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Abstract—It was found that the adsorption and catalytic properties of nanosized ZrO, particles as the pillar
constituents of ZrO,-pillared clay and bulk ZrO, are essentially different. The interaction of NO with the sur-
face of bulk ZrO, resulted in the formation of three types of nitrate complexes. Only two nitrate species were
formed on ZrO,-pillared clay (the monodentate species was absent). Only an acetate complex was formed in
the interaction of a mixture of propylene and oxygen with the surface of bulk ZrO,, whereas an isopropoxide
complex was the main propylene activation species on ZrO,-pillared clay. On the surface of ZrO,-pillared clay,
isopropoxide and nitrate intermediates formed a complex structurally similar to adsorbed dinitropropane. On
the surface of bulk ZrO,, acetate and monodentate nitrate complexes formed a complex structurally similar to
adsorbed nitromethane. The dinitropropane complex on ZrO,-pillared clay was consumed in reactions with sur-
face nitrates. The decomposition reaction of a dinitropropane compound with the formation of acetate com-
plexes and ammonia predominated on the surface containing no nitrate complexes in the absence of NO + O,
from a gas phase. The found differences in reactant activation species and their thermal stabilities explained
differences in the activities of bulk ZrO, and nanosized ZrO, particles as pillars in pillared clay in the course

of the selective catalytic reduction of nitrogen oxides with propylene in an excess of oxygen.

DOI: 10.1134/50023158406050144

INTRODUCTION

Pillared clays containing nanosized zirconium diox-
ide particles (ZrO,-pillared clays) are promising sup-
ports and catalysts for various petrochemical processes
[1] and the selective catalytic reduction (SCR) of nitro-
gen oxides (DENO,) with hydrocarbons in an excess of
oxygen [2—6]. The activity of pillared clays depends on
the size, shape, and structure of nanosized ZrO, pillars
arranged between aluminosilicate layers.

Previously [7], we found that nitrate, acetate, and
nitroorganic complexes are formed on the surface of
bulk ZrO, under SCR DENO, reaction conditions. The
nitroorganic complex is formed by the interaction of
acetate and nitrate complexes because of the substitu-
tion of the nitro group for the carboxyl group in the ace-
tate complex. Monodentate nitrate exhibits the highest
reactivity in this process. The experimental results indi-
cate that nitroorganic compounds are further consumed
in the reaction with nitrate complexes; monodentate
nitrate is also the most reactive species in this surface
reaction.

Here, we report the results of a spectrokinetic study
on the mechanism of the SCR of NO, with propylene in
an excess of oxygen on a ZrO,-pillared clay catalyst.
The main goal of this study was to find the reaction
paths of formation and consumption of nitroorganic
compounds, which are well-known key intermediates
in this reaction [6]. The aim of this study was also to
compare the adsorption and catalytic properties of bulk
ZrO, and nanosized ZrO, pillars in pillared clay.

EXPERIMENTAL

The procedure used for the preparation of pillared
clays was described in detail previously [4, 5]. The
interactions of reaction components and their mixtures
of various compositions with sample surfaces were
studied in the course of reaching a steady state using
transmission Fourier transform IR spectroscopy
(a Spectrum RX I FT-IR System spectrometer from
Perkin-Elmer). Before measuring the IR spectra, the
samples (pellets of 10-20 mg/cm?) were treated in a
flow of N, at 450°C. The design of reactor cells, which
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Fig. 1. The temperature dependence of the activity of
ZrO,-pillared clay in the course of the SCR of NO, with

propylene: (/) C3Hg, (2) NO, and (3) NO,. Gas mixture,
0.2 vol % NO + 0.2 vol % C3Hg + 2.5 vol % O,/N,; space
velocity, 9000 h™".

