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Zeolite In,H-, Co,H-, and Co,In,H-ZSM-5 were characterized by operando diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), temperature-programmed reduction by hydrogen (H,-TPR),
X-ray photoelectron spectroscopy (XPS), and activity in the selective catalytic reduction of NO (NO-SCR)
by methane. The catalysts were shown to contain indium as [InO]*/[InOH]?* cations, whereas cobalt was
in the form of Co?*/[Co-OH]* cations or Co-oxide clusters in amounts controlled by the applied prepa-
ration method. The NO-SCR by methane was shown to proceed in two coupled processes on distinctly
different catalytic sites. One of the processes is the oxidation of NO to NO, by oxygen over Brgnsted acid
sites and/or cobalt-oxide species giving NO/NO, gas mixture (NO-COX reaction). The other process is
the N, formation, which is the result of the reaction of methane and the NO/NO, mixture (CH4/NO-SCR
reaction). Molecules of NO and NO, were shown to become activated together as NO*/NO3~ ion pair in
reaction with [InO]*/[InOH]?* or Co?*/[Co-OH]* sites. Operando DRIFTS results suggested that the reac-
tion of methane and NO3~ generates an intermediate that rapidly reacts with the NO* to give N,. The
promoting effect of the cobalt was related to the significantly higher NO-COX activity of Co-oxide clus-
ters than that of the Brgnsted acid sites. The accelerated NO-COX reaction speeds up the formation of
NO*/NOs~ species and the rate of the methane activation, being the rate-determining step of the NO-SCR
reaction. It was also shown that the NO-SCR reaction can proceed if NO-COX and CH4/NO-SCR active sites
are separated in space. In order to avoid rate controlling NO, transport between the sites close proximity
of the sites is favorable.
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1. Introduction

For the abatement of nitrogen oxides (NOy) from O,-rich emis-
sions the selective catalytic reduction (NO-SCR) by hydrocarbon is
a promising technology [1-4]. The use of cheap and abundantly
available methane as reducing agent can be especially beneficial to
control the NOy emission of boilers and engines fueled by natural
gas [3,5-7]. However, the activation of methane for the reduction
of NO is difficult. Only a few metal-based catalysts such as sup-
ported Pt, Pd, Co, Mn, Ni, Ga and In (and their combinations) show
substantial activity [3,4].

Indium-zeolites were among the most studied catalytic systems
[8-24]. Their activity could be increased by a wide variety of pro-
moters including transition metals such as Ir [10], Pt [12,22], Pd
[22], or Co [20,21], and finely dispersed metal oxides, such as CeOx
[14,24], colloidal Al; 03 [15],In,03 [17], FexOy [19], and Mn3 04 [22].
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These promoters not only enhanced the activity of In-zeolites, but
alsoimproved their water tolerance, which is a key issue of practical
application.

Itis generally accepted that [InO]* cations in ion-exchange posi-
tions are responsible for the NO-SCR activity of the In-zeolites
[8-10,12-14,16,17,19,21], whereas the promoters are believed to
help the reaction by facilitating the oxidation of NO to NO, by oxy-
gen (NO-COX reaction) [10,12,14,15,17,19-22]. The NO,, being a
better oxidant than NO, can efficiently compete with O, for the
oxidation of methane. Recent studies suggested that the reactions
of NO; and the N, generation (NO-COX and CH4/NO-SCR reactions)
proceed on different active sites. It was possible to get high NO-SCR
activity by mixing two catalysts: one having high NO-COX activity
and another, active in the CH4/NO-SCR reaction [7,8,22,24-27].

The cobalt was found to be one of the best promoters [20,21].
It was suggested to be present as extra-framework Co%*, [Co-OH]*,
or Co3* cation or as finely dispersed Co-oxide, such as CoO and/or
Co304, within the zeolite pores or on the outer surface of the
zeolite crystallites [21,28-33]. Recent studies suggested that the
promoting effect appeared due to synergism of Co?* and [InO]*
sites [20,21]. Kubacka et al. [21] attributed the promoting effect
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Table 1
Catalyst preparations and composition.
Catalyst Sample Preparation method Alg/In Alg/Co
In,H-ZSM-5 RSSIE? 0.33 -
Co'E,H-ZSM-5 IEP - 0.125
CoSSR H-ZSM-5 SSR¢ - 0.125
1st Coby IE
IE
In,Co™ ,H-ZSM-5 2nd In by RSSIE 0.33 0.125
1st Co by SSR
SSR _ _
In,Co>>* H-ZSM-5 2nd In by RSSIE 0.33 0.125
1st In by RSSIE
CoS*R In,H-ZSM-5 Sy 033 0.125

2nd Co by SSR

a Reductive solid state ion-exchange.
b Liquid phase ion-exchange.
¢ Solid state reaction.

to isolated Co2* ions, whereas Co-oxide species and particularly
Co304 aggregates were believed to be responsible for the unde-
sired methane oxidation with O, [21,32]. In contrast, Traa et al.
[3] found that cobalt oxide particles promote the NO-COX reac-
tion and assumed to facilitate the NO-SCR reaction just like any of
the above-mentioned promoters. One can also assume that the pro-
moter increases somehow the NO-COX activity of the Bransted acid
sites. Some authors, detecting NO, as product, strongly questioned
that NO, could be active intermediate of the NO-SCR reaction
[30,31].

Many studies substantiated that the NO-COX activity was a cru-
cial function of the NO-SCR catalyst, however, the role of NO, in
the reaction is not fully understood yet. It is not clear how the
increased rate of the NO-COX reaction, accelerated by promoter,
increases the rate of the NO-SCR by methane. Neither the Co species,
having promotional effect in the Co,In,H-zeolites, nor the promot-
ing mechanism are known. In the present study we give plausible
explanation for above questions.

2. Experimental
2.1. Catalyst preparation

The In,H-ZSM-5 sample was prepared by the method of reduc-
tive solid state ion exchange (RSSIE). H-ZSM-5 (our synthetic
product; Si/Alt =29.7 and Si/Alg = 33.0, where Al and Alg represent
the total and the framework aluminum content, respectively) were
mixed with In, O3 (Aldrich; 99.99%) applying intense co-grinding.
The obtained In,03/H-zeolite mixtures were treated in H; flow at
773 Kfor 1 h, then cooled down to room temperature in He flow and
finally oxidized in O, flow at 673 K. The In/Alg ratio of the ZSM-5
catalyst was 0.33 (1.7 wt% In content).

Two different methods were applied to prepare Co,H-ZSM-5
samples, such as liquid phase ion-exchange (IE) or solid state reac-
tion (SSR). The IE was carried out by stirring 10 g of H-ZSM-5 sample
in 500ml of a 0.1 M Co(NOs3);, solution at 343K under reflux for
6 h. Then the slurry was filtered, washed with distilled water and
dried in an oven at 383 K. The ion-exchanged sample was des-
ignated as Co'E,H-ZSM-5 and the Co/Alf ratio in the sample was
0.125 (0.34 wt% Co content, determined by chemical analysis). A
Co-zeolite sample containing the same amount of Co was pre-
pared by reacting the H-ZSM-5 sample with a calculated amount
of Co(CH3COO0),-4H,0 in the solid state. A similar procedure was
applied than that described in Refs. [20] and [21]. The zeolite and
cobalt acetate powders were mixed by intense co-grinding. The
mixture was heated up to 823K at a heating rate of 10 Kmin~! to
823K in a He flow (30 cm® min—1) and kept at this temperature for
2 h. The sample prepared by the above outlined SSR method was
designated as CoSSR, H-ZSM-5.

