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Abstract

Three MFI zeolites with iron ([Fe]MFI), aluminum ([Al]MFI), or a combination thereof ([Fe,Al]MFI) as framework substituents
hydrothermally synthesized. The evolution of the iron and aluminum species during template removal and further hydrothermal
was carefully studied by UV–vis, ESR,27Al NMR, infrared spectroscopy, and high-resolution TEM. Directly after synthesis, Fe an
appear to be incorporated to a large extent into the zeolite framework. Iron is clearly less stable at framework positions than a
The migration of iron to extraframework positions readily proceeds during template removal. Although a large fraction of framew
is removed upon calcination in [Fe]MFI and [Fe,Al]MFI, the extent of Fe3+ clustering is more pronounced in the latter material. A m
severe steam activation step is required to extract a substantial amount of aluminum from framework positions. In contrast to [Al
[Fe]MFI, [Fe,Al]MFI shows good performance in selective oxidation of benzene to phenol. A comparison of IR spectra of adsorb2
groups points to the presence of various extraframework species. After the activation of [Fe,Al]MFI an extraframework mixed me
species is formed, which is argued to be essential for selective oxidation of benzene to phenol with nitrous oxide.
 2005 Elsevier Inc. All rights reserved.
Keywords: Zeolite; MFI; Iron; Aluminum; Selective oxidation; Benzene; Phenol; Nitrous oxide; Active sites; UV–vis; ESR; Al NMR
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1. Introduction

Zeolites are porous aluminosilicates made of corner-
edge-sharing SiO4 and AlO4 tetrahedra. Charge compens
tion of the negatively charged aluminum-containing te
hedra by protons results in strong Brønsted acidity, wh
is widely applied to upgrade hydrocarbon feedstocks[1,2].
Transition-metal ions dispersed in the zeolite microp
space endow these materials with a wider application w
dow. Interesting examples include dehydrocyclization
alkanes with Ga or Zn[3,4], ammoxidation of ethane wit
* Corresponding author. Fax: +31 40 2455054.
E-mail address: e.j.m.hensen@tue.nl(E.J.M. Hensen).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.04.009
Co [5,6], and reduction of NOx by hydrocarbons[7–11] or
ammonia[12,13]with Co or Fe.

In the last decade, selective oxidation of aromatics by
trous oxide over iron-containing MFI materials has attrac
considerable attention[11,14–18]. A related application is
the low-temperature decomposition of nitrous oxide[19],
which may find application in the cleanup of tail gases
nitric acid plants. There has been a wide range of stu
of the preparation, activation, and catalytic activity of su
materials[7–11,14–41]. However, the nature of the activ
species remains a moot point. The most important propo

for the active species are extraframework Fe species[14,15],
Brønsted acid sites[24], and Lewis acid Al sites[21,27].
Recently, attention seems to have gravitated toward the first

http://www.elsevier.com/locate/jcat
mailto:e.j.m.hensen@tue.nl
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proposal[11,15,16,18,26,28,32,33,36,37,40]. The activity is
usually interpreted in terms of very small, possibly dinucl
Fe species stabilized by the negative framework charg
the zeolite[32]. The importance of ferrous ions has be
stressed[32,41]. On the other hand, others have found c
relations between the amount of extraframework Al spe
and the catalytic performance[27,29]. Notté [29] noted an
optimum balance between the Brønsted acidity and the p
ence of extraframework iron species for the selective ox
tion of benzene to phenol. Others[16] again have suggeste
that not only Brønsted but also Lewis acid Al sites do
take part in the selective oxidation reaction. Recently
suggested that the active centers consist of ferrous ions
bilized by extraframework Al species[11,18,40,41].