allowed us to measure the IR spectra at elevated tem-
peratures, was described elsewhere [8]. The intensities
of absorption bands in transmission spectra were mea-
sured in absorbance units (A). The interaction of nitro-
gen oxides with the surface of modified pillared clay
was also studied using temperature-programmed des-
orption (TPD). The TPD under flow conditions in an
IR-cell reactor was combined with the measurement of
the IR spectra of surface complexes. Before performing
a thermal-desorption experiment, the sample was
treated in a flow of nitrogen at 7' = 450°C immediately
in the IR cell. Next, the sample was cooled to room
temperature in the closed cell (without a flow of N,);
thereafter, the adsorption of NO(0.2%)/N, was per-
formed for 20 min. An excess amount of NO was dis-
placed with a flow of nitrogen for 25 min. Thermal des-
orption was performed under conditions of continuous
analysis for NO and NO, in a gas phase before and after
the reactor using a Beckman 951A chemiluminescence
NO/NO, analyzer (nitrogen was a carrier gas; the rate
of heating was 5 K/min). In the course of thermal des-
orption, the spectra of surface compounds were mea-
sured. Each particular spectrum provided information
on changes in the surface composition upon heating the
sample by 20°C.

The space velocity of gas flows was 9000 h™! in all
of the experiments. All of the gases were purified with
the use of traps containing anhydrone and Ascarite. The

base composition of the mixture was 0.2% NO +
0.2%C;3Hg + 2.5%0, + N,.

RESULTS AND DISCUSSION

According to Fig. 1, the conversion of NO, in the
SCR reaction with propylene on ZrO,-pillared clay was
no higher than 30% and it decreased with temperature;
this is an essential difference between pillared clay and
bulk ZrO, [7].

The TPD spectrum after the adsorption of NO on
ZrO,-pillared clay at room temperature (Fig. 2) con-
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Fig. 2. TPD spectrum after the adsorption of NO on ZrO,-
pillared clay.

sisted of low-temperature (~100°C) and high-tempera-
ture (~370°C) peaks. The superposition of desorption
peaks corresponding to the release of NO and NO, mol-
ecules into a gas phase was observed in either of the
temperature regions. In this case, the thermal desorp-
tion maximums that characterize the desorption of
these oxides did not coincide. An analysis of the TPD
spectra of NO, and the simultaneously measured IR
spectra of surface compounds, as well as published data
[9], indicated that the decomposition of surface nitrite
and nitrosyl complexes in the course of desorption cor-
responded to the low-temperature peak of NO, release
(Tyax = 100°C), whereas the decomposition of nitrate
complexes corresponded to the high-temperature peak
(T,.x = 370°C). Note that the TPD spectra of NO on
bulk ZrO, [7, 9] and ZrO,-pillared clay (Fig. 2) are
qualitatively coincident.

Steady-State Spectrokinetic Measurements

1. Interaction of Binary Mixtures
with the Surface of ZrO,-Pillared Clay

1.1. (0.2%NO + 2.5% 0O,)/N,. Figure 3 shows a typ-
ical spectrum obtained by the interaction of a flow of a
mixture of 0.2%NO + 2.5%0, with the surface of ZrO,-
pillared clay (spectrum /). The spectrum contained
absorption bands due to bridging (1617 cm™) and
bidentate (1591 cm™) nitrate complexes. An absorption
band related to the spectroscopic splitting of twice-
degenerate (v3) oscillation occurred in the region 1250-
1300 cm™!. The assignment was performed based on
well-known published data [10-15].

Because the amount of NO, molecules adsorbed on
bulk ZrO, [7] was greater than that on pillared clay
(Fig. 2) by a factor of about 5 and the ZrO,-pillar con-
tent of clay was 20 wt %, we can state that the zirconia
pillars are the localization sites of nitrate complexes.
This conclusion was also supported by the fact that NO,
was not adsorbed as nitrates on aluminosilicates.
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Note that, unlike bulk ZrO, [7], monodentate nitrate
was not formed in detectable amounts on pillared clay.
This was likely due to changes in the Zr—Zr and Zr-O
distances in pillars, as compared with these distances in
bulk ZrO, [5].

