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STUDY OF THE OZONE REACTION OF BENZYL ACETATE
AND ITS DERIVATIVES IN THE LIQUID PHASE

Purpose. Investigation of the Kinetic regularities of the oxidation reaction of benzyl acetate and its
derivatives by ozone in the liquid phase to determine the effect of alcohol on the ozonation of methylbenzenes
by the methyl group.

Methodelogy. A 20 ml glass vessel equipped with a magnetic stirrer was loaded sequentially with a
calculated amount of toluene or benzyl acetate of sulfuric acid and 10 ml of acetic anhydride. After dissolution,
the reaction components were loaded into a thermostatic glass column. The column was connected to a reflux
condenser, the resulting solution was cooled to the required temperature and ozone-containing gas was passed
through it. Oxidation was carried out to a given degree of substrate conversion. The process was controlled
by gas-liquid chromatography. The ozone concentration in the gas phase was determined
spectrophotometrically on an SF-46 spectrophotometer. The concentration of toluene and its derivatives in the
solution was determined by gas-liquid chromatography on the chromatograph with a flame-ionization detector
on the column with a length of 1 m and a diameter of 3.5 mm, filled with a carrier — INERTON-Super
(0.16-0.2 mm), with a fixed phase “FFAP’” applied to it in the amount of 5% of the mass of the carrier under
the following conditions: evaporator temperature is between 503-533 K; carrier gas velocity (nitrogen) —
2.0 Leh; hydrogen velocity — 1.8 Leh™; air velocity — 18 Leh™. Thermostating was carried out in the
temperature range of 363-448 K, the temperature rise was carried out by the program - 8°C/min.

Findings. The kinetic parameters of the ozonation reaction of benzylacetate and its derivatives in the
liquid phase were studied. The rate constants of ozone reaction with benzyl acetate at different temperatures
and the influence of the structure of substituents on its reactivity were determined. It is shown that the presence
of electron-acceptor substituents increases the selectivity of oxidation along the side chain to 54%, and
electron-donor — to a decrease of up to 8%. The kinetics of the reaction of ozone with benzyl acetate at a
temperature of 293 K is described by a second-order equation that assumes a non-chain oxidation mechanism.
At elevated temperatures, the chain consumption of ozone becomes noticeable due to its reaction with the
products of destruction of the aromatic ring.

Originality. For the first time, the kinetics of the oxidation reaction of benzyl acetate and its substituted
ozone in the liquid phase, which significantly affects the equilibrium concentration of alcohols in the oxidation
of the corresponding methylbenzene. It was found that depending on the structure of acylated benzyl alcohol,
the oxidation selectivity along the side chain is from 8 to 54%. The reaction rate constants are determined and
the mechanism of ozonation of benzyl acetate is proposed, which will allow optimizing the parameters for the
development of technological bases for the production of benzyl alcohol and its derivatives by ozonation of
methylbenzenes in the liquid phase.

Practical value. The results are the basis for the development of low-temperature method for the
synthesis of benzyl alcohols used in the production of active pharmaceutical ingredients.

Keywords: kinetics, oxidation, ozone, benzyl acetate, benzyl alcohol.

Introduction. Oxidation products of toluene, in particular benzyl alcohol, are widely used in
the chemical-pharmaceutical industry [1], but the existing oxidation processes are not perfect. The
use of mineral oxidants is accompanied by the formation of toxic waste [2], and the use of oxygen is
characterized by elevated temperatures and excess pressure [3]. Therefore, attention is drawn to the
oxidation of ozone, which is environmentally friendly and occurs at low temperatures and
atmospheric pressure [4-6]. In [7] it was shown that the oxidation of toluene by ozone in acetic
anhydride solution in the presence of sulfuric acid at 278 K mainly produces ozone-resistant peroxide
compounds (91.3%) and in much smaller quantities oxidation products by methyl group — benzyl
acetate (3.8%) and benzylidene diacetate (2.2%). When manganese (Il) acetate catalyst is added to
the system, the yield of benzyl alcohol in the form of benzyl acetate increases to 65%.
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In order to optimize the parameters and develop the basics of technology for ozonation of
toluene to benzyl alcohol in the liquid phase, this paper studies the oxidation kinetics of benzyl acetate
and its substitutes by ozone in acetic anhydride, a reaction that significantly affects the equilibrium
concentration of alcohols in the process.