Catalyst samples containing both In and Co were prepared from
an aliquot part of the Co'E,H-ZSM-5 and Co%SR H-ZSM-5 samples

by introducing the same amount of In as was in the In,H-ZSM-5
sample (In/Alg = 0.33) using the RSSIE method. These samples were
designated as In,Co'E,H-ZSM-5 and In,CoSSR H-ZSM-5, respectively.
An additional bimetallic sample was prepared from an aliquot part
of the In,H-ZSM-5 sample by introducing the same amount of Co
as was in the Co,H-ZSM-5 samples by the SSR method. This sample
was denoted as CoSSR In,H-ZSM-5. Note that the In,CoSSR H- and the
Co®SR In,H-preparations differ in the order of metal introduction.
The various catalyst preparations and their compositions are listed
in Table 1.

2.2. Temperature-programmed reduction by hydrogen (H,-TPR)

Curves of H,-TPR were measured using a flow-through microre-
actor (I.D. 4 mm) made of quartz. About 150 mg of catalyst sample
(particle size: 0.25-0.5 mm) was placed into the microreactor and
was pretreated in a 30 cm3 min~! flow of O, at 773 K for 1 h before
the H,-TPR measurement. The pre-treated sample was purged with
N, at 773K and cooled to room temperature in the same N, flow
then was contacted with a 30cm3 min~! flow of 10% H,/N, mix-
ture. The reactor temperature was ramped up at arate of 10 K min~!
to 1073 K, while the effluent gas was passed through a dry-ice trap
and a thermal conductivity detector (TCD). Data were collected and
processed by computer. Calculation of the corresponding hydrogen
consumptions based on the peak areas was carried out by using
the calibration value determined with the H,-TPR of CuO reference
material.

2.3. X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed in a multi-technique system
(SPECS) equipped with a dual Mg/Al X-ray source and a hemi-
spherical PHOIBOS 150 analyzer operating in the fixed analyzer
transmission (FAT) mode. Each catalyst sample was pretreated ex
situ in a 30cm3 min~! flow of O, at 773K for 1h before the XPS
experiments. The pellet, pressed from the pretreated catalyst pow-
der, was placed into the reaction chamber of the XPS apparatus and
was pretreated in situ in vacuum at 673 K for 1 h then cooled to room
temperature. The spectra were obtained with pass energy of 30eV;
an Al-Koa: X-ray source was operated at 200 W and 12 kV. The work-
ing pressure in the analyzing chamber was less than 5 x 10~ mbar.
The spectral regions corresponding toIn3d, Co2p,0 1s,C 1s,Si 2p, Si
2sand Al 2p core levels were recorded for each sample. The BE refer-
ence value was Si 5, =103.0 eV. The data treatment was performed
with the Casa XPS program (Casa Software Ltd., UK). The peak areas
were determined by integration employing a Shirley-type back-
ground. Peaks were considered to be a mixture of Gaussian and
Lorentzian functions in a 70/30 ratio. For the quantification of the
elements, sensitivity factors provided by the manufacturer were
used.
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2.4. Catalytic activity

The same flow-through microreactor was used as for the Hy-
TPR measurements. Usually about 100 mg of catalyst (particle size:
0.25-0.5 mm) was pre-treated in a 30 cm3 min—! flow of 10%0,/He
at 773K for 1h, then the sample was purged with pure He and
cooled to 573 K. The catalytic activities in the selective catalytic
reduction (NO-SCR) and in the catalytic oxidation of NO to NO,
with O, (NO-COX) were determined at temperatures between 573
and 873 K. The reaction was initiated by switching the He flow to a
flow 0of 4000 ppm NO/4000 ppm CH4/2% O, /He mixture (NO-SCR) or
4000 ppm NO/2% O, /He mixture (NO-COX). From here on these gas
mixtures are referred to as NO/CH4/O, or NO/O, mixtures without
giving the concentrations and indicating the presence of helium.
The total flow rate of the reaction mixture was 100 cm3 min~!
throughout the catalytic experiments corresponding to about a
GHSV value of 30000 h~!. (The bed volume was calculated using
catalyst bulk density of 0.5gcm™3). The reactor effluent was ana-
lyzed with an on-line MS (VG ProLab, Fisher Scientific) having a
computer program for a quantitative analysis. The instrument was
calibrated using gas mixtures with known compositions. The com-
position of the reactor effluent was continuously monitored. The
total conversions in the NO-SCR reaction were calculated as fol-
lows:

0
[NOJ” — [NO] ([)NO] x 100

[NO

In order to circumvent the uncertainty coming from the over-
lapping m/z=28 MS signal of N, and CO the conversion to N, was
calculated by the equation below.

Total conversion of NO(mol%) =

Conversion of NO to N, (mol%)

0
_ [NOJ° - [NO] - [NOz] - 2[N20]
[NOJ°

In the equations [NO]° stands for the initial concentration of NO
(4000 ppm), whereas [NOJ, [NO,] and [N, O] are the concentrations
of the corresponding components in the reactor effluent. The devia-
tion of the concentrations obtained from the m/z=28 MS signal and
that, calculated from the equation above, was always less than £5%.
This is suggesting that CO formation, if any, was insignificantly low.
In most NO-SCR experiments, only traces of NO, and N,O could
be detected. The conversion of methane was calculated from its
concentrations in the reactant and the product mixtures. The con-
version of NO to NO, during the NO-COX reaction was determined
form the concentration of NO, in the effluent using the following
equation:

_[NO,]

Conversion of NO to NO;(mol%) = [NO]O x 100

Experiments were designed for the use of CoSSR,H-ZSM-5 and
In,H-ZSM-5 catalysts in sequential catalyst beds in the reactor or
making a single bed from the mixture of the catalysts. In these
experiments, 100 mg of each catalyst sample was used to have the
same amount of active metal in the reactor than at the use of 100 mg
bimetallic catalysts.

2.5. Operando diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) investigations

The catalyst-bound species obtained from the NO-SCR or
NO-COX reaction were studied by DRIFT spectroscopy using a Nico-
let 5PC spectrometer, equipped with a COLLECTOR™ II diffuse
reflectance mirror system and a flow-through DRIFT spectroscopic
reactor cell (Spectra-Tech, Inc.). The same experimental conditions

(temperature, reactant concentrations, and GHSV) were set at the
reactor cell and the microreactor measurements. The sample cup
of the cell (LD.: 5 mm, height: 4 mm) was filled with about 20 mg of
powdered sample. The spectrum of the catalyst powder was taken
at every selected reaction temperatures in He-flow. This spectrum
was subtracted from the corresponding spectrum of the catalyst
and the reaction mixture in the cell to get characteristic differ-
ence spectrum. The concentration of the reactants and products
was continuously monitored by on-line MS. The experimental set-
up allowed abrupt switching between reactant mixtures NO/O, and
CH4/NO/O5. The partial pressures of NO and O, were the same in
the two gas mixtures. (The CH4 was present on the expense of
He balance gas.) After a switch the system reached a new steady
state in about 4-8 min, as shown by the stabilized MS peak inten-
sities.

