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Abstract—Surface nitrite—nitrate and acetate compounds were detected under conditions of the selective
reduction of nitrogen oxides by propane on the STK iron—chromium oxide catalyst using spectrokinetic mea-
surements. The rate of conversion of these complexes under reaction conditions was measured. The resulting
values were compared to the rate of the process. The results of this comparison indicated that, at low tempera-
tures (to ~250°C), the rate of reduction of nitrogen oxides was determined by the interaction of surface nitrite—
nitrate complexes with the activated hydrocarbon. The amount of acetate complexes on the surface increased
with temperature. A reduction of the surface was also observed as the temperature was increased. The reaction
of NO decomposition began on the reduced surface. Nitrogen atoms recombined, and oxygen atoms reacted
with the hydrocarbon to form CO, in a gas phase. A distinctive feature of the STK catalyst is its ability to form
the products of propane mild oxidation and/or oxidative dehydrogenation. From a synergistic standpoint, the
STK catalyst is an effective supplier of the activated hydrocarbon, whereas the NTK-10-1 catalyst well activates
NO,. This fact explains the nonadditivity effect observed in the catalytic properties of mechanical mixtures of

these catalysts.

INTRODUCTION

In the preceding paper [1], in the context of a mech-
anistic study of the selective catalytic reduction of NO,
using hydrocarbons (propane) in an excess of oxygen
(HC-SCR NO,) on commercial oxide catalysts with the
aim of explaining a synergistic effect in mechanical
mixtures of these catalysts, we reported the adsorption
and catalytic properties of the STK catalyst [2, 3]. We
found that nitrite, nitrate, and acetate complexes
occurred on the surface of this catalyst under reaction
conditions.

In this work, we studied the reaction mechanism of
HC-SCR NO, with the use of a spectrokinetic method.
The main goal was to examine the role of the detected
complexes in the test process.

EXPERIMENTAL

In this work, we performed two types of spectroki-
netic measurements (the simultaneous measurement of
the activity of a catalyst and the spectra of surface com-
pounds) [4].

(1) In steady-state measurements we studied the
effect of the composition of a reaction mixture on the
properties of surface complexes and on the catalytic
activity. In these experiments, the reactant concentra-

tions in starting mixtures were varied over the ranges 0—
0.22% for NO, 0-0.67% for C;Hg, and 0—-3.5% for O,.
Propane was used as a reducing agent; nitrogen was a
carrier gas. The flow rate of the reaction mixture was
150 m1l/min (9000 h™").

(2) Unsteady-state measurements were performed
in order to determine the role of the detected intermedi-
ate complexes in the test process. The non-steady-state
spectrokinetic experiments were performed as follows:
Adsorption complexes were formed on the catalyst sur-
face, and the IR-cell reactor was shut off. The gas-sup-
ply pipelines were purged with the test reaction mixture
(the interaction of which with these complexes is of
interest). After reaching a constant composition of
gases in the gas pipelines, the reaction mixture was
added to the sample. The experimental procedures were
described in detail elsewhere [1-3].

RESULTS

Effect of the Composition of the Reaction Mixture
on the Properties of Surface Compounds
and on the Activity of the Catalyst

The experiments were performed at 235 and 275°C
with the use of diffuse-reflectance and transmission
techniques. At the specified temperatures, the rate of
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Fig. 1. Effect of the concentration of C3Hg on the interaction of (0.1% NO +2.5% O, + x% C3;Hg)/N, mixtures (x = 0-0.67%) with
the surface of the STK catalyst at 235°C: (a) conversion of (/) C3Hg or (2) NO, and (3) NO/NO, ratio; (b) intensities of absorption
bands at (1) 2870, (2) 1540, (3) 1430, (4) 1340, and (5) 1250 cm™! in the diffuse-reflectance spectrum; and (c) intensities of absorp-
tion bands at (/) 2870, (2) 1540, (3) 1430, (4) 1290, and (5) 1250 cm ! in the transmission spectrum.

the process and the spectra of surface compounds were
measured simultaneously.

