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Abstract: The article studied and compared the reactivity of cyclohexanol and methylcyclohexanol isomers
in the oxidative dehydrogenation reaction over modified zeolite catalysts. It found that rates of oxidative
dehydrogenation of all methylcyclohexanol isomers are practically the same and exceed rates of oxidative

dehydrogenation of cyclohexanol into cyclohexanone.
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Introduction

Cyclohexanone and
methylcyclohexanones are valuable products of
organic synthesis. They are used in organic
synthesis as intermediates in the production of
caprolactam from the polymer of which
polyamide fiber is made and are also used as
solvents for many substances. In addition,
methylcyclohexanone is the main raw material
in the asymmetric synthesis of optically active
substances, plasticizers and enanthic acid [1].

The main industrial method for
producing of cyclohexanone is the oxidation of
cyclohexanol with atmospheric oxygen at high
pressure, mainly in the presence of
homogeneous catalysts — soluble cobalt salts
[2]. Methylcyclohexanone is obtained by
oxidation of 2-methylcyclohexanol in the liquid
phase at relatively high pressures in the
presence of homogeneous catalysts - soluble
cobalt salts, and atmospheric oxygen is used as
an oxidizing agent [3]. The main disadvantage
of liquid-phase processes is the difficulty in
separating the catalyst from the liquid
catalyzate. Therefore, on an industrial scale,
mainly gas-phase processes of oxidative
dehydrogenation ~ of  cyclohexanol  and
methylcyclohexanol are used with using as
catalysts metals such as nickel, cobalt, iron,

copper, zinc, chromium, ruthenium, rhodium,
palladium, etc. on different carriers (silicates,
aluminosilicates, aluminum oxides, zirconium
and titanium dioxides or their mixtures). The
process of oxidative dehydrogenation on these
catalysts  proceeds at relatively high
temperatures [4].

Our previous works [5-6] dealt with the
selection of active zeolite catalysts modified by
ion exchange method for the reaction of
oxidative dehydrogenation of cyclohexanol and
4-methylcyclohexanol. As a result of these
studies, it revealed that natural clinoptilolite
with a silicate modulus A = 8.68 modified by the
ion exchange method with cations of Cu?*— 0.5
wt. %, Pd*" — 0.15 wt. %, Sn*" — 0.5 wt. %
shows relatively high catalytic activity in the
reaction of oxidative dehydrogenation of
cyclohexanol to cyclohexanone, and
clinoptilolite containing 0.5 wt. % of Cu*" and
0.15 wt. % of Pd®* is an active catalyst for the
oxidative dehydrogenation of 4-
methylcyclohexanol to 4-methylcyclohexanone.
Using these ultradispersed catalysts, the Kinetic
regularities of the oxidative dehydrogenation of
cyclohexanol to cyclohexanone and 4-
methylcyclohexanol to 4-methylcyclohexanone
were studied and a mechanism and theoretically
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grounded Kinetic models of these processes

proposed [7-8].

For optimal design of the reactors of
large unit power for the above processes, it
becomes necessary to study and compare the
the oxidative

reactivity of

dehydrogenation

reagents
reaction.

in
However,

for a

complete comparison of the rate of formation of
cyclohexanone and methylcyclohexanones, the
Kinetic regularities of the processes of obtaining
two more isomers of methylcyclohexanol are
remained unexplored. These are 2- and 3-
methylcyclohexanol.

Results and discussion

We carried out additional experiments to
study the Kkinetic regularities of the reactions of
of 2-
methylcyclohexanol and 3-methylcyclohexanol

oxidative dehydrogenation

on CuPd-clinoptilolite. The experiments were
carried out in keeping with the method
described in [8]. The experimental results are
presented in Tables 1, 2.

