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Abstract

The reaction of Fe-zeolites prepared by sublimation of FeCl3 with N2O was studied by step- and pulse-response experiments. Step
0 to 5000 ppm N2O were performed at 673 K, after pretreatment of the catalyst in H2, He, or O2. When the catalysts were prereduced in H2,
N2O was first consumed for the reoxidation of the catalyst, before steady-state N2O decomposition started. Also pretreatment in He redu
the catalyst. This autoreduction was not spontaneous, but caused by a small amount of hydrocarbons adsorbed on the catalyst
catalysts had a higher steady-state activity, indicating that the incorporation of oxygen from N2O changed the structure of the active sit
Pulse responses proved that O2 desorption is the rate-limiting step of N2O decomposition. O2 desorption was relatively fast from a sm
fraction of sites, while a second oxygen pool desorbed only slowly from the catalyst. Only the former is responsible for catalytic ac
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Some years ago Panov and co-workers discovered
Fe-ZSM-5 catalysts contain active sites with remarkable
dox properties [1–3]. Upon interaction with N2O at mod-
erate temperatures (473–523 K) these active sites, c
α-sites, create a highly active surface oxygen, which re
ily exchanges with O2 and oxidizes CO and CH4 already
at room temperature. The creation ofα-oxygen occurs only
when the catalysts are treated with N2O. O2 treatment leave
the catalyst unchanged. Before being loaded withα-oxygen,
the α-sites are inert toward molecular oxygen. A rec
Mössbauer study suggests that theα-sites are binuclear Fe2+
clusters [4]. It was proposed that they react with N2O as fol-
lows:

Fe2+–µ–(OH)–Fe2+ + 2N2O

→ O−–Fe3+–µ–(OH)–Fe3+–O−.

The classicalα-site catalysts are prepared by direct
corporation of iron into the framework of ZSM-5 during t
synthesis, followed by extraction of iron from the framewo
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t

by high-temperature treatment, in particular using ste
Only upon extraction from the framework positions, the ir
sites are converted toα-sites. Dubkov et al. showed that t
generation ofα-sites is not tied to this particular prepar
tion method [4].α-Sites were also detected on Fe-ZSM
in which iron was introduced by postsynthetic impreg
tion with FeCl3, after it was subjected to a high temperat
treatment. The results indicate that the method of iron
corporation is of secondary importance for the creation
α-sites. Treatment of high temperature, on the other h
seems to be a prerequisite. In confirmation, Jia et al. [5
cently showed that Fe-ZSM-5 catalysts prepared by subl
tion of FeCl3 exhibitα-site-like behavior if they are reduce
at temperatures above 873 K. Sublimed Fe-ZSM-5 catal
which were reduced only at 773 K, behaved “normally”:
teraction with N2O did not create oxygen species, whi
underwent isotopic exchange with18O2 at low temperatures
Still, these catalysts are good catalysts in N2O decomposi-
tion. They are less active than the Panov-type catalysts o
basis of turnover frequency, but more active on a per g
basis [6]. What is the nature and role of the oxygen spe
on these “conventional” iron zeolites? Does interaction w
N2O create a special surface oxygen species, which is d
ent from the oxygen present in the original iron oxide clus
also on this type of catalysts? N2O decomposition proceed

http://www.elsevier.com/locate/jcat
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Table 1
Elemental composition of the samples as determined by AAS

Sample Si/Al Fe (wt%) Fe/Al

Fe-ZSM-5 20 3.6 1.0
Fe-ZSM-12 27 2.7 1.1
Fe-BEA 11 2.6 0.4

according to the following mechanism [7],

(1)∗ + N2O→ N2 + ∗–O,

(2)∗–O+ N2O → N2 + O2,

(3)2∗–O→ O2 + 2∗,
where ∗ stands for an active (iron) site on the surfa
Steady-state experiments only show the global kinetic
the reaction and are not very informative about the re
tion mechanism and the surface species involved. In s
response experiments, however, where the concentrati
N2O is abruptly changed from zero to a finite value or v
versa, the buildup (Eq. (1)) or the consumption (Eq. (3)
the oxygen species on the surface can be observed. We t
fore decided to use that technique to learn more abou
surface chemistry of iron zeolites prepared by postsynth
ion exchange. High temperature treatments of the cata
were deliberately avoided. Their effects on the behavio
the catalyst will be dealt with in a separate paper.

