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Abstract--In the reaction of NO reduction by propane in excess oxygen, the activity of a binary mixture of 
commercial oxide catalysts is higher than should be expected if it were proportional to the activities of separate 
catalyst components. This synergism reveals itself in the fact that the conversion of NO and C3H s is higher when 
the catalyst is a mechanical mixture than the sum of conversions over separate catalysts, all other conditions 
being the same. Based on the kinetic and thermal desorption measurements, the experimental conditions are 
found under which the synergism is observed. A hypothetical mechanism is proposed. 

INTRODUCTION 

Considerable attention has recently been paid to the 
development of new catalysts for selective NOx reduc- 
tion by hydrocarbons in excess oxygen [1, 2]. Catalytic 
systems with synergistic properties are of special inter- 
est. Some of such composite catalytic systems are 
mechanical mixtures [3--6]. Table 1 lists some exam- 
ples of the catalytic systems based on mechanical mix- 
tures with synergistic properties in selective catalytic 
NO x reduction by hydrocarbons. 

Previous papers [7, 8] reported selective NO reduc- 
tion by methane and propane over the commercial 
oxide catalysts STK, Ni-Cr  oxide, and NTK-10-1, 
which do not contain noble metals. Mechanical binary 
mixtures of these commercial catalysts have synergistic 
properties: the catalytic activity of the compound sys- 

tem is higher than the sum of the activities of separate 
components in the reactions of NO reduction by 
alkanes (methane and propane) and the complete oxi- 
dation of alkanes. It is likely that this synergism is 
rather common [9], although the mechanism of this 
phenomenon is poorly understood. Therefore, the goal 
of this work was to study this phenomenon in more 
detail using a mixture of STK and NTK-10-1 as sample 
commercial catalysts. 

EXPERIMENTAL 

The commercial catalysts STK (TU 113-03-317-86), 
NTK-10-1 (TU 113-01-31-44-87), and their 1:1 mix- 
ture MK2 were used in the experiments. The mixture 
was prepared by accurate (without grinding and press- 

Table 1. Synergism found for several composite catalysts, which are mechanical mixtures 

Catalytic system and reaction 

Mn20 3 + CeZSM-5, 
CeO 2 + CeZSM-5; 

NO + C3H 6 + 02 
Cu/NaZSM-5 + HZSM-5; 

NO + C3H 6 + 0 2 

Ag/AI203 + A1203; 
NO + C3H 6 + 0 2 
Co/AI20 3 + HZSM-5; 
NO + CH 4 + 0 2 

separate component 

0.5 
0.5 

0.25 

0.25 

0.25 

Catalyst amount, g 

mechanical mixture, component ratio 

0 .5 ,1 :1  
0 .5 ,1:1  

0.25, 1:1 

0.25, 
0.23 g A1203 + 0.022 g Ag/AIzO 3 

0.5, 
0.25 g Co/A1203 + 0.25 g HZSM-5 

Ref. 

[31 

[41 

[5] 

[61 
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ing) mixing of the catalysts taken at 0.5 g each. A frac- 
tion of 1-2 mm was chosen for our experiments. In the 
experiments with individual catalysts, a sample (0.5 g) 
was mixed with quartz particles of the same size. 
Quartz was taken to ensure the same volume as in the 
case of mixed samples. Table 2 specifies the composi- 
tion and some characteristics of the catalysts. 

The catalyst activity was studied in a flow-type reac- 
tor at a space velocity of 11 250 h -1. Before measure- 
ments, the samples were treated in the flow of an inert 
gas (nitrogen) at 500-600~ Nitrogen was not addi- 
tionally purified before use. Oxygen was the main 
admixture in nitrogen (up to 0.8 vol %). Therefore, the 
treatment of catalysts in nitrogen was oxidative. All 
gases were dried with anhydrone. 

The conversions of reactants (NO x and C3H8) were 
measured at different temperatures at the following 
compositions of the reaction mixture (in vol %): NO, 
0.1; C3H8, 0.5; 02, 2.5; and N 2, 96.9, NO, 0.25; C3H8, 
0.3; 02, 2.5, and N2, 96.95, or at a constant temperature 
and different reactant concentrations. The concentra- 
tions of reactants and products were measured using 
Beckman gas analyzers (NO, NO2, CO, and CnHm). 

