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Abstract

The effect of pretreatment conditions on the N2O-decomposition activity of Fe-ZSM-5 prepared by chemical vapor deposition (C
was studied by steady-state kinetics and step-response experiments. Pretreatment at 873 K in H2 or He significantly increased the N2O-
decomposition activity of Fe-ZSM-5 CVD. In addition to the increased steady-state activity, the catalyst exhibited a very high initia
in the step-response experiments, which slowly decayed to steady state. This “transient” activity was particularly high after pretre
the samples in He, whereas it vanished completely after pretreatment in O2 or exposure to water vapor. This led to the conclusion tha
transient activity is related to strongly dehydroxylated Fe2+ sites created by autoreduction at high temperatures. On the basis of is
labeling data a mechanism for N2O decomposition is proposed. The first step is the reaction of Fe2+ with N2O to give a Fe3+–O− species,
which quickly transforms into a Fe2+–peroxo complex. Desorption of O2 occurs upon reaction of the Fe2+–O2

2− complex with anothe
N2O molecule (mainly during the transient) or via the recombination of two peroxo species after their migration over the iron oxid
(mainly during steady state).
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In the 1990s Panov and co-workers discovered that
interaction of N2O with iron zeolites generates highly acti
surface oxygen species, calledα-oxygen[1]. α-Oxygen has
a high reactivity for the oxidation of CO and CH4 as well as
for oxygen isotope exchange already at moderate temp
tures[2,3]. It is thought to be the active species in N2O de-
composition and in the selective oxidation of benzene to p
nol over Fe-ZSM-5. The high selectivity (close to 100%)
the oxidation of benzene, which is achieved withα-oxygen,
stimulated much research on iron zeolites.α-Oxygen was
first detected on samples prepared by hydrothermal syn
sis of [Fe]-ZSM-5, followed by calcination and/or steami
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-

at high temperatures. It is formed by reaction of the cata
with N2O at temperatures around 523 K

∗ + N2O → N2 + ∗ –Oα.

The structure of the active oxygen species on the cat
surface is still subject to debate. A Mössbauer study s
gested thatα-oxygen is an O− radical bound to a binuclea
iron cluster[4]

Fe2+–µ-(OH)–Fe2+ + N2O
→ O−–Fe3+–µ-(OH)–Fe3+– O−.

Since a structural identification is difficult,α-oxygen is
usually characterized by reactivity tests. The existenc
active surface oxygen species on iron zeolites, which r
with CO or18O2 at low temperatures, was confirmed in s
eral publications[5,6].

A popular preparation method of iron zeolites is
chemical vapor deposition (CVD) of anhydrous FeCl3. This
method leads to an overexchanged iron zeolite with a
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iron loading (Fe/Al ∼ 1) [7,8]. Fe-ZSM-5 CVD has at
tracted attention as a very effective catalyst for the dec
position of N2O [9–11]. It is also active in the oxidation o
benzene to phenol, but its selectivity is moderate comp
to the Panov-type catalysts[12,13]. CVD catalysts are quite
different from those described by Panov and co-workers,
to the much higher iron loading and the different meth
of iron incorporation. The question arises whetherα-oxygen
species can also be formed on the CVD catalysts. We in
tigated the mechanism of N2O-decomposition on Fe-ZSM-
CVD catalysts in detail[14,15], but evidence for highly re
active surface oxygen species could not be found. It m
be stressed that the Fe-ZSM-5 CVD catalysts used in t
studies were never pretreatedat temperatures higher tha
673 K, except for the original calcination in O2 at 773 K.
Jia et al. reported that active surface oxygen species
only formed on Fe-ZSM-5 CVD if the catalyst was treat
in H2 or vacuum at temperatures above 873 K[16]. Zhu et al.
detected a very small concentration ofα-sites on Fe-ZSM-
5 CVD, which increased significantly after calcinations
steaming at 973 K[12]. These results indicate that trea
ments at high temperatures are required to create active
gen species on Fe-ZSM-5 CVD. We therefore decided
study the effect of such high-temperature pretreatment
the reactivity of Fe-ZSM-5 CVD toward N2O in more de-
tail. Step-response experiments and isotope labeling w
employed to study the dynamic behavior of the surface o
gen species in the system.

2. Experimental

2.1. Preparation of catalyst

A Na-ZSM-5 sample was kindly provided by Ze
chem AG (Na-ZSM-5 Zeocat PZ-2/40, Si/Al = 25). The
H-ZSM-5 was obtained after threefold ion exchange with
1 M aqueous solution of NH4NO3 at room temperature, fol
lowed by calcination in O2 at 773 K. The iron exchange wa
carried out by CVD of anhydrous FeCl3 on H-ZSM-5 in a
flow of N2 at 593 K, as described by Chen and Sachtler[7].
A U-shaped tubular quartz reactor containing the H-ZSM-5
and anhydrous FeCl3, separated by a frit, was used. First t
H-ZSM-5 was loaded in the reactor and calcined in a flow
of O2 at 773 K to remove the residual water adsorbed on
surface. The reactor was then closed and transferred t
glove box to load anhydrous FeCl3 and subsequently heate
in a furnace at 593 K (2 K/min) under N2 flow for 3 h. The
reactor was allowed to cool to ambient temperature unde
same gas flow. Finally the sample was washed with de
ized water until no Cl− ions were detected using a AgNO3
solution. Then the sample was dried in air and finally c
cined in a flow of O2 at 773 K (1 K/min) for 2 h. Elementa
analysis by AAS revealed that the Fe/Al ratio of the catalyst
was 1.1 (4.5 wt% Fe), corresponding to the exchange of
iron per Brønsted acid site[7].
-

