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Abstract

The effect of the iron content and the pretreatment conditions of Fe/ZSM-5 catalysts on the Fe speciation and the catalytic activities in nitrous
oxide decomposition and benzene hydroxylation with nitrous oxide has been investigated. Iron-containing ZSM-5 zeolites with varying iron
content (Fe/Al = 0.1–1.0) were prepared by solid-state ion exchange of HZSM-5 zeolite with FeCl3 followed by hydrolysis and finally calcination
at 823 K. In a second step, the catalysts were treated at 1173 K in He flow. The catalysts were characterized by FT-infrared, UV–vis and Raman
spectroscopy. The number of Fe2+ centers was determined by low-temperature nitrous oxide decomposition and the subsequent methane titration.
The highest activity for catalytic nitrous oxide decomposition was achieved for catalysts with intermediate iron loading (Fe/Al = 0.66). The
activity after high-temperature treatment was about three times higher than after calcination. Whereas the calcined catalysts showed negligible
activity in benzene hydroxylation, high-temperature treatment resulted in dramatic improvements in activity and selectivity. The selectivity to
phenol decreased strongly with increasing Fe content. The profound changes in catalytic reactivity are related to the changes in iron speciation
upon high-temperature treatment. Besides considerable extraction of Al from framework positions, resonance Raman spectroscopy points to
changes in the structure of the iron oxide species of low nuclearity. A useful model is the reconstruction of charge-compensating cationic iron
species to iron species stabilized by extraframework Al species located in the zeolite micropores. Further analysis of spectroscopic data suggests
that oligonuclear, perhaps binuclear, iron sites appear most favorable for nitrous oxide decomposition, whereas the mononuclear iron sites are
active for benzene hydroxylation to phenol.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Fe-containing ZSM-5 catalysts are promising for a variety
of environmentally-benign reactions [1–20]. Fe/ZSM-5 is re-
ported to be highly active and stable in the decomposition of
nitrous oxide which is useful to remove this potent greenhouse
gas from the tail-gases of nitric acid plants [1–3]. Fe/ZSM-5
catalysts also catalyze the one-step hydroxylation of benzene
to phenol with nitrous oxide as oxidant, providing a poten-
tial environmentally friendly alternative to the commonly used
three-step process via cumene [4–14]. Other applications in-
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clude selective catalytic reduction of NOx with hydrocarbons
or ammonia [15–18], oxidative dehydrogenation of alkanes [19]
and selective oxidation of NH3 to N2 [20].

A major challenge to understand the catalytic activity of
Fe/ZSM-5 catalysts lies in the heterogeneous distribution of the
iron species. Extraframework Fe species stabilized in the zeolite
micropores can be present as mono-, binuclear or oligonuclear
cationic species, neutral iron oxide species with a varying de-
gree of agglomeration and mixed oxide phases combining Fe
and Al, while also bulk iron oxides on the external surface of
the zeolite exist [6,13,21–35]. The exact preparation and pre-
treatment methods strongly affect the iron distribution. A large
number of studies have attempted to assign the active site for
the title reactions [4–17,21–41]. High-temperature treatment or
steaming increases catalytic activity in nitrous oxide decompo-
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sition and benzene oxidation substantially [2–14,21,25,36,42].
Besides Fe as an active component, others have stressed the
role of Brønsted and Lewis acidity [43–47]. We have found in-
dications that the active sites are formed by a combination of
extraframework Fe and Al [10–12,36]. Panov has found evi-
dence that the activity is related to the formation of a specific
iron site denoted α-site [4,41] which leads via oxidation of
active ferrous centers by nitrous oxide to the formation of re-
active oxygen species (α-oxygen). Such oxygen species were
proposed to be involved in the catalytic hydroxylation of ben-
zene with nitrous oxide at higher temperatures (573–723 K)
[4,41]. The linear correlation between the concentration of the
α-sites and the rate of nitrous oxide decomposition [48] lends
credence to the thought that the sites are also involved in cat-
alytic N2O decomposition. These observations suggest that the
active sites for benzene oxidation and catalytic nitrous oxide
decomposition are the same. However, this interpretation be-
gins to be challenged by several recent studies. Based on the
results that the turn-over frequency of the reaction of benzene
to phenol decreases with increasing iron loading, Sachtler and
co-workers [6,7] and Kiwi-Minsker and co-workers [9] have
proposed that a mononuclear iron site is responsible for ben-
zene hydroxylation. On the other hand, studies of catalytic ni-
trous oxide decomposition suggest that some clustering of iron
species is more favorable [12,25].

Recently, we have carefully compared the iron speciation
and activity of catalysts prepared from isomorphously substi-
tuted ZSM-5 zeolites with relatively low Fe loading (below
0.6 wt%) [12]. Here, catalysts with higher Fe loading in the
range of 0.37–3.7 wt% (Fe/Al ratios of 0.11–1.0) prepared via
solid-state ion exchange of dehydrated HZSM-5 zeolite with
FeCl3 are studied to compare the influence of the degree of iron
clustering. The effect of high-temperature treatment is also in-
vestigated by comparing catalysts calcined in O2 at 823 K or
treated in He at 1173 K. The catalysts are characterized by in-
frared, UV–vis and Raman spectroscopy and the α-site density
is determined. The catalytic activities in nitrous oxide decom-
position and benzene hydroxylation by nitrous oxide are deter-
mined and the nature of the active site are discussed.

2. Experimental

2.1. Preparation of catalysts

Fe/ZSM-5 catalysts with varying iron loading were prepared
by solid-state ion exchange [44,49]. Typically, two grams of
NH4ZSM-5 with a Si/Al ratio of 25 (NanKai University) was
calcined in pure O2 flow at 823 K and then grounded with an
appropriate amount of FeCl3 in an Ar-flushed glove box. The
mixture was then heated in He flow from room temperature to
598 K at a rate of 8 K/min with an isothermal period at fi-
nal temperature for 2 h. The resulted solid was subsequently
treated in a flow of 0.5 vol% water in Ar from room tempera-
ture to 473 K to hydrolyse the Fe–Cl bonds. Finally, the material
was calcined in flowing O2 from room temperature to 823 K
at a rate of 8 K/min and kept at the final temperature for 2 h
to obtain Fe/ZSM-5(C,x), where C refers to the calcination in
O2 and x to the atomic ratio of Fe/Al. A portion of calcined
Fe/ZSM-5(C,x) was further treated in He flow at 1173 K for
2 h and was denoted as Fe/ZSM-5(HT,x), where HT refers to
high-temperature treatment.

2.2. Catalyst characterization

Infrared spectra were collected on a Nicolet Impact 410 FT-
IR spectrometer in transmission mode with a DTGS detector
at a resolution of 2 cm−1. The samples were pressed into self-
supporting wafers (∼15 mg/cm2) and placed in a quartz cell
sealed with NaCl windows. Prior to data collection, the calcined
or high-temperature treated catalysts were treated in a flow of
O2 or N2 at 773 K for 1 h, respectively. The sample was then
cooled to room temperature in the same flow, followed by a
nitrogen purge for 20 min. A reference spectrum was then col-
lected. Subsequently, the sample was exposed to 1 vol% NO in
He at a flow rate of 60 ml/min for 10 min and then purged with
N2 at a flow-rate of 60 ml/min for 10 min. Spectra were col-
lected as a function of time of exposure to NO or N2 purging.
The overtones of the zeolite lattice vibrations in the reference
spectra were used to normalize the spectra of the various sam-
ples.

