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Dalibor Kaucký, Zdeněk Sobalík, Michael Schwarze, Alena Vondrová, Blanka Wichterlová ∗

J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, Dolejškova 3, CZ-182 23 Prague 8, Czech Republic

Received 20 September 2005; revised 9 December 2005; accepted 16 December 2005

Available online 19 January 2006

Abstract

Fe ions in zeolites of ferrierite and beta structures with Fe content of 0.55 wt% and 0.60 wt% and Fe/Al molar ratios of 0.06 and 0.09,
respectively, loaded predominantly in cationic sites, with the zeolites also containing controlled amounts of Al-Lewis sites, were used to analyze
the effect of Fe–Fe distances and the simultaneous presence of Fe and Al-Lewis sites on direct N2O decomposition and NO/NO2-assisted N2O
decomposition. It was found that shorter Fe–Fe distances in ferrierite result in higher N2O conversion in direct N2O decomposition. The presence
of Al-Lewis sites in the vicinity of Fe ions also increases the N2O conversion in direct decomposition on Fe ions. In contrast, NO/NO2-assisted
N2O decomposition does not discriminate between these effects. It is concluded that the direct N2O decomposition is structurally site-specific
and is controlled by the rate of recombination of oxygen atoms bound to Fe sites, whereas NO/NO2-assisted N2O decomposition is controlled by
the rate of NO2 → NO conversion occurring on structure-nonspecific Fe sites.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It is well known that specific extra-framework Fe species
in ZSM-5 zeolite provide extraordinary activity in reactions
involving N2O, particularly in N2O decomposition [1,2] and
oxidation of benzene to phenol [3–6] and paraffins to olefins
and saturated aldehydes [7,8]. The structure of the Fe site active
in these oxidations and N2O decomposition remains a matter
of debate, however. Numerous studies have reported the ac-
tivity and behavior of extra-framework Fe species formed by
CVD of FeCl3 [9,10] or from Fe isomorphously substituted
in the framework by high-temperature calcination or steaming
[11–14]. These materials exhibit a spectrum of Fe species rang-
ing from single Fe ions through Fe-oxo species and to poly-oxo
nuclear entities. Both single Fe ions bearing an extralattice oxy-
gen [15] and dinuclear or polynuclear Fe–O–Fe-like species
have been suggested as the active sites in N2O decomposi-
tion or hydrocarbon oxidation with N2O [16–18]. Because the
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Fe-zeolites exhibit much higher activity per Fe site at low con-
centrations [19], the specific Fe cations at cationic sites should
exhibit extraordinary activity among various types of Fe species
detected in Fe-zeolites [19,20]. For this reason, we have focused
our attention on the Fe ions exchanged into cationic sites.

N2O decomposes, yielding gaseous N2 and O atoms de-
posited on the Fe active sites at a broad temperature range.
Higher temperatures are required to release the O atoms and
produce gaseous O2. It has been proposed that recombination
of these O atoms, leading to a molecular O2, controls the over-
all rate of N2O decomposition [21–23].

Besides questions regarding the structure of Fe sites, bond-
ing of atomic oxygens, and conditions of their recombination,
there is interest in a general feature of the Fe-based catalysts—
enhancement of N2O decomposition by the presence of NO
[24,25]. This property of the NO/N2O/Fe-zeolite system is
highly advantageous for nitrous oxide decomposition in tail
gases of nitric acid plants containing N2O/NO/NO2 mixtures.

The promoting effect of NO in N2O decomposition was first
reported by Kapteijn et al. [24] for Fe-ZSM-5 zeolite and by
Turek [25] for Cu-ZSM-5 zeolite. It has been proposed that NO
scavenges adsorbed oxygen atoms originating from N2O de-
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composition, with consequent formation of NO2 and recovery
of the active site [24–27],

N2O + * → N2 + O* (1)

and

O* + NO → NO2 + *, (2)

leading to a stoichiometric process,

N2O + NO → N2 + NO2. (3)

