHnst uerd (B = 2W,/W,' m,, tie W, 1 2W,,' cKOpocTh pocTa i CyMMapHBIE CKOPOCTH
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oOpbIBa WJIM TepeAayu MOJMMEpHON 1ienu). KpuBble monmMMoIanbHbI, YETKO BBIACTSIOTCS J1Ba
MaKCHMyMa, COOTBETCTBYIOLINE KaK MUHMMYM JIByM THIIaM aKTUBHBIX LIEHTpoB. CuMTaiu, 4yTo
KOKJIOMY MaKCHUMyMy KpPHBOW paclpeiesieHusi COOTBETCTBYET, MO KpalWHEHd Mepe, OJUH THII
AKTHUBHBIX LIEHTPOB C JJAHHOH BEPOSTHOCTHIO 0OpBIBA MaKpOMOJIEKYJIsipHOi 1enu. [lonaras, uro
OTKJIOHCHHSI OT MakKCHMyMa HOCST CTaTHCTHYECKWH Xapaktep, kpuBble y(Inf) - InM Obumn
pa3OuThI Ha OTIIENBHBIC “TayCcCOBbIC (PyHKIUM .

[TonoxkxeHnss MakKCUMyMOB “TayCCOBBIX (DYHKUIMN~ TPAKTHUYECKU HE HU3MEHSIOTCS B
IpoLecce MOJIMMEPU3ALNU. IJTO CBSI3aHO C TEM, YTO KaXAbIH THUI AaKTHUBHBIX IEHTPOB
XapaKTepU3yeTCsl OINpeACNEeHHbIMA OTHOCUTENbHBIMU KOHCTAHTAMHM CKOpPOCTEH peakuuu
nepeaadu Lenu kio/kip.

[Tnomane mox Kaxxaon '"rayccoBoi (pyHKIMEH" KpUBOM pacmpenesieHus] 0 KHHETHIECKOM
HEOJHOPOJHOCTH - S; COOTBETCTBYET J0JIE MOHOMEpA, BCTYNMBILIETO B IMOJIMMEPHU3ALMIO HA
JTAHHOM THII€ aKTUBHBIX LIEHTPOB. Takum o0Opa3om, S; aJieKkBaTHa KMHETUUECKOW aKTHBHOCTH,
NPOSIBIIIEMOM JaHHBIM THIIOM aKTUBHBIX LEHTPOB B pEAKIMAX POCTa U INepeaud Lenu. B
npoliecce TMOJUMEPH3allMid  KWHETUYECKas: AaKTUBHOCTh IIEHTPOB, (opMmupyommux Oonee
HHU3KOMOJIEKYJIAPHYIO (DPaKIHIO, YMEHBIIAETCS M COOTBETCTBEHHO PACTET aKTMBHOCTD IIEHTPOB,
OTBETCTBEHHBIX 32 00pa3oBaHue 0osiee BHICOKOMOJIEKYJISPHOTO MOJIMMeEpa.

beuio wm3yueHo BimsHue npupogsl AOC Ha MOJEKyJSpHBIE XapaKTEPUCTUKU
MOJIMM3OTIPEHOB, MOJTYYeHHbIX Ha Kartamutudeckux cucremax TiCly-AOC, roe AOC: AIH(G-
C4Ho),, AICI(1-C4Hy), m Al(C,Hs);, m Ha mposBAsieMyl0 NaHHBIMH KaTaIUTUYCCKUMU
CUCTEeMaMH KMHETHYECKYIO0 HEOJTHOPOIHOCTh AKTUBHBIX LIEHTPOB.

X0 KOHBEPCHOHHBIX 3aBUCHUMOCTEM ISl BCEX MCCIIEAOBAaHHBIX CHCTEM OJUHAKOB. C
YBEIMYECHUEM KOHBEPCMM MOHOMEpa MPOUCXOIUT pocT 3HaueHnd MM, a 3artem, mnocie
noctwkennu 10 — 40 % konBepcuu, BenmuuuHbl MM TIpakTHYECKH OCTAroTCs 06€3 M3MEHEHHH.
Heckonbko Oomnbiine BeTMYUHBI My, HMEIOT 00pa3libl MOJUMEpa, CHHTE3MPOBAHHOIO Ha
katamutuaeckoir cucteme ¢ Al(1-C4Ho);, a Ha oOCTambHBIX KATAJMTUYECKUX CHCTEMax Mpu
OONBIIMX CTENEeHAX KOHBEPCHM MOHOMeEpa OOpa3yroTcss MaKpOMOJIEKYJbl C TPAKTUYECKU
OJIMHAKOBOM MOJIEKYJIIPHOW Maccoil. B mpouecce nosmMepusanuyd UMEeEeT MECTO YMEHBIIICHUE
MOJTUTUCTIEPCHOCTH, OCOOCHHO 3aMeTHO mposiBisiemMoe it cuctembl ¢ Al(C Hs)s. Tlpm
NOJIMMEPU3AIK Ha ATOW CHCTEME B Haualie mporecca GopMHUpYeTcs MoJuMep ¢ mupokum MMP
(My/M;, ~ 50), HO 3aTeM TOJIMIUCTIEPCHOCTh YMeHbImaeTcst 10 5 — 6. KpuBsie MMP umeror
pas3IM4HBIA BUJ B 3aBUCUMOCTH OT ucnonb3yemoro AOC B karanuTuueckod cucreme. Tak, Ha
cucreMax ¢ AlH(i-C4Hg), m AIl(C;Hs); momywarorcs oOpasiie, MMP  koToppix umeer
OoumonanbHbIi By, [IpuMenenne qun300y THIIATIOMUHANXIIOPH/IA B KATATITHUYECKOM KOMIUIEKCE

MIPUBOJIUT K TIOTYUEHUIO MOJIMU30IIPEHA ¢ MOHOMOAATIbHEIM MMP.
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He 3aBucumo or Buaa kpuBeix MMP, pacnpeneneHuss 10 KHUHETHYECKOM
HEOJTHOPOJHOCTH TOJIMMOJANBHBL. BhIIENseTcss 1Ba MakCMMyMa, COOTBETCTBYIOIIHE JBYM
TUTIaM aKTUBHBIX HEHTpOB, Mg cucteM ¢ AIH(-C4Ho), u AICI(1-C4Hy), wu yeTwipe Tuma
aKTUBHBIX IIEHTPOB MPU MMOJIMMEPU3ALUH U30MpeHa Ha Katanutuieckoil cucreme ¢ Al(CoHs)s
(puc. 1). Takum oOpa3om, mpuUpoaa ATIOMHUHHHOPTAHUYECKOTO COCIWHEHUS B THUTAHOBBIX
KaTaJTUTHYECKUX CHCTEMax MOXET OKa3blBaTh BIUSHUE HA YUCIO (OPMHUPYIOIMIUXCS THUIIOB

AKTHUBHBIX HCHTPOB.

yiln g) - 4
' Puc. 1. Pacnpenenenus no

KHHETHYECKOI
HEOJHOPOJIHOCTH aKTUBHBIX

ne ' LEHTPOB KaTaJIUTUYECKOMN

_ cucremsl TiCls-Al(C,Hs); nmpu
0 , Pa3IUYHBIX CTEMEHX
KOHBEpPCUHU H30IIpEHa

(=1
(]

Bbeimu mocTpoeHbl KHHETHYECKHUE MOJICIH, TTO3BOJISIONINE peliaTh OOpaTHBIC 3a1auu IS
KQKIOr0 THIIA AKTUBHBIX IIEHTPOB B OTAETHHOCTU. PemieHmemM oOpaTHOW KUHETHUYECKOM
3a/1auy, 3aKIIOYAIONICHCs B MOMCKE MUHUMYMOB (DYHKIIMHA COOTBETCTBHS 3HAa4eHUN M,
KOHBEPCUM MOHOMEpA, MOJYYEHHBIX HKCIIEPUMEHTAIbHO U PACUETHBIM ITyTEM, BIIEPBbIC
HaiJICHbl 3HAYEHUSI KOHCTAHT CKOPOCTEH AJEMEHTapHBIX CTaAui MpoIecca MOJIUMEPU3ALUU

W30MPEHA JJIs1 OT/ICBHBIX TUIIOB AKTUBHBIX IIEHTPOB KaTanmuTtudeckux cuctem TiCly-AOC.

