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To the question of oxidation on the surface of oxides: temperature-
programmed oxidation of cyclohexanol
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Temperature-programmed reaction (TPR) method with mass spectrometric control of the products was used to
study of cyclohexanol oxidation into cyclohexanone on individual and mixed oxides supported by y-Al,Oz and silica
gel. In the TPR profiles the temperature of a maximum rate of cyclohexanone formation varies from 125°C for
MoOs/Al,O3 to 235°C for less active CuO/Al,Os. The catalytic activity of individual oxides decreases in the order
MoQ3/Al,03> V,05/Si0; > FesO3/Al,03 > BibOs/AlbO3 > TiOL/Si0; = CeO,/Al:0O3 > TiO,/Al,O3 > SnO./AlLO3. As
"reactive™ oxygen in our TPR experiment was supplied only from oxide lattice, oxide activity is determined by
different energy of the surface Me — O bonds. The approach to search for mixed active oxides based on decreasing
coordination number of O% ions is proposed, that confirmed by the example of CuO-WOs/Al,O3 catalyst. The mixed
supported oxides, especially CuO-CrOs/Al;03, CuO-Mo0s/Al,03, M0O3-SnO,/Al,O3 and Bi,0s:-SnO,/Al;O3, are more
active in CeH120 + 1/20; — CsHwO + HO oxidation. The synthesized CuO-CrOs/Al,Os catalyst provides
cyclohexanone formation without side cyclohexanol dehydration and can be used for the oxidation of ethylene glycol
— methanol mixture into methyl glycolate. CuO-Cr,0s/Al,O3 with a spinel structure of CuCr,04 ([CuO,] ° tetrahedra,
Cu®* sp3-hybridization) is more active in cyclohexanol oxidation than CuO/Al,Os with flat [CuO4] * squares, Cu®*

dsp?-hybridization. This is explained by the lower energy of Cu-O bonds at sp3-hybridization of Cu®" ions.
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Introduction

Even though many monographs and reviews
have been written on the catalytic oxidation of various
organic compounds on oxides [for example, [1-5]], the
search for a suitable catalyst remains largely luck of a
researcher. We have studied the reaction of
cyclohexanol oxidation into cyclohexanone CegHi20 +
1/20,— CeH100 + H20 on typical catalytic oxides at
linear increasing temperature with mass-spectrometry
product analysis. In particular, this TPR method has
been applied for finding correlations between the
ability of alcohols to be oxidized on CeO,/AlO; and
their chemical shifts & (R®COH) [6]. Usually,
desorption mass-spectrometry is used to study
monomolecular surface reactions such as the
destruction of 1-butin-2-methyl-20l (MBOH) test
molecule or alcohol dehydrogenation on the Cu-
catalyst [7]. However, the release of oxygen from the
oxide lattice of a catalyst allows to study bimolecular
reaction of alcohol oxidation. Obviously, it’s possible
to discuss Mars-Crevelen's mechanism only. In this
communication, the TPR spectra of cyclohexanol
oxidation on individual and mixed oxides supported by
alumina and silica are presented, and the reaction
schemes are discussed also.

Experiment

Numerous individual and mixed oxides
supported by y-Al,O3 and SiO; (30 samples) were used

for the cyclohexanol (chromatography purity) TPR
oxidation (Table 1, 2). The samples containing 2+45
wt.% of supported oxides were prepared by usual
incipient wetness impregnation of commercial y-Al>O3
and silica gel with calculated aqueous solutions of
correspondent metal salts. The supported oxides
precursors were calcined at 400+~700°C for 1+6 h. The
samples were denoted as xMeO/Al,O3(Si0O,), where x
is the MeO content in wt.%. The supported samples
lose not more than 50% of initial high surface area of
the y-Al,03 (260 m?/g) and silica gel (380 m#/g).

The TPR profiles of cyclohexanol products
oxidation were registered on the modernized monopole
mass-spectrometer MX-7304 (Ukraine). Previously
oxide sample (1-2 mg) in a quartz cuvette was
evacuated at 60-80°C, cooled to room temperature, and
adsorption of alcohol vapor was provided. Then a
sample was vacuumed at 30°C, and the TPR spectrum
in the range, as a rule, of m/e = 39 -72 at sweep 2
a.um./s and temperature raising of 15°C/min was
recorded.