Kapteijn et al. [28], using multiply time-resolved analysis of
reaction kinetics, analyzed the effect of NO on the formation
of molecular oxygen in the NO/N2O/Fe-ZSM-5 system. They
suggested that in N2O decomposition without NO assistance,
molecular oxygen is formed by recombination of two oxygen
atoms on the catalyst surface or by interaction between another
N2O molecule and an adsorbed oxygen atom to yield molecular
oxygen and nitrogen. Similarly, NO can release atomic oxy-
gen from the surface through its oxidation to NO2 or through
N2O-induced desorption of molecular oxygen from the surface
containing deposited oxygen atoms and adsorbed NO2. Thus
two reaction pathways in NO-assisted N2O decomposition can
be considered: one connected with formation of NO2, and the
other with increased formation of O2. Two alternatives for the
enhanced O2 formation have been suggested: electronic effects
of NO adsorbed on sites neighboring the site catalyzing N2O
decomposition [21] and a catalytic cycle involving recombina-
tion of oxygen from adsorbed NO2 and the deposited oxygen
atom at Fe sites [25,29]. Although it has been reported that CO
or H2 molecules [25] cause an accelerating effect comparable
to NO, an open question remains as to whether the effect of H2
is distinct up to very low concentration, as for NO [21,26], and
whether both effects are accompanied by enhanced formation
of O2.

The positive effect of Fe-ZSM-5 steaming [1,2,11–13] and
high-temperature calcination of Fe-FER [30] on its activity in
N2O decomposition have been reported. However, the origin
of this effect is still a matter of dispute [31,32]. Pérez-Ramírez
et al. [33] reported that steaming of Fe-ZSM-5 containing Fe
in the framework changed the nature of Fe species by releas-
ing Fe ions from the framework to extra-framework positions.
However, this rearrangement also caused a simultaneous de-
crease in the concentration of Brönsted sites and formation of
some Al-Lewis sites. Although it has been found that the ex-
istence of Al-related Lewis sites only (without the presence of
trace concentrations of Fe) does not provide activity related to
N2O, some contribution of Al-Lewis sites to the reaction cannot
be excluded [6]. Hensen et al. [34] reported increased activity
in benzene oxidation to phenol with N2O with the addition of
aluminium to ferri-silicalite (originally without traces of Al),
which itself was catalytically inactive. This indicates a possible
cooperation of Fe and Al sites. Analogously, we have found that
dehydroxylation of Fe-ferrierite accompanied by formation of
Al-Lewis sites doubled the deposition of atomic oxygen from
N2O [30].

In general, whether the Fe site needs in its nearest neigh-
borhood the next Fe site for cooperation, and whether such
cooperation of sites is also necessary for the NO/NO2-assisted
reaction, remain unclear. If such cooperation is needed, then
close (or optimal) distances between two Fe sites in cationic po-
sitions might facilitate N2O decomposition. Therefore, we car-
ried out direct N2O decomposition and NO/NO2-assisted N2O
decomposition over FeH-ferrierite and FeH-beta (i.e., over ze-
olites of differing topologies) with differing distances between
Fe site positions.

2. Experimental

Parent NaK-FER zeolite (composition: Si/Al 8.5, Na 0.47
wt%, K 1.98 wt%, Fe impurities 170 ppm) and parent H-*BEA
zeolite (composition: Si/Al 12.0, Fe impurities 250 ppm) were
purchased from TOSOH and PQ, respectively. The NaK-FER
was exchanged with 0.5 M NH4NO3 to convert it completely
into the NH4 form. Fe ions were introduced into the zeolites
through a reaction of the H- or NH4-zeolite (dried at increased
temperature) with FeCl3 solution in acetylacetone and its sub-
sequent controlled calcination and hydrolysis of the formed
iron species in a zeolite by distilled water, as described in de-
tail elsewhere [35,36]. The resulting Fe content was similar in
both zeolites:. 0.55 wt% for FeNH4-FER and 0.60 wt% for
FeH-*BEA. The corresponding Fe/Al ratio (indicated by num-
bers in parentheses: Fe(0.06)NH4-FER and Fe(0.09)H-*BEA)
was very low. After dehydration and deammoniation, the zeo-
lites are denoted as FeH-zeolites (Table 1). The well-developed
XRD patterns and FTIR spectra in the region of skeletal vi-
brations (measured by the KBr technique) reflect the highly
crystalline regular framework of the both zeolites.