JIureparypa:
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HecmoTpsi Ha 3HAYMTENBHBIA NpParMaTHYECKU MHTEPEC K OJIMTOMEpPaM BBICHIUX O-
one(UHOB, XUMHUSI KATUOHHOW OJIMTOMEPHU3AIMU 3TUX OJIe()MHOB HCCIeoBaHa U 00CyXIeHa
orpanuueHHo. Cpenu KaTalnu3aTOpoB OJIMIOMEpPHU3alMd, OCHOBHAs 3ajJadya KOTOPBIX —
CTUMYJIMPOBaTh CHUHTE3 OJIMTOMEPOB 0-OJE(PUHOB C 3aJaHHBIM MOJIEKYJISIPHO-MACcCOBBIM
pacnpenenenueM (MMP) u ofHOPOAHBIM TPYIIOBBIM XUMHUYECKHM COCTaBOM MPOAYKTOB
peakiuu, Haubolee YacTo WCMIONB3YIOTCS KOMIUIEKCHl (Topuma Oopa, xiopuga u
ANKWIXJIOPUIOB AJIFOMUHHUS, PEKE TPUMEHSIOTCSI HOHHO-KOOPAMHALIMOHHBIE KaTaJIn3aTOpPHI.

BBugy otcyTcTBHA 00mIed TeOpuM KAaTHOHHOW OJUTOMEpPH3aluM OJe(PHHOB U3-3a
UCKJIIOYUTEIFHOTO Pa3HO00pa3us TUX MPOIECCOB, OOIBIINHCTBO UCCIIENOBATENEH CXOIUTCS
Ha TIOJIO)KEHUM O TPOXOXKJIECHUU OJIMTOMEPHU3ALMU TOJA ACHCTBUEM KHCIOT Jlprouca c
ydyacTHeM HOHOB KapOoHus. Bmecrte ¢ TeM KapOOKaTHOH, WMEIOIIMN IJIAHAPHBIN WM
ONM3KUI K TUTAHAPHOMY sp2 - TUOPUAM30BAHHBIN SJEKTPOHONCHUIIMTHBIA TIEHTpP, 00JIaaeT
3HAYUTENIbHOM peaKIIMOHHOW CIIOCOOHOCTHIO B MPOTOJUTUUECKHX Ipolieccax (M30MepHu3anus,
JNENPOTOHUPOBAHKE), KOHKYPEHTHBIX C peakIueil omuromepusanuu. B cBs3um ¢ 3TuM,
MHOT000pa3HbI My TH, KaK BO3HUKHOBEHUS, TaK U OOphIBa KATHOHOB OJIMTOMEPHOI LIeMH.

[Ipupona KaTaJIUTHUECKUX CUCTEM OKa3bIBA€T JOMUHHUPYIOLIEE BIIMSHUE HAa KUHETHKY,
MexaHu3M peakuuu u  MMP  omnuromepoB. Eciu NpUHATE HHUIUMUPYIOIMIMM  aKTOM
o0pa3oBaHNe MOHHOM Mapbl [MOHOMEPHBIN KaTHOH — KaTallM3aTOPHBIN aHUOH], a Jajee: pocT
Henu INyTEM  IOCJENOBAaTEIbHOTO  MPUCOEAVMHEHHMS  MOHOMEpPOB, Ileperada  LEenu
NPEeMMYIIECTBEHHO Ha MOHOMEpP M OOpBIB Ha NPOTHBOMOHE — TO (OpPMaIbHO ITa
KMHETHYECKass CXeMa BO  MHOTMX  CIy4asX  yJAOBJIETBOPUTENBHO  ONUCHIBAET
SKCHEpUMEHTAJIbHbIE JaHHble. B 1emoM mnoiydaercs, 4YTO CKOpPOCTh OJIMTOMEpPU3ALUU

IIPONOPLMOHAJIEHA KBAAPATy KOHLCHTPALIMM MOHOMEPA U JIMHEWHO KOHILICHTPALMKY aKTUBHOMN
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yacTH  KaraiausaTopa. KOMIIEKCBI  Ha3BaHHBIX  COCOUHEHMM  HMEIOT  pas3jIn4yHbIe
TeMIIepaTypHbIE MPeeibl BEACHUS OJIMTOMEpPU3alliH BICIIUX (-0JIe()UHOB, TEM HE MEHEE IO
AaKTUBHOCTH 3TH KaTaJIM3aToOPhl PacroyiaraloTcs B paay: pasHonuranable kommiekcesl AlCl; >
koMmriekcol AICl; ¢ yrneBogopomamu > Al(C,Hs)3/TiCly > 6e3Bonnbtit AICI; > Al(C,Hs)Cl, >
koMmIutekcsl BF3. KoHCTaHTBI cKOpOCTH OJIMromMepusanvy B IPUCYTCTBUM KOMILIEKCOB BF;
IIOYTH Ha JIBa MOPSAJKAa HWXKE, YEM TAKOBBIE IOJ ACHCTBUEM HEKOTOPBIX Pa3HOJIUTAaHIHBIX
koMIuiekcoB AlCls.

KarnonHoli onuromepusanuu B NMPUCYTCTBUU PACCMATPUBAEMBIX KOMIUIEKCOB IPUCYINA
cuMOaTHasE 3aBHCHMOCTb CPEJHEUYUCIOBOM MOJEKYJISPHOM Maccel onuromepoB (Mn) ot
KOHLICHTpallMl aKTMBHOM 4YacTU Karainusaropa. B 3TOM cOCTOUT €€ INIaBHOE OTIMYHUE OT
NOJMMEpH3aly, e Mn, Kak MpaBuJIo, aHTUOATHA KOHIIEHTPALMU KaTalnu3aropa, JIM0O He
3aBUCUT OT He€. CHUMOATHBIA XapakTep 3aBUCUMOCTH CTENCHH OJUTOMEPHU3AIMH OT
KOHLICHTPAllUU KaTaJW3aTopa CBs3aH, MO-BUAMMOMY, C MOHHO-TIAPHBIM MEXaHH3MOM pPOCTa
LENH, KOTJa PacTyIlUM 3JIEMEHTOM PEAKLMOHHOW CMECH SIBIISIETCSA AJIKUIKATHOH-aHUOHHBIN
KOMIIIIEKC, BPEMsI )KU3HU KOTOPOTO ITOAIEPKUBAETCSL KOHLICHTPALUEH KaTaJIn3aTopa.