2.2. Catalytic tests

N2O decomposition was carried out in the temperat
range 573 to 798 K, using a standard flow reactor. The fl
over the reactor was always kept at 50 mlNTP/min, corre-
sponding to a GHSV= 40,000 h−1; 2500 ppm N2O in He
was used as feed gas. An amount of 50 mg pelletized c
lyst (mesh size 250–300 µm) was used for all catalytic te
The catalyst bed was locatedin the middle part of a quart
tube reactor with 4 mm inner diameter and was held in p
with quartz wool. The catalyst was pretreated with 10%2
in He for 1 h at 773 K in order to remove adsorbed hyd
carbons. Gas chromatography was used to detect N2, N2O,
and O2.

2.3. Step-response experiments

For the step-response experiment 50 mg of pelletized
alyst (mesh size 250–300 µm) was placed in between tw
pieces of quartz wool in a quartz reactor with 4 mm inner di
ameter. The catalyst was pretreated with 10% O2 in He for
1 h at 773 K in order to remove adsorbed hydrocarbons
then with 20% H2 in He, pure He, or water vapor at the d
sired temperature. Before changing to N2O, the reactor was
flushed with pure He for about 5 min. Then the inlet stre
was changed to 5000 ppm N2O in He by switching a 4-por
electronic valve. N2O decomposition was followed for abo
45–60 min and finally the inlet stream was switched bac
pure He. All the step-response measurements were do
673 K.

For exposure to water vapor, the catalyst was pretre
at 873 K with pure He or with 20% H2 in He for 1 h and then
cooled down to 573 K in same flow. Then the catalyst w
treated with 13 mbar water vapor, which was administe
through a saturator, at 573 K for∼1 h. Finally the catalys
was heated to 673 K in pure He.

The gas flow rate over the reactor was always kep
25 mlNTP/min, corresponding to GHSV= 20,000 h−1. The
outlet gas mixture was analyzed by using a quadrupole m
spectrometer with mass fragmentsm/e = 4 (He), 28 (N2 and
N2O), 32 (O2), and 44 (N2O). He (m/e = 4) was used for
normalization of the signals. Time resolution was 4 s.

2.4. Isotope exchange and N2O treatment

Fifty milligrams of pelletized catalyst (mesh size 25
300 µm) was placed in a quartz reactor of 4 mm inner
ameter. The catalyst was first pretreated in a mixture of 1
O2 in He for 30 min at 673 K in order to remove adsorb
hydrocarbons. In order to incorporate18O, the catalyst was
reduced with 20% H2 in He for 1 h and subsequently r
oxidized by a step from He to 1%18O2 in He (93%18O,
Eurisotop) at 673 K. After 30 min at 673 K, the cataly
was heated to 873 K in 1%18O2 in He and kept in18O2
for 5 min and then for one more hour in He at that te
perature. After cooling to 673 K a pulse of 1% CO in H
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was given (0.2 µmol CO, CO/Fe= 0.005). The pulse of CO
served to determine the concentration of labeled oxyge
the catalyst surface[17]. Then a step to 5000 ppm N2O in
He was performed. N2O decomposition was followed fo
about 1.5 h and finally the inlet stream was switched b
to pure He. The gas flow rate over the reactor was kep
25 mlNTP/min, corresponding to GHSV= 20,000 h−1. The
reaction products were analyzed using a quadrupole m
spectrometer with mass fragmentsm/e = 4 (He), 28 (N2 and
N2O), 32 (16O2), 34 (16O18O), 36 (18O2), 44 (N2

16O), and
46 (N2

18O); m/e = 4 (He) was used as a reference. Ti
resolution was 2 s. The fraction of18O in the O2 product dur-
ing N2O decomposition was calculated as18f = ([16O18O]+
2∗[18O2])/(2∗[O2,tot]). The value of equilibrium constan
of the isotope exchange reaction16O2 + 18O2 ↔ 216O18O,
Ke = [16O18O]2/([16O2] ∗ [18O2]), was also computed.
Ke = 4, the distribution of isotopes in O2 is statistical; i.e.,
there is a complete equilibration of the oxygen atoms.