To indicate the presence of Fe ions in cationic sites and to
determine the concentrations of Brönsted and Al-Lewis sites,
FTIR spectra of OH groups (3800–3100 cm−1) and after sorp-
tion of d3-acetonitrile in the region of C≡N vibrations (2360–
2200 cm−1), respectively, were monitored as described previ-
ously [37,38]. The spectra were collected on a Nicolet-Magna
550 FTIR spectrometer equipped with a heatable cell con-
nected to a vacuum and gas-supplying system and measured
on zeolites in a form of thin, self-supported plates (ca. 5–
7 mg/cm2). The zeolites were firstly dehydrated and deammo-
niated at 450 ◦C and then partially dehydroxylated at 700 ◦C
under vacuum for 3 h. Deuterated acetonitrile (13 mbar) was
adsorbed at room temperature for 0.5 h, and its physisorbed part
was desorbed at the same temperature. d3-Acetonitrile adsorbed

Table 1
Composition of FeH-zeolites calcined at 450 and 700 ◦C as determined by
chemical analysis and FTIR spectra of adsorbed d3-acetonitrile

FeH-zeolite Composition FTIR

Si/Al Fe (wt%) Fe/Al Brönsted
sites
(mmol/g)

Al-Lewis
sites
(mmol/g)

FeH-FER 450 ◦C 8.5 0.55 0.06 0.92 0.36
FeH-FER 700 ◦C 8.5 0.55 0.06 0.46 0.59

FeH-*BEA 450 ◦C 12.0 0.60 0.09 0.47 0.35
FeH-*BEA 700 ◦C 12.0 0.60 0.09 0.24 0.47
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on Brönsted and Al-Lewis sites exhibited maxima at 2295
and 2325 cm−1, respectively. The extinction coefficients were
εB = 2.05 cm/µmol (Brönsted sites) and εL = 3.60 cm/µmol
(Al-Lewis sites) [38]. Peak deconvolution in the spectra was
calculated using Microcal Origin, version 4.1.

Calcination of FeH-zeolites in an oxygen stream at temper-
ature of 450 ◦C (for 2 h) or a helium stream at 700 ◦C (for 1 h),
followed by calcination in an oxygen stream at 450 ◦C for 1 h,
was done in the reactor before to catalytic experiments. Such
treatments provided FeH-zeolites containing, besides Fe sites,
predominantly Brönsted acid sites or, in partly dehydroxylated
FeH-zeolites, also Al-Lewis sites.

The activity of catalysts in direct N2O decomposition and
NO/NO2-assisted N2O decomposition was measured in a
quartz through-flow tubular microreactor. The components of
the reaction mixtures were fed through mass-flow controllers
to the mixing line and diluted there with helium as a carrier
gas. The catalyst weight was 0.100 g, and the total flow rate of
100 cm3/min corresponded to a GHSV of 30,000 h−1. In se-
lected experiments, water vapor, H2, or O2 were added into the
reactant stream. Water vapor was added by a saturator kept at a
constant temperature. Typical concentrations of reactants were
1000 ppm of N2O, 50–1000 ppm of NO or NO2, 300–5000 ppm
of H2, 6% O2 or 1% H2O (in selected experiments), and the bal-
ance helium. The steady-state conversions were reached within
20 min.

The concentrations of reactants and products at the inlet and
outlet of the reactor were determined using an on-line con-
nected luminescence NO/NO2 analyzer (VAMET-CZ), a Hew-
lett–Packard 5890 II gas chromatograph for separation of N2
and O2, and an Advance Otima IR N2O analyzer. The detection
limit for NO, NO2, and N2O was 2 ppm.

3. Results

FTIR spectra of the evaluated FeH-zeolites dehydrated at
450 ◦C in the region of T–O–T perturbed skeletal vibrations
(970–860 cm−1, not shown) reflected the introduction of Fe
ions by controlled ion exchange into cationic positions. With
FeH-FER, two absorption bands, one at 918 cm−1 and one
of much lower intensity at 936 cm−1, were observed. These
T–O–T perturbed vibrations indicate Fe(II) ions in cationic
sites [39]. Similar T–O–T vibrations were observed for other di-
valent cations in cationic sites, that is, Co(II) (915 cm−1), Ni(II)
(915 cm−1), Mg(II) (925 cm−1), and Mn(II) (926 cm−1) in
metal-exchanged ferrierites [37]. The structure and location of
the α- and β-type cationic sites in ferrierite was suggested from
the XRD of the framework [40] and coordination of Co(II) and
Ni(II)ions at cationic sites of ferrierite and beta [41,42]. Dal-
coni et al. [43,44] also determined the structure of these sites by
synchrotron-powered XRD analysis. Such structure attribution
of cationic sites for pentasil-ring zeolites of MOR, FER, MFI,
and *BEA topology is already generally accepted in the litera-
ture [45,46]. A broad band in the region of skeletal vibrations,
centered at 915 cm−1, also indicated perturbation of T–O–T
bonds by the Fe(II) ions in the cationic sites of the Fe-beta ze-
olite [47]. Based on the knowledge on divalent metal ion siting
in ferrierite [41] and beta [42] zeolites, we can assume that the
β-type sites are populated predominately by Fe(II) cations in
these zeolites. The presence of Fe(II) ions in cationic sites in
the investigated samples and, in contrast, the absence of a sig-
nificant amount of Fe oxide phase was also confirmed by Möss-
bauer spectra of these Fe-zeolites [48]. Moreover, the presence
of exchanged Fe(II) ions with open coordination spheres was
evidenced by adsorbed d3-acetonitrile, as given below.

