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a b s t r a c t

Nitrous oxide decomposition and temperature programmed desorption tests on Fe–ZSM-5 and Fe–silica-
lite show that the catalytic conversion mechanism of N2O into N2 and O2 over Fe–zeolites is more com-
plex than expected. Nitrogen oxides are formed as byproducts of the catalytic process with the major part
consisting in NO2 species adsorbed on the iron sites. FTIR spectroscopy of adsorbed N2O, NO, and NO2 has
been used to investigate the structure and environment of the iron active species of the Fe–MFI catalysts
before and after atomic oxygen deposition. The interactions of NO and N2O probes on activated Fe–ZSM-5
have evidenced two families of mononuclear Fe(II) centers (FeA and FeB) differing in the coordination
state of Fe. N2O also interacts with Brønsted sites of Fe–ZSM-5 via hydrogen bonding. This type of inter-
action is nearly absent in Fe–silicalite. Polynuclear species (clusters) and iron oxide particles, whose con-
centrations are strongly influenced by the iron content and by the preparation methods are also present.
When oxidized samples (by N2O) are considered, the ability of FeA and FeB centers to adsorb N2O and NO
is strongly depressed. On the contrary, the surface chemistry of iron particles is not appreciably influ-
enced. These results represent an indirect proof of the preferential presence of adsorbed oxygen on iso-
lated Fe centers. NO titration of oxidized Fe–ZSM-5 results in the formation of a complex network of
interplaying neutral (NO, NO2, N2O4) and ionic species (NO+, NO�2 , NO�3 ). The cooperation of sites between
Brønsted and iron active sites is demonstrated. The last observation is fully confirmed by the experiments
performed using NO2 probe that titrates both Brønsted and iron sites.

On the basis of the comparison of catalytic results of N2O decomposition and of spectroscopic results
concerning the titration of surface sites with N2O, NO, and NO2 obtained on the same samples (which
form the main scope of the paper), it clearly emerges that mononuclear sites characterized by lowest
coordination are the most active in N2O decomposition. Under the adopted conditions, low or negligible
activity is shown by FexOy clusters and Fe2O3 particles.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The control of N2O emissions is part of the efforts taken to limit
greenhouse gas emissions [1], as dictated by the Kyoto Protocol. In
fact despite its relatively small concentration in the atmosphere,
nitrous oxide is the third largest greenhouse gas contributor to
overall global warming, behind carbon dioxide and methane and
attacks ozone in the stratosphere, aggravating the excess amount
of UV light striking the Earth’s surface. N2O is mainly emitted by
agriculture (65%) [2], while industrial sources, including the pro-
duction of nylon [3] and nitric acid [4], and the burning of fossil
fuel in internal combustion engines [5,6] are responsible for about
20% of total N2O emissions. All these detrimental effects have led to
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the research on the development of efficient and stable de-N2O cat-
alysts. Among the many different de-N2O catalysts proposed so far
(mainly M–zeolites (M = Cu, Co, Fe, etc. [7]), perovskite-like mixed
oxides [8] and precious metals supported (Pd, Rh, etc. [9]), we re-
port here on Fe–MFI. This reaction first reported by Panov et al.
[10,11] has also been proposed for the titration of surface active
sites [12–26]. It is generally accepted that surface iron species form
the core of the catalytic site, and that the mechanisms of N2O
decomposition likely pass through an adsorbed oxygen intermedi-
ate called ‘‘a-oxygen” [10]. The most frequently proposed mecha-
nisms in direct N2O decomposition are

(a) N2O + (*) ? N2 + *O
N2O + *O ? N2 + O*O
O*O ? O2 + (*) see [17]

(b) 2N2O + 2(*) ? 2N2 + 2*O
2*O ? O2 + 2(*) see [15,22]
(c) N2O + (*) ? N2 + *O
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N2O + *O ? N2 + *O2

N2O + *O2 ? N2 + *O3

*O3 ? *O + O2 see [27]

In mechanism (b) (Langmuir–Hinshelwood mechanism), the
migration of oxygen from one active site (*) followed by recombi-
nation with another oxidized site is the rate-determining step
[15,22]. This reaction mechanism needs the active participation
of at least two iron centers that are not necessarily located in adja-
cent positions. In mechanisms (a) [17] and (c) [27] (Eley–Rideal
mechanisms), N2O decomposition and oxygen evolution occur at
the same isolated sites (*) after successive collisions between
N2O with (*) and *O for (a), and with (*), *O, and *O2 for (c). The
above described mechanisms are all in agreement with transient
response experiments, showing that N2 appears before O2 upon di-
rect N2O decomposition pulses in the 773 to 848 K interval. This is
because in all cases the global decomposition reaction is limited by
the reactions steps leading to O2 gas phase. More recent accurate
temporal analysis of products [17] strongly suggests that mecha-
nism (a) is the most likely. From the point of view of the oxygen
species formed on iron active sites (*), the three mechanisms are
associated with increasingly complex oxygen species: *O, O*O,
and *O2 for (a); *O for (b); and *O, *O2, and *O3 for (c). Other very rel-
evant results resulting from these catalytic experiments are

(a) Fe–ZSM-5 is always more active than Fe–silicalite containing
the same amount of Fe [17,22–24]; from this important
point, the role of Al in catalytic process is inferred. Some
authors have proposed interesting Fe–Al configurations on
the basis of theoretical models [28], or contributions of Al
in N2O interaction [29,30];

(b) The active sites are formed during activation in inert atmo-
sphere or in vacuo [17,22–24]. There is a widespread agree-
ment that after this treatment a large fraction of iron is in
extra-framework position and in the divalent state;

(c) The fraction of active sites present depends upon many fac-
tors (impregnation methods, Fe concentration, and H2O
residual pressure). An analysis of the data published so far
suggests that the samples can be quite heterogeneous [31];

(d) The fraction of clusters FexOy and the Fe2+/Fe3+ ratio after acti-
vation are also very much influenced by the sample history;

(e) The activity augments with increasing activation tempera-
ture in inert gas; the same implies for the number of active
sites [17,22–24];

(f) At low Fe content, the number of Fe sites where adsorbed
oxygen species are formed is roughly identical in Fe–ZSM-
5 and Fe–silicalite [17,22–24];

(g) The activity (calculated per Fe center) increases with dilu-
tion [22]. The fraction of active sites (calculated with respect
to the total amount of introduced iron) can reach about 35%
for the most diluted samples (<1000 ppm). It can be so con-
cluded that the active sites contain a very small number of
Fe atoms or, more likely, a single atom. From the above con-
siderations it is also inferred that clustered species, becom-
ing relevant at the highest Fe contents, are characterized
by lower or negligible catalytic activity in N2O decomposi-
tion. The debate concerning the nuclearity of the catalytic
sites (mono or di-nuclear) continues.