Effect of the concentration of C;Hg. The conver-
sion of NO at 235°C was almost independent of the
amount of propane in the reaction mixture, and the con-
version of propane decreased (Fig. 1a, curves /, 2). The
NO/NO, ratio in the flow at the outlet of the cell reactor
reached a stationary value as the concentration of pro-
pane was increased (Fig. 1a, curve 3).

As the concentration of propane in the reaction mix-
ture was increased, the intensity of an absorption band
due to adsorbed propane (2870 cm™), as well as the
intensities of absorption bands at 1540, 1430, and
1250 cm™, increased (Fig. 1b, curves /-3, 5). The
intensity of an absorption band at 1340 cm™ passed
through a maximum and then decreased (Fig. 1b,
curve 4). Experiments with the use of transmission
spectroscopy gave analogous results and additional
information on a decrease in the intensity of absorption
bands due to nitrite—nitrate complexes (at 235°C, only
the most intense absorption band of these complexes
was observed at 1290 cm™!) with increasing concentra-
tion of propane (Fig. 1c¢).

Effect of the concentration of O,. At 235°C, the
conversion of propane was almost independent of the
amount of oxygen; the conversion of nitrogen oxide
passed through a maximum as the concentration of
oxygen was increased. The NO/NQO, ratio in a flow at
the outlet of the cell reactor was also almost indepen-
dent of the amount of oxygen (Fig. 2a).

The intensity of an absorption band at 2870 cm™!
(Fig. 2b, curve /) was almost independent of the con-
centration of oxygen. The intensities of absorption
bands at 1540, 1430, and 1250 cm™!, as well as the
intensity of an absorption band at 1340 cm™, increased
with oxygen concentration. The same results were
obtained experimentally with the use of transmission
spectroscopy.

Effect of the concentration of NO. The conver-
sions of propane and NO at 235°C were almost inde-
pendent of the concentration of nitrogen oxide in the
flow of a reaction mixture (Fig. 3a, curves /, 2). The
NO/NO, ratio in the flow at the outlet of the cell reactor
was close to 4 and was independent of the concentra-
tion of NO in the reaction mixture (Fig. 3a, curve 3).
Vol. 46  No. 4
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Fig. 2. Effect of the concentration of O, on the interaction
of (0.1% NO + 0.5% C3Hg + x% 0O,)/N, mixtures (x =
0-3.5%) with the surface of the STK catalyst at 235°C:
(a) conversion of (/) C3Hg or (2) NO, and (3) NO/NO,
ratio; (b) intensities of absorption bands at (/) 2870,
(2) 1540, (3) 1430, (4) 1340, and (5) 1250 cm™! in the dif-
fuse-reflectance spectrum.

An increase in the concentration of NO in the flow
resulted in a small increase in the intensities of absorp-
tion bands at 1540, 1430, 1250, and 1340 cm™. The
intensity of an absorption band at 2780 cm™' remained
unchanged (Fig. 3b).

Figure 4 demonstrates the results of analogous mea-
surements with the use of transmission spectroscopy at
275°C. It can be seen that the dependence of the con-
centrations of surface complexes on the composition of
the reaction mixture remained almost unaffected at the
elevated temperature. At the same time, the measure-
ments performed at this temperature are indicative of
the direct participation of surface oxygen (absorption
band at 1000 cm™) in the reaction. The concentration of
surface oxygen decreased most rapidly as the concen-
tration of propane in the reaction mixture was increased
(Fig. 4a, curve 6).

Reactivity of Surface Complexes

The above results indicate that adsorbed propane
complexes and surface nitrate compounds occurred on

KINETICS AND CATALYSIS  Vol. 46 No. 4 2005

527
Conversion, % () NO/NO,
10 -4.5

9

8

7

6,

5

4

3

2

1

0 0.05 0.10 0.15 0.20
Absorbance (b)
0.12-

2
0.10;__0__M-/D/ﬂ
i 3
0.08 /—‘
0.065 4 .
0.04) / 5 .
0.02 ]
0 0.05 0.10 0.15 0.20