Setting goal. To continue these studies and to determine the place and importance of benzyl
acetate in the process of toluene branched chain ozonation in acetic anhydride, the kinetic features of
its oxidation by ozone under the conditions given in [7] have been studied in this research.

Results and their discussion. Figure 1 shows the kinetics of the oxidation of benzyl acetate
with the ozone-air mixture in acetic anhydride at 278 K in the presence of catalytic additives of
sulphate acid. It is seen that benzyl acetate is oxidized rather slowly, in 4 hours the degree of
transformation reaches 75%, during this period 66.7% of peroxides — products of benzyl ring
dissolution (curve 2), 13.3% of benzaldehyde (curve 3) and 18.3% of benzylidene diacetate (curve 4)
are formed. On further oxidation, the oxygen derivatives of toluene are converted to benzoic acid. It
should be noted that the selectivity of oxidation of acylated alcohol by the branched chain (31.6%) is
5 times higher than the selectivity of oxidation of toluene by the methyl group [8].
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Fig. 1. Kinetics of the oxidation of benzyl acetate with ozone-air mixture in acetic anhydride
at 278 K [ArCH20ACc]0 = 0.4 mol/L; [H2S04]0 = 0.8 mol/L; [O3]0 = 4.1:10"* mol/L; ® (gas flow
rate) = 0.18 s; 1 — benzyl acetate, 2 — peroxides, 3 — benzaldehyde, 4 — benzylidene diacetate

From the above mentioned, it follows that the benzyl acetate formed as an intermediate
product during toluene oxidation is gradually transformed by the branched chain into benzaldehyde
and benzylidene diacetate and further into benzoic acid.

When electron-acceptor substitutes are introduced into the aromatic ring of benzyl acetate, the
stability of the automatic system in reaction with ozone increases. During oxidation of mono- and
dinitrobenzyl acetates, the selectivity increases in the sequence of 4-nitro < 2,4-dinitro < 3,4-dinitro
(table 1). The decrease in oxidation selectivity in the case of 2- and 2,6-isomers is obviously due to
the steric effect of substituents, which is more observed in 2,6-dinitrobenzyl acetate. The electron-
donating substituents affect the selectivity of benzyl acetate oxidation by the branched chain
negatively (table 1). The introduction of a CH3 group reduces the selectivity to 22.2% and the second
group to 8.2% (Table 1).

The effect of electron-donating substituents with undivided electron pairs (HO-, H2N-) on the
oxidation of benzyl acetates in acetic anhydride is almost impossible to study since under these
conditions they are instantly acylated with the formation of the corresponding acetoxy and acetamido
groups and affect the aromatic ring of the substrate as acylated groups (table 1). The value o for the
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acetoxy group, which takes into account its increased ability to polar conjugation with electron-donor
reaction centers, does not exceed 0.3 [9], and therefore it affects the selectivity of oxidation to a lesser
extent than the nitro group (table 1). The acetamido group has almost no effect on the selectivity of
oxidation of acylated alcohols, since its 6 =~ 0 [9].
Table 1
Dependence of selectivity of benzyl acetates oxidation by ozone in acetic anhydride

on the substrate structure; [ArCH20Ac]o = 0,4; [H2SO4]o = 0,8; [O3]o = 4,1-10* mol-L*
Selectivity, %
Compound LK branched chain oxidation | aromatic ring oxidation
Benzyl acetate 278 31,6 64,6
4-Methylbenzyl acetate 278 22,2 75,1
2,4-Dimethylbenzyl acetate 278 8,2 90,8
4-Acetoxybenzyl acetate 278 38,2 60,3
4-Acetamidobenzyl acetate 293 35,4 62,4
2-Nitrobenzyl acetate 303 16,8 79,9
4-Nitrobenzyl acetate 293 40,2 57,2
2,6-Nitrobenzyl acetate 303 10,5 87,3
2,4-Nitrobenzyl acetate 293 45,4 51,3
3,4-Nitrobenzyl acetate 293 54,2 42,6