(h) The number of ‘‘a-sites” (i.e. the Fe sites where atomic oxy-
gen can be deposited during N2O decomposition) grows with
the Fe concentration, this growth being, however, definitely
smaller than that of clustered species as expected by consid-
ering the atomic dispersion of the active sites [32].

(i) All other factors being equal, the number of active sites is
maximum on catalysts formed by high temperature activa-
tion of isomorphously substituted zeolites [22], as com-
pared, for example, with catalysts obtained with post-
synthesis impregnation.

An interesting point concerning the mechanism of N2O
decomposition reaction is the positive effect of NO [33–39],
which enhances the decomposition rate of N2O. The last observa-
tion has relevant mechanistic implications and has recently ani-
mated the debate since recent papers have reported on the
presence of NOy species presumably formed on the Fe–ZSM-5
during the first catalytic steps [33,38,40,41]. This problem will
be specifically addressed in the discussion of the results obtained
using NO2 probe.

As for the structure of active sites, the crystalline character of
the hosting matrix (MFI framework) has spread the conviction that
the structure is characterized not only by extremely low nuclearity
but also by well-defined geometry. This conviction, which at first
sight establishes an analogy with iron-based homogeneous cata-
lysts and enzymes, has conferred a unique model character to this
catalyst and has stimulated a great deal of investigations based on
accurate catalytic measurements and on physical characterization
methods. The results of this intensive research work have been re-
cently reviewed [31]. From the comparison of whole set of exper-
imental and theoretical results, it has been concluded that despite
the crystalline character of the hosting matrix, the structure of iron
sites of Fe–MFI systems is less defined than initially hypothesized
and that the analogies with Fe-based enzymatic systems must be
cut down to size.

As for the characterization with physical methods, the whole
set of spectroscopic techniques has been used including FTIR of ad-
sorbed molecules, UV–Vis-NIR, XANES, and EXAFS. In particular,
the following facts have been firmly established:

(a) After severe thermal treatment, the Fe3+ originally located in
the framework position (isomorphously substituted Fe–
ZSM-5 and Fe–silicalite) migrates in extra-framework posi-
tions (isolated and/or clusters) and undergoes reduction to
Fe(II). These sites are highly coordinatively unsaturated
and are able to interact with many adsorbates. To a first
approximation the isolated sites can be considered as Fe(II)
ions linked to the framework via two strong bonds as
reported for Co2+ ions in Co–ZSM-5 [42] and for Cr supported
on silica [43,44]. In the first coordination sphere of Fe(II)
ions, a variable number of weaker ligands (oxygen of adja-
cent SiOSi groups) can be present whose number depends
upon the location of Fe(II) ions on the surface of the MFI
structure. A representation of the structure of isolated spe-
cies sites is illustrated in Scheme 1.In the model structure
reported in Scheme 1 (valid only for Fe–ZSM-5), Fe2+ substi-
tutes two cationic sites (like in b sites of Ref. [42]). The scope
of this picture is simply to show that in the coordination
sphere of Fe2+, strong and weak coordination ligands are
clearly present. This model has only qualitative character
and cannot be extended to Fe–silicalite, because in this case
no trivalent ions are present in the structure after the ther-
mal treatments. In this case the Fe2+ ions are really grafted
to the siliceous framework via two strong FeOSi bonds (like
in the Cr/SiO2 system). Considering the first coordination
sphere, the structure of all iron centers (either on Fe–ZSM-
5 or on Fe–silicalite) can be schematized with a common for-
mula FeLnXm (where n P 2, m P 2).

(b) The spectra of adsorbed NO on isomorphously substituted
Fe–ZSM-5 and Fe–silicalite treated at 773 K are very similar:
NO interacts with isolated Fe2+ centers with the formation of
tri-nitrosylic and di-nitrosylic complexes whose frequencies
are slightly higher for Al-containing samples (suggesting the
presence of Al close to Fe site) [31]. Furthermore, the inten-



Scheme 1. FeLnXm (with n P 2, m P 2), where L is an O atom in SiOAl, whereas X
corresponds to an O atom in SiOSi.
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Fig. 1. Scheme of the whole catalytic test done over Fe–MFI. Temperature (black
line) and N2O flow (dotted line) are plotted as a function of time.
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sity of the NO peaks is higher on Al-containing samples. It
means that Al helps in Fe dispersion and hence increases
the abundance of mononuclear or low nuclearity Fe species.

(c) The predominance of extra-framework species is a fortiori
verified in samples prepared by wet or gas phase impregna-
tion, because in these cases Fe is in extra-framework posi-
tion already obtained from the preparation step. From the
concise description illustrated above, few well-ascertained
facts and few remaining problems are emerging. Among
the ascertained facts, the extra-framework character and
the reduced valence state of isolated iron centers must be
mentioned. Among the problems, the exact nuclearity, the
detailed structure of the active sites, the role of Al, and the
potential role of NOx intermediates in N2O decomposition,
and their location must be recalled. In the present work,
the N2O decomposition on Fe–ZSM-5 and Fe–silicalite is dis-
cussed and compared. This comparison is necessary in order
to investigate the role of Al on the catalytic activity. N2O
Temperature Programmed Reaction (TPR) and Temperature
Programmed Desorption (TPD) experiments form the core
of the catalytic tests section. A second section devoted to
FTIR characterization consists in the use of N2O, NO, and
NO2 probes, with the scope to investigate the structure
and nuclearity of the iron active centers. The NO2 probe
has also been used to probe pure H–ZSM-5 and silicalite.