UV–vis diffuse–reflectance spectra were recorded on a
JASCO V-550 UV–vis spectrometer against BaSO4 under am-
bient conditions. Resonance Raman spectra were recorded on a
home-made Raman spectrometer with excitation lasers at 325
and 532 nm. The 325 nm and 532 nm laser lines are emitted
from KIMMON IK-3351R-G He–Cd and Verdi-V10 (Coher-
ent) lasers, respectively. An in situ cell was used to measure
the Raman spectra under air-free conditions at room tempera-
ture. The acquisition time was varied between 10 and 120 min
at a typical laser power of about 3 mW. There was no sample
damage in view of the invariance of the spectra as a function
of the acquisition time besides the signal-to-noise ratio. For the
presented spectra acquisition times of 10–20 min were used.

Two methods were applied to determine the concentra-
tion of Fe2+ species (α-site). The first one is similar to the
transient-response technique adopted by Kiwi-Minsker and co-
workers [50]. The reactor effluent is continuously monitored
after a step change of the carrier gas flow from a pure He to one
containing nitrous oxide at 523 K: the decomposition of nitrous
oxide at low temperatures will lead to gaseous N2 concomitant
with the deposition of an equal amount of α-oxygen species
[41,48,50]. Quantification of the amount of molecular nitrogen
evolved is used to determine the concentration of α-site based
on the assumption that one oxygen atom is deposited per α-
site [5,48]. Typically, an amount of 50 mg of catalyst was used
for the determination of the concentration of α-sites. Prior to
each run, the catalyst was treated in He at 823 K (for calcined
catalysts) and at 1173 K for 2 h (for catalysts treated at high
temperature) followed by cooling to 523 K in He. Subsequently,
a step change was applied in the concentration of nitrous oxide
from 0 to 5 vol% N2O. A complementary method was used
by determining the amount of deposited oxygen species via
their reaction with methane. To this end, consecutive pulses of
0.23 ml 10 vol% CH4 in He were administrated at 373 K to
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the catalyst with deposited oxygen. It was assumed that one
methane molecular reacts with two oxygen species to form ad-
sorbed methoxy and hydroxyl groups [51].

2.3. Activity measurements

For catalytic nitrous oxide decomposition, a single-pass at-
mospheric quartz reactor with an inner diameter of 4 mm was
used. A bed composed of 50 mg catalyst was held between two
quartz wool plugs. The feed was 5 vol% N2O in He at a GHSV
of 24,000 h−1. An on-line mass spectrometer (Gam 200, Pfeif-
fer Vacuum) calibrated by gases of known composition was
used for quantitative analysis of gas-phase concentrations.

For benzene oxidation with nitrous oxide, a similar single-
pass atmospheric quartz reactor system was used. Details of the
reaction set-up have been described by Hensen et al. [8]. The
feed consisted of a mixture of 1 vol% benzene and 4 vol% N2O
in He flow. A total flow rate of 100 ml/min was maintained at a
total GHSV of 30,000 h−1. A combination of online gas chro-
matography (HP 5890 column with FID detection, HP-5) and
mass spectrometry (Balzers TPG 215) was used for quantifica-
tion of gas-phase concentrations of reactants and products.

3. Results

3.1. Characterization

Fig. 1 displays the hydroxyl stretching region of the infrared
spectra of the various Fe/ZSM-5 catalysts. The calcined mate-
rials exhibit a strong band at 3610 cm−1 due to the Brønsted
acid hydroxyl groups and a weak band at 3740 cm−1 related
to the silanol groups. With increasing iron content the band at
3740 cm−1 remains unchanged, while the intensity of the band
at 3610 cm−1 decreases gradually. This latter trends tallies with
the replacement of Brønsted acid sites by cationic Fe species
from the solid-state exchange with FeCl3. Treatment of the cat-
alysts in flowing He at 1173 K leads to the complete disappear-
ance of the band at 3610 cm−1. Rehydration of these materials
results in the appearance of a new band around 3670 cm−1 (not
shown) due to the hydroxyl groups associated with aluminum
at extraframework positions [52]. These results strongly suggest
that the high-temperature treatment of the Fe/ZSM-5 catalysts
results in the extensive extraction of the framework aluminum
to extraframework positions.

Fig. 2 (left) shows the infrared spectra of NO adsorbed on the
calcined Fe/ZSM-5 as a function of iron content. A small band
around 1880 cm−1 is observed in the spectrum of Fe/ZSM-5
(C,0.11). With increasing Fe content, the band at 1880 cm−1

gradually grows together with the development of weak shoul-
ders at 1858, 1912 and 1812 cm−1. These features resemble
those of NO adsorption on Fe/ZSM-5 with a relatively high iron
loading prepared by chemical vapor deposition or solid-state
ion exchange [23,32,53]. The bands at 1880 and 1858 cm−1

are generally assigned to mono-nitrosyl coordinating to Fe ions
located in five- and six-membered rings of ZSM-5, respec-
tively [23,31,53]. The bands at 1912 and 1812 cm−1, observed
when the Fe/Al ratio exceeds 0.33, are assigned to poly-nitrosyl
Fig. 1. Infrared spectra of the hydroxyl-stretching region: (a) H-ZSM-5,
(b) Fe/ZSM-5(0.11), (c) Fe/ZSM-5(0.33) and (d) Fe/ZSM-5(0.66), (e) Fe/
ZSM-5(1.0). The spectra of calcined (upper graph) and high-temperature
treated (lower graph) samples (b–e) are shown.

