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a b s t r a c t

Zeolites In,H-ZSM-5 (Si/Al = 29.7, 1.7 wt% In) and In,H-mordenite (In,H-M, Si/Al = 6.7, 3.5 wt% In) were pre-
pared by reductive solid state ion exchange (RSSIE) method and studied in the selective catalytic reduction
of NO (NO-SCR) by methane. The results suggested that the methane oxidation reactions proceed by redox
type mechanisms over In+/InO+ sites. The NO reduction selectivity was shown to be related to the relative
rates of In+ oxidation by NO and O2. Regarding the relative rates, the In+ density of the zeolite was the
most important. Above about 673 K the In,H-ZSM-5 (T-atom/In = 102) had higher NO reduction selectivity
than the In,H-mordenite (T-atom/In = 46). The operando DRIFTS examinations suggested that NO+ and
NO3

− surface species were formed simultaneously on InO+Z− sites, and were consumed together in the
−

O-SCR by CH4

perando DRIFTS

NO-SCR reaction with methane. The reduction of the NO3 by methane gave an activated N-containing
intermediate, which further reacted with the NO+ species to give N2. The NO-SCR properties could be
significantly improved by adding small amount of Pd to the In,H-zeolite catalyst. The promoting effect of
Pd was interpreted as a concerted action of InO+ and the Pdn+ sites. The interplay between these sites is
twofold: the Pd speeds up the equilibration of the NO/O2 mixture, thereby, increases the formation rate

centr
nitro
and the steady state con
the transformation of Pd-

. Introduction

The selective catalytic reduction of NOx with cheap and abun-
antly available methane in the presence of large oxygen excess
NOx-SCR) is a feasible process to reduce the NOx emission espe-
ially of boilers and engines, fuelled by natural gas [1–4]. The most
fficient catalysts, which are able to activate the relatively stable
ethane molecule for the reaction, contain transition metals, such

s, Pd, Co, Mn, Ni, Ga or In [2,4–7].
A number of studies suggest that indium-containing zeolites

how significant activity in the NOx-SCR [8–19]. The catalytic activ-
ty is generally attributed to cationic indium species [7–9,11,15–18]
alancing the negative charge on the zeolite framework [7,20–23].
he activity and selectivity of the different In-zeolite catalysts show

large variety, suggesting that the activity depends also on the

hemical environment of the active species [8,10,11,13–16,19].
The role of the zeolite structure and composition in generating

O-SCR activity is an important detail of the reaction mechanism.

∗ Corresponding author at: Department of Micro- and Mesoporous Materials,
nstitute of Nanochemistry and Catalysis, Chemical Research Center, Hungarian
cademy of Sciences, Pusztaszeri u. 59-67, 1025 Budapest, Hungary.
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ation of the activated nitrate species, whereas the In+/InO+ sites prevent
syls to less reactive isocyanate and nitrile species.

© 2010 Elsevier B.V. All rights reserved.

According to our present knowledge the catalytic reaction cycle
is introduced by the oxidation of NO to NO2, the NO2 reacts then
with the catalyst forming an activated surface intermediate, such
as NO3

−, that is able to oxidize methane [6,8,16–18,24]. It was
shown that under the conditions of the NO-SCR reaction mainly
InO+ cations balance the negative charges on the zeolite frame-
work. The formation of the former activated surface intermediate
is usually visualized as a simple NO2 chemisorption over InO+

[8,16–18].
A second transition metal, such as Co [13,14], Ir [8], Pt [25] or Fe

[19] in an indium-containing zeolite can significantly improve cat-
alytic properties. It was suggested that the second metal can speed
up the NO to NO2 conversion (2NO + O2 �2NO2) and, thereby, can
accelerate the SCR reaction. It was shown, for instance, that the
role of the iridium sites of Ir-promoted In,H-ZSM-5 catalyst was
to accelerate the formation and chemisorption of NO2 on the InO+

sites [8,26]. Such mechanism was not proved for any of the above
mentioned promoting metals, although the synergism of the metals
was clearly demonstrated. It is also unclear why a promoting metal
improves the catalytic activity of some In/H-zeolite preparations,

while has no affect on some other In,H-zeolite catalysts.

The present study point out that the NO-SCR reaction proceeds
through NO+ and NO3

− intermediates formed together over the
indium oxocations of the In,H-zeolites. The NO+ is not able to oxi-
dize methane, but participates in nitrogen forming reaction with

dx.doi.org/10.1016/j.apcatb.2010.07.023
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:lonyi@chemres.hu
dx.doi.org/10.1016/j.apcatb.2010.07.023
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he N-containing activated intermediate obtained from the reaction
f the NO3

− and methane.

. Experimental

.1. Catalyst preparation

In,H-zeolite samples were prepared by the method of reductive
olid state ion exchange (RSSIE). Zeolites H-mordenite (H-M, Süd-
hemie AG; Si/AlF = 6.7, where AlF means framework Al atom) and
-ZSM-5 (our synthetic product; Si/AlF = 33.0) were mixed with

n2O3 (Aldrich; 99.99%) applying intense co-grinding. The obtained
n2O3/H-zeolite mixtures were treated in H2 flow at 773 K for 1 h,
hen cooled down to room temperature in He flow and finally oxi-
ized in O2 flow at 673 K. The AlF/In ratio of the obtained mordenite
nd the ZSM-5 catalysts were 6 and 3, respectively. Catalysts, hav-
ng 0.5 wt% Pd content, were prepared by impregnating the In,H-M
nd H-M samples with calculated amount of Pd(NH3)4(NO3)2 solu-
ion and by heating the impregnated samples in O2 flow at 623 K
or 4 h. The respective catalysts were designated as In,Pd,H-M and
d,H-M.

