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TEXTURAL AND CATALYTIC FEATURES OF SILICON SURFACE
MODIFIED WITH ZnO IN THE REACTION OF HOMOGENOUS-
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The textural and catalytic characteristics of the surface of silica gel modified
with zinc oxide by the sol-gel method and by means of a chemical transport reaction
(CTR) have been studied. It was found that catalytic activity of the obtained
contacts depends on both the nature and the structural and textural characteristics
of the supported ZnO. Using the example of the reaction of low-temperature oxidation
of propane, it was found that lower limit of the release of radicals from the surface
into the volume with the CTR maodification method is lower by 15-20 degrees than
in the case of the sol-gel method. It was shown that the catalyst obtained by applying
the active phase on the surface of the support by the CTR method is more efficient
due to the energy homogeneity of its active centers and the texture characteristics
of the surface.
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Introduction. The choice of optimal conditions for the deposition of ultrafine
particles of metals or their oxides on the surface of solid porous supports is one of
the urgent problems of heterogeneous catalysis [1, 2]. This is mainly due to the fact,
that often the catalytic activity of the active phase deposited on a porous base, along
with its chemical nature, is also a function of its structural and textural
characteristics. Therefore, the search for new ways to obtain highly efficient hetero-
geneous catalysts does not lose its relevance for a long time [3].

It is known that ZnO is widely and successfully used in catalytic processes
such as dehydrogenation, dehydration, addition and decomposition of substances
that pollute the environment. Unique piezo- and pyroelectric effects, adsorption and
reactions of gases on the surface of sorbents with deposited ZnO occupy a special
place [4, 5]. Due to these properties, special attention is paid to the study of the
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properties of ZnO deposited on the surface of various porous carriers by various
methods: aerosol pyrolysis, gas deposition, sol-gel, etc. [6].

One of the new and highly effective methods for modifying the surface of
aerosil [7] and silica gel [8] with metal oxides is the chemical transport reaction
(CTR). For example, the high catalytic activity of copper oxide deposited on the
surface of solid supports by the CTR method was demonstrated in [8]. It was shown
in [7, 9] that, when the surface of silica gel is modified by ZnO using the CTR
method, the active component ZnO is predominantly deposited in the pores of the
support with sizes of 80-100 A.

This work presents some results of studying the structural, textural and
heterogeneous catalytic characteristics of zinc oxide deposited on the surface of
porous silica by the sol-gel and CTR methods. By the example of low-temperature
oxidation of propane, the process of peroxide radicals release from the surface of
solid contacts into the bulk is studied, depending on the structural and textural
characteristics of the deposited ZnO.

Experimental Part. Highly dispersed ultrapure silica SiO, («Sigma Aldrich»
trademark), 40% aqueous solution of hydrogen peroxide (chemically pure grade),
surfactant dodecyl chloride, propane and oxygen with purity of 98.5% and 99%,
respectively, were used as carriers of the active phase. Chromatographic analysis
was carried out on a column packed with Chromaton with an OV-17 applied liquid
phase. Column length is 2 m, diameter is 2 mm, carrier gas is nitrogen, carrier gas
velocity is 25 mL/s, temperature is 433 K, flame ionization detector. The texture
parameters and surface morphology of the initial and obtained by different methods
samples were studied both directly by adsorption gravimetric methods and by means
of scanning electron microscopy (SEM) analysis.

Preparation of Catalysts. A tablet of samples weighing about 0.1 g and
dimensions 1x1x0.1 cm® was prepared by pressing high-purity silica gel under a
pressure of 1500 kg/cm?. Then, zinc oxide was applied to the obtained tablets by two
methods. In the first case (catalyst 1), ZnO fine powder was mixed with a 40%
aqueous solution of hydrogen peroxide and kept at a temperature of 40°C for 8 h,
that yielded ZnO,. Then, according to the method described in [9], the surface of
preliminarily prepared SiO; tablets was treated with an alcohol suspension in the
presence of dodecyl chloride surfactant. The tablets were dried at a temperature of
600 K in a nitrogen flow. In this case ZnO, decomposes into ZnO on the surface.

The catalyst 2 was obtained by low-temperature deposition of ZnO on the
surface of silica pellets using CTR of the ZnO/H,O, complex according to the
procedure described in [7]. In both cases described the content of the active ZnO
phase deposited on the silica surface was about 5 mg/g.