2.5. Al K-edge XANES

Al K-edge XANES measurements were performed at
SRS Daresbury (UK), Station 3.4. The synchrotron was
erating at 2.0 GeV with an average current of 120 m
A double-crystal scanning monochromator mounted w
YB66 crystals was used. Self-supporting pellets of the s
ples were placed into a cell, which was designed for l
energy in situ X-ray absorption experiments[18–20]. No
windows were used and the spectra were recorded unde
uum (p < 10−5 mbar), using fluorescence detection via
gas proportional counter. The samples were first meas
at room temperature, heated to 873 K in vacuum, expos
air, and then measured again at room temperature.

3. Results

3.1. Effect of pretreatment for N2O decomposition

Fig. 1 shows how the pretreatment in He or H2 at 773
or 873 K changed the activity of the catalyst toward N2O
decomposition. The activation energy and the rate con
at 698 K for the various pretreatment of Fe-ZSM-5 cata
are listed inTable 1. The values were determined assum
first-order kinetics with respect to N2O. As can be seen from
Fig. 1, the high-temperature pretreatment with He or H2 led
to an increase of activity toward N2O decomposition. This i
in agreement with the findings of Jia et al.[16] and Zhu et
al. [12]. The activation energies were not very much affec
by the pretreatment conditions.

3.2. Effect of pretreatment on the step response

In the first step-response experiment, the catalyst was
reduced at 873 K with 20% H2 in He for 1 h and then anothe
hour in pure He at 873 K and finally cooled down to 673
s

-

t

t

Table 1
Activation energy (Ea) and rate constant (kN2O) for N2O decomposition a
698 K after various pretreatments

Catalyst Pretreatment method kN2O
a Ea (kJ/mol)b

He-773 773 K in pure He 14 139
He-873 873 K in pure He 30 129
H2-773 773 K in 20% H2 in He 19 127
H2-873 873 K in 20% H2 in He 47 132

a In 10−5 mol s−1 g−1
cat bar−1.

b The accuracy is±10 kJ/mol.

Fig. 1. N2O decomposition over Fe-ZSM-5 catalyst after various pretr
ments. The catalyst was pretreated at 773 K with He (�), at 873 K with
He (�), at 773 K with 20% H2 in He (�), and at 873 K with 20% H2 in
He (�). Feed composition: 2500 ppm N2O in He and GHSV= 40,000 h−1.

in pure He. The step response is shown inFig. 2. After step-
ping to 5000 ppm N2O in He, immediately a large amount
N2 was produced during reoxidation of Fe2+, i.e., by the re-
action 2Fe2+ +N2O → 2Fe3+–O2− +N2 [14]. The amoun
of N2 formed during reoxidation was quantified by subtra
ing two times the O2 curve from the N2 curve. The resulting
curve of excess N2 exhibited a peak between 0 and 400 s a
was zero (within the error of measurement) afterward. Th
peak area corresponded to N2/Fe= 0.51, as expected for th
full reoxidation of Fe2+ to Fe3+. Reoxidation was followed
by a period of high N2O decomposition activity (the broa
“plateau” of N2 and O2 between 500 and 2500 s inFig. 2),
which slowly decayed to steady state. This phenomenon
observed before[12,21]and is referred to as transient N2O
decomposition in the following.

Fig. 3 shows the response of the catalyst which was
duced with 20% H2 in He at 873 K for 1 h, cooled dow
to 673 K in the same flow, and finally flushed with pure
for about 10 min before stepping to N2O. Again a certain
amount of N2 (N2/Fe= 0.48) was produced during reox
dation, followed by the formation of N2 and O2. In this case
only a small amount of N2 was produced during the tra
sient N2O decomposition as compared to the catalyst, wh
was pretreated with 20% H2 in He and then with pure He a
873 K (Fig. 2). For comparison[22], the catalyst was als
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Fig. 2. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm N2O.
The catalyst was first reduced with 20% H2 in He at 873 K then treated with
pure He at 873 K and finally cooled down to 673 K with He.

Fig. 3. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm N2O
after reduction with 20% H2 in He at 873 K.

reduced with 4% CO in He at 873 K before the step to N2O
at 673 K. The step response after CO treatment was sim
to the one after treatment in H2 and then He at 873 K (see
Fig. 2).

When the step to N2O was performed after pretreatme
in pure He at 873 K (Fig. 4) only a small amount of N2
(N2/Fe= 0.025) was formed during reoxidation. The tra
sient activity was initially as high as after reduction at 873
but lasted for a shorter period. A peak of N2 and O2 could be
distinguished after 65 s, followed by a broad shoulder (
the enlargement of the step response between 0 and
in Fig. 4b). The catalyst, which was pretreated with 10%2
in He at 873 K (Fig. 5), gave even less N2 (N2/Fe= 0.005)
during reoxidation and showed no transient activity. In b
cases N2O and O2 evolved at the same time.
s

(a)

(b)

Fig. 4. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm N2O
after treatment in pure He at 873 K.

Fig. 5. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm N2O
after treatment with 10% O2 in He at 873 K.