2. Experimental

2.1. Sample preparation

Fe-exchanged ZSM-5 zeolites were prepared using aqueous ion-
exchange [45]. The parent zeolite, NH4-ZSM-5 (nominally Si/
Al = 15, 40, 140; Na2O = 0.05 wt.%), was supplied by Zeolyst Inter-
national. For the aqueous ion-exchange, 0.3 g of NH4-ZSM-5 was
added under stirring in two recipients, each one containing a 5-
ml 0.01 M iron(III) oxalate solution. The solution of iron(III) oxalate
was prepared using Fe2(C2O4)3 � 6 H2O (99%, Aldrich) and deionized
water. After 24 h the mixtures were filtered, washed with deion-
ized water, dried in atmosphere, and used for further investiga-
tions. During the impregnation, the ferric oxalate solution and
the zeolite slurries were carefully kept away from light. Here, the
sample prepared by the oxalate method will be referred to as Fe–
Z-x, where x corresponds to Si/Al ratio. The Fe–silicalite catalyst
(Fe–S) was prepared following the hydrothermal method described
in detail by Ratnasamy and Kumar [46]. Briefly, the Fe–silicalite
catalyst was obtained by mixing solutions of oxalic acid, ferric ni-
trate, sodium silicate, and tetrapropyl-ammonium bromide. The
so-obtained gel was crystallized in a tumbling autoclave at 440 K
for 4 days. The so-obtained solid was separated, washed, dried,
and calcined in air at 823 K. With the aim of removing any unde-
sired extra-framework cations coming from the reagents, the solid
was then ion-exchanged with 1 M NH4NO3 solution and dried. The
estimated Fe content is approximately 1.0 wt.%. Pure silicalite was
furnished by ENI Tecnologie Laboratories (S. Donato Milanese).
Chemical composition was determined by elemental analysis, by
means of a Varian Vista Pro Axial ICP spectrometer. Fe-standard
solutions were made from Spectrascan-standard (1000 ppm) deliv-
ered by Teknolab.

2.2. Catalytic activity tests

Catalyst activity tests were performed using an integrated
quartz micro-reactor and mass spectrometer system (CATLAB from
Hiden). The system features a fast-response, low thermal mass fur-
nace with integrated air-cooling, a precision Quadrupole Mass
Spectrometer, and a quartz inert capillary with ‘‘hot zone” inlet
for continuous close-coupled catalyst sampling with minimal dead
volume and memory effects. The in-bed thermocouple ensures
optimal measurement of catalyst temperature. The reactant gases
are supplied through electronic mass flow controllers. An amount
of 200 mg pelletized catalyst (particles size 250 to 500 lm) diluted
in the same volume of mesh size of a-Alumina (Talum) is held
between plugs of quartz wool in a quartz tubular vertical flow
reactor (Ø = 5 mm). The pre-treatment of the catalyst is realized
at 773 K (ramp temperature of 5 K min�1) under He:Ar mixture
(99:1 vol.%) with a flow of 100 cm3 min�1. After 2 h the reactor is
cooled down to 300 K in He:Ar. Then the N2O decomposition test
(TPR) is performed from 300 K to 773 K (5 K min�1), with a gas
mixture of He: N2O:Ar (94:5:1 vol.%) kept at a constant flow of
100 cm3 min�1. Fig. 1 shows the typical catalytic test done over
Fe–MFI samples. The whole catalytic test starts with a 2-h activa-
tion treatment at 773 K followed by a first TPR from RT to 773 K.
Afterwards the sample is reactivated up to 773 K in He and a sec-
ond TPR is performed.

Temperature Programmed Desorption (TPD) has been per-
formed between the two TPR cycles (time range 550 to 650 min
(Fig. 1)) under inert He:Ar (99:1 vol.%) atmosphere (100
cm3 min�1) over Fe–MFI previously N2O treated from RT to 773 K
(5 K min�1). Isotherm tests have also been performed at T = 623,
673, and 723 K over Fe–Z-40 freshly activated at 773 K for 2 h.
The reactant gas was composed of N2O (5 vol.%) in a constant flow
of 100 cm3 min�1 completed by He:Ar (99:1 vol.%). During these
catalytic and desorption tests, the following AMU: 28 (N2), 30
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Fig. 2. Fractional conversion of N2O as a function of reaction temperature over
freshly activated and reactivated Fe–ZSM-5 (open and full symbols, respectively):
Fe–Z-15 (-�-), Fe–Z-40 (-j-), and Fe–Z-140 (-N-). The N2O decomposition on Al-free
Fe–S (-�-) is reported for comparison.
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(NO), 32 (O2), 40 (Ar), 44 (N2O), and 46 (NO2) m/e have been
collected simultaneously by the Quadrupole Mass Spectrometer.
For N2 and NO, the contributions due to N2O cracking fragments
(m/e = 28 and 30) have been subtracted.

2.3. FTIR characterization

The IR experiments were performed on a Bruker IFS 66 FTIR
instrument equipped with a cryogenic MCT detector and run at
2 cm�1 resolution. All the samples under study were in the form
of self-supporting pellets suitable for measurements in the trans-
mission mode.

N2O adsorption and subsequent desorption experiments were
performed at RT. The desorption trends have also been investigated
for samples previously contacted with N2O at 573 K. In both cases
the sequence of IR spectra was recorded at RT by gradually reduc-
ing the N2O equilibrium pressure in the cell until PN2O ¼ 10�3 Torr.

The IR spectra of adsorbed NO have been performed on

(i) activated samples under vacuum for 2 h at 773 K (Fe–Z-x
and Fe–S);

(ii) samples pre-treated in N2O for 1 h at 573 K (Fe–Z-x and Fe–
S);

(iii) reactivated samples in vacuum for 2 h at 773 K (Fe–Z-40);
corresponding to steps 1, 2, and 3 of Fig. 1, respectively.

After NO admission the evolution of the spectra with time was
followed by IR (not reported). After 30 min contact a sequence of IR
spectra was recorded by gradually reducing the NO equilibrium
pressure in the cell until PNO = 10�3 Torr. The intensity of the NO
spectra was ‘‘normalized” using invariant lattice modes of the zeo-
lite as reference. The IR results of NO titration are usually quite
reproducible, because the same bands are observed in all cases.
The relative intensity of the bands, however, can moderately vary
from one experiment to the other. This variation is always very
small when the same thermal treatments are performed.

The IR spectra of NO2 adsorption and subsequent desorption
experiments were performed at RT on Fe–ZSM-5, Fe–silicalite, H–
ZSM-5, and silicalite outgassed at 773 K. In all cases 40 Torr of
NO2 was allowed to contact the sample: afterwards a sequence
of IR spectra was recorded at RT by gradually reducing the NO2

equilibrium pressure in the cell until PNO2 ¼ 10�3 Torr. The inten-
sity of the NO2 spectra was ‘‘normalized” using invariant lattice
modes of the zeolite as reference.
Table 1
Chemical compositions and activation energiesa of Fe–MFI catalysts.