.2. Catalytic activity

Catalytic experiments were carried out using a flow-through
icroreactor. In a 30 cm3 min−1 flow of He about 100 mg of cat-

lyst was pre-treated at 773 K for 1 h, then cooled to 573 K. The
atalytic activities were determined at temperatures between 573
nd 873 K. The reaction was initiated by switching the He flow to a
ow of 4000 ppm NO/4000 ppm CH4/2% O2/He mixture. The total
ow rate of the reaction mixture was 100 cm3 min−1 throughout
he catalytic experiments corresponding to about a GHSV value
f 30 000 h−1. (The bed volume was calculated using catalyst bulk
ensity of 0.5 g cm−3.) The reactor effluent was analyzed with an
n-line MS (VG ProLab, Fisher Scientific) provided with a quantita-
ive analysis program. The concentrations of the component gases
n the reactor effluent were continuously monitored. The instru-

ent was calibrated using appropriate gas mixtures with known
ompositions. To avoid the difficulty coming from the overlapping
/z = 28 signal of N2 and CO the conversion of NO to N2 was calcu-

ated from the following equation:

Conversion of NO to N2 (mol%)

= [NO]0 − [NO] − [NO2] − [N2O]

[NO]0
× 100%

where [NO]0 is the initial concentration of NO (4000 ppm),
hereas [NO], [NO2] and [N2O] are the concentrations of the corre-

ponding components in the reactor effluent. Note that only a trace
mount of NO2 and N2O could be detected throughout the catalytic
xperiments. The calculated conversion to N2 and the N2 yield, cal-
ulated from the intensity of the m/z = 28 MS signal showed smaller
han 5% deviation. This is suggesting that CO formation, if any, was
sually insignificantly low.

.3. Temperature-programmed oxidation (TPO) experiments

About 70 mg of In,H-zeolite catalyst was prepared by the RSSIE
ethod in situ in the flow-through microreactor. The microreactor
as used for the temperature-programmed oxidation (TPO) exper-
ments. The sample obtained at 773K in H2 was cooled to room
emperature in He flow and then it was heated up in a 30 cm3 min−1

ow of 10% O2/He mixture at a rate of 10 K min−1 to 773 K. The reac-
or effluents were analyzed by an on-line MS. The consumption rate
f O2 was plotted as a function of temperature to get the O2-TPO
ironmental 100 (2010) 133–142

curve. In the NO-TPO experiment 3% NO/He mixture was used as an
oxidizing gas. The formation rates of the products of NO reduction,
such as N2O and N2, were recorded as a function of temperature.

2.4. Operando DRIFTS investigations

The catalyst-bound surface species obtained from the NOx-SCR
reaction was studied by diffuse reflectance infrared Fourier trans-
formation (DRIFT) spectroscopy using a Nicolet 5PC spectrometer,
equipped with a COLLECTORTM II diffuse reflectance mirror system
and a high-temperature/high-pressure DRIFT spectroscopic reactor
cell (Spectra-Tech, Inc.). Concentrations of the reactants and reac-
tion products in the cell effluent were continuously monitored by
an on-line MS. The sample cup of the cell was filled with about
20 mg of powdered sample. Prior to the NOx-SCR experiments, cat-
alyst samples were pre-treated in situ in a 30 cm3 min−1 flow of
10%O2/He at 773 K for 1 h, then purged with He and cooled to 573 K.
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. The resulting spectrum is referred to as differ-
ence spectrum. The activated catalyst was contacted with a flow
of a gas mixture, containing either 4000 ppm NO/He, or 4000 ppm
NO/2% O2/He, or 4000 ppm NO/4000 ppm CH4/2% O2/He at tem-
peratures in the range of 573–773 K. The GHSV was ∼30 000 h−1.
From here on these gas mixtures are referred to without giving the
concentrations and indicating the presence of helium. The exper-
imental set-up allowed abrupt switching between the reactant
mixtures. The system reached a new steady state in about 4–8 min,
as shown by the stabilized MS peak intensities. When studying the
transient response of the system on the removal or admixing of an
active gas component, the He concentration of the gas flow was
adjusted accordingly to avoid partial pressure changes of the other
gas components.

3. Results

3.1. Catalytic results

The H-ZSM-5 and H-M samples were inactive in the NO-SCR
by CH4 (not shown), whereas introduction of indium and/or pal-
ladium obviously generated active sites for the reaction (Fig. 1).
The catalytic behavior of the In,H-ZSM-5 and In,H-M samples were,
however, significantly different. Former sample showed high activ-
ity above 623 K up to the highest applied temperature (873 K),
whereas the reaction hardly proceeded on the In,H-M in the same
temperature range (Fig. 1A). Fig. 1B shows the conversion of
methane in the same experiments. The conversion of methane was
equal with the molar amount of formed CO2. If methane was selec-
tively oxidized by NO the methane conversion had to be one fourth
of the NO conversion (CH4 + 4NO → CO2 + 2H2O + 2N2). However,
the NO-SCR proceeded only in the presence of O2. With the par-
ticipation of O2 the reaction of NO reduction takes place according
to the stoichiometry given by Eq. (1).

CH4 + O2 + 2NO → CO2 + 2H2O + N2 (1)

The curves of Fig. 1B show that the molar methane conver-
sion was more than half of the NO conversion over most of the
catalyst and at any temperature whereon the reaction proceeded,
suggesting that a fraction of methane was converted to CO2 in
direct O2 reduction (CH4 + 2O2 → CO2 + 2H2O). From here on the

reaction of Eq. (1) is referred to as NO reduction reaction, whereas
the O2 reduction is to be mentioned as methane combustion. Over
the In,H-M catalyst, especially at higher reaction temperatures,
the methane conversion significantly exceeded the stoichiomet-
ric methane demand of NO reduction (Eq. (1)). In contrast, over the
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ig. 1. The conversion of (A) NO to N2 and (B) CH4 over In,H-ZSM-5 (�), In,H-M (�)
t GHSV 30 000 h−1.

n,H-ZSM-5 sample the methane was consumed in the NO reduc-
ion reaction up to about 723 K. These results suggest that In,H-M
ctivates O2 for methane oxidation more effectively than the In,H-
SM-5 catalyst.