The effect of exposure to water vapor on the step resp
of the catalyst is shown inFigs. 6 and 7after pretreatmen
with pure He and with 20% H2 in He at 873 K, respec
tively. After the step to 5000 ppm N2O in He, N2 was formed
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Fig. 6. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm2O
after treatment in pure He at 873 K and then with water vapor at 573 K

Fig. 7. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm2O
after treatment with 20% H2 in He at 873 K and then with water vapor
573 K.

during reoxidation, but only very little transient N2O decom-
position was observed in either case.

The integration results for all the step-response exp
ments are summarized inTable 2. It shows that the amoun
of N2 formed during reoxidation decreased from pretre
ment in H2 to He to O2, as observed before[14]. Exposure
to water vapor had no influence on the reoxidation. For
stoichiometric oxidation of Fe2+ to Fe3+, the N2/Fe ratio
should be 0.5. The experimental amount of N2/Fe ratio dur-
ing reoxidation was found to be∼ 0.5 after reduction with
20% H2 in He at 873 K. Thus, the catalyst was complet
reduced to Fe2+ after reduction at 873 K and subsequen
reoxidized with N2O. When the catalyst was pretreated w
pure He at 873 K a small amount of N2 (N2/Fe= 0.025) was
formed during reoxidation, due to the autoreduction of so
Fe3+ to Fe2+ at 873 K[14,21,23]. The amount of N2 and
Table 2
Amount of N2 formed during reoxidation and transient N2O decomposition
after a step to 5000 ppm N2O at 673 K, following various pretreatments
the catalyst

Catalyst N2/Fe during
reoxidation (mol/mol)

Transient N2/Fe
(mol/mol)

Yield N2 (%)
steady state

H2-He-873a 0.51 1.25 13
H2-873 0.48 0.19 19
CO-873 0.43 1.52 14
He-873 0.025 0.82 10
O2-873 0.005 < 0.01 8
He-873-H2Ob 0.026 < 0.01 10
H2-873-H2Oc 0.49 0.01 18

a The catalyst was first reduced with 20% H2 in He at 873 K, then treate
with pure He at 873 K and finally cooled down to 673 K in He.

b The catalyst was heated at 873 K in pure He for 1 h and cooled d
to 573 K in He. Then the catalyst was treated with water vapor throu
saturator at 573 K and finally heated to 673 K in He.

c The catalyst was reduced at 873 K with 20% H2 in He for 1 h and cooled
down to 573 K in the same flow. Then the catalyst was treated with w
vapor through a saturator at 573 K and finally heated to 673 K in He.

O2 formed during the transient reaction (steady-state activi
was subtracted) decreased from the treatments H2–He-873 K
to He-873 K to H2-873 K and was negligible for the sam
ples, which were pretreated in O2 or exposed to water. I
must be noted that the amount of N2 and O2 produced dur-
ing the transient reaction was not highly reproducible. T
general trend described above was, however, safely e
lished. Moreover, we note that the reaction temperature
the partial pressure of N2O did not, in a qualitative sens
change the shape of the step-response curves.

3.3. Isotope exchange with 18O2 and N2O decomposition

Labeled oxygen was introduced into Fe-ZSM-5 by
idation of the reduced catalyst with18O2, followed by a
treatment in He at 873 K (see Section2). The fraction of
labeled oxygen in the catalyst at the end of the pretreatm
was determined by a pulse of CO at 673 K[17]. Thirty-six
percent of the CO was oxidized to CO2, which contained al
three isotopomers C16O2, C16O18O, and C18O2. The distri-
bution of isotopes in CO2 was statistical (K = [C16O18O]2/
([C16O2]∗[C18O2]) = 3.85), which means that a full equ
libration of CO2 with the surface had taken place. Und
these conditions the fraction of labeled oxygen in CO2 must
be equal to the fraction of labeled oxygen on the surf
In our case a value of18fCO2 = 18fsurface= 0.23 was found
Only 0.002 CO/Fe had been converted in the pulse. We
therefore safely assume that the pulse of CO did not sev
change the state of the catalyst surface. The response
catalyst to the step of He to 5000 ppm N2O, after the pulse o
CO, was similar to that inFig. 4and is therefore not shown
Initially a peak for N2 was formed due to the reoxidation
Fe2+ sites, followed by transient N2O decomposition. The
extent of transient N2O decomposition was higher than
Fig. 4. Fig. 8 shows the evolution of the three O2-isotopes
during the step response.16O18O and18O2 are amplified for
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Fig. 8. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 ppm N2O.
The catalyst was reduced with 20% H2 in He at 673 K, reoxidized with 1%
18O2, and subsequently treated in pure He at 873 K. (a) Concentratio
16O2, 16O18O, and18O2, (b) fraction of18O in O2.

clarity. In the first peak of O2 after∼ 65 s all three isotope
were formed. In the broad shoulder, which followed,
concentration of16O18O and18O2 decreased very quickly
16O2 was the dominating speciesduring the transient reac
tion. This is also reflected in the evolution of18f with time,
shown inFig. 8b. 18f started at a value of 0.12 and decrea
to a minimum of 0.035 after∼ 1000 s. With the decay o
transient activity, an increasing fraction of labeled oxyg
was again incorporated into O2, shown by the rise of18f be-
tween 1000 and 3500 s. Once steady state was reache18f
decreased gradually, due to the slow removal of18O from
the surface by O2 desorption, as observed before[15]. The
Ke value during steady state was∼ 3, i.e., close to a statisti
cal distribution of the isotopes. It indicates that an exten
equilibration of the surface oxygen atoms by mutual
change reactions took place before their desorption as2
[15]. That only holds for the steady-state reaction, but
for the transient. During the transient the isotope distri
tion was far from equilibrium.