Experiments to detect and study the qualitative and quantitative characteristics
of radicals were carried out on a flow-through vacuum installation. A cylindrical
quartz reactor 16 cm long and 1.5 cm in diameter was installed in an electric furnace,
the temperature of which was controlled with a KVVP-503 thermostat. The accuracy
of maintaining the temperature was 0.5 degrees. The radicals released into the bulk
were studied by the kinetic method of freezing radicals on an SE/X-2543 radio
spectrometer in the range of 3000-4000 Oe at a frequency of v=9.39 GHz, according
to the method described in [10].
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Two tablets of the test sample were placed vertically on a quartz grid parallel
to each other at a distance of 5 mm. The reaction mixture passed through the reactor
with the catalyst and was directed to the finger-like branch of the Dewar vessel with
liquid nitrogen. The latter was in the resonator of the EPR radio spectrometer.
The experiments were carried out with mixtures Pc_y,: Pco,:Po,=1:1:0.1. The
pressure of the mixture in the reaction zone was 0.05 Torr.

Results and Discussion. The treatment of the surface of silica with gaseous
products of CTR ZnO/H,0; leads to a significant change in its structural parameters,
which is due to the formation of a secondary texture on the surface of the initial
sorbent [7]. As a result, the specific surface area decreases by 15 m?g, while the
specific pore volume, on the contrary, increases by 0.042 cm®g. In addition to changes
in these basic texture parameters, there is also a significant change in the fractal
dimension of the surface, which was determined based on calculations of the adsorption
isotherms of N2, CHCls, C¢Hs, n-hexane and cumene on the corresponding samples,
using the Brunauer—-Emmett—Teller multilayer adsorption equation.

a, mmol/g a dv/dr-103, cm3/ A b
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Fig. 1. Isotherms of low-temperature nitrogen adsorption (a) and pore distribution curves (b)
by size for the initial (1) and treated with gaseous products of CTR ZnO/H20: of silica
samples for 6 h (2) and 30 h (3).

Fig. 1 shows nitrogen adsorption isotherms (a) and pore size distribution
curves (b) for the initial silica and that of obtained after treatment with gaseous
ZnO/H;0, by the CTR method. It follows from these data that as a result of
modification, the surface texture of the initial silica changes greatly. This is
expressed not only in a decrease in the value of the relative vapor pressure of the
adsorptive, corresponding to the onset of capillary condensation, but also in a change
in the type of the hysteresis loop. Moreover, at the initial stages of modification a
decrease in the pressure of the onset of capillary condensation is observed, which
indicates the decomposition of the modifier in relatively large pores. Further increase
in the treatment time of the CTR with gaseous ZnO/H,0; leads to the opposite
picture — a shift of the onset of capillary condensation towards higher adsorptive
pressures. Apparently, this is due to the fact that during long-term CTR-processing
of silica, some pores are closed, while the size of others decreases or they change
their shape, i.e. the surface is structurally modified. This is also evidenced by data
on the pore size distribution (Fig. 1, b). At the first stage of treatment (6 h), a shift in
the distribution maximum from 40 to 20 A is observed. Further increase in the time
of modeling (up to 30 h) leads to a shift of this maximum towards larger pore sizes
(70 /3\). Based on the pore size distribution curves, it can be concluded that, as a result
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of the decomposition of the gaseous products of ZnO/H,0, on the silica surface, the
texture parameters change not only due to a change in the pore morphology, but also
due to the formation of a new ZnO texture to the top. However, given the small
amounts of ZnO deposited on the silica surface, it can be assumed that structural
changes on the silica surface are mainly due to the blocking of some slot-like and
bottle-shaped pores, which is the main reason for the decrease in the specific surface
area. Apparently, a change in the chemical nature of the surface also plays a certain
role in this process. This assumption may be evidenced by the change in the sorption
capacity (Sssa, Specific surface area) of silicon-earth sorbent during its modification
(Tab. 1).