2. Experimental

2.1. Sublimation of FeCl3

An ammonium-exchanged zeolite was loaded into a
tube and first treated in a flow of O2 at 773 K for 3 h to
remove adsorbed water and other impurities. The reactor
then closed and transferred to the glovebox where FeCl3 was
loaded. Subsequently, the reactor was heated in a flo
N2 to 593 K (heating rate 2 K/min) where sublimation o
FeCl3 onto the zeolite was performed for 3 h. The reac
was cooled to room temperature, and the FeCl3-loaded zeo-
lite was recovered and immediately washed with water, u
no Cl− ions could be detected in the washing water. The
olite was dried in air and finally calcined in a flow of O2 at
773 K for 2 h (heating rate 1 K/min).

As parent zeolites ZSM-5 (MFI-P 46, Südchemie), BE
(PB3, Zeolyst), and ZSM-12 (provided by the University
Cincinnati) [8] were used. The composition of the samp
after sublimation, washing, and calcination was determi
by AAS (see Table 1).

2.2. Step-response experiments

In a standard step-response experiment 50 mg of
letized material (mesh size 250–300 µm) was placed
tween two pieces of quartz wool in a quartz reactor of 4 m
ID. The catalyst was pretreated in H2/He, O2/He, or He
f

-

at 673 K for 60 min. The reactor was brought to react
temperature and flushed with pure He. After stabilizati
the inlet stream was changed to 5000 ppm N2O in He by
switching an electronic valve. N2O decomposition was fol
lowed for about 45 min. Then the inlet stream was switc
back to pure He and the catalyst was flushed for a timt
(5 to 90 min) before performing a second step up to 5
ppm N2O. In several cases other gas mixtures than 5000
N2O in He were used for the steps, e.g., O2 in He or a mix-
ture of O2 and N2O in He.

The gas flow rate before and after the step was kep
25 mlNTP/min, corresponding to GHSV= 20,000 h−1. All
experiments were performed at atmospheric pressure.
reactor effluent was analyzed using a quadrupole mass
trometer. Usually, the mass fragmentsm/e = 4, 28, 32, and
44 were recorded.m/e = 4 (He) was used for the norma
ization of the signals. Time resolution was 2 s. In so
experiments, Ar was added as a tracer gas.

Blank experiments showed that the dead time of the
tem was 40 s. N2O reached 95% of its final concentratio
within 30 s in a step up and it took the same time to
down to 5% of its original concentration in a step dow
The graphs presented hereafter are not corrected for the
time of the system. Time zero is the time when the valve
switched.

2.3. Pulse-response experiments

A 6-port valve was installed between the 4-port switch
valve and the reactor, which allowed a combination of pu
and step experiments. In a standard step-pulse experi
the catalyst was preconditioned in He and N2O. Then a step
from pure He to 1000 ppm N2O in He was performed. Afte
reaching steady state, six pulses of 5000 ppm N2O in He
were administered (pulse volume 500 µl) at an interva
2 min. Ar was added as a tracer to the pulse mixture in s
of the experiments. After the series of pulses, a step d
to He was performed. One minute after the step down a
series of six (or more) pulses was given.