The kinetic regularities of the reaction of ozone with benzyl acetate at temperatures up to
293 K are described by the second-order equation roz = k-[Os]:[ArCH20Ac],, which takes into
account the first order of reagents (fig 2). The effective rate constant of ozone consumption at 278 k
in reactions with benzyl acetate is 0.5 L/mol‘s, and the stoichiometric coefficient for ozone in a wide
concentration range of ingredients does not exceed 1.12 (table 2).
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Fig. 2. Dependence of initial benzyl acetate oxidation rate on the concentration of reactants
at 278 K: 1 — dependence of ro on concentration of benzyl acetate at [Os]o = 1,9:10* mol/L;
2 — dependence of ro on concentration of ozone at [ArCH20Ac]o = 0,04 mol/L.
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Table 2
Dependence of the stoichiometric coefficient for ozone on the ratio ([Oz]o / [ArCH20ACc]0)®®

T, K ([O3]o / [ArCH20AC]0)">-10? n = A[O3]/A[ArCH20ACc]o

0,42 1,10

1,29 1,12
278 1,46 1,12

1,68 1,11

0,42 1,21

1,29 1,57
308 1,46 1,71

1,68 1,88

At temperatures above 293 K, the effective ozone flow rate constant becomes dependent on
([Os]o / [ArCH20AC]0)** (fig. 3). Taking into account these dependencies, the equation for the rate

of ozone consumption in the reaction with benzyl acetate in the studied temperature range has the
form:

ros = k' -[ArCH20AC]o-[Os]o + k™ -[ArCH20AC]o*>[O3]o**, 1)
in which k" and k™ are empirical parameters that depend on temperature (table 3);
k' =1,9-10"%exp(-24400/RT) L/mol's; (2)
k" =1,9-10%xp(-42500/RT) L/mols. (3)
Table 3

Kinetic parameters for ozone consumption in the reaction with benzyl acetate;
([Os]o / [ArCH20AC]0)?5 = 1-102 + 2+10-2

T,K k', L-(mol-s)* K’ L-(mol-s)*
278 0,50 0,00
288 0,75 0,00
293 0,85 416
303 1,10 11,10
2 1,6
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Fig. 3. Dependence of the rate constant ker of the reaction of benzyl acetate with ozone on the
concentration of the reagents at T =278 (1); 288 (2); 293 (3); 298 (4); 303 (5); 308 K (6)
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The first component of equation (1) describes the non-chained consumption of ozone by the
branched chain and the benzene ring (4-6):

ArCH;0OAc + O3 — ArCH(OACc), + Oy; 4)
ArCH20Ac + O3 — ArCHO + AcOH + Oz; (5)
ArCH20Ac + O3 — aliphatic peroxide compounds. (6)

The given scheme of reactions (4-6) is written based on the composition of the products of
the reaction of ozone with alcohol (fig 1). According to the literature sources [10], the branched chain
oxidation involves the formation of a six-membered non-stressed cycle, stabilized by a hydrogen
bond with the participation of an undivided electron pair of hydroxyl oxide [10, 11] (scheme), which
is further transformed into benzaldehyde with its subsequent acylation.

Scheme
' Ar H
O AI\ /H \C/;
ArCH,0Ac —3 )(}CTE\ — o D%
Ac-O O c-Q
“Hl0" “H-O7
e 0¥
A

ArC’,
ArCHO+HOH+0O; “OH

The reaction of ozone with a benzene ring of benzyl acetate proceeds, obviously, according
to the Krieg mechanism described in the literature [12, 13] and, taking into account the stoichiometric
coefficient for ozone, obtained in our experiments, close to 1, can be recorded as follows:

CH0Ac CH,OAc CH;OAc

o

o

(Dro— Clp— 2
0 o, ~C=007

0
*C—C=CH—CH=CH—CH—DOH
|

H |
CH,OAC OAc

AcOH ()

The second component of equation (1) shows that at temperatures above 293 K a chain process
of ozone consumption appears, under conditions of maintaining the non-chain consumption of benzyl
alcohol. Apparently, as in the case of toluene [8], it is caused by the reaction of ozone with products
of thermal decomposition of peroxides (7) according to the reaction scheme (8-10):

R-OOH — RO+ HO; (8)
RO2+ O3 — RO + 203; 9)
RO+ O3 — ROz + Oo. (10)

Conclusions. The kinetic parameters of the ozonation reaction of benzyl acetate and its
derivatives in the liquid phase have been studied. The rate constants of ozone reaction with benzyl
acetate and the influence of the structure of substituents on its reactivity were determined. It is shown
that the presence of electron-acceptor substituents helps to increase the selectivity of oxidation along
the side chain.
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The results of kinetic studies will allow to optimize the parameters for the development of
technological bases for the production of benzyl alcohol and its derivatives by ozonation of

methylbenzenes in the liquid phase.