3. Results
3.1. Catalyst characterization

3.1.1. Hy-TPR measurements

The H,-TPR curves obtained for the monometallic and bimetallic
catalyst samples are shown in Fig. 1. No reduction peak is observed
on the curve of Co'E, H-ZSM-5 sample up to 1073 K (Fig. 1A). The Co?*
ions in ion-exchange positions of zeolites were shown to become
reduced in the 973-1173 K temperature range [29-33]. Therefore,
the cobalt in the Co'E,H-ZSM-5 sample must be lattice cation in
the ion-exchange positions of the ZSM-5 zeolite. A single reduction
peak appears in the H,-TPR curves of In,H-ZSM-5 and In,Co'E,H-
ZSM-5 samples at a temperature of about 573 K (Fig. 1A). The Hj
consumption corresponds to a 2e reduction of the indium (Table 2).
Earlier reports confirmed that the RSSIE generates In* cations that
are oxidized by O, to oxocations [InO]* [34-36]. The results suggest
that the initial In* state was recovered in the H,-TPR experiments.
The presence of cobalt did not affect the reduction of the [InO]*
oxocations (Fig. 1A).

A characteristic peak was obtained in the 623-673 K tempera-
ture range for the Co,H- and the Co,In,H-ZSM-5 catalysts, containing
cobalt that was introduced by the SSR method (Fig. 1B). Similar H;-
TPR peak was obtained for the reduction of cobalt oxides on the
outer surface of zeolite crystallites [29-33]. The calculated H/Co
atomic ratio for the full reduction of CoO and Co304 (Co0-Co,03) is
2.0 and 2.66, respectively. Considering these values the CoSSR H-
ZSM-5 sample must contain both type of oxides, whereas the
In,CoSSR H-ZSM-5 and CoSSR In,H-ZSM-5 samples contain predom-
inantly CoO and Co304, respectively (Table 2). The H,-TPR peak
at about 573 K is similar to that found for the monometallic In,H-
zeolite catalyst suggesting that the presence of Co-oxide does not
influence the reduction of the [InO]* oxocations (Fig. 1B).

3.1.2. XPS results

The Co 2p3;; and In 3ds;, binding energies (BE) and the
assignment of the corresponding species in the monometallic and
bimetallic samples are given in Table 3. The BE of ~445.5eV was
assigned to the In 3ds, level of species [InO]* [37]. The In 3d5, lines
are nearly the same for all In-containing samples indicating that the
preparations contain similar In species and the chemical state of
this species is not influenced by the presence cobalt in the catalyst.
In contrast, different Co species were identified in the Co'E,H-ZSM-5
and Co>SR H-ZSM-5 samples. Based on the BE of Co 2p;; level, the
IE sample contains Co%* ions in ion-exchange positions, whereas
the SSR sample contains Co-oxide (CoO and/or Co304) as dominant
species [38]. The corresponding Co 2ps3; lines appeared in the XPS
spectra also of the bimetallic catalysts. The XPS results support the
conclusions of the H,-TPR examination.
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Table 2
Results of H,-TPR experiments.

Catalyst sample Hydrogen consumption

H/In H/Co
In,H-ZSM-5 1.97 -
In,Co't, H-ZSM-5 2.02 b
Co'E,H-ZSM-5 - -b
CoSSR H-ZSM-5 - 2.34
In,CoSSR H-ZSM-5 (2.00) 2.12
Co%R In,H-ZSM-5 (2.00)2 2.64

2 Assumed to calculate H/Co atomic ratio.
b No reduction peak was observed up to 1073 K.

3.2. Catalytic results

The H,-TPR and the XPS measurements confirmed that the
applied different methods of cobalt introduction resulted in dis-
tinctly different active cobalt sites. The monometallic catalyst,
containing cationic cobalt in ion-exchange position induces NO-
SCR reaction (Fig. 2A). On the contrary, in agreement with earlier
results [31,39-41], the Co-oxide clusters promote the NO-COX

reaction but not the NO-SCR even in the presence of methane. Nitro-
gen was formed only at reaction temperature over 700K (Fig. 2B).
The In,H-ZSM-5 catalyst, shown to contain [InO]* cations, selec-
tively converted NO to N, (Fig. 2C, Table 3).

The conversion over the bimetallic catalysts is shown in Fig. 3.
The activity of the In,Co'E,H-ZSM-5 catalyst (Fig. 3A) is very similar
to that of the In,H-ZSM-5 (Fig. 2C), suggesting negligible interplay
between the two types of active sites, i.e., between the Co%* and
[InO]* centers. The rate of NO conversion is similar over In,H-,
In,Co'E,H-, and In,CoSSR H-ZSM-5 catalysts in the low temperature
range (up to about 700 K), whereas it is significantly higher over the
In,CoSSR H-ZSM-5 catalyst than on the mentioned other catalysts
in the high temperature range (over about 700K) (cf. Fig. 3B and
Fig. 2C). Important to notice that in contrast to the CoSR H-ZSM-5
catalyst, which converted NO selectively to NO;, the In,CoSSR H-
ZSM-5 catalyst had 100% N, selectivity (cf. Fig. 3B and Fig. 2B).
Interestingly, the NO-SCR activity of the bimetallic samples, espe-
cially in the low temperature range (<700 K), depended on the order
of metal introduction. If In was introduced first (RSSIE) and Co
second (SSR) the catalyst was more active than the one prepared
using the reverse order of metal introduction (cf. Fig. 3C and B).

(A)

In,H-ZSM-5

1073 K

—

In,Co",H-ZSM-5 :

Hzconsumption rate, a.u.

isotherm

(B)

SSR

Co°* In,H-ZSM-5

SSR

In,Co™ " ,H-ZSM-5

IE :
f\w Co™" H-ZSM-5
1 L 1 L 1 L 1 : L 1 L 1 L 1 L 1
400 600 800 1000 400 600 800 1000

Temperature, K

Temperature, K

Fig. 1. Results of the temperature-programmed H; reduction (H,-TPR) experiments. Catalyst samples were pretreated in O, flow at 773 K for 1 h before the H,-TPR experiment
then purged with N, at 773 K and cooled to room temperature. Reduction was initiated by switching the N, flow to a 10% H, /N, flow and ramping the temperature at a rate

of 10Kmin~! up to 1073 K.

Table 3
Results of the XPS experiments.

Catalyst sample Co 2p3p? Assignment® In 3d5),? Assignment®

In,H-ZSM-5 - - 4455 [InOJ*

Co'E,H-ZSM-5 782.1 Co?* - -
787.84

CoSSR H-ZSM-5 780.0 Co-oxide - -
787.04

In,Co't,H-ZSM-5 782.0 Co?* 445.5 [InO]*
787.44

In,Co%R H-ZSM-5 779.8 Co-oxide 445.6 [InOJ*
787.24

CoSSR In,H-ZSM-5 779.2 Co-oxide 445.8 [InO]*
786.74

2 Binding energy values, eV.

b See Ref. [38] and references cited therein.
¢ See Ref. [37] and references cited therein.
d “Shake up” line.
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Co" H-ZSM-5 (A) Co™*" H-ZSM-5 (B) In,H-ZSM-5 (C)

80+ = =
X 60 " —{J— NO conv. B —{1— NO conv. " —J— NO conv.
5 —O—CH, conv. —O—CH, conv. —O—CH, conv.
€ ——NOconv. to N, ——NOconv. to N, ——NOconv. to N,

40 i —¥—NO conv. to NO, i

O
O
g
20 L ;\D / r O/O
97- O/
0 - | 1 B S /u | |
600 700 80 600 700 800 600 700 800

Temperature, K

Temperature, K

Temperature, K

Fig. 2. The conversion of NO and CH, in the NO-SCR reaction over the monometallic catalysts. The reactant flow was 4000 ppm NO/4000 ppm CH4/2% O, /He gas mixture,
the GHSV was 30 000 h—'. Before reaction catalysts were treated in situ in 10% O, /He flow at 773 K for 1 h then purged with He at the same temperature.