Catalyst Si/Al Fe wt.% Ea in kJ mol�1

Fe–Z-15 15 0.37 147 ± 3
Fe–Z-40 40 0.32 150 ± 2
Fe–Z-140 140 0.18 142 ± 4
Fe–S 1 1.0 144 ± 4

a From N2O decomposition (TPR).
3. Catalytic tests

3.1. N2O-TPR

The N2O decomposition was studied in the quartz micro-reactor
and Mass Spectrometer system. The scope was to determine the
onset temperature (Tonset) of the reaction and of presumed ‘‘a-oxy-
gen” formation on Fe–MFI activated at 773 K. Two TPRs have been
performed on each Fe–MFI catalysts with diverse Al content (Si/Al
ratios 15, 40, and 140) and on an Al-free Fe–silicalite sample (Si/
Al =1) (Fig. 2).

On Fe–Z-15 and Fe–Z-40 the first cycle of N2O decomposition
starts at very low temperature (550 K). These catalysts exhibit also
a loss of activity in the 600 to 670 K range. Afterwards their cata-
lytic ability is recovered and total conversion is reached at 720
and 775 K for Fe–Z-40 and Fe–Z-15, respectively. We can also re-
mark that Fe–S presents also a very modest inflection of activity
curve at 750 K. During the second TPR performed on reactivated
Fe–Z-40 samples (2 h at 773 K in He inert flow), the total conver-
sion is achieved at 650 K, i.e. at a temperature distinctly lower than
those usually reported in the literature. As for the sample with very
low Fe content (Fe–Z-140), the different N2O cycles give similar re-
sults and the activity is always poor.

The loss of activity in the 600 to 670 K range which appears dur-
ing the first cycle has been already discussed in the past and has
been interpreted as due to an auto-reduction of Fe3+ to Fe2+ favored
by the high Al content [47]. We prefer to consider this feature as
associated with a structural change of the iron active sites associ-
ated with the initial oxidation reaction steps. During the second
TPR, we do not observe any loss of activity, some structural change
of the active sites have occurred during the first catalytic cycle. Fe–
Z-140 does not exhibit this trend, probably due to the low iron
incorporated during synthesis (i.e. low Fe active sites content).

In more detail, for a given sample (containing a certain concen-
tration of active sites) and at constant N2O pressure, the disappear-
ance rate of N2O ð�rN2OÞ at constant PN2O in the reaction (1) is only
dependent upon the temperature through the equation: ð�rN2OÞak,
with k = k0 � e�Ea/RT.

2N2O! 2N2 þ O2 ð1Þ

The activation energy (Ea) is held between 145 ± 5 kJ mol�1 on all
catalysts (Table 1) and appears substantially independent upon Fe
and Al concentrations. In order to confirm this observation, data
published so far in the literature [10,13,16,17,36,47–54] have been
also displayed as function of the Fe and Al contents (Fig. 3a and b).

Considering the extremely large Fe concentration interval and
the different history of the investigated samples, our conclusion
concerning the independence of Ea upon Fe concentration is fully
confirmed (all data are randomly scattered in the 150 ± 20 kJ mol�1

interval). This important result strongly suggests that (a) the same
sites (or families of similar sites) are involved on all samples; (b)
the sites do not belong to the FexOy clusters because in such cases
the activation energy should depend upon the cluster size and
hence upon iron concentration. These considerations are strongly
in favor of the hypothesis that the active sites contain single Fe
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centers implanted on the MFI matrix. Extremely small clusters (for
instance dimers) are, however, not completely ruled out.

The Ea is also not appreciably influenced by Al concentration.
This result is even more surprising, because Fe–ZSM-5 samples
are known to be more active than Al-free Fe–silicalite samples.
From this result it is evident that the higher activity derived from
the presence of Al is not due to a substantial decrement of the Ea of
the rate-determining step (which can be either the reactive N2O
collision with adsorbed *O or atomic oxygen *O recombination to
form O2).

3.2. Isotherms at 623, 673, and 723 K

In order to limit the parameters which must be considered dur-
ing N2O abatement, isotherm tests have been performed over Fe–
Z-40 (Fe 0.32 wt.%) at 623 K (decomposition starts); 673 K (loss
of activity) and 723 K (total decomposition) (Fig. 4).

Upon flowing N2O (5 vol.%) on freshly activated Fe–Z-40 at
623 K, NO and N2 traces appear first at the outlet of the reactor.
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After 10 min, NO starts to decrease while O2 emerges. All these sig-
nals vanish after 1 h interaction. It implies that at this temperature,
the catalytic products are covering (poisoning) the sites and that
the decomposition does not proceed until O2 desorption.

At 673 K, about 40% of N2O is directly converted and only N2

and O2 products are detected. As the isotherm at 673 K proceeds,
the activity of the catalyst decreases, because the N2O decomposi-
tion products still accumulate (as before). The probable accumula-
tion may consist of strongly adsorbed NOy species. As after 10 h the
catalyst loses about 80% of its initial activity (not shown), we may
so conclude that the reaction (1) needs higher temperature to be
sustained. This phenomenon can also explain the loss of activity
observed during the first N2O-TPR (Fig. 2). The full and stable con-
version is reached at high temperature (T = 723 K), in fact after 20 h
contact with N2O (5 vol.%) the conversion remains unchanged, so
confirming the high ability of Fe–Z-40 in direct N2O
decomposition.

The volumes of N2, O2, and NO detected in outlet reactor and the
N2O consumption during the first hour of isotherm at 623 K can
give some clues about the species adsorbed on the catalysts. The
ratio V(Nat)/V(Oat) coming from the decomposition of native N2O
(V(Nat)/V(Oat) = 2) is larger than that expected on the basis of the
stoichiometry of reaction (1). This suggests that N atoms are re-
leased in higher quantity than O atoms and that oxygen is ad-
sorbed on Fe–MFI catalyst. Whether this oxygen is an atomic
species (a-oxygen) or a NOy-like species (or both) is difficult to
establish. The presence of NO in the outlet gas phase suggests that
besides reaction (2) and dominant paths (a, b, and c) also the con-
secutive reaction (3) must be considered [40,41]:

N2Oþ ð�Þ ! N2 þ O� ð2Þ
N2Oþ O� ! 2ðNOÞ� ! 2NOþ ð�Þ ð3Þ

In fact at 623 K, NO can also react with adsorbed oxygen, the forma-
tion of NO2 (N2O4) and hence of surface nitrites and nitrates must
be taken into consideration.