Addition of small amount of Pd to In,H-M resulted in a surpris-
ngly high NO-SCR activity in the temperature range of 623–723 K
s compared to the corresponding zeolite, containing either In or
d alone (Fig. 1A). The Pd additive increased the activity in methane
xidation not only by NO but also by O2 (Fig. 1B). Over 723 K the SCR
ctivity of the bimetallic In,Pd,H-M sample strongly decreased due
o the extensive consumption of CH4 by the undesired combustion
eaction.

.2. TPO measurements

Temperature-programmed oxidation curves of the In,H-M and

n,H-ZSM-5 catalysts were recorded using O2 and NO as oxidizing
gent (Fig. 2). The O2-TPO curves clearly show that oxidation of the
n,H-M takes place at temperature that is about 200 K lower than
hat of the In,H-ZSM-5 (Fig. 2A). Earlier reports confirmed that the
SSIE generates In+ cations that are oxidized by O2 to species [In3+

ig. 2. Temperature-programmed oxidation (TPO) of In,H-ZSM-5 and In,H-M catalysts w
xchange method in situ in the TPO reactor by reducing In2O3/H-zeolite mixture in H2 flo
,H-M (�), and Pd,H-M (�) in a 4000 ppm NO/4000 ppm CH4/2% O2/He gas mixture

O2−]+ [22,27]. A 2e reduction was attained in a subsequent H2-
TPR experiment, suggesting that the In+ state was recovered (not
shown).

The concentration of NO in the NO-TPO effluent changes due
to temperature dependent adsorption/desorption and conversion.
The In+ oxidation was monitored by following the appearance of the
NO oxidation products, such as, N2 and N2O. It was found that the
In+ was oxidized with NO both in In,H-ZSM-5 and In,H-M already
below 373 K (Fig. 2B). The results suggest that the activation of NO
or O2 for catalytic methane oxidation proceeds with participation of
In+/InO+ redox couple in the zeolite (vide infra). Because of the facile
O2 activation on the In,H-M zeolite, the O2 effectively competes
with the NO for the oxidation of methane under the SCR condi-
tions. This provides explanation for the relatively low NO reduction
selectivity of the In,H-M catalyst.
3.3. Surface species from adsorption of NO/O2 mixture

DRIFT spectra obtained from adsorption of NO/O2 mixture on
H-ZSM-5 and H-M samples are shown in Figs. 3 and 4. The bands
at 2128 and 1634 cm−1 (Fig. 3B) stem from the �NO vibration of

ith (A) O2 and (B) NO. The sample was prepared by the reductive solid state ion
w at 773 K.
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Fig. 3. DRIFT spectra of (A) the �OH region of H-ZSM-5 and (B) the surface species
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Fig. 5. DRIFT spectra of (A) the �OH region for In,H-ZSM-5 and (B) the surface species
formed under continuous flow of 4000 ppm NO/2% O2/He gas mixture at GHSV
ormed under continuous flow of 4000 ppm NO/2% O2/He gas mixture at GHSV

0 000 h−1 and the indicated temperature. The spectra were obtained from the same
xperiment at subsequently higher temperatures and after flushing the catalyst with
ure He (dotted line).

itrosonium ions (NO+) and the ıH2O vibration of water, respec-
ively, bound to the H-ZSM-5 [28]. The formation of the adsorbed
pecies was accompanied by the consumption of hydroxyl groups,
s indicated by the corresponding negative OH bands in the differ-
nce spectrum (Fig. 3A). Previous studies [24,28–30] interpreted
he corresponding spectral features by the process of Eq. (2):

H+Z− + NO + NO2 � 2NO+Z− + H2O (2)

here Z− represents a segment of the zeolite framework carrying

ne negative charge. We note here that the intensity loss of the �OH
and of the acidic hydroxyl groups is partly due to the replacement
f the protons by NO+ and to some extent due to the H-bond interac-
ion of the hydroxyl groups with water. The bands became weaker

ig. 4. DRIFT spectra of (A) the �OH region for H-M and (B) the surface species formed
nder continuous flow of 4000 ppm NO/2% O2/He gas mixture at GHSV 30 000 h−1

nd the indicated temperature. The spectra were obtained from the same experi-
ent at subsequently higher temperatures.
30 000 h−1 and the indicated temperature. The spectra were obtained from the same
experiment at subsequently higher temperatures and after flushing the catalyst with
pure He (dotted line).

if temperature was increased (Figs. 3 and 4) and became stronger 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 is relatively weak and reversible.

The NO/O2 adsorption properties of the H-M sample were simi-
lar to that of the H-ZSM-5. The formation of NO+ and water was
again simultaneous (Fig. 4). The adsorbed H2O generated three
broad bands, the so called ABC triad, around 2860, 2380, and
1700 cm−1. Only the latter two are discernible in the frequency
range, shown in Fig. 4B [31,32]. There is a weak ıH2O band at about
1630 cm−1. The NO+ species gave broad band around 2210 cm−1.
The concentration of NO+ species decreased, if temperature was
raised, however the decrease was much smaller than in the case
of the H-ZSM-5 (cf. Figs. 3B and 4B) indicating a more effective
stabilization of NO+ in the mordenite than in the ZSM-5. The H-
mordenite has two different kinds of bridged hydroxyl group: one,
located in main channels and another in the side pockets, giving �OH
bands at 3610 and 3575 cm−1 (vide infra). The negative OH band
in the difference spectrum at about 3570 cm−1 suggests that the
adsorption of the NO/O2 mixture induced dehydroxylation only in
the side pockets.

