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REACTION METHODS
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By the example of heterogeneous catalytic oxidation of propane the process of
peroxide radicals transfer from the surface of catalysts into the reactor volume is
studied. For comparison ZnO/SiOz contacts obtained by depositing the active phase
on the silica surface by sol-gel and chemical transport reaction (CTR) were used.
It was established that for the case both the temperature of the radicals transfer from
the surface to the volume and the value of the activation energy are lower than in
the case. It was shown that the modification of the silica gel surface with zinc oxide
by the CTR method is more effective as compared with the sol-gel method. It is
established that in both cases the active phase of the catalyst exhibits paramagnetic
properties. On the basis of the given, semi-artificial kinetic method of radical
detachment, the obligatory mechanism of activation failed.
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Introduction. Zinc oxide has wide applications in catalytic processes as an
active phase of catalysts in the processes of dehydrogenation, dehydration, addition,
and decomposition of pollutants [1]. Thin films and coatings of ZnO have a variety
of physical and chemical properties, among which unique piezo- and pyro-effects,
adsorption and reactions of gases on the ZnO surface, etc. [2, 3] occupy a prominent
place. It is due to these properties that special attention is paid to the surface
properties of ZnO [4] depending on the methods of its deposition on various solid
contacts. A number of methods for surface modification with highly dispersed ZnO
are known, including aerosol pyrolysis, gas deposition, sol-gel technology, etc.
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One of the new and highly efficient methods of chemical modification of the
surface of aerosil [4] and silica gel [5] with zinc oxide is the chemical transport
reaction (CTR) method. In [6], the high activity of copper(ll) oxide deposited on the
solid surfaces of various carriers by the CTR method was demonstrated. It was
shown in [4, 5], that when the surface of silica gel is modified with ZnO by the
CTR method, the active component ZnO is deposited mainly in pores with sizes of
8-10 nm. Bearing in mind that one of the important characteristics of catalysts is
their specific surface area, in this case the surface of the porous carrier was modified
without a significant change of this parameter. The search for conditions leading to
an increase in the catalytic activity of ZnO is urgent since this compound is widely
using in various oxidation and hydrogenation processes.

Using the EPR method in [7] the process of peroxide radicals release from the
surface to the reactor volume during propane oxidation on various surfaces modified
with titanium carbides was studied. It was found that on active phases containing
small amounts of oxygen, the release of peroxide radicals from the surface to the
volume occurs with an activation energy of 56.3 kd/mol, and the lower temperature
limit for the detection of radicals is about 15-20 degrees lower than on a
stoichiometric (oxygen-free) carbide. It was also shown that the activity of the
carbide phase is conditioned by the deficiency of carbon and oxygen in the carbide
sublattice of titanium. The mechanism of joint simultaneous activation of
hydrocarbon and oxygen on this new active phase was also considered.

Based on the foregoing, in this work the task is to study the process of the
release of peroxide radicals from the surface to the volume depending on the methods
of ZnO deposition on various solid contacts by the example of propane oxidation.

The information obtained will make it possible to expand the field of ZnO
application in various catalytic processes depending on the methods of surface
modification with highly dispersed zinc oxide.

Experimental Part. Highly dispersed silica gel was used as a solid carrier,
and ZnO of “Sigma Aldrich” trademark, 40% aqueous solution of hydrogen peroxide
of “chemically pure” grade, surfactant “dodecyl chloride”, propane with a purity of
98.5%, oxygen with a putity of 99% were used in experiments. Chromatographic
analysis was performed on a column packed with Chromaton with an OV-17 applied
liquid phase. Analysis conditions: column length of 2 m, 2 mm in diameter, nitrogen
as a carrier gas with flow velocity of 25 mL/s, temperature 433 K, flame ionization
detector.

Preparation of Catalysts. Initially, tablets were prepared from highly dispersed
silica powder. A silica gel tablet weighing about 0.1 g and dimensions 1x1x0.1 ¢cm?
was prepared by pressing ultrapure silica gel under a pressure of 1500 kg/cm®without
a binder. The catalyst 1, that is by the sol-gel method, was prepared according to the
method described in [8, 9] by applying ZnO thin layer on the surface of the above-
described tablets from alcohol suspension in the presence of a surfactant.
The catalyst 2 was prepared by applying ZnO layer to the surface of silica pellets
using CTR method described in [5].