On latter catalyst small amount of NO, was also formed at tem-
peratures >700K, although the N, selectivity was still high (>95%)
(Fig. 3C).

Above results clearly shows the importance of the interplay
between the Co-oxide clusters and the [InO]* sites. The co-
operation of the two kinds of sites is possible also from a certain
distance. First separated but neighboring catalyst beds were made
in the reactor tube from CoSSR H-ZSM-5 catalyst and In,H-ZSM-
5 catalyst. The NO/CH4/O; reactant mixture passed first through
the catalyst bed of CoSSR,H-ZSM-5 particles then through the bed
from In,H-ZSM-5 catalyst (Fig. 4A). A notable difference of the
catalytic behavior of this double-bed system from the single-
bed system containing In,H-ZSM-5 catalyst is that the former
one shows significantly higher NO conversion below about 700 K
(cf. Fig. 4A and Fig. 2C). In another experiment, the mixture of
the two catalysts was used (Fig. 4B). The catalytic behavior of
this catalyst was similar to that of the corresponding bimetal-
lic catalyst (Fig. 3C), i.e., high NO conversion was obtained in
the entire applied temperature range (Fig. 4B). The selectivity of
NO conversion to N, was high for both the double-bed and the
mixed catalytic systems; nevertheless some NO, also appeared
in the reactor effluent especially at higher reaction tempera-
tures (Fig. 4). These results suggest that the two types of active
sites—representing two catalytic functions—are separable, but the
interplay between them is more effective if they are relatively close
to each other.

The methane is selectively consumed in the NO-SCR if its molar
conversion is half of the NO conversion to N5 (Eq. (1)).

CHy +05 +2NO — CO, +2H0 + Ny 1)

Higher conversion indicates that methane reacted also directly
with O, (CH4+20, — CO, +2H,0). The reaction, referred to as
methane combustion, usually occurs at temperatures above 700 K
(Figs. 2-4).

The thermodynamics allows high conversion of NO and O, to
NO, below about 700 K (Fig. 5). Without catalyst (with quartz wool
in the reactor), however, the NO conversion remained very low
(1-2%) (Fig. 5A). Many results suggest that NO, is an important
intermediate of the NO-SCR reaction. Therefore, the NO-COX activ-
ity of the catalysts was measured in the absence of methane. The
conversion is shown as a function of reaction temperature (Fig. 5).
In line with expectations [31,39,40] the CoSSR, H-ZSM-5 sample was
very active (Fig. 5A). The NO, formation is kinetically controlled
at temperatures below about 650 K, whereas thermodynamic con-
trol is effective above about 650K [25,31,40,41]. As compared to
CoSSR H-ZSM-5 the pure H-form of the zeolite (H-ZSM-5) shows
significantly lower but still considerable NO-COX activity (Fig. 5A),
showing that the reaction proceeds also on Brgnsted acid sites.
Latter finding is in correspondence with earlier results [7,8,25].
Practically the same conversion curve was observed for the Co'E,H-
ZSM-5 than for the H-ZSM-5 catalyst (Fig. 5A) indicating that the
Co?* cations in ion-exchange positions do not contribute to the NO-
COX activity. Similar results were presented for different Co-zeolite

100
In,Co"",H-ZSM-5 (A) In,Co**% H-ZSM-5 B) | co™® inH-zsm-5 S(C)
80k - - / %-
O
X 60 5 NO conv. i i /
re) —O—CH, conv. S
€ 0 ——NO conv. to N,
_ e || - /
7 / o —O—NOconv.
20 0O —O—CH, conv.
— i —M—NOconv. toN,
——NOconv. toN, —¥— NO conv. to NO,
0 1 1 1 1 -——r—V—‘V/.
600 700 800 600 700 800 600 700 800

Temperature, K

Temperature, K

Temperature, K

Fig. 3. The conversion of NO and CH,4 in the NO-SCR reaction over the bimetallic catalysts. For experimental details see the legend of Fig. 2.
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Fig. 4. The conversion of NO and CHy in the NO-SCR reaction over the Co%R,H-ZSM-5/In,H-ZSM-5 double catalyst system. Equal amounts of catalysts were placed into the
tube reactor as (A) neighboring catalyst beds and (B) as catalyst mixture. The GHSV was 15000 h~'. For other experimental details see the legend of Fig. 2.

catalysts, which results substantiated that Co ions exhibit activ-
ity in the CH4/NO-SCR, whereas protons and oxide-like Co species
are active in the NO-COX reaction [42]. Both the In,H-ZSM-5 and
In,Co'E H-ZSM-5 samples show lower NO-COX activity than the H-
ZSM-5 (Fig. 5B). These catalysts contain fewer active Brgnsted acid
sites than the H-form zeolite because more than 30% of the frame-
work charge is balanced by metal cations. Neither the Co2* nor the
[InO]* lattice cations seem to be active in the NO-COX reaction.
This conclusion is in accordance with those of Kikuchi et al. [7,8],
who showed that the NO-COX and CH4/NO-SCR reactions proceed
on Brensted acid sites and cationic indium sites, respectively. The
bimetallic In,CoSSR H-ZSM-5 and CoSSR In,H-ZSM-5 catalysts have
NO-COX activity as high as that of the CoSSR H-ZSM-5 catalyst (cf.
Fig. 5A and B) further confirming that the rate of the NO-COX reac-
tion is significantly increased by the presence of Co-oxide clusters.

3.3. Operando DRIFTS-MS examinations

3.3.1. Species from adsorption of NO/O, mixture
Difference DRIFT spectra of the catalysts in contact with NO/O,
flow at 573K are shown in Figs. 6 and 7. All the bands became

weaker if temperature was raised and increased in intensity if the
temperature was lowered (not shown). All the adsorbed species
were removed by a He flush at 773 K. These results show that the
adsorption was relatively weak and reversible.

The spectrum of the adsorbed species on the pure H-form
shows bands at 2127 and 1640 cm~! stemming from vyg and dH,0
vibrations of zeolite-bound nitrosonium ions (NO*) and water,
respectively [43]. The formation of the adsorbed species was
accompanied by the consumption of Brensted acidic hydroxyl
groups, as indicated by the negative voy-band at 3600cm™!
(Fig. 6A). These spectral features were interpreted by the overall
process of Eq. (2) [43]:

2H*Z~ +NO + NO, = 2NO+Z~ 4+ H,0 (2)

where Z~ represents a segment of the zeolite framework carry-
ing one negative charge. The zeolite, partially ion-exchanged with
indium and/or cobalt (Table 1) contains also protons as cations.
Therefore, this process takes place on each sample as shown by the
corresponding spectral features. We note here that the intensity
loss of the vgy band is due to the replacement of the protons by
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Fig. 5. The conversion of NO to NO, by O,. The reactant was 4000 ppm NO/2% O,/He gas mixture, the GHSV was 30000 h~'. The dashed curve shows the equilibrium

concentration of NO,.
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Fig. 6. Difference DRIFT spectra of the catalyst (a) H-ZSM-5, (b) Co',H-ZSM-5, (c)
In,H-ZSM-5 and (d) Co'E,In,H-ZSM-5 in contact with a continuous flow of 4000 ppm
NO/2% 0, /He gas mixture at GHSV 30000 h~" and 573 K. (A) The voy region and (B)
the species obtained from adsorption.

