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Abstract

In situ FeK-edge XANES experiments point to a distinct difference inreducibility of iron in Fe-silicalite (without aluminum) an
FeZSM-5 (with aluminum) upon dehydration. Whereas a noticeable part of Fe3+ is reduced to ferrous ions in the iron-containing a
minosilicalite, the ferric species in the ferrosilicalite maintain their oxidation state. The ability to selectively oxidize benzene to pheh
nitrous oxide in ferroaluminosilicalite relates to these Fe2+ centers. It is proposed that the large difference in reactivity between ferr
minosilicalite and ferrosilicalite is due to the chemical difference of iron in Fe–O–Al and Fe–O–Fe adducts. A new preparation metho
introduced which leads to more selective and stable catalysts.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The molecular-sized dimensions of the intracrystal
pores in zeolites endow these materials with the unique p
erty to stabilize nanometer-sized metal oxide clusters w
cannot form over more open surfaces. These particles o
exhibit unusual catalytic properties[1]. Intrazeolite iron-oxo
complexes have attracted wide-spread attention in the
of environmental catalysis. Among other things, these z
lites can decompose nitrous oxide at low temperature, gi
molecular nitrogen and an adsorbed oxygen atom. This
gen atom can desorb as molecular oxygen with another
gen atom or can be selectively inserted into the C–H bon
aromatics[2]. Although there has been considerable div
gence of opinion as to the nature of the active sites (Brøn
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acid sites[3], extraframework (EF) Al Lewis acid specie
[4–6] and EF Fe species[2]), evidence is piling up that th
active sites contain Fe[7,8]. On the other hand, the role
aluminum, if at all, is not clear yet. Besides the assignm
of Al as active sites in the form of Brønsted[3] or Lewis
[4–6] acid sites, it has also been put forward that Al fa
itates the removal of Fe from framework positions[9] and
may provide the negative framework charge to accom
date cationic Fe complexes[2,7,10].

57Fe Mössbauer spectroscopic data[7] show that nitrous
oxide decomposition goes with the oxidation of Fe2+ to
Fe3+ states. Ferrous species are formed upon (hydro
mal) treatment of iron-containing zeolites at high tempe
tures[7,11]. The active sites have been proposed to con
of cationic binuclear hydroxide- orµ-oxo-bridged Fe com
plexes[1,7,12,13]compensating the negative zeolite fram
work charge. However, our recent work[8,14,15]provides
indications that also intracrystalline neutral iron–aluminum
oxide (Fe–O–Al) species should be considered as the a
sites. Ferrosilicalite with trace levels of Al has a negligi
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activity but can be activated by dispersing Al in the mic
pores[8]. This suggests that aluminum plays an import
role in the catalytic cycle or in the formation of the acti
Fe2+ sites.

In the present contribution, we employ X-ray absorpt
near-edge spectroscopy (XANES) at the FeK edge to fol-
low the oxidation state and coordination of iron in stea
activated ferrosilicalite and ferroaluminosilicalite. In prin
ple, analysis of the features well above theK edge (EXAFS)
provides information on the type of coordinating atoms a
first-shell iron-ligand distances, but this has proven to be
ficult for very dispersed Fe species in zeolites[16]. However,
the edge region and in particular the features in the regio
the 1s→ 3d transition give insight into the oxidation sta
and geometry of the iron atoms[16–25].

2. Experimental

Iron- and aluminum-substituted silicates of the M
topology were synthesized by controlled hydrolysis
tetraethylorthosilicate in the presence of tetrapropyla
monium hydroxide (TPAOH). To this end, TEOS (Acro
98%) was added to TPAOH (Fluka, 20% in water) a
mixed well overnight. An appropriate amount of this s
lution was subsequently dropwise added to solutions
iron nitrate (Fe(NO3)3·9H2O, Merck, 98%), aluminum ni
trate (Al(NO3)3·9H2O, Janssen, 99%) or a mixture of iro
and aluminum nitrate under vigorous stirring. The fin
TPAOH/Si and H2O/Si ratios were 0.3 and 35, respective
The mixture was transferred into a PEEK-lined autocl
and kept at 443 K for 5 days. After filtration, washing a
drying at 383 K overnight, the organic template was ca
fully removed by treatment in a N2 flow (100 ml min−1)
whilst heating to 823 K at a ramp rate of 1 K min−1, fol-
lowed by an isothermal period of 8 h. The sample w
further treated in a O2/N2 flow (20 vol% O2, 100 ml min−1)
at 823 K for another 4 h. Subsequently, the materials w
steamed by contacting them with a water-containing a
ficial air flow (10 ml H2O min−1, 18 ml O2 min−1, 72 ml
N2 min−1) at 973 K for 3 h. These samples are deno
by [X]MFI, where X represents the hetero-atom(s) be
Fe or Al or a combination thereof. Another set of samp
was prepared by pore-volume impregnation of silicalit
with appropriate solutions of iron nitrate or a combinat
of iron and aluminum nitrate. The silicalite-1 sample w
hydrothermally prepared according to the same proce
as described above without addition of iron or aluminu
After impregnation, the catalysts were carefully dried a
either calcined or steamed. These samples are referred
silicalite-1-Imp(X) where X stands for Fe or Fe,Al.