Concentration of NO,, %

Fig. 3. Effect of the concentration of NO on the interaction
of (0.5% C3Hg + 2.5% O, + x% NO)/N, mixtures (x =
0-0.22%) with the surface of the STK catalyst at 235°C:
(a) conversion of (/) C3Hg or (2) NO, and (3) NO/NO,
ratio; (b) intensities of absorption bands at (/) 2870,
(2) 1540, (3) 1430, (4) 1340, and (5) 1250 cm™" in the dif-
fuse-reflectance spectrum.

the catalyst surface under reaction conditions. The
interaction of nitrite—nitrate complexes with propane
was studied using transmission spectroscopy. The
intensity of absorption bands was measured in differ-
ence spectra obtained by subtracting the spectrum of a
sample in a flow of nitrogen from the spectrum of the
sample in a flow of the reaction mixture under the same
conditions.

Reactivity of nitrite-nitrate complexes. The for-
mation of nitrite—nitrate complexes on the surface was
performed in a flow of 0.1% NO/N, initially at room
temperature for 15 min and then on heating to 70, 100,
and 140°C. The time dependence of the intensities of
absorption bands due to nitrite and nitrate complexes
was obtained at each temperature upon blowing the cell
with the sample with gas flows of N,, 0.5% C;Hg/N,,
and (0.5% C3H8 +2.5% Oz)/Nz.

Figure 5 demonstrates the results of this experiment
at 70°C. Changes in the intensities of absorption bands
in a flow of (C;Hg + O,)/N, were somewhat greater
than those in the case of nitrogen. The absorption bands
of adsorbed propane were not detected.
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Fig. 4. Dependence of the intensities of absorption bands at
(1) 2870, (2) 1540, (3) 1430, (4) 1340, (5) 1250, and (6)
1000 cm™" in the transmission spectrum of the STK catalyst
at 275°C on the concentration of (a) C3Hg, (b) O,, or (c) NO
in the interaction with the following mixtures: (a) (0.1% NO +
2.5% Oy + x% C3Hg)/N, (x = 0-0.67%), (b) (0.1% NO +
0.5% C3Hg + x% O,)/N, (x = 0-3.5%), and (c) (0.5% C5;Hg +
2.5% Oy + x% NO)/N, (x = 0-0.22%).
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Fig. 5. Dependence of the intensities of absorption bands at

(1) 1610, (2) 1540, (3) 1290, and (4) 1000 cm™! on the time
of catalyst treatment with (a) nitrogen or (b) a (0.5% C3;Hg +

2.5% O,)/N, mixture at 70°C.

Figure 6 demonstrates the results of an analogous
experiment at 100°C. It can be seen (Fig. 6a) that the
amount of surface nitrate complexes (absorption bands
at 1610, 1540, and 1290 cm™!) remained almost unaf-
fected upon the treatment of the catalyst with nitrogen.
The intensities of the absorption bands at 1610, 1540,
and 1290 cm™! dramatically decreased upon the addi-
tion of (C;Hg + O,)/N, (Fig. 6b). Note that the rate of
decrease in the intensity of these absorption bands
reached a maximum in the first minutes, whereas the
intensities of absorption bands at 1540 and 1290 cm™!
did not decrease to zero at the end of the experiment. In
the course of the reaction of (C;Hg + O,)/N, with the
surface, an absorption band at 1250 cm™ appeared, and
its intensity increased with experiment time.

Figure 7 demonstrates the results of an analogous
experiment at 140°C. The amount of surface nitrite—
nitrate complexes (absorption bands at 1610, 1540, and
1290 cm™) decreased upon blowing the cell with nitro-
gen (Fig. 7a).

Upon the addition of (C;Hg + O,)/N, (Fig. 7b), the
rate of decrease in the intensity of the above absorption
bands was higher than that in a flow of nitrogen. More-
over, absorption bands at 1430 and 1250 cm™! appeared
in the spectra, and the intensities of these bands
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Fig. 6. Dependence of the intensities of absorption bands at

(1) 1610, (2) 1540, (3) 1290, (4) 1000, and (5) 1250 cm™!
on the time of catalyst treatment with (a) nitrogen or (b) a
(0.5%C3Hg + 2.5%0,)/N, mixture at 100°C.

increased with time, whereas the intensities of absorp-
tion bands at 1610 and 1290 cm™! decreased. The inten-
sity of an absorption band at 1540 cm™! passed through
a minimum because an absorption band due to a nitrate
complex is observed at this frequency in addition to the
absorption band of an acetate complex.

