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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THEORETICAL AND EXPERIMENTAL RESEARCHES
OF CATALYTIC REDUCTION OF AROMATIC NITRO COMPOUNDS
BY MOLECULAR HYDROGEN IN LIQUID PHASE

Abstract. Aromatic mono-, di- and polyamines are used in the production of various compounds. Synthesis of
amines by catalytic hydrogenation (in the vapor or liquid phase) of the corresponding nitro compounds is the most
promising and ecologically pure method. In this article issues of reduction of aromatic nitro compounds for pro-
ducing amines, valuable intermediate and final products are considered. Comparative data from literary and patent
sources for the last decades are given. Various variants of the mechanism of hydrogenation of the nitro group in
aromatic nitro compounds are considered. Analysis of the literature shows that, most likely, regardless of the com-
position and methods of preparation of the catalyst, the solvent used and the presence of substituents in the nitro
compound molecule, hydrogenation proceeds in accordance with the Haber-Lukashevich scheme. Nevertheless, a
change in the composition of catalyst and solvent can significantly change the ratio of the rates of individual process
steps.

Keywords: catalysis, aromatic nitro compounds, amines, hydrogenation, supported catalysts.

Nitro compounds: brief information. Nitro compounds are derivatives of hydrocarbons of the
general formula R-NO, having in their composition a nitro group directly linked to an aliphatic or
aromatic radical [1]. Depending on the nature of the hydrocarbon radical “R”, nitro compounds are
divided into aliphatic and aromatic. Aromatic nitro compounds (figure 1) are a group of organic substan-
ces, headed by nitrobenzene and formed from benzene and its homologues (toluene and xylene),
naphthalene and anthracene by replacing one or more atoms with a nitro group. In aromatic nitro
compounds the nitro group is bound to the aromatic ring. The nitro group can be replaced, along with
halogen and some alkyl radicals, in almost any place of the ring [2].

OH
NO; o,N i NO, ”602
‘“J: NO,

b

a c

Figure 1 — Aromatic nitro compounds of different structure:
a — nitrobenzene, b — 2,4,6-trinitrophenol (picric acid), ¢ — 1-nitronaphthalene
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In the nitro group there is a m-conjugation (p-m-conjugation), as a result of which both bonds become
equivalent. The structure of the nitro group can be represented by two equivalent mesomeric structures (or
resonant structures). The nitro group is flat, some of its geometric parameters are given in the figure using
the example of nitromethane (figure 2).

ae 0.122 nm} 0_1 /2

o @, +
Hacgr)N; -~ HSC'N% = Hsc?ni
0© (o 0147mm O

p-m-conjugation
Figure 2 — Nitromethane

Nitro compounds that have the most important industrial significance include nitrobenzene, mono-
and dinitrotoluenes, trinitrotoluene, tetryl, mononitrochlorobenzenes, nitroanilines, nitrochlorotoluenes,
nitronaphthalene, dinitrophenol, picric acid (trinitrophenol), and dinitrocresol.

The most important property of the nitro group is its ability to be reduced to an amino group.

In the last 30-40 years, the processes of catalytic reduction of aromatic nitrocompounds by hydrogen
to amines have practically superseded all other methods for the production of aromatic amines in large-
tonnage plants. Aromatic mono-, di- and polyamines, due to their high reactivity, are widely used in the
production of various compounds: synthetic dyes of various shades (for photography, in the paint and
varnish industry, for painting natural and synthetic fibers), photochemicals, fuel stabilizers and additives
lubricating oils, chemical plant protection products, synthetic fibers, sorbents, medicines, etc. [3-9].
Taking into account the extremely high volumes of commercial production of aniline and toluene
diamines, the total production of which in the world is more than 3-4 million tons/year, the problem of
improving the technology of obtaining these compounds can be considered actual [10].

Amines production from nitro compounds. The vapor phase and liquid-phase hydrogenation of
nitro compounds hydrogenation of nitro compounds. The catalytic reduction of organic compounds,
including aromatic mono- and polynitro compounds, to the corresponding amines is carried out in many
variants, differing in the composition of the reaction masses, the aggregate state of the phases, the nature
and type of the hydrogenation catalyst, the apparatus design of the process, the conditions of its conduct,
etc. [11-40].