Based on the data obtained, it follows that the increase in the degree of accumulation of benzyl
acetate is likely only in the presence of activating additives, such as catalysts based on salts of

transition metals, which requires further study.
References

1. Bezuhyi, P. A., Bolotov, V. V., Hrytsenko, I. S. (2005).
Ot substantsii k lekarstvu [From substance to drug].
Kharkiv: Zoloti storinky. 1244 p. [in Russian].

2. Isak, O. D., Potapenko, E. V. (2013). Laboratornyi
praktykum z orhanichnoi khimii [Laboratory workshop on
organic chemistry]. Luhansk: Noulidzh. 754 p. [in
Ukrainian].

3. Clerici, M. G., Kholdeeva, O. A. (2013). Liquid Phase
Oxidation via Heterogeneous Catalysis: Organic Synthesis
and Industrial Applications. John Wiley & Sons, Inc.
546 p.

4. Pan, H., Li, S., Shu, M., Cui, Q., Zhao, Z. (2018). p-
Xylene catalytic oxidation to terephthalic acid by ozone.
Science Asia, 2018, Vol. 44, P. 212-217.

5. Hwang, K. Ch., Sagadevan, A., Sustainable, P. Ch.,
Hwang, K. K. (2019). The sustainable room temperature
conversion of p-xylene to terephthalic acid using ozone
and UV irradiation. Green Chemistry, VVol. 22, P. 2-8.

6. Cheng Youwei, Wang Li Xi (2005). Effects of
Guanidine on the Liquid-Phase Catalytic Oxidation of p-
Xylene to terephthalic Acid. Industrial & Engineering
Chemistry Research, Vol. 44, Ne 20, P. 7756-7760.

7. Galstyan, S. G., Tyupalo, N. F., Galstyan, A. G. (2011).
Kinetics and Mechanism of the Catalytic Reaction of
Ozone with Toluene in the Liquid Phase. Petroleum
Chemistry, Vol. 51, Ne 3, P. 223-226.

8. Halstian, S. H., Tiupalo, N. F., Halstian, A. H. (2010).
Kinetyka  okysnennia  toluolu  ozonopovitrianoiu
sumishshiu v otstovomu anhidrydi [Kinetics of toluene
oxidation by an ozone-air mixture in acetic anhydride].
Ukrainskyi khimichnyi zhurnal = Ukrainian Chemical
Journal, VVol. 76, Ne 4, P. 26-30 [in Ukrainian].

9. Efros, L. S., Kvytko, Y. la. (1971). Khymyia vy
tekhnolohyia aromatycheskykh soedynenyi v zadachakh y
uprazhnenyiakh [Chemistry and technology of aromatic
compounds in tasks and exercises]. L.: Khymyia. 496 p. [in
Russian].

10. Shereshovets, V. V., Shafykov, N. la., Komyssarov,
V.D. (1980). Kineticheskiy izotopnyy effekt pri
ozonirovanii etanola [Kinetic isotope effect in ethanol
ozonation]. Kinetika i kataliz = Kinetics and catalysis,
Vol. 21, Ne 6, P. 1596-1598 [in Russian].

22

Jlirepatypa

1. Besyreiii I1. A.,, bBonotos B. B.,, ['puuen-
ko W. C. Ot cyOcTaHINH K JIEKapCTBY. XapbKOB:
3omoTsie cTpanwnbl, 2005. 1244 c.

2. Icak O. ., Ilotamenko E. B. JlabopaTopuuit
NpakTUKyM 3 opra”iudHoi Xximii. Jlyrancek:
Hoymimx, 2013. 754 c.

3. Clerici M. G., Kholdeeva O. A. Liquid Phase
Oxidation via Heterogeneous Catalysis: Organic
Synthesis and Industrial Applications. John
Wiley & Sons, Inc., 2013. 546 p.

4.PanH., LiS., ShuM., CuiQ., ZhaoZ. p-
Xylene catalytic oxidation to terephthalic acid by
ozone. Science Asia. 2018. Vol. 44. P. 212-217.
5. Hwang K. Ch., Sagadevan A., Sustainable P.
Ch., Hwang K. K. The sustainable room
temperature  conversion of p-xylene to
terephthalic acid using ozone and UV irradiation.
Green Chemistry. 2019. Vol. 22. P. 2-8.