The In,H-ZSM-5 and In,H-mordenite zeolites showed spec-
tral features resembling to those of the H-forms; however, some
additional bands also appeared. These bands are at 3632 cm−1

(negative band) and at 1606 and 1574 cm−1 (positive bands)
(Fig. 5), and at ∼3645 cm−1 (shoulder on the negative band) and
at 1612 and 1575 cm−1 (positive bands) (Fig. 6). The positive
bands in the 1630–1550 cm−1 range are generally considered to
come from the adsorption of NO2 on InO+ sites [8,15,17,18,24].
Nitrate species usually give rise to a characteristic absorption
band in the spectral ranges of 1650–1600 cm−1 (bridging biden-
tate nitrato), 1585–1500 cm−1 (chelating bidentate nitrate), and
1530–1480 cm−1 (monodentate nitrate) [33,34]. Accordingly, we
attribute the bands at 1612–1606 cm−1 and at about 1575 cm−1

to bridging and chelating bidentate nitrato and nitrate species,

respectively (Figs. 5 and 6). The assignment of bidentate nitrate
was supported by density functional calculations [35,36]. For sup-
porting our assignment to nitrate we mention that similar bands,
developed from the adsorption of NO/O2 mixture on Cu,H-ZSM-5
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Fig. 6. DRIFT spectra of (A) the �OH region for In,H-M and (B) the surface species
formed under continuous flow of 4000 ppm NO/2% O2/He at GHSV 30 000 h−1 and
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Fig. 7. DRIFT spectra of the �OH region for H-M and In,H-M (solid curves). The spec-
tra were recorded in He flow at 573 K. Dotted lines indicate the component bands
he indicated temperature. The spectra were obtained from the same experiment at
ubsequently higher temperatures.

37], Co,H-ZSM-5 [38] and Fe,H-ZSM-5 [33] and were assigned also
o NO3

−. The firm assignment of these bands to a specific species is
ifficult because the wave number range below about 1300 cm−1

s strongly obscured by the absorption of the zeolite matrix.
The negative band at 3632 cm−1 (Fig. 5A) and at 3645 cm−1

Fig. 6A) provides evidence for the involvement of InO+ species
n the formation of nitrate species. The �OH bands in the range of
630–3690 cm−1 come from the absorption of polarized or het-
rolytically dissociated H2O in the electrostatic field of cations,
uch as, Co2+ [30,39], Fe2+ [40,41] or Cu2+ [42]. The InO+ oxoca-
ions are also able to coordinate water at temperature as high as
70 K [21,22]. In accordance with earlier studies [39,40] the inten-
ity loss of the OH bands in the 3630–3690-cm−1 range, moreover,
he appearance of NO+ and nitrate bands is a clear indication that
he coordinated H2O molecules were replaced by NO+ and nitrate.
hus, a mechanism is effective over the In,H-zeolites, which pro-
ides NO+ with concomitant nitrate formation in a reaction which
s different of Eq. (2). However, this mechanism generate some-

hat different species in the In,H-ZSM-5 and In,H-mordenite. In
he ZSM-5 the NO+ gives a single band at 2128 cm−1 whereas in the

ordenite it gives bands at 2185 and 2220 cm−1 (Figs. 5B and 6B).
itrate bands are present in the spectrum of both samples at 1574
nd at about 1610 cm−1.

At 673 K and above there is hardly any negative �OH band of
cidic OH-groups and ıH2O band in the difference spectrum of the
n,H-ZSM-5 (Fig. 5). The lack of adsorption induced dehydroxyla-
ion and the absence of adsorbed water suggests that virtually no
O+ species was formed according to Eq. (2) in this sample or, if

ormed, it was not retained at these temperatures.
The two kinds of NO+ species in the In,H-M sample is related

o two different kinds of adsorption interactions. From the results
btained for the H-M we concluded that exchange of the protons in
he side pockets by NO+ brings about a �NO band near to 2220 cm−1

nd a negative �OH band at 3575 cm−1 (vide ultra, Fig. 4). The same
urface events were observed using the In,H-M sample, suggesting

hat one of the NO+ species was located in the side pockets (Fig. 6).
he results also suggest that the other NO+ band at 2185 cm−1 was
enerated with the involvement of InO+ species. In a previous study
t was shown that the NO+ in the main channels and the side pock-
obtained by a curve fitting computer program.

ets has different vibration frequencies [32]. A fraction of the NO+

species is most probable present in the main channel where the
InO+ ions are also localized. The results shown in Fig. 7 provide
additional evidence for this localization. The 3610-cm−1 band is
weaker in the In, H-M than in the H-M relative to the 3575-cm−1

band of the corresponding sample. It follows that InO+ must occupy
ion exchange positions mainly in the main channels of morden-
ite and substantiates that the NO+ species, giving the 2185 cm−1

band, balance positive framework charges in the main channels.
The relatively smaller contribution of the former reaction route to
the NO+ formation in the main channels is evidenced by the mod-
erate water formation, indicated by the low intensities of the broad
bands at ∼2380, and 1700 cm−1 (B and C bands from the ABC triad
[31]) characteristic of adsorbed water and the absence of negative
�OH band at about 3610 cm−1 (Fig. 6B). The involvement of InO+

explains the appearance of the nitrate bands. The thermal stability
of these two NO+ species is not much different (Fig. 6B).

In addition to those mentioned above a new species was formed
on the In,Pd,H-M, as indicated by the appearance of a new band at
1870 cm−1 (cf. Figs. 6B and 8B), if the sample was contacted with
flow of NO/O2 mixture. The band is characteristic for Pd2+-NO com-
plexes [43–45]. Note that this band is superimposed on a broader
band, which becomes stronger as the temperature is increased. The
origin of this band is unknown at present. Nevertheless, the results
clearly show that the Pd2+-NO species has high thermal stability.
The intensities of the NO3

− bands at 1615 and ∼1575 cm−1 some-
what increased relative to the intensity of the NO+ bands. If O2
input was stopped (the sample was flushed with NO/He flow) the
Pd2+-NO concentration increased on expense of the concentration
of the nitrosonium ions and the nitrates (Fig. 8B, cf. solid and dotted
line spectra). Other researchers have already reported about sim-

ilar findings [24,28,30]. The results suggest that the Pd2+-NO with
O2 could transform to NO2 [29], and, finally, to nitrate.
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Fig. 8. DRIFT spectra of (A) the �OH region for In,Pd,H-M and (B) the surface species
under continuous flow of 4000 ppm NO/2% O2/He at GHSV 30 000 h−1 and the indi-
cated temperature. Before the dotted line spectra were recorded the gas mixture was
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Fig. 9. Operando DRIFTS examination of the transient response of the H-
zeolite/reactant systems on the change of reactant composition. The zeolites (A)
H-M and (B) H-ZSM-5 were contacted with the gas flow of 4000 ppm NO/2% O2/He
eprived from O2 and the He concentration was adjusted to maintain the NO par-
ial pressure. The spectra were obtained from the same experiment at subsequently
igher temperatures.