Results and discussion
Individual supported oxides
In Fig. 1 some typical TPR profiles of
cyclohexanol oxidation on individual supported oxides
are presented. Two main experimental facts should be
noted:
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- the maximum rate of cyclohexanone formation is
observed at various temperatures for several
oxides in the range from 125 to 235°C (Table 1);

- in the TPR spectra three main products are fixed,
namely, cyclohexanone (55, 42, 69 a.u.m.),
cyclohexene (54, 67, 39 a.um.), and CO, (44
a.u.m.).

Cyclohexene forms at dehydration of cyclohexanol.

This is the main side reaction chartered for alcohols,
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that proceeds on all studied oxides excluding CuO
(Fig. 1). Interestingly, the peaks of cyclohexene and
cyclohexanone formation often are observed at the
practically same temperatures (Fig. 1, 2), i.e.
exothermic oxidation of cyclohexanol stimulates its
endothermic  dehydration.  Suppression of the
dehydration of alcohols during their oxidation on solid
catalysts is an important practical question.
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Fig.1. TPR profiles of cyclohexanol oxidation on individual supported oxides: 44 a.u.m. — CO;
54 a.u.m. — cyclohexene; 55 a.u.m. — cyclohexanone; 57 a.u.m. - cyclohexanol.

Target cyclohexanone forms at 125°C on the most
active MoOs/AlO; and at 235°C for less active
CuO/Al;,O3 that corresponds to change activation
energy of cyclohexanol oxidation reaction E; = 25 RTn

[6], (where Ty in K), from 19.9 kcal/mol to 25.4
kcal/mol (Table 1). Obviously that this E. difference
could be associated with different energies of Cu-O
and Mo-O bonds on the surface of oxides.

Table 1. Temperatures of peak formation of cyclohexanone (T™) and cyclohexene (T>*) from

cyclohexanol adsorbed on studied oxides

Sample E.=25RTn>, T4 oQ **
T, °C kcal/mol * T, °C '
5wt%Ti02/AlO3 195 234 200 >300
5wWt%TiO2/SiO; 190 23.2 190 >270
2 %V,05/Al,03 155 214 155 >330
2%V,05/Si0; 135 204 135 >350
2%MnO,/ Al,O3 - - 205 >180
2%MnO,/ SiO; - - - >160
7%Fe;03/Al,03 145 20.9 145 >270
5%Fe,03/Si0O; - - 135 >270
45wt%CuO/Al2O3 235 25.4 240 >235
20wt%CuO/Si0; - - - >170
30wt%MoO3/Al,O3 125 19.9 125 >280
30wt%Mo0s3/SiO, - - 110 >290
10wt% SnO2/Al,O3 205 23.9 205 >295
10wt%CeO2/Al03 195 234 195 -
10wt%CeO2/Si0O; - - 130 -
10wt%WOs/Al,O3 145 20.9 145 -
10Wt%WO3/SiO; - - 115 -
15%Bi,0s/Al,03 160 21.7 160 >240
15%Bi,0s/SiO- - - - >270

*) Eq4 —activation energy of cyclohexanol oxidation
**) temperature of CO, formation

In TPR spectra for practically all studied samples
the CO, formation, as a result of full cyclohexanol
oxidation, is observed at temperatures higher 250°C as
rule (Fig. 1, 2; Table 1, 3). More active towards CO-
formation are MnO/Al,03(Si0,) samples, unsuitable

for selective alcohol oxidation. For the most part, the
oxidation TPR spectra for alumina and silica as
carriers are strikingly different, for instance, for
supported Bi,Oz (Fig. 1). On the whole, oxides
supported by alumina are more active (Table 1). A

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33



4

Kamaniz ma nagpmoximin, 2022, Ne33

sample can be considered active if in its TPR spectrum
the intensity of the fragment ion (55 a.u.m.) of
cyclohexanone exceeds one of splinter cyclohexanol
ion 57 a.u.m. at peaks. The influence of a carrier on the
activity of supported catalytic oxide is a separate
important question that is not discussed here.

The supported Cr20s/Al,03(Si0O,) samples were
not active in the oxidation of alcohol, but unexpectedly
for us supported SnO; and Bi.O3; oxides showed not
bad activity towards cyclohexanone formation (Table
1). Thus, among the studied samples, some individual

oxides are suitable for the oxidation of cyclohexanol
into cyclohexanone. Their activity decreases in such
order: MoO3/Al,O; > V,0s5/Si0, > Fe,Os3/Al,O; >
Bi>Os/Al,03 > TiO,/Si0s = CeO,/AlO3 > TiO,/AlLO3 >
SnO2/AlLO:s.