Table 1. Results of the study into the reaction kinetics of oxidative dehydrogenation of 2-
methylcyclohexanol

Concentration Volumet- Molar ratio Yield of 2-
of cations, wt. % T.°C | ric speed, o methylcyclo-
cu® Pd* hour™ Malcohol-Nair hexanone, %

0.5 - 210 1590 0.36:2.64 59.0

0.5 0.1 210 1590 0.36:2.64 94.9

0.5 0.15 210 1590 0.36:2.64 97.3

0.5 0.15 200 1590 0.36:2.64 95.8

0.5 0.15 180 1590 0.36:2.64 93.0

0.5 0.15 190 1590 0.36:2.64 94.0

0.5 0.15 210 3000 0.36:5.18 94.1

0.5 0.15 230 3000 0.36:5.18 97.4

0.5 0.15 200 2000 0.36:3.88 93.7

0.5 0.15 210 2000 0.36:3.88 93.6

0.5 0.15 210 3500 0.36:5.21 97.3

0.5 0.15 220 3500 0.36:5.21 95.2

0.5 0.15 210 1000 0.35:2.45 98.6

0.5 0.15 230 3500 0.35:5.21 95.5

0.5 0.15 210 1500 0.36:2.56 97.9

Table 2. Results of the study into reaction kinetics of oxidative dehydrogenation of 3-
methylcyclohexanol

Concentration Volumetric Mol i Yield of 3-
of cations, wt. % | T,°C speed, onar r.a 0 methylcyclo-
cu? Pd** hour? ialcaiol=Kiair hexanone, %

0.5 - 210 1590 0.36:2.64 60.0

05 0.1 210 1590 0.36:2.64 95.2

0.5 015 210 1590 0.36:2.64 99.0

0.5 0.15 200 1590 0.36:2.64 97.2

0.5 0.15 180 1590 0.36:2.64 91.8

0.5 0.15 190 1590 0.36:2.64 95.9
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0.5 0.15 210 3000 0.36:5.18 94.3
0.5 0.15 230 3000 0.36:5.18 96.0
0.5 0.15 200 2000 0.36:3.88 97.0
0.5 0.15 210 2000 0.36:3.88 97.7
0.5 0.15 210 3500 0.36:5.21 97.0
0.5 0.15 220 3500 0.36:5.21 98.2
0.5 0.15 210 1000 0.35:2.45 99.2
0.5 0.15 230 3500 0.35:5.21 97.5
0.5 0.15 210 1500 0.36:2.56 98.2

Based on the literature analysis [4] and surface alcoholate into 2-, 3-

carried out the experimental studies, the
following mechanism of the oxidative
dehydrogenation of 2-, 3-methylcyclohexanol
has been proposed: upon the adsorption of 2-, 3-
methylcyclohexanol, its protonation occurs with
the participation of Bronsted acid sites of the
catalyst with further elimination and formation
of surface alcoholate. The transformation of the

0,+22—5 5270

K

Z0+CH,C H,,0H—2—Z0(CH,C,H,,OH)

k

ZO(CH,CH,,OH)—=3—>Z+CH,C,H,0+H,0

methylcyclohexanone occurs when it interacts
with dissociatively adsorbed oxygen atoms
through the formation of a ketone-like surface
compound on 2-, 3-methylcyclohexanone. In so
doing, the initial state of the catalyst is restored.
A simplified stage scheme of the mechanism
can be represented as follows:

L e N

1

502+ CH,CyH,,0H=CH.C;H,0+H,0

Here k1, ks, Kk, are reaction rate constants.

It should be noted that the process of
formation of cyclohexanone and  4-
methylcyclohexanone occurs exactly in line
with this mechanism [7, 8]. In general,
according to the above mechanism, oxidative
dehydrogenation processes occur on modified
zeolite catalysts for all cyclic and aliphatic
alcohols.