3.4. Al K-edge XANES

The Al K-edge XANES spectrum of the parent NH4-
ZSM-5 sample (Fig. 9) is typical for tetrahedrally coordi
nated aluminum atoms in framework positions[20,24]. The
spectrum of Fe-ZSM-5 CVD was almost identical to that
the parent. It did not change upon treatment at 873 K in v
Fig. 9. XANES of the AlK-edge of NH4-ZSM-5 (bold), Fe-ZSM-5 (solid),
and Fe-ZSM-5 after treatment in vacuum at 873 K (dashed), all record
room temperature.

uum, which was supposed to simulate the treatment at 8
in our reactor.

4. Discussion

4.1. The origin of the high initial N2O decomposition
activity—The transient reaction

Depending on the pretreatment, some of the Fe-ZS
CVD catalysts exhibited a high transient N2O decompo-
sition activity, which slowly decayed to steady state. T
phenomenon was observed before for several iron zeo
in particular steamed samples, after pretreatment at 77
in He [21]. Zhu et al.[12] detected transient activity afte
pretreatment of a steamed Fe-ZSM-5 CVD catalyst in He
at 648 K. The extent of the transient reaction strongly
creased when the pretreatment was carried out in O2. This is
in line with the results presented here. It led to the con
sion that the occurrence of the transient reaction is related t
Fe2+ sites, which are slowly reoxidized by N2O [12].

Our results show, however, that the presence of F2+
sites is not sufficient to initiate the transient reaction.
ter treatment in H2-873 K and in H2-873 K–H2O-573 K, the
Fe-ZSM-5 catalyst contained initially only Fe2+ sites, but
showed little or no transient activity. Furthermore, reoxi
tion of the Fe2+ sites always preceded the transient reac
(seeFigs. 2–4). The conclusion that the transient reacti
is due to a slow reoxidation of Fe2+ sites, as suggested
Ref. [12], does therefore not hold. Still, the observation t
pretreatment in O2 annihilated the transient activity indicat
that there is some relation between Fe2+ sites and the occur
rence of the transient reaction. But not every Fe2+ site leads
to transient activity. When Fe-ZSM-5 was pretreated at
K in H2 or He, no transient reaction was observed[14]. Also
after treatment in H2-873 K–H2O-573 K the sample did no
show any transient activity. Pretreatment at high temp
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tures in inert gas was most efficient in initiating the trans
reaction whereas exposure to water removed all tran
activity. These results suggest that the transient reactio
related to dehydroxylated Fe2+ sites, which are created b
(auto)reduction at high temperatures. A similar observa
has been made before. Jia et al.[16] found that the reac
tion of N2O with Fe-ZSM-5 CVD catalysts formed high
active oxygen species, if the catalysts were pretreated i2
or vacuum at high temperatures. Exposure to water pois
these highly active sites. This result links the creation of
tive oxygen species to the presence of dehydroxylated F2+
sites, similar to the transient reaction.

Having identified dehydroxylated Fe2+ sites as the activ
sites for the transient reaction we now have to discuss
mechanism of the reaction.Fig. 4b shows that the major
ity of Fe2+ sites created by autoreduction were first re
idized to Fe3+, with the release of N2 and the deposition
of a surface oxygen atom. Then transient N2O decomposi-
tion set in. The O2 formed at the beginning of the transie
contained about half the isotope fraction of the catalyst
face (18fO2 = 0.12 vs18fsurface= 0.23). In contrast to stead
state, little mixing of the isotopes took place before deso
tion as O2. The initial value of18f suggests that an oxyge
atom from N2O reacts with a surface oxygen atom to fo
O2 [25]. As the transient reaction proceeded, however,
fraction of labeled oxygen in O2 decreased and O2 was
mainly formed from oxygen atoms originating from N2O.
In order to explain these observations a mechanism, w
was originally proposed for Cr2O3/Al2O3 catalysts[26], was
adopted in slightly modified form (Scheme 1). The active
site is pictured as a dehydroxylated Fe2+ ion, which is bound
via bridging oxygen atoms to Al or Fe neighbors (M). T
two (M–O)− ligands are the minimum number of ligan
required for charge balancing the Fe2+ ion. In a more realis
tic picture, additional oxygen atoms from the zeolite latt
should be added, which also coordinate to the Fe2+ ion. We
want to stress, however, that a high coordinative unsa
tion of Fe2+ is a prerequisite for the mechanism propo
below. Recent in situ EXAFS studies showed that the F
coordination number of samples, which were treated at
temperatures, is indeed low, i.e., between 2.0 and 3.0[27].
Reaction of N2O with the dehydroxylated Fe2+ site creates a