3.3. Temperature Programmed Desorption (TPD)

In order to shed light on the possible NOy ad-species, TPD test
was done. Fig. 5 displays the results obtained over Fe–Z-15 and
Fe–Z-40 previously oxidized until 773 K and cooled down to RT un-
der N2O (5 vol.%).
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Unlike Fe–silicalite and Fe–Z-140 (not shown), Fe–Z-15 and Fe–
Z-40 exhibit two distinct TPD signals of O2 and NO. The TPD of Fe–
Z-15 shows two oxygen maxima as a result of the presence of two
different families of iron adsorbing sites. The first oxygen release
could come from recombination of species adsorbed on highly ac-
tive sites (Langmuir–Hinshelwood), because it occurs at lower
temperature (4). The second oxygen desorption occurring on both
samples (Fe–Z-15 and Fe–Z-40) is probably the result of the
decomposition of NOx species (5) because it is coupled (and pro-
portional) to NO signal:

2FeðO�Þ ! 2Feð�Þ þ O2 ð4Þ
2FeðNO2Þ ! 2Feð�Þ þ 2NOþ O2 ð5Þ

The fact that Fe–Z-40 sample does not display the second O2 signal
at �550 K is quite difficult to explain. We may tentatively suggest
that on this catalyst characterized by highest activity reaction (3)
is not occurring. In conclusion TPD test reveals the presence of
NOx products on the catalyst’s surface after N2O interaction (at
773 K) and that NO can be evolved in the gas phase. We have clear
evidence that NO can participate as reactant in the complex net-
work of reactions associated with the N2O decomposition.

4. FTIR characterization using N2O, NO, and NO2 as probe
molecules
4.1. Nitrous oxide

The IR spectra of N2O adsorbed at RT on Fe–Z-40 freshly acti-
vated and pre-treated in N2O at 573 K (oxygen deposition) are
shown in Fig. 6a and b.

Upon adsorption of N2O (20 Torr) on the sample activated at
773 K (under vacuum condition) a fraction of Brønsted acid Si(O-
H)Al groups are shifted from 3610 to 3470 cm�1 (not shown) be-
cause of the weak hydrogen-bonding interaction reported below

SiðOHÞAlþ N2O! SiðOH � � �N2OÞAl ð6Þ

The silanols groups (peak at 3750 cm�1) are not perturbed by N2O
adsorption at RT. The N2O species weakly adsorbed on strong
Brønsted sites is associated with an intense band with maximum
at 2226 cm�1 due to the m(N–N) stretching vibration. The m(N–O)
stretching vibration occurs at lower frequencies [55,56] and hence
cannot be observed. The 2226 cm�1 band, also present on pure H–
ZSM-5, quickly disappears upon outgassing at RT. N2O interaction
with pure silicalite (not shown), where only silanols are present,
do not show formation of these weakly adsorbed precursor species.
The additional band at 2282 cm�1 and the shoulder at 2248 cm�1

are less reversible upon outgassing and are ascribed to N2O ad-
sorbed on Fe sites [47].

Fexþ þ N2O! Fexþ � � �N2O ð7Þ

Two different families of sites (FeA and FeB) are involved likely char-
acterized by different coordinative situations (lower and higher,
respectively). N2O interaction on pre-oxidized catalyst (Fig. 6b) re-
sults in FeA and FeB sites behaving differently toward oxidation. In
fact A sites are no more detected while B sites population appears
only substantially weakened. This behavior can be explained as fol-
lows: (i) upon oxidation with N2O at 573 K, A sites (2282 cm�1)
which are the most active become fully covered by oxygen species.
Consequently they do not interact with N2O probe; (ii) FeB sites,
belonging to a less active family, are less affected. Formation of
NOx species could also partially deactivate FeA and FeB sites. The lat-
ter hypothesis cannot be discarded because the results of the cata-
lytic tests obtained previously have shown that formation and
subsequent decomposition of surface NO�2 occur (5). It must be re-
called that, if present, nitrites species are not detectable by FTIR be-
cause their characteristic spectral region falls in the 1440 to
1100 cm�1 range [57,58], where intense modes of the siliceous
MFI matrix occur.

In conclusion the special character of the N2O probe is not only
associated to its ability to titrate different families of unsaturated
Fe2+ sites, but also to its character of reactant in the investigated
decomposition. It is quite conceivable that (Fe2+� � �ON2) are the first
intermediates in the oxidation step of the decomposition:

Fe2þ þ N2O$ Fe2þ � � �ONN! ðFeOÞ2þ þ N2 ð8Þ

The higher concentration of adsorbed (hydrogen bonded) N2O on
Al-containing samples could partially contribute to explain the
higher reactivity of these samples with respect to Al-free zeolites.

4.2. Nitric oxide

FTIR spectroscopy of adsorbed NO has been used by many
authors in the past to explore iron sites dispersed in inorganic
matrices, as testified by the rich literature reporting IR spectra of
Fe-nitrosyl complexes in zeolites [35,59–62]. This method is based
on the use of NO as a titrant of the exposed sites and is made pos-
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sible by the well-known exceptional affinity of NO toward Fe2+ and
Fe3+ centers, leading to a formation of Fex+(NO)n nitrosyls (n = 1, 2,
3) characterized by extremely intense IR bands. The high extinc-
tion coefficient of nitrosylic bands allows to probe samples con-
taining very low concentration of Fe centers [31]. A useful
feature of this method is also related to the fact that upon changing
the NO equilibrium pressure, the full range of coverage can be ex-
plored. Under these conditions all surface centers are titrated.

The typical nitrosyl bands formed upon NO adsorption on the
Fe–MFI sample, previously activated in vacuum at 773 K, are dis-
played in Fig. 7. The results illustrated in Fig. 7b–d are typical of di-
luted Fe–zeolites samples. They are similar to the results of Bell
et al. (Si/Al = 25) [63] (even when prepared in a different way)
and to the results obtained on samples obtained by activation of
isomorphously substituted Fe–ZSM-5 and Fe–silicalite [31]. The
spectrum reported in Fig. 7a is quite anomalous because it is char-
acterized (beside the usual bands) by the presence of a prominent
peak at 1880 cm�1 which is less evident on the other samples. This
spectrum is illustrated here because it shows great similarity to the
spectra reported by Lezcano et al. (Si/Al = 11) [64]. As reported in
the literature [31,35,59–62] the assignment of the bands in the
1950 to 1725 cm�1 range is the following:

– the broad and asymmetric adsorption at 1880 cm�1(particularly
prominent on Fe–Z-15 (Fig. 7a), practically unperturbed by the
decrease in PNO, is assigned to Fe3+(NO) complexes mainly
located on the surface of Fe2O3 clusters (because this band is
preferentially observed on highly concentrated samples)

– the couple of bands at 1918 and 1810 cm�1, gradually decreas-
ing with NO pressure, is related to Fe2+(NO)3 complexes;

– the pair at 1845/1767 cm�1, growing upon NO removal, is
assigned to Fe2+(NO)2. These species are very stable and cannot
be removed by outgassing at RT. This enhanced stability strongly
suggests that the involved Fe(II) centers are the FeA sites (which
are the most coordinatively unsaturated and hence are expected
to bind more strongly NO).