groups on isolated Fe2+ sites [23,31,32,53,54]. Fig. 2 (right)
shows the effect of nitrogen purging on the infrared spectra of
adsorbed NO for calcined Fe/ZSM-5. After a purge of 10 min
the mono-nitrosyl bands (1880, 1858 cm−1) and poly-nitrosyl
bands (1912, 1812 cm−1) have almost completely disappeared
and new bands at 1578, 1600, 1625 and 1645 cm−1 can be
discerned for Fe/ZSM-5(C,0.11). With increasing iron load-
ing the bands at 1625, 1600 and 1578 cm−1 grow. The band
at 1645 cm−1 was assigned to NO2 on structural defects of
the zeolite for steamed Fe/ZSM-5 [12,38]. The bands at 1600
and 1625 cm−1 have been well-documented and attributed to
NO2 on iron-oxide species resulting from purging after NO
adsorption and the band at 1578 cm−1 is generally assigned
to nitrate groups [12,31,32,53]. The reason for the appearance
of such NO2 bands remains moot. One explanation could be
that some oxidation of NO to NO2 occurs, perhaps with resid-
ual oxygen or extraframework oxygen, which apparently only
adsorbs after lowering the NO surface coverage during purg-
ing. One also should not exclude the possibility of very small
amounts of NO2 in the NO probe gas. The infrared spectra of
NO adsorbed on Fe/ZSM-5(HT,0.11) (Fig. 3a) show a band at
1874 cm−1 with a shoulder at 1890 cm−1. The intensities of
these bands increase also with iron loading. For Fe/ZSM-5 with
Fe/Al ratios close to 0.66, weak absorption bands at 1912 and
1812 cm−1 due to poly-nitrosyl groups on isolated Fe2+ site
are observed. Fig. 3 (right) shows the effect of nitrogen purging
on these spectra. The bands of poly-nitrosyl groups disappear
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Fig. 2. Infrared spectra of adsorbed NO of (left) calcined Fe/ZSM-5 and (right) after N2 purging for 10 min: (a) Fe/ZSM-5(C,0.11), (b) Fe/ZSM-5(C,0.33),
(c) Fe/ZSM-5(C,0.66) and (d) Fe/ZSM-5(C,1.0).

Fig. 3. Infrared spectra of adsorbed NO of (left) high-temperature treated Fe/ZSM-5 and (right) after N2 purging for 10 min (indicated are the bands at 1874 and
1635 cm−1: (a) Fe/ZSM-5(HT,0.11), (b) Fe/ZSM-5(HT,0.33), (c) Fe/ZSM-5(HT,0.66) and (d) Fe/ZSM-5(HT,1.0).
completely whereas the bands at 1874 and 1890 cm−1 attenuate
only slightly. Furthermore, a new band at 1636 cm−1 appears
as well as the bands of nitro and nitrate groups at 1625 and
1578 cm−1 with reduced intensities as compared to the cor-
responding calcined catalysts. These differences indicate that
extensive restructuring of the iron oxide phase has occurred dur-
ing the high-temperature treatment.

A doublet at 1874 and 1892 cm−1 has been earlier reported
by Mul et al. on a steamed [FeAl]MFI prepared by isomor-
phous substitution [31]. These bands showed a similar dynamic
behavior upon purging. Replacement of Al by Ga shifted the
doublet to 1867 and 1881 cm−1 without changing their relative
intensities. However, different assignments of these bands ex-
ist: the strong band at 1874 cm−1 was related to NO adsorption
on mixed oxide FeAlOx and the shoulder band at 1892 cm−1 to
mono-nitrosyl on isolated iron or oligonuclear iron species. In
the present study, the doublet was not observed on the calcined
samples and was only found in the high-temperature treated
Fe/ZSM-5 catalysts. The relative intensity ratio between the
band at 1874 cm−1 and the one at 1890 cm−1 remains un-
changed irrespective of the iron content. We cannot conclude
firmly on the nature of the species causing such bands and
whether they are due to one or two Fe species. A reasonable
explanation is linked to the migration of Al. Thus, the band at
1874 cm−1 could be related to NO adsorbed Fe–O–Al species
since the band was absent in the calcined catalysts. The band
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at 1890 cm−1 may have shifted from its initial position at
1880 cm−1 due to modifications to the zeolite framework which
influences the Fe ions.

In the region around 1600 cm−1, the band at 1636 cm−1

has been suggested to be a NO2 group coordinating to an ex-
traframework mixed oxide FeAlOx by Mul et al. [31] or simi-
larly Fe–O–Al species by Hensen et al. [10–12]. The observa-
tion of this band is in line with the tentative assignment of the
band at 1874 cm−1 to aluminum-containing iron oxo species as
a result of extensive extraction of framework Al to extraframe-
work positions upon high-temperature treatment. We deconvo-
luted the IR spectra after purging with the weakly adsorbed NO
removed and plotted in Fig. 4 the intensity of various bands as

Fig. 4. Intensity of the infrared bands after room-temperature NO adsorption
followed by purging with N2 for 10 min as a function of iron loading on
Fe/ZSM-5(HT,x).
a function of the Fe/Al ratio. One notes that the areas of the re-
lated bands at 1874 and 1892 cm−1 go through a maximum at
a Fe/Al ratio of 0.66, whereas that of the band at 1636 cm−1

decreases with increasing iron loading. This observation sug-
gests that different aluminum-containing iron-oxo species exist
in Fe/ZSM-5(HT,x) or alternatively that a certain fraction of
such species gives rise to the 1635 cm−1 band.

Fig. 5 shows the diffuse–reflectance UV–vis spectra of the
Fe/ZSM-5 catalysts. For the calcined catalysts (Fig. 5, left),
two intense charge transfer bands at 240 and 355 nm are ob-
served for Fe/ZSM-5(C,0.11). The intensities of the two bands
increase with the iron content. Similarly, the ratio of the in-
tensities of the band at 355 nm relative to the one at 240 nm
increases. Additionally, a new band around 550 nm becomes
pronounced at Fe/Al � 0.66. Finally, the spectrum of Fe/ZSM-5
(C,1.0) is dominated by strong and broad features at 350 and
550 nm. These changes with iron loading are in accord with the
changes in the visual appearance of the calcined catalysts rang-
ing from white/yellow (low iron loading) to brown (high iron
loading). The bands below 300 nm are typical LMCT bands of
isolated Fe3+ species either tetrahedrally or octahedrally coor-
dinated [29,30,55,56]. At higher wavelengths one distinguishes
bands around 280 nm for isolated octahedral Fe3+ complexes,
around 350 nm for octahedral Fe3+ in oligomeric clusters and
above 400 nm for bulky Fe2O3-like aggregates [22,29,30,55,
56]. A recent detailed analysis [57] further revealed that iron
dimers also have UV–vis adsorption below 300 nm without the
appearance of bands at around 350 nm. The present UV–vis
spectra indicate that the calcined materials contain a distribu-
tion of iron species ranging from isolated ions to bulky iron ox-
ide agglomerates. Clearly, more extensive clustering takes place
with increasing Fe loading. Further treatment of the Fe/ZSM-5
samples at 1173 K in He flow results in substantial changes of
the UV–vis spectra (Fig. 5, right). The intensities of the bands
at 240 and 355 nm, due to the isolated and clustered iron-oxo
Fig. 5. Diffuse–reflectance UV–vis spectra of (left) calcined Fe/ZSM-5 and (right) high-temperature treated Fe/ZSM-5: (a) Fe/ZSM-5(0.11), (b) Fe/ZSM-5(0.33),
(c) Fe/ZSM-5(0.66) and (d) Fe/ZSM-5(1.0).
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Fig. 6. Raman spectra with excitation at 325 nm of (left) calcined Fe/ZSM-5 and (right) high-temperature treated Fe/ZSM-5: (a) Fe/ZSM-5(0.11), (b) Fe/ZSM-5
(0.33), (c) Fe/ZSM-5(0.66) and (d) Fe/ZSM-5(1.0).
species, respectively, are substantially reduced. A new band at
290 nm can be discerned and its intensity increases with the iron
content. This band has been reported earlier for a steamed iron-
containing ZSM-5 catalyst [29] and a similar band at 286 nm
has also been assigned to Fe3+ in octahedral coordination in
Al2O3 [30]. Thus, the band at 290 nm could be assigned to oc-
tahedral ferric ions in close interaction with Al species. The
dramatic changes of the optical spectra after high-temperature
treatment point to profound changes in the iron speciation.