Reaction proceeding

In our experiments at low pressure (~ 10°3° Tor in
cuvette), oxygen for the reaction can be generated
from oxide lattice only according to the equation
2CuO = Cuz0 + 1/20,, for instance. A possible
oxidation scheme could be written as

-VCu?* MO + CeH1:OH — -VCu*o + CsH100 + H.0 Q)

NG

2+

Tu

Active surface oxygen ion returns an electron to
Cu? ion and formed O atom attacks the adsorbed
cyclohexanol molecule. Note, the formed oxygen atom
is easier attached to alcoholic -CH,OH group with a
reduced electron density (or a large chemical shift) on
the carbon atom [6]. As result, molecules of
cyclohexanone and water, and a virtual oxygen atom
vacancy O or a hole are formed. Obviously, that
activation reaction energy is determined by the energy
of broken surface Me-O bonds. Studied samples
changed their color after the experiment, for instance,
light yellow CeO,/Al,O3 turned brown that chartered
for Ce0s.

How is it possible to estimate the energy of Me-O
bond in the surface-active site? There are many data on
the heat of oxygen chemisorption Qo2 on oxides, and
the known correlation between Qo2 and activation
energy Ea=Eo— 0.5 Qoz0r IgW = a - bQo2, where W
—reaction rate, has been determined [8]. We have tried
to obtain TPD profiles of O, chemisorbed on studied
oxides, as Eges = Qo2 max, but reliable, repeatable results
did not obtain, even after preliminary calcining
samples and adsorption of pure oxygen. Boreskov with
co-workers [8] have measured the O, pressure (102-10°
4 Tor) above several oxides heated at various
temperatures (150-600°C) and calculated using the
Clapeiron equation the go values named “binding
energies of oxygen”. These o values are useful for
estimating the ability of oxides to lose oxygen (Table
2).

The estimation of energy of surface Me-O bond
could be based on a standard enthalpy formation of
oxide but necessary to consider the coordination
number (CN,) of oxygen ions in lattice and the
circumstance that for O%ion on the surface its
coordination number decreases by 1. For instance, for
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e + H,0

VCuVO  with [OCus] tetrahedrons (O  sp®-
hybridization) and flat [CuO4]® squares (Cu dsp?), the
binding energy of surface Cu-O could be calculated as
Ecwo = AH% (CNo-1)/CN.? = 37* 3/16 = 7 kcal/mol,
and for V'Mn"'O, with rutile’s structure Emno =
125*2/9 = 28 kcal/mol. Such calculated Ewme.o0 values
for studied oxides are presented in Table 2. These
values are varied from 51 kcal/mol for WO; to
7 kcal/mol for CuO (Table 2).

The calculated enthalpies (AHg) of the reactions
of decomposition of higher oxides into lower ones with
the release of oxygen are changed within 90-20
kcal/mol (Table 2). Electron affinity (EA) of higher
oxides is undoubtedly a useful parameter because it
reflects their ability to change a charge of Me-cation
(Me™! + ¢ — Me™), but such data are available for
some oxides only (Table 2). Standard electrode
potentials also are useful. For example, comparison of
Eo=0.77 v for Fe** +e =Fe** and Eo, = 0.15 v for
Cu?* +e = Cu* allows to say that Fe,Os is a stronger
oxidizer than CuO.

However, the comparison of experimental Tn>°, Ea
results (Table 1) and Ewme-0, AHr Vvalues, presented in
Table 2, does not show any correlations.

Consider a possible way for the oxidation of
adsorbed alcohol molecule with the participation of
surface oxygen ion of oxide, for instance, CuO. A
surface oxygen ion with an unpaired electron can exist
either as
-CuOH group or as a strained -Cu-O"-Cu- bridge.
Such sites “sleep” until they are attacked by adsorbed
alcohol molecules. In the case of bridging structure,
the sum reaction is written as

-Cu*-O"-Cu?*- + CsH110H = 2 —Cu*o + CgH100 + H-0.
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In the case of —Cu-OH group, split-off OH
radical could attack the hydrogen atom of B-CH. group
of cyclohexanol, forming water and 3-cyclohexene-1-
ol (m/e=54). Of course, hydroxyl groups and strained
bridges may affect oxidation only at the beginning of a
reaction that proceeds with the participation of
molecular Oz in the gas phase.