.4. The reaction of methane with the species obtained from
O/O2

After the steady state of the zeolite/NO/O2 system was estab-
ished at 573 K methane was admixed to the gas flow. The sharp
and centered at 3014 cm−1 and the rotational side bands clearly

ndicate the appearance of methane in the gas phase above the
atalysts. The methane concentration increased from zero up to
steady concentration in about 6–8 min. The composition of the
RIFTS reactor effluent and the DRIFT spectrum of the H-zeolite,

n,H-zeolite, Pd,H-zeolite, and In,Pd,H-zeolite samples were moni-
ored (Figs. 9–12). With methane in the gas mixture a lower steady
tate concentration of the active adsorbed species were established.
he extent and rate of the change was found to reflect the activity
f the catalyst.

The H-ZSM-5 and the H-M catalysts behaved somewhat dif-
erently. The methane left the H-M sample, wherein the NO+ is
ell stabilized in the side pockets, unchanged (Fig. 9A). In con-

rast, the concentration of the NO+, bound in the H-ZSM-5 (band
t 2128 cm−1), slowly decreased (Fig. 9B). However, SCR products,
uch as CO2 and N2, were not detected in the gas phase. In lack
f reaction products the decrease of the NO+ concentration can be
ttributed only to the reversal of the reaction according to Eq. (2).
he non-reactivity of NO+ surface species with methane is in accor-
ance with the inactivity of the H-form zeolites in the NOx-SCR with
ethane.
The methane slowly removed the NO+ from both In,H-zeolite

atalysts (Fig. 10). The NO+ removal was much faster from the In,H-
SM-5 than from the In,H-M. Obviously, the erosion of the NO+

nd the NO3
− bands of the In,H-ZSM-5 catalyst, occurred together

Fig. 10B). It is rational to think that the concomitantly formed sur-
ace species (NO+ and NO3

−) are preferentially removed parallel.
ost importantly, the consumption of these species occurs with

he formation of CO2 (bands at 2362 and 2332 cm−1 in the IR spec-

ra, and also detected by MS) and N2 (detected by MS). It should
e noted that, after an initial increase, the concentrations of CO2
nd N2 started to decrease in the reactor effluent together with
he decreasing concentration of the reactive surface species until
at GHSV 30 000 h−1 and 573 K until the steady state was established (uppermost
spectrum), then the flow was abruptly changed to a flow of 4000 ppm NO/4000 ppm
CH4/2% O2/He. Spectra were recorded after the indicated time on the stream.

a new steady state was established (Fig. 10B). A very similar pic-
ture emerges for In,H-M catalyst (Fig. 10A). The methane resulted
in the intensity loss of the NO+ band at ∼2180 cm−1 and the nitrate
bands at 1615 and 1580 cm−1. Notice, that these are the bands of
species, which were formed together in the main channels without
the participation of bridged hydroxyl groups. The elimination of
these adsorbed species by methane was accompanied again by the
formation of the SCR products, such as CO2 (Fig. 10A, spectra 3 to
10 min) and N2. The NO+, formed with the participation of bridged
hydroxyl groups (Eq. (2)), was stabilized in the side pockets (band
at ∼2210 cm−1) and did not react with methane.

The initial concentration of the adsorbed NO3
− was found to be

somewhat higher in the In,Pd,H-M catalyst than in the correspond-
ing In,H-M catalyst (cf. Figs. 10A and 11). The methane in the gas
mixture slowly brings away a fraction of all the species from the
In,Pd,H-M catalyst, including the Pd2+-bound nitrosyl group (�NO
band at 1870 cm−1) (Fig. 11). The steady state NOx coverage of the

catalyst was lower at 673 K than it was at 573 K. Moreover, a larger
fraction of these species was removed until the new steady state
was established with the methane in the gas mixture (Fig. 12A).
In agreement with the results shown in Fig. 1A the NO conversion
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Fig. 10. Operando DRIFTS examination of the transient response of the In,H-
zeolite/reactant systems on the change of reactant composition. The zeolites (A)
In,H-M and (B) In,H-ZSM-5 were contacted with the gas flow of 4000 ppm NO/2%
O
m
N
t

w
m
n
a
m
w
o
t
a
t
t
n
w
e
N
c
r

t
b
s

Fig. 11. Operando DRIFTS examination of the transient response of the In,Pd,H-
M/reactant system on the change of reactant composition. The zeolites In,Pd,H-M

−1
2/He at GHSV 30 000 h−1 and 573 K until the steady state was established (upper-
ost spectrum), then the flow was abruptly changed to a flow of 4000 ppm
O/4000 ppm CH4/2% O2/He. Spectra were recorded after the indicated time on

he stream.

as higher at the higher temperature. It is worth to note that the
ethane affected also the NO+ species in the side pockets (compo-

ent band at ∼2220 cm−1). Would this mean that these species can
lso react with methane, but only at higher temperature? It seems
ore likely that the higher methane conversion generates enough
ater to decrease the NO+ coverage by pushing back the reaction

f Eq. (2). When methane was removed from the reactant mixture
he first spectrum was fully restored. Upon depriving the gas flow
lso of NO all the nitrosyl started to lose intensity. Interestingly,
he bands of NO3

− at 1617 and 1570 cm−1 first gained intensity
hen started to weaken (Fig. 12A, hatched areas). The change of the
itrate coverage is probably related to conversion of the Pd nitrosyl
ith O2 to NO2 and finally to NO3

−. In absence of NO in the gas the
quilibrium of Eq. (2) is pushed to the left. This process feeds the
O2 generation reaction on the palladium with NO. The nitrosyl
overage of the palladium began to drop with a delay when the NO

esource of the catalyst became exhausted.