The dependence of the intensities of absorption
bands due to adsorption complexes on reaction time
obtained using in situ IR spectroscopy was applied to
calculate the apparent rate constants of corresponding
reactions. Thus, we calculated the apparent rate con-
stants of consumption of nitrite—nitrate complexes in
N, and (0.5% C;H;g + 2.5% 0O,)/N, gas flows. In this
case, the initial portions of the intensities of IR absorp-
tion bands as functions of time were approximated by
first-order rate equations with respect to the concentra-

tion of NO,, and the degree of approximation (R,) was
no lower than 0.9. As an example, Fig. 8 shows the
results of the treatment of experimental data obtained at
100°C.

Reactivity of adsorbed propane complexes. The
apparent rate constants of consumption of adsorbed
propane complexes were measured in gas flows
No. 4 2005
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of the following composition: N,, 0.1% NO/N,, and
(0.1% NO + 2.5% O,)/N,.

The formation of surface complexes was performed
by passing a mixture of (0.5% C;Hg + 2.5% O,)/N, over
a sample initially at room temperature for 15 min and
then on heating to 220 and 275°C. To determine the
time dependence of the intensities of absorption bands
due to adsorbed propane complexes on blowing a cell
with the sample with the above gas flows, three experi-
ments were performed at each of the specified temper-
atures.

Figure 9 demonstrates the results of this experiment
at 275°C. It can be seen that the amount of adsorbed
propane complexes on the surface decreased (absorp-
tion bands at 1540 and 1430 cm™") on blowing the cell
with nitrogen (Fig. 9a). The rate of decrease in the
intensity of the absorption bands at 1540 and 1430 cm™
(Fig. 9b, curves [, 2) increased upon the addition of
(NO + O,)/N,, and the intensity of these bands decreased
to zero after ~25 min. Figure 10 demonstrates the
resulting kinetic curves linearized in the coordinates of
a first-order rate equation. The same data were obtained
in an analogous experiment at 220°C. At 350°C, we
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failed to perform kinetic experiments because of a low
surface concentration of adsorbed propane complexes.

DISCUSSION

Comparison of the Rates of Conversion of Surface
Compounds with the Rate of Reaction

The surface concentration of a complex and the rate
constant of its conversion should be known in order to
compare the rate of conversion of surface compounds
with the rate of reaction [5, 6].

The concentration of nitrates on the catalyst surface
under conditions of HC-SCR was determined using the
molar absorption coefficient € (transmission IR spec-
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Fig. 9. Dependence of the intensities of absorption bands at

(1) 1540, (2) 1430, and (3) 1000 cm™! on the time of catalyst
treatment with (a) nitrogen or (b) a mixture of NO, + O, at

275°C.

troscopy), which relates the concentration of surface
compounds (N/S) to the absorbance (D) of an absorp-
tion band:

N/S = DJe, (1)

where N is the number of particles on the surface, and
S is the surface area of a pellet.

The molar absorption coefficients were obtained
using a combination of in situ IR spectroscopy and the
temperature-programmed desorption (TPD) of NO,.
The thermal desorption data indicate that the first and
second peaks in the TPD spectrum are due to the des-
orption of a nitrite complex (absorption bands at 1290
and 1410 cm™) and nitrate complexes (absorption
bands at 1610 and 1540 cm™), respectively. This con-
clusion is based on the coincidence of the maximum
temperatures of the desorption peaks and the maximum
rates of decrease in the intensities of corresponding
absorption bands. The number of NO, molecules des-
orbed at each peak was reported elsewhere [1]. The cal-
culated molar absorption coefficients of stretching
vibrations in surface nitrite and nitrate complexes are as
follows:

Vol. 46  No. 4
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€290 = 1.20 x 107" cm*/molecule;
€1610 = 0.25 x 107" cm*/molecule;
€540 = 0.20 x 10" cm?*/molecule.