As reported before (in N2O titration), a second more highly
coordinated iron species (FeB) is also present on the surface, which
is also able to form tri-nitrosylic complexes. However, in this case
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Fig. 7. FTIR spectra (background subtracted) of NO dosed at RT on (a) Fe–Z-15 (Fe 0.37
samples previously activated in vacuum at 773 K. Spectra were collected by reducing
spectrum).
nitrosyls are more weakly adsorbed and can be easily destroyed
without any formation of di-nitrosylic intermediate upon decreas-
ing the pressure (see for instance the spectra reported in Fig. 8a). A
plausible explanation of this observation is that these FeB species
have additional weak ligands (SiOSi or SiOAl) in the coordination
sphere of Fe center and that the adsorption/desorption process is
similar to a ligand displacement reaction. The total enthalpy of this
reaction is smaller than that of A sites, because the contribution of
NO adsorption/desorption is counterbalanced by the opposite con-
tribution of the simultaneous ligand displacement. This situation is
similar to that observed for Cr(II) grafted on silica, where analo-
gous ligand displacement reactions have been observed upon CO
and NO adsorption/desorption [43,44].

As already discussed by Zecchina et al. [31] the frequency of the
NO stretching modes of the equivalent Fe2+(NO)n complexes is sta-
tistically higher on Fe–ZSM-5 than on Fe–silicalite. This is mainly
due to the statistical presence of Al in the first or second coordina-
tion sphere of anchored Fe2+. This parameter can also add some
clues onto the difference between FeA and FeB. Whatever be the
Al proximity, FeA sites are undoubtedly more exposed while FeB

species are more greatly interacting with the MFI framework. On
the basis of the above-mentioned results any more detailed model
of the sites structure is not conceivable.

From the spectra of NO adsorbed on N2O-oxidized samples
(Fig. 8a–d) we may observe that (i) the intensity of the NO bands
is weakened (the effect being particularly evident on Fe–silicalite);
(ii) the sites associated with the di-nitrosylic/tri-nitrosylic species
(FeA sites) are severely affected. This result is similar to that ob-
tained with N2O probe titration, but the explanation is different.
In the N2O case, the intensity decrement was due to the mere pres-
ence of adsorbed oxygen filling the coordination sphere of Fe (so
not allowing further N2O insertion into the coordination sphere).
On the contrary in the NO case, adsorbed oxygen on FeA sites
(a-oxygen) readily react with NO with formation of oxidized NOx

species. The latter species (and not adsorbed oxygen) could be
responsible (at least partially) for the blocking of FeA sites. This
hypothesis is fully confirmed by the results illustrated in Fig. 9.

From this figure it can be seen that upon NO contact, besides the
already documented nitrosylic contributions, bands at 2133 and at
1650 to 1550 cm�1 are clearly present. These bands are not ob-
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served when a similar experiment is performed on Al-free Fe–sili-
calite (not shown). We hypothesize that the appearance of these
bands is due to NO interaction with oxygen adsorbed on FeA sites
(at RT) with formation of NO2. This molecule can be directly
adsorbed on iron centers with formation of Fe3+(NO2)� or, in the
dimeric form (N2O4), disproportionate into NO+ and NO3

�.
This hypothesis is especially consistent with the presence of the
2133 cm�1 band. In fact Hadjiivanov et al. [58,65,66] have ob-
served the same band on the H–ZSM-5/NO2 system which has been
assigned (after isotopic tests) to NO+ species. The formation of NO+

species can be justified as follows: N2O4 (which is in equilibrium
with NO2) originates first NO+ and NO�3 [67–69] and then NO+ read-
ily exchanges with H+ of H–ZSM-5 Brønsted sites with formation of
adsorbed NO+. The overall reaction scheme is
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Fig. 9. FTIR spectra (background subtracted) of 15 Torr NO dosed at RT on Fe–Z-40
after activation at 773 K in He (a) and after N2O contact at 573 K (b).
2NO2 $ N2O4 $ NOþ � � �NO�3 ð9Þ
NOþ � � �NO�3 þHþ $ NOþ þHNO3 ð10Þ

Of course a similar reaction sequence can occur if NO2 is generated
on Fe–ZSM-5 by reaction on NO with preadsorbed oxygen. In con-
clusion, the formation of NO+ species (at 2133 cm�1) at RT after
NO contact with the previously oxidized Fe–ZSM-5 (by N2O) gives
indirect and convincing evidence of the presence of adsorbed oxy-
gen and of its reactivity. From this, it also emerges that NO can
not only probe Fex+ sites, but also react with adsorbed species
(*O). This reactivity could help to understand the promoting effect
of NO in N2O decomposition. Notice that the interaction between
NO and deposited Oat has been clearly evidenced in catalysis test,
where NO promotes N2O decomposition reaction. The presence of
Fe3+(NO2)� species cannot be detected by IR because the bands of
(NO2)� occur usually in a region where the skeletal modes of the
matrix absorb strongly. However, the formation of new Fe3+ species
upon NO contact is indirectly proved by the increase of the band at
1870 cm�1 which is known to belong to Fe3+(NO) species.

About the destiny of NO�3 , we remark that weak bands are ob-
served in the 1650 to 1600 cm�1 range, which can be assigned to
adsorbed nitrate species (NO3)�. These species could be located
either on iron centers or on the matrix (vide infra).

On the basis of the above points, we shall compare and discuss
on the spectroscopy of adsorbed NO2 on Fe–ZSM-5, Fe–silicalite,
H–ZSM-5 and silicalite.

4.3. Relation between activity in N2O abatement and active sites
titration with NO and N2O

The connection between catalysis and active sites characteriza-
tion is generally not straightforward. In the present case this con-
nection is made difficult by the heterogeneity of Fe sites on the
surface and by the fact that only a fraction of them is really active.
On the basis of the comparison of catalytic results of N2O decom-
position and of spectroscopic results concerning the surface sites
titration with N2O and NO obtained on the same samples (which
form the main scope of the paper) it clearly emerges that low coor-
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dinated FeA mononuclear sites are the most active in N2O decom-
position. FeB mononuclear sites, being characterized by a more
complete coordination sphere, are less active. The same can be
concluded about iron sites on FexOy clusters and Fe2O3 particles be-
cause the activity (calculated per Fe center) increases with dilution.
The abundant presence of clustered species explains the anoma-
lous activity and NO spectra of Fe–Z-15 sample.