MMP onuromepoB peneHa-1, MOJNy4eHHbIX B MNPUCYTCTBUM KomiuiekcoB BF; u
ATIOMUHMICOAECPKAIINUX KaTaIu3aTOPOB, 3HAYUTEIBbHO OTIMYAOTCA Ipyr OT apyra. Ecim s
komiekcoB BF3; xapaktepHo oOpazoBaHHME HpPOAYKTOB PEAKIHUU C IMPEUMYIIECTBEHHBIM
COJIEpKAaHUEM TPUMEPOB M MAKCHUMAJbHOW CTENEHblo oyiuromepuzanuu 6, 1o MMP
OJINTOMEPOB B NMPUCYTCTBUU ATFOMUHHUICOAEPKAIMX KATAIN3aTOPOB CYILIECTBEHHO LIMPE, a
MaKCHMaJbHasl CTEIEHb OJMIOMEPHU3alMM MOXET JOCTUraThb HECKOJBKHX NECATKOB. Bpems
peakuuu okasbiBaeT BausHue Ha MMP B npucyrcTBun kommiekcos BFs3, Torna xak BiusHun
BpeMeHH Ha MMP onuroMepoB noj IEHCTBHEM ANIOMUHHUICOIEPXKAILUMX KaTaau3aTOpOB
HE3HAYUTEJBbHO U MPOSIBIIAETCS TOJBKO B Hauaje mpouecca. OTcrofa cienyer, 4To MEXaHu3M
dbopMHUpOBaHUs OJIMTOMEPHOH ey Ha KoMmruiekcax BF3; 3aMeTHO oTimdaeTcst oT TakOBOTO B
IPUCYTCTBUHM AIIOMUHMMCOACpKAIINX KaTaau3aTopoB. M3sdmHas TpakTOoBKa MeXaHHM3Ma
orpannyenuss MMP osiromepos Ha koMIuiekcax BF3 3a c4ér neperpynnupoBKH BTOPUYHOTO
JMMEPHOTO KapOOKaTHOHA, MPOTEKAMoMmeH dvepe3 00pa3oBaHWE TPEXWICHHOTO IMKIA, B
TPETUYHBIA TUMEPHBIN KapOOKaTHOH, aTaka KOTOPOTO O-0JIe(UHOM MPUBOANT K BTOPUIHOMY
TPUMEPHOMY KapOOKaTHOHY [1], BEpOSITHOCTh MpPEBpAIICHHUs KOTOPOIO B OJINTOMEP BBHICOKA,
HE PaclpOCTPaHACTCS Ha Pa3sHbIC YCIOBHSA PEAaKIMHA W HE PACKPBIBACT IPUYUH, IIOYEMY 3TO

IMPOUCXOOUT TOJIBKO Ha KOMIIJICKCAX BF;.
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C yuéroMm pa3HUIBI B OOIIMX CKOPOCTSIX OJUTOMEpH3AIMH, a TaKXe HEOJWHAKOBOTO
BIIMSIHUS BpeMEHU peakuud Ha MMP onuromepoB MOKHO MPEANOI0KUTh, YTO OTHOCUTEIBHO
MEJUICHHAsl peaklys OJIMTOMEpHU3aluu Ha KoMiulekcax BF3 mpoxoaur mo cryneHdaromy
MEXaHU3MY, TOTJa KaK B IPUCYTCTBUM AIFOMUHUNCOAEPKAIIMX KaTAIU3aTOPOB PEAIU3YETCS

LETHOM MEXaHU3M KaTUOHHOM OJIMTOMEpPU3AIIHUH.

Jlureparypa:
1 Schubkin R.L., Baulerian M.S., Maler A.R. Olefin Oligomer Synthetic Lubricants.

Structure and Mechanism of Formation // Ind. and Eng. Chem. Prod. Res. and Develop.-
1980.- Vol. 19. Ne 1.- p. 15-19.
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HOMOGENEOUS CATALYSIS OF THE REACTIONS OF SYNTHESIS OF
ALTERNATING COPOLYMERS OF CARBON MONOXIDE WITH OLEFINS
AND DIENES

Belov G.P.

Institute of Problems of Chemical Physics RAS, Chernogolovka, Russia
E-mail: gbelov(@cat.icp.ac.ru

T'OMOTEHHBII KATAJIN3 PEAKIIAI CUHTE3A YEPEIYIOIIMXCS
COMNOJUMEPOB MOHOOKCHJIA YIJEPOJIA C OJIEGUHAMU U JUEHAMMU

Beaos I'.I1.

HuctutyT npobnem xumudeckont pusuku PAH, UepHoromnoska, MockoBckasi 001.
E-mail: gbelov(@cat.icp.ac.ru

Hctopuss ucnonwpzoBanuss MoHookcuzaa yriaepoaa (CO) B OpraHMYECKOM CHHTE3€
Hagamach B 30-x - 40-x romax ¢ pa3pabOTKH KPYIHBIX MPOMBIIUICHHBIX MPOIECCOB
ruIpohOPMUIINPOBAHMS, KapOOHMJIMPOBAHUS, ®umepa-Tpomia Ha OCHOBE
METAJJIOKOMILIEKCHOrO Karanus3a. OpHako BoBiedb CO B peakUuio CONOIMMEPU3ALNH,
NPUBOJALIYIO K 00Pa30BaHUIO C XOPOIIUM BBIXOJOM BBICOKOMOJICKYJISIPHBIX COCIMHEHUI He
yaaBasioch 10 Hayasia 80-X rofoB. B mocneanee necsatuieTue BHUMaHHUE MCClEOBaTeNed B
BEAYIIMX MHUPOBBIX HAy4yHbIX IEHTpax M (HUpMax, 3aHUMAIOLIMXCS Pa3pabdOTKOM HOBBIX
HEePCHEKTUBHBIX MOJIMMEPOB, 00pallleHO HAa MOMCK M M3y4YeHHME KaTalu3aTOPOB, CIIOCOOHBIX
cormonumepuzoBatb CO u pasnuuHble MOHOMEpH! (ojeduHbl, aueHsl u nap.) Ilpu sTom
o0pa3yroTcs, Kak IPaBUJI0, CTPOT0O YepeayroLuecs: OnHapHbIe

R 0
| il
nRCH=CH3+ nCO —-(CH-CH,- C)n-

20e R=H wum arxunonwii CI1-CI0 paduxan

WJI TPOMHBIE

CHa
nCH,=CHat m RCH=CHz+ nCO —-){ HCH: c
O

IIICO 2CO

0 cayuas conoaumepuszayuu ¢ smunenom (3) u nponunerom (I1)
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COIOJIUMEPBI, MPEACTABISIOIME HOBOE MOKOJEHHE (PYHKLIHMOHAIBHBIX COIOJUMEPOB,
HEKOTOpBIE U3 HUX YK€ HAIILJIM CBOM OOJIACTH NPUMEHEHUS M MPOMBIIUIEHHOE TPOU3BOJICTBO
UX PACIIUPSIETCS.

Kak m3BectHo CO - 3TO AOCTYNHBI MOHOMEp, ChlppeBas 0a3a IJid €ro IMOJIy4EHHUS
NPaKTUYEeCKU HeorpaHuuyeHa. B HacTosiee BpeMs pa3paOoTaHbl IPOMBIIIIEHHBIE TPOLIECCHI
HOJY4YEeHHUs] CUHTE3-Ta3a ¢ BBICOKUM conepkanreM CO U MocieayIonyM ero BbIAETICHUEM.