Scheme 1. Mechanism of N2O decomposition on a dehydroxylated Fe2+
site during the transient reaction.
t
Fe3+–O− species[4,26]. The formation of O− species upon
reaction with N2O was proved for CoO/MgO catalysts, b
their stability is not very high[28]. It is therefore assume
that they are quickly transformed into a peroxo species.
Fe2+–O2

2− complex still has free coordination sites, due
the strong dehydroxylation, and can easily react with
other N2O molecule to form O−–Fe3+–O2

2−. The peroxo
group desorbs from this intermediate as O2 and is replaced
by O−, which receives one electron from Fe and beco
O2−. With this the catalytic cycle is closed. The feasibil
of such a reaction path was proven by DFT calculations[29].
According to this mechanism, the first desorbing O2 mole-
cules should contain one oxygen atom from the iron clu
and one oxygen atom from N2O. This agrees with the expe
imental observation that the initial isotope concentration
O2 was∼ 0.5∗18fsurface. As the reaction proceeds, the ir
cluster is depleted of18O and replaced with unlabeled ox
gen atoms from N2O. Hence,18fO2 goes down, as observe
experimentally:18f decreased very quickly during the initi
period of the transient reaction.

After a certain time the very fast N2O decomposition
pathway shown inScheme 1is blocked and the transie
reaction decays. Probably the reaction of a N2O molecule
with the Fe2+–O2

2− complex becomes inhibited (we w
discuss possible reasons in the next paragraph). The
oxo species has now time to exchange with the neighbo
oxygen atoms, as shown inScheme 2, before the slow re
action with a second N2O molecule provokes the desorpti
of the peroxo group as O2. The mechanism is the same
during the transient, but due to the randomization of
oxygen atoms (Scheme 2) a highKe value is expected fo
the desorbed O2, as observed experimentally (Ke = 3). The
model can, however, not explain why18f increases when th
transient activity decays, i.e., between 1000 and 3500
Fig. 8b. The increase of18f indicates that not only the oxy
gen atoms, which are directly attached to the active F2+
site, contribute to O2 formation, but that other oxygen atom
begin to mix in as the transient reaction loses importa
It was reported before that an extensive exchange of
surface oxygen atoms takes place during steady-state2O
decomposition at 673 K, which involves all the iron atoms
the catalyst[15]. The exchange of the surface oxygen ato
can take place via the migration of the peroxo species
the iron oxide cluster, as depicted inScheme 3, combined
with a randomization of the peroxo bond at each iron c
ter (Scheme 2). O2 desorbs when two peroxo species m
each other. In this model all oxygen atoms of the iron ox
cluster are involved in O2 desorption. It explains why18f in-
creases when steady state is approached, but it also predicts
complete randomization of the oxygen atoms during ste
state; i.e.,Ke = 4. Since a significantly lowerKe value was
measured (Ke = 3) we infer that part of the O2 still desorbs
via the mechanism shown inScheme 1, i.e., without migra-
tion of surface oxygen atoms over the whole cluster.
existence of two O2 desorption mechanisms was also deriv
from pulse response experiments where a rather fast an
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Scheme 2. Randomization of the peroxo bond.

Scheme 3. Model for the desorption of O2 on larger clusters: The peroxo group formed on onesite migrates over the iron cluster to a second Fe2+–O2
2−

complex where it provokes desorption of O2. The representation of the iron cluster is only schematic. Additional coordinating oxygen atoms are missing.
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rect O2 formation and a more gradual O2 desorption were
distinguished[21]. They can be associated with the mec
nisms inSchemes 1 and 3, respectively. A quantification o
their contributions is not possible with the data at hand.

The mechanisms proposed above are based on the
tence of Fe2+ sites, which keep the catalytic cycle runnin
The important role of Fe2+ has been invoked by other a
thors[4,5,31]and is also supported by the observation t
the autoreduction of the iron catalyst correlates strongly w
its catalytic activity [14,21]. We had observed, howeve
that the first step of the reaction of N2O with Fe-ZSM-5
CVD was always the reoxidation of Fe2+ sites by N2O (see
Figs. 2–7). That is only a seeming contradiction. It w
shown that the concentration of Fe2+ sites on a working cat
alyst must be extremely small, i.e.,< 5% [21,31]. To be
precise one should say that a large majority of the F2+
sites are initially reoxidized during the reaction with N2O
whereas a small minority maintains the catalytic activity.