The reaction of reducing aromatic nitro compounds to amines by the action of ammonium sulphide
on heating was discovered by N.N. Zinin in 1842 (“Zinin reaction”) [12]. Zinin’s reaction is a method of
obtaining aromatic amines by reduction of nitro compounds (1):

R-NO,+ 6H = R-NH,+2H,0. @)
Zinin acting on nitrobenzene with ammonium sulfide, obtained aniline (2):
C6H5N02 + 3(NH4)ZS — C6H5NH2 + 6NH3 +3S + 2H20 (2)

Later, Zinin showed that the reaction he discovered was of a general nature. The principles of the
Zinin reaction form the basis for the synthesis of various aromatic amines, many of which serve as starting
materials in the production of synthetic dyes, pharmaceuticals, explosives, fragrances, medicines, and
other substances. The wide application of Zinin’s reaction has largely determined the development of
organic synthesis. With the help of Zinin’s reaction, aniline and other aromatic amines were synthesized
for the first time [13, 14], the foundations for the development of industrial organic synthesis of dyes,
explosives and fragrances, and drugs were laid. During the time that elapsed since the discovery of the
reaction of obtaining aniline from nitrobenzene by N.N. Zinin, a large number of various reducing agents
were used to reduce nitro compounds: metals (Sn, Zn, Fe, etc.), metal sulfides and hydrogen sulphide,
metal sulfites, hydrogen, hydrazine and its derivatives, hydrogen on catalysts [12, 14].

Amines can be obtained electrochemically by reduction of nitro compounds and nitriles of acids. The
first method is usually used for the synthesis of aromatic amines and some aliphatic substituted amines,
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and hydroxylamines, the second method for the synthesis of aliphatic and fatty aromatic amines. In ad-
dition, some amines can be prepared by reduction of amides and oximes. It should be noted that the
electrosynthesis of hexamethylenediamine from adiponitrile has undergone an experimental test, but this
process is characterized by a significant specific electricity consumption and catalytic hydrogenation is
used in the industry [12, 15, 16].

The main method for the preparation of primary aromatic amines and diamines is the catalytic re-
duction of nitro compounds by hydrogen in the vapor or liquid phase.

In the first way higher-boiling substances (dinitro-compounds, fats) are hydrogenated as their transfer
to a gas form requires a large amount of hydrogen [17]. The second method is used for the reduction of
substances, the volatility of which at a reaction temperature is sufficient to create the necessary partial
pressure of substances in the vapor mixture. In this way, benzene, nitrobenzene, phenol can be hydro-
genated [18, 19]. But in either case heterogeneous catalysis is used. The most commonly used catalysts are
metals of Group VIII and mixed catalysts.

When carrying out the process in the vapor phase, copper is most often used on supports, since the
hydrogenation of the aromatic ring does not occur when using this catalyst.

Advantages and disadvantages of the vapor phase hydrogenation catalysts used in industry are
considered in the works [20, 21]. The authors consider that it is expedient to use modified heteropoly
compounds for further improvement. According to the authors, film palladium catalysts are the best for
the selective reduction of acetylenic compounds to olefins. The authors have presented data on the
selective hydrogenation of aromatics over these catalysts.

It was proposed in [22] to obtain aniline in the presence of a catalyst: Pd or Pt, supported on
lipophilic carbon. The promoter is alkali metal hydroxide, carbonate or bicarbonate, Zn(OAc),, Zn (NO;),,
at a temperature of 150-250°C. Significant improvements in the process consist in a continuous hydro-
genation process with simultaneous removal of the water formed in the reaction. The disadvantage of
these methods, in the opinion of the authors of [23], is a relatively low catalyst load, the use of a large
excess of hydrogen, a short inter-regenerative period of operation of the catalyst. Performing a high-
temperature regeneration operation results in partial destruction of the catalyst and a partial loss of its
activity, as a result of which the yield of aromatic amine products decreases.

For the reduction of aromatic nitro compounds to aromatic amines are widely used catalytic hydro-
genation. Synthesis of amines by catalytic hydrogenation of the corresponding nitro compounds is the
most promising method [24, 41-54].

