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Abstract

Isomorphously substituted [Fe,Al]MFI zeolites enriched with57Fe isotope were synthesized with varying iron (0.075–0.6 wt%) and
minum (0–1.1 wt%) concentrations. The as-prepared zeolites underwent sequential post-treatment steps (i.e., calcination, tran
to H-form, and steam treatment), making them active in the one-step oxidation of benzene to phenol with N2O as oxidant. Through57Fe
Mössbauer spectroscopy, and transmission electron microscopy (TEM) as a complementary technique, we followed the evolu
physico-chemical states of iron during the different post-treatment steps. In general, the extent to which iron is removed from fram
extra-framework positions, during different post-treatments, is higher for [Fe,Al]MFI zeolites containing high iron and aluminum co
tions. For all steamed [Fe,Al]MFI zeolites with an aluminum content of∼ 1.1 wt%, iron was predominantly present in the high-spin Fe2+
state (ca. 90% based on spectral contribution). This extraordinarily high concentration of Fe2+ species is significant, since the presence
Fe2+ was correlated to the formation ofα-sites, which were reported to be responsible for the direct oxidation of benzene to phenol [
[Fe,Al]MFI with less aluminum (∼ 0.6 wt%), a mixture of Fe2+ (at least 30%) and Fe3+ ions was observed, whereas for the aluminum-f
sample, only iron in the Fe3+ state was obtained.
 2005 Elsevier Inc. All rights reserved.
Keywords: Steam-treated [Fe,Al]MFI; Extra-framework iron; Benzene to phenol;57Fe Mössbauer spectroscopy
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1. Introduction

Iron-containing MFI-type zeolites, or [Fe,Al]MFI, hav
been widely used for many catalytic reactions, such as
selective catalytic reduction (SCR) of NOx [2–5] and the
direct decomposition of N2O [6,7]. Recently they have at
* Corresponding author.
E-mail address: j.b.taboada@iri.tudelft.nl(J.B. Taboada).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.002
tracted attention because of their use in the one-step
dation of benzene to phenol with N2O as oxidant[8–11].
Currently phenol is produced industrially via the three-s
cumene process. However, this process has innate disa
tages (i.e., low efficiency in benzene consumption, the p
ence of a hazardous intermediate, and production of ace
in a 1:1 molar ratio), which makes a direct route of benz

oxidation to phenol more attractive. Panov and co-workers
[8,9] were the first to report the remarkable catalytic activ-

http://www.elsevier.com/locate/jcat
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Fig. 1. Schematic representation of the sample matrix showing the v
tion of iron and aluminum concentrations. The inset shows the seque
post-treatment steps to activate the catalyst.

ity and selectivity of [Fe,Al]MFI in the one-step oxidatio
of benzene to phenol. They later ascribed the catalytic
formance of [Fe,Al]MFI to extra-framework iron complex
stabilized in the zeolite channels, generating a new form
surface oxygen (α-oxygen) from N2O [12].

Following the pioneering work of Panov and co-worke
some of us reported[11] the catalytic performance o
[Fe,Al]MFI prepared by hydrothermal synthesis of isom
phously substituted [Fe,Al]MFI followed by calcination an
subsequent treatment by steam at 873 K. This catalyst pr
to be active in the direct oxidation of benzene to phe
with a selectivity of> 99% and phenol yields up to 27%
A detailed physico-chemical characterization of this cata
reveals a broad distribution of extra-framework iron spec
ranging from isolated mononuclear iron to large (∼ 2 nm)
iron oxide particles[13]. Although the catalytic propertie
of steamed [Fe,Al]MFI are well established, the struct
and nature of the active site remain unclear. This is ma
due to the diversities in synthesis route, the chemical com
sition, and post-treatment conditions that further complic
the debate on the nature of the active site of the catalyst

In this study, we systematically varied the iron and a
minum concentrations in the MFI zeolite, using lower ir
concentration to prevent the formation of large iron ox
particles, which are known to be inactive in benzene
phenol; we also varied the aluminum concentration to st
its influence on the formation of various iron sites. The
prepared zeolites underwent sequential post-treatment
(i.e., calcination, transformation to H-form, and steam tre
ment), making them active in the one-step oxidation of b
zene to phenol.Fig. 1 shows the schematic of the sam
ple variation and the post-treatment steps. The diffe
post-treatment steps have previously been shown to c
the migration of iron from framework to extra-framewo

57
positions, creating various iron sites. UsingFe Möss-
bauer spectroscopy, we probed the evolution of the physico-
chemical states of iron during the different post-treatment
atalysis 231 (2005) 56–66 57
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steps.57Fe Mössbauer spectroscopy is the ideal method
the study of the valence, coordination, and magnetic pro
ties of the iron species in the [Fe,Al]MFI catalyst becau
unlike in electron paramagnetic resonance (EPR), the
no form of iron that is Mössbauer-silent. Moreover, t
observed spectrum is the sum of different subspectra
responding to iron in different environments, thus prov
ing richer information compared with bulk-averaging tec
niques such as magnetic susceptibility.