The NO+ species were shown to be located predominantly in
he side pockets of the H-mordenite and the concentration of the
ound NO3

− is negligible (vide ultra). In this respect the Pd,H-M
ample behaves very similarly to the H-M sample (Fig. 12B). A dif-
was contacted with the gas flow of 4000 ppm NO/2% O2/He at GHSV 30 000 h and
573 K until the steady state was established (uppermost spectrum), then the flow
was abruptly changed to a flow of 4000 ppm NO/4000 ppm CH4/2% O2/He. Spectra
were recorded after the indicated time on the stream.

ference is the appearance of the �NO band of the Pd2+(NO) species
(band at 1865 cm−1). Introduction of methane into the NO/O2 flow
gradually removed the Pd2+(NO) species, while isocyanate (NCO−)
and nitrile (CN−) species were formed, as indicated by the evolu-
tion of bands at 2283, 2206, and 2154 cm−1. The isocyanate, giving
the higher frequency band(s), seems to be the dominating species
[24,34,46]. When methane was removed from the reactant mixture
the band of NO+ (2220 cm−1) was restored, but not the band of the
Pd2+(NO) (Fig. 12B). This behavior is much different from that of
the In,Pd,H-M catalyst (cf. Fig. 12A and 12B). The restored NO+ was
also eliminated when the gas flow was deprived also of NO (only
O2/He flow left), whereas the isocyanate and nitrile species (bands
at 2283, 2206, and 2154 cm−1) were retained under the applied
conditions (Fig. 12B).

4. Discussion

4.1. Zeolite structure and activity

The relative weight of the NO reduction (Eq. (1)) and the direct
methane combustion reactions, i.e., the selectivity, depends on both
the temperature and the catalyst. Fig. 1 shows that, over all the
examined catalysts, the methane conversion increased when the
reaction temperature was increased, whereas the NO conversion
passed through a maximum. The increase of CH4 conversion was
especially fast in the temperature range where the NO conversion
started to drop. This infers that combustion became the main route
of methane conversion in this temperature range.

The origin of the different TPO peaks is not clear yet but it is
obvious that the oxidation of the In+ in the mordenite catalyst
was accomplished at lower temperature than in the ZSM-5 cat-
alyst (Fig. 2). The lower CH4 combustion activity and the higher
NO reduction selectivity at higher temperatures (and conversions)
seem to come from the hindered oxidation of the In+ cations by
O2 in the ZSM-5 catalyst. Previous studies substantiated that O2
converts In+ to InO+ cations [22,27]. Since the reaction requires

the transfer of 4e from two In+ ions to two O atoms (Eq. (3)),
it is rational to think that the oxidation of the In,H-M catalyst,
having a higher indium concentration (T-atom/In = 46) and, as
a consequence, shorter In+ to In+ distances, is more facile than
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Fig. 12. Operando DRIFTS examination of the transient response of the In,Pd,H-zeolite/reactant systems on the change of reactant composition. The zeolites (A) In,Pd,H-M
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nd (B) Pd,H-M were contacted with the gas flow of 4000 ppm NO/2% O2/He at GHSV
he flow was abruptly changed to a flow of 4000 ppm NO/4000 ppm CH4/2% O2/He
hanged again for the NO/O2 mixture. After a new steady state established a spectr
ere recorded again after the indicated time on the O2/He stream.

xidation of the In,H-ZSM-5 catalyst, having a lower In content (T-
tom/In = 102) and, most probably, higher distances between the
n+ ions.

(In+Z−) + O2 → 2(InO+Z−) (3)

The results presented in Figs. 6 and 7 substantiated that some of
he In+ ions are located in the 8-membered ring (8MR) side pock-
ts of mordenite. In contrast to our expectation, the In+ ions were
asier to oxidize in the hard-to-access side pockets of mordenite
han in the more accessible 10MR channels of the ZSM-5 (Fig. 2A).
his finding supports the notion that the kinetics of O2-oxidation
epends more on the In+ concentration than on the environment
f the cation.

In contrast to the O2-TPO, the NO-TPO was equally facile at
ower and at higher In+ concentrations. The NO-TPO profile hardly
epended on the zeolite structure. Both N2O and N2 were observed
s product (Fig. 2B) suggesting that the oxidation of In+ can occur
n two reactions (Eqs. (4a) and (4b)) with the transfer of 2e to an
xygen atom in either of the reactions.

n+Z− + 2NO → InO+Z− + N2O (4a)

n+Z− + N2O → InO+Z− + N2 (4b)

In most previous studies the In-zeolite catalyst preparations
ontained In and AlF in about molar equivalence. High silica In-
eolites were found to be relatively low activity but high selectivity
10,15–17]. In contrast, the In-zeolite having low Si/Al ratio were
f poor selectivity [14,47]. The results discussed above suggest that
he high In density, in conjunction with low Si to Al ratio, is respon-
ible for the unfavorable catalytic properties.

.2. Surface species from NO/O2 mixture
The O2, which is present in the NO/CH4/O2 mixture in high con-
entration relative to the NO and CH4, oxidizes NO to NO2. The
quilibrium NO and NO2 concentration of the reacting gas is deter-
ined by the temperature. The charge separation of NO and NO2
0 h−1 and 673 K until the steady state was established (uppermost spectrum), then
tra were recorded after the indicated time on the stream. Then, the gas flow was
as recorded and the gas flow was replaced by a flow of 2% O2/He mixture. Spectra

in the electrostatic field of the zeolite pores is well documented
[28,48,49]. In the H-zeolites the nitrosoniun and nitrite ion pair
is transition state, which relaxes through reaction with zeolite
hydroxyl groups. As a result the zeolite becomes dehydroxylated
and nitrosonium ions balance the negative framework charge [28]
(Eqs. (5) and (6)).