ITpucyrctBue CO B cTporoif mocieaoBaTeNbHOCTH 3a APYTUM MOHOMEPHBIM 3BEHOM B
COIOJIMMEPHON IEMM TMOBBIIMIAET CIIOCOOHOCTH MonuMmepa K (OTO- U OMOAECTPYKIHH,
HEOTPAaHMYEHHO PACIIUPSET BOZMOKHOCTH MOJTU(PHUKAIMHA COMOIMMEPOB IIyTEM MPOBEIACHUS
peakiuii B TMOJMMEPHBIX LEMSIX W IOJYYEHHsS HOBBIX OJMIOMEPHBIX U MOJUMEPHBIX
IPOJYKTOB C HOBBIM KOMIUIEKCOM CBOMCTB, NMPHUJIAET BBICOKHE AAT€3MOHHBIE CBOMCTBA 3TUM
NOJMMEpaM U KOMITO3UIMSM Ha UX OCHOBE.

B noknazne OyayT oOcykIeHbl 0COOCHHOCTH KHHETUKM M MEXaHW3Ma Peakluil CHHTe3a
HU3KO- M BBICOKOMOJICKYJISIPHBIX COIOJIMMEPOB MOHOOKCHJA YIJIEpOoAa C oJepUHAMU W/WIN
JUeHaMu, creuupuKa NpUMEHsIeMbIX OuleHTaTHbIX JurangoB (L) B roMoreHHsbIX
karanutuueckux cucremax Pd(CH;COO), - L — kucnora, cBOWCTBa U HEKOTOpPHIE 00JIACTH
IPUMEHEHUs1 00pa3yIOIINXCS COTOINMEPOB.

Pabora mopmepxana Poccuiickum ¢doHAOM GyHAAMEHTAIBHBIX HCCIEAOBAHUN (KOJIbI

npoekToB 04-03-32671 u 04-03-97252-p)

JIureparypa:

Bbeios I'.I1. Beicokomoiek. coequuaenus. 1998. T.40. Ne3. C.503.
benos I'.I1. Beicokomornek. coeauaenns. 2001. T.43. Ne9. C.1651

3  benos I'.Il., HoBukosa E.B. Ycnexu xumuu. 2004, T.73, Ne3, C.267

o —
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HETEROGENEOUS STAGES UNDER IGNITION LIMIT OF HYDROGEN AND
CARBON OXIDE OXIDATION REACTIONS

Azatyan V.V., Dzotsenidze Z.G., Kokochashvili T.V.

Institute of Structural Macrokinetics and Material Science RAS, Chernogolovka, Russia
E-mail: azatyan@ism.ac.ru

O TETEPOTEHHBIX CTAJIMSX B TOJMNPEEJBHBIX PEAKIIASX
OKHUCJIEHUS BOJOPO/JIA M OKCHJIA YIJEPOJIA

A3zatsan B.B., /[3ouenunse 3.I'., Kokouamsuiau T.B.

HNHCTUTYT CTPYKTYPHON MaKpOKHHETUKH U MpobsieM MatepuanoeaeHus PAH,
YepHoronoska
E-mail: azatyan@ism.ac.ru

OKCIIEpUMEHTAIIBHO YCTAaHOBJIEHO, YTO B XOJE U IOJ BIMSHUEM IIPOLECCOB OKHCIICHUS
BOJZIOpPOJia M OKCHJA yIiepoJa B CTAllMOHAPHOM pEXUME, T.€. IMOJ IEPBbIM IMPEICIOM
CaMOBOCIIJIAMEHEHUs, COCTOSHUE IIOBEPXHOCTH IIpeTeprneBaeT oOpaTuMble H3MEHEHMUs,
BJIMAIONIME HA KUHETUKY ra3zodasHoro mnpouecca. B yka3aHHBIX MOANPEICIBHBIX pEaKIHsIX
BOXHYIO POJIb MIPaeT B3aUMOJCHCTBHE MOJEKYJISPHOTO KUCIOPOJA C aJACOPOMPOBAHHBIMU

aToOMaMH1 BOAOpoOOaA.

Bnusinue oOpaTMOIl HECTallMOHAPHOCTU CBOWCTB M (DYHKLUH TBEPOW MOBEPXHOCTH HA
HEMHOM MPOIECC MOXET UMETh MECTO HE TOJIBKO B pekume ropenus [1, 2], HO Takke U B
CTallMOHAPHOM PEKUME PEAKLIMH.

Hacrosiimass paGota cTaBUT CBOEH LeNbI0O BBIACHEHHE XapakTepa IMOANpPeNeIbHbIX
nporeccoB Ha npumepe peakuuu B cMecu 2CO+0, B mpuCyTCTBUHM HEOONBIIUX KOJIMYECTB
MOJIEKYJISIpHOTO Bojopoja. Kak W3BeCTHO, MpH BOCIUIAMEHEHUM OSTUX CMECEeH Takxke
o0pasyroTcsi OonbIIMe KOJWYECTBA aTOMOB BOJOpPOAQ, MMOTHOAIOIIMX HA TMOBEPXHOCTH
PEAKLIMOHHOTO COCya.

OnbITEl NPOBOAMINCH HA CTaTHUECKONM BaKyyMHOW YCTaHOBKE. PeakTopom CiryKui
WIMHIPHYECKON (QopMbl KBapueBbli cocyn mmHOM 0,12 M m mguamerpom 0,052 M,
IOKPBITBIA M3HYTPH CJIOE€M OKcHIa MarHus. [Ipy pasnuuHbIX TeMIeparypax B HMHTEpBaJe
843-923 K uzmepsnuch nepbie Mpeaesibl BOCIUIAMEHEHUS MIPU YKAa3aHHBIX TEMIIepaTypax AJis
cmeceir coctaBa 2CO+0,, comepxamux mias npomoTupoBanus 1,5 mwmm 5 % ot oOmiero
JABJICHUS CMECH BOJOpOJa, a TakXkKe I TeX ke cMmecei, kpome 1,5 mmu 5 % Bomopona

coAepKalmx cooTBeTCTBEHHO 23,5 u 20 % a3orTa.
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PazbaBneHne a3oTOM TO3BOJSET MTPOBOIUTH ONBITHl TPU  PA3TUYHBIX HAYAIBHBIX
JaBJICHUAX CMECH, HO HpI/I 6J'II/13KI/IX Ha4dYaJIbHBIX KOHHGHTpaHI/IHX HNCXOOHBIX peaFeHTOB -
BOJIOPO/Ia, OKCHJIA YTIIEpPo/ia U KUCIOPOa.

[Tocne ompenenenust NepBbIX MpenenoB P B 0OTkauaHHBINA peakTop HamycKalach OfHA U3
BBIIIICYKA3aHHBIX CMECeH ¢ HadalbHBIM aaBieHreM Py<P;. Paznocts P|-Py He Oomnee necsaToit
topa. [Ipu 3TOM cMech He BOCIUIaMEHSETCS, HO MPOTEKAET MeEJJICHHAs MOANpeeTbHas
peakuus, 3a XOJOM KOTOpOW HaOIIOJEHUE MPOBOIWIOCH MO MAICHHUIO JTABJICHHS CMECHU C
MOMOINbI0 MEMOpaHHOTO MaHOMeTpa ¢ uyBcTBHTENbHOCTHIO 0,05 Top. IlomyueHHbIe
pe3yibTaThl IpuBeaeHbl Ha puc. 1-4. [1o HavaIbHBIM OTPE3KaM KMHETHYECKUX KPUBBIX ObUIH
OTpeJIeNIEHbl CKOPOCTU MOANPENETBLHOTO pacXo0BaHus roproyeii cmecu. Kak 3to BUIHO U3
puc. 1-4 3a HeOombIIIOe BpeMs MOCje Havaja MOANPEeAeTbHON peakiui CKOPOCTh peakiuu W
yMEHbIaeTcsi OObIle, YeM Ha IEbIi MOPSAIOK, HECMOTPS Ha TO, YTO K ATOMY MOMEHTY
MPaKTUYECKH HEU3PACXOJOBAaHHBIMH OCTAIOTCSI KUCIOPO M OKCHJI YTJIEpOIa.