57Fe Mössbauer spectroscopy is based on the reco
emission and absorption ofγ -ray photons. The resonanc
window (i.e., the Mössbauer effect) has a very high ene
resolution that enables us to measure the hyperfine inte
tions [14], which provide chemical and structural inform
tion for a sample. Three important hyperfine interactio
measured in a Mössbauer spectrum are (1) isomer s
which indicates the oxidation state; (2) the quadrupole
teraction, which is a measure of the symmetry distort
and thus the coordination state; and (3) the magnetic hy
fine interaction, which renders the magnetic properties o
sample.

Iron concentrations were systematically varied; the hi
est was 0.6 wt%. This amount appears to be the l
at which iron can be isomorphously incorporated into
MFI framework[15]. Because of low iron loading (0.075
0.6 wt%) of the samples, we enriched the zeolite with i
isotope57Fe to render it more sensitive to57Fe Mössbaue
spectroscopy. Aluminum concentrations were also va
from ∼ 1.1 wt% (as with most [Fe,Al]MFI) to no aluminum
(i.e., Fe-silicalite).

2. Experimental

2.1. Preparation of [Fe,Al]MFI

Isomorphously substituted [Fe,Al]MFI zeolites enrich
with 57Fe isotope were prepared by hydrothermal syn
sis with varying iron (0.075–0.6 wt%) and aluminum (
1.1 wt%) concentrations, which was described in a prev
publication[15]. There we mentioned that rotation of th
autoclave during hydrothermal treatment is crucial in
taining [Fe,Al]MFI zeolites containing iron and aluminu
concentrations similar to those of the starting solution
This is important specifically in the preparation of a set
zeolites where there is a systematic variation of the
and aluminum concentrations in the MFI structure.Table 1
gives a summary of all as-prepared samples with their
responding molar ratio both in the synthesis gel and in
zeolite crystal. To remove the organic template in the
prepared zeolites, the samples were calcined in static a
823 K for 10 h. The calcined zeolites were then transform
into the H-form by three consecutive exchanges with 0.1

ammonium nitrate overnight and subsequent calcination at
823 K for 5 h. Finally, the samples were heated to 873 K in
30 ml min−1 of He and steamed (water partial pressure of



58 J.B. Taboada et al. / Journal of Catalysis 231 (2005) 56–66

Table 1
ICP-OES results of theas-synthesized FeMFI zeolites

Sample Si
(wt%)a

Al
(wt%)a

Fe
(wt%)a

Si/Al
(mol mol−1)b

Si/Fe
(mol mol−1)b

Si/Al
(mol mol−1)c

Si/Fe
(mol mol−1)c

[Fe,Al]MFI (1:32)as 39.0 1.2 0.08 31 1018 36 1200
[Fe,Al]MFI (1:16)as 39.0 1.15 0.14 33 558 36 600
[Fe,Al]MFI (1:8)as 39.0 1.16 0.28 33 279 36 300
[Fe,Al]MFI (1:4)as

d 39.0 1.1 0.56 33 141 36 152
[Fe,Al]MFI (1:2)as 40.0 0.63 0.60 62 135 70 152
[Fe,Al]MFI (1:1)as 41.0 0.22 0.47 176 175 152 152
[Fe,Al]MFI (1:0)as 39.7 – 0.5 – 154 – 152

a Weight percent in the crystalline samples.

b Molar ratio of the crystalline samples.
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c Molar ratio of the solution gel.
d Used as reference sample in the systematic variation of iron and a

300 mbar and 30 ml min−1 of He flow) at the same tempe
ature for 5 h, making them active in the one-step oxida
of benzene to phenol with N2O as oxidant. For all sample
calcination and steam-treatment steps were carried out
a temperature ramp of 5 K min−1.

2.2. Characterization techniques

The elemental analysis of the as-prepared zeolites
carried out by inductively coupled plasma optical emiss
spectroscopy (ICP-OES) (Perkin–Elmer Plasma 40 (Si)
Optima 3000DV (axial)).

Transmission electron microscopy (TEM) was perform
with a Philips CM30UT electron microscope with a fie
emission gun as the source of electrons operated at 30
We mounted samples on Quantifoil carbon polymer s
ported on a copper or gold grid by placing a few dropl
of a suspension of ground sample in ethanol on the grid;
was followed by drying at ambient conditions.