Data in Fig. 3b also show that the interaction of
0.29%NO + 2.5%0, with the surface resulted in a
decrease in the intensity of absorption bands due to the
hydroxyl groups of ZrO, (3740 and 3643 cm™) [5] and
in a symbatic increase in the intensity of absorption
bands at 3100-3300 cm™!. It is likely that the interac-
tion of a portion of NO molecules with surface hydrox-
yls resulted in the formation of NH, groups, in which
N-H vibrations manifested themselves in the range
3100-3300 cm™. The bands due to N-H vibrations dis-
appeared from the spectra upon heating the sample to
250°C.

The experimental data suggest that the interactions
of 0.2%NO + 2.5%0, with the surfaces of bulk ZrO,
and ZrO, pillars as the constituents of pillared clay
exhibited considerable qualitative differences with the
retention of quantitative characteristics: monodentate
nitrate was not formed on ZrQO, as pillars.

1.2. (0.2% C;H; + 2.5%O,)N,. Figure 3 shows the
spectra obtained upon the interaction of a flow of a mix-
ture of 0.2%C;Hg + 2.5%0, with the surface of ZrO,-
pillared clay at 100 and 200°C (spectra 2 and 3, respec-
tively). An analysis of changes in absorption band
intensities with increasing time of reaction of the flow
with the surface at different temperatures together with
published data [10, 16-23] indicated that three types of
complexes mainly occurred on the sample surface: an
isopropoxide propylene complex, coordinatively bound
acetone, and acetate. The formation of isopropoxide
complexes was also supported by a decrease in the
intensity of absorption bands due to hydroxyl groups at
3740 and 3643 cm™! (Fig. 3b, spectra 2, 3). To confirm
the assignment, Fig. 3 (spectrum 4) shows the spectrum
of acetone adsorbed on the sample at 150°C. Under
these conditions (100-300°C), absorption bands due to
carbonate structures were not observed.

Acidic hydroxyl groups and Lewis acid sites on the
surface of zirconia pillars are the localization sites of
the isopropoxide complex of propylene and coordina-
tively bound acetone. This statement is based on the
fact that the intensities of absorption bands at 3740 and
3643 cm™ (Fig. 3b) due to vibrations in two- and three-
coordinated hydroxyl groups localized at ZrO, pillars
decreased upon the interaction of propylene or its
mixture with oxygen with the surface of ZrO,-pillared
clay [5].

The isopropoxide complex was observed on heating
the sample to 250°C. The absorption bands of adsorbed
acetone and an acetate complex appeared in the spectra
at temperatures higher than 150 and 250°C, respec-
tively.

The spectrum of the initial sample exhibited an
absorption band due to the molecular vibrations of
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Fig. 3. IR spectra of surface compounds observed in the
course of the interaction of the following mixtures with the
surface of ZrO,-pillared clay: (1) 0.2 vol % NO + 2.5 vol %

0,/N, (T =150°C), (2) 0.2 vol % C3Hg + 2.5 vol % O,/N,
(T =100°C), (3) 0.2 vol % C3Hg + 2.5 vol % O,/N, (T =
200°C), and (5) 0.2 vol % NO + 0.2 vol % C3Hg/N, (T =
150°C); (4) adsorbed acetone (T = 150°C); (6) adsorbed
nitropropane (7 = 150°C). Frequency ranges: (a) 1200-
2400 and (b) 2700-3900 cm™!.

adsorbed water at 1625 cm™!. Note that ZrO,-pillared
clay strongly retained adsorbed water molecules: the
corresponding absorption band also remained in the
spectrum on heating the sample to 250°C in an inert gas
flow. Table 1 summarizes the assignment of the
observed absorption bands [10, 16-24].