Prop
3 -+

0 4 2 3 4 5 toem 01 2 3 & 5t
Prop

. 5 . :
0 1 2 3 & 5t 01 2 3 & 5w
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B tabnune 1 AP- 370 pa3HOCTh HAYAJIBHOTO M KOHEYHOTO JIaBJICHUSI PEaKIIMOHHOM CMECH;
Py, - mapumanbHOe naBiieHHE BOJOpPOAA B HayalIbHBIX CMECSX; MHAEKCHI ke 1, 2, 3 u 4
OTHOCSTCI  cooTBeTCTBeHHO K cMecaM 2CO+0,+5%H,, 2CO+0,+5%H,+20%N,,

2CO+0,+1,5%H; n 2CO+0,+1,5%H,+23,5%No.

Taonuma 1
T.K. AP;” AP,” AP;” AP4” P2)1 | (P2)y [ (P'm2)s | (P2
843 0,17 0,17 0,17 0,16 0,32 0,40 0,11 0,11
863 0,19 0,16 0,16 0,18 0,29 0,37 0,10 0,11
883 0,15 0,15 0,16 0,16 0,29 0,36 0,10 0,10
903 0,14 0,16 0,16 0,14 0,27 0,34 0,09 0,10
923 0,13 0,16 0,16 0,15 0,25 0,31 0,08 0,09

W3 3T0i Tabnuilkl BUHO, YTO, HAIPUMED, B OMBITaX 1 U 2, KOHEYHOE Ma/ICHUE JaBICHUS
B CMECH COCTAaBIISET JIMIIb MOJIOBUHY HAYaJIHHOTO MapIHAIILHOTO JIABJICHUS MOJIEKYJISIPHOTO
BOJIOPOJIa. DTO O3HAYAET, YTO MPOUCXOJUT CAMOTOPMOXKEHHUE Mpouecca. JleicTBUTENbHO, U3
ypaBHeHus OopyTro-peakuuu 2H,+0,=2H,0 HemocpeacTBEeHHO clieyeT, 4To HabIogaeMoe B
yKa3aHHBIX OIBITaX COOTHOLIEHHE Mexay AP” u P’ Mormo umersb MECTO, €CJIH OBl
OKHUCIISIICS TOJNbkO Hp M ecnmu OBl MpW 3TOM Mapbl OOpa3yIOMIEHCs BOABI IMOJHOCTHIO
ocTaBalnch B ra3oBod ¢aze. I[lockonbKy, OJHAKO, XOpOIIO W3BECTHO, UTO B
paccMaTtpuBaeMbIX ycioBusx mapbl H,O ObICTpO M B 3HAYMTENBHBIX KOJIMYECTBAaX
XeMOCOPOUPYIOTCS OKCUAOM MarHusi, TO 1a)Ke B TOM ClIydae, eciiv Obl pearupoBail Toabko Ha,
€ro BBITOPAHUE SIBIIECTCS J1aJIEKO HEMOJIHBIM.

B neilictBurensHOCTH K€ oOkucisieTrcss He Toibko Hjp, HO Takke m CO. Iloaromy
KUHETHYCCKUE KpUBbIe puc. 1-4 u 3Hauenus AP”, npusenennsie B Tabiuie 1, MOKa3bIBaIOT,
YTO peaKIus TNPEeKpallaeTcs TMpPU 3HAUYUTETBHBIX KOJWYECTBAX HEMPOpEarupoBaBIINX
HCXOJHBIX PEar€HTOB.

[Tockonbky B Ta30Boi (aze HET TOPMO3AMMX (PaKTOpoB, TO HabIOgAEMOE
CaMOTOPMOKEHUE UMEET FeTEPOreHHBIN XapakTep, T.€. CBA3aH C CyIIECTBEHHbIM U3MEHEHHEM
CBOMCTB MOBEPXHOCTHU B XOJI€ MPOIIECCa, B KAXKIOM JIAaHHOM OTIBITE.

[Ipu oTkauke peakTopa MOCJIE ONbITAa U HAMyCKa HOBOW MOPIMU CMECH, HaYaIbHOE
COCTOSTHHE TOBEPXHOCTH BOCCTaHABIMBAETCSA, Ye€M U 00ECIEeYMBACTCS BOCHPOU3BOAMNMOCTH

pe3yJIbTaTOB U3MEPEHU.
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N3 Tabnuubl 1 BUIHO TakKe, 9YTO B OTIWYHUE OT ONMBITOB 1,2 B ombITax 3, 4, MPOBEICHHBIX
CO CMECSMHU € TOpa3a0 MEHbIIUM cojepxkanueM Hy, cootnomenne AP”/ P0H2 cocTaBiseT 1,2,
T.e. BTpoe Oombmie. [IpuueM, KOHEUHOE TaJCHHWE MABJICHHS NPAKTHYCCKU OIUHAKOBO,
HE3aBHCHMO OT COCTaBa CMECH. OJTO yJaeTrca OOBSCHUTH Ha OCHOBe paboTsl [3] mo
oOHapysxeHHI0 xemocopbuuu atomoB H Ha MgO u peakiun O, ¢ XeMOCOpOMpPOBAHHBIMU
atomamMu Bojaoponaa. PaccMoTpum s 3TOro  aOCONIOTHYIO  BEITUYMHY  CKOPOCTH
noANpeebHON peakiuu. B tabmune 2, Hapsiay ¢ U3MEPEeHHOW CKOpOCThi0 Wi, TIpUBEIECHBI
TaK)Ke 3HAUYCHUS CKOPOCTH 3apokaeHus (W), paccuuTaHHBIE C MCIONIb30BAHHEM KOHCTAHTHI
CKOPOCTH

K=7-10"" cm’ monex ¢! (923 K), onpee/ieHHOI [11st TaHHOI IIOBEPXHOCTH B padore [4].

Mpb1 BuguM, uto Wy Ha 1Ba MOPAJIKAa MEHBILE U3MEPEHHON CKOPOCTH. DTO 3aKOHOMEPHO,
MOCKONBKY, KaK OBIJIO CKa3aHO BHIIIE, MOANpeAeNnbHOe pacxonoBanue O, sBIseTCS
CyMMapHbIM IPOIIECCOM, CKJIAbIBAIOIIMMCS U3 3apPOKICHUS LENel U3 TOMOT€HHOM peakinu
O; ¢ aromamu H u u3 karanusa, HEe TPHUBOMASIIETO K 3apokaeHuto. Kak mokazano B [5],
CKOpoCTh pacxonoBanus O 1Mo MEpBBIM MPEACIIOM BOCIIIIAMEHEHHUS pPaBHA

:W1:W0+%.M+Wk (1)
dt 2 1)

rae t - Bpems; K, - KOHCTaHTa CKOpPOCTH TOMOTeHHOW peakiuu atomoB H u Op;
Wk - CKOpOCTb TIeTepOreHHOM peaklHnH, OTIWYHOM OT peakuuu MEXIy HWCXOIHBIMU

MOJICKYJISIPHBIMU peareHTamMu. Bexmuuna ¢ - pakTop pa3BeTBICHUS pPaBHBIN:

_2K,[0,] (R
[¢]_1+K5/K3[H] P 1 @)

rie K3 u K5 - KoHCTaHTBI CKOPOCTH KOHKYPHUPYIOLIHMX Mex 1ty coboii cranuii O + H2 = OH+H (3)
u O + crenka — o0psIB (5); Py, P; - HaganbkHOE naBieHHE CMECH W NaBICHHE HA TEPBOM
npejiesne BOCIUIAMEHEHUSI.