Fig. 6 (left) shows the Raman spectra of the calcined cata-
lysts when an excitation line of 325 nm was used. Besides the
bands at 380 and 800 cm−1 that are characteristic for zeolite
MFI [33,58], weak bands at 455, 880, 1010 and 1180 cm−1

are observed for Fe/ZSM-5(C,0.11). The intensities of the lat-
ter four bands increase for Fe/ZSM-5(C,0.33). Simultaneously
the bands related to MFI decrease. XRD (not shown) indicates
that the structure is not damaged. The reason for the decrease of
the MFI-related vibrational bands can be partially attributed to
the perturbation of the zeolite vibrations by the presence of ex-
traframework Fe species. On the other hand, the Fe/Si ratio of
this set of samples quite low. Another explanation for this be-
havior relates to the scattering nature of Raman spectroscopy
which makes it a surface-sensitive technique. With higher iron
content, the color change of the samples (vide infra) may lead to
partial masking of the zeolite-related signals. A further increase
in iron loading results in the intensification of the bands around
455 and 880 cm−1, whereas the intensities of the bands at 1010
and 1180 cm−1 are reduced. For Fe/ZSM-5(C,1.0), a band shift
from 455 to 430 cm−1 is observed, while a weak feature at
610 cm−1 can also be discerned. These latter two vibrations are
related to the formation of more bulky Fe2O3 aggregates [59].
The bands around 1100 cm−1 are typically asymmetric stretch-
ing vibrations of isolated TM–O–Si entities with TM being a
transition metal ion either in the framework or at extraframe-
work positions [33,58,60,61]. Accordingly, the bands at 1010
and 1180 cm−1 are ascribed to isolated iron cations grafted at
different positions of the ZSM-5 structure. The bands around
455 and 880 cm−1 are assigned to clustered iron species be-
cause their intensities increase with the iron loading. Spectro-
scopic studies of binuclear iron-oxo complexes have revealed
that the symmetric stretching frequency of an Fe–O–Fe cluster
lies between 380–540 cm−1 and the asymmetric stretching fre-
quency between 725–885 cm−1, the exact frequency depending
on the angle of the Fe–O–Fe entity [62,63]. A strong indication
that these bands in the Fe/ZSM-5 catalysts relate to Fe species
of low nuclearity is the finding that the intensities of the bands
is strongly reduced when a 532 nm laser line is used to excite
the catalyst. Accordingly, the bands around 455 and 880 cm−1

are tentatively assigned to a binuclear iron-oxo clusters with an
Fe–O–Fe angle of about 150◦. These binuclear sites may be
present as such or be part of some iron oxide phase of low Fe
nuclearity.

Fig. 6 (right) shows the Raman spectra of the catalysts
treated at 1173 K in He using an excitation line at 325 nm. Only
the bands at 380 and 800 cm−1, assigned to the zeolite ZSM-5
structural vibrations, can be clearly observed in the spectrum
of the Fe/ZSM-5(HT,0.11). Three new bands at 526, 845 and
1050 cm−1 are observed for catalysts with higher Fe loading.
According to the above assignment and those in the literature
[33,58], the bands at 526 and 845 cm−1 could be attributed to
the symmetric and asymmetric stretching vibrations of a Fe–
O–Fe cluster of low nuclearity, and the bands at 1050 cm−1

to the stretching vibration of a new isolated iron species, re-
spectively. Note that the band at 845 cm−1 is extremely weak
and appears as a shoulder to the zeolite vibration at 800 cm−1.
Similar to the case for the calcined samples, when the Raman
spectra were collected using excitation at 532 nm, the intensity
of the band at 526 cm−1 ascribed to the symmetric stretching
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Fig. 7. Response to a step change from He flow to 5 vol% N2O in He
flow for Fe/ZSM-5(HT,x): (a) Fe/ZSM-5(HT,0.11), (b) Fe/ZSM-5(HT,0.33),
(c) Fe/ZSM-5(HT,0.66) and (d) Fe/ZSM-5(HT,1.0). The dashed line represents
the N2O concentration.

vibration of the Fe–O–Fe species is decreased strongly. This
effect is related to resonance and pre-resonance enhancement
Raman effects since excitation at 325 nm is close to the ab-
sorption bands of oligonuclear Fe species (355 nm) and of an
Fe species in close interaction with extraframework aluminum
(290 nm). The dependence of the stretching frequency of the
Fe–O–Fe entity on the Fe–O–Fe angle [62,63] then suggests
that the shift of the band position of 455 cm−1 for the calcined
catalyst to 526 cm−1 for the high-temperature treated catalyst
is related to a change of the Fe–O–Fe angle from ∼150◦ to
∼130◦. The important point to conclude here is that consid-
erable reconstruction of oligonuclear Fe sites takes place as a
consequence of the high-temperature treatment. Moreover, this
treatment also shifts the bands of mononuclear Fe species at
1010 and 1180 cm−1 in the calcined catalyst to 1050 cm−1 and
here it also appears that high-temperature calcination modifies
the structure around such isolated sites.

3.2. Concentration of active Fe centers

The number of active Fe centers (α-sites) was determined
by nitrous oxide decomposition at 523 K. Fig. 7 shows the re-
sponse to a step change from a flow of He to 5 vol% N2O
in He over the Fe/ZSM-5(HT,x) catalysts. Indeed, only N2O
and N2 are observed in the reactor effluent. Therefore, sur-
face oxygen (O)ads species must be formed. The number of the
surface oxygen and the density of active centers can be quan-
tified by measuring the amount of evolved molecular nitrogen.
For Fe/ZSM-5(HT,x) with x = 0.11, 0.33, 0.66 and 1, the ac-
tive site densities are 3.5 × 1018, 2.5 × 1019, 7.9 × 1019 and
8.9 × 1019 g−1, corresponding to atomic oxygen to total Fe
(O/Fe) ratios of 0.08, 0.20, 0.31 and 0.23, respectively. Similar
experiments for the calcined catalysts revealed that the amount
of nitrous oxide decomposed under these conditions is negligi-
Table 1
The concentration of Fe2+ (α-sites) determined by low-temperature N2O de-
composition at 523 K and CH4 titration at 373 K for Fe/ZSM-5 after high-
temperature treatment

Catalyst N2O decomposition CH4 titration

[O]
(1018 atom/g)

O/Fetotal [O]
(1018 atom/g)