In general, the reduction reactions of organic compounds can be divided into two groups: the
reduction by molecular hydrogen in the presence of hydrogenation catalysts and the reduction with other
inorganic and organic reagents is “a chemical” reduction.

The most important way of obtaining amines from nitro compounds is catalytic reduction by hyd-
rogen on catalysts. It was first realized by M. M. Zaitsev in 1872 with the passage of nitrobenzene and
hydrogen vapor over platinum black. After 30 years, Sabatier showed that nickel and a number of other
metals can be used as catalysts for this reaction [25]. A major contribution to the study of the catalytic
reduction of nitro compounds was made by scientists from the USSR, the CIS, Russia and Kazakhstan
[26-49].

The reduction of nitro compounds can be carried out in the presence of both heterogeneous and
homogeneous catalysts. In recent years, both groups of processes has been given roughly equal attention,
but in the industry to date use only solid-phase heterogeneous catalysts [50-52]. This is mainly due to the
difficulty in isolating and regenerating the homogeneous catalyst for subsequent use.

When reduction on heterogeneous catalysts as catalysts most often group metals VIII and also the
mixed catalysts like Ni-Cu-Fe are applied.

Heterogeneous hydrogenation catalysts for aromatic nitro compounds can be divided into the
following groups:

1) catalysts containing nickel, copper and noble metals;

2) heterogeneous catalysts on a fiberglass woven matrix;

3) heterogeneous catalysts on a metal-polymeric matrix.

Most studies of the reduction of nitro compounds, as shown by the analysis of patents and literature
data, are carried out using nickel catalysts [24, 27, 53-59].

— 20 ——
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Also, catalysts based on metals of the platinum group: metal black [60-62] and supported catalysts [4,
6, 8, 30-32, 41-50, 52, 53] have found wide application for the production of amines. Catalytic systems
based on platinum group metals deposited on various sorbents reveal higher activity and stability than
nickel catalysts. In the earliest works (50-70 years of XX century) the catalyst, regardless of its composi-
tion, was used in amounts equal to or exceeding several times the amount of hydrogenated nitro compound.

It should be noted that the black metal due to their properties, did not find practical application in the
production of amines. At the same time, platinum metals deposited on various carriers, even at low contents,
show high activity and selectivity of action during the reduction of aromatic nitro compounds [63, 64].

Despite the high cost, the catalysts based on platinum group metals are widely used in the hydroge-
nation of organic compounds, in particular, for the production of aromatic amines from the corresponding
nitro compounds. A special role in this is played by the catalysts of the platinum group deposited on
various carriers

Investigation of mechanism of the nitro group hydrogenation in nitrobenzene and intermediate
products. In the literature, various variants of conversion schemes for substituted nitrobenzenes are given.

Haber in 1898-1900 for the first time proposed a general scheme for the formation of possible
substances in the electrochemical reduction of nitrobenzene in the presence of strong bases or strong acids
and in an almost neutral medium (in very weakly alkaline or slightly acidic) [65].

Debus and Jungers proposed a scheme for the catalytic reduction of nitrobenzene on Raney nickel
(figure 3) [66]. They suggested the formation of azobenzene through the interaction of nitrobenzene and
amine. Another scheme for the reduction of nitrobenzene, which is a continuation of the schemes of
Debuss, Jungers and Haber, was created by 1. Vishniyak and M.M. Klein [67].

V. P. Shmonina [68, 69], in order to determine the mechanism of catalytic reduction of nitro com-
pounds, the reduction of nitrobenzene and twenty derivatives of it on skeleton nickel, Pt- and Pd-blacks
studied with a wide variation of the process: catalyst charge, solvents, concentration of nitrocompounds,
temperature, stirring intensity. The effect of various additives in the reaction mixture (nitrobenzene-aniline
intermediates, acid, alkali, pyridine, aniline, etc.) was studied. In the work such control methods of the
course of catalytic process as definition of saturating speed of hydrogen, measurement of potential of the
catalyst by V. Drouz and D. V. Sokolsky [68] method, use of a polarography [69], a conductometric titra-
tion were applied.