HerpyaHo yGeautbces, 4TO B YCIOBUSAX JaHHBIX OIBITOB, OJUH TOJILKO BTOPOIl 4IEH B
npaBoi yactu ypaBHeHus (1) Bo MHoro pa3 6omsbiie, yem Wy. COOTBETCTBEHHO, 0KHA OBITh
OoJblIe ¥ CyMMapHasi CKOpOCTb, YTO U HAOIOJaeM B SKCIIEpUMEHTE. JlaHHbIE, IPUBEACHHBIC
B Talnuie 2, MOKa3blBalOT CJIEAYIOLIEE: M3MEPEHHAas CKOPOCTh PEaKIMM NMPAKTHYECKU HE
3aBUCHUT OT cojaepkanus H, B cMecn. Mexay TeM, Kak BUIHO W3 BhIpakeHHs (2), BTOpoe
ciaraemMoe mpaBoit yactu ypaBHeHus (1) 3aBucut ot (H,). D10 03Havaer, 4T0 BaKHYIO POJIb B
HoJnpeaAeabHOM mporecce urpaer BenuunHa Wg. I[lockonmbky o00paboTka MOBEpXHOCTH

CoCyaa BCHBIIMIKAMH, a TAKXKE MMPOIOJIZKUTCIBHOCTD Hocnenywmeﬁ OTKa4YKH BO BCCX OIIbITax

307



OP-III-1
ObUIM OJAMHAKOBBIMHU, TO MPAKTUYECKH OJHUM M TE€M XK€ JOJIKHO OBITh M KOJHUYECTBO
aacopOupoBaHHbIX aToMoB H k Hauamy kaxmoro ombiTa. M ecnu ydectsb, 4TO MOANpPECIbHOE
naJicHue JaBIIEHUS BO MHOTOM OOYyCIIOBIEHO oOOHapykeHHOW B [3] peakmueir O, ¢
azcopOupoBaHHBEIME aToMaMu H, To mony4aer oOBSCHEHHWE HaOJroaeMas MpaKkTHIecKas
HE3aBUCUMOCTL AP” M CKOpPOCTM peakiyM OT COCTaBa CMECH. YUET 3TOW IeTepPOreHHOMN
pEeaKuu TO3BOJSET OOBSCHUTH TAKXKE PE3KOE YMEHbBIIEHHE CKOPOCTH MOAMNPEIEIbHOTO
mpolecca BCKOpe MOocie HallyCKa CMECH B PEaKIIMOHHBIN COCYI.

Takum 00pazom, pe3yabTaThl JaHHOW paOOThI MOKA3bIBAIOT, YTO B XO/€ M O]l BIUSHUEM
MOANPEETPHON PEAKIUU COCTOSIHUE TOBEPXHOCTH IMPETEPIICBAET 3aMETHOE HW3MEHEHHE,
CKa3bIBaIOIleeCsl HA KMHETHKE Mpolecca, U 4YTO B MOJIMpPENEIbHON peakiuu BaKHYIO POJb

urpaer B3aUMOICUCTBUE 02 C aI[COp6I/IpOBaHHbIMI/I aTOMaMH1 BOAOpOAaA.

Tab6muma 2
CocraB cMecHu Wo 107" momnek - em>c! W, 107" momek - em¢’!
2CO+0,+5%H,1+20%N, 3,95 1,81
2CO+0,+5%H,; 3,25 1,49
2CO+0,+1,5%H,+23,5%N, 1,22 2,28
2CO+0,+1,5%H; 1,23 1,81
Jluteparypa:
1 Tazapsu K.I'., Bapnausu U.A., HanGangsa A.b. JIAM Apm. CCP, 1977, 1. 29, Nel, c. 3.
2 Cemenos H.H. O HekoTopbIx MpobieMax XUMUYECKON KUHETUKH U PEaKIIMOHHOMN

criocoonoctu. Mzn. AH CCCP, M., 1958, c. 586.

3 Asaran B.B., Kucmok M.Y., Tperbsixko WU.1., llaBapa A.A. Pons xemocopOuuu
aTOMapHOT0 BOAOPO/a B MPOIlecce LEMHOT0 TOpeHus BoIopoaa. - KuHeTnka u karanus,
1980, T. 21, Ne3, c. 583-87.

4 Aszarsan B.B., Maproauc JI.A., Hamopanze M.A., Cxisapernko B.W. M3ydyenne kuHeTukn
CIIOHTAHHOTO 3aPO’KJEHUS 1IEeTIel KaTAIUTUUECKOTO MPEBPAIEHUs] HA OKUCH MarHus B
peakuu Bo1opoa ¢ kuciaopoaom. - Kuneruka u karanus, 1976, 1. 17, ;4, c. 828-832.

5 Harteck und Kopsch. - Z. Phys. chemic, 1931, Nel2, p. 327.
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OPERANDO INFRARED STUDY OF THE DEACTIVATION OF BETA ZEOLITE IN
ACETYLATION OF AROMATIC COMPOUNDS BY ACETIC ANHYDRIDE

Vimont A., Thibault-Starzyk F., Jacquot R.!

Laboratoire Catalyse & Spectrochimie, CNRS-ENSICAEN-Université de Caen, France
lCrl, Rhodia Recherches, 85 Avenue des Freres Perret, BP62, 69192, Saint Fons, France
E-mail: alexandre.vimont@ensicaen.fr

Operando IR of Friedel-Crafts acylation of anisole by acetic anhydride on beta zeolites allows
one to describe the deactivation mechanism. It depends on reactants relative concentrations
and

on the size of crystallites. A high anisole/anhydride ratio, deactivation is due to a B-diketone
(a secondary product). For a large crystallite zeolite, deactivation is due to the reaction
products accumulation and aldolic condensation. At higher gas phase anhydride proportion,
the deactivation is similar to that observed for toluene acylation and is caused by
condensation of the acylating agent.

Introduction

Friedel-Crafts acylation is most often done industrially with an AICI; type Lewis acid in
homogeneous phase. Extraction of reaction products is then tedious and the catalyst can not
be regenerated [1]. The reaction can be done on such heterogeneous catalysts as beta zeolites,
leading to a clean process [2]. The catalyst can then be reused after being calcined under air,
but deactivation is the limiting step. Using operando infrared spectroscopy on the catalyst in
working conditions, with on-line analysis of the reaction products by gas chromatography, we
studied the deactivation mechanism in the Friedel-Crafts acylation of anisole by acetic
anhydride. We show that the decrease of catalytic activity of beta zeolite is due to the
poisoning of the surface by secondary products or by some of the reactants, depending on the

conditions, with two separate deactivation mechanisms.