(5)

HNO2 + H+Z− � NO+Z− + H2O (6)

Our results suggest that the participation of the side pocket hydrox-
yls of the mordenite is preferred in the above reaction. The negative
OH band at 3570 cm−1 (Fig. 4A) suggests that the generation of
NO+ cations under the applied experimental conditions elimi-
nates mainly side pocket hydroxyls. This infers that the band at
2210 cm−1 (Fig. 4B) stems from NO+ in the side pockets. This assign-
ment is in harmony with that of Henriques et al. [32].

Unlike H-zeolites the transition metal zeolite catalysts initiate
the formation of surface nitrate in contact with NO/O2 mixture
[37,50,51]. The details of the nitrate formation process on the In-
zeolites are, however, not so clear yet [8,18,24,26]. None of the
previously outlined mechanisms explain how the electric neu-
trality of the system is maintained along the process of NO3

−

generation. Some works simply describe the gas-solid interac-
tion as adsorption resulting in an InO+-NO2 [8,16–18]. However,
there are spectroscopic evidences for nitrate formation. Recently
it was suggested that first NO+ species are generated on the acidic
hydroxyl groups according to Eq. (2). The NO+ reacts then with the

oxocation to get surface nitrate [24]. Density functional calculations
substantiated that NO3

− complex can readily form in the reaction of
NO2 and zeolite oxocations, such as InO+ [35,36]. This infers that the
oxidation of NO to NO2 is a crucial first step of the nitrate formation
process.
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Note that ions with enough positive charge must be available
o balance the negative charge of the zeolite framework and that
f the nitrate anions. The In,H-zeolites of the present study contain
oth InO+ and H+ cations. It is possible therefore, that NO+ is formed
n the hydroxyl groups according to the mechanism given by Eqs.
5) and (6). The results of this study suggested that there is also
nother route whereon the NO+ is formed together with the NO3

−

n reaction of an NO/NO2 and the InO+ species (Eq. (7)).

(7)

he simultaneous NO+ and NO3
− formation is a clear indication that

nO+ was involved in the process of NO+ formation (Eq. (7)). When
nly NO+ and no NO3

− was generated the process had to proceed
ith the participation of hydroxyl groups (Eqs. (5) and (6)).

The NO+ in the In,H-ZSM-5 gives a single stretching vibra-
ion band. Regardless of the formation mechanism the chemical
nvironment of all the NO+ species must be similar within the In,H-
SM-5 structure, as suggested by the found single NO+ stretching
ibration band. The two bands of mordenite-bound NO+ have to
orrespond to two different species. The oxocations were shown to
e located in the main channels of mordenite, whereas the cationic
ites of the side pockets are populated mainly by protons (Fig. 7). It
s most probable that the NO+

, giving a band at 2185 cm−1, was
ormed according to Eq. (7) and was coordinated to the zeolite
ramework in the main channels.

Concomitant formation of NO+ and NO3
− has been observed

efore also in zeolites having Co2+ [30], Na+ [32], or Ba2+ [52] sites.
he reaction was suggested to proceed via N2O4 disproportionation
2NO2 � N2O4 �NO+ + NO3

−). This mechanism, which is differ-
nt from that of Eq. (7), was substantiated because these metal
ations do not carry extra-framework oxygen (EFO), they are vir-
ually non-reducible and, therefore, cannot oxidize the NO2

− to
O3

−. In contrast, the oxocations of the In-zeolites are reducible.
ccording to Eq. (7) the 2e reduction of the In3+ is paralleled by the
xidation of two nitrogen atoms in the NO and NO2, each by 1e.

From the adsorption of NO/O2 mixture NO+ was obtained over
-zeolites. However the H-zeolites were inactive in the NO-SCR

eaction by methane. This infers that NO+ is either not the active
ntermediate of the NO-SCR reaction [29] or it can be only one of the
ctive intermediates needed to initiate the reaction with methane.
he nitrogen of NO+ has a formal oxidation state of +3. It has to
eact with compounds containing nitrogen atoms in the −3 formal
xidation state to get N2. Because the formation of NO+ is quite
acile the generation of an active intermediate, having nitrogen in
he −3 oxidation state, seems to be prerequisite of the NO conver-
ion to N2 [30,52,53]. Methane has to be activated that latter active
ntermediate could be formed. This is probably the most hindered
lementary step of the NO-SCR reaction [53–55]. Previous studies
uggested that the zeolite-bound nitrate can oxidize methane and
enerate the desired intermediate. The reaction between methane
nd NO3

− can provide organic nitro, nitrito, nitroso compounds,
uch as nitrosomethane (CH3NO) and nitromethane (CH3NO2), iso-
yanate (NCO−), nitrile (CN−), or NHx species (NH3 or NH4

+) [51,and
eferences cited therein]. Under reaction conditions the consump-
ion rate constant of the active intermediate is large relative to the
ate constant of its formation. Therefore, it is difficult to detect the
ctive intermediate and to get experimental evidence for its par-

icipation in the reaction. In lack of direct evidence any of these
ompounds can be the active intermediate of the NO-SCR reaction.
itromethane has been substantiated to be the most probable one

50,53,54]. We monitored the reaction of the surface nitrate with
as phase methane (Figs. 10 and 11), but we could not observe
ironmental 100 (2010) 133–142 141

catalyst-bound isocyanate-, nitrile-, or NHx species. However, it
became obvious that the NO+ and the NO3

− co-generated over the
In,H-zeolites play important role in the N2 formation. The species
formed together were consumed also together when the catalyst
was exposed to methane (Figs. 10 and 11). The found involve-
ment of NO+ in the N2 formation step is in contrast with that often
suggested mechanism which concerns the reaction of gas phase
or adsorbed NO or NO2 with one of the above mentioned active
intermediates to give N2 [37,50,51]. These suggested mechanistic
pictures do not involve the important details, how the oxidation
state of the N atoms are changing to get finally N2 [52,53]. The
oxidation state of the N atoms in the NO+ and the NO3