6. Cheng Youwei, Wang Li Xi. Effects of
Guanidine on the Liquid-Phase Catalytic
Oxidation of p-Xylene to terephthalic Acid.
Industrial & Engineering Chemistry Research.
2005. Vol. 44, Ne 20. P. 7756-7760.

7. Galstyan S. G., Tyupalo N. F., Galstyan A. G.
Kinetics and Mechanism of the Catalytic
Reaction of Ozone with Toluene in the Liquid
Phase. Petroleum Chemistry. 2011. Vol. 51,
Ne 3. P. 223-226.

8. Tamcran C. T'., Tromamo H. ®., T'amcrsan A. T
KineTrka OKHCHEHHS TONYONy O30HOIOBITpS-
HOI0 CYMIMIIIFO B  ONTOBOMY  aHTiIPHII.
Yrpaincoxuu ximiunui ocypnan. 2010, T. 76,
Ne 4. C. 26-30.

9.93¢poc JI.C., KsurkoU. . Xumus wu
TEXHOJIOTHSI ApPOMATHYECKHX COCIAMHCHUI B

3amayax W ynpaxHeHwsax. JI.: Xwummsa, 1971.
496 c.

10. [epemoger B. B., llla¢ukos H. 4., Komuc-
capos B. JI. Kunetnueckuii nzoronnsiii 3¢dext

IpY  O30HMPOBAaHUM OdTaHOJA. Kumemuxa u
kamaaus. 1980. T. 21, Ne 6. C. 1596-1598.


https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3AMario+G.+Clerici
https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3AOxana+A.+Kholdeeva
https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3AMario+G.+Clerici
https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3AOxana+A.+Kholdeeva

ISSN 2786-5371 print
ISSN 2786-538X online
Texnonozii ma inswcunipunz, Ne 3(8), 2022

Ximiuni ma oioghapmayesmuuni mexnonozii
Chemical and Biopharmaceutical Technologies

11. Murray, R. W., Kaplan, M. L. (1976). Singlet Oxygen
Surces in Ozone Chemistry Chemical Oxygenation Using
the Adducts between Phosphite Esters and Ozone. J.
Chem. Soc., Vol. 91, Ne 10, P. 5358-5367.

12. Galstyan A., Galstyan G., Timoshyna L. Research of
the process of liquid phase selective oxidation of 4-
aminotoluene with ozone. Chemistry and Chemical
Technology. 2018. V.12, Ne3. P. 341-345.

13. Kulieshova, T. S., Halstian, A. H. (2019).
Ridynnofazne ozonuvannia etylbenzenu [Liquid-phase
ozonation of ethylbenzene]. Pytannia khimii ta khimichnoi
tekhnolohii = Questions of chemistry and chemical

11. Murray R. W., Kaplan M. L. Singlet Oxygen
Surces in  Ozone Chemistry Chemical
Oxygenation Using the Adducts between
Phosphite Esters and Ozone. J. Chem. Soc. 1976.
Vol. 91, Ne 10. P. 5358-5367.

12. Galstyan A., Galstyan G., Timoshyna L.
Research of the process of liquid phase selective
oxidation of 4-aminotoluene with ozone.
Chemistry and Chemical Technology. 2018.
Vol. 12, Ne 3. P. 341-345.

13. Kynemosa T. C., lanctsan AL T.
PimuuHo(da3He  030HYBaHHS  €THUIIOCH3EHY.

THumanua ximii ma ximiunoi mexwnonozii. 2019.
Ne 3. C. 17-21.

technology, Ne 3, P. 17-21 [in Ukrainian].

HALSTIAN ANDRII

Doctor of Chemical Sciences, Professor,

Department of Industrial Pharmacy of the Kyiv National
University of Technologies and Design, Ukraine
https://orcid.org/0000-0001-8475-8166

Scopus Author ID: 7003679858

E-mail: aggaalst@gmail.com

VASHKURAK JURII

Candidate of Technical Sciences, Associate Professor,
Department of Automation and Computer