Considering the identity of the

mechanism of the above processes, their
theoretically based kinetic models are the same
as well. Thus, for parametric identification, i.e.
for determining constants of the kinetic equation
for the rate of formation of 2-, 3-
methylcyclohexanone, there could be used the
kinetic model of the rate of formation of
cyclohexanone [7]:

2

1+4 KiP, +k1|:>2 -1
2k,P, 2Kk,

rcGleo = klPZ

2 k1P2 +klP2
2k,P, 2K,

where 1., o— rate of formation of
6! 112
cyclohexanone; P;, P, — partial pressures of

cyclohexanol and oxygen, respectively; ki, Ko,
ks — rate constants of stages corresponding to
the index equal to the Arrhenius dependences:
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&
k; =kqe "T. Here E; —activation energy of the

j-th reaction, k; — pre-exponential factor of the

rate constant of the j-th reaction.

On the basis of kinetic studies (Table 1,
2), the constants of kinetic models for processes
of oxidative dehydrogenation of 2-, 3-
methylcyclohexanol to 2-, 3-
methylcyclohexanones have been determined.

Calculations of numerical values of the pre-
exponential factors Ink? (InK?) and activation
energies (E;) have been carried out by the
"Sliding tolerance” and "Powell" methods using
the program "Poisk" system [9]. The numerical
values of the constants of kinetic models for the
formation of cyclohexanone and
methylcyclohexanones are presented in Table 3.

Table 3. Numerical values of constants of kinetic models

Ink® | E, kcal/mol
Cyclohexanone

Ink;" 7.49 E! 8.56

Ink;” 0.68 E?2 3.0

Ink?3 59.29 Ef 9.45
2-Methylcyclohexanone

Ink " 10.2 El, 7.0

Ink?? 1.15 =H 3.4

Ink 65.3 E 6.5
3-Methylcyclohexanone

|nk?|1I 10.4 E},, 7.1

Ink®? 1.1 E2, 3.6

Ink 66.5 = 6.7
4-Methylcyclohexanone

Ik’ 10.5 El, 7.2

Ink?Z 1.2 = 3.6

Ink® 65.6 E3, 6.8

With these numerical values of the
Kinetic parameters, the relative error of the
experimental and calculated data does not
exceed 3%. This confirms the correctness of the
proposed hypothesis in the course of the said
processes.

The reactivity of reagents in the studied
oxidative dehydrogenation reactions over

modified zeolite catalysts can be revealed on the
E|

Ell

basis of comparative analysis of their kinetic
models. Since the right-hand sides of their
kinetic equations have the same form, for
comparison, we can use their rate constants as
follows: k,, k,,, k,;;, k,, — the rate constant for
the formation of cyclohexanone, 2-, 3-, and 4-

methylcyclohexanones, respectively. They have
the following Arrhenius dependencies:

Eln Elv

kl = k?ie_ﬁ' kn = k?lie_ﬁ’ k||| = k(l)lile_ﬁ’ k|v = k(lj\i/eiﬁ

Here the value of i varies from one to three,

according to the number of elementary stages.
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Conclusion

Since the reactions under consideration proceed
on modified zeolite catalysts of the same nature,
the numerical values of activation energies
differ insignificantly (Table 3). So, for the first

E|=8.56; E;,=7.0;
Hence it follows that to compare the rate of
formation of target products, it is sufficient to
compare pre-exponential factors of the rate

constants. From the data shown in Table 3 this
can be concluded for all three isomers of

methylcyclohexanol  Ink;,, ~10.5, and for

cyclohexanol Ink® =7.49. Thus, all three

stage of the process in all the four processes of
oxidative dehydrogenation reactions, we can
write:

E;, =7.1; El, =7.2.

reactive in the oxidative dehydrogenation
reaction than cyclohexanol which is consistent
with literature data that substituents on the
cyclohexane ring increase the rate of
dehydrogenation. In this case, the methyl group
accelerates the oxidative dehydrogenation
process, and the isomer rates are practically the
same, i.e.:

I'2-methylcyclohexsanone™ I'3-methylcyclohexsanone ~ T4- methylcyclohexsanone >rcyclohexsanone

isomers of methylcyclohexanol are more
Here r — rate of formation of
cyclohexanone, 2-, 3-, 4- methylcyclo-

hexanones, respectively. Therefore, 2-, 3-, 4-

methylcyclohexanols are more reactive in the
oxidative  dehydrogenation reaction than
cyclohexanol.
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MODIFIKASIYA OLUNMUS SEOLIT KATALIZATORLARI
UZORINDO OKSIDLOSDIRICI DEHIDROGENLOSMO REAKSIYALARIND A
TSIKLOHEKSANOLUN VO METILTSIKLOHEKSANOLLARIN REAKSIYA
QABILIYYOTININ OYRONILMOSI

A.M. Oliyev, G.0. Oli-zada, M.Q. dliyeva, A.R. Safarov, V.M. Yariyev, R.A. dhmadov

Akademik M.F.Nagiyev adina Kataliz va Qeyri Uzvi Kimya Institutu
AZ 1043, Baki, H. Cavid pr.,113; e-mail:agil_s@mail.ru

Maqalada  seolit  katalizatorlart  idizarinda  oksidlogdirici  dehidrogenlogsma  reaksiyalarinda
tsikloheksanolun va metiltsikloheksanolun izomerlarinin reaksiya qabiliyyatinin &yranilmasi va
miiqaisali todqiqi gostorilib. Miiayyon olunub ki, metiltsikioheksanolun biitiin  izomerlarinin
oksidlasdirici dehidrogenlogmo reaksiyalarvmin siiratlori  praktiki olaraq barabardirlor vo
tsikloheksanolun  tsikloheksanona oksidlasdirici  dehidrogenlosma  reaksiyasimin  stiratindan
yiiksakdirlar.

Acgar sozlar: tsikloheksanol, metiltsikloheksanol, seolitlor, reaksiya qabiliyyati, reaksiyanin
mexanizmi.

H3YYEHHE PEAKI[HOHHOH CITOCOBHOCTH ITHK/IOTEKCAHOJIA H
METHIIITUKIIOTEKCAHOJIOB B PEAKIIHHU OKHCJIUTEJIBHOI' O
AET'"/IPUPOBAHUA HA MOAUH®UIITUPOBAHHBIX IIEOJINTHBIX KATA/TU3ATOPAX

A.M. Anues, I.A. Anu-3a0e, M.K. Anuesa, A.P. Cagpapos, B.M. Apwvies, P.A. Axmedoe

Huemumym kamanuza u Heopeanuyeckou xumuu um. akao. M.@. Haeuesa HAHA
AZ 1043, Baxy, np. I. J{ncasuoa,113; e-mail:agil_s@mail.ru

B pabome nposedeno uccnedosanue no uzyueHuro U CpPaAGHEHUIO PEaKyuoHHOU CHOCOOHOCMU
YUKTIO2EKCAHONIA U U30MEPO8 MEMUNYUKIO2EKCAHONA 8 PeaKyul OKUCTUMENbHO20 0e2UOPUPOBAHUs
Ha MOOUDUYUPOBAHHBIX YeONUMHbBIX Kamanuzamopax. bvino evisaeneno, umo ckopocmu npoyeccos
OKUCTIUMENIbHO20 ~ 0e2UOPUPOBAHUS.  6CEX  U30MEPOE  MEMUNYUKIO2EKCAHONA — NPAKMUYECKU
00UHAKOBbIE U NPEBLIUAIOM CKOPOCMb — OKUCTUMENbHO20 0e2UOPUPOBANU YUKIIO2EKCAHONA 6
YUKIIO2EKCAHOH.

Knroueesvie cnosa: UUKTI0CEKCAHRO, MEMUIYUKIIOCEKCAHO], UEO0IUNbl, peaKyuOHHAaA Cl’lOCO6HOCWlb,
MeEXAHUIM peaKyuu.
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