To investigate the effect of the Al site neighboring the Fe
site, we analyzed the FeH-zeolites in hydroxylated and dehy-
droxylated forms. The concentrations of the acidic Brönsted
and Al-Lewis sites in the individual zeolites, dehydrated at
450 ◦C or dehydroxylated at 700 ◦C, are given in Table 1. The
dehydroxylation dramatically changed the population of Brön-
sted and Al-Lewis acid sites. The concentrations of these sites
were obtained from the quantitative analysis of FTIR spectra of
O–H vibrations (Figs. 1A and 1C) and those of C≡N vibrations
after d3-acetonitrile adsorption (Figs. 1B and 1D). It appeared
that acetonitrile was also adsorbed on Fe(II) ions, which exhib-
ited Lewis-like properties, as followed from an additional band
at 2303 cm−1 obtained by the spectra deconvolution. Using the
sum of the concentration of acidic (Brönsted and Al-Lewis)
sites, and taking the Fe content into account, we fit the value
of the exchange capacity of the zeolites and found that it was
consistent with their chemical composition (Table 1). These
results support the predominant location of the Fe(II) ions at
exchangable positions.

FeH-FER calcined at 450 ◦C was active in N2O decompo-
sition at temperatures above 300 ◦C (Fig. 2A). Cofeeding of
NO together with N2O substantially increased the conversion
in N2O decomposition and shifted conversion values to lower
temperatures. The shift to lower temperature by about 50 ◦C
and decrease in activation energy by ∼30 kJ/mol are nearly
consistent with previously reported results for Fe-zeolite-based
catalysts [26]. The cofed NO was converted to NO2; no NO de-
composition occurred.

The FeH-*BEA catalyst calcined at 450 ◦C was much less
active in N2O decomposition (Fig. 2B) compared with FeH-
FER. Up to 420 ◦C, N2O conversion was <20%. The admixture
of NO to the N2O feed caused a dramatic increase of N2O
conversion on FeH-*BEA in a broad temperature range. The
resulting temperature profiles of N2O conversion coassisted by
NO were thus similar for both the FeH-*BEA and FeH-FER
zeolites.

The effect of high-temperature (700 ◦C) dehydroxylation of
FeH-zeolites, accompanied by formation of Al-Lewis sites, on
the N2O decomposition activity was significantly different for
the individual FeH-zeolites (Fig. 3). The dehydroxylation of
FeH-FER considerably increased N2O conversion; however, if
NO was present in the reaction mixture, N2O conversion was
almost identical for FeH-FER calcined at 450 ◦C and FeH-FER
dehydroxylated at 700 ◦C (Fig. 3A). T he activity of dehydrox-
ylation of FeH-*BEA also improved, but compared with FeH-
FER, the effect on N2O conversion was much lower (Fig. 3B).
However, again under cofeeding of NO, both dehydrated and
dehydroxylated FeH-*BEA catalysts exhibited high and very
similar N2O decomposition activity. It should be stressed that
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Fig. 1. FTIR spectra of FeH-FER and FeH-*BEA zeolites; dehydrated under vacuum at 450 ◦C (—) and 700 ◦C (- - -). FeH-FER in the region of (A) –OH vibrations
and (B) C≡N vibrations after sorption of CD3–C≡N. The bands resulting from the spectra deconvolution are given for illustration; bands at 2325 cm−1 represented
vibration of CD3–C≡N adsorbed on Al-Lewis sites and at 2295 cm−1 Brönsted sites, at 2303 (from deconvolution procedure) reflected CD3–C≡N on Fe sites.
FeH-*BEA in the region of (C) –OH vibrations and (D) C≡N vibrations after sorption of CD3–C≡N.
Fig. 2. Conversion of N2O in its decomposition over FeH-zeolites calcined at
450 ◦C, if no NO (1) and 500 ppm NO (2) were added into the feed containing
1000 ppm N2O. (A) FeH-FER; (B) FeH-*BEA.

with NO-assisted N2O decomposition, similar results were ob-
tained over FeH-FER and FeH-*BEA zeolites in both their
hydroxylated (Figs. 2A and 2B) and dehydroxylated forms
(Figs. 3A and 3B).