These data indicate a fundamental difference in the
reactions of 0.2%C;H¢ + 2.5%0, with the surfaces of
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Table 1. Assignment of absorption bands in IR spectra after
the interaction of 0.2%Cs;Hg + 2.5%0, with the surface
of pillared clay

v, cm™! Complex Assignment
1677 Coordinatively v(C=0)
1418 bound acetone §,,(CHy)
1369 d,(CHj;)
1244 v(C-C)
1394 Isopropoxide O(CHy)
1381 8,5(CH;)
1464 d,(CH;)
1342 v(CH)
2980
2943
2888
1553 Acetate V,(COO7)
1435 v,(COO")
1625 H,0,4s 5(0-H)

Table 2. Assignment of absorption bands in IR spectra after
the interaction of (0.2%NO + 0.2%C3Hg)/N, with the surface
of ZrO,-pillared clay at 150°C

v, cm™! Complex Assignment
1677 | Coordinatively bound acetone v(C=0)
1418 0,,(CHy)
1369 0,(CHjy)
1244 v(C-C)
2235 | Isocyanate v(N-C-0)
1617 | Bridging nitrate -
1257
1591 | Bidentate nitrate -
1248 v(NOO)
1575 | Nitroorganic complex v(NOO)
1386 O(C-H)
1342 O(C-H)
1435 v(C-H)
2888
2943
2980

bulk ZrO, and ZrO, as pillars that constitute pillared
clay. The isopropoxide complex and coordinatively
bound acetone were formed on the ZrO, pillars; it is
likely that this fact suggests an increase in the Brgnsted
and Lewis acidities of pillars, as compared with that of
the bulk analog.

1.3. (0.2%NO + 0.2%C;H;)/N,. The spectrum
obtained in experiments with a mixture of NO and C;Hg
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was the superposition of absorption bands due to coor-
dinatively bound acetone and nitrates; it also contained
absorption bands at 1386 and 1575 cm™, which can be
attributed to symmetric and antisymmetric vibrations
of the nitro group in accordance with published data [4,
25-31]. Absorption bands at 1435 and 1342 cm™ can
be attributed to deformation vibrations, and absorption
bands at 2888, 2943, and 2980 cm™! can be attributed to
stretching C—H vibrations in the nitroorganic surface
complex. This assignment was also supported by the
fact that these absorption bands were not observed in
the absence of NO or C;H from the gas phase (Fig. 3).

To determine the structure of the nitroorganic com-
plex, we studied the adsorption of various nitroorganic
compounds under analogous conditions (7 = 150°C;
nitromethane, nitroethane, 1-nitropropane, and 2-nitro-
propane concentrations of ~3% in a flow of nitrogen).
Figure 4 shows the spectra obtained by the interaction
of a sample with a flow of nitroorganic substances.
They contain absorption bands due to the vibrations of
nitro groups and a set of absorption bands due to C-H
vibrations. The results suggest that the spectrum of
adsorbed 1-nitropropane (spectrum 4) is closest to the
spectrum of the surface nitroorganic compound. The
difference consists in an increased frequency of the
antisymmetric vibration of the nitro group and a some-
what greater halfwidth of the symmetric vibration. In
accordance with published data [29, 32], the increased
frequency of the antisymmetric vibration of the nitro
group is observed when two nitro groups are the con-
stituents of the nitro compound, whereas the increased
halfwidth of the symmetric vibration is due to the split-
ting of this absorption band. Consequently, it is
believed that the structure of the nitroorganic complex
observed under conditions of the SCR DE NO, reaction
is similar to the structure of adsorbed dinitropropane
[29, 32]. The addition of two NO, groups to an olefin
molecule in the course of the SCR of nitrogen oxides on
zeolite catalysts was considered previously [33, 34].