FeK-edge XAS measurements were performed at be
line 17C of the National Synchrotron Radiation Resea
Center in Hsinchu (Taiwan). The electron energy and r
current were 1.5 GeV and 160 mA, respectively. A Si(1
monochromator with an energy resolution of∼ 0.5 eV at the
s

FeK edge was used. The main limitation for the energy r
olution is the finite core-hole width, that is,∼ 1.15 eV at
the FeK edge. In this case, the data were taken at an
ergy interval of 0.5 eV. Subsequently, they were splined
a cubic-spline method to enable curve fitting. Zeolite sa
ples were pressed into self-supporting wafers and pla
in a controlled atmosphere cell. Spectra in the XANES
gion (spectral range 7090–7150 eV) were recorded in
orescence mode during a temperature-programmed he
treatment in flowing He (room temperature→ 353 K at
5 K min−1, 353 K→ 433 K at 1.5 K min−1, 433 K→ 723 K
at 5 K min−1). After each experiment an iron reference f
was used to provide accurate energy calibration. All spe
were normalized according to standard procedures. In o
to extract the pre-edge feature, the contribution of the e
jump to this feature was modeled using a cubic-spline fu
tion. The spectra were fitted with pseudo-Voigt functions

Reaction data were collected ina single-pass atmospher
plug-flow reactor. Typically, 100 mg of catalyst was dilut
with an amount of SiC to obtain a catalyst bed of 2
in height. Gas-phase analysis was performed by a w
calibrated combination of GC and MS. Prior to reaction,
catalyst was pre-treated in a flow of 100 ml min−1 O2/He
(20 vol% O2) whilst heating to 823 K at a rate of 2 K min−1.
Benzene oxidation was carried out by feeding a mixt
of C6H6/N2O/He (volume ratio= 1:4:95) at a flow rate o
100 ml min−1 at a reaction temperature of 623 K.

3. Results and discussion

Relevant (reaction) data on the catalytic materials are
lected inTable 1. In short, [Fe]MFI shows an almost neg
gible phenol productivity in line with our earlier report[8].
[Fe,Al]MFI, on the other hand, exhibits an initial phenol pr
ductivity of 6.8 mmol g−1 h−1. Fig. 1compares the XANES
spectra for these two zeolites recorded during heating in
lium. Qualitatively, one clearly observes the strong cha
in the edge position of [Fe,Al]MFI as compared to th

Table 1
Elemental compositions of zeolites and the phenol productivities after
cination or steaming activation pretreatments

Sample wt% Fe wt% Al Treatment Rphenol
a

[Fe]MFI 0.55 < 0.005 Steaming < 0.2
[Fe,Al]MFI 0.51 0.94 Steaming 6.8
[Fe]MFI + Me3Al 0.55 1.4 Calcination 1.9

0.55 1.4 Steaming 4.9b

Silicalite-1 < 0.001 < 0.005 Calcination 0.0
< 0.001 < 0.005 Steaming 0.0

Silicalite-1-Imp(Fe) 0.62 < 0.005 Steaming < 0.05
Silicalite-1-Imp(Fe,Al) 0.61 0.98 Calcination 0.3

0.61 0.98 Steaming 4.9

a Phenol productivity in mmol g−1 h−1 after 5 min (reaction conditions
T = 623 K, feed: 1% C6H6, 4% N2O, GHSV= 30,000 h−1).

b Ref. [8].
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Fig. 1. Evolution of XANES spectra of steam-activated [Fe]MFI (left) and [Fe,Al]MFI (right) as a function of the dehydration temperature. The speca were
recorded at 298 K (wet), 373 K, 473 K, 573 K and 723 K. The arrow indicates the temperature increase. The insets show the corresponding pre-edge fe
(1s→ 3d transition) after background subtraction. The XANES spectrum of [Fe,Al]MFI after cooling to room temperature is indicated by the dashe
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Table 2
Pre-edge characteristics of steam-activated [Fe]MFI and [Fe,Al]MFI at
ious stages during dehydration