The most important questions pertaining to the ac
sites for benzene oxidation to phenol regard (i) the imp
tance of iron and (ii) the role of aluminum, if any, and
location (framework or extraframework). Several studies
HZSM-5 zeolites[21,24,27]have used commercial zeoli
starting materials that often contain nonnegligible amou
of iron. In other cases, the reported levels of Fe also ca
be neglected. Conversely, it has proved difficult to prep
aluminum-free Fe-silicalite[17,23]. Thus, it appeared im
portant to synthesize and compare pure aluminosilicate,
risilicate, and ferrialuminosilicate zeolites. We reported
catalytic performance of such zeolites in an earlier con
bution [18] and have shown that self-reduction of iron on
takes place for the ferrialuminosilicalite material by X-r
absorption near-edge spectroscopy[41]. In this study we
present more details of the preparation, activation, and
alytic activity of these materials. UV–vis,27Al NMR, ESR,
infrared spectroscopy, and TEM were used to characte
the various zeolites. Finally, catalytic reactions involving
activation of nitrous oxide, that is, nitrous oxide decom
sition and selective oxidation of benzene to phenol, w
performed to relate the structural characterization to the
alytic performance.

2. Experimental

2.1. Catalyst preparation

All synthesized zeolites are denoted by the abbrevia
MFI, which refers to their framework topology. [Fe]MF
(iron-substituted silicalite), [Al]MFI (HZSM-5), and [Fe
Al]MFI (iron-substituted ZSM-5) were prepared by co
trolled hydrolysis of tetraethylorthosilicate (TEOS) in t
presence of tetrapropylammonium hydroxide (TPAOH).
this end, 102.4 g TEOS (Acros, 98%) was added to 15
TPAOH (Fluka, 20 wt% in water) and mixed well overnigh
An appropriate amount of this solution was subseque
added dropwise to a solution of iron nitrate (Fe(NO3)3 ·

9H2O, 98%, Merck) and/or aluminium nitrate (Al(NO3)3 ·
9H2O, 99%, Janssen) with vigorous stirring. The mixture
was transferred to a PEEK-lined autoclave and kept at 443 K
atalysis 233 (2005) 123–135
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for 5 days. After filtration, washing, and drying at 383
overnight, the organic template was carefully removed
the following calcination procedure: (i) an amount of zeo
was treated in 100 ml min−1 N2 during heating to 823 K at
ramp rate of 1 K min−1 and kept at this temperature for 8
(ii) the material was further treated in 100 ml min−1 20 vol%
O2 in N2 at 823 K for another 4 h. To study the evolution
Fe and Al species during template removal, several ze
samples were taken out for further characterization at di
ent stages of the calcination process. Steam activation o
catalytic materials was achieved by steaming of 1 g of
calcined precursor in a flow of 100 ml min−1 20 vol% O2 in
He with 10 vol% water vapor at 973 K for 3 h. The samp
modified by steaming are designated by the suffix (st).

2.2. Characterization

The elemental composition of all samples was de
mined by ICP analysis. For accurate analysis a kno
amount of zeolite was fused with lithium tetraborate in
crucibles at 1273 K. The fusion tablet was subseque
dissolved in nitric acid. The remnants of the tablet were c
fully dissolved in additional nitric acid by gentle heatin
The aluminum, silicon, and iron contents of the mater
were determined by inductive coupled plasma optical em
sion spectroscopy (ICP-OES) on a Spectro CirosCCD spec-
trophotometer. Powder X-ray diffractograms were measu
with a Rigaku diffractometer. Typically, an XRD spectru
was recorded in the range 5◦ < 2θ < 50◦ with a scanning
speed of 0.01◦ min−1 and Cu-K radiation. Nitrogen adsorp
tion was carried out at 77 K in a Micromeritics ASAP 20
apparatus. Before nitrogen adsorption, samples were ev
ated at 623 K for 16 h.