So as the result of the first catalytic acts, surface
-Cu'n ions are formed that are capable to chemisorb
O, molecules, forming —Cu?*-0-0", and then 2 —Cu?*-
O sites. As the energy of single Cu-O and -O-O* bonds

is approximately two times less than in O, molecule
(118 kcal/mol), obviously that these surface sites are a
source of active oxygen for oxidation. At forming
active sites by reaction -Me™o +O,— —Me"!-0-0,
one O-O bond in O, (~54 kcal/mol) is brooked and —
Me™-O one is formed. If Emeo< Eo-o, the
chemisorption could be endothermic, but the 2-Me™o
+0, — 2-Me™!-O" oxygen chemisorption is always
exothermic. The regeneration of active sites is a
complicated question that is not discussed here.

Table 2. Several physical-chemical parameters of individual oxides.

Oxide - AH{®*

kcal/mol

EME-Oi**
kcal/mol

do[8],
kcal/mol

Oxide -0 AHR,

*kk
kcal/mol EA, eV

VITiIIIO2

2TiO,=Ti»,03 +0O

226

50

59

Ti*[Ar] - Ti*[Ar]3d! 87 1.59
Ti* +e =Ti%, Eo=-0.04v

V' I
V2105 378

92

43

V205 = V203 +0>

VSTAT —V3[Ar3d? 80 )

VI'\/InIIIC)2 125

28

20

2Mn0O,=Mn,03 +O

Mn**[Ar]3d*—Mn*[Ar]3d* 20 2.06

VIFE‘Z IVO3
197

38

33

Fe, Os=2FeO + O
Fe3*[Ar]3d°—Fe?[Ar]3dS 68 3.06
Fe3* +e =Fe?*, Ey=0.77v

IVCuIVO
37

19

2Cu0=Cu,0+0
([Cu**-O*=[Cu**-Q))
CUZ[Ar]3d°—Cu*[Ar]3d™
Cu® +e =Cu*, Eo=0.15v

34 1.78

v 1
Mo"0s 181

45

53

2Mo0O3 =M0,05 + O

Mot [Kr]—Mo® [Kr]4d! J 3.17

Vignio,
140

31

SnO, =SnO + O
SN**[Kr]4d°—Sn?*[Kr]4d%5p?
Sn** +2e = Sn?*, E¢=0.15v

ViiCceVO,
261

49

2Ce0, =Ce,03+ 0
Ce*'[Xe] —Ce*[Xe]4f!
Ce** +e = Ce®*, Eg=1.61V*

VIl
W"O3 202

ol

55

WO3; =WO;,;+ O 60
WO [Xe]4fH4 —WH[Xe]4f5d2 3.30

VIBi2IV03
BiO, 140
[BiO][BiO3]

26

[Bi**O][Bi** 03] = V'Bi,VO;
Bi**[Xe]4f*5d10— 60 3.30
Bi®*[Xe]4f*5d1%p?

* from: Turova N. Ya. Reference tables on inorganic chemistry. “Khimiya”, 1977,
https://webbook.nist.gov/chemistry/.

** Epe-o = AH% (CNo-1)/CNo?

***https://webbook.nist.gov/chemistry/

It should be noted such an interesting option.
With an excess of adsorbed alcohol, its chemisorption
on the —Cu*o sites with dehydrogenation to aldehyde
(or ketone) is not excluded. The mechanism may be
similar to that described in [7]: an oxygen atom of
alcoholic -OH group exchanges the hydrogen atom for
an electron from -Cu* ion, forming -Cu?-O-CH2-R
species; formed H" atom attacks the C-H bond forming
H, and aldehyde with the return of the “borrowed”
electron to Cu?* ion. The hydrogen will be oxidized in

the presence of oxygen to water so that the total
reaction (1) does not change. Known data on the
oxidation of methanol to formaldehyde confirm this
pathway.