The effect of 1% water vapor (Table 2) and 6% oxygen (not
shown) on N2O decomposition at 350 and 450 ◦C with FeH-
FER was studied. Although the presence of O2 did not change
Fig. 3. Conversion of N2O in direct N2O decomposition over FeH-zeolites
calcined at 450 ◦C (1), over FeH-zeolites calcined at 700 ◦C (!) and over
FeH-zeolites calcined at 700 ◦C with the NO added (500 ppm NO) (") to the
feed containing 1000 ppm N2O. (A) FeH-FER; (B) FeH-*BEA. Reaction con-
ditions the same as for experiments reported in Fig. 2.

the conversion values, 1% H2O substantially decreased N2O
conversion. But the addition of NO into the feed partly compen-
sated for the negative effect of water vapor. At 350 and 450 ◦C,
N2O conversion coassisted by NO reached 20 and 80%, respec-
tively.
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Table 2
Conversion of N2O in its decomposition over FeH-FER at 350 and 450 ◦C de-
pending on the feed composition at dry and wet conditions. The experimental
conditions otherwise were the same as in experiments reported in Figs. 2 and 3

Feed N2O conversion (%)

N2O (ppm) NO (ppm) H2O % T 350 ◦C T 450 ◦C

1000 0 0 10 98
1000 0 1 1 8
1000 1000 0 50 100
1000 1000 1 20 80

Fig. 4. N2O decomposition over FeH-FER in the presence of NO, NO2 or a
mixture of NO + NO2, 350 ◦C. Conversion of N2O in dependence on NO2/
(NO + NO2) ratio in the feed (2). NO2/(NO + NO2) ratio in the products in
dependence on NO2/(NO + NO2) ratio in the feed (1). Yield of O2 in prod-
ucts in dependence on NO2/(NO + NO2) ratio in the feed (1). The part of O2
originating from 2NO2 → O2 + 2NO was subtracted. Reaction conditions oth-
erwise the same, 1000 ppm N2O, NO + NO2 = 1000 ppm.

Besides NO, NO2 and (NO+NO2) mixtures also were cofed
to the system (Fig. 4). The cofeeding of NO alone or a mixture
of NO + NO2 up to NO2/(NO + NO2) ∼ 0.5 caused practically
the same increase in N2O conversion, by ∼40%. But beyond the
NO2/(NO + NO2) ratio of ∼0.5, the increasing effect on N2O
conversion was not as high. Cofeeding NO2 alone increased
N2O conversion to only ∼28%.

The effect of cofeeding the (NO + NO2) mixtures on oxy-
gen production is also depicted in Fig. 4. When NO alone was
cofed, it was converted to NO2 with a yield of ∼50%, equal to
the N2O conversion value. Thus, all oxygen originating from
decomposed N2O was contained in the formed NO2, and no
O2 was detected in the products. In contrast, when NO2 alone
was cofed, it was converted to NO, but with a yield of only
∼30%, with an NO2/(NO + NO2) output ratio of ∼0.7. At
these conditions, the O2 was also produced from NO2. Thus,
the amount of O2 originating from NO2 was subtracted from
the total amount of detected O2; and the residual part of O2 cor-
responding to N2O decomposition is depicted in Fig. 4. The
yield of O2 from N2O decomposition corresponded well to
N2O conversion. When the mixture of (NO + NO2) with the
NO2/(NO + NO2) ratio of ∼0.5 was cofed to N2O, its ratio re-
mained unchanged during the coassisted N2O decomposition.
As a result, a significant amount of oxygen was detected in the
products, practically all originating from accelerated N2O de-
Fig. 5. N2O decomposition in the presence of NO in feed in dependence on NO
concentration FeH-FER, 350 ◦C. (A) Conversion of N2O in its NO-assisted
decomposition (1) and in its direct decomposition (· · ·); (B) output NO2/
(NO + NO2) ratio (1); (C) yield of O2 (1). Reaction conditions otherwise
the same, 1000 ppm N2O.

composition. Thus, the maximum production of O2 during N2O
decomposition was achieved with cofeeding a mixture with a
NO2/(NO + NO2) ratio of ∼0.5.