The same positions of absorption bands due to the
nitro group of the nitroorganic compound obtained
upon the adsorption of the reaction mixture and the
dinitropropane molecule, a decrease in the intensity of
absorption bands due to surface hydroxyl groups, and
the appearance of a broad absorption peak due to bound
hydroxyl groups (Figs. 3b, 4b) suggest that the nitroor-
ganic complex is bound to the catalyst through surface
hydroxyl groups.

Table 3 summarizes the detailed assignment of
absorption bands in spectra measured after the interac-
tion of a mixture of 0.2%NO + 0.2%C;H, with the sur-
face of ZrO,-pillared clay. In addition, this assignment
was supported experimentally by measuring the inten-
sities of absorption bands under steady-state and non-
steady-state conditions (see below).

The interaction of nitroorganic substances with the
surface of ZrO, pillars resulted in not only adsorption
but also conversion, as evidenced by the appearance of
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absorption bands at 1600-1700 cm™ in the spectra.
Absorption in this region is attributed to vibrations in
the nitroorganic complex [4, 25-27, 35—40]. On the
other hand, Satsuma et al. [41] reported that the surface
compounds (absorption band at 1662 cm™) of triazine,
melamine, and/or their derivatives were formed in the
decomposition of nitromethane on CoZSM-5. It is
believed that the occurrence of these complexes on the
surface resulted in the blocking of zeolite channels and,
consequently, in a loss of catalytic activity. In contrast
to this, Haneda et al. [42] attributed the absorption band
at 1655 cm™! to vibrations in an acrylamide complex
based on the fact that the intensity of this absorption
band changed in the same manner as the intensity of an
absorption band at 3370 cm™!. Thus, the published data
indicate that the assignment of absorption bands in the
region 1600—1700 cm™' to vibrations in the nitroorganic
complex should be considered with caution.

Note that absorption bands due to the isocyanate
complex occurred in the spectra (Fig. 3a, spectrum 5).
Two reasons may be responsible for the formation of
this complex. One of them is related to the fact that CO
molecules, which are formed in the oxidation of propy-
lene, react with NO molecules to form surface isocyan-
ate. The other consists in the possibility of a further
transformation of the nitroorganic complex.

Note that the spectra of the nitroorganic compound
on bulk zirconia and ZrO,-pillared clay were essen-
tially different. The reason consists in a fundamental
difference between the forms of propylene activation
on these catalysts at relatively low temperatures. It is
believed that the above complexes are structurally sim-
ilar at elevated temperatures when the forms of propy-
lene activation are identical (acetate).

2. Interaction of a Reaction Mixture
of (0.2%NO + 0.2%C;Hs + 2.5%0,)/N,

with the Surface of ZrO,-Pillared Clay

The spectra obtained in experiments with a reaction
mixture of 0.2%NO + 0.2%C;Hg + 2.5%0, were qual-
itatively identical to the spectra of a mixture of
0.2%NO + 0.2%C;H,. Bands due to different surface
complexes occurred close together. Therefore, to deter-
mine the temperature dependence of the absorption
band intensity of a particular complex, we decomposed
complex spectra into components with the use of stan-
dard programs on the assumption of Lorentzian or
Gaussian band shapes. The dependence of the concen-
tration (absorption band intensity) of corresponding
surface complexes on reaction parameters, which was
obtained as a result of decomposing complex spectra
into components, is considered below.

According to Fig. 5, the concentration of surface
compounds decreased or passed through a maximum as
the temperature was increased (curves 2 and 5 for ace-
tates and the nitroorganic complex, respectively). It can
also be seen that the decrease in activity with tempera-
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Fig. 4. IR spectra of surface compounds observed in the
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ture in the course of NO, reduction (Fig. 1) correlates
with the decrease in the intensity of absorption bands due
to surface isopropoxide compounds. Note that the absorp-
tion band intensity of the acetate complex on the surface
of ZrO,-pillared clay was much lower than that on the sur-
face of bulk ZrO,, all other factors being the same [7].