Sample Edge energy
(eV)

Ferric state Ferrous state
I (Centroid)a I (Centroid)a

[Fe]MFI
RT, wet 7123.5 0.14 (7113.7) –
723 K 7123.0 0.13 (7113.7) 0.006(7112.3)

RT, dry 7123.2 0.15 (7113.7) –
[Fe,Al]MFI

RT, wet 7124.2 0.079(7113.7) 0.005(7112.2)

723 K 7120.0 0.070(7113.7) 0.072(7112.4)

RT, dry 7120.4 0.080(7113.7) 0.053(7112.4)

a Intensities(I ) ± 10%; centroid position(eV) ± 0.5 eV.

of [Fe]MFI. The corresponding fit parameters for the p
edge position are collected inTable 2. The XANES spectra
of [Fe]MFI remain largely unaltered up to temperatures
473 K with an edge energy characteristic for Fe3+. This
is consistent with the invariance of the pre-edge peak p
tion. The pre-edge centroid is at 7113.7 eV which is clos
the value reported for ferric compounds[16–25]. The total
intensity (0.14) corresponds to the value for hematite[17]
while the small increase in the intensity with temperat
stems from changes in the coordination and/or geom
around iron[18], most likely due to removal of coordina
ing water molecules[23]. At temperatures above 473 K w
observe a small shift of the edge energy to lower va
(7123.5 → 7123.0 eV) together with the appearance o
very weak shoulder in the pre-edge feature with a cent
position of 7112.3 eV. This could imply the presence o
very small amount of ferrous ions. The separation betw
the two pre-edge centroid positions corresponds to the
cal separations of the order of 1.4 eV that have been rep
for ferrous and ferric ions[17,18]. After cooling the minor
Fe2+ component disappeared again. On the contrary, d
dration of steam-activated [Fe,Al]MFI results in extens
iron reduction as evidenced by the large shift in the e
energy (7124.2→ 7120.0 eV). The decrease is strongest
the temperature range of 473–573 K. The pre-edge o
wet precursor is dominated by the contribution of ferric io
but it already contains a small amount of ferrous ions.
large difference in total intensity of the ferric compone
between [Fe,Al]MFI and [Fe]MFI points to a different c
ordination and/or geometry of a considerable part of ir
In a centrosymmetric environment (e.g., octahedral symm
try), the 1s→ 3d transition is electric dipole forbidden an
intensity can only be gained by weak electric quadrup
coupling [18]. The loss of the inversion center in tetrah
dral coordination results in a more intense pre-edge fea
[17,18]. Although the strong pre-edge for [Fe]MFI may
principle result from framework location of Fe3+ atoms[16],
UV–vis spectra (not shown) suggest that almost all lat
Fe3+ species have migrated to EF positions during ste
ing. The supposition that at least part of Fe is not prese
the framework coheres with the finding that [Fe]MFI can
activated by addition of Al and subsequent calcination (
Ref. [8] andTable 1). An alternative proposal is that a co
siderable portion of the Fe ions in [Fe,Al]MFI is present
a different, more symmetrical iron coordination. This co
relate to the presence of cationic mononuclear[26] or binu-
clear[1,7] iron complexes but also to neutral EF Fe–O–
species[8]. The presence of a small amount of Fe2+ in
the wet [Fe,Al]MFI precursor is in line with earlier Mös
bauer results[7]. A temperature increase leads to a stro
increase of the contribution of this component, while tha
Fe3+ ions decreased only slightly. This could suggest
the symmetry is lowered during reduction which can be
to the removal of oxygen[23]. It could also imply that par
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of Fe is present as hematite and cannot be reduced, while a
other part reduces from octahedral ferric to less symme
ferrous states. Such an interpretation agrees with the no
of a relatively low amount of active sites in these mater
[7,14]. It is worthy of note that it seems that a small porti
of the Fe2+ ions in [Fe,Al]MFI has reoxidized after coolin
to room temperature.