The effects of cofed NO in the concentrations of 50–
1000 ppm were studied (Fig. 5A). Up to very low NO con-
centrations, the promoting effect on N2O conversion remained
at the same level (∼40% N2O conversion with 50 ppm NO in
the feed). The yield of produced N2 closely corresponded with
the amount of N2O converted; thus, oxygen from decomposed
N2O converted NO to NO2, the yield of which increased with
decreasing NO concentration (Fig. 5B). But at low concentra-
tions of added NO, molecular oxygen was formed. The lower
the concentration of NO in the feed, the higher the yield of
molecular oxygen (Fig. 5C); thus, both nitrogen and oxygen
balance closely corresponded with the overall stoichiometry.

To verify the importance of reversibility of interconversions
in the NO/NO2 admixtures, the effect of adding H2 was evalu-
ated and compared with the effect of NO over FeH-FER. Hy-
drogen [25,49], like CO [50], has the ability to scavenge O
atoms after N2O decomposition, but undergoes an irreversible
H2 → H2O change. The dependence of augmented N2O con-
version on the concentration of both H2 and NO is shown
in Fig. 6. Clearly, the positive effect of hydrogen on N2O de-
composition decreased with decreasing concentration of added
hydrogen, practically in a slopewise manner following the stoi-
chiometry. The effect thus can be considered a first-order reac-
tion with respect to H2 concentration, in contrast to NO, which
exhibited zero-order behavior.
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Fig. 6. N2O conversion in the presence of NO or H2 in dependence on NO or H2
concentration FeH-FER, 350 ◦C, with added NO (1) or H2 (2). The conversion
of N2O in its direct decomposition (· · ·). Reaction conditions otherwise the
same, 1000 ppm N2O.

However, a further increase in NO or H2 concentration did
not result in an increased N2O conversion above ca. ∼55% at
350 ◦C over FeH-FER. Even when H2 and NO were added
together with N2O, N2O conversion > ca. ∼55% was not
achieved, due to the fact that NO was not converted in the sys-
tem if hydrogen in a comparable concentration was added. The
effect exhibited a saturation level behavior, as was also found
on Fe-ZSM-5 [26].

4. Discussion

N2O decomposition and its acceleration by NO/NO2 was
studied over two FeH-zeolites differing in terms of topology
and density of the framework and also by the presence or ab-
sence of Al-Lewis sites. Fe ion exchange of zeolites through
a method using FeCl3 in acetylacetone with controlled heat-
ing [35,36] led to a predominant introduction of Fe(II) ions
into cationic sites. This is supported by the low level of the Fe
ion exchange (Fe/Al 0.06 and 0.09), IR spectra of adsorbed
d3-acetonitrile evidencing the presence of single Fe(II) sites
with open coordination spheres (see the band at 2303 cm−1

in Figs. 1B and 1D), and bands of perturbation of the frame-
work T–O–T bonds in the 915–936 cm−1 region. The β-type
sites have been shown to be preferentially occupied by diva-
lent cations with FER and *BEA structures [41,42]. Supposing
that the Fe(II) ions occupy similar sites as the other divalent
cations in FeH-FER and FeH-*BEA, their sites could be used
for estimating intercation distances. The β-type sites are formed
by six-member rings located on the walls of the eight-member
ring channel of FER and the 12-member ring channel of *BEA
structure [41,42]. Because the beta zeolite structure has a lower
framework density than ferrierite, larger distances between the
cations in cationic sites can be expected.

The distances between the Fe(II) ions were estimated as fol-
lows. For the Fe(II) sites, the estimated structurally allowed
distances between the individual Fe(II) ions can be considered
the distances between the centers of the nearest cationic sites,
assuming that the individual Fe(II) ions lie near the center of
the corresponding ring. The distances between the neighboring
β-type sites are estimated to be substantially shorter in FER
than in *BEA (6.1 Å vs. 7.5 Å, respectively). Although the
Fe(II) ions in the zeolites may not be located exactly in the cen-
ter of the ring forming the β-site, nevertheless, the substantial
differences in the Fe–Fe distances in FER and *BEA encourage
us to consider the effect of “close” and “distant” Fe(II) ions in
Fe-zeolites on N2O decomposition activity.