57Fe Mössbauer spectra were measured on a cons
acceleration spectrometer in a triangular mode with
57Co:Rh source. Spectra for the different [Fe,Al]MFI sa
ples were obtained at 300 K (both in air and in high vacu
10−6 mbar), and 77 K and 4.2 K in high vacuum. The spec
were fitted with Lorentzian-shaped lines to obtain the Mö
bauer parameters (i.e., isomer shift [IS], quadrupole split
[QS], and hyperfine field [HF]). Isomer shift values are
ported relative to sodium nitroprusside. The magnetic
split lines were fitted with several components to simu
a distribution of hyperfine fields. Thus, the hyperfine fi
reported here is the average value.

3. Results

A summary of the ICP-OES results for the as-prepa
[Fe,Al]MFI zeolites is given inTable 1. For all samples, the
relative molar concentrations of silicon, aluminum, and i

in the zeolite crystal are comparable to those in the solution
gel. X-ray diffractograms of these materials (not shown) af-
firm that all have the MFI-type zeolite topology with a high
um concentrations.

.

-

Fig. 2.57Fe Mössbauer spectra of [Fe,Al]MFI (1:4)as taken at (a) 300 K in
air, (b) 77 K in 10−6 mbar vacuum, and (c) 4.2 K in 10−6 mbar vacuum.

degree of crystallinity. These results suggest that we h
successfully synthesized [Fe,Al]MFI zeolites with the a
propriate variations in iron and aluminum concentratio
For discussion purposes, the as-prepared, calcined, H-f
and steamed [Fe,Al]MFI samples are denoted by the
scriptsas, cal, H , andstm, respectively, and the given rat
in parentheses indicates the relative molar ratio of iron
aluminum (seeTable 1).

3.1. As-prepared [Fe,Al]MFI zeolites
The Mössbauer spectrum of [Fe,Al]MFI (1:4)as at 300 K
in air (Fig. 2a) exhibits a broad singlet with an isomer shift
of 0.52 mm s−1. This indicates the presence of tetrahedrally
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Fig. 3. 57Fe Mössbauer spectra of [Fe,Al]MFI (1:4)cal taken at (a) 300 K
in air, (b) 300 K in 10−6 mbar vacuum (hv), and (c) 77 K in 10−6 mbar
vacuum.

coordinated high-spin Fe3+ ions[16,17], affirming the incor-
poration of iron into the MFI zeolite framework. The bro
singlet is typical of paramagnetic Fe3+ ions with slow elec-
tron spin relaxation. At low temperatures (Fig. 2b and 2c),
the broad component in the spectra at 300 K resolves in
six-line pattern (sextuplet) with a maximum hyperfine fie
of 53.1 T at 77 K and 53.7 T at 4.2 K. The presence
the hyperfine field at low temperatures is attributed to p
magnetic hyperfine splitting[18] and suggests large Fe–F
distances typical for homogeneously well-distributed Fe3+
ions. The spectra at 77 K and 4.2 K were fitted with th
components corresponding to the three Kramers’ doub
(Sz = ±5/2, ±3/2, ±1/2) for high-spin Fe3+ with different
electron spin relaxation times (τR).

The Mössbauer spectra for the other as-prepared [Fe
MFI zeolites are comparable to those for [Fe,Al]MFI (1:4as
(not shown for brevity). All spectra show a broad sing
at 300 K with an isomer shift close to 0.52 mm s−1. This
indicates that iron in all as-prepared zeolites is presen
ferric (Fe3+) ions that are tetrahedrally coordinated in t
MFI framework and are homogeneously well distributed

3.2. Calcined [Fe,Al]MFI zeolites

Calcination of the [Fe,Al]MFI (1:4)as to remove the tem

plate results in small but significant changes in the zeolite
structure, as shown in the Mössbauer spectra (seeFig. 3).
The Mössbauer spectrum of [Fe,Al]MFI (1:4)cal taken at
atalysis 231 (2005) 56–66 59

Table 2
57Fe Mössbauer hyperfine parameters and relative intensities for Fe
(4:1) at different treatments

Spectruma [IS]
(mm s−1)

[QS]
(mm s−1)

[HF]
(T)

Relative
intensity (%)

Oxidation
state

2a 0.52 100 Fe3+
2b 0.59 34 Fe3+

0.59 0.69 11 Fe3+
0.59 53.1 55 Fe3+

2c 0.61 29 Fe3+
0.61 0.72 10 Fe3+
0.61 53.7 61 Fe3+

3a 0.54 0.662 41 Fe3+
0.54 59 Fe3+

3b 0.54 0.874 34 Fe3+
0.58 66 Fe3+

3c 0.62 0.91 17 Fe3+
0.66 49.2 83 Fe3+

6a 0.67 0.96 24 Fe3+
0.54 76 Fe3+

6b 0.61 1.09 56 Fe3+
1.30 2.75 6 Fe2+
0.54 38 Fe3+

6c 0.69 1.26 44 Fe3+
1.68 2.95 7 Fe2+
0.77 49.8 49 Fe3+

a Spectrum numbers correspond to the numbers of their respectiv
ures.