O/Fetotal

Fe/ZSM-5(HT,0.11) 3.5 0.08 3.3 0.08
Fe/ZSM-5(HT,0.33) 25.0 0.20 21.0 0.16
Fe/ZSM-5(HT,0.66) 79.0 0.31 52.0 0.20
Fe/ZSM-5(HT,1.0) 89.0 0.23 45.0 0.12

ble. This agrees with the notion that severe treatment is a pre-
requisite to the formation of α-sites [4,48,50]. The amount of
active surface oxygen was further determined by their titration
with methane. One methane molecule reacts with two surface
oxygen atoms to form an adsorbed methoxy and an hydroxyl
group [51]. From the amount of consumed CH4, the number
of surface oxygen reactive towards CH4 over Fe/ZSM-5(HT,x)
with x = 0.11, 0.33, 0.66 and 1 were found to be 3.3 × 1018,
2.1 × 1019, 6.4 × 1019 and 4.5 × 1019 g−1, corresponding to
atomic O/Fe ratios of 0.079, 0.16, 0.24 and 0.12, respectively
(Table 1). These values are slightly lower than those deter-
mined by N2O decomposition at 523 K, which is in line with the
observation that only a portion of the surface oxygen species de-
posited by N2O decomposition are active in CO oxidation [50]
or 18O2 isotopic exchange [64]. Thus, the value obtained from
methane titration yields the most accurate estimation of the
number of α-sites. Fe/ZSM-5(HT,0.66) with a medium iron
content is found to have the highest oxygen density as well as
the highest O/Fe ratio.

3.3. Catalytic decomposition of nitrous oxide

The conversion during catalytic nitrous oxide decomposi-
tion as a function of reaction temperature is shown in Fig. 8.
The N2O conversion increases with iron content for both
the calcined and the high-temperature treated catalysts. High-
temperature treatment significantly enhances the catalysts ac-
tivity. The temperature required for 50% conversion for the
Fe/ZSM-5(HT,x) catalysts are 20–30 K lower than those for
the corresponding calcined counterparts, which is consistent
with our previous results [36,42,65]. The apparent first-order
reaction rates at 698 K expressed per mol Fe atom are shown
in Fig. 9. For both the calcined and high-temperature treated
catalysts, the highest rates are observed at the iron content of
Fe/Al = 0.66, and the activity of Fe/ZSM-5(HT,0.66) is about
three times higher than that of Fe/ZSM-5(C,0.66). Table 2 lists
the apparent activation energies and the pre-exponential factors
for the various catalysts on the basis of the apparent first-order
reaction of N2O decomposition. The apparent activation energy
for Fe/ZSM-5(C,0.11) is around 180 kJ/mol, which is consis-
tent with the value obtained by Bell and co-workers for the
calcined Fe/ZSM-5 catalyst with a low iron content [66]. With
increasing iron content the apparent activation energy decreases
for the calcined catalysts and levels off at about 147 kJ/mol
when the Fe/Al ratio exceeds 0.66, which agrees with reported
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Fig. 8. Steady-state nitrous oxide conversion as a function of reaction temperature of (left) Fe/ZSM-5(C,x) and (right) Fe/ZSM-5(HT,x): (a) Fe/ZSM-5(0.11),

(b) Fe/ZSM-5(0.33), (c) Fe/ZSM-5(0.66) and (d) Fe/ZSM-5(1.0). The feed consists of 5 vol% N2O in He.
Fig. 9. Relation between the first-order reaction rate constant for catalytic ni-
trous oxide decomposition at 693 K and the iron loading for (") calcined
Fe/ZSM-5 and (2) high-temperature treated Fe/ZSM-5.

values (130–150 kJ/mol) for sublimed Fe/ZSM-5 with a Fe/Al
ratio of about 1.0 [42,67]. On the other hand, the apparent ac-
tivation energies for the high-temperature treated catalysts are
all close to 190 kJ/mol, independent of the iron content. Such
values have also been reported by Zhu et al. [27] and Bell and
co-workers [68] for Fe/ZSM-5 after high-temperature treatment
or steaming.

3.4. Benzene hydroxylation

The rate of phenol formation over various catalysts as a func-
tion of time on stream is shown in Fig. 10. Typically, a high
initial rate is followed by gradual deactivation. The catalyst
with the lowest iron content (Fe/Al = 0.11), either in the se-
ries of the calcined catalysts or the high-temperature treated
ones, exhibits the highest rate of phenol formation. However,
the calcined Fe/ZSM-5(C,x) catalysts showed rather low selec-
tivities to phenol and instead substantial amounts of COx and
H2O were formed (Table 3) indicating an important contribu-
tion of deep benzene oxidation. This observation is in line with
the work of Hensen and co-workers [8] for calcined Fe/ZSM-5.
The activity and selectivity data of the calcined catalysts shown
in Table 3 further reveal that both the conversions of benzene
and nitrous oxide increase with the iron content, whereas the
selectivities of benzene and nitrous oxide to phenol decrease
monotonously with iron content. This indicates an increasing
contribution of benzene combustion relative to the selective ox-
idation of benzene. High-temperature treatment of the calcined
catalysts results in general in a twofold increase of the rate of
phenol formation (Table 4). However, the phenol reaction rate
decreases significantly with iron content with increasing con-
tributions of combustion. A three-fold increase in iron content
from Fe/Al = 0.11 to 0.33 brings about a four-fold decrease
in the rate of phenol production. The rates are very low for
Fe/ZSM-5(HT,0.66) and Fe/ZSM-5(HT,1.0). This observation
is consistent with those of Sachtler and co-workers [6,7]. Al-
though this treatment of Fe/ZSM-5 decreases substantially the
N2O conversion, the selectivities of benzene and N2O to the
product of selective oxidation are substantially increased after
such treatment. For catalysts with Fe/Al ratios lower than 0.66,
the selectivity of benzene is close to 99% and the selectivity
of N2O is above 70% after a reaction time of 1 h, which ac-
counts for the higher rate of phenol formation for the catalysts
after high-temperature treatment. With increasing iron load-
ing, the selectivity of nitrous oxide decreases monotonously
from about 85% for Fe/ZSM-5(HT,0.11) to 50% on Fe/ZSM-5
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Table 2
Activation energies and pre-exponential factors for nitrous oxide decomposition

Catalyst Fe
(wt%)

Pretreatment Eact
a

(kJ/mol)
Ab

(mol N2O/s mol Fe Pa N2O)
Ref.

Fe/ZSM-5(C.0.11) 0.4 823 K, O2 184 3.1 × 107 This work
Fe/ZSM-5(C,0.33) 1.2 823 K, O2 174 8.9 × 106 This work
Fe/ZSM-5(C,0.66) 2.4 823 K, O2 148 1.3 × 105 This work
Fe/ZSM-5(C,1.00) 3.7 823 K, O2 147 6.6 × 104 This work
Fe/ZSM-5(1.1)c 4.5 773 K, He 139 1.8 × 106 [62]
Fe/ZSM-5(0.97) 3.6 823 K, O2 136 – [42]
Fe/ZSM-5(HT,0.11) 0.4 1173 K, He 189 7.4 × 107 This work
Fe/ZSM-5(HT,0.33) 1.2 1173 K, He 189 2.3 × 108 This work
Fe/ZSM-5(HT,0.66) 2.4 1173 K, He 190 4.8 × 108 This work
Fe/ZSM-5(HT,1.00) 3.7 1173 K, He 188 2.6 × 108 This work
Fe/ZSM-5(0.97) 3.7 973 K, steaming 195 – [42]
Fe/ZSM-5(0.38)d 0.38 1123 K, He 185 9.9.108 [10]

a Apparent activation energy.
b Pre-exponential factor.
c Pre-exponential factor calculated at 698 K.
d Fe/ZSM-5 is prepared by isomorphous substitution.