NO* and to some extent due to the H-bonding interaction of water
with the hydroxyl groups inducing red shift of the voy band.
Additional species were formed on the Co'EH-ZSM-5 sam-
ple giving characteristic band at 1570cm~! with a shoulder at
~1515cm1, at 1932, 1898, and 1805 cm~! (Fig. 6B, spectrum b),
and a new negative voy band at ~3670cm~! (Fig. 6A, spectrum
b). The hydroxyl groups giving band at 3670 cm~! were generated
from water on Co2* sites (Co2*Z,~ +H,0=[Co-OH]*Z- +H*Z")
[29,44,45]. The negative voy band therefore indirectly indicates the
involvement of the cationic Co sites in the formation of surface
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Fig. 7. Difference DRIFT spectra of the catalyst (a) Co’SR-ZSM-5, (b) In,Co%R,H-ZSM-
5 and (c) CoS*R,In,H-ZSM-5 in contact with a continuous flow of 4000 ppm NO/2%
0,/He gas mixture at GHSV 30000h~" and 573 K. (A) The voy region and (B) the
species obtained from adsorption.

species giving positive absorption bands. Earlier studies attributed
the bands in the 1500-1650 cm~! range to the formation of NOx~
species, particularly to differently bound nitrate, NO3~ species
[28,46]. The formation of NO3~ species from the adsorption of
NO/O, mixture is generally accompanied by the formation of NO*
species [28,44,46-48]. In a recent study [44] we suggested that
the NO3~ and NO* surface species were formed on [Co-OH]* sites
according to Eq. (3):

[Co-OH|*Z~ +H*Z~ +2NO, = [Co-NO3]¥Z~ +[NO]*Z~ +H,0 (3)

The process takes place simultaneously with that according to
Eq.(2)as shown by the negative voy band at 3600 cm~!. The absorp-
tion bands in the 1750-1950 cm~! range are usually attributed to
different nitrosyls and dinitrosyls of ionic cobalt in zeolites [49].
The pair of bands at 1805 and 1898 cm~! come from the absorp-
tions corresponding to the symmetric and asymmetric stretching
vibrations of Co2*-dinitrosyl species [28,50-52]. The assignment
of the band at 1932cm~! (Fig. 6B, spectrum b) is less straight-
forward. It was attributed either to Co2*-mononitrosyl [50,51] or
to Co3*-mononitrosyl in Co-ZSM-5 [28,52]. Recent works accepted
this latter assignment emphasizing, however, that the species must
carry an oxygen ligand (CoO") that lowers the charge on the cobalt
[53,54]. It was argued that it is highly improbable that bare ions
could neutralize three distant negative charges of the zeolite having
high framework Si to Al ratio (>15). The oxygen-carrying Co3* was
expected to get reduced at lower temperature than the Co2* ions
[29-33]. The H,-TPR results, however, did not confirm the presence
of any Co3* species in our Co'E,H-ZSM-5 sample as no reduction
peak could be observed up to 1073 K (Fig. 1A). Therefore, it seems
likely that this sample contains mainly hard-to-reduce Co%* species
and the corresponding band can be assigned to Co%*-mononitrosyl
[50,51]. Since the mononitrosyl band dominates it is assumed that
Co?* is mainly in the form of [Co-OH]*, which can accommodate
only one nitrosyl ligand because its coordination sphere is already
partially saturated by a hydroxyl group [55].

The spectrum of the In,H-ZSM-5 presents a new pair of bands at
1603 and 1567 cm~! (Fig. 6B, spectrum c), which can be attributed
to NO3~ species [23,56], most probably to bridging bidentate
nitrato and chelating bidentate nitrate species, respectively [49].
The formation of surface nitrate species is accompanied by the
appearance of a negative voy band at 3634cm~! (Fig. 6A, spec-
trum c). This band, which developed only in the spectrum of the
In-containing samples, stems most probably from In-related OH-
groups [23]. These hydroxyl groups are similar to those obtained
via heterolytic water dissociation on Co?* sites (see above) [44,45].
The occurrence of similar reaction between H,0 and [InO]* cations,
which were found to be also strong Lewis acid centers [34,35],
cannot be excluded. Recent results, however, substantiated the
formation and stabilization of protonated InO* species, such as
[Ing(OH)4]3* units, in the B-cages of zeolite Y [57]. In zeolite In,H-
ZSM-5 catalyst the occurrence of monomeric [InOH]%* species
seems to be more likely, because of the low concentration of the
balancing negative framework charge. Note that the reduction of
both the [InO]* and the [InOH]?* species to In* requires the oxida-
tion of two H-atoms (Table 2.). The annihilation of the In-related
hydroxyl groups is concomitant with the formation of surface
NO3~, suggesting that the [InO]*/[InOH]?* species participate in
the nitrate-forming reaction. In a previous communication we have
shown that the NO3 ~ species are always formed together with NO*
on In-zeolites [23]. The process was described by Eq. (4).

[INOH]**Z,~ +NO + NO, = [NO]*Z~ +IntNO3~ + HTZ~ (4)

This process takes place parallel to that on Brensted acid sites
according to Eq. (2) as indicated by the appearance of the negative
vou bands at 3634cm! and also at 3600 cm~! (Fig. 6A, spectrum
c).
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All the reactions according to Eqgs. (2)-(4) occur simultane-
ously on the bimetallic Co'E,In,H-ZSM-5 sample as indicated by
the corresponding negative voy bands (Fig. 6A, spectrum d) and
other absorption bands characteristic of surface NO* (2127 cm™1),
Co%*-nitrosyl (1932, 1898 and 1805cm~!), and NO3~ (1603 and
1567 cm~1) species (Fig. 6B, spectrum d). Latter two bands appear
with higher intensity and broadened at the low frequency side
compared to the corresponding bands obtained for the In,H-ZSM-5
catalyst (cf. Fig. 6B, spectra ¢ and d) suggesting that the bands of
the In-bound nitrates (Fig. 6B, spectrum c) are superimposed on the
bands of Co-bound nitrates (Fig. 6B, spectrum b).