3. Results

3.1. Characterization

The Fe/Al ratio (see Table 1) of Fe-ZSM-5 and Fe-ZSM
12 was close to 1, corresponding to the exchange of one
per Brønsted acid site [9]. For Fe-BEA, however, the ra
was much lower. We attribute this to the high concentra
of defects in BEA, where not every Al atom correspon
to a Brønsted acid site. UV–vis and EXAFS spectra of
three catalysts (not shown) were similar to those repo
before [10,11] for Fe-ZSM-5. This suggests that the sa
iron oxide clusters are formed in all iron zeolites prepa
by sublimation.
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Fig. 1. Response of Fe-ZSM-5 to a step from 0 to 5000 ppm N2O after re-
duction in 35% H2 in He at 673 K for 1 h, at 673 K, GHSV= 20,000 h−1,
and 1 bar.

Fig. 2. Response of Fe-ZSM-5 to a step from 0 to 5000 ppm N2O after
treatment in He at 673 K for 1 h, at 673 K, GHSV= 20,000 h−1, and 1 bar.

3.2. Effect of pretreatment on the step response

In a first experiment, Fe-ZSM-5 was reduced in a stre
of 35% H2 in He and then subjected to the step to N2O.
The step response is shown in Fig. 1. A fast evolution
N2 was observed, which reached a steady-state level
about 300 s. Simultaneous with the decay of the N2 peak,
O2 started to evolve and the N2O concentration increased
its steady-state level. The small peak in the N2O concentra-
tion after 40 s disappeared when the catalyst was reduc
second time in H2 and the step to N2O was repeated. In tha
case the N2O concentration remained zero till to the simul
neous increase of N2O and O2 and the decay of the N2 peak
(not shown).

Fig. 2 shows the response of the catalyst to a step of2O
after pretreatment in pure He for 1 h. As in Fig. 1, a fast
tial formation of N2 was observed, followed by an increa
of the N2O and O2 concentrations and a simultaneous de
of the N2 formation. After the initial N2 peak the catalys
gradually approached steady state, which was reached
about 1000 s. In comparison to the step response afte
r

a

r
-

Fig. 3. Response of Fe-ZSM-5 to a step from 0 to 5000 ppm N2O after
treatment in 2000 ppm O2 in He at 673 K for 1 h, at 673 K, GHSV= 20,000
h−1, and 1 bar.

Fig. 4. Response of Fe-ZSM-5 to a step from 5000 ppm N2O to pure He at
673 K, GHSV= 20,000 h−1, and 1 bar.

duction in H2, the amount of N2 formed in the initial peak
was smaller and the rise of the N2O and the O2 concentration
occurred earlier. When the step was performed after pret
ment in 2000 ppm O2 (Fig. 3), N2O and O2 evolved without
delay and only a small peak in the N2 concentration was de
tected.

Fig. 4 shows a typical response to the step down f
5000 ppm N2O back to pure He. The O2 concentration de
creased slower than the N2 concentration, i.e., O2 desorption
from the catalyst was slow. The tailing of the O2 concentra-
tion was even stronger when the experiment was perfor
at 623 K. When a second step up was performed after fl
ing the catalyst for 15 min in He (as described in the exp
imental section), the response resembled the one show
Fig. 3, irrespective of the original pretreatment.

The amount of excess N2 formed in the N2 peak follow-
ing the step up to N2O was quantified by subtracting tw
times the O2 curve from the N2 curve. The integration re
sults are compiled in Table 2.
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Table 2
Step response of Fe-ZSM-5 after pretreatment at 673 K in 35% H2, He,
2000 ppm O2, or 10% O2

Pretreatment

H2 H2
a He O2 0.2% O2 10% Heb

Excess N2/Fe (mol/mol)

First step 0.62 0.53 0.19 0.01 0.005 0.19
Second step 0.012 0.011 0.008 n.d. 0.004 0.010

Yield N2/O2 (%)

First step 12.5 13.8 13.1 6.1 6.8 11.8
Second step 12.4 13.2 12.4 n.d. 6.7 10

Reported are the amount of excess N2/Fe formed after the step to 5000 pp
N2O and the steady-state yields of N2 and O2, as well as the values for
second step to 5000 ppm N2O after flushing for 15 min in He.

a After second reduction in H2.
b Step to 4500 ppm N2O+ 4500 ppm O2.