300 K in air (Fig. 3a) shows a slightly broadened peak co
pared with the spectrum of the as-prepared sample reco
under the same conditions. The presence of an unreso
doublet indicates that a fraction of iron ions in [Fe,Al]M
(1:4)cal is exhibiting a faster electron relaxation time d
to an enhanced spin–spin interaction between Fe ions
result of reduced Fe–Fe ion distances. This suggests t
fraction of framework iron has migrated to extra-framewo
positions during calcination, allowing it to move freely a
closer to other iron ions, in both the framework and ex
framework positions.

Under high-vacuum (10−6 mbar) conditions, the dou
blet becomes more pronounced, as shown inFig. 3b, and
an increase in the quadrupole splitting of the doublet fr
0.66 mm s−1 (recorded in air) to 0.87 mm s−1 is observed
(seeTable 2). The increased contribution of this doublet h
been interpreted as being due to an increased intera
of the extra-framework Fe3+ to the zeolite lattice. Evac
uation to high-vacuum conditions leads to the remova
physisorbed water (since all samples were unavoidably
posed to air after calcination for considerable time, i.e., d
to weeks) from the zeolite pores, which will give rise
an increased electrostatic interaction between the posit
charged ferric ions and the negatively charged zeolite lat
The increased interaction between extra-framework fe

ions and the zeolite lattice results in an increased recoil-free
fraction of this component, as evident from an increase in
total resonant absorption area from 6.6 to 7.0 units.
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Fig. 4.57Fe Mössbauer spectra of (a) [Fe,Al]MFI (1:4)cal, (b) [Fe,Al]MFI (1
(f) [Fe,Al]MFI (1:1)cal, and (g) [Fe,Al]MFI (1:0)cal, taken at 77 K in 10−6 m

At 77 K (Fig. 3c), the Mössbauer spectrum exhibits
well-resolved doublet and a broad, magnetically split co
ponent. The doublet has an isomer shift of 0.62 mm s−1 and
a quadrupole splitting of 0.91 mm s−1. Based on literature
data[16,17], we attribute the doublet to octahedrally coor
nated extra-framework Fe3+ ions in the high-spin state. Th
presence of a broad magnetic component at 77 K is m
likely due to paramagnetic hyperfine splitting of isolat
Fe3+ ions. The other possibility, the presence of very sm
iron oxide particles just below the superparamagnetic blo
ing temperature[19], was ruled out because of the abse
of a superparamagnetic high-spin Fe3+ doublet at ambien
conditions. This was further confirmed by TEM, which d
not reveal any traces of any iron oxide-related phase
for [Fe,Al]MFI (1:4)cal and for the rest of the other calcine
samples). In addition, the broad magnetic component h
hyperfine field of 49.2 T, which is lower compared with t
value obtained for the as-prepared zeolite (53.1 T). Th
explained by an increased relaxation due to reduced p
magnetic Fe–Fe ion distances, further affirming the rem
of a fraction of the paramagnetic iron in the framework p
sition to extra-framework iron species.

The spectral characteristics discussed above were als
served for samples with varying iron and aluminum conc
trations. When their corresponding spectra at 77 K are p

ted together (Fig. 4), we observe an increase in the intensity
ratio of the quadrupole doublet to the broad magnetic com-
ponent, and an increase in the quadrupole splitting, when
(c) [Fe,Al]MFI (1:16)cal, (d) [Fe,Al]MFI (1:32)cal, (e) [Fe,Al]MFI (1:2)cal,
vacuum.

-

-

both iron and aluminum concentrations are increased.Fig. 5
shows the increase in the intensity ratio of the high-s
Fe3+ doublet to the broad magnetic component, toge
with the increase in quadrupole splitting as a function
iron and aluminum concentrations. These suggest that ir
most likely to migrate from framework to extra-framewo
positions during calcination if the framework iron conce
tration is high, and in the presence of aluminum.