Fig. 10. Rate of phenol production at 623 K as a function of iron loading for (left) calcined Fe/ZSM-5 and (right) the high-temperature treated Fe/ZSM-5:
(a) Fe/ZSM-5(0.11), (b) Fe/ZSM-5(0.33), (c) Fe/ZSM-5(0.66) and (d) Fe/ZSM-5(1.0).
(HT,1.0). The reason that the nitrous oxide selectivity is lower
than the benzene selectivity is related to the fact that during the
first hour of reaction considerable deposits are formed which
are then slowly oxidized by nitrous oxide. This effect is more
pronounced with higher Fe content. For catalysts with low Fe
content, this effect was not observed except for an Fe loading of
0.45 wt% [12]. Note that an increase of the iron content results
in a decrease of the benzene and nitrous oxide conversions.

4. Discussion

4.1. Reconstruction of iron species upon high-temperature
treatment

Treating the calcined Fe/ZSM-5(C,x) in He at 1173 K dras-
tically enhances the catalytic activity in the decomposition of
nitrous oxide and the selective oxidation of benzene to phe-
nol. The influence of such treatment on the nature of the iron
sites is thus very relevant. For Fe/ZSM-5 calcined at 823 K,
a distribution of mononuclear iron species, small oligonuclear
iron clusters and bulk-like iron oxide aggregates follows from
the UV–vis spectra. With increasing iron content, the relative
amounts of oligonuclear iron clusters (350 nm) and bulky iron
oxide aggregates (550 nm) increase. Infrared spectra reveal
that part of the iron species is present at cationic exchange
positions replacing the protons, while another part forms neu-
tral iron oxide species. Infrared spectra of NO adsorption
further identify three types of cationic iron species (Fig. 2).
The cation-exchange position in the five-membered rings is
first occupied at low iron content (band of mono-nitrosyl at
1880 cm−1), followed by occupation of the exchange position
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Table 3
Reaction data (X—conversion, S—selectivity) for benzene hydroxylation by
calcined Fe/ZSM-5 catalysts

Catalysts Time
(h)

Benzene Nitrous oxide Rphenol
a

X S X S

Fe/ZSM-5(C,0.11) 1 7 74 2 51 1.3
2 2 55 2 40 0.58
4 2 53 1 25 0.38

Fe/ZSM-5(C,0.33) 1 7 42 11 7 0.78
2 5 26 11 3 0.35
4 5 9 13 1 0.12

Fe/ZSM-5(C,0.66) 1 12 6 38 1 0.19
2 14 2 47 2 0.09
4 14 2 50 <1 0.06

Fe/ZSM-5(C,1.00) 1 21 2 73 <1 0.12
2 21 2 75 <1 0.09
4 27 1 76 <1 0.06

a Reaction rate of phenol in mmol/(g h).

Table 4
Reaction data (X—conversion, S—selectivity) for benzene hydroxylation by
high-temperature treated Fe/ZSM-5 catalysts

Catalysts Time
(h)

C6H6 N2O Rphenol
a

X S X S

Fe/ZSM-5(HT,0.11) 1 16 >99 5 81 4.35
2 13 >99 4 85 3.52
4 8 >99 3 87 2.24

Fe/ZSM-5(HT,0.33) 1 16 >99 6 68 4.24
2 12 >99 4 74 2.95
4 6 >99 3 76 1.67

Fe/ZSM-5(HT,0.66) 1 13 >99 5 65 3.34
2 6 >99 3 60 1.59
4 3 >99 2 47 0.69

Fe/ZSM-5(HT,1.00) 1 11 83 4 55 2.44
2 7 73 2 52 1.37
4 4 58 1 48 0.70

a Reaction rate of phenol in mmol/(g h).

in six-membered rings (1858 cm−1) and ten-membered rings
(poly-nitrosyl bands at 1912 and 1812 cm−1) at higher iron
loading.

Treatment of the catalysts in He at 1173 K leads to sub-
stantial changes in the iron speciation. UV–vis spectra show a
more pronounced band at 290 nm tentatively assigned to iso-
lated iron species associated with Al species, while the band
at 350 nm related to oligonuclear iron clusters is reduced sub-
stantially. The substantial decrease of the number of bridging
hydroxyl groups as determined by infrared spectra points to ex-
tensive dealumination of Fe/ZSM-5. This does not appear to
depend on the iron loading. After high-temperature treatment,
the infrared spectra of adsorbed NO reveal that the cationic iron
species in the five- and six-membered rings (bands at 1882 and
1858 cm−1) of the zeolite for the calcined Fe/ZSM-5 have been
replaced by mixed iron and aluminum oxide species charac-
terized by bands at 1874 cm−1. The new band at 1635 cm−1
obtained after purging the catalysts (Fig. 3) is also related to
such species.

More detailed insight is provided by resonance enhance-
ment Raman spectroscopy. Excitation at 325 nm results in
enhancement of the band intensities related to mono- and es-
pecially oligonuclear Fe species. An important finding is that
the symmetric stretching frequency of Fe–O–Fe entities in
such oligonuclear Fe species changes considerably upon high-
temperature treatment of calcined Fe/ZSM-5. Following in-
sights from spectroscopy on binuclear Fe coordination com-
plexes, this shift corresponds to a decrease of the Fe–O–Fe
angle and hints to a considerable restructuring of such species.
Moreover, the vibrational bands of isolated Fe species at 1010
and 1180 cm−1 for the calcined catalysts are replaced by one
band at 1050 cm−1 upon high-temperature treatment. This indi-
cates that the nature of the mononuclear species is also strongly
modified. The dependence of the intensities of the various NO
IR bands on the iron content is worthy of further discussion.
The intensity of the band at 1874 cm−1 passes a maximum
at Fe/Al = 0.66, whereas the intensity of the band around
1635 cm−1 decrease with iron content. These different trends
are representative of the strong heterogeneity of the iron species
in the high-temperature treated catalysts. The mixed iron and
aluminum oxide species related to the band at 1874 cm−1

contains clustered iron species, while the mixed iron and alu-
minum oxide species characterized by the band at 1635 cm−1

might relate to a mononuclear Fe site. The combination of in-
frared and Raman spectroscopic data points to the presence
of mononuclear Fe sites and oligonuclear sites in some inter-
action with extraframework Al species. The infrared spectra
of adsorbed NO also reveal that the band intensities of ni-
tro and nitrate groups on oligonuclear iron sites at 1625 and
1578 cm−1 in the Fe/ZSM-5(HT,x) catalysts are reduced as
compared to the corresponding calcined catalysts. Their inten-
sities increase with iron content. This result indicates that the
amount of oligonuclear iron species that has not been altered
during high-temperature treatment also increases with the iron
content. These species are most probably small neutral iron ox-
ide clusters in the micropores or at the external surface that do
not interact with the zeolite anionic sites. The bands at 1912
and 1812 cm−1 due to poly-nitrosyl on isolated Fe species in
the ten-membered rings of ZSM-5 are observed for both the
calcined and the high-temperature treated Fe/ZSM-5(0.66) and
Fe/ZSM-5(1.0) materials. These observations indicate that the
nature of isolated iron species located in highly accessible po-
sitions in the zeolite micropores is hardly modified by the high-
temperature treatment.