Table 1

Time dependence of changes in texture parameters of treatment with gaseous products of ZnO/H202

Sssa, M?/g, for different adsorptives Vsp, D. fractal
th Nz, CHCls, CeHs, CeH1a, CoH1z, cm®/g, dimension
162 A2 | 285A2 41 A2 51.5 A2 62.3 A2 by N2
0 250 220 208 200 190 0.69 2.14+0.091
6 270 220 200 190 180 0.71 2.59+0.095
10 230 190 178 165 165 0.74 2.51+0.056
15 215 209 200 190 188 0.70 2.25+0.047
20 205 200 195 190 195 0.58 2.10+0.060
30 158 156 150 145 150 0.52 2.07+0.024
25, Sssa MG
| ——N2

2|

Fig. 2. Dependence of the change in the

specific surface Sssa Of silica on the time
. , . : LN of treatment with gaseous products of
1 m 0 30 chemically-treated ZnO/H20x.

[ fal}-

In the initial period of modification (up to 10 h), an increase in the specific
adsorption volume from 0.69 to 0.75 cm?/g was observed. Subsequently, this volume
decreased, and after 30 h of treatment it has a magnitude of 0.52 cm®g. A more
reliable proof of the above can be the change in the specific surface area of silica
(measured using different sorbents) with time depending on the treatment with
gaseous products of CTR of ZnO/H,0, shown in Fig. 2. After processing for 6 h, an
increase in the specific surface area from 250 to 270 m?/g was observed. Then it
decreased and after 30 h of treatment it was only 158 m?/g. This phenomenon was
observed regardless of the size of the adsorptive molecules, but they have different
dynamics. It follows from this that during the modification, in parallel with the
changes in the specific surface area and adsorption volume, also the fractal
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dimension of the surface was changed. Moreover, if an increase in the fractal
dimension was observed at the initial stage, later it decreased due to the partial
leveling of the surface due to the zinc oxide deposition.

Thus, based on the results of studying the process of treating the surface of
silica by the CTR method, it was found that the proposed method of chemical modi-
fication can be quite effective not only for applying nanofilms, active components
of heterogeneous catalysts on the surface of solid carriers, and obtaining new
stationary phases for chromatography, but also to increase the temperature of the
onset of intense sintering of silicas. This, in turn, makes it possible to increase signi-
ficantly the regeneration temperature of sorbents and heterogeneous catalysts based
on silica without significantly changing the textural parameters of their surfaces.

Fig. 3. SEM images of the surface of different silica gel samples: initial SiOz (a), modified with ZnO
by the sol-gel (b) and CTR (c) methods.

Fig. 3 shows the data on the microstructure of the surfaces of solid contacts
Si02/Zn0O for samples, obtained using sol-gel and CTR methods. As evidenced, there
are no significant local accumulations of the active phase on the surface of both
catalysts: the surface is covered with ZnO particles evenly.

Using the example of the reaction of low-temperature oxidation of propane,
the process of the release of radicals from the surface into the bulk was studied under
various experimental conditions. The following series of experiments were carried out:
1 —without a catalyst; 2 — using silica without an active phase; 3 —silica with a catalyst 1;
4 —silica with a catalyst 2. EPR spectra of frozen-out radicals obtained at T = 680 K
and identical experimental conditions, depending on the nature of the catalyst, are
shown in Fig. 4. In all experiments radicals were detected, which, in terms of the
number of lines and the width of splitting, belong to alkyl peroxide radicals, RO, [10].
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In the absence of a catalyst, radicals were not detected. At these temperatures
without catalysts, radicals were not detected too. This means that radicals are formed
due to the activation of propane and oxygen on the surface of solid contacts.

60
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Fig. 4. EPR spectra of frozen RO radicals at
y = 9.39 GHz, formed in the reactor at
-40 PcsHs: PCOZ:POZZl:l:O'l;T =680 K, total
pressure of the mixture in the reaction zone
0.05 Torr:
-60 1 — without a catalyst;
2 — with an untreated tablet;
3 —with a catalyst 1;
-80 4 — with a catalyst 2.
Table 2
The amount of frozen-out peroxide radicals
Amount of radicals,
14
. N0, atT,K | 650 | 640 | 660 | 680
Experiment
No
1. Empty reactor — _ _ —
2. SiO2 without an active phase - - - 0.6
3. Catalyst 1 0.9 2.8 5.1 8.7
4. Catalyst 2 2.4 4.8 7.3 9.8