NO adsorption on the catalyst surface was quantita- 
tively studied by temperature-programmed desorption 
(TPD). The heating rate was 14 K/rain, and the carrier 
gas was nitrogen. In these experiments, the amount of 
desorbing NO x molecules was determined with Beck- 
man gas analyzers. To identify other possible desorp- 
tion products, TPD was coupled with mass spectro- 
scopic analyses. 

RESULTS AND DISCUSSION 

1. Catalytic Activity Measurements 
Figure 1 shows a plot of conversion (X) of nitrogen 

oxides (Fig. la) and propane (Fig. lb) vs. temperature 
for the samples under study and the following compo- 
sition of the mixture (vol %): NO, 0.1; C3H 8, 0.5; 02, 
2.5; and N 2, 96.9. It can be seen that the conversion of 
NO x on MK 2 becomes noticeable at 350~ 

The data in Fig. 1 show that the sum of NOx conver- 
sions over the separate components is lower than 
the conversion over the mixture of catalysts. Thus, 
XNox(STK) + XNox(NTK-10-1) = 50% at 500~ 

while XNo x (MK 2) = 75%. That is, the synergistic effect 
obviously takes place. Note that a similar effect is 
observed for propane conversion as well. 

Obviously, synergism is due to the difference in the 
properties of individual catalysts in the reaction under 
study. Specifically, Yokoyama [3] explained the syner- 
gism by a hypothesis according to which one compo- 
nent of the mechanical mixture is favorable for NO2 
formation, and the other component converts NO 2 into 
Nz at a higher rate than NO. We tried to identify the dif- 
ferences in the components of individual catalysts 
using thermal desorption and kinetic studies. 

Table 2. Composition and characteristics of commercial 
catalysts 

Bulk density, Catalyst Composition, wt % g/cm3 

STK 1.3-1.6 

NTK-10-1 

Fe203 
Cr203 
CuO 
ZnO 

A1203 
NiO 

88 
7 

40 
30 
17 
5 

1.3-1.6 

Ssp, 
mZ/g 

17.8 

9.8 

MK 2 STK : NTK-10-1 = 1 : 1 - 16.0 

Table 3. NO adsorption on the surface of commercial cata- 
lysts 

NO x adsorption cm3/g 

Catalyst TTax T2 m a x  TTax T2 m a x  

NO + N 2 NO + 02 + N 2 

STK 1.2 0 0.93 0 
NTK-10-1 1.95 2.7 1.5 1.75 
MK 2 1.6 1.0 1.16 1.4 

2. Temperature-Programmed Desorption 
In TPD studies, we paid attention to the interaction 

of NO with individual catalyst and with their mechani- 
cal mixture. 

Figure 2 shows the TPD spectra of NOx for all the 
samples, Experiments were of two types: after 0.3% 
NO + N 2 adsorption and after 0.3% NO + N 2 + 5% 02 
adsorption. It can be seen that the TPD spectra for 
NTK-10-1 and MK 2 are characterized by the presence 
of two peaks ( T~ ax and T~ax), and the high-tempera- 
ture peak for NOx desorption is absent from the spec- 
trum of STK. 

These data suggest that adsorbed NO is present in 
two states on the NTK-10-1 and MK2 surfaces. The 
maximum of the high-temperature peak is in a temper- 
ature region which is characteristic of the selective cat- 
alytic reduction of NO by propane (400-450~ 

Upon coadsorption of NO and 02, the overall 
amount of NO~ molecules desorbed from the surface is 
the same or somewhat lower than after NO and N2 
coadsorption (Table 3). That is, the presence of excess 
oxygen does not prevent NO adsorption. Therefore, 
either oxygen weakly adsorbs on the surface or NO and 
02 adsorb on different active sites. Note that TPD 
experiments were carried out with oxidized samples. 