What is a typical number of active sites on the
oxide surface? According to the results on
chemisorption of methanol on numerous individual
oxides [9], the typical concentration of active sites is ~
7 10 site/cm? [10]. In work [11] the reasonable
concentrations of active oxygen [O]~[CUsu] = 1.2-
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2.6 site/nm? (1.2 - 2.6 10 site/cm?) for CuO-CeO;
mixed oxides have been determined. The best
CuCeOx-CP catalyst was capable to oxidize of CO at
60°C with rate 1.2:10°® mol CO/m?/s,
7-10" mol CO/gea/h, TOF=102-102s! [11] that
corresponds to 7.2-10'' molecule/cm?s (7.2-:103
molecule/ nm?/s, TOF = 3-10°s™) or to space yield
time SYT= 5mmol/ge/n. Note, that for an industry
catalyst productivity, as rule, must be higher than this
SYT value. The turnover frequency TOF = 3-103s?
means that during 1 sec the 300 sites are capable to
oxidize only one molecule of CO as follows from the
calculation of 2.1 10 % (site/lcm?) / 7.2:10Y"
(molecule/cm?/s) = 300 site s/molecule.

It’s possible to calculate the collisions number of
CO with the active sites in the experiment performed
in [11]: 333 K, 1 vol% CO at normal pressure (partial
Pco = 10t bar [N/cm?]), using Hertz-Knudsen formula
F = P/(2xmkT)Y2 = P Na/(2tMRT1073)22
[molecules/cm?/s], where Na — 6.02 102 Avogadro
number [molecules/g-mol)], P -partial pressure
[N/cm?], M=mN, molecular weight [g/mol], R= 8.3
[J/(mol K]. Calculated collisions Fco.c,= 2.7-10%
Pco/[Cuswt] =  2.7-10%/2:10% ~ 107 [CO
collisions/site/s]. This calculation demonstrates the
possibility of proceeding TPR reaction of absorbed
cyclohexanol with the Me-O« sites even under 10~ Tor
vacuum (P ~ 10 bar) when the collision number
exceeds the [Me-O¢] sites by 2-3 orders.

The observed in [11] CO oxidation rate was
7.2:10'"" molecules/cm?/s, i.e. the proportion of active,
reacting CcO molecules is
N*/N=72-10""/3-10> ~2:107'°. By  Boltzmann
distribution, N*/N = ¢ ¥RT=2-10"1°, and the active CO
molecules must have the energies
E > RT In2:10'" ~ 11 kcal/mol, significantly exceeding

average thermal energy of molecules
€ =3/2'-RT ~ 1 kcal/mol at 333 K.
Mixed oxides

As known, slow desorption of reaction product is
capable to brake oxidizing reaction, and for a selective
catalyst must observe “consistency between the rates
of formation and desorption of oxidized product” [5].
In the case of gas-phase alcohol oxidation, reaction
temperatures > 150°C are suitable for the quick
desorption of formed aldehydes (ketones). Therefore, a
question on the synthesis of oxide systems capable of
effectively releasing active oxygen at 150-200°C is
greatly actual. We have used the way for search of

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

active mixed oxides based on a decrease in the
coordination number of O? ions (CNo) in the
framework of mixed oxide in comparison with
individual active oxide. At that, the bond Me™-O" in
the surface species could be weakened, and the
oxidation reaction accelerated. An O ion has different
coordination numbers in oxide lattices equal to 4 (sp*-
hybridization, CuO), 3 (sp?, TiO,), or 2 (sp, WO3).
Decreasing CNo formally leads to increasing electron
density on O* ion, that should weaken Me-O bond. For
instance, the formation of copper tungstate by formal
reaction VCuVO + VIW!'O;—-VCuV'W?®30Q, decreases
formal CNfy from 4 to 8/3 in comparison with CuO,
but increases one from 2 to 8/3 according to WOs. The
formal CNo value is calculated from an electrical
neutrality of the lattice: (2%/4) + (6*/6)+ 2 (27/CN'o) =
0, whence CN', =8/3. Obviously, the O* ions are
characterized by the integer CNo= 2 or 3. The
proportion of "O%*ions (X) with CNo=2 is calculated
from the equality 2X + 3(1-X) = 8/3, whence X =1/3,
and the proportion of "MOZXions is 2/3. Then, a
probability of the "™Cu-"O —Y'W (bond) species
formation in CuWOy lattice is equal W=1/2 1/3 =1/6,
i.e. [VCu- "O —V'"W] < 1/6 [Cus®']. With existence of
such species on the surface, the —Cu,-""O" sites could be
more active in comparison with pure CuO.