It was found that the actual hydrogenation processes can be accompanied by the interaction and
isomerization of the intermediate compounds. The ratio of hydrogenation rates and reactions of interaction
of intermediate products affect the nature of intermediate stages and intermediate products, selectivity and
depth of reduction.

Scheme of transformations of aromatic nitro compounds, proposed by V.P. Shmonina (figure 4),
largely coincides with the schemes of F. Haber and V. O. Lukashevich [70], which were proposed for
electrochemical and chemical methods for the reduction of aromatic nitrocompounds, but it has its own
peculiarities. In the schemes proposed before the studies by V.P. Shmonina, there was no reaction of direct
conversion of phenylhydroxylamine (PHA) to hydrazobenzene (HB), or isomerization of azoxybenzene
(AOB) to oxyazobenzene. The reaction of the formation of azoxybenzene from nitrobenzene and
phenylhydroxylamine under the conditions of the experiment, as in the scheme of V. Lukashevich, was
also not noticed. Nor was the formation of azobenzene through the interaction of nitrobenzene with aniline
and the formation of p-aminophenol from hydroxylamine indicated in the Debuss and Jungers scheme.

Three directions of course of process of reduction were found by Shmonina V. P. in the studied
conditions. It follows from the scheme in fig.4 that the substituted nitrobenzenes (1) are converted to the
corresponding amines (4) as a result of successive catalytic interaction of the nitro group with three moles
of hydrogen through the formation of intermediate nitrosobenzenes (2) and arylhydroxylamines (3).

This first direction is purely hydrogenation direction, it is a sequential interaction of a nitro group
with three hydrogen molecules. Intermediates may be nitrosobenzene and phenylhydroxylamine, but they
do not accumulate in the reaction mixture and are reduced to aniline as they form.

Under certain conditions, for example, causing a decrease in surface concentrations of adsorbed
hydrogen, homogeneous condensation of the intermediate reaction products becomes possible. Leading to
the formation of substituted azoxy (6) or azobenzenes (7), which catalytically interact with hydrogen
through intermediate hydrazobenzene (8), are converted to the corresponding amines.
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Figure 3 — Nitrobenzene reduction scheme [66]

The second direction is the interaction of nitrobenzene with phenylhydroxylamine, leading to
azoxybenzene, which is further converted to aniline through azo and hydrazobenzene. The third direction
is distinguished by the fact that the phenylhydroxylamine formed as a result of the reduction of nitro-
benzene is subsequently converted to hydrazobenzene.

On catalytically active centers with low reactivity, the disproportionation of substituted arylhydro-
xylamines (9) into aminobenzenes and nitrosophenols is possible [71, 72], which, reacting with hydrogen,
can be converted to aminophenols (9). The intermediate azoxy (6) and hydrazobenzenes (8) under certain
processing conditions can be homogeneously rearranged to 4-hydroxyazobenzene (10) and benzidine (11),
respectively. At elevated hydrogen pressures, the possibility of further hydrogenation of aniline (4) in
cyclohexylamine (5) is not ruled out.

The transformation of the nitro group of substituted nitrobenzenes in the hydrogenation direction is
carried out by reacting on platinum and palladium in water-organic and alkaline media, as well as on
skeleton nickel in organic solvents, for example, in aqueous solutions of aliphatic alcohols [71-74].

An increase in the contribution of the hydrogenation direction to the overall hydrogenation rate is
facilitated by a decrease in the concentration of the hydrogenated compound and an increase in the




ISSN 2224-5278 Cepus 2eonozuu u mexnuueckux Hayk. Ne 2. 2018

hydrogen pressure. The most rapid condensation of intermediate products leading to the formation of
substituted azoxy- and azobenzenes occurs during the reaction on platinum black and skeletal nickel in
solutions containing electron-donor additives or in strongly alkaline media at high initial concentrations of
the hydrogenated compound [71-74].