Fig. 5. Response of Fe-ZSM-5 to a step from 0 to 4500 ppm O2 after treat-
ment in He at 673 K for 1 h, at 673 K, GHSV= 20,000 h−1, and 1 bar.

For comparison, we also probed the step response o
catalyst toward 4500 ppm O2 (cf. Fig. 5). Immediately af-
ter the step to O2, a peak of mass 44 was detected. Since
peak cannot originate from N2O, it was ascribed to the for
mation of CO2 by oxidation of a small amount of hydroca
bons adsorbed on the catalyst. The amount of CO2 formed
was 0.01 mmol/g catalyst. The oxidation of adsorbed hyd
carbons also explains the small peaks or shoulders obse
in the N2O-response curves of fresh catalysts, which w
not pretreated in O2 (as seen, for example, in Fig. 1). Th
peaks and shoulders are an artifact caused by CO2, which
cannot be distinguished from N2O in the mass spectrome
ter.

In a step to a mixture of 4500 ppm N2O with 4500 ppm
O2 (cf. Fig. 6) a large amount of excess N2 was formed, but
also the O2 response was delayed by about 20 s. Quantita
analysis showed that 0.19 mol excess N2/Fe was formed. At
the same time 0.06 mol O2/Fe was consumed by oxidatio
of the catalyst. The amount of O2 consumed was calculate
by comparison with a blank experiment.
d

Fig. 6. Response of Fe-ZSM-5 to a step from pure He to 4500
N2O+ 4500 ppm O2 after treatment in pure He at 673 K for 1 h, at 673
GHSV= 20,000 h−1, and 1 bar.

Fig. 7. Six pulses (500 µl) of 5000 ppm N2O in He were given while flowing
1000 ppm N2O over Fe-ZSM-5 at 673 K, which had been pretreated
He. The graph shows the N2 and O2 (×2) concentration. The O2 line was
smoothed (5 point adjacent averaging) to reduce the noise.

3.3. Combined step-pulse experiments

The goal of the pulse experiments was to get inform
tion on the reactivity of the catalyst toward N2O during and
after steady-state N2O decomposition. For this purpose t
N2O concentration in the steady-state decomposition
reduced to 1000 ppm and pulses of a higher concentra
(5000 ppm) were given during N2O decomposition. Fig. 7
shows the result of such an experiment at 673 K. Four
percent of the N2O in the pulse was converted to N2. The
steady-state yield of N2 was 16%, i.e., practically identica
The N2 peaks formed in the pulses followed the shape of
Ar tracer peaks. The O2 peaks were more diffuse. The cur
of excess N2 (cN2 − 2∗cO2) did not show any peaks, whic
raised clearly above noise level.

One minute after switching the reactor inlet stream fr
1000 ppm N2O to pure He, another series of six pulses
5000 ppm N2O was administered (Fig. 8). A comparis
with Fig. 7 shows that a lot more N2 was produced (41%
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Fig. 8. Six pulses of N2O given 1 min after the step down from 1000 pp
N2O to He, at 673 K. The graph shows the N2 and the smoothed O2 (×2)
concentration.

conversion of N2O to N2), but the O2 formation remained
about the same. About 0.001 mol N2/Fe was formed in ex
cess per pulse. The N2 yield in the first pulse, which wa
given during the tail of the O2-desorption curve following
the step down, was significantly lower than in five sub
quent pulses. Two minutes after the last pulse injection
feed was switched back to 1000 ppm N2O. A 0.005 mol
excess N2/Fe was formed during the step up. The cata
reached the same steady state as before.

Since the amount of N2O converted in six pulses may b
too small to affect the state of the catalyst, the experim
was repeated giving a series of 15 pulses after the step d
As in the experiment with six pulses, the pulse response
stable except for the first pulse, which produced less N2. In
the subsequent step up to 1000 ppm N2O the same amoun
of excess N2 was formed (0.005 mol N2/Fe).