3.3. H-form [Fe,Al]MFI zeolites

For the [Fe,Al]MFI (1:4)H, the Mössbauer spectru
taken at 300 K in air (Fig. 6a) shows a broad asymmet
cal doublet that is fitted with two components: a quadrup
doublet and a broad component. Based on spectral p
meters (seeTable 2), the quadrupole doublet is attribute
to octahedrally coordinated Fe3+ ions. This indicates tha
at least a quarter of the iron in the [Fe,Al]MFI (1:4)H has
migrated from tetrahedrally coordinated framework to oc
hedrally coordinated extra-framework positions. The br
component, which partially resolves into a magnetically s
component at low temperature (77 K), is attributed to pa
magnetic isolated Fe3+ ions most likely in both framework
and extra-framework positions.

At 300 K under high-vacuum conditions (Fig. 6b), the

Mössbauer spectrum shows a well-resolved doublet with an
increased quadrupole splitting. Similar to the situation of
the calcined zeolites (vide supra), but much more prominent
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Fig. 5. Relative increase in quadrupole splitting and the intensity ratio
aluminum concentrations.

Fig. 6. 57Fe Mössbauer spectra of [Fe,Al]MFI (1:4)H taken at (a) 300 K
in air, (b) 300 K in 10−6 mbar vacuum (hv), and (c) 77 K in 10−6 mbar
vacuum.

here, evacuation to high-vacuum condition leads to (1
increase in the recoil-free fraction of the extra-framew
Fe3+ ions due to the removal of physisorbed water (as
dent from the increase in total resonant absorption area
6.45 to 8.49 units) and (2) a further increase in the e
tron spin-relaxation rate due to the proximity of neighbor
Fe3+ ions. In addition, because of the increase in the rec
free fraction a weak shoulder is observed at the high-en

side of this doublet that is fitted with a second doublet with
IS = 1.30 mm s−1 and QS= 2.75 mm s−1. The spectral pa-
rameters of this second doublet suggest that a small part o
quadrupole doublet to the magnetic component (D/MC) as a functionron and

iron in [Fe,Al]MFI (1:4)H is present as high-spin Fe2+ ions
(6% based on the spectral fitting shown in table).

At 77 K (Fig. 6c), the spectrum is composed of a bett
resolved high-spin Fe2+ doublet together with the high-sp
Fe3+ doublet and a broad, magnetically split compone
The high-spin Fe2+ and the high-spin Fe3+ doublets are
both attributed to extra-framework iron species. It has b
known that framework iron is difficult to reduce[20], and
therefore Fe2+ ions are most likely in extra-framework po
sitions. For the high-spin Fe3+ doublet, the spectral param
ters indicate octahedrally coordinated ferric ions, and t
the ions are in extra-framework sites, since framework i
ions are tetrahedrally coordinated. The broad magnetic c
ponent with a hyperfine field of 49.8 T is attributed to pa
magnetic hyperfine splitting of isolated ferric ions in bo
framework and extra-framework sites. Similar to the c
cined samples, the presence of a magnetic compone
77 K could not be due to small iron oxide particles, since
traces of them were observed by TEM for all H-form sa
ples.

For samples with varying iron concentration (seeFig. 7a–
7d), the spectral contribution of the high-spin Fe3+ doublet
is largest for [Fe,Al]MFI (1:4)H, indicating the highest de
gree of clustering of extra-framework iron to small oligon
clear or oxo-Fe-species, as expected for samples with
iron concentration. However, for ferrous ions, the relat
intensity of the high-spin Fe2+ doublet appears to have a
optimum with a decrease in iron concentration (see alsoTa-
ble 3). Moreover, the intensity of the spectral contribution
the high-spin Fe2+ doublet diminishes with the decrease
aluminum concentration (seeFig. 7a and 7e–7g) and is ev-
idently not observed in the [Fe,Al]MFI (1:4)H sample that
does not contain aluminum.

3.4. Steamed [Fe,Al]MFI zeolites
f
For the samples with varying iron content, steam treat-

ment leads to [Fe,Al]MFI catalysts that contain Fe2+ ions
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Table 3
57Fe Mössbauer hyperfine parameters and relative intensities for spec
Fig. 7

Spectruma [IS]
(mm s−1)

[QS]
(mm s−1)

[HF]
(T)

Relative
intensity (%)