3. Non-Steady-State Measurements

In order to determine the nature of surface reactions
that lead to the formation of nitroorganic complexes,
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400
T, °C
Fig. 5. The temperature dependence of the absorption band
intensities of (/) acetone (1677 cm_l), (2) acetate
(1445 cm™), (3) isopropoxide (1394 cm™!), (4) nitrate
(1617 cm‘l), and (5) nitroorganic (1386 cm‘l) complexes in

the spectra obtained upon the interaction of a mixture of
0.2 vol % NO + 0.2 vol % C3Hg + 2.5 vol % O,/N, with the

surface of ZrO,-pillared clay.

we performed a series of non-steady-state experiments.
The experiments were performed over a wide tempera-
ture range (100-300°C), in which both the catalytic
activity and the spectra of surface compounds could be
measured.

3.1. Reactivity of surface nitrate complexes. The
surface nitrate complexes were formed by the interac-
tion of a flow of NO + O, with the sample surface. Next,
the cell with the sample was successively purged with a
flow of an inert gas and a flow of a mixture of C;Hy +0O,.
In this case, the intensity of absorption bands due to
surface compounds was monitored.

At 100°C, nitrate complexes were not removed from
the catalyst surface upon purging with an inert gas flow;
this is consistent with data on the thermal desorption of
NO (Fig. 1).

Nitrate complexes were also not consumed on the
addition of a mixture of propylene and oxygen at
100°C. In this case, coordinatively bound acetone and
isopropoxide were accumulated on the surface,
whereas nitroorganic and acetate complexes were not
detected. Note that an amount of the nitroorganic com-
plex was formed in an analogous experiment at 150°C.
This process became intense at 250°C (Fig. 6). It can be
seen that nitrate complexes were consumed on the addi-
tion of a mixture of propylene and oxygen at this tem-
perature (curve /), whereas the concentrations of ace-
tate (curve 2), coordinatively bound acetone (curve 3),
and the nitroorganic compound (curve 4) increased. By
this is meant that bridging nitrate is mainly the source
of the formation of the nitroorganic compound. The
same qualitative result was also obtained in experi-
ments at 200 and 300°C.

Kinetic curves for the formation of the nitroorganic
compound were treated in the coordinates of a first-
order equation: the rate constants of formation of inter-
mediates with absorption bands at 1575, 1386, and
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Fig. 6. The time dependence of the absorption band intensi-
ties of (/) bridging nitrate (1617 cm’l), (2) acetate
(1553 cm‘l), (3) acetone (1677 cm‘l), and (4) nitroorganic

(1575 cm™) complexes in the spectra obtained upon the
interaction of the previously formed nitrate complexes with
a reaction mixture of 0.2 vol % C3;Hg + 2.5 vol % O,/N, on
the surface of ZrO,-pillared clay at 7= 250°C.

2954 cm™! were almost equal; this fact additionally
demonstrated that they belong to the same surface com-
plex.

At low temperatures, isopropoxide was the main
form of propylene activation (Fig. 5). Its interaction
with surface nitrates (primarily bridging nitrate)
resulted in the formation of surface complexes analo-
gous to adsorbed dinitropropane (Fig. 6). Both the con-
centration of isopropoxide and the catalytic activity
decreased with temperature (Figs. 1, 5).

At a high temperature (>250°C), the oxidation of
propylene to acetate complexes occurred on the surface
(Fig. 5, curve 2). According to Finocchio et al. [17],
these complexes are reaction intermediates in the deep
oxidation of propylene. Previously [7], we noted that
the interaction of acetate and nitrate complexes on the
surface of ZrO, resulted in the formation of an interme-
diate nitromethane complex. Under conditions of our
experiments, a relatively low concentration of the ace-
tate complex and the absence of the most active (mon-
odentate) nitrate species did not allow us to detect the
nitromethane complex.

3.2. Reactivity of surface hydrocarbon com-
plexes. Figure 7 shows the results of a study of the reac-
tivity of surface isopropoxide and acetate complexes.