We envision the reconstruction of during high-temperature
treatment as follows. High-temperature treatment will initially
lead to more extensive interaction of the iron oxide particles
with the anionic exchange sites of the zeolite as evidenced ear-
lier by Zhu et al. [34]. In essence, this is a protolysis reaction of
small iron oxide agglomerates. The severe conditions will fur-
ther result in the removal of a considerable fraction of the tetra-
hedral framework Al species from the zeolite framework. The
observation that upon rehydration no regeneration of bridging
hydroxyl groups occurs suggests that the dealumination is ex-
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tensive. This will lead to a more defective zeolite structure, and
the resulting Fe species are then most likely stabilized by the
extraframework Al species. Concomitant with these processes
iron species undergo more easy auto-reduction to form vari-
ous ferrous species. This tendency may very well be related to
the more flexible nature of the newly formed oligonuclear Fe
species.

4.2. Active sites for nitrous oxide decomposition

The reaction rate for the decomposition of nitrous oxide per
Fe atom increases at low iron loading and passes through a
maximum for Fe/ZSM-5(C,0.66). The apparent activation en-
ergy decreases with increasing iron content and levels off at
higher iron loading. These observations suggest the contribu-
tion of various types of iron species for nitrous oxide decompo-
sition. The high activation energy and the inferior activity at low
iron loading are in agreement with the observation of Bell and
co-workers [16]. With increasing iron clustering, the activation
energy is lowered and the activity was substantially enhanced.
Thus, more clustered iron sites are beneficial for nitrous oxide
decomposition in line with recent reports [12,29]. However, ex-
tensive clustering of iron species at higher iron loading results
in the formation of relatively inactive bulk iron oxides which
consequently results in a decrease in the reaction rate expressed
per Fe atom. The kinetic parameters cohere well with other data
in literature [16,42,67]. A similar tendency with the metal load-
ing was reported for Cu/ZSM-5 zeolites [69].

High-temperature treatment of the Fe/ZSM-5 leads to pro-
found changes in the kinetic parameters. The apparent activa-
tion energy lies around 190 kJ/mol in agreement with literature
values [67] and our characterization suggest the formation of
a different active site. The high apparent activation energy is
compensated by a high pre-exponential factor, which results in
the remarkably high activity of these catalysts. The apparent
activation energies does not depend on the iron loading which
points to the uniform nature of the active sites. Indeed, the activ-
ity correlates strongly with the pre-exponential factor which in-
cludes the number of active sites. In a simplified kinetic analy-
sis, the apparent pre-exponential factor A is the product of the
number of sites multiplied by the kinetic pre-exponential fac-
tor which is the ratio of the partition functions of the transition
state excluding that of the reaction coordinate and that of the
ground state. Assuming that the rate of nitrous oxide decompo-
sition is proportional to the active site density (Table 1), a pre-
exponential factor of about 1013 s−1 is computed. Such a value
points to a surface reaction as the rate-limiting step rather than
a desorption reaction and tentatively, the migration and combi-
nation of oxygen over the surface may be the difficult process
in the decomposition of nitrous oxide under these conditions,
which is in line with our recent study on the chemistry of N2O
decomposition over high-temperature treated Fe/ZSM-5 [65].
Characterization of the high-temperature treated catalysts sug-
gested the formation of isolated and oligonuclear Fe sites in
close interaction to an aluminum oxide phase (vide supra). The
increase in the nitrous oxide decomposition correlates well with
the intensity of the band at 1874 cm−1 which is argued to be due
to small Fe clusters in interaction with aluminum. Thus, in line
with earlier reports [12,25,36] some clustering is important for
nitrous oxide decomposition.

4.3. Active site for benzene hydroxylation with nitrous oxide

The catalytic role of iron species at extraframework posi-
tions for selective benzene oxidation to phenol with nitrous
oxide as oxidant has been investigated in many recent studies
[4–14]. For the calcined catalysts, the phenol productivity was
found to be very low. An increase in iron content leads to a dras-
tic decrease in the selectivities of benzene and nitrous oxide due
to the full combustion of benzene. This notion agrees with re-
cent works showing that Fe/ZSM-5 materials which were not
severely treated are not favorable for phenol formation [6,8,9].
Thus, clustered iron species appear to contribute to the full
combustion of the reactant benzene and the product phenol.
High-temperature treatment dramatically enhances the phenol
productivity, mainly by increasing the selectivities of benzene
and nitrous oxide. The conversion of nitrous oxide and ben-
zene decrease for the catalysts with higher iron content after
high-temperature treatment. Earlier, it has been shown that the
band around 1635 cm−1 is related to active sites for selective
benzene oxidation [12]. Here, again good phenol productivity
is only observed for the catalysts which show an appreciable
band at 1636 cm−1. Moreover, with increasing Fe content the
phenol reaction rate decreases in line with the decrease of the
intensity of this band (Fig. 3). Thus, this forms additional indi-
cations that a reconstructed mononuclear iron species stabilized
by extraframework Al is the active site for selective benzene
oxidation. Evidence for the proposed isolated iron species as
active sites for selective benzene oxidation also followed from
ESR spectroscopy with specific g-values of 6.0 and 5.6 [14].
Theoretical studies of benzene oxidation have thus far also fo-
cused on mononuclear iron sites [37,38].

The present study suggests that post-synthesized Fe/ZSM-5
materials prepared by ion exchange of the Brønsted acid pro-
tons with FeCl3 are not optimal for benzene oxidation to phe-
nol. Even at low iron loading (Fe/Al = 0.11), Raman spec-
troscopy is able to detect oligonuclear iron sites. It is indeed
well-known that the FeCl3 precursor is prone to the formation
of clustered iron species in ZSM-5 and in essence in the vapor
deposition of this precursor a dimer is deposited in the zeo-
lite micropore space [29,35]. The decrease in the rate of phenol
formation with increasing iron content for the high-temperature
treated catalyst is mainly due to the decreases of the nitrous ox-
ide selectivity and the conversion of benzene to non-selective
products. This observation is more likely due to the increased
relative amount of small neutral iron oxide clusters that have not
been altered during high-temperature treatment, as reflected by
the increase of the intensity of the infrared band at 1626 cm−1

with iron content (Fig. 3). The detrimental role of iron oxide
cluster on phenol formation has been demonstrated for the cal-
cined catalyst in this study and has also been suggested in recent
literature [8,9].
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Fig. 11. Dependence of the rate of nitrous oxide decomposition at 693 K and
rate of phenol formation at 623 K on the concentration of Fe2+ determined by
CH4 oxidation at room temperature.