When Co is present predominantly in the form of Co-oxide
clusters (shown by H,-TPR and XPS) and only negligible amount
belongs to the zeolite lattice, as in the CoSSR H-ZSM-5 catalyst,
nitrosyl bands and nitrate bands are hardly discernible (Fig. 7B,
spectrum a). These results are in accordance with the observa-
tion that nitrosyls and nitrate species can form on ionic cobalt,
whereas such surface species are not formed on Co-oxide clus-
ters [29,53]. Since neither the NO adsorption nor the process of
Eq. (3) proceeds on Co-oxide clusters, the spectrum obtained on
the CoSSR H-ZSM-5 catalyst in contact with NO/O, mixture closely
resembles that obtained for the H-ZSM-5 (cf. Figs. 6 and 7, spec-
trum a) substantiating that only the process according to Eq. (2)
prevails on this sample. Similarly, the spectra obtained for the
bimetallic In,Co%SR H-ZSM-5 and Co%SR In,H-ZSM-5 correspond to
that obtained for the monometallic In,H-ZSM-5 sample (cf. Fig. 7,
spectra b and ¢, and Fig. 6, spectrum c) indicating that processes
of NO oxidation and formation of NO* and NOs3~ (Egs. (2) and
(4)) proceed on these samples. However, the NO3~ bands (1603
and 1567 cm~!) and the negative voy band (3634 cm~1) of the two
catalysts show substantial intensity difference. The surface concen-
tration of the NO3~ species is higher on the bimetallic catalysts and
is the highest on the Co5°R,In,H-ZSM-5 catalyst (Fig. 7B, cf. spectra
b and c). Note that this sample contains Co-oxide clusters mainly in
the form of Co304 (Table 2). Results suggest that the rate of the pro-
cess according to Eq. (4) is the highest on the Co-oxide-containing
bimetallic catalyst, having the highest NO-COX activity.

3.3.2. The reaction of surface-bound NOy and methane

The steady state of the catalytic system, comprising of cat-
alyst and reactant NO/O,/He flow, was disturbed by suddenly
changing the gas flow to a flow of CH4/NO/O,/He, while the
partial pressures of NO and O, were kept unchanged. The tran-
sient change of the effluent composition, monitored by MS, gave
a pattern for all the studied catalysts, similar to that shown
in Fig. 9D. The adsorbed species approached new, lower steady
state concentrations (Figs. 8 and 9, bottom spectra). The steady
state NO to N, conversions are in good agreement with those
obtained in the corresponding catalytic microreactor experiments
(Figs. 2 and 3).

The Co'E,H-ZSM-5 and CoSSR H-ZSM-5 catalysts showed some-
what different responses to methane (Fig. 8). The NO* (2127 cm™1),
Co-mononitrosyl (1932cm1), and NO3~ (1570 and ~1515cm™1)
bands of the former sample slightly decreased, whereas those of
the latter sample remained practically unchanged. In line with
the relatively small NO-SCR activity of the Co'E,H-ZSM-5 catalyst
small amounts of NO-SCR products, such as CO, (bands at 2362
and 2332cm! in the IR spectra and also detected by MS) and N,
(detected by MS) were discernible (Fig. 2A). Earlier studies substan-
tiated that surface nitrates formed on the Co sites are reactive with
methane and can initiate the NO-SCR reaction [28,44,46]. It was
however excluded that different cobalt nitrosyls were active inter-
mediates of the NO-SCR reaction [28,46]. It was also shown that
the Co-mononitrosyl giving the band at 1932 cm™1! is particularly
sensitive to water [28]. The intensity drop of this band (Fig. 8A) is
therefore attributed to the displacement of the nitrosyl species by
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Fig. 8. Operando DRIFTS examination of the transient response of the catalyst on
the change of the reactant composition. Catalysts (A) Co'E,H-ZSM-5 and (B) CoSR H-
ZSM-5 were contacted with a flow of 4000 ppm NO/2% O, /He at GHSV 30000 h-!
and 623 K. The first spectrum was recorded after the steady state was established
(uppermost spectrum), then the flow was abruptly changed to a similar flow of
4000 ppm NO/4000 ppm CH4/2% O, /He (indicated as +CH,4). Spectra were recorded
after the given time on the stream. The spectrum of the catalyst in He at 623 K was
subtracted from each spectrum and the difference spectrum is shown. The numbers
in parenthesis give the percent conversions of NO to N; in the steady state.

water formed during the SCR reaction. This is also supported by the
fact that the nitrosyl band did not lose intensity in absence of SCR
activity (Fig. 8B).

The NO5 ~ species formed on [InO]* sites are much more reactive
with methane than those formed on Co?* sites. The intensity of
the 1603 and 1567 cm~! bands decreases at a higher rate for the
more active In-containing catalysts (cf. Fig. 8A and Fig. 9A-C). The
reactivity of the nitrate is reflected by the NO-SCR activity of the
catalyst (cf. Fig. 2A and Fig. 3A-C). The consumption of surface NO3 ~
species and the formation of N, and CO, take place simultaneously
and occur when CHy appears in the feed (Fig. 9C and D). The initial
overshoot of the N, and CO, concentrations of the effluent comes
from the higher initial surface concentration of the nitrate than in
the new steady state being approached.

The consumption of NO3~ species in the CH4/NO-SCR reaction
is accompanied by the consumption of NO* species as it is clearly
shown by the concomitant intensity drop of the corresponding
bands (Fig. 9A-C). In a former study [23] we have shown that the
NO* alone, cannot react with methane. Conversely, the NO*, formed
together with NO3;~ (Eq. (4)) was also consumed together in the
NO-SCR reaction [23]. No doubt, however, that the surface concen-
tration of NO* must have been decreased also, because the product
water of the NO-SCR reaction shifted the equilibrium of Eq. (2).

The concentration of mononitrosyls on the catalyst surface did
not show any correlation with the NO-SCR activity. For instance,
the presence of reacting methane decreases the mononitrosyl con-
centration over the In,Co'E,H-ZSM-5 catalyst. However, the catalyst
shows the same catalytic activity as the In,H-ZSM-5 catalyst, not
presenting nitrosyl-forming ability (cf. Fig. 2C and Fig. 3A). Fur-
thermore, the catalysts, not carrying Co-mononitrosyl at all, show
higher NO-SCR activity than those, able to generate surface nitrosyl
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Fig.9. Operando DRIFTS examination of the transient response of the catalyst on the change of the reactant composition. Catalysts (A) In,Co't, H-ZSM-5, (B) In,Co5R H-ZSM-5
and (C) CoSSR,In,H-ZSM-5 were examined in experiments described in the legend of Fig. 8. Part (D) gives the CH,, N, and CO, concentrations of the effluent from experiment
(C) as a function of time from the moment of switching the NO/O,/He flow to a flow of CH4/NO/O,/He.

(Fig.3Band Cand Fig. 9B and C). The elimination of Co-mononitrosyl
species during NO-SCR reaction can be again attributed to their dis-
placement by product water [28], which is more pronounced at
higher water concentrations corresponding to the higher rates of
the NO-SCR reaction. Results also show that, in agreement with ear-
lier observations [28], the sensitivity of mononitrosyl species (band
at 1932 cm1) to water is significantly higher than that of dinitro-
syl species giving the characteristic bands at 1898 and 1805 cm™!
(Fig. 9A).

Thus, in agreement with earlier findings [28,46], we exclude that
mononitrosyl species could play any role in the NO-SCR mecha-
nism.

4. Discussion
4.1. The Co and In species in the catalysts

The conventional ion-exchange (IE) of H-zeolite with cobalt-
containing solution and the thermally induced transformation of
the solid H-zeolite/cobalt acetate mixture resulted in different Co-
catalysts. The ion-exchanged sample contains Co-ions, identified
as Co?* and/or [Co-OH]* cations, occupying ion-exchange posi-
tions within the zeolite. In contrast, the solid state reaction (SSR)
resulted in the formation of Co-oxide clusters, mainly Co304 clus-
ters (Table 2) on the outer surface of the H-zeolite crystallites. The
ion-exchanged Co,H-form zeolite remained virtually the same upon
In-introduction by RSSIE. Also, the solid state reaction generated
similar cobalt oxide clusters on In,H-zeolite than on the H-zeolite.
However, the composition of Co-oxide clusters depended on the
introduction sequence of the metal components. When indium was
introduced prior to the cobalt (CoSSR,In,H-ZSM-5) the dominant
cobalt species was Co304, whereas the reverse order of introduc-
tion resulted in mainly CoO clusters (In,CoSSR,H-ZSM-5) (Table 2).
The lower average oxidation state of Co in the latter sample is the
consequence of the reductive treatment applied to introduce the In
as a second metal by the RSSIE method.