The reaction pathways shown inSchemes 1 and 3give a
model for O2 desorption during transient and steady sta
which is consistent with the experimental results. Yet,
did not answer the question what caused the transition f
the fast transient reaction to the slow O2 desorption in stead
state. The most obvious explanation for the decay of the t
sient is that the dehydroxylated Fe2+ sites are slowly rehy
droxylated by traces of H2O in the feed. Once the Fe2+ ions
are hydroxylated they lose open coordination sites and
reaction of a N2O molecule with the Fe2+–O2

2− complex
becomes more difficult. In order to prove that hypothe
pulses of 10–20 mbar H2O vapor were given during tran
sient N2O decomposition. After the water pulses transi
-

activity steeply decayed to steady state within a few minutes
The rate of decay increased with the partial pressure of H2O.
Also a pulse of CH4 abruptly stopped the transient rea
tion. In the reaction of CH4 with N2O, H2O is produced
directly on the iron sites, which explains why its impact
even stronger than during adsorption of water from the
phase:

CH4 + 4N2O → CO2 + 4N2 + 2H2O,

CH4 + 3N2O → CO + 3N2 + 2H2O.

Conversely, a pulse of CO did not affect the transient
action because the oxidation of CO does not produce
water:

CO + N2O → CO2 + N2.

The relatively low transientactivity of the catalyst, which
was pretreated in H2 at 873 K (seeTable 2), is attributed to
small amounts of H2O, which remained adsorbed on the ir
clusters during the cooling in H2. This is supported by th
observation that reduction in CO, which does not prod
H2O, did lead to a large transient activity, even withou
subsequent treatment in He at 873 K.

4.2. Effect of pretreatment on steady-state activity

The pretreatment at high temperatures had an effec
only on the transient reaction but also on the steady-stat
tivity. The two effects were not directly related to each ot
[21]. Table 1andFig. 1 show that the steady-state N2O de-
composition activity increased in parallel with the transi
activity when the samples were pretreated at 873 K ins
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of 773 K. However, pretreatment in H2 led to a higher ac
tivity than pretreatment in He whereas the opposite was
case for the transient. Hydroxylation of a reduced cata
did not affect its steady-state activity, but removed the tr
sient (Table 2). We can conclude that the presence of F2+
after pretreatment leads to a high steady-state activity irre
spective of the degree of dehydroxylation. The positive
fect of a reductive pretreatment was already observed be
and ascribed to the high concentration of oxygen atoms f
N2O, which are incorporated intothe reduced catalyst durin
reoxidation[14]. On the basis of the mechanisms sketche
Schemes 1–3we can explain why the oxygen atoms, whi
N2O incorporates into the iron oxide clusters, are more
active than “normal” oxygen atoms[30]. Reaction of a re
duced Fe-ZSM-5 with N2O leads first to a stoichiometr
oxidation of Fe2+, according to 2Fe2+ + N2O → Fe3+–
O 2−–Fe3+ + N2. The oxygen atom is incorporated in t
iron cluster as O2−, which does not have any particular c
alytic activity. This agrees with the observation that a la
fraction of the oxygen atoms, which were deposited du
reoxidation, was inactive.Table 2shows, for example, tha
after the H2-873 K treatment 100 times more oxygen ato
from N2O were incorporated than after O2-873 K treatment
but the steady-state activity of the H2-873 K sample was onl
a factor of 2 higher. Incorporation of the oxygen atom
an inactive O2− species requires that two Fe2+ cations be
in close vicinity to each other, so that the oxygen atom
serve as a bridge between them. On single Fe2+ sites this re-
action is not possible. A Fe3+–O− species will be formed
instead, which has to migrate over the surface to get ri
the excess electron, and thereby forms an active site for2O
decomposition. Reductive pretreatment maximizes the
centration of these sites since it assures that all poten
active Fe2+ sites are created.

Fig. 1 shows that the pretreatment temperature had
even larger effect on the steady-state activity than H2. A pos-
itive effect of pretreatment at high temperatures was
observed by others. Hensen et al. ascribed the increase
tivity to the formation of an extraframework iron–aluminu
mixed oxide upon dealumination of the zeolite framewor
high temperatures[31,32]. In our case AlK-edge XANES
did not provide evidence for a dealumination of the sam
at 873 K. The XANES spectrum of Fe-ZSM-5 CVD, whi
was treated in vacuum at 873 K, was almost identical to
of the parent material (seeFig. 9) and did not show any o
the typical features attributed to octahedrally coordinated
traframework aluminum[20,24]. That means that the trea
ments at high temperatures do not lead to dealuminatio
the samples and the formation of extraframework Fe–O
clusters (higher temperatures than 873 K are probably
quired for that), but change the structure of the iron site
some other way. We propose the following explanation: D
ing the treatment at 873 K in He or H2 the iron species un
dergo spontaneous autoreduction and/or are actively red
by H2. A parallel in situ XAS study[27] showed that the
reduction breaks the iron oxide clusters apart by remo
-

d

bridging oxygen atoms (seeScheme 4). In this way isolated
Fe2+ sites can be created. Due to the strong dehydroxyla
of the catalyst at high temperatures, the Fe2+ sites stabilize
themselves by forming strong bonds to the oxygen atom
the zeolite matrix. As a result, the broken clusters do not
during reoxidation by N2O [27]. The isolated Fe2+ sites are
stabilized. Investigations of the N2O-decomposition activity
of transition metal cations in matrices like MgO, Al2O3 and
MgAl2O4 showed that isolated metal ions have the high
activity [26,33–36]. The high N2O-decomposition activity
of the samples, which were pretreated at 873 K, is there
tentatively attributed to the creation of such isolated F2+
cations, which do not agglomerate during reoxidation,
to their strong bonds to the zeolitematrix. Further experi
mental proof for that hypothesis is, however, required.