The same experiment was carried out at 623 K. At
temperature steady-state conversion was very low (3–
The conversion of N2O to N2 in the pulses during stead
state decomposition was higher (approximately 7%),
could be overestimated due to the high noise level. O2 for-
.

.

mation during the pulses almost disappeared in the n
After the step down to He, the conversion of N2O to N2 in
the pulses increased to 10%. O2 formation remained low
i.e., hardly above noise level. In contrast to the experim
at 673 K, the N2 yield in the first pulse was not signifi
cantly lower than in the following pulses. When a step
to 1000 ppm N2O was performed 2 min after the last pu
injection, only 0.0015 mol excess N2/Fe was produced. Ta
ble 3 compiles the results described above, including da
648 K.

4. Discussion

4.1. Origin of the initial N2 formation

Irrespective of the pretreatment of the catalyst in H2, He,
or O2, a peak of N2 was found at the beginning of the st
response. The amount of excess N2 formed decreased from
pretreatment in H2 to He to O2 (cf. Table 1). This indicate
that the N2 formation is related to a reoxidation of reduc
sites according to

(4)2Fe2+ + N2O→ 2Fe3+–O2− + N2.

For a stoichiometric oxidation of Fe2+ to Fe3+, a N2/Fe
ratio of 0.5 is expected. The experimental ratio found a
reduction of the catalyst in H2 was close to this value. Thu
Fe-ZSM-5 was completely reduced to Fe2+ by the H2 treat-
ment at 673 K and subsequently fully reoxidized by N2O.
Only after initial reoxidation, steady-state N2O decomposi-
tion set in (see Fig. 1).

Also the He-treated catalyst produced a large amoun
excess N2, which suggests that part of the iron sites auto
duce in He. The control experiment with O2 showed, how-
ever, that adsorbed hydrocarbons are largely responsib
this autoreduction. Already 2000 ppm O2 reduced the exces
N2/Fe to 0.01, i.e., the “autoreduction” to 2% (see Fig.
This is in agreement with the results of Voskoboinikov
al., who found that O2 desorption from sublimed Fe-ZSM-
starts above 673 K [12]. Hence, spontaneous autoreduc
.d.
.d.

0 ppm N
Table 3
Conversion of N2O in the combined step-pulse experiments

673 K 648 K 623 K

Steady-state conversion N2O to N2 (%) 16 6 3
Conversion N2O to N2 in pulse (%)

During N2O decomposition 14 9 7
After N2O decomposition

First pulse 38 16 10
Average of the other pulses 43 18 10

Amount of N2/O2 produced in a pulse (10−3 mol/mol Fe) N2 O2 N2 O2 N2 O2

During N2O decomposition 0.4 0.15 0.25 n.d. 0.2 n
After N2O decomposition 1.5 0.25 0.65 0.15 0.35 n

Excess N2/Fe in second step up, after the pulses 5 2.5 1.5

Fe-ZSM-5 was pretreated in He at 673 K for 1 h, cooled to reaction temperature, and exposed to 1000 ppm N2O. Six pulses of 5000 ppm N2O were given at
an interval of 2 min. One minute after the step down to pure He another series of pulses was administered, followed by a second step up to 1002O,
2 min after the last pulse.
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which is not caused by reaction with adsorbed hydrocarb
is not expected to take place to a significant extent at 67

Pretreatment in 10% O2 at 673 K reduced the formatio
of excess N2 further (N2/Fe= 0.005), but not completely
to zero. Note that this behavior resembles the behavio
α-sites.α-Sites produce N2 according to the reaction

(5)∗ + N2O→ ∗–O+ N2

and they are inert toward O2. The inertness ofα-sites toward
O2 distinguishes the deposition ofα-oxygen from a simple
reoxidation of the catalyst, i.e., Eq. (4). To make sure
our catalyst was completely oxidized before the step to N2O,
we treated it at 673 K in 10% O2 in He and cooled down
in the same gas mixture before performing the step to N2O
at 523 K. No excess N2 was formed. This proves that th
small amount of excess N2 observed at 673 K was due to a
equilibrium concentration of Fe2+, which is quickly formed
by flushing with He at this temperature, and has nothin
do withα-site chemistry.