Integrated Technologies, Lviv Polytechnic

National University, Ukraine
https://orcid.org/0000-0002-2554-8131

Scopus Author ID: 57214991811

e-mail: yu.pawluk@gmail.com

KOSENKO OLGA

Student, Department of Industrial Pharmacy

of the Kyiv National University of Technologies
and Design, Ukraine

TTAJICTSH A. T., 2 BAIIKYPAK 10O. 3., ' KOCEHKO O. O.
YKuiscokuii nayionanvnuii ynisepcumem mexnonoeisi ma ousatiny, Ykpaina
Hayionanvnuii ynicepcumem «JIvgiecoka nonimexunikay, Yxpaina
JOCJIIIKXEHHSA PEAKIIIi O30HY 3 BEH3UWJIALIETATOM
TA HOI'O TOXITHUMM VY PLIKIN ®A3I

Mema. Jlocniodicenns KiHemuuHux 3aKOHOMIpHOCMElN peakyii OKUCHeHHs ben3unayemamy ma to2o
NOXIOHUX 030HOM Yy PIOKIUl (pazi 05 3 SACYSBAHHS GNJAUSY CRUPMY HA NPOYeC 030HY8AHHSI MEeMUIOeH3eHis 3a
MEMUIBLHOIO SPYNOIO.

Memoouxa. Y cxaany emuicmo 060’emom 20 mia, 001AOHAHY MACHIMHUM nepeMiulysayem,
3A8AHMAHCYBANU NOCTIO08HO PO3PAX0BAHY KINbKICMb MOAyeHy abo beH3urayemamy cyibamuoi Kuciomu i
10 mn oymogozo anciopuoy. Ilicis po3uunenHs peakyiiuni KOMNOHEHMU 3A8AHMAICYBANU 8 MEPMOCHAMOBAHY
CKsAHY KONOHKY. KonoHKy nioxkmouanu 00 360pOmMH0O20 XON00UNbHUKA, OMPUMAHUL PO3YUH OXO0L00ICY8AIU 00
HeoOXiOHOI memnepamypu i NPOnycKaiu Kpizb Hb020 030HO8MIcHUU 2a3. OKUCHeHHS 8elu 00 3a0aAH020
cmynerio kougepcii cyocmpamy. Koumpoav npoyecy 30iiCHIO8AIU MEMOOOM 2a30-PIOUHHOL Xpomamozpagii.
Konyeumpayito  o30ny 6 easzositi  ¢hasi  eusHauanu  cnekmpopomomMempuuHuM — MemoooM  Ha
cnexkmpogomomempi CD-46. Konyenmpayito monyeny ma 1020 HOXIOHUX Y PO3UUHI GUHAYATU MEMOOOM
2a3opiounnoi xpomamoepagpii Ha xpomamozpa@i 3 NOAYM'STHO-IOHIZAYIUHUM OEMEeKMOPOM HA KOJAOHYL
dosxcurnor 1 m i diamempom 3,5 mm, 3anosuenoro nociem — ,, IHEPTOH-Cynep” (0,16-0,2 mm), 3 HaneceHoro
Ha Hbo2o Hepyxomorw gasoro “FFAP” y xinbkocmi 5% 6i0 macu Hocis 3a HACYRHUX YMO8. MeMnepamypa
sunaposysaua — 503-533 K; weuoxicme 2aszy-nocis (azom) — 2,0 712007 weuokicme 600mio — 1,8 1200
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wieuokicms nosimpsa — 18 n-200™. Tepmocmamyeanns nposodunu é memnepamypnux medxcax 363-448 K,
niotiom memnepamypu 30iicnioeascs npoepamoro — 8°C/xe.

Pe3ynomamu. Busueno KinemuyHi napamempu peaxyii 030HYy8aHHs Oensunayemamy ma U020
noxiOHux y piokiu ¢hasi. Busnaueno KoHCmanmu weuoOKoCmi peaxyii 030Hy 3 OeH3UNayemamom 3a pizHux
memnepamyp i enaus 0y008u 3AMICHUKI8 HA U020 peakyiiny 30amuicmo. [lokazano, wo HaseHicmb
E1eKMPOHOAKYENMOPHUX 3AMICHUKIE NIOBUWYE CENeKMUBHICINb OKUCHEHHA 3 DOKOBUM JaHyt02oM 00 54%, a
eneKmpPOHOOOHOPHUX — 3HUICYE 00 8%. Kinemuxa peaxyii 0301y 3 Oensunayemamom npu memnepamypi 293 K
ONUCYEMBCA  PIBHAHHAM OpY2020 NOPAOKY, WO nepeddayae HeNaHyoco8ull Mexauizm okuchenHs. Ilpu
nIOBUYEHUX MeMnepamypax cmac NOMIMHUM JIAHYI208e GUMPAYAHHA O030H)Y 34 PAXYHOK pearyii 3
NPOOYKMAMU PYUHYBAHHS APOMATNUYHO20 KiIbYsl.