4.4. Nitrogen dioxide

The spectra illustrated in Fig. 9 have shown that NO can react
with adsorbed oxygen with formation of adsorbed NOx species.
To give a fully convincing assignment of the bands illustrated in
Fig. 9 we have planned to investigate the spectroscopy of adsorbed
NOx species formed by direct adsorption of NO2. This study is not
only useful for the above-mentioned scope but has also general
validity. In fact, the dual character of NO2 (N2O4) which can gener-
ate NOþ=NO�3 pairs allows to simultaneously probe the acid and
basic sites present on the surface. In Figs. 10 and 11 the spectra
of adsorbed NO2 on silicalite, H–Z-40 (H–ZSM-5; Si/Al = 40), Fe–S,
and Fe–Z-40 are illustrated.

From the results displayed in Fig. 10a (silicalite), the following
can be noticed:

(a) The strong reversible peak at 1745 cm�1 can be assigned to
the mas(NO2) of physisorbed N2O4 (m9) (in the symmetric
D2h form). Weaker and tailed bands are observed at 3425,
3105, 2963, and 2628 cm�1 (not shown for brevity) which
are also associated to the adsorbed N2O4 (2630 cm�1

(m1 + m11), 2970 cm�1 (m5 + m11), 3110 cm�1 (m1 + m9), and
3425 cm�1 (2m9)) [56]. It is known that in condensed phase
Silicalite
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Fig. 10. Difference spectra of (a) silicalite after 10 min interaction at RT with NO2 (bold li
RT with NO2 (bold line) and after 30 min outgassing (dotted line). Dashed line is zero le
or in matrix isolation conditions N2O4 can assume an asym-
metrical configuration (planar cis/trans ONONO2) character-
ized by very similar (although slightly lower) frequencies. In
our opinion the shoulder at 1710 cm�1 and the distinct tails
on the low frequency side of the 3105, 2963, and 2628 cm�1

overtones are due to the presence of the D2d isomer.
(b) The weaker band at 1612 cm�1 is assigned to physically

adsorbed NO2 in equilibrium with N2O4. This assignment is
confirmed by the reversible character of the band during
outgassing at RT.

(c) The peak at 1658 cm�1, being irreversible upon outgassing
at RT, must be assigned to chemisorbed NOx as surface
nitrites or nitrates. The precise assignment of this band is
not straightforward because of the huge variety of nitro, nit-
rito, and/or nitrato, mono and/or bidentates, chelating and/
or bridging species that can be involved [57,58,70]. Usually,
modes of surface NO�3 nitrates are found in the 1650 to
1500 cm�1 range, while surface NO�2 nitrites are observed
around 1440 to 1100 cm�1 range [57,58], i.e. in a region
obscured by the presence of intense modes of the siliceous
MFI matrix. For this reason, the band at 1658 cm�1

(Fig. 10a) has to be preferentially assigned to NO�3 nitrates
species[71–73]. The involved sites are possibly the SiO*Si
strained bridges formed upon high temperature dehydroxy-
lation as the following mechanism
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It is a matter of fact that upon NO2 dosage a shoulder at 910 and a
peak at 896 cm�1 (attributed to distorted SiO*Si bridges) are
strongly weakened (results not shown for brevity). It is so con-
cluded that the pure siliceous part of the framework clearly partic-
ipates in the adsorption and stabilization of NO2. From this point
and from Fig. 10b the following emerges:

(a) A band at 2133 cm�1 and a broad shoulder at 2200 cm�1

which can be attributed to the m(NO) of NO+ species are
clearly observed (not present on silicalite). The shoulder at
2200 cm�1 is progressively weakened by decreasing the
pressure of NO2 (N2O4). This decrement is accompanied by
the simultaneous increase of the peak at 2133 cm�1. This
effect is attributed to the destruction of a weak complex
(SiO�Al)NO+� � �N2O4 [58,74,75] responsible for the shoulder
at 2200 cm�1. This is in agreement with the observation that
the band at 2200 cm�1 increases proportionally with the
growth of the ‘‘N2O4 band” at 1745 cm�1 and disappears
upon outgassing.

(b) With respect to silicalite/NO2 system (Fig. 10a), additional
bands appear at 1620 (shoulder) and 1575 cm�1 which can
also be assigned to nitrates species. The 1620 and
1575 cm�1 bands are located on the top of a broad absorp-
tion band that covers the whole 1650 to 1450 cm�1 region.
This broad feature is drastically weakened upon outgassing
at RT and hence is due to neutral weakly adsorbed species
such as HNO3. The presence of weakly adsorbed HNO3 is also
demonstrated by the band at around 3400 cm�1 (not
reported) which can be assigned to OH stretching modes
of HNO3 [55,57,76,77].
(c) Two new weak bands occur at 1979 and 1873 cm�1 (not
observed on silicalite), these bands are not due to vibrational
modes of new adsorbed species, but due to slight modifica-
tion of the skeletal modes disturbed by the presence of
strong adsorbates (a fact that is reflected in difference spec-
tra) [78].

(d) Upon outgassing, molecular N2O4 and unreacted HNO3 are
directly desorbed, while nitrate species remains. The behav-
ior of the NO+ species (band at 2133 cm�1) upon outgassing
is quite interesting also because a fraction of these species is
removed by outgassing. This decrement is associated with a
proportional recover of the band due to Brønsted sites at
3610 cm�1 (Si(OH)Al) (not shown). The explanation of the
removal of an ionic species by outgassing at RT is not
straightforward. In the present case, this phenomenon can
only be explained if NO+ is replaced by H+, following a shift
to the left of the equilibrium in reaction (10), thanks to the
presence of adsorbed HNO3 in the cavities (band in 3430
to 3400 cm�1range). A cooperation effect between two sep-
arate species (NO+ and HNO3) is here evidenced. The elimi-
nation of NO+ is not complete because the outgassing
procedure also directly removes HNO3, a fact that does not
allow the full reversibility of the process.

From the spectra obtained for Fe–silicalite (Fig. 11a), we may
underline that they are very similar to those observed on silicalite.
Some relevant differences are, however, observable. In particular,
in the ‘‘nitrate range” two additional bands at 1620 cm�1 and at
1580 cm�1 appear. They can be attributed to new nitrate-like
species presumably formed on the SiOFe bridges. Their formation
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Scheme 2. Representation of the Fe–ZSM-5 catalyst surface after activation at
773 K in vacuo (a) and after oxidative treatment with N2O at 523 K (c). The situation
after NO2 and NO adsorption at RT on vacuum treated and oxidized samples,
respectively, is schematized in part (b).
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occurs immediately after NO2 (N2O4) contact. The most stable spe-
cies is that absorbing at 1620 cm�1, while the other at 1580 cm�1 is
half removed after 30 min outgassing. The short shift of the band
from 1620 to 1612 cm�1 upon increasing the NO2 pressure is likely
due to the formation of labile NO�3 (N2O4) complexes.