Note that the isolated Fe2+ sites, which lead to a hig
steady-state activity, are also active sites for the transien
action. The mechanism shown inScheme 1operates during
the transient as well as during steady state, the differ
being that during the transient the Fe2+ site is dehydroxy
lated and the addition of the second oxygen atom from N2O
is very fast. In steady state the coordination sphere of
Fe2+ site is less open (due to its rehydroxylation) and
reaction with a second N2O molecule is slow. We can sta
that the creation of isolated Fe2+ ions always increases th
steady-state activity, but transient reaction on these sit
only observed if they were dehydroxylated at high temp
tures.

4.3. Relation to other work

The mechanism of N2O decomposition on hydroxylate
or dehydroxylated iron sites was discussed on a theore
basis by Yakovlev et al.[37]. Unfortunately they did not cal
culate the transition states of the proposed catalytic cycle
that predictions about the rate of N2O decomposition on hy
droxylated and dehydroxylated iron sites were not possi

Kiwi-Minsker and co-workers recently described tra
sient response experiments, which are (approach wise)
ilar to those presented here[5,38]. Fe-ZSM-5 samples with
very low iron content were studied, which were steamed
treated at high temperatures in He. Although samples
experimental conditions are different (lower reaction te
peratures of 523–653 K) many analogies to our results
be found. Like here, the formation of a peak of N2 imme-
diately after the step to N2O was observed. Oxygen wa
deposited on the catalyst surface and only N2 was released
i.e., N2O + ∗ → N2 + O–∗. The reactivity of the deposite
oxygen atoms was probed by CO. Not all the deposited o
gen atoms reacted with CO[5]. Following the arguments o
the preceding section, the nonreactive oxygen atoms ca
ascribed to oxygen atoms, which were used for stoichiom
ric reoxidation whereas the reactive oxygen atoms were
posited on isolated Fe2+ sites. The fraction of these isolate
sites must, however, be much higher than in our samp
due to the lower iron content and/or the higher pretreatm
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Scheme 4. Reduction of a binuclear iron cluster.
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temperature. Moreover, we suspect that the unusually
N2O-decomposition activity of the samples reported in R
[5,38] is a long-lasting transient reaction, which was m
taken for steady-state activity. This suspicion is corrobora
by the observation that the activity completely disappea
after exposure to H2O [38], as described here for the tra
sient. Further comparison of the two types of samples co
give interesting insights into the reaction mechanism on
alysts with high and low iron loadings.

5. Conclusions

Pretreatment of Fe-ZSM-5 CVD at a high temperat
(873 K) in He or H2 significantly increases the N2O-
decomposition activity of the catalyst. Unlike in steam
samples, this effect cannot be related to the formation
extraframework Fe–O–Al species. As a tentative explan
tion we suggest that the (auto)reduction at high tempera
breaks the iron oxide clustersapart and creates isolated Fe2+
species, which stabilize themselves by forming strong bo
to the zeolite matrix. The isolated Fe2+ sites have a high
turnover frequency in N2O decomposition and increase t
overall reaction rate, but they are not the only sites, wh
are responsible for catalytic activity. Larger clusters a
contribute to N2O decomposition. On the larger iron o
ide clusters, migration and exchange of the surface oxy
atoms precede O2 desorption. The fraction of Fe2+ sites,
which maintains catalytic activity, is very small. Most of the
Fe2+ sites are stoichiometrically reoxidized by N2O and do
not exhibit a significant catalytic activity afterward. The dif-
ference between active and inactive Fe2+ sites is attributed
to the fact that Fe2+ pairs can incorporate the oxygen ato
from N2O as an inactive O2− species, whereas single Fe2+
sites can only transfer one electron to the oxygen a
and form Fe3+–O−, which then carries the catalytic cy
cle.

The high-temperature treatment in He and H2 not only in-
crease the steady-state rate of N2O decomposition but als
leads to a very high initial decomposition activity, whi
lasts for less than 1 h and then slowly decays to steady s
This phenomenon, called transient activity, is related to
presence of strongly dehydroxylated Fe2+ sites, which were
created by autoreduction at high temperatures. Due to the c
ordinative unsaturation of these sites, they can rapidly p
up a second oxygen atom from N2O, once the Fe2+–peroxo
complex was formed with the first oxygen atom from N2O.
Then rapid O2 desorption occurs. This very fast catalytic c
cle decays as the iron sites are rehydroxylated by trace
water.
.
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