In agreement with expectations [34-36] all the In-catalysts con-
tained [InO]*/[InOH]?* cations in ion-exchange positions.

4.2. The promoting effect of Co

The promoting effect of Co on the NO-SCR reaction can be
clearly attributed to the activity of the cobalt species in the NO-
COXreaction. In agreement with earlier results Co-ions in exchange
position show activity in the N, forming CH4/NO-SCR reaction
(Fig. 2A) [3,20,21,29,32,42,44,45] but do not contribute to the NO-
COX activity of the catalyst (Fig. 5A) [3,58]. Conversely, as it was
reported earlier [31,39-41], the Co-oxide clusters catalyze the NO,-
generating NO-COX reaction (Figs. 2B and 5A), but not the N,
forming catalytic methane oxidation. It should be noted, however,
that over about 700K nitrogen is formed (Fig. 2B), in a kind of
catalytic process over cobalt and/or acidic sites [59]. The higher
activity of the bimetallic samples (Fig. 3) clearly indicate that the
NO-SCR activity of In,H-ZSM-5 is enhanced by the Co-oxide clusters,
whereas exchange Co-ions practically do not have any promot-
ing effect. Studying a similar catalytic system Kubacka et al. [21]
attributed the enhanced NO-SCR activity to the synergetic effect of
Co(II) species (as exchange cation Co2* or Co2* in Co(Il)-oxide) on
the [InO]* sites, whereas the Co-oxide aggregate, particularly the
Co304 was believed to promote the undesired methane combustion
[4,21,32]. Indeed, the Co-oxide clusters induce also methane com-
bustion but it becomes excessive over about 700K (Fig. 3B and C).
The here presented results clearly show that the Co-oxide clusters
(especially the Co304) catalyze the NO-COX reaction and thereby
promote the NO-SCR reaction, i.e., it sets forth the same promoting
mechanism as the formerly suggested vide variety of promoters
[10,12,14,15,17,19,22].

4.3. The NO, as NO-SCR intermediate

In agreement with other studies [10,12,14,15,17,19-22] our
results confirm that NO, is important intermediate of the NO-SCR
process. The NO-SCR reaction proceeds with high N, selectivity
over In-zeolite catalysts both in the presence and the absence of
cobalt oxide, but with much higher rate if cobalt oxide is present.
The Brensted acid sites were shown to have NO-COX activity
(Fig. 5A) [8,25,42]. The Co-oxide clusters enhanced the NO-COX
activity (Fig. 5) and thereby the NO-SCR activity (Fig. 3B and C).
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This finding emphasizes that NO, has important role in the catalytic
mechanism (cf. Fig. 3B and C and Fig. 2C). The observed high N,
selectivity, however, suggests that the NO, formed in the NO-COX
reaction had to be quickly consumed in the N,-forming CH4/NO-
SCR reaction. This latter reaction uses [InO]* species as active sites
[7-13].

The In-zeolite catalysts did not show activity in the reaction
between CH4 and NO but were active in the reaction between CHy
and NO,. This explains the importance of O, in the NO polluted gas
and the NO-COX activity of the catalyst [8,11,17].

4.4. The NO-COX and CH4/NO-SCR catalytic functions

Results of the present study suggest that there must be two cat-
alytic functions, having NO-COX and CH4/NO-SCR activity, in an
effective NO-SCR catalyst. Catalysts containing active sites for the
NO-COX reaction only, such as Co-oxide clusters and/or Brgnsted
acidic sites, do not have NO-SCR activity (Fig. 2B), whereas catalysts
of low NO-COX activity have low NO-SCR activity. Concerning the
NO-COX activities (Fig. 5) it is clear that Co-oxide clusters are more
active than the Brensted acid sites. The exchange cations are inac-
tive in the NO-COX reaction. These latter species however provide
the catalytic function for the N, -forming CH4/NO-SCR reaction. The
activity of transition metal exchange cations is attributed to their
ability to form active nitrates (vide infra).

The activity of Brensted acid sites in the NO-COX reaction was
shown by several studies [7,8,25,42]. The catalyst that contains
Bransted acid sites, Co?* and [Co-OH]* cations has both of the nec-
essary catalytic functions for the NO-SCR reaction (Fig. 2A). The
activity of our Co'E,H-ZSM-5 catalyst is relatively low compared to
the corresponding published results [30-32,44,45]. The low activ-
ity is attributed to the relatively low Co2*/[Co-OH]* concentration
of the catalyst. In contrast, the Co%SR H-ZSM-5 sample containing
predominantly Co-oxide clusters and only a minor amount of ionic
cobalt is active exclusively in the NO-COX reaction (Fig. 2B).

The catalytic functions providing NO-COX and CH4/NO-SCR
activity were found separable. If an NO-COX catalyst is positioned
in front of a CH4/NO-SCR catalyst (Fig. 4A) the NO-SCR activity is
increased in the low temperature range (<650K), where the NO,
formation was kinetically controlled (cf. Fig. 4A and Fig. 2B). Over
about 650K where the NO, concentration approaches the ther-
modynamic limit value [31,40,41], the NO-COX catalyst promotes
the NO-SCR activity as far as thermodynamics allows. The NO,
formed in the NO-COX reaction (on Co-oxide clusters) is rapidly
removed from the system through the CH4/NO-SCR reaction. Hin-
dered transport of NO, between the sites of the two catalytic
functions can determine the rate of the NO-SCR process. Using a
catalyst having the catalytic functions in close proximity, the limi-
tation raised by the rate of NO, transport can be removed (Fig. 4B).
Similar conclusions were drawn using a CeO,-In-ZSM-5 [24] or
a Co/ZrO,-Pd/sulfated zirconia [26,27] dual catalytic systems. In
these catalytic systems, the first component was used to provide
the NO-COX activity, whereas the second component served as
CH4/NO-SCR catalyst.

4.5. The cooperation of the NO-COX and the CH4/NO-SCR
reactions

The activity of the Co2*/[Co-OH]* or [InO]*/[InOH]?* sites in the
NO-SCR reaction is clearly related to their ability to form surface
nitrate species. In absence of such cationic species surface nitrate
formation and NO-SCR reaction does not proceed (Figs. 6 and 7).
The NO3~ formation in the studied system can be described by
the reactions of Eqgs. (3) and (4) [23,44]. These reactions require
both NO and/or NO, what means that at least a fraction of the
reactant NO must be oxidized to NO, in order that surface nitrate

should be obtained from the contact of the catalyst and the reactant
gas. We showed above that the NO-COX reaction proceeds on the
Brensted acid sites and at a higher rate on the Co-oxide clusters.
Thus, the Co-oxide clusters help the formation of surface nitrate
over the [InO]*/[InOH]%* species by more rapidly supplying NO, to
the surface reaction of Eq. (4). This is reflected by higher steady
state NO3~ concentration on the bimetallic catalyst (Fig. 7) than on
the monometallic In,H-ZSM-5 catalyst (Fig. 6). The nitrate concen-
tration bears relation also to the concentration of the Co304 phase
having high NO-COX activity (Table 2.).