The experiments were carried out on a flow vacuum installation. A cylindrical
quartz reactor 16 cm long and 1.5 cm in diameter was installed in an electric furnace
with a KVVP-503 thermostat for temperature control. The accuracy of maintaining the
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temperature was +0.5 K. Paramagnetic properties of the solid sample, as well as the
radicals transfer to the volume, were studied by the method of electron paramagnetic
resonance using SE/X-2543 radio spectrometer in the range of 3000-4000 Oe at a
frequency of v = 9.39 GHz.

Two tablets of the sample under study were placed vertically on a quartz grid
parallel to each other at a distance of 5 mm. The reaction mixture passed in a stream
(z« = 0.1 s) through the reactor with the catalyst and was directed to the finger-like
extension of the Dewar flask with liquid nitrogen. The latter was in the resonator of
an EPR radio spectrometer [10]. Experiments were carried out with mixtures of the
reagents with a pressure ratio Py, : Pco,: Po, =1:1:0.1. The pressure of the mixture
in the reaction zone was 0.05 Torr.

Results and Discussion. First of all, to obtain reproducible results, the reactor
was rinsed with a 10% solution of hydrofluoric acid and dried. After that, oxidation
reactions were carried out in the reactor in the high-temperature region (720 K). As
experiments have shown, the activity of catalysts increases with time reaching a
limiting value after 90 min. This ensured the reproducibility of the experimental
results. It was shown in [2] by the EPR method that the catalytic activity of ZnO is
mainly associated with oxygen vacancies formed during the process. For this reason,
data on the EPR study of the active phase may be of interest. It should be noted that
EPR is a very powerful method for studying point defects and deficiency states of
the sublattice in complex solid-phase compounds. The fact is that compounds, where
the spins of electrons responsible for chemical bonds are paired, do not have an EPR
signal. Therefore, defect-free ideal crystals are diamagnetic. It should be noted that
the effect of propane oxidation on the structure of such compounds should lead to
the appearance of point defects and paramagnetic centers. This is directly
demonstrated by the example of slow oxidation of propane in the reactors with salt-
covered walls [10]. We carried out EPR studies with ZnO without and with activation.
The EPR spectrum of ZnO before and after activation is shown in Fig. 1.

From the data, presented in Fig. 1, it follows that after activation the sample
exhibits activity in a magnetic field 3340-3395 Oe, and g-factor was calculated by
the formula g = goeer (1 + H / Hpper). 1t was found that g = 1.975 Oe. The presence
of an asymmetric signal with g = 1.975 Oe unambiguously indicates the presence of
an oxygen vacancy (Vo) in the oxide sublattice, and the shift of the g-factor towards
low magnitudes is due to the anisotropy effect. As shown in [11], when chemically
active particles interact with the surface of a solid, nonstoichiometric states are
formed. Comparing the obtained result with the data of [12], we observe small
changes in the values of the EPR spectrum parameters over the width and g-factor,
which in turn is associated with the influence of the substrate. Zinc oxide is also
widely used as a catalyst, filler, binder and decorative material. A feature of this
compound is that it exhibits a deviation from the stoichiometric composition towards
an excess of Zn in a fairly wide range. Some of the physical and chemical properties
of ZiO, such as catalytic activity, are highly dependent on its stoichiometry.

Then two series of experiments were carried out using the catalyst 1
and the catalyst 2. The experiments were carried out using the mixtures
Pc, 1, : Pco,: Po, =1:1:0.1. The mixture pressure in the reaction zone was 0.05 Torr,
the temperature range was 620-720 K and the duration of the experiments was 30 min.
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Fig. 1. EPR spectrum of ZnO: 1 - before activation; 2 — after vacuum thermal activation;
3 — activation by reaction, at v=9.39 GHz.

Experiments have shown that in both cases with the catalyst 1 and catalyst 2,
alkyl peroxide radicals are detected, while hydroperoxide radicals are absent.

Fig. 2 shows the temperature dependence of radicals accumulation for two
catalysts: 1 — catalyst 1; 2 — catalyst 2. It is evident from the data of Fig. 2, that the
catalyst obtained by the CTR method is more active in comparison with the catalyst
obtained by the sol-gel one. For the catalyst 1 the lower temperature limit for the
detection of radicals is about 10-15 degrees lower, than for the catalyst 2.
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Fig. 2. Dependence of the accumulation of radicals (in arbitrary units) on temperature:
Pe,n, 1 Pco,: Po, = 1:1:0.1; Prota = 0.05 Torr; 1 — catalyst 1; 2 — catalyst 2.