HORNH-»
+H, +H +3H,
RNOQ> %o o RNH> =" R'NH;
S ey 5
""""" - +H,
A’”’ +H»
R—N =N-ROH R—N=N-R — = R-NH —NH-R --» H,N-R—R—-NH-
10 7 8 11

Figure 4 — The main products and stages of conversion of nitrobenzene and its substituted:
1 — nitrobenzene; 2 — nitrosobenzene; 3 — phenylhydroxylamine; 4 — aniline; 5 — cyclohexylamine; 6 — azoxybenzene;
7 — azobenzene; 8 — hydrazobenzene; 9 — 4-aminophenol; 10 — 4-hydroxyazobenzene; 11 — benzidine [71-77]

It should be noted that nitrosobenzene in reaction systems most often is not fixed as the intermediate
product, but is introduced into nitrobenzene conversion schemes as a product preceding the formation of
phenylhydroxylamine [78-88]. Most likely, the argument for including nitrosobenzene in the scheme for
the conversion of nitrobenzene is the sequence of stages described in earlier works [76, 77], since there is
no direct evidence of the presence of nitrosobenzene in the solution volume by the authors [79, 84]. In a
number of papers [89], the data confirming the formation of nitrosobenzene as an intermediate product are
given.

An analysis of the results presented in the works [90-93], allows us to state that in order to explain the
kinetic regularities of the hydrogenation reactions of substituted nitrobenzenes, in most cases, the authors
refer to the same type of chemical transformation schemes for the nitro group.

Representations of the chemisorption states of the nitro group and the results of kinetic studies of the
transformations of intermediate products became the basis for the justification of the scheme proposed by
E. Gelder (figure 5) [94]. The author rejects the traditional reaction mechanism proposed by Haber and
Lukashevich, and suggests an alternative scheme, which, in their opinion, is valid for other metal-con-
taining catalysts. Under this scheme, the intermediate product of the nitro group transformation is the
hemi-hydrogenated form - C¢Hs(OH), which takes part in all subsequent stages. Thus, during its catalytic
interaction with hydrogen, azobenzene or phenylhydroxylamine is formed, and during the interaction of
these forms, asoxybenzene is formed.

It is assumed that on the surface of the catalyst there is an intermediate intermediate for nitrobenzene
and nitrosobenzene III (fig.5) which, in the case of hydrogenation of nitrobenzene, interacts with adsorbed
hydrogen, successively converting to phenylhydroxylamine and aniline via intermediate V. Hydrogenation
of nitrosobenzene reacts with 2 molecules of the intermediate to eliminate the molecule water and the
formation of azoxybenzene (AOB), which is then converted to azobenzene (AB), hydrazobenzene (HB)
and aniline.

Thus, in most works the classical scheme of the Haber-Lukashevich hydrogenation mechanism is
confirmed and detailed by experimental methods [96, 97].

However, there are alternative judgments. The complexity of studying the mechanism of this reaction
can be explained by the multistage character of the reduction of the nitro group (figure 5), as well as the
influence on the rate of hydrogenation of a number of factors [96-106].
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Figure 5 — The scheme of E. Gelder, describing the catalytic transformations of the nitro group [94, 95]

Possibly nitrobenzene hydrogenation proceeds in accordance with the Haber-Lukashevich scheme,
regardless of the nature of the catalyst, solvent and substituents in the nitroarene molecule. However, the
change in catalyst and solvent significantly affects the ratio of the rates of individual heterogeneous
catalytic and homogeneous stages, changing their contribution to the overall reaction rate. Therefore, the
mechanism of hydrogenation of nitro compounds on different catalysts requires additional studies.
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CYUBIK ®A3AJIA APOMATTBI HUTPOKOCBILIBICTAPIBI MOJIEKY JISIPJIBI
CYTEI'IMEH KATAJIN3AIK TOTBIKCBI3JIAHABIPY IbIH TEOPUAJIBIK
7KOHE OKCIIEPUMEHTTIK 3EPTTEYJIEPI

AHHOTAIMSA. APOMATTBl MOHO-, JM- YOHE MOJIMAMHHJICD TYPJi KOCHUIBICTAPIBIH OHIIPICIHAE KOJIIaHBLIA b
AwmuHzepi, colikeC HUTPOKOCHUIBICTAPMEH KaTAIM3/IK TUAPIEY apKbUIEI (Oy HeMece CYHBIK (ha3ana) CHHTE3/Iey eH
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MIEPCIIEKTUBT] JKOHE JKOJOTHSIBIK JKAaFBIHAH Ta3za omictepiH Oipi Oonpmm TaOpmiamel. Byn makamama amuHIEpi,
KYH/Ibl apaliblK KOHE COHFBI OHIMIEP/Al aly YIIiH apoMaTThl HUTPOKOCBUIBICTAPIBI TOTHIKCHI3AAHABIPY KapacThbl-
PBUIAIBL.