In harmony with earlier conclusions [16,23,30,31,44,46] the
operando DRIFTS results confirm that the nitrate formed on cationic
[InOJ*/[INOH]?* or Co%*/[Co-OH]* sites participate in the CH4/NO-
SCR reaction resulting in N, formation (Figs. 8 and 9). The nitrate
can react with methane giving the active intermediate of the
CH4/NO-SCR reaction. This reaction was substantiated as the rate
determining step of the NO-SCR process [60,61]. We could not
identify the active intermediate because of its fast conversion to
SCR product N5, CO,, and H,O0. It could be nitromethane, as it is
often suggested [3,50,61]. The surface nitrate species that formed
prior to the rate determining step was detectable in the steady
state at 623K where the rate of the SCR reaction was relatively
low (Fig. 9). These results suggest that consumption rate of surface
nitrate species is lower than the transformation rate of the substan-
tiated nitromethane intermediate, which is in full agreement with
the suggestion that methane activation is the rate determining step
of the NO-SCR process.

In a recent study [23] we reported that surface NO* species,
formed together with NO3~ species (Egs. (3) and (4)), also take part
in the NO-SCR reaction. However, the NO* alone, when are formed,
for instance on Brgnsted acid sites according to Eq. (2), cannot ini-
tiate the CH4/NO-SCR reaction (Fig. 8B). When formed together
with NO3~, the NO* and NO5;~ were quickly and parallel consumed
(Fig. 9). These results suggest that the NO* reacts with the interme-
diate generated in the reaction of methane and the zeolite-bound
indium nitrate or with the transformation product(s) of this inter-
mediate. The formal oxidation state of nitrogen in the NO* and in
the intermediate are 3+and 3—, respectively, satisfying the criterion
of N, formation in the reaction of two nitrogen-containing species
[23,and references cited therein]. Following this N,-forming reac-
tion the charges within the zeolite lattice remain balanced if In*
species take over the role of the consumed NO* species. Conversely,
since In* species are formed from charge neutral InNO3 species,
NO™ species must be consumed in the reaction in order to keep the
charge balance, which is in accordance with the observations. The
closure of the catalytic cycle and the maintenance of the activity
require that In* species should be oxidized to [InO]*, which was
shown to proceed easily even below 373 K by NO or NO, and above
about 573K also by O, [23]. Under NO-SCR conditions the [InO]J*
sites are most probably restored by NO, that is the most effective
oxidizing agent, which is present in the reacting system. It follows
from the stoichiometry of Eq. (1) that the ratio of converted NO and
CH,4 should exceed the value of two if NO participated in this addi-
tional oxidation process. Such deviation from the stoichiometry of
Eq. (1) was never observed. The outlined catalytic cycle is shown
by Scheme 1.

Scheme 1 clearly shows how the NO-SCR activity is connected to
and depends on the NO-COX activity. Considering that the activa-
tion of methane is the rate determining step of the NO-SCR reaction,
it follows form the above arguments that higher rate of NO3~/NO*
formation (Eq. (4)) leads to a higher rate of the CH4/NO-SCR reac-
tion. Accordingly, we found that on Co-oxide clusters the reaction
of NO and O, to NO, was significantly faster than on Brensted acid
sites, increasing the formation rate of NO3 ~/NO™ pairs, thereby, the
rate of methane activation and the rate of the whole NO-SCR pro-
cess. It follows from the above discussion that the rate of NO3~/NO*
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CH, N,+CO,+H,0
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Ny, NO  NO, NO, (0,)
Scheme 1.

formation and thus the rate of the NO-SCR reaction is the highest
over the In-zeolite catalyst if the reactant mixture contains equal
amounts of NO to NO,. Ogura et al. [11] studied the SCR reaction
with different NO/NO, mixtures on In,H-ZSM-5 catalyst at 673 K.
Indeed, the conversion reached maximum at NO/NO, molar ratio
of 1.

The above-described connection between the NO-COX and
CH4/NO-SCR reactions infers that a proper balance between the
activities of these catalytic functions is needed to have the highest
NO-SCR activity and selectivity. High NO-COX activity and insuffi-
cient CH4/NO-SCR activity of the catalyst results in the appearance
of NO; in the product gas, decreasing the N, selectivity [30,31,42].
The simultaneous NO, and N, formation in the NO-SCR made some
authors to think that NO, could not be the intermediate of the NO-
SCRreaction [30,31]. The importance of the balanced activities was
demonstrated by Ozkan et al. [26,27]. They tuned the catalyst sys-
tem by changing the relative amount of catalyst components having
NO-COX and NO-SCR activity to get minimum NO, yield and maxi-
mum N, yield. On our catalyst samples (except CoSSR H-ZSM-5) the
SCRreaction proceeds with a high N, selectivity, suggesting that the
rate of the N,-forming reaction is always high enough relative to
the rate of the NO,-forming reaction.

It follows from Scheme 1 and the above discussion that the N,-
forming CH4/NO-SCR reaction should be distinguished from the
overall NO-SCR process, which involves both the CH4/NO-SCR and
NO-COX reactions. The CH4/NO-SCR reaction can be selective for N,
formation, whereas the N, selectivity of the overall NO-SCR reac-
tion may be lower if for any reason the NO, formed in the NO-COX
reaction is not fully consumed in the coupled CH4/NO-SCR reaction.

5. Conclusions

Present study confirmed that the selective catalytic reduction
of NO by methane requires two catalytic functions: one for ini-
tiating the oxidation of NO to NO, (NO-COX) and another for the
N,-forming reaction (CH4/NO-SCR). The NO-COX reaction proceeds
over the Brensted acid sites and, if present, also over Co-oxide clus-
ters. The Co-oxides, especially the Co304 are much more active
than the acidic hydroxyl groups. The N, -forming CH4/NO-SCRreac-
tion is catalyzed by Co2*/[Co-OH]* or [InO]*/[InOH]?* ions. In the
NO-COX reaction NO, is formed that is needed to get the active
NO3~/NO* species in surface reaction with the latter ions. The NO3 ~
and methane gives an unidentified intermediate that takes part in
a nitrogen forming reaction with NO*. The activation of methane
on active NO3~ surface species is confirmed to be the rate deter-
mining step. The In-bound nitrate has significantly higher reactivity

towards methane than Co-bound nitrate, therefore the In-catalysts
are more active in the NO-SCR reaction than the Co-catalysts.

The connection between the NO-COX and CH4/NO-SCRreactions
was clearly established. The acceleration of the NO-COX reaction
with Co-oxide promoter increases the rate of surface nitrate forma-
tion on the In-sites and consequently the rate of methane activation
and, as a result, the rate of the NO-SCR reaction. High activity and
selectivity are warranted only by the proper balance of the NO-COX
and CH4/NO-SCR activities.

The catalytic functions providing NO-COX and CH4/NO-SCR
activities can be physically separated from each other; however,
they are favorably in close proximity, especially at high reaction
rates, to avoid that the rate of the NO, transport between the active
sites of different functions should control the rate of the NO-SCR
reaction.
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