An upper bound was obtained for €59, (a nitrite
complex) because a portion of nitrites can be converted
into nitrate complexes. The values of €, and €;s4
were calculated on the assumption that the two nitrate
complexes (bridging and bidentate) provided equal
contributions to the desorption of NO, at the second
peak. Note that the above experiments were repeatedly
performed in order to improve the reliability.

The following molar absorption coefficients in an
acetate complex were taken from [7]:

€430 = 3.3 X 107" cm?/molecule;
€540 = 7.0 X 107 cm?/molecule.

With the use of these values and the absorbance at
the absorption bands of nitrite, nitrate, and acetate com-
plexes under reaction conditions, we can determine the
steady-state amounts of corresponding complexes on
the surface. To determine the concentration of com-
plexes on the catalyst surface under conditions of
HC-SCR, we used the same samples as in the determi-
nation of €.

The rate constants of conversion of the above sur-
face complexes were determined in non-steady-state
spectrokinetic experiments (Figs. 5-10). These data
allowed us to calculate the rate of conversion of nitrate
complexes (w,.q) and to compare it with the rate of the
HC-SCR reaction of NO, (Weyp)-

The rate of conversion (w,,.4) of nitrate complexes
on a sample was determined from the equation

Wealed = kN’ (2)

where k is the rate constant of conversion of a nitrate
complex, and N is the number of surface atoms on the
sample.

Tables 1 and 2 summarize the results of a compari-
son between the rates of reaction at various tempera-
tures. Data given in Table 1 allowed us to estimate the
activation energies (E,) of the conversion of nitrite—
nitrate structures in the reaction of nitrogen oxide
reduction with propane and the activation energies of
desorption (E,.,) (Table 3).

Role of Surface Complexes in the SCR Reaction of NO,

Oxygen-containing complexes. Changes in the
intensities of the absorption bands of adsorbed oxygen
(1000 cm™) and a complex with an absorption band at
1330-1360 cm™' are indicative of the participation of
these complexes both in the activation of NO (forma-
tion of nitrite—nitrate complexes) and in the activation
of propane (formation of acetate structures).

Nitrite-nitrate complexes. In accordance with
published data (for example, see the review [8]), sur-
No. 4 2005
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face nitrite—nitrate complexes are intermediates in the
HC-SCR reaction of NO,. In the reaction with an acti-
vated hydrocarbon, these complexes formed a nitro
organic complex, which was further converted into
reaction products or oxidized to NO, and CO,. We
obtained the same result in a detailed study of the
mechanism of this process on the NTK-10-1 Cu—Zn—Al
oxide catalyst [2, 3]. From this standpoint, let us con-
sider the results of this work.

Data given in Table 1 indicate that the overall rate of
conversion of nitrite—nitrate structures at 70°C corre-
sponds to the rate of conversion of NO,. By this is
meant that these surface structures are intermediates in
the SCR of NO, with propane in an excess of oxygen.
It is likely that the same ratio between the rate of con-
version of nitrite—nitrate structures and the rate of oxi-
dation is also valid at higher temperatures (100-
140°C). However, we failed to test this hypothesis for
two reasons. One of them consists in a considerable
decrease in the surface coverage with nitrite—nitrate
structures (the activation energy of desorption on these
complexes is sufficiently high, see Table 3) as the reac-
tion temperature was increased. This fact is consistent
with a decrease in the rate of reaction with temperature
(Table 1). The other reason is that the absorption band
of a bidentate nitrate complex (1540 cm™) practically
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Table 1. Comparison between the rate of conversion of surface nitrite—nitrate complexes in reaction with a mixture
of (C3Hg + O,)/N, and the rate of the selective reduction of NO,

= i | e | v
70 Nitrite (1290 cm™) 0.005 0. 0 4.5
Bridging nitrate (1610 cm™) 0.012 0.004 0.42
Bidentate nitrate (1540 cm™) 0.008 0.035 3.50
100 Nitrite (1290 cm™) 0.19 0 0 1.3
Bridging nitrate (1610 cm™) 0.25 0.003 0
Bidentate nitrate (1540 cm™!) + acetate 0.28 0.042 123
140%* Nitrite (1290 cm™) - 0 0 1.5
Bridging nitrate (1610 cm™) 0.38 0.002 0
Bidentate nitrate (1540 cm™!) + acetate 0.43 0.033 156

* As follows from data in Fig. 7, the consumption of nitrate—nitrite structures was accompanied by the formation of surface acetate. The
rate constant of this process was determined from an ascending portion of the curve of acetate formation (1540 cm™"). The rate constants
of nitrate consumption are given with consideration for the rate of acetate formation.