Hydrocarbon complexes on the surface were
obtained by the interaction of a flow of C;H¢ + O, with
the sample surface at various temperatures. Then, the
cell with the sample was successively purged with a
flow of an inert gas and a flow of a mixture of NO +O,;
in this case, the intensity of absorption bands due to sur-
face compounds was measured.

At 100°C, only isopropoxide complexes were
formed on the surface; these complexes were not
removed from the surface upon purging the catalyst
with a flow of an inert gas. On the addition of NO + O,,
isopropoxide complexes were consumed (Fig. 7, curve 1);
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Fig. 7. The time dependence of the absorption band intensi-
ties of (/) isopropoxide (2980 cm’l), (2) nitroorganic
(1386 cm‘l), and (3) acetone (1677 cm‘l) complexes and

(4) bidentate nitrate (1588 cm’l) in the spectra obtained
upon the interaction of isopropoxide complexes with a mix-
ture of 0.2 vol % NO + 2.5 vol % O,/N, on the surface of
ZrO,-pillared clay at 7= 100°C.

in this case, the concentrations of nitroorganic com-
pounds (curve 2) and acetone (curve 3) increased. By
this is meant that the isopropoxide complex was the
source of the formation of the nitroorganic compound,
as well as acetone. The same result was also obtained in
experiments at higher temperatures. The difference is
that the initial isopropoxide concentration decreased
with temperature and became negligibly small at
300°C. Remember that the catalyst activity in the reac-
tion also decreased.

The intensity of absorption bands due to the isopro-
poxide complex did not decrease to zero upon the inter-
action with a flow of NO + O, (Fig. 7). This can be
explained by the fact that closely spaced absorption
bands due to nitroorganic compounds, acetone, and
acetate appeared at the position of the absorption band
of the isopropoxide complex. This was supported by
the fact that, when changes in the isopropoxide concen-
tration were terminated, the concentrations of all of the
other surface compounds reached a plateau.

The decrease in the isopropoxide concentration, a
relatively low concentration of the acetate complex,
and the absence of the most active form of the nitrate
complex (monodentate species) explain the decrease in
the activity of ZrO,-pillared clay at 7> 250°C (Fig. 1).
Because of the low concentration of the acetate com-
plex, we failed to detect its conversion under reaction
conditions.

3.3. Reactivity of surface nitroorganic com-
plexes. Nitroorganic compounds were formed by the
interaction of a reaction mixture with the catalyst sur-
face. Gas flows of N,, O,, NO, or a mixture of NO + O,
were supplied to the complex formed. Figure 8 shows
the time dependence of the intensities of absorption
bands due to adsorbed acetone (curve /) and the nitro-
organic complex (curve 2) in the spectra obtained in the
course of interaction with a flow of NO + O, and, for
comparison, with a flow of nitrogen (curves /' and 2',
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Fig. 8. The time dependence of the absorption band intensi-
ties of (/) nitroorganic (1575 cm‘l) and (2) acetone

(1677 cm™h) complexes in the spectra obtained upon the
interaction of the nitroorganic compound with a mixture of
0.2 vol % NO + 2.5 vol % O,/N, (1" and 2', respectively, in
a flow of nitrogen) on the surface of ZrO,-pillared clay at
T =250°C.

respectively). It can be seen that the rate of decrease in
the concentrations (absorption band intensities in the
spectra) of the above complexes in the reaction mixture
was much higher than that in the inert gas flow. Note
that the rate of decrease in absorption band intensities
in the spectra obtained in a flow of oxygen and in a flow
of NO was consistent with the rate of decrease in the
absorption band intensities in the spectra obtained in
the inert gas flow. By this is meant that the consumption
of the nitroorganic compound was due to the occur-
rence of NO, complexes under reaction conditions.
Because the equilibrium concentration of NO, com-
plexes is low at elevated temperatures, the occurrence
of these complexes on the surface is related to the for-
mation and degradation of surface nitrates. Note that
the interaction of nitroorganic complexes with NO,
complexes came into play at 7> 200°C.