CoHFBI OHXBUIABIKTAPIAFbl Oe0H KOHE MATEHTTIK KO3Iep Typajbl CaIBICTBIPMANbl AEPEKTep KENTipiUIreH.
HutpoTonTsl apoMaTThl HUTPOKOCHIIBICTAPABI THAPIICY MEXaHU3MIHIH OpTYPi HycKajlaphl KEITipiIreH.

OnelueTTepain aHaIu31, €H algsIMeH, KaTaJn3aToOpAsIH KypaMbl MEH JaibIHIAY 9IiCTepiHe, MaiaaJaHbUIaThIH
SpPITKILITIH KOHE HUTPOKOCBUIBICTAP MOJICKYJIAChIHIAFbI OphIHOACApIap/IbIH 00TybIHA KapaMmacTaH, rujapiey Xabep-
JlykameBuu cxemachiHa coiikec xypeni. CoraH KapaMmacTaH, KaTaJH3aTOP/IbIH jKOHE epPITKIIITIH KypaMbIHbIH e3repyi
l'[pOLleCTiH JKCKC CaTblIApbIHBIH KXbUIAaMIbITbIH aﬁTapﬂbIKTaﬁ O3repTe ajaaabl.
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TEOPETUYECKHUE U DKCNEPUMEHTAJILHBIE UCCJIEJOBAHUS
KATAJTUTHYECKOT'O BOCCTAHOBJIEHUSI APOMATHYECKNX HUTPOCOEIUHEHUIA
MOJIEKYJISIPHBIM BOJOPOJIOM B KHJKOI ®A3E

AHHOTanusi. ApoMaTH4eCcKUe MOHO-, M- M TOJIMaMUHBI MCIIOJIB3YIOTCS B NPOU3BOJICTBE PA3IMYHBIX COEIH-
HeHnid. CHHTE3 aMUHOB KaTAIUTHYECKUM THAPHPOBAHHEM (B TAPOBOM HIIM JKUAKOH (a3e) COOTBETCTBYIOIINX HHT-
POCOEAMHEHHUH SIBISETCS HanOosee MEePCIEeKTHBHBIM M KOJOTHYECKH YHCTHIM METOAOM. B 3Toil craTthe paccMar-
PHBAIOTCSI BOIIPOCH BOCCTAHOBJICHHSI apOMAaTHYECKUX HUTPOCOCTMHEHHH JUIS MOJTy4YeHHsS aMHHOB, IIEHHBIX IPOMeE-
AKYTOUHBIX M KOHEYHBIX MPOAYKTOB. J[aHBI CPaBHHUTENIBHBIE NAHHbBIC JUTEPATYPHBIX U MATEHTHBIX MCTOYHUKOB 32
MOCJIEAHUE AecCATWIeTHA. PaccMOTpeHB! pa3iuyHbIE BapHUAaHThl MEXaHW3Ma THAPUPOBAHHUS HHUTPOTPYMNIBI B apo-
MaTH4ECKUX HUTPOCOECIUHEHUAX. AHAIN3 INTEPATy Pl IIOKa3bIBAET, YTO BEPOSTHEE BCEr0, HE3aBUCHUMO OT COCTaBa U
METOJIOB TIPUTOTOBJICHHS KaTaln3aTopa, NPUMEHSEMOrOo PAcTBOPHUTEINST W HAJIMYUS 3aMECTHTENeHl B MOJIEKyIe
HUTPOCOEIMHEHHS, THAPHUPOBAHHE IPOTEKAaeT B COOTBETCTBHM ¢ cxemoil ['abepa-JlykameBuua. Tem He MeHee
U3MEHEHHE COCTaBa KaTajlu3aTopa U PacTBOPUTENS MOXET 3HAUUTENIbHO U3MEHATh COOTHOIIEHHE CKOPOCTEH OT-
JIeNBHBIX CTaJIui Iporecca.
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