Experimental

Operando IR experiments were performed in a micro reactor-infrared cell already described
elsewhere [3], in which the spectra of both the self supported catalyst wafer and the adsorbed
species are recorded during the reaction, up to a temperature of 725 K. A nitrogen gas streams
is diverted to two saturators, filled with anisole and acetic anhydride respectively, maintained
at a constant temperature (308 K); the resulting vapor mixture feeds the reactor/IR cell
(reaction conditions: 393 K, total flow 20 cm® min™', molar ratio anisole/ acetic anhydride:
2-0.14, anisole mass flow 7-1.86 g.mn ', mass of the catalyst: 15-20 mg). The reaction rate

(formation rate of para-acetoanisole-PAA) is measured by gas chromatography.
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Result and discussion

The infrared spectra recorded during the reaction for a molar ratio anisole: acetic anhydride
equal to 2 (ratio close to that used in the industrial process) are shown in figl (left), together
with the evolution of the concentration at the surface and in the gas phase versus time on
stream (right). At the initial stage (time on stream 0-10 min.), the conversion of anisole is
high and is related to the formation of PAA at the surface (v(C=0) band at 1680 cm-1). In a
second step, a strong deactivation is deduced from gas phase analysis and is related to the
formation of a secondary reaction product only observed at the surface of the solid, the B-
diketone, formed by acylation of PAA by acetic anhydride . The B-diketone is adsorbed on the

surface under chelated form on Lewis acid sites (vC=C band at 1530 cm-1) and in interaction

with Brensted acid sites via the carbonyl group (vCO band at 1638 cm-1).

Under the same experimental conditions, the use of a beta zeolite with bigger crystallites
gives rise to a stronger deactivation and a lower activity in acylation. The IR spectra recorded
during the reaction (not shown here) demonstrate that the mechanism of the deactivation is
clearly different. Although PAA is the only product detected in the gas phase, IR spectra
reveal that the deactivation is related to the condensation of two molecules of PAA, giving

rise to the formation of dypnone.

1680 cm 1638 cm!
1551 cm™! 1530 cm™!
1510 cm’! 1500 cm’! Conversion (%)

Band area
CH CH, —p CHp_@ /CHZ\ CH
D E’ 3 E E ‘ 12 —® PAA conversion (Gas phase)

1 - PAA (1680 cm™®)
~ P-diketone (1638 cm™)

1700 1650 1600 1550 1500 1450 1400 1350 0 50 100 150 200 250 300 350 400
(em™) Time on stream (min)
Figure 1. Left: Infrared spectra of the catalyst during the reaction at maximum conversion
(full line) and during deactivation (dotted line). Right: Anisole conversion, surface
concentration of PAA (1680 cm-1) and B-diketone (1638 cm-1) during anisole acylation
reaction at 393 K.

The use of a lower anisole:anhydride molar ratio (1 and 0.15) shows that the nature of the
adsorbed species formed during the deactivation are strongly influenced by the gas phase

concentration of acetic anhydride: the anhydride condensates and builds up on the surface,
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with formation of diketene (intermediate) and acetone. Such species are also detected on the
surface of the catalyst during toluene acylation and are responsible for the weak activity and
strong deactivation observed with this reactant. The weak basicity of toluene favors a high
anhydride coverage, which probably increases bimolecular condensation reactions of the

acylating agent.

Conclusion

Operando IR of Friedel-Crafts acylation of anisole by acetic anhydride on beta zeolites allows
one to describe the deactivation mechanism. It depends on reactants relative concentrations
and on the size of crystallites. A high anisole/anhydride ratio, deactivation is due to a B-
diketone (a secondary product). For a large crystallite zeolite, deactivation is due to the
reaction products accumulation and aldolic condensation. At higher gas phase anhydride
proportion, the deactivation is similar to that observed for toluene acylation and is caused by

condensation of the acylating agent.

References:
[1] Corma, A., Garcia, H., Catal. Today.38 (1997) 257.
[2] Spagnol, M.; Gibert, L. ; Benazzi, E. ; Marcilly, C., Patent W0O9635656 (1996).
[3] Thibault-Starzyk, F. Saussey, J., in In Situ Characterization of Catalysts, B.M.
Weckhuysen, Ed., American Scientific Publishers, San Diego (2004), 15.

311



OP-111-3

ACTIVE SITES, INTERMEDIATES, ADSORPTION AND ELEMENTARY
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[Ipn wuccnenoBaHMM CTPOECHHUS AKTUBHBIX LIEHTPOB KaTaJIW3aTOPOB, B TOM YHUCIE
OKCHJIHBIX, Pa3TUYHBIMH HKCIEPUMEHTAIbHBIMU METOJAaMU, OCOOEHHO CIEKTpPaIbHBIMHU,
HEOOXOIMMO TIPUBJIEKATh TEOPETHUECKUE KBAHTOBO-XUMHUYECKUE PACUETHBIE METOMABL. IJTO
II03BOJISIET, C OJTHOM CTOPOHBI, KOPPEKTHO MHTEPIIPETUPOBATH IKCIIEPUMEHTAIbHBIE IaHHBIE, a
C APYIrOW CTOPOHBI, MPEIOKUTH TOCTAHOBKY HOBBIX SKCIIEPUMEHTOB.

B nmanHOM cooOmieHnn OOCYXKIOaeTcsi pPOJb AIEKTPUYECKOTO MPHUIOBEPXHOCTHOTO
KPUCTAJTUYECKOTO TMOJISi OKCUAOB B (POPMHUPOBAHUM IJIEKTPOHHBIX U XUMHUYECKHUX CBOMCTB
MOBEPXHOCTHBIX CTPYKTYP, 4aCTO (PUIypUPYIOLIUX B JIUTEPATYPE B KAUECTBE TUIIOTETUYECKUX
U pEalbHbIX AaKTHUBHBIX LEHTPOB KaTanu3aTopoB. Kak ImOKa3bIBalOT pacyersl, poib
MPUIOBEPXHOCTHOTO  KPUCTAUIMUECKOTO TOJIA MPU  PACCMOTPEHUM  JIHEPreTUKH U
TreOMETPUYECKON KOH(MUTYpallMu MOBEPXHOCTHBIX aTOMHO-MOJEKYJISIPHBIX BBIJCICHHBIX
(GparMeHTOB ISl U30JISATOPOB U MOJYIPOBOJIHUKOB MOXKET OKA3aThCs ONpPEAEISIOIEH.

[Ipoctoe (B paMkax TEOpPHUH KPUCTAIMYECKOTO IIOJIsI) PACCMOTPEHHE IOBEACHUS
S, P-3JEKTPOHHBIX ATOMHBIX COCTOSIHMM B CYIIECTBEHHO HEOJHOPOJHBIX KPUCTATUIMYECKHX
HOJISIX JIEMOHCTPUPYET OOJIbIIOe MHOT000pa3He MX OTHOCHUTENIBHBIX IOJIOKEHHH Ha IIKaie
SHEPIrUM U, CIIEJ0BATEIbHO, BapHAOEIbHOCTh B 3JIEKTPOHHOM CTPOECHUU U MYJIbTUILIETHOCTH

MMOBEPXHOCTHBIX CTPYKTYP OKCHUIOB [1].
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C >TuX MO3UIIMNA pacCMaTPUBAIOTCS YHEPreTUKA afcopOIuu psaga manbix Moieky (H,O,
NH;, O, wu gap.), a TakKe SJEKTPOHHbIE M MAarHUTHO-PE30HAHCHBIE CBOWCTBA AHUOH-
pamukanoB O™ (n=1, 2, 3) Ha NOBEPXHOCTU HICATBHBIX KyOHYECKHMX MOHHBIX KPHCTAIIOB
tuna MgO u ux popm, TOMMPOBAHHBIX OJHO3APATHHIMH KAaTHOHAMH INEIOYHO-TATIOMTHBIX
MeTaisioB. [IpennoxeHsl MOAETN 3TUX CTPYKTYP, MO3BOJISIONINE HEIPOTHBOPEUYUBO OIMHUCATh
UX CBOMCTBA B COOTBETCTBHH C HKCIIEPUMEHTAIbHBIMU JAHHBIMU [2].