Table 2. Comparison between the rate of reaction (w,.q) of a surface acetate complex with a reaction mixture of (0.1% NO +
2.5% O,)/N, and the rate of the selective reduction of NO, (weyp,)

T, °C v,cm™! k, min~! Dy, Weatea X 10717, molecule/min | weyy X 10717, molecule/min
220 1540 0.036 0.024 0.27 1.5

1430 0.033 0.032
275 1540 0.080 0.018 0.45 3.6

1430 0.075 0.022

coincides with an absorption band due to the asymmet-
ric vibrations of an acetate complex. Therefore, a
steady-state concentration of the bidentate nitrate under
reaction conditions cannot be determined.

Acetate complexes. Shimizu and coauthors [9—-11]
studied the SCR of NO, with propylene on Al,O; and
Cu/Al,O;. They found that the interaction between ace-
tate and nitrate complexes is a rate-determining step in
the formation of reaction products. In our case (Table 2),
a comparison of the rate of conversion of an acetate
complex with the rate of reaction indicates that the
reaction of acetate with NO, 4 is only one of the reac-
tion paths. The fraction of this reaction path in the over-
all process decreases with temperature. This result is
consistent with spectroscopic and TPD data, which

Table 3. Activation energies of the conversion of nitrite—ni-
trate structures in the reduction of nitrogen oxides with pro-
pane and the activation energies of desorption

Surface complex v, cm™! E,, kJ/mol |E,., kJ/mol

Nitrite 1290 62*15 65=* 15
Bidentate nitrate 1540 80+ 20 85+20
Bridging nitrate 1610 65t 15 -

indicate that the surface coverage with NO, ,4, com-
plexes rapidly decreased with temperature.

An increase in the reaction temperature resulted in
the reduction of the surface. Upon the admission of NO
to the reduced surface, this surface was reoxidized from
N,. This fact was supported by data on the TPD of NO
with mass spectrometric analysis of desorption prod-
ucts (Fig. 11): molecular nitrogen was the main constit-
uent of these products.

The set of the above data allowed us to propose the
following mechanism for the SCR of NO, with propane
on the STK catalyst. At low temperatures (to ~250°C),
the rate of reduction of nitrogen oxides is determined
by the interaction of surface nitrite—nitrate complexes
with the activated hydrocarbon, and the subsequent
process occurs in accordance with the mechanism
described previously [8]. The amount of nitrite—nitrate
complexes rapidly decreased with temperature, and the
rate of reaction decreased until the onset of NO decom-
position on the reduced surface. Nitrogen atoms recom-
bine to form molecular nitrogen in a gas phase. Oxygen
atoms react with the hydrocarbon to form CO, in a gas
phase.

These concepts were supported by data on the con-
centration dependence of the conversions of reactants
and the surface coverages obtained at 235 and 275°C
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(Figs. 1-3). At these temperatures, acetate complexes
were predominant on the surface. The rate of the pro-
cess primarily depended on the concentration of nitrate
structures. Therefore, an increase in the concentration
of propane did not change the conversion of NO and
decreased the conversion of propane (i.e., the rate of
propane conversion remained practically unchanged).
An increase in the concentration of oxygen somewhat
decreased the conversion of NO because of an increase
in the concentration of acetate structures. An increase
in the concentration of NO did not affect the conversion
of NO (the rate of NO conversion linearly increased). In
this case, the conversion of propane should increase,
and this increase was observed experimentally.