4.2. Mechanism of N2O decomposition

In all step-response experiments the formation of N2 oc-
curred immediately, i.e., without any delay with respec
the tracer. That shows that reaction (1) is a fast step in
N2O decomposition cycle. This is a generally accepted o
ion. The removal of surface oxygen via scavenging wit
second N2O molecule Eq. (2) or via recombination Eq. (3)
the rate-determining step of the reaction. Since oxygen d
not have an inhibiting effect on N2O decomposition ove
iron catalysts, it was long believed that recombination of s
face oxygen cannot be the mechanism of O2 formation. If O2
formation is irreversible, i.e., its reverse reaction very sl
this argument does not hold. Indeed, Mul et al. showed w
pulse experiments that recombination of surface oxyge
the mechanism of O2 formation over Fe-ZSM-5 prepare
by hydrothermal synthesis followed by steaming [13]. T
low recombination rate was explained by a slow migrat
of oxygen atoms originally adsorbed on spatially separa
sites toward each other [14]. The iron loading of our cata
is much higher, which should facilitate the recombination
adsorbed oxygen atoms. Yet the O2 concentration strongly
tailed after a step down from N2O to He, which indicates
that O2 desorption was also rate determining on our catal

In order to obtain more detailed information on the me
anism of O2 formation pulse experiments similar to the on
of Mul et al. [13] were performed. Pulse experiments
most suited to distinguish reaction (2) from reaction (3)
reaction (2) is taking place, then O2 must be formed simul
taneously with N2 in the pulse. For reaction (3) a broaden
and/or delayed O2 response can be expected. One ha
bear in mind, however, that reaction (2) might escape de
tion in pulse experiments performed on a resting cataly
a surface oxygen atom, which has a short lifetime, i.e., a
atom, catalyzes it. Therefore we pulsed N2O during and af-
ter steady-state N2O decomposition.
, In none of the pulses given during N2O decomposition a
sharp O2 peak was evolved simultaneously with the N2 peak.
O2 always desorbed as a broad feature, which could ha
be distinguished from the noise of the spectrometer. He
it can be ruled out that surface oxygen species react dire
with N2O according to reaction (2). O2 must be formed by a
slow recombination/desorption of surface oxygen atoms.

During steady-state N2O decomposition the conversio
in the pulse was comparable to the steady-state conver
In the pulses given after N2O decomposition the N2O con-
version was significantly higher. The difference between
two values increased with temperature. Moreover, the c
version of the first pulse, which was given at a moment w
O2 desorption from the catalyst was not yet completed,
always lower than in the subsequent pulses. Also this di
ence increased with temperature. Both effects indicate
the N2O conversion increases with the concentration of o
gen vacancies on the catalyst. At 673 K oxygen desorp
from the catalyst is relatively fast (although still rate det
mining). When the inlet stream was switched back to H
large number of oxygen vacancies was created, which c
react with N2O in the pulses. Mainly N2 was produced in the
reaction and only a small amount of O2. That suggests tha
N2O was actually reoxidizing the catalyst and that the o
gen from N2O remained bound to the surface, as descri
in Eq. (4). But if oxygen indeed accumulated on the surfa
the conversion in the pulse should decrease during a
series of pulses. In the series of 15 pulses a large am
of oxygen atoms should have accumulated on the sur
(0.015 mol O/Fe), but the pulse response did not cha
throughout the series (with the exception of the first pul
Moreover, the amount of excess N2 formed in a step up fol
lowing the pulses was the same after 6 and after 15 pu
This clearly shows that the catalyst had reached a st
state and was not further oxidized by the pulses. Hence
the oxygen deposited from N2O must have desorbed fro
the catalyst. But only one-third of the stoichiometrically e
pected amount of O2 was detected at 673 K. This sugge
that two desorption processes are going on, one relat
fast and, thus, detectable, the other slow and undetectab
our mass spectrometer.