Thus, there is a distinct difference in the reducibility
Fe3+ in steam-activated [Fe]MFI and [Fe,Al]MFI zeolite
An almost negligible part of iron in the former undergo
self-reduction. In the aluminum-containing zeolite, a consid
erable portion of Fe3+ ions is reduced to Fe2+ upon heating
in helium. This difference implies the involvement of Al
the formation of Fe2+ centers. At the moment, we cann
conclude whether these are framework or extraframewor
sites. Hence, these results support the notion that alum
is a required component to form those iron species
display the unusual redox properties[7,8,14,27]. One may
tacitly assume that the small Fe2+ contribution in [Fe]MFI
derives from the minor Al content in [Fe]MFI and explai
the very low, but non-negligible phenol productivity (Ta-
ble 1). The self-reduction of iron-containing MFI zeolites
has been described earlier by several groups[19–25]. In the
case of overexchanged Fe/ZSM-5 materials Fe2+ has been
identified upon thermal activation[21–26]. Obviously, these
materials contain a significant amount of aluminum. In c
trast to the present study, the extensive studies of Be
et al. [19,20] have shown that a portion of the ferric io
can undergo self-reduction in Fe-silicalite upon evacua
at 773 K. The ferrous ions could reoxidized by exposure
nitrous oxide. These results are at variance with the pre
ones. Relevant differences are the somewhat higher ac
tion temperature and the vacuum treatment of Berlier e
Although not conclusive, we suggest that the small amo
of ferrous ions in the Fe-silicalite sample of Berlier et
could be due to the presence of a small amount of
minum, which inevitably arises in preparation routes e
ploying sodium silicate[20]. In this respect, we stress that
is extremely important to compare Fe-silicalite and HZSM
materials that contain only minute small amounts of Al a
Fe, respectively, with FeZSM-5 ones[8].

Based on our earlier reports[8,14,15]that have suggeste
the possibility of an extraframework Fe–O–Al adduct as th
active species and the present results that underline the
portance of the presence of Al, we prepared two additio
catalysts from an inactive silicalite-1 sample and impr
nated this with (i) a solution of iron nitrate or (ii) a sol
tion of iron and aluminum nitrate. The phenol productivit
of these zeolites are summarized inTable 1and displayed
in Fig. 2. Clearly, silicalite-1 to which only iron has bee
added is inactive, whereas a zeolite that additionally cont
aluminum shows a good phenol productivity. This provid
further support for the important role of aluminum. We a
included the much lower value for phenol productivity of t
calcined material. The positiveeffect of the steaming trea
ment is thought to be due to the higher mobility of me
t
-

-

Fig. 2. Phenol productivity as a function of time-on-stream
steam-activated [Fe,Al]MFI (a), steam-activated silicalite-1-Imp(Fe,A
("), steam-activated [Fe]MFI (2), and silicalite-1 (Q). Whereas the ben
zene selectivity for the [Fe,Al]MFI sample is 68% after 5 min and
creases to over 98% only after 1 h, the benzene selectivity for stea
silicalite-1-Imp(Fe,Al) is close to 100% already directly at the start of
reaction.

oxide particles under hydrothermal conditions and their re
sulting redispersion to the micropore space, comparable
phenomena observed, for example, for molybdenum o
[28,29]. We take these results as further support for
model of Fe–O–Al species as the active sites. One furthe
observes that despite the somewhat lower initial activity
stability of the silicalite-1-derived zeolite is higher than th
of [Fe,Al]MFI.

Finally, we note that the role of aluminum may not on
be limited to generate Fe–O–Al species at extraframew
positions that provide active centers for nitrous oxide
composition and selective benzene oxidation but also to
bilize cationic Fe species as proposed by others[1,7,9,10,12,
13,19–21]. In our view, these latter species can efficien
decompose nitrous oxide, thus explaining the much hig
activity of over-exchanged systems in catalytic N2O de-
struction compared to isomorphously substituted FeZS
[14,15]. These catalysts generally show a low selectivity
benzene oxidation and only when the cationic Fe spe
have been removed by hydrothermal treatment a high s
tively to phenol is obtained for these systems[15].

4. Conclusions

We have shown that there is a distinct difference in
reducibility of iron in Fe-silicalite and FeZSM-5 by fo
lowing X-ray absorption spectra at the FeK edge during
temperature-programmed dehydration. Whereas a no
able part of iron is reduced to ferrous ions in iron-contain
aluminosilicalite, the ferric species in ferrosilicalite ma
tain their oxidation state. This explains the preference
aluminum-containing iron-zeolites to activate nitrous oxi
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an important step in the selective conversion of benzen
phenol with N2O as oxidant. We propose that the large d
ference in reactivity of [Fe]MFI and [Fe,Al]MFI should no
be ascribed to a higher active site density in [Fe,Al]MFI
to the chemical difference of iron in Fe–O–Al and Fe–O–
adducts. Active and more stable materials for benzene
dation may be prepared by a simple dispersion of iron-
aluminum-oxide precursors in a silicalite-1 matrix.
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