Based on the experimental data and taking into
account the difference between the spectroscopic and
adsorption properties of STK and NTK-10-1 catalysts,
we can propose the following mechanism of synergism:

The oxidation of propane on the STK catalyst
occurs with the participation of lattice oxygen. This is
evidenced by the reduction of a sample in the SCR reac-
tion of nitrogen oxide with propane and the appearance
of nitrogen among the products of thermal desorption
from the surface of this catalyst. Propane can undergo
oxidation due to oxygen from the catalyst, as evidenced
by the fact that propane conversion was observed for a
time upon the admission of only C;Hjg to the surface of
STK. The products of propane oxidative dehydrogena-
tion and/or partial oxidation (propylene and acrolein)
are formed on the surface of the STK catalyst. These
products are effective reducing agents for NO. To sup-
port this reaction scheme, we performed special exper-
iments for detecting these products on the STK cata-
lyst. Thus, absorption bands at 1650 and 1690 cm™!
were observed in the in situ IR spectra measured in
the interaction of a reaction mixture of (0.1% NO +
0.5% C;Hg+ 2.5% 0O,)/N,. These absorption bands
were attributed to the vibrations of C=C and C=0
bonds in a surface complex of acrolein that resulted
from the mild oxidation of propane. A compound with
miz = 42, which was attributed to propylene, was
detected in thermal desorption experiments with the
mass-spectrometric analysis of desorption products
performed after the adsorption of propane at room tem-
perature. Propylene was experimentally detected in the
oxidation of propane with atmospheric oxygen using
the analysis of reaction products on a chromatograph
with a flame-ionization detector.

Next, the adsorbed NO molecule and the product of
C;H; partial oxidation and/or oxidative dehydrogena-
tion can react to form N, and CO,. Because the amount
of NO,4, on STK is small at reaction temperatures, an
excess amount of the product of C;Hg conversion is des-
orbed from the STK surface. At the next step, it can be
adsorbed on the surface of NTK-10-1. The concentra-
tion of NO,4 on this catalyst is high. The reduction of
NO to molecular nitrogen results from the reaction of
NO with the product of propane conversion.
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Fig. 11. Total TPD spectra of NO from the (/) oxidized and
(2) reduced surfaces of the STK catalyst and the TPD spec-
tra of (3) NO and (4) N, according to mass-spectrometric

analysis data.

In addition to the above reactions, the product of
propane partial oxidation can be further oxidized in the
test system with oxygen on both of the components of
a binary catalytic system (STK and NTK-10-1). The
occurrence of synergism depends on the ratio between
the rates of oxidation of the product of propane partial
oxidation on STK and NTK-10-1, interfacial diffusion,
and the interaction of the resulting product with NO,4
on NTK-10-1.

CONCLUSIONS

Thus, quantitative spectrokinetic in situ measure-
ments demonstrated that the rate of reduction of nitro-
gen oxides on the STK catalyst at temperatures to
250°C depends on the interaction of surface nitrite—
nitrate complexes with an activated hydrocarbon,
whereas the reaction on NTK-10-1 occurs via the for-
mation and consumption of a nitrite complex at temper-
atures lower than 150°C. The amount of nitrite—nitrate
complexes on the STK catalyst rapidly decreases with
temperature, and the rate of reaction decreases until the
onset of NO decomposition on the reduced surface to
cause reoxidation of the catalyst surface. Nitrogen
atoms undergo recombination to form molecular nitro-
gen in a gas phase. Oxygen atoms react with the hydro-
carbon to form CQO, in a gas phase. The nitrate complex
is an intermediate in the selective reduction of nitrogen
oxides with propane on the NTK-10-1 catalyst at tem-
peratures higher than 150°C. The next step of the pro-
cess is the formation of a nitro organic compound,
which not only can yield deep oxidation products in an
oxidizing atmosphere but also can undergo further oxi-
dation with the release of nitrogen oxides into a gas
phase.

In conclusion, note that differences between the
mechanisms of the HC-SCR reaction of NO, on STK



534

and NTK-10-1 catalysts are due to the absence of high-
temperature NO adsorption species from STK and a
greater ability of STK to undergo reduction in the reac-
tion mixture. Another special feature of the STK cata-
lyst consists in the ability to form mild oxidation prod-
ucts of propane. These circumstances may explain a
synergistic effect on the mechanical mixtures of the
STK and NTK-10-1 catalysts.
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