The amount of excess N2 produced in the step-up re
sponse can be identified with the number of oxygen vac
cies, or in other words the degree of autoreduction of
catalyst (see Eq. (4)). We determined the number of oxy
vacancies created by flushing in He at 673 K for differ
timest in a cycle N2O–He (t)–N2O. The result is shown in
Fig. 9, including the point after 2 min determined in the pu
experiments. The shape of the curve confirms that som
the oxygen atoms desorb very fast from the iron sites a
second pool desorbs very slowly. One can speculate tha
fast desorbing oxygen atoms adsorb on iron clusters in c
vicinity to each other or even on the same iron cluster, w
the second oxygen pool has to recombine via slow migra
over the surface.
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Fig. 9. Amount of excess N2 formed in the second step up to N2O of a cycle
N2O–He (t)–N2O as a function of the timet , at 673 K, GHSV= 20,000
h−1, and 1 bar.

Fig. 10. Steady-state yield of N2 and O2 obtained during N2O decomposi-
tion vs the concentration of oxygen vacancies. The concentration of ox
vacancies (the degree of autoreduction) is equal to the amount of exce2
produced in the second step to N2O of a cylce N2O–He (15 min)–N2O.

At 623 K O2 desorption was much slower than at 673
Flushing in He did not create many vacancies and there
the conversion in the pulses after N2O decomposition wa
not much higher than the steady-state conversion. The
periments at 648 K showed an intermediate situation.

If O2 desorption is rate determining, the degree of
toreduction of the catalyst, i.e., the fraction of sites fr
which O2 can desorb easily, should be correlated with
rate of N2O decomposition. The degree of autoreduction w
determined in step-up/step-down cycle N2O–He (15 min)–
N2O, for different catalyst and different pretreatments. T
concentration of oxygen vacancies created by autoredu
correlated fairly well with the steady-state yields of N2 and
O2 (see Fig. 10). The line does not pass through the or
because both the fast and the slow O2 desorption contribute
to the autoreduction after 15 min, whereas only the fas2
desorption process governs catalytic activity. A better
relation can be expected if the degree of autoreductio
measured after a shorter time.
-

4.3. The nature of the surface oxygen

Table 2 and Fig. 10 show that the steady-state yiel
N2 and O2 depended on the pretreatment of the cata
A small, but significant increase was observed from p
treatment in O2 to He to H2. In the reduced catalyst all th
iron clusters were reoxidized with oxygen originating fro
N2O. This catalyst had a significantly higher activity than
catalyst pretreated with O2, for which only a limited incor-
poration of oxygen from N2O was possible. That indicate
that the structure of iron clusters changes when they are
idized by N2O. Moreover, catalysts oxidized by O2 showed
a higher degree of autoreduction than catalysts expos
N2O (0.02 vs 0.006 mol excess N2/Fe), which confirms tha
the reactivity of the iron clusters changed during their re
tion with N2O.

5. Conclusions

O2 desorption is the rate-limiting step in N2O decomposi-
tion over Fe-zeolites prepared by sublimation of FeCl3. Fast
oxygen desorption increases the number of oxygen va
cies and leads to a higher conversion of N2O. The rate of
oxygen desorption is reflected in the degree of autoreduc
of the catalyst, which correlates fairly well with cataly
activity. However, only oxygen vacancies created by sp
taneous desorption of oxygen contribute to the steady-
activity in N2O decomposition. If the catalysts are artificia
reduced in H2, N2O first reoxidizes them before a stea
state is reached. Yet, iron oxide clusters, which were re
idized by N2O, seem to have a higher steady-state acti
than those who were treated in O2. That suggests that th
oxygen from N2O is bound in a different way to the iro
cluster. Despite of the higher reactivity of iron clusters
which oxygen from N2O was built in, analogies toα-oxygen
species cannot be drawn. The iron oxide clusters of the
limed Fe-ZSM-5 are not inert toward O2.
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