−, formed
together on an InO+Z− pair site (Eq. (7)) are +3 and +5, respectively.
Thus, the NO+ is ready to react with another intermediate formed
nearby in the reaction between the indium nitrate and the methane.
In the reaction of nitrate and methane, the active site must be regen-
erated to close the catalytic cycle. Accepting the suggestion that
nitromethane, CH3NO2, is one intermediate of the NOx-SCR reac-
tion with methane [50,53,54], the catalytic cycle is envisioned as
follows (Eqs. (8a)–(8d)):

In+NO3
− + CH4 → In+OH− + CH3NO2 (8a)

One can speculate that the N2 formation step is the reac-
tion between the NO+, formed according to Eq. (7), and the
nitromethane (Eq. (8b)).

NO+Z− + CH3NO2 → N2 + H+Z− + H2O + CO2 (8b)

Note that the reaction of Eq. (8c) was proved to proceed, being the
reaction route of the RSSIE. The RSSIE method was applied here to
produce the In,H-zeolite samples [27].

In+OH− + H+Z− → In+Z− + H2O (8c)

The TPO results show that the oxidation of In+ cations to InO+

active sites by NO proceeds well below the lowest SCR temper-
ature (573 K). The oxidation reaction regenerates the InO+ active
sites and completes the catalytic cycle.

In+Z− + NO2 (or 2NO) → InO+Z− + NO (or N2O, N2) (8d)

Earlier we suggested a similar site regeneration mechanism for the
Co,H-zeolite catalyst of the reaction [30]. The elementary steps of
the methane oxidation reaction (Eq. (8a)) are presently not known.
It has been proposed that the activation of methane (C–H bond
cleavage) is initiated by adsorbed NO2, resulting in a methyl radi-
cal, adsorbed NO and a hydroxyl radical (or HONO, HNO2), although
gas phase methyl radicals could not be detected [50,53,54,56]. Our
data do not question the radical mechanism; however, the above
proposed reactions seem to give plausible explanation how the
charge balance of the system can be maintained during the methane
activation in a redox type catalytic cycle.

4.3. The catalytic effect of Pd

It is generally found that transition metals, such as Pt [25], Ir
[8,26], or Co [13], as well as some finely dispersed transition metal
oxides, such as FeOx [19] or CeOx [47] promote the activity of
the NO-SCR zeolite catalysts. These additives were suggested to
increase the NO2 concentration in the reactant mixture by speed-
ing up the NO/O2 equilibration. Thereby the NO-SCR reaction is also
accelerated, because the NO2 has better potential than the NO to get
ahead oxygen in the competition for the reducing agent methane.

Because of the higher NO2 concentration, the rate of the rate deter-
mining C–H bond activation and the SCR reaction increases. The Pd
was found to have a similar promoting effect. According to Eq. (7),
the equilibrium is shifted to the right side if the formation rate of
NO2 increases, i.e., the result is a higher concentration of the active
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ndium nitrate. Ogura et al. [8,26] studied the analogues In,Ir,H-
SM-5 catalyst and reported about similar findings. The nitrate
ormation was negligible on the Pd,H-zeolite, whereas it was pro-

oted by the presence of Pd on the In,H-zeolites. The nitrate species
re better stabilized by the In than by the Pd cations of the zeolite.

It should be mentioned that the promoting effect of Pd can be
bserved at reaction temperatures below about 723 K. At higher
emperatures the CH4 is mainly consumed in undesired combus-
ion reaction. The In-rich In,H-M sample facilitates O2 activation
nd combustion as discussed above in section 4.1.

The cooperation between Pd2+ and InO+ active sites, however,
eems to be twofold. On one hand the Pd increases the nitrate con-
entration (see above), while, on the other hand the InO+ species
revent the transformation of Pd nitrosyl species into more stable
nd less reactive nitrile and isocyanate species (Fig. 12). The details
f this latter process are presently not known, however it might be
elated to an oxygen transfer from the InO+ to Pd2+(NO), facilitat-
ng the oxidation of the nitrosyl to NO2. In this sense, the bimetallic
n–Pd/H-zeolite resembles the Wacker type oxidation catalysts.

. Conclusions

Nitrosonium ions (NO+) can be formed in two different
rocesses over In,H-zeolites. One of them proceeds with the par-
icipation of zeolite protons (H+Z−), whereas the other one with
he participation of the InO+ active sites (InO+Z−). Latter process
eads to simultaneous formation of NO+ and NO3

− species. Only the
itrate species can oxidize methane to generate active intermedi-
te for the NO-SCR reaction. This active intermediate reacts then,
ost probably, with the NO+, which is not reactive with methane

t all, to generate N2.
The activity of In,H-M in the SCR reaction decreases drastically

ver 673 K due to the acceleration of the undesired methane oxi-
ation with O2 (methane combustion). The catalytic combustion

s faster than the catalytic methane oxidation by NO if the oxida-
ion of the active site In+ to InO+ proceeds by O2 preferentially to the
xidation by NO. Above 673 K the In,H-ZSM-5 catalyst shows better
O selectivity than the In,H-mordenite. The favorable low methane
ombustion activity is related to the In density that is lower in the
n,H-ZSM-5 than in the In,H-M catalyst.

The NO-SCR properties of the In,H-zeolite catalysts could be sig-
ificantly improved by introduction of a small amount of Pd into
he catalyst. The positive effect is related to the concerted action
f InO+ and Pdn+ sites. On one hand the presence of Pd results in
higher concentration of In-nitrate, which is highly reactive with
ethane. On the other hand, the In+/InO+ redox sites prevent the

ransformation of nitrosyl species on the Pd sites to less reactive
socyanate and nitrile species.
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