Oxidation
state

7a 0.69 1.26 44 Fe3+
1.68 2.95 7 Fe2+
0.77 49.8 49 Fe3+

7b 0.74 1.17 34 Fe3+
1.64 2.99 8 Fe2+
0.85 51.4 58 Fe3+

7c 0.70 1.00 35 Fe3+
1.62 3.06 20 Fe2+
0.87 49.6 45 Fe3+

7d 0.54 15 Fe3+
1.60 3.20 5 Fe2+
0.77 52.2 80 Fe3+

7e 0.71 1.14 45 Fe3+
1.75 2.82 5 Fe2+
0.72 51.0 50 Fe3+

7f 0.56 30 Fe3+
0.75 0.95 18 Fe3+
0.68 47.7 52 Fe3+

7g 0.57 1.24 51 Fe3+
0.66 49 Fe3+

a Spectrum numbers correspond to the numbers of their respectiv
ures.
exclusively (seeFig. 8a–8d) independent of iron concen-
tration (i.e.,< 0.6 wt% with constant 1.1 wt% aluminum).
All spectra were fitted by a high-spin Fe2+ doublet (IS=
, (c) [Fe,Al]MFI (1:16)H, (d) [Fe,Al]MFI (1:32)H, (e) [Fe,Al]MFI (1:2)H,
cuum.

1.67 mm s−1, QS= 3.19 mm s−1), that is, ca. 90% based o
spectral contribution (seeTable 4).

Although steam treatment of [Fe,Al]MFI with varyin
iron concentration leads to the formation of extra-framew
iron in the divalent state, steam treatment of [Fe,Al]M
with varying aluminum reveals a distinct influence of a
minum on the oxidation state of iron.Figs. 8a and 8e–
8g show the spectra of [Fe,Al]MFI (1:4)stm, [Fe,Al]MFI
(1:2)stm, [Fe,Al]MFI (1:1)stm, and [Fe,Al]MFI (1:0)stm, re-
spectively, taken at 4.2 K. As described above, [Fe,Al]M
(1:4)stm, containing the highest amount of aluminum amo
the series, is mainly characterized by a high-spin Fe2+ dou-
blet. For [Fe,Al]MFI (1:2)stm, containing roughly 50% les
aluminum, the spectrum is a mixture of a high-spin Fe2+
doublet (IS= 1.66 mm s−1, QS= 3.26 mm s−1), a high-spin
Fe3+ doublet (IS= 0.88 mm s−1, QS= 0.92 mm s−1), and a
broad magnetic component with a hyperfine field of 50.1
The spectral contribution of the divalent iron decreases e
further when the aluminum content in [Fe,Al]MFI (1:1)stm
is lowered. However, it is worth mentioning that this sp
trum (Fig. 8f) generates a complicated magnetic part of
spectrum that is not fully understood at the moment. To
tract the spectral contribution of the high-spin Fe2+ doublet,
the spectrum was fitted with several magnetic compon
(which may not have any physical significance); only
outermost hyperfine field value is reported inTable 4. For

[Fe,Al]MFI (1:0)stm containing no aluminum, only contri-
butions from Fe3+ ions were observed together with a broad
sextuplet with a hyperfine field of 51.4 T. Based on spec-
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Fig. 8. 57Fe Mössbauer spectra of (a) [Fe,Al]MFI (1:4)stm, (b) [Fe,Al]MF
(1:2)stm, (f) [Fe,Al]MFI (1:1)stm, and (g) [Fe,Al]MFI (1:0)stm, taken at 4.2

Table 4
57Fe Mössbauer hyperfine parameters and relative intensities for st
treated samples inFig. 8

Spectruma [IS]
(mm s−1)

[QS]
(mm s−1)

[HF]
(T)

Relative
intensity (%)

Oxidation
state

8a 1.67 3.19 92 Fe2+
0.96 52.1 8 Fe3+

8b 1.67 3.24 90 Fe2+
0.98 52.0 10 Fe3+

8c 1.67 3.23 83 Fe2+
0.92 52.0 17 Fe3+

8d 1.65 3.24 95 Fe2+
0.92 52.0 5 Fe3+

8e 0.88 0.92 16 Fe3+
1.66 3.26 37 Fe2+
0.66 50.1 47 Fe3+

8f 0.67 1.39 23 Fe3+
1.63 3.15 18 Fe2+
0.60 51.0 59 Fe3+

8e 0.69 0.94 25 Fe3+
0.64 51.4 75 Fe3+

a Spectrum numbers correspond to the numbers of their respectiv
ures.

tral contributions, the amount of Fe2+ decreases from 92%
in [Fe,Al]MFI (1:4)stm to 37% in [Fe,Al]MFI (1:2)stm, 18%
in [Fe,Al]MFI (1:1)stm, and 0% in [Fe,Al]MFI (1:0)stm.
TEM shows that no large Fe oxide particles are present
in any steamed sample, as evident from the absence of an
iron-related phase at high magnification (seeFig. 9). For
)stm, (c) [Fe,Al]MFI (1:16)stm, (d) [Fe,Al]MFI (1:32)stm, (e) [Fe,Al]MFI
10−6 mbar vacuum.

the steamed samples with varying aluminum concentra
the absence of any traces of iron oxide particles by T
indicates that the presence of a magnetically split com
nent with an average hyperfine field of 51 T at 4.2 K
due to paramagnetic hyperfine splitting of isolated ex
framework Fe3+ ions. This is also confirmed by our Mös
bauer measurements with an applied external magnetic
where paramagnetic hyperfine splitting was observed, ra
than magnetic behavior of superparamagnetic iron o
particles.