If the Fe ion in the cationic site is expected to cooperate with
the next Fe ion, then the short distance might increase the prob-
ability of cooperation between these close Fe active sites. In
contrast, with the FeH-zeolite of *BEA, the nearest Fe ions in
β-type sites farther apart, and thus their cooperation might be
less efficient. Such a model can assume that the Fe ion bear-
ing an oxygen atom (after N2O decomposition) should adjoin
a nearby Fe site bearing another oxygen atom needed for their
recombination to molecular oxygen. This model follows from
the experimentally found N2O conversion values (see Fig. 2B),
which were much higher for FeH-FER than for FeH-*BEA.
This finding also encourages us to suggest that the formation of
molecular oxygen proceeds through recombination of the oxy-
gen atoms and not through interaction of another N2O molecule
with the atomic oxygen bound to the Fe ion. The former mech-
anism of molecular oxygen formation from N2O has also been
suggested by Kiwi-Minsker et al. [51,52].

The IR vibrations of T–O–T bonds perturbed due to bonding
of Fe(II) ions in the β-sites were similar for zeolites dehydrated
at 450 ◦C and those dehydroxylated at 700 ◦C. In addition,
Mössbauer spectra of Fe ions in these zeolites indicated no sig-
nificant change in the coordination of Fe(II) ions after zeolite
dehydroxylation [48]. It follows that treatment of FeH-zeolites
at high temperature (700 ◦C) did not significantly change the
structure and distribution of Fe(II) ions. But high-temperature
treatment causes partial dehydroxylation and formation of a
considerable concentration of Al-Lewis sites from Brönsted
sites (see Table 1). Thus, the presence of Al-Lewis sites along
with Fe sites can account for the significantly increased N2O
conversion observed in both FeH-FER and FeH-*BEA. Be-
cause N2O decomposition forming molecular nitrogen and de-
posited oxygen does not proceed on Al-Lewis sites themselves,
the enhanced rate of N2O decomposition to molecular nitrogen
and oxygen cannot stem from the enhanced recombination of
neighboring oxygen atoms. We suggest that neighboring elec-
tron acceptor Al-sites may affect the properties of the Fe ion
and/or its surrounding by an electronic effect, causing enhanced
recombination of oxygen atoms from the Fe sites.

In contrast to direct N2O decomposition, the activity of FeH-
zeolites in N2O decomposition assisted by NO/NO2 does not
depend on the Fe–Fe distances (hosting zeolite structure) or on
the presence of Al-Lewis sites. This implies that mutual co-
operation between the Fe sites or between Fe and Al-Lewis
sites is not necessary in the presence of NO/NO2. Accordingly,
the high N2O conversion in NO/NO2-assisted N2O decompo-
sition, independent of the Fe–Fe distances and the presence of
Al-Lewis sites, confirms that the mechanisms of N2O decom-
position [26] are quite different for direct and NO/NO2-assisted
N2O decomposition.
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The actual concentration of NO available to assist N2O de-
composition is in fact very low. In all likelihood, each NO
molecule fed or formed from NO2 is immediately consumed
in a catalytic cycle of N2O decomposition. The presence of
these two catalytic cycles leads to apparent concentrations
of NO2 over equilibrium [26]. In such a situation, the over-
all rate could be limited by the rate of conversion of NO2
to NO.

Another interesting finding is that an increase in NO concen-
tration above a NO/N2O ratio of ∼1 does not further accelerate
N2O decomposition, indicating a saturation behavior, as has
been found on Fe-ZSM-5 [26]. This effect can be explained
by considering that the overall reaction rate in the presence of
higher than stoichiometric amounts of NO is already controlled
by the N2O → N2 + O reaction step, which cannot be sped up
any further by NO.

5. Conclusions

From the results of our work, we can draw the following
conclusions:

• Direct N2O decomposition seems to be controlled by the
rate of recombination of two deposited O atoms, which re-
quires the cooperation of two close Fe sites. Thus, shorter
distances between the Fe cations, such as in FeH-FER
compared with FeH-*BEA, enhance the rate of N2O de-
composition. The presence of electron-acceptor Al-Lewis
sites in the vicinity of the Fe sites enhances the rate of
N2O decomposition as well, likely through an electronic
effect.