A novelty of this system is represented by the weak and broad
absorption in the 2200 to 2000 cm�1 interval which is the typical
region of NO+. Similarly to what observed on H–ZSM-5 this absorp-
tion is consistently affected upon changing the NO2 (N2O4) pres-
sure. We can explain these results by assuming that even after
activation at high temperature, a small fraction of Fe3+ remains
in the framework position. As the presence of residual tetrahedral
Fe3+ is necessarily associated with residual strong Brønsted acidity
(Si(OH)Fe groups), the interaction with NO2 leads to formation of
NO+ species following the usual process illustrated before. After
outgassing at RT, a weak residual peak at 2080 cm�1 is clearly
observable. This frequency is distinctly different from that of NO+

observed on H–Z-40 and Fe–Z-40.
From the spectra reported for Fe–Z-40 (Fig. 11b) the following

results emerge:

(a) The presence of the intense bands at 2200 to 2133 cm�1

(NO+; similar to H–ZSM-5) indicates that strong Brønsted
sites remain even after thermal treatment at 773 K. In other
words while Fe goes easily into extra-framework position
the same does not happen to Al.

(b) The OH stretching modes at 3610 cm�1 (Brønsted groups)
are consumed as observed on H–ZSM-5 (not shown).

(c) A new band at 1635 cm�1 appears among the copious other
modes already reported for Fe–silicalite and H–ZSM-5 sys-
tems. This band can be attributed to NO3 species formed
on FeO*Al sites [35,79,80].

(d) In the 950 to 850 cm�1 range all the T–O–T vibrational
modes (including that at 935 cm�1) are eroded (not shown).

The main difference between Fe–ZSM-5 and H–ZSM-5 is regard-
ing the stability of NO+ (2133 cm�1). In fact while in H–ZSM-5 most
of NO+ is persistent upon outgassing, in Fe–ZSM-5 the nitrosonium
species are nearly completely removed upon outgassing at RT. As
an ionic species cannot leave the surface at RT by simply reducing
the pressure of the gas phase, we have to admit that NO+ reacts
with negatively charged species to form a neutral species. From
these results it is concluded that additional negative species are
more abundantly formed on Fe–ZSM-5. In our opinion such species
could be NO�2 nitrites groups formed by interaction of NO2 with
iron sites that are specifically present on Fe–ZSM-5. Unfortunately,
as said before, these species cannot be observed directly because
they do not absorb in an available range. Despite this, we have here
a further clear example of cooperative interaction between differ-
ent species that are in mutual equilibrium inside a complex net-
work involving acid and redox sites.

The resulting situation can be represented by Scheme 2.
The cooperative interaction between the different species that

are in mutual equilibrium inside a complex network involving acid
and redox sites is schematized. In the same scheme the reaction of
adsorbed oxygen with NO and (partial) formation of the same spe-
cies observed upon direct NO2 dosage is also illustrated.

These observations can have important consequences on the
interpretation of catalytic activity in N2O decomposition of Fe–
ZSM-5, a catalyst that usually is more active than Fe–silicalite. In
previous review paper dealing with iron silicalite and iron ZSM-5
catalysts [31], we have stressed that the superior activity of Fe–
ZSM-5 with respect to Fe–silicalite could be associated to higher
dispersion and different electron density at the iron sites subse-
quent to the presence of Al in first or second cationic coordination
spheres [31]. The presence of Brønsted centers as cooperating sites
was not considered. On the basis of the results obtained on the
N2O, NO2/FeZSM-5 systems we must reconsider this statement.
For instance in the case of the N2O adsorption and decomposition
mechanisms, the cooperation of Brønsted sites could be associated
to their ability to give hydrogen-bonding interactions, a fact that
certainly contributes to increase the concentration of N2O in the
channels of Fe–ZSM-5 with respect to Fe–silicalite. Other coopera-
tive effects could also be hypothesized. For instance Bulushev et al.
[40,41,81] have observed the evolution of NO from Fe–ZSM-5
previously contacted with N2O decomposition at the reaction
temperature. If we hypothesize that this NO comes from the
decomposition of surface NO�y (y = 2, 3) species similar to those
observed by direct NO2 adsorption, the participation of Brønsted
sites to the N2O reaction could receive some comfort.

5. Conclusions

Even if at first sight the N2O catalytic decomposition over Fe–
zeolite can appear as extremely simple and stoichiometrically well
defined, isotherm experiments performed at different key temper-
atures have highlighted the complexity of the first catalytic steps
where nitrogen oxides formation cannot be ignored.

TPD tests after N2O decomposition have demonstrated the pres-
ence of NO2 species as products of catalysis on the surface of the
Fe–MFI catalyst. Although the major part of these anionic NOx spe-
cies is adsorbed on the iron sites, the participation of SiOSi and SiO-
Al distorted bridges located on Fe-free regions of the framework
cannot be ignored.

The interaction of NO and N2O probe molecules with Fe sites
followed by FTIR has evidenced the presence of two families of ex-
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tra-framework iron mononuclear species FeA and FeB. The differ-
ence between these two iron sites is likely due to the number of
SiOSi and SiOAl ligands present in the coordination sphere of Fe(II).
The FeA site, less coordinated to MFI zeolitic framework, appears
more active and can be associated with the classical a-sites. Al
vicinity is another parameter to be considered because it favors
iron dispersion. Clustered species and Fe2O3 particles do not
emerge as active participants to the N2O decomposition reaction
(under the investigated temperature conditions). Brønsted sites
present in Fe–ZSM-5 interact with N2O via hydrogen bonding with
formation of stabilized complexes. These complexes are not ob-
served on Fe–silicalite. This difference could partially explain the
different activity of the two samples in the N2O decomposition
reaction.

Sites cooperation between Brønsted and iron active sites is evi-
denced when Fe–ZSM-5 previously oxidized with N2O is probed
with NO. In this case NO interacts directly with active oxygen spe-
cies previously adsorbed (‘‘alpha-oxygen”) on FeA sites with forma-
tion of NO2 and of the associated NO+ and NO�3 species. The sites
cooperation is also clearly demonstrated when NO2 is directly used
as a probe molecule to titrate surface sites of H–ZSM-5 and Fe–
ZSM-5 zeolites.
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