We also studied possible reaction paths in the con-
version of nitroorganic complexes in non-steady-state
experiments performed in a closed reactor. After attain-
ing steady-state reaction conditions, the inlet and outlet
of the cell reactor were closed and changes in the spec-
tra of surface compounds were monitored. The experi-
ments were performed at 150-300°C. Figure 9 shows
the spectra obtained in the course of an experiment at
250°C. It can be seen that a decrease in the intensity of
an absorption band due to the nitroorganic complex was
accompanied by an increase in the absorption of the
acetate complex (1570 and 1455 cm™) and adsorbed
ammonia (1622 and 3200-3400 cm™). In other words,
in the absence of NO + O, from a gas phase, an
intramolecular rearrangement reaction was predomi-
nant on the surface free of nitrate complexes; this reac-
tion resulted in the formation of acetate complexes and
ammonia. The rate of this process became noticeable at
T > 200°C.
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Fig. 9. IR spectra measured in a closed reactor upon the
interaction of a mixture of 0.2 vol % NO + 0.2 vol % C3Hg +

2.5 vol % O,/N, with the surface of ZrO,-pillared clay for
(1) 0, (2) 10, (3) 30, and (4) 60 min at 250°C.

CONCLUSIONS

The results of this work demonstrate that the adsorp-
tion and catalytic properties of bulk ZrO, and nano-
sized ZrO, particles as pillars in pillared clay are essen-
tially different [7]. The interaction of NO with the sur-
face of bulk ZrO, results in the formation of three types
of nitrate complexes. Only two nitrate species are
formed on ZrO,-pillared clay: monodentate nitrate is
absent. The interaction of a mixture of propylene and
oxygen with the surface of bulk ZrO, results in the for-
mation of only an acetate complex, whereas an isopro-
poxide complex is the main form of propylene activa-

MATYSHAK et al.

tion on ZrO, as pillars; the acetate complex is formed
only in a small amount at elevated temperatures.
Changes in the Zr—Zr and Zr—O distances in the pillars,
as compared with the corresponding distances in bulk
7r0,, which were detected previously [5], may be
responsible for this difference. It is likely that these
changes are the reason for an increase in the Brgnsted
and Lewis acidity of ZrO, pillars, as compared with that
of the bulk oxide.

Differences in the forms of reactant activation result
in differences in the structure of nitroorganic com-
plexes. On bulk ZrO,, acetate and monodentate nitrate
complexes form a surface complex that is structurally
similar to adsorbed nitromethane [7]. On ZrO, as pil-
lars, isopropoxide and nitrate (bidentate and bridging)
complexes form a surface complex that is structurally
similar to adsorbed dinitropropane. On ZrO, as pillars,
the dinitropropane complex is consumed in the interac-
tion with surface NO, complexes. The occurrence of
these complexes is related to the decomposition of sur-
face nitrates.

In the absence of NO + O, from a gas phase, the
intramolecular rearrangement reaction that leads to the
formation of acetate complexes and ammonia predom-
inates on the surface containing no nitrate complexes.

The found differences in the forms of reactant acti-
vation and in their thermal stabilities also explain dif-
ferences in the activities of bulk ZrO, and nanosized
Zr0O, particles as pillars in pillared clay in the course of
the selective catalytic reduction of nitrogen oxides with
propylene in an excess of oxygen. A considerable
decrease in the concentration of the isopropoxide com-
plex and nitrate complexes on the surface of pillars with
temperature is the main reason for the decrease of the
activity of ZrO,-pillared clay with temperature (Fig. 1).
The relatively high stability and concentration of ace-
tate and nitrate complexes on the surface of bulk ZrO,
and the presence of the most active monodentate nitrate
explains the increase of the activity with temperature.
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