4. Discussion

4.1. As-prepared to calcined [Fe,Al]MFI zeolites

For all as-synthesized [Fe,Al]MFI zeolites with varyin
iron and aluminum concentrations, Mössbauer spectros
confirms that all iron in the zeolite is present as ferric io
that are tetrahedrally coordinated in the framework posi
of the zeolite lattice. Calcination of the as-prepared zeolit
823 K to remove the organic template induces a small f
tion of framework iron to migrate to extra-framework po
tions, which is in agreement with our previous result[13].
Compelling evidence for the presence of extra-framew
y
iron after calcination is the increase in quadrupole split-
ting of the high-spin Fe3+ doublet and the increase in total
resonant absorption of the spectra measured under high-
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Fig. 9. TEM micrographs of steam-treated [Fe,Al]MFI zeolites: (a) [Fe,
(1:4)stm, (e) [Fe,Al]MFI (1:2)stm, and (f) [Fe,Al]MFI (1:0)stm.

vacuum conditions. The increase in quadrupole splitting
be interpreted as an increase in electron spin interac
caused by the movement of extra-framework iron close
other iron in both the framework and extra-framework po
tions. In addition, the increase in quadrupole splitting is a
likely due to the presence of distorted octahedrally coo
nated Fe ions in the extra-framework positions. Nonethe
since the average isomer shift (0.54 mm s−1) of the cal-
cined sample recorded at room temperature in air is c
to the isomer shift of the as-prepared sample (0.52 mm s−1),
the majority of the iron ions (> 80%) are still tetrahedrally
coordinated in isolated framework positions. Based on
spectral contribution of the high-spin Fe3+ doublet and its
quadrupole splitting, it appears that iron is most likely
migrate from framework to extra-framework positions d
ing calcination if the iron and aluminum concentrations
high.

4.2. H-form [Fe,Al]MFI zeolites
Transformation of the calcined zeolites to their H-forms
induces further changes on the zeolite, as deduced from
the Mössbauer spectra. It is evident from the above results
I (1:32)stm, (b) [Fe,Al]MFI (1:16)stm, (c) [Fe,Al]MFI (1:8)stm, (d) [Fe,Al]MFI

,

that transformation to the H-form of [Fe,Al]MFI (1:4) in
duces further migration of Fe3+ ions from framework to
extra-framework positions, some of which are present in
reduced Fe2+ state. It has been shown[21–25] that extra-
framework iron is able to undergo self-reduction of Fe3+
to Fe2+ ions upon heat treatment in an inert atmospher
vacuum, in a process called “autoreduction.” However,
extent to which extra-framework iron is present as high-s
Fe2+ ions appears to be a function of the iron and alumin
concentrations, as illustrated inFig. 7. As mentioned earlier
the relative intensity of the high-spin Fe2+ doublet appear
to increase to an optimum with the decrease in iron con
tration (see alsoTable 3). A possible explanation for thi
observation could be that for the zeolites with the low
iron concentration the extra-framework iron ions are ma
present as isolated species. From earlier work, we know
the smaller iron species in the MFI zeolites are the ones
reduce most readily[26]. Thus, the high-spin Fe2+ ions ap-
pear to increase to an optimum with the decrease in
concentration. However, for the zeolite with the lowest ir

concentration (i.e., [Fe,Al]MFI (1:32)H) hardly any reduc-
tion to Fe2+ is observed. This indicates the necessity for at
least one neighboring Fe3+ ion to form dimers, which would
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then autoreduce in a way similar to what has been sugge
for Cu2+ ions[27,28].

For samples with varying aluminum concentration,
spectral contribution of the high-spin Fe2+ doublet dimin-
ishes with the decrease in aluminum concentration and
dently is not present for [Fe,Al]MFI (1:0)H that contains no
aluminum. This could imply that the presence of alumin
either promotes the autoreduction of Fe3+ ions to Fe2+ (in
the H-form), or the lack thereof enhances the stability
framework iron against migration to extra-framework po
tions.