Haykosea mnosusna. Bnepue eugueno kinemuky peakyii OKUCHeHHs OeH3unayemamy ma U020
3AMIWEHUX 030HOM 6 PIOKIU (hasi, sKa CYMmEGO 6NAUBAE HA PIGHOBANCHY KOHYEHMPAYI0 CRUpmie npu
OKUCHEHHI 8ION0BIOH020 MemUNOeH301y. Becmanosneno, wo 3aneicro 8i0 6y008u ayuibo8an020 OEH3UL08020
CRUpmMy CeleKmuHiCms OKUCHEHHS 3a OOKOBUM JIAHYIO2OM CIAHO8UMb 6i0 8 00 54%. Busnaueno KkoHcmanmu
weuoKocmi  peaxyii. ma 3anponoHOBAHO MEXAHI3M  030HY8AHHA OeH3unayemamy, wWo 003601UMb
ONMUMIZY8AMU NaApamempu npu po3pooyi MexHOI02IUHUX OCHO8 00ePHCAHHA OEH3UI08020 CRUPMY MA U020
NOXIOHUX 030HYBAHHAM MeMUNOeH30i8 y piOKill ¢as3i.

Ilpakmuuna 3nauumicms. Pezynomamu pobomu 3 0cHO8010 0151 pO3POOKU HUZLKOMEMNEPAMYPHOZO
Memooy cunmesy OEH3UN08UX CRUPMIB, 5IKI 3ACMOCOBYEMbCS Y GUPOOHUYMEBT AKMUBHUX (PapMayesmuyHux
inepedicumis.

Knwuogi cnosa: xinemuxa; OKUCHeHHS; 030H; OeH3unayemam; 6eH3uI08ull CHUpm.

TAJICTSH A.T., ’BAIHIKYPAK IO. 3., 'KOCEHKO O. A.
'Kuesckuii nayuonansuuiii ynusepcumem mexuono2uii u ousaiina, Yxpauna
’Hayionanvnuii ynisepcumem «JIv6o6ckas nonumexuuxay, Ykpauna
HNCCIEJOBAHUE PEAKIIMA O30HA C BEH3UWJIALETATOM
U EI'O NPOU3BOIHBIMH B ’KMJIKOHN ®A3E

Iens. Hccneoosanue xunemuueckux 3aKOHOMEPHOCMEN peaKyuy OKUCIeHUs OeH3Unayemama u e2o
NPOU3ZBOOHBIX 030HOM 8 JICUOKOU (pase 01 onpedeieHuss GAUAHUS CRUPMA HA NPOYecc O30HUPOBAHUS
MemunbeH30108 no MEMUIbHOU epynne.

Memoouka. B cmexnaunyio emxocmv obvemom 20 Ma, CHAONCEHHHYIO MASHUMHOU MeUldIKol,
3a2pyJicany NOCIe008amMenbHO PACCHUNAHHOE KOIUYeCMB0 MOLYoLa Ul OeH3UNAYemama, CEPHHOU KUCIOMbl
u 10mn ykcycnoeo ameudpuoa. Ilocre pacmeopenusi peaxkyuoHHvle KOMNOHEHMbl 3a2pyicanu 8
MepMOCMAMUPOBAHHYI) CMEKIAHHYI0 KOJIOHKY. Kononky nodxkmouaru K 00pamHomy XoA0OUTbHUKY,
NONYYEHHBIIL PACMBOP  OXAANCOATU 00 HeoOX00UMOU meMnepamypvl U NPONYCKAIU uepe3 He2o
030H0co0epacawuti 2a3. OkucieHue eeau 00 3a0anHol cmeneHu Kongepcuu cyocmpama. Konmpons npoyecca
OCYWeCmBIISIUL MEeMOOOM 2A30-HCUOKOCMHOU Xpomamoepaguu. Konyenmpayuio ozona 6 2asoeoli ¢ase
onpeoenanu Cnekmpo@pomomempuyeckum memooom Ha cnexkmpogpomomempe CD-46. Konyenmpayuio
MONYOAA U €20 NPOU3BOOHBIX @ PACMEOPE ONPeOensiiu MEMmoOOM 2a30MHCUOKOCMHOL Xpomamozpapuu Ha
Xpomamozpaghe ¢ NAAMEHHO-UOHUZAYUOHHBIM OeMeKmMOpOM HA KOJIOHKe OauHou 1 M u ouamempom 3,5 mm,
sanonuennou nocumenem — "MHEPTOH-Cynep" (0,16-0,2 mm) , ¢ HaneceHHOU HA He20 HenoO08UINCHOU (ha30tl
“FFAP” 6 ronuyecmee 5% om maccel Hocumensa npu Cie0yiowux yClo8usax. memnepamypa ucnapumens —
503-533 K; ckopocmw eaza-nocumens (azom) — 2,0 1oy’ ; ckopocmuv 600opoda — 1,8 1eu™; ckopocmub 6030yxa
— 18y, Tepmocmamuposanue nposoounu & memnepamypuuix npedenax 363-448 K, noovem
memnepamypvi npou3eoouics npoepammou — 8°C/mum.