4.4. Nature of active sites generated by high-temperature
treatment

The activation of Fe-containing ZSM-5 zeolite under severe
conditions leads to more active iron sites for decomposition
of nitrous oxide and selective oxidation of benzene to phenol.
Recently, several works [12,36] have provided insight into the
relevance of extraframework Al species as an explanation for
the necessity of the severe treatments. The present work pro-
vides some further insight into these issues. The spectroscopic
data support considerable changes in the structure of mono- and
oligonuclear Fe species upon high-temperature treatment and
also point to the involvement of extraframework Al species.
There is no direct proof that we are dealing with binuclear Fe
species but it is clear that the nuclearity of these species is rather
low. Relating spectroscopic data with the activity measurements
provides strong evidence for the involvement of mononuclear
sites in the selective benzene oxidation and of oligonuclear sites
in catalytic nitrous oxide decomposition. Competing are the
combustion reactions in benzene oxidation which also are cat-
alyzed by more clustered Fe species. In general, these conclu-
sions support earlier suppositions in literature [12] for isomor-
phously substituted FeZSM-5, by Sachtler and co-workers for
benzene hydroxylation [6,7] and by Pérez-Ramírez et al. [21]
for nitrous oxide decomposition.

Many authors agree with the notion that both reactions
are catalyzed by Fe2+ sites generated upon severe treatment
[4,37,38]. Fig. 11 displays the dependence of the rate of N2O
decomposition at 693 K and the rate of phenol formation at
623 K on the concentration of Fe2+ as determined by methane
titration. The correlation strongly suggests that the Fe2+ species
in the present series of Fe/ZSM-5 with an iron content in the
range of 0.37–3.7 wt% catalyze mainly nitrous oxide decom-
position. This discrepancy with earlier reports deserves some
more discussion. First, it might be that oxidation with methane
requires two surface oxygen in close proximity. This require-
ment might not be fulfilled for the mononuclear iron species.
However, Dubkov et al. [43] have shown that even catalysts
with surface oxygen concentration as low as 4 × 1018 g−1 can
be probed by methane oxidation. For a Fe/ZSM-5 catalyst with
an iron loading of 0.53 wt% the active site densities determined
by titration by CO and CH4 agreed well [51]. Hence, we ex-
clude this possibility. Alternatively, it may be that, although
titration by methane probes both mononuclear and binuclear
iron species, the concentration of mononuclear sites is much
lower than that of binuclear sites. Indeed, it is well-known that
HZSM-5 zeolite with trace amounts of Fe are quite active in
benzene oxidation [4]. Moreover, Hensen et al. [12] have shown
that the amount of active sites involved in benzene oxidation
is very low. In this regard, the volcano-type relation between
the rate of phenol formation and the Fe2+ concentration as de-
scribed by Panov and co-workers [13] is worthy of note. They
changed the Fe2+ concentration by varying the iron loading and
found that a linear correlation is only observed at very low iron
loading (below 0.2 wt%). The rate of phenol formation will
level off at medium Fe2+ concentration (at medium iron load-
ing) and a further increase in Fe2+ concentration decreased the
phenol formation. Indeed, if the relation observed for Hensen
et al. [12] with iron loadings up to 0.6 wt% Fe and the present
correlation (Fig. 11) with iron loading from 0.37 to 3.7 wt% are
combined, a volcano-type correlation is found similar to the one
reported by Panov and co-workers [13]. This volcano-type rela-
tion between the Fe2+ concentration and the rate of phenol for-
mation can be interpreted in terms of two types of active sites.
The linear increase in phenol formation with increasing Fe2+
concentration at very low iron loading is due to the increase of
the density of mononuclear iron sites. The amount of oligonu-
clear sites at very low iron loading can be expected to be very
low. Indeed, earlier work [12] has shown that the rate of cat-
alytic nitrous oxide decomposition remains low at low loading
and increases more than proportionally at higher iron loadings.
The increase of the iron loading will result in the increase of the
density of binuclear sites as revealed by Raman spectra (Fig. 6).
This might be at the expense of the mononuclear sites explain-
ing the decrease in the rate of phenol formation. Alternatively, it
might also be that at higher iron contents several more clustered
species contribute to secondary combustion reactions of phenol
thus decreasing the selectivity. Conventionally, the active sites
were thought to be cationic iron species stabilized at the an-
ionic exchange sites of the zeolite [16,29,37,38]. However, our
recent work has shown that even the introduction of extraframe-
work Al to otherwise inactive iron-silicalite will not only favor
the decomposition of nitrous oxide and the formation of Fe2+
sites [36], but also substantially promote the rate of phenol for-
mation [10,11]. Those and the present findings strongly indicate
the pivotal role of extraframework Al species in the formation
of active sites. Taking into account the similar promotional role
of extraframework Al species for these reactions, it appears that
they facilitate the formation of highly active mono and oligonu-
clear iron sites. Another function may be to provide adsorption
centers for the reactant.
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5. Conclusion

A distribution of mononuclear and oligonuclear iron species
in cationic exchange positions and more bulk iron oxide ag-
gregates is observed in Fe/ZSM-5 after calcination at 823 K.
An increase in the iron loading goes with increasing degree
of iron clustering. High-temperature treatment results in the
reconstruction of the cationic iron species. Vibrational spec-
troscopies evidence two kinds of new Fe species: mononuclear
iron species were formed at the lowest iron loadings and clus-
tered iron species of low nuclearity were identified for cata-
lysts with an intermediate iron loading. These iron species are
stabilized by extraframework Al in the micropores of the ze-
olite matrix. Estimation of the concentration of Fe2+ by low-
temperature N2O decomposition and by CH4 titration reveals
that the ferrous sites are mainly associated with the recon-
structed oligonuclear iron site. Most likely, the concentration
of mononuclear sites is very low in the present set of catalysts.

Nitrous oxide decomposition is favored at medium iron
loading for both the calcined and high-temperature pretreated
catalysts. The rate of nitrous oxide decomposition is about
three times higher for Fe/ZSM-5 treated at high temperature.
A strong correlation is identified between the rate of nitrous ox-
ide decomposition and the presence of oligonuclear Fe species.
The oligonuclear Fe species stabilized by extraframework Al
formed as result of high-temperature treatment of Fe/ZSM-5 are
the most favorable sites for nitrous oxide decomposition. For
benzene hydroxylation to phenol, the calcined samples show
negligible activity. High-temperature treatment improves the
activity and selectivity. Nevertheless, the rate of phenol forma-
tion decreases strongly with increasing iron loading. It is argued
that mononuclear sites are active in the selective oxidation re-
action.
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