The amount of frozen-out peroxide radicals, N/10%4, accumulated from the
reaction zone (Pc,y,: Pco,: Po, = 1:1:0.1) within 30 min and at different temperatures
are presented in Tab. 2. The data presented indicate that the amount of frozen-out
radicals at all temperatures and identical experimental conditions strongly depends
on the nature of the surface of the active phase of the catalyst, i.e. on the nature of
the coating. No radicals are detected in an empty reactor at all temperatures. In a
reactor with SiO; pellet without a deposited active phase, only traces of radicals were
found at a temperature of 680 K. In the reactor with catalysts 1 and 2, radicals were
found at all temperatures studied. However, in the presence of catalyst 2 their amount
was noticeably higher at all temperatures. This was especially evident at relatively
low temperatures. Thus, at T = 620 K, the ratio of the content of radicals on the
catalysts 2 : catalysts 1 was 2.66, while at T = 680 K it was only 1.26. According to
[11], when the reaction particles interact with the catalyst surface, energy is
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accumulated on the active centers of the latter, which leads to nonstationary surface
state and the release of active particles from the surface into the bulk. Obviously,
this is also influenced by the textural characteristics of the active phase. This is the
reason for the high sensitivity of the gas-phase oxidation reactions of hydrocarbons
to the state of solid contact of the surface.

Conclusion. Based on the results obtained, it can be stated that ZnO/SiO,
catalysts activate propane and can be successfully used for low-temperature
generation of active radicals in hydrocarbon oxidation processes. However, the
activity of such catalysts depends on the textural characteristics of their surfaces,
which, in turn, strongly depend on the method of applying the active phase to the
surface of the inert support. Low-temperature deposition of the active phase of the
catalyst using the CTR of the MeO/H,0, system can help solve the problem of
obtaining new highly selective and active heterogeneous catalysts, in particular,
catalysts for the low-temperature oxidation of hydrocarbons.
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I1. C.TYKACSH, C.b. MXUTAPSH, B. A. CAPKE3UH,
C. M. BAPJIAIIETAH, O. A. KAMAJISIH

TEKCTYPHBIE U KATAJIMTUYECKHE OCOBEHHOCTHU
MNOBEPXHOCTU KPEMHE3EMA, MOJU®ULIMPOBAHHOI'O ZnO,
B PEAKI[MM T'OMOI'EHHO-TETEPOI'EHHOI AKTHUBALIUU
[IPOITAH-KUCJIOPOHBIX CMECEM ITPM HU3KHX JABJIEHUSAX

N3ydeHbl TeKCTypHBIE M KaTaJIUTHYECKHE XapaKTEPUCTHKH IOBEPXHOCTH
CHJIMKAresis, MOOU(UIUPOBAHHOIO OKCHIOM LIMHKA 30Jb-T€llb METOIOM M IpH
MTOMOIIIM XUMHUYECKOH TpaHcnopTHOH peakiwn (X TP). YcraHoBIEHO, YTO KaTaIuTH-
YyecKasi aKTHUBHOCTh MOJYYEHHBIX KOHTAaKTOB 3aBHCHUT KakK OT NMPHUPOJBI, TaK U OT
CTPYKTYPHBIX M TEKCTYPHBIX XapaKTepHCTHK HaHeceHHoro ZnO. Ha mpumepe
pEeaKIUU HU3KOTEMIIEPATYpPHOIO OKHCIEHUS IPOIaHa BBIACHEHO, YTO HWKHUM
npezienl BBIXOAa PaJUKalOB C MOBEPXHOCTH B O00BEM NpPH MOAMMDUIMPOBAHUH C
nomomipro XTP Ha 15-20 rpagycoB Hipke, 4eM B ciydae 301b-renb Mertoa. [lokasaHo,
YTO KaTaJlu3aTop, IOJY4YCHHBIH HAHECEHMEM AaKTHUBHOH (a3pl Ha IOBEPXHOCTH
Hocurest MetogoM XTP, 6onee adpdexTrBeH Omaroaaps SHEPreTUUESCKOM 0THOPO/I-
HOCTH €r0 aKTUBHBIX LIEHTPOB U TEKCTYPHBIX XapaKTEPUCTHK MOBEPXHOCTH.
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