Peszynomamul. Hzyuenvt kunemuyeckue napamempuvl peakyuu 030HUPOSanus beHsuiayemama u e2o
NpoU3B0OHBIX 8 HCUOKOU haze. Onpedenervl KOHCMAHMbL CKOPOCMU PeaKyuu 030HA ¢ DeH3UIAYemamom npu
PA3IUYHBIX MEMNEepamypax u GIusHue CMpOoeHus 3amecmumeneil HA €20 pPeaKyuoHHYIO CHOCOOHOCHIb.
Toxazano, ymo nanuuue INeKMpPOHOAKYENMOPHBIX 3aMecmumeneti NOGbIUAen CeleKMUBHOCTND OKUCTEHUs. NO
bokogou yenu 0o 54%, a s1ekmpoHoOoHOpHBIX — cHudicaem 00 8%. Kunemuka peakyuu o030Ha ¢
bensunayemamom npu memnepamype 293 K onucvisaemces ypagrenuem 6mopo2o nopsaoKd, npeonoideanouum
HeYenHou Mexanusm oxucieHus. IIpu NoevluueHHbIX MeMNepamypax CMmAaHOSUMCs 3AMeMmHbIM YenHoe
pacxo0osaniue 030HA 34 cCuem e20 peakyuu ¢ NPOOYKMAamu pa3pyulenust apomMamuyecko2o Koabyd.
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Hayunaa noeusna. Bnepsvie uszyuena KUHemuKa peakyuu OKUCIeHUs OeH3ulayemama u e2o
3AMeueHH020 030HA 8 HCUOKOIL (haze, Umo CyuecmeenHo GIUAem Ha PABHOBECHYI0 KOHUEHMPAYUI0 CRUPIO8
npuU OKUCAEHUU COOMBEMCMBYIOue20 MemuibeH30aa. Ycmanoeieno, 4mo 6 3a8UCUMOCHU O CMPOeHUs.
AUUAUPOBANHHO20 DEH3UN0B020 CNUPMA CENeKMUBHOCMb OKUCAEHUs. N0 DOKo8oU yenu cocmasiusiem om 8 00
54%. Onpedenensbt KOHCMAHMbL CKOPOCHU PeaKyuu U NPeOI0NHCeH MEXAHUSM 030HUPOBanUs bensunayemama,
YMoO NO380MUM  ONMUMUBUPOSAMb NAPAMEmpPbl HpU  paspadomKe MexHON0SUHeCKUX OCHO8 MNOJTYYEeHUs
OEH3UN08020 CRUPMA U €20 NPOU3BOOHBIX O30HUPOBAHUEM MEMUNDEH30108 8 HCUOKOU hase.

Ilpakmuueckaa 3nauumocms. Pezyromamol pabomvl AGNAIOMCA OCHOB0U 014 pazpabomiu
HUZKOMeMNepamypHo20 Memooa cunmesa OeH3UN08bIX CHUPMO8, NPUMEHAEMbIX 8 HPOU3B00CMEE AKMUBHBIX
apmayesmuueckux uHepeOUeHmos.

Kntoueguie cnosa: kunemuka, oKucieHue;, 0301, beH3unayemam; 6eH3UI08blU CRUPII.
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