[IpssMBIM pacyeTHBIM SKCIIEPUMEHTOM YCTAaHOBJIIEHBI YCIOBHUS 00pa30BaHMs CHUHTIECTHOTO
MOJIEKYJISIPHOTO KHCJIOPOJa Ha MOBEPXHOCTUM MOHHBIX KPHUCTAUIOB, B Kaue€CTBE OCHOBHOI'O
AJIEKTPOHHOTO cOCTOsAHMA. [loka3aHO, YTO 3TH YCJIOBHMSI MOTYT OBITH pealn30BaHbl Ha
MOBEPXHOCTH JIOMUPOBAHHBIX MHOT03apsTHBIMH KATHOHAMU KPUCTAJIOB OKCHIOB [3].

HccnenoBana BO3MOKHOCTh U3MEHEHUSI CTUHOBOW MYJIBTUIIJIETHOCTH a1COPOMPOBAHHBIX
BBICOKOPEAKIIMOHHOCTIOCOOHBIX KapOeHouaHbix uHTepMenuaroB (CR, u SiR,, rne R=H,
CHj, Cl, F, Li) B mpunoBepXHOCTHBIX KpucTaumueckux mnonsx [4]. [lokazano, 4to B
CHWJIBHBIX  JJIGKTPUYECKMX  TOJSAX  OmpefesieHHOM  (opMbl  BO3MOXHA  HMHBEPCHS
MYJbTUIUIETHOCTH KapOEHOUJIOB HE3aBUCHMO OT OCHOBHOTO COCTOSIHHSI paccMaTpyBaeMOil
YaCTHULIBI ¥ IPUPOJIBI 3aMecTUTeNsA. [lomydeHHble pe3ynbTaThl MCIONIb30BaHbl ISl aHAIU3a
PEaKLMOHHON CIOCOOHOCTH MCCIIEAOBAHHBIX CUCTEM BO BHEIIHUX 3JIEKTPUUECKUX MOJSAX U Ha
MOBEPXHOCTH HOHHBIX KpUCTalioB. PaccMoTpeHa pojb CHJIMJICEHOBBIX LIEHTPOB B
KPEMHUHOPTraHUYECKOM CHHTE3€¢ U BO3MOXKHAs pOJb HOHHBIX KAaTajiu3aTOPOB B 3TOM
nporecce.

[IpennoxxeHHble MOJAENU KHUCIOPOJCOAEPHKAIUX AKTHUBHBIX IIEHTPOB  OKCHJIHBIX
KaTaJIu3aTOPOB MCIOJB30BaHbl B pacyeTax dHEPreTHUECKUX MapaMeTpoB WX B3aUMOJCHCTBUS
C a7copOUPOBAHHBIMU MOJIEKYJaMH. JTO MO3BOJMIO OOCYAMTH BO3MOXKHOCTH MPOTEKAHHS
HEKOTOPBIX JIEMEHTAPHBIX aKTOB MPEBPAILEHUI HAa TIOBEPXHOCTH OKCUAHBIX KaTaJlu3aTOPOB:
1) reneparyu B ra3oByIo a3zy METHIBHBIX paaukaioB B cucteme O/MgO(Li) [5]; 2) peakuun
npucoeMHEeHUsI Oz, B Pa3IUYHBIX CIIMHOBBIX COCTOSHUSIX K MoJieKyJdaMm ¢ypaHa U

OyTtaauena (mapuuaibHOe okucienue) [3].
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4 LK. Vorontsova, [.D. Mikheikin, V.A. Rakitina. I.A. Abronin, Int.J.Quant.Chem., 2004,
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Hydrocarbon transformation on zeolites or oxides (y-Al,Os, SiO, and TiO;) catalysts
study by FTIR spectroscopy in situ in feasible condition, simulated by the presence of water
and air. We showed the role of active surface sites (Lewis or Bronsted acidic sites) of this
catalysts in high temperature transformation of hydrocarbons and coke formation. It was
found that hydrocarbon and water compete for the adsorption sites of catalysts and the
adsorbed water reduces the chemical activity of this sites.

Wudpaxpacuas cnekrpockornusi (MKC) in situ sensercs omuuM u3 3QeKkTUBHBIX
METOOB HccieoBaHus (opM afcopOLMM, OUHAMUKH TPEBpAIICHUs alacopOMpOBaHHBIX
MOJIEKYJI Ha MOBEPXHOCTH KaTalM3aTOpPOB M MEXaHM3MOB PEAKIMH B yCIOBMAX, Hauboiee
ONMM3KHX K pealn3yeMbIM B KaTaJn3e.

Merogom MKC in Situ u3ydeHsl afcopOLuMsi U BBICOKOTEMIIEPATYPHBIC MPEBPAILCHHS
YTIEBOJOPOAOB HA pANE LEONUTHBIX U OKCUIHBIX (Y-AlOs, SiO; u TiO;) katanu3aTopoB B
MPUCYTCTBUE MOJEKYJIApHOW BoAbl (¢ KoHIeHTpamueil no 10 00. %) u Bo3gyxa. Bce
UCCJICIOBAHMS BBITIONIHEHBI C WCIOJIB30BAHUEM CIEIMANIbHO CKOHCTpyHrpoBaHHBIX WMKC in
situ mporounbix u crarnueckux siueek. MK - cmektper peructpupoBamu na MK-Oypbe
criexrpomerpe FTIR-830 ¢upmer Shimadzu B o6mactu 700-6000 cM™ ¢ paspenrermem 4 cm ™.

HccnenoBaHa poib KHUCIOTHBIX IOBEPXHOCTHBIX LEHTPOB PA3JIMYHOM MPUPOIBI
BBICOKOKpEMHHUCThIX 1meosutoB THnma H-f w H-Y B azcopbumm U HampaBieHUU
BBICOKOTEMIIEPATYPHBIX MPEBpAILEHUI JUIMHHOLIETIOYEUHBIX H-aJKaHOB Ha IpUMeEpe JeKaHa.
[IponemoncTpupoBana posb cuHeprusma JIproucoBckux (JI.k.im) u bpencrenoBckux (b.k.1x)
KHCJIOTHBIX HEHTPOB, UX KOJIMYECTBA M PACIOJIOKCHHUS B CTPYKTYpE LIEOJIUTA B MPOTCKAHUU
peakiuii M30MepHu3alMi M KpekuHra JexaHa. OOHapykeHo, 4To 3(pQEeKTHUBHAS CKeIeTHas

n3oMepuzanusa ACKaHa IIPpU ZSOC MNPOTCKACT TOJIBKO B IPUCYTCTBUC CUJIBHBIX KHCJIOTHBIX
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