It was established that the release of alkyl peroxide radicals from the surface to
the volume in the case of catalyst 1 occurs with an activation energy of 56.5 kJ/mol.
In the second case it is 50.3 kJ/mol. An exemplary mechanism of joint simultaneous
activation of hydrocarbon and oxygen on the catalysts 1 and 2 was considered. The
HO; radicals formed on the surface decay faster [13] than are desorbed to the
volume. Therefore, they were not detected, as shown in [14].
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Conclusion. Thus, the modification of the silica gel surface with ZnO by the

CTR method is more efficient as compared with the sol-gel method. Consequently,
catalysts obtained by applying an active phase on the surface of various carriers using
a chemical transport reaction can be successfully used for low-temperature
generation of active radicals. As a result, new prospects for the application of the
CTR method are opening up, as one of the simple and effective methods for
obtaining new heterogeneous catalysts.
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2Nl-d6L 64 LhUPUTUUL SEALUONIUUL NEUUSPU3NY. ZnO -4,
UNhrdHhui8duo UbLhUUKNIh UQUE EINF3(hTL ML NNULHh
<NUNa6L<6S6MrNGEL UG rALUUUSPATLUSDY
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Mpnuutth mupuutin-Jumwhnhy opuhnugdwb ntwlghuyh ophbwlny
niuntdbwuhpyty t Juunwhqunnpp dwytplingph wjnhy Yetwmpnbbtphg
wtpopuhn nwnhluybtiph dwuy nhunppytine gnpdpbpwgn: <wditdwnbne
hwdwp oquuugnnpdyty k uhjhjuwhnnh dwytplinipuwyhtt wyumpy $wgh tuntign -
uhg unwgyud ZnO/SiOz-p qni-dt W phihwud ntnuthnfudwd nkwlghuwyghy
(L8}) tnubtwlitpny: <wnunmuunyly £, np LS(k-ny ZnO-ny bwhwytiu
Unnhdhlugyud uhihjudth dwytiplinypeh junwhmhl wumhyngniad wybh
pwnan k, pwb gnp-dty tnubwyny innhdhjugyuwd uhjhjudth dwytiplingph
wlumhynipniipn: <uunwwnmyt) £ twl, np unwgyuo wljmhy $wgp tpyne
ntiyptipnid £ gnigupbipnid £ yqupudwgbhuwjut hwnnieynil: Giatng
nwnhuibtiph vwntigdwd Jhobnhjuud dhpnmny unuggud wyjjujbtiphg,
phtupyud E ypnuuth wjuhyjugdwb dhhawbhquip:
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HOBBIE BO3MOXXHOCTH HU3KOTEMIIEPATYPHOU T'EHEPAILIU
AKTHBHbBIX LIEHTPOB T'ETEPOI'EHHO-TOMOI'EHHOM
AKTHUBAIIMU [IPOITAHA HA TIOBEPXHOCTU KPEMHE3EMA,
MOJUDULIMPOBAHHOM ZnO METOIAMMU 30J1b-T'EJIb
1 XUMHUYECKON TPAHCIIOPTHOI PEAKILIUU

Ha npumepe rereporeHHO-KaTalUTUYECKOTO OKHCIIEHUS NpollaHa H3ydyeH
MpOLECC MEepeHOca MEPOKCUAHBIX PAaJMKaJIOB C IMOBEPXHOCTH KaTalu3aTOPOB B
o0beM peaktopa. st cpaBHEHHUS UCTIONIB30BAIMCH KOHTaKThl ZnO/Si02, moixydeH-
HBIE OCAXXJICHHEM AaKTHBHON (ha3bl Ha IMOBEPXHOCTh KPEMHE3eMa METOAAMH 30JIb-
re’ah U XUMUYIECKOW TpaHcmopTHOH peaknuu (XTP). YcraHoBiieHO, 4TO B Ciiydae
KaHTaKTa, MOJYyYEHHOro ¢ Hcrmoip3oBaHueM XTP, kak Temmneparypa mnepexofa
paArKaoB ¢ MOBEPXHOCTH B 00BEM, TaK M 3HAYCHUE SHEPTUHU aKTUBALIMH HIDKE, YeEM
B CJIy4ae KOHTAaKTa, [I0JIy4€HHOT'O 30JIb-T'€JIb METOJOM. Y CTAHOBJICHO TAaKXXE, YTO B
00ouX ciydasx akTUBHas (paza KaTann3aTopa MposBIsIeT apaMarHUTHBIE CBOWCTBA.
Ha ocHOBaHMM [aHHBIX, MONYYEHHBIX KMHETHYECKHUM METOAOM 3aMOPaKMBaHUS
paauKanoB, 00CYXJIeH MEXaHU3M aKTHUBAIMH NPOTIaHa.