4.3. Steam-treated [Fe,Al]MFI zeolites

Steam treatment of isomorphously substituted [Fe
MFI has been shown to have a profound influence on the
alyst activity in the selective oxidation of benzene to phe
and N2O decomposition[29,30]. It has been shown[13] that
steam treatment of [Fe,Al]MFI leads to complete remova
Fe3+ ions from the zeolite framework, which form monon
clear and small oligonuclear oxo-iron complexes, wher
small fraction of Fe3+ was reduced to the divalent state, a
larger iron oxide particles ca. 2 nm in diameter.

It is remarkable that [Fe,Al]MFI (1:4)stm, [Fe,Al]MFI
(1:8)stm, [Fe,Al]MFI (1:16)stm, and [Fe,Al]MFI (1:32)stm
contain almost exclusively Fe2+ ions after steam treatmen
Since hardly any divalent iron was observed in previ
studies[11,13], this emphasizes the importance of the stea
ing conditions for the final state of the catalyst. For
method presented here, steam treatment of [Fe,Al]MFI w
iron concentration of� 0.6 wt% leads to a complete remov
of iron from framework to extra-framework positions,
which 90% is reduced to Fe2+. This could be essential i
the benzene-to-phenol reaction, since the presence of2+
in the starting material has been correlated[1] with the for-
mation of the active sites in the [Fe,Al]MFI catalyst.

The parameters of the high-spin Fe2+ doublet are strik-
ingly similar to those reported by Panov and co-work
[31], which they assigned to binuclear iron complexes si
lar to those present in methane monooxygenase (MMO)
which almost equal Mössbauer parameters have been
tained[32]. In MMO the iron sites are identical, meanin
that the iron ions should give fully identical components
the Mössbauer spectra. However, we observed that the
spin Fe2+ doublet splits up in different components up
exposure to different gases (He or N2) [26], thus implying
that the Fe2+ sites in the [Fe,Al]MFI catalysts are not ide
tical. In other words, we strongly doubt the conclusion
Panov and co-workers that the active sites resemble the
sites in MMO.

We have stated earlier that the presence of Fe2+ in the
starting material could be essential to the benzene-to-ph
conversion. If we assume that the catalytic performanc

2+
the [Fe,Al]MFI is related to the quantity of Fe as pro-
posed[1], then the presence of aluminum could be vital
to the formation of these active sites, which is in agree-
atalysis 231 (2005) 56–66 65

-

-

l

ment to the proposition of Hensen and co-workers[33]. They
have shown that the performance of Fe-substituted silica
1 (similar to [Fe,Al]MFI (1:0)stm) in the benzene-to-pheno
conversion becomes substantial only after a post-synth
dispersion of aluminum. Our work in this field (structur
activity relationship) is currently in progress and will be t
subject of our next publication.

5. Conclusion

From the Mössbauer data, we have shown that iro
the as-synthesized [Fe,Al]MFI zeolites is present as p
magnetic Fe3+ ions that are tetrahedrally coordinated
the MFI framework regardless of iron and aluminum co
centrations. Calcination of the as-synthesized [Fe,Al]M
zeolites causes part of the framework iron to migrate
extra-framework positions. The extent of migration is m
pronounced in samples with high iron and aluminum c
centrations. Transformation to the H-form of the calcin
[Fe,Al]MFI induces further migration of iron from frame
work to extra-framework positions. [Fe,Al]MFI with a ver
low iron content (< 0.6 wt%) tends to have Fe3+ ions in
isolated extra-framework positions that are easily reduce
its divalent state. In addition, the presence of aluminum
hances the formation of Fe2+ ions. Finally, steam treatmen
of [Fe,Al]MFI completely removes iron from framewor
to extra-framework positions. All steam-treated [Fe,Al]M
samples with ca. 1.1 wt% aluminum contain iron exc
sively in the divalent state. In the steam-treated [Fe,Al]M
however, with low aluminum contents, the quantity of t
trivalent iron increases. Since the presence of Fe2+ was cor-
related with the formation ofα-sites that was claimed t
be responsible for the direct oxidation of benzene to p
nol [1], it appears that the presence of aluminum is esse
for the formation of active iron sites in the [Fe,Al]MFI ca
alyst. These samples will therefore form an excellent b
for structure-activity relation studies of the direct oxidati
of benzene to phenol with N2O.

Furthermore, the absence of iron oxide particles (wh
are known to be spectator species in the direct oxidatio
benzene to phenol with N2O), in the steamed and specifica
in the calcined and H-form samples, affirms that the re
ation behavior of iron at low temperatures (77 K and 4.2
in the Mössbauer spectra is caused by paramagnetic h
fine splitting rather than superparamagnetic iron-oxided
ticles. This illustrates very well the complementary nature
TEM and Mössbauer spectroscopy.
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