The data of TPD coupled with mass spectrometry of 
the products show that, along with NO desorption, N2 
desorbs into the gas phase from the reduced surface of 
STK by contrast to the oxidized surface. This is evident 
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Fig. 1. Conversions of (a) NO x and (b) C3H 8 vs. temperature 
in the reaction NO + C3H 8 + 02 on (I) STK, (2) NTK-10-1, 
and (3) MK 2 (v= 11250 h-I; [NO] = 0.1 vol %; [C3H8] = 
0.5 vol %; [02] -- 2.5 vol %; IN2] = 96.9%). 

from an additional peak in the spectra at 200-400~ 
(Fig. 3). Oxygen does not desorb from the surface at 
these temperatures. 

3. Dependence of the Rate ofNOx + C3Hs + 02 
Reaction on the Composition of the Reactive Flow 

The activity of MK 2 depends on the ratio between 
the concentrations of  oxidants (NOx + 02) and a reduc- 
ing agent (propane) in the reactive flow. If the reactive 
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Fig. 2. TPD spectra of NO x for (I) STK, (2) NTK-10-1, and 
(3) MK 2 after the adsorption of the mixture (a) 0.3 vol % NO + 
N 2 and (b) 0.3 vol % NO + 5 vol % 02 + N 2. 

flow contains excessive oxidants, the concentration of  
propane becomes a critical factor. Thus, for the 
0.25 NO + 0.3 C3Hs + 2.5 O2 mixture (vol %), the activ- 
ity of  MK 2 toward NO x reduction is zero at 300--600~ 
whereas there is some activity at 550~ if the composi- 
tion is 0.25 NO + 0.4 C3H s + 2.5 0 2. The fact that the 
activity is very sensitive to the concentration of propane 
in the reactive flow containing 2.5-3.0 vol % 02 is sup- 
ported by the measurements of the reactant conversions 
for different compositions of the reaction mixture. 

3. I. Effect of NOx concentration. Figure 4 describes 
the NO~ conversion as a function of the concentration 
of nitrogen oxides in the reaction mixture, containing 
0.5 Call s + 2.5 0 2 (vol %) at 500~ for STK, NTK-10-1, 
and MK2. It can be seen that, for all samples, the con- 
version of NO~ is insensitive to an increase in the NO con- 
centration in the reactive flow from 0.02 to 0.37 vol %. 

3.2. Effect of C f l8  concentration. With a decrease in 
the propane concentration, the conversion of NO~ 
decreases at any temperature on all the samples, includ- 
ing MK 2. This is observed for the mixtures containing 
0.1 NO + 2.5 02 (vol %) and 0.25 NO + 2.5 02 (vol %). 
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Fig. 3. TPD spectra of NO x for (1) oxidized and (2) reduced 
STK with mass spectrometric analysis of the products: 
(3) NO (m e = 30) and (4) N 2 (me= 28) for the reduced sam- 
ple (P is the total pressure in the desorption chamber and 
I is the intensity of a signal from a mass spectrometer). 

3.3. Effect of O 2 concentration. Figure 5 and Table 4 
illustrate the dependence of  reactant conversions on the 
concentration of  O 2 in reacting flows with different 
NO : C3H8 ratios. 

A decrease in XNO, and an increase in Xc3n8 with an 

increase in the oxygen concentration in the mixture is 
common.  This is observed at all temperatures at which 
the catalysts are active. Note that the conversion of  NO 
in a flow with the NO : C3H s ratio lower than 1 is sub- 
stantially higher than in a flow where this ratio is higher 
than 1 (Table 4). In the former case, at [02] = 4.2 vol % 
and 500~ the conversion of  NOx is 48%. In the latter 
case, there is no conversion even at [02] = 2.8 vol % and 
550~ 

Thus, the conversion of  NO x is virtually indepen- 
dent of  NO concentration in a flow. This means that the 
rate of NO reduction linearly increases with an increase 
in the NO concentration in the reaction mixture. An 
increase in the concentration of propane in a flow leads 
to a higher NO conversion, whereas an increase in the 
02 concentration lowers it. 