In work [12] the crystalline dark gray CuWOg4
samples from copper nitrate and sodium tungstate have
been obtained as effective photocatalyst (E; ~ 2.2 eV).
In calculated lattice, the double [CuO4] squares and
[WOs] octahedrons are present [12], i.e. Cu?>" and W¢"
ions keep their coordination numbers in the structure
of mixed oxide. Also, the proportion of YCu-"O — V'W
structures in the lattice is equal to 1/3 [12].

In Fig. 2 and Table 3 the results of testing mixed
oxides supported by alumina are presented. All
prepared mixed oxides, including CuO-WO3/AlL0s,
are more active in comparison with individual
supported oxides (Table 1, 3). Quite unexpected for us
were the successful combinations of Bi»O3 and MoO;
with SnO,, and WO3; and MoOs with CuO (Fig. 2,
Table 3). We also managed to synthesize a quite good
composition of CuO-CrOs on AlO; that oxidizes
cyclohexanol into cyclohexanone at 110°C without its
dehydration in fact (Fig. 2). Also, this sample catalyzes
the oxidation of ethylene glycol — methanol vapour
mixture into methyl glycolate at 200°C with high
selectivity [14].
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Fig.2. TPR profiles of cyclohexanol oxidation on mixed supported oxides: 44 a.u.m. — CO2; 54 aum. —
cyclohexene; 55 a.u.m. — cyclohexanone; 57 a.u.m. - cyclohexanol.

Table 3. Temperatures of peak formation of cyclohexanone (Tm>) and cyclohexene
(Tm™) from cyclohexanol adsorbed on mixed supported oxides

Sample Tw35, °C T, °C T4 °oC*
CuO-TiO2/Al,03 160 160 >240
CuO-Cr203/Al20s 155 155 >260
CuO-CrOs/Al,03 110 210 >260
CuO-Fe203/Al.03 140 140 >250
CuO-Mo00s/Aly04 200 200 >240
CuO-WO3/AlLO;3 150 150 >200
Mo0O3-SnO,/Al203 150 150 >270
Bi203-Sn0O,/Al,05 165 165 >250

*) temperature of CO, formation

The TPR experiments show that CuO- tetrahedron the 4s and 4px, 4py, 4p; orbitals of Cu?* are

Cr,03/Al,O3 sample with spinel structure of supported
CuCr;04 ([CuO4]¢ tetrahedra) is more active in
cyclohexanol oxidation (T>® =155°C) than CuO/Al,O3
with flat [CuO4] ¢ squares (Tn>® = 235°C) (Table 1, 3).
lon Cu?* has 9 electrons at 3d level, and for forming 4
c-bonds in square of [CuO4]® are suitable 3dx-y2, 4s
and 4py, 4py orbitals [13]. For forming [CuO.]®

suitable only [13]. An O? ion with 8 electrons at 2s,
2p levels forms 4 equal o-bonds at sp3-hybridization.
The electrons density is shifted to more electronegative
oxygen atoms. As energy of 4p level is higher than 3d
one [13], the Cusq —O bond is stronger than Cuer—O
according to the experiment (Table 3).
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Conclusions

TPR method with mass-spectrometric control of
reaction products is useful for the study of oxidizing
reactions on oxides. Some individual oxides supported
on alumina and silica oxidize cyclohexanol into
cyclohexanone at 130 - 240°C. Their activity
decreases in the following order: MoOs/Al0; >
V205/Si0; > Fe;03/Al,03 > Bi:0s/Al03 > TiO2/Si0; =
CeO2/Al;03> TiO,/Al,O3 > SnO,/AlOs.

Some mixed oxides, especially CuO-CrOs/Al,Os,
CUO-MOOs/A|203, MOOs-SﬂOz/A|203, Bi203fsn02
/Al>,03, are more active in the cyclohexanol oxidation
and could be applied for selective oxidation of other
alcohols including glycerol and ethylene glycol. In
search of a suitable catalyst, a coordination number of
O? as well as Me™ ions in oxide framework could be
taken into account.
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OkucHeHHsI Ha HOBerHi OKCI/I)IiB: TEPMOIIPOrpaMoOBaHEC OKHUCHCHHSA MUKJIOICKCAHOJIY

Bosogumup B. Bbpeii, Citiana I. JleBuubka, Citnana B. Ilpyaiyc

Tucmumym copoyii ma npoonem endoexonozii HAH Yxpainu, eya. I'enepana Haymosa, 13; Kuis, 03164, Yxpaina
brei@ukr.net