• In contrast, NO-assisted N2O decomposition is not sen-
sitive to the structure-specific Fe active sites. The rate of
NO-assisted N2O decomposition is controlled by the rate
of NO2 → NO transformation. It follows that N2O decom-
position under such conditions does not require structure-
specific sites, as are required for recombination of the ad-
sorbed oxygen atoms.

• The enhanced O2 formation during N2O decomposition
accelerated by NO/NO2 occurs especially at low concentra-
tions or specific NO/NO2 ratios in the feed, where the rate
appears to be controlled by NO ↔ NO2 interconversion. At
high NOx concentrations (exceeding N2O concentrations),
the rate of N2O decomposition appears to be controlled by
the N2O → N2 + O process, which cannot be sped up
by NO.
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iments and Z. Tvarůžková for providing FTIR measurements.
D.K. thanks to the Grant Agency of the Czech Republic (project
104/02/D124) for financial support; other authors acknowledge
support of the Academy of Sciences of CR under the project
1ET400400413.
References

[1] J. Pérez-Ramírez, F. Kapteijn, G. Mul, J.A. Moulijn, Catal. Commun. 3
(2002) 19.

[2] J. Pérez-Ramírez, F. Kapteijn, G. Mul, X. Xu, J.A. Moulijn, Catal. To-
day 76 (2002) 55.

[3] G.I. Panov, G.A. Sheveleva, A.S. Kharitonov, V.N. Romannikov, L.A.
Vostrikova, Appl. Catal. A: Gen. 82 (1992) 31.

[4] G.I. Panov, A.S. Kharitonov, V.I. Sobolev, Appl. Catal. A: Gen. 98 (1993)
1.

[5] A.S. Kharitonov, G.A. Sheveleva, G.I. Panov, V.I. Sobolev, Y.A. Pauk-
shtis, V.N. Romannikov, Appl. Catal. A: Gen. 98 (1993) 33.

[6] P. Kubánek, B. Wichterlová, Z. Sobalík, J. Catal. 211 (2002) 109.
[7] J. Pérez-Ramírez, A. Gallardo-Llamas, J. Catal. 223 (2) (2004) 382;

J. Pérez-Ramírez, A. Gallardo-Llamas, Appl. Catal. A: Gen. 279 (2005)
117.

[8] R. Bulánek, B. Wichterlová, K. Novoveská, V. Kreibich, Appl. Catal. A:
Gen. 264 (2004) 13.

[9] P. Marturano, L. Drozdová, A. Kogelbauer, R. Prins, J. Catal. 192 (2000)
236.

[10] P. Marturano, L. Drozdová, G.D. Pirngruber, A. Kogelbauer, R. Prins,
Phys. Chem. Chem. Phys. 3 (2001) 5585.

[11] S. Bordiga, R. Buzzoni, F. Geobaldo, C. Lamberti, E. Giamello, A. Zec-
china, G. Leofanti, G. Petrini, G. Tozzola, G. Vlaic, J. Catal. 158 (1996)
486.

[12] G. Berlier, G. Spoto, S. Bordiga, G. Ricchiardi, P. Fisicaro, A. Zecchina,
I. Rossetti, E. Selli, L. Forni, E. Giamello, C. Lamberti, J. Catal. 208
(2002) 64.

[13] A.M. Ferretti, C. Oliva, L. Forni, G. Berlier, A. Zecchina, C. Lamberti,
J. Catal. 208 (2002) 83.

[14] G. Berlier, A. Zecchina, G. Spoto, G. Ricchiardi, S. Bordiga, C. Lamberti,
J. Catal. 215 (2003) 264.

[15] A. Heyden, B. Peters, A.T. Bell, F.J. Keil, J. Phys. Chem. B 109 (2005)
1857.

[16] K.A. Dubkov, N.S. Ovanesyan, A.A. Shteinman, E.V. Starokon, G.I.
Panov, J. Catal. 207 (2002) 341.

[17] G.I. Panov, A.K. Uriarte, M.A. Rodkin, V.I. Sobolev, Catal. Today 41
(1998) 365.

[18] M.J. Filatov, A.G. Pelmenschikov, G.M. Zhidomirov, J. Mol. Catal. 80
(1993) 243.

[19] G.D. Pirngruber, P.K. Roy, N. Weiher, J. Phys. Chem. B 108 (2004) 13746.
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[41] J. Dědeček, D. Kaucký, B. Wichterlová, Microporous Mesoporous
Mater. 31 (1999) 75.
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