Our study showed that, at all changes in the compo- 
sitions of  the reacting flow (Figs. 4 and 5), the conver- 
sion of  NO x on M K  2 is always higher than on individual 
components of  this mixture. At the same time, we can 
see that reactant conversions on individual catalysts are 
substantially higher in these experiments than in the 
experiments where we studied the dependence on tem- 
perature (Fig. 1), all other conditions being the same. It 
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Fig. 4. Conversion of NO x vs. NO x concentration in the 
reaction NO + C3H 8 + 02 on (1) STK, (2) NTK-10-1, and 
(3) MK 2 (v= 11250 h-l; T= 500~ [C3H8] = 0.5 vol %, 
[02] = 2.5 vol %, and N 2 completes the overall concentra- 
tion to 100%). 
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Fig. 5. Conversion of NO x vs. 0 2 concentration in the reac- 
tion NO + Call 8 + 02 on (1) STK, (2) NTK-10-1, and 
(3)MK 2 (v= 11250 h-l; T= 500~ [NO] = 0.1 vol %, 
[Call 8] = 0.5 vol %, and N 2 completes the overall concen- 
tration to 100%). 
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Table 4. Conversions of NO x and propane in the reaction NO + C3H s + 02 on MK 2 depending on the concentration of 02 in 
the reaction mixtures with different [NO] : [C3H8] ratios at v = 11250 h -1 

T, ~ 0 2 concentration, vol % 

0 I 10 I 1.7 1 2 . 3  I 28 [ 3 6  I 4.2 

300 

400 
500 

300 
400 

500 

350 

450 

550 

350 
450 

550 

0 

37 
89 

5 
13 
24 

7 

58 

85 

7 
27 

46 

5 
24 

86 

7 
16 

23 

5 
40 

65 

17 

38 

52 

[NO] = 0.1 vol %, [C3H s] = 0.5 vol % 

NO conversion, vol % 

7 5 

12 0 
81 76 

C3Hs conversion, vol % 
7 10 

30 38 
36 47 

[NO] = 0.25 vol %, [Calls] = 0.25 vol % 

NO conversion, vol % 

2 0 

16 2 
21 6 

C3H s conversion, vol % 
31 38 
62 77 

67 77 

0 
65 

10 
45 

57 

45 

83 
78 

5 

0 
55 

10 
54 

65 

0 

0 

0 

51 
88 

78 

5 

0 
48 

10 
56 

73 

51 
88 

78 

is clear that at high reactant conversions on individual 
catalysts, we cannot draw any conclusions on the exist- 
ence of synergism in the MK2 system. Therefore, a 
question arises as to the reason for the high activities of 
individual catalysts under certain experimental condi- 
tions. 

In our opinion, this can be explained if we assume 
that kinetic data were obtained for the fresh reduced 
samples. Special measurements show that a sample is 
indeed reduced for -15 min in a flow containing only 
NO and propane. Let us consider as an example the 
dependence of reactant conversions on the concentra- 
tions of oxygen in the flow (Fig. 5, Table 4). Even if a 
sample is preoxidized, first values of conversion are 
measured when oxygen is absent from the flow. The 
time of measurement is ~15 min. Therefore, measure- 
ments correspond to a reduced sample. The same rea- 
soning is true of all of  the kinetic runs. 

Thus, the samples in the reduced state are more 
active than in the oxidized state, and we should not 
expect synergism in the case of reduced samples. The 
effect of  synergism found for the mechanical mixture 
of commercial catalysts is most probable for the oxi- 
dized samples. The behavior of individual catalysts in 
NO adsorption is radically different. This difference 
allows us to propose two hypotheses, which describe 
the effect of synergism. 

The first hypothesis is the same as in the literature: 
one component (NTK-10-1) of the mechanical mixture, 
which is more capable of NO adsorption (Table 3), 
readily produces NO2, which is further reduced to 
nitrogen at a higher rate than NO on the other compo- 
nent (STK). 

The other hypothesis suggests that on the STK cat- 
alyst, a hydrocarbon is partially oxidized to form a 
product which is either rapidly oxidized by molecular 
oxygen on the same component or migrates to the sec- 
ond component (NTK-10-1) via the gas phase to 
undergo further oxidation by NO molecules. In this 
case, synergism should be determined by the ratio of 
the rates of the further oxidation of the activated hydro- 
carbon fragment and its migration onto NTK-10-1. 

It is clear that the detailed mechanism of synergism 
can be determined in the studies of surface species, 
which are formed under the reaction conditions and the 
pathways for species transformations. 
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