Merton TepmorporpamoBanoi peakiii (TTIP) 3 Mac-crieKTpoMeTpHYHUM KOHTPOJIEM MPOAYKTIB 3aCTOCOBAHO IS
TOCTIDKEHHS peakilii OKHCHEHHS IUKIOTeKCaHOIy JO0 MHUKIOTeKCAHOHY Ha 1HIWBIAYaJ bHHUX Ta 3MIMIAHUX OKCHIAX,
HaHeceHux Ha y-Al;Oz ta cuinikarens. B 3apeectpoBanux TIIP npodinsx OKMCHEHHs IUKIOTEKCAHONy TeMIeparypa
MaKCHU-MaJIbHOI INBUAKOCTI YTBOPEHHS HUKJIOrekcaHoHy (55 a.o.M.) smiHoerscs Big 125°C ams MoOs/AlOs mo
235°C mst menm aktusHoro CuO/Al,Os, mio Bifmosigae 3MmiHi eHeprii akTuBarii peakmii Big 19.9 mo 25.4 KKa/MoIb.
B TIIP mac-cmekTpax CIIOCTEPIraroThCsi TaKOK KM YTBOPEHHS LUKIOTeKceHy (54, 67 a.0.M.), SIK TPOAYKTY
nerigparanii nukiorecanony, ta CO2 (44 a.0.M.), SIK MPOIYKTY HOro MOBHOTO OKHCHEHHS 3a Temmepatyp > 200°C.
KaraniTnana akTHUBHICTh HaHECEHHX IHAMBIAYAIFHUX OKCHIIB MIOAO YTBOPEHHS LUKIOTEKCAHOHY 3MEHIIYETHCS B
psny MoO3/Al,O3 > V-0s5/Si0, > Fe,0s/AlO3 > BirOs/AlO3 > TiO,/Si0s = CeO,/AlO3 > TiO,/AlO3 > SnO./ALLOs.
OcKinbKH «peakiiifHui» KuceHb B yMoBax Hamoro TIIP ekcriepuMeHTy MOXe MOCTa4aTUCh TUTBKU TPaTKOI0 OKCHIY,
iX aKTHBHICTH OOYMOBITIOETHCS Pi3HOIO eHepriero moBepxHeBux Me — O 3B’s3KiB. 3amporoHOBaHO MiAXiJ O MOIIYKY
3MiIIAHMX AKTUBHHX OKCHJIB, IO 0a3yeThCs HAa 3MEHLICHHI KOOPAMHALIMHOro umucna ionis O, AKuii miaTBepIKeHO
na mpukiaaai CuO-WOs/AlLO; katamizaTtopa. BeraHoBieHo, 1o 3mimmani okcuad, Haneceni Ha y-Al,O3z, ocobnuBo,
CuO-CrO3/Al,03, CuO-Mo03 /Al,03, M003-Sn0O,/Al,03 Tta Bi0:—Sn0,/Al;03, € 6inmbin aktuBHuMU B CgH120 +
1/20; — CeH100 + H20 oxkwucHenni. Crin 3a3Haunrty, mo cunte3oBanuii CuO-CrOs/Al,O3 karamizatop 3abesmneuye
YTBOPEHHSI ITUKJIOTeKCAaHOHY MpPaKTHYHO 0e3 MOOIYHOI Jerimparaiii MUKIOTeKCaHOy 1 MOXe 3aCTOCOBYBATHUCH IS
OKHMCHEHHSI €THJICHIITIKOIO 3 MeTaHOIoM 10 Metwiriikonaty. TIIP excriepument mokasye, mo CuO-Cr.03/Al,O3 3
IIITHENBHOK CTPYKTyporo HaHeceHoro CuCr,04 ([CUO4]®™ Terpaenpu, Cu?* 4s4p3-riGpuamsanis) € OGilbII AKTHBHEM B
okucHenHi mukiorekcanony (Tm>® =155°C), mikx CuO/Al,O; 3 mnackumm [CuO4]® kBagparamu, Cu®* 3d4sdp?-
riopuamsanis (Tr*® =235°C). Lle nosicHroeTbes Menmoro enepricro Cu-O 38’s3kiB pu 4s4p®-ri6puausanii ionis Cu?”,
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