UV–vis spectra were recorded on a Shimadzu UV-2
PC spectrometer in diffuse-reflectance mode with a 60-
integrating sphere. BaSO4 was used as a reference samp
The spectra were transformed into the Kubelka–Munk fu
tion,F(R), and subsequently deconvoluted into subband
standard peak-fitting software. ESR experiments were
ried out with a Bruker ESP 300E spectrometer, opera
with an X-band standard cavity (9.44 GHz), an ER 035
NMR Gauss meter, and a HP 5350B frequency coun
A 100-kHz modulation of 5 Gauss and microwave pow
of 2 mW were used to record the spectra. The field a
was corrected for the variations in frequency in differ
spectra. The spectra were recorded at 10 K with an
ford continuous-flow cryostat and variable temperature u
The spectra were corrected for the sample weight. Ma
angle spinning (MAS)27Al NMR spectra were obtained on
Bruker DMX-500 spectrometer equipped with a 4-mm MA
probe head, at a magnetic field of 11.7 T. The Al resona
frequency at this field was 130 MHz. The sample rotat
speed was 12.5 kHz. The27Al chemical shifts were ref

erenced to a saturated Al(NO3)3 solution. To obtain NMR
spectra as quantitatively as possible in the presence of a het-
erogeneous distribution of quadrupolar coupling constants,
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the27Al nuclei were excited with a single 20◦ pulse of 1 µs.
Excitation pulses longer than 3 µs were seen to overem
size the extraframework Al signal intensity relative to t
framework Al signal. The relaxation delay between sc
was set at 1 s. No saturation effects were observed in
spectrum for relaxation delays longer than 0.5 s.

Transmission electron microscopy was performed w
a Philips CM30UT electron microscope with a field em
sion gun as the source of electrons, operated at 300 kV
mounted samples on Quantifoil carbon polymer suppo
on a copper grid by placing a few droplets of a suspen
of ground sample in ethanol on the grid, followed by dryi
at ambient conditions.

Infrared spectra of self-supporting 12-mg catalyst wa
were recorded at room temperature on a Bruker IFS-1
Fourier Transform IR spectrometer with a DTGS detecto
a resolution of 2 cm−1. Typically, a sample was pretreate
in situ in oxygen at a temperature of 823 K for 1 h a
cooled to room temperature in vacuo (pressure lower
10−6 mbar), followed by room-temperature exposure to N
(purity > 99.9%, 5 mbar) for 30 min. Finally, the samp
was evacuated for 30 min and spectra were recorded at
temperature.

2.3. Activity measurements

Reaction data were collected with a plug flow reac
operating at atmospheric pressure, which is extensively
scribed elsewhere[11]. For nitrous oxide decomposition
0.08 g of catalyst (sieve fraction 125–425 µm) was dilu
with SiC to meet plug flow requirements. A well-calibrat
online quadrupole mass spectrometer (Balzers TPG-
was applied for analysis of the gas-phase components.
ically, 0.5 vol% N2O in He (Hoekloos) was used as the fe
gas. The hourly space velocity of the gas was 30,000−1.
Before reaction, the catalysts were calcined in artificial
(20 vol% O2 in He, 100 ml min−1) during heating from
room temperature to 823 K. After an isothermal period
catalyst was cooled to the reaction temperature. For nit
oxide decomposition, the starting reaction temperature
473 K. The heating rate during temperature-programmed
trous oxide decomposition was 5 K min−1.
For the oxidation of benzene to phenol by nitrous oxide,

[Fe,Al]MFI 0.92 0.51 40
[Fe,Al]MFI(st) n.d.a n.d. n.d.

a Not determined.
atalysis 233 (2005) 123–135 125
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by a liquid mass flow controller (Bronkhorst). The final fe
mixture contained 1 vol% benzene and 4 vol% nitrous ox
in helium and was fed at a total flow rate of 100 ml min−1.
The hourly space velocity of the gas was 30,000 h−1. All
valves and most tubing of the reaction system were pla
in an oven system and heated to 453 K to avoid conde
tion of heavy product molecules. The gas-phase comp
tion was determined by a combination of online gas ch
matography (Hewlett-Packard GC-5890 equipped with
HP-5 column, FID) and a mass spectrometer system (B
ers TPG-215). The reaction products included phenol, w
carbon monoxide, and carbon dioxide. We determined
nitrous oxide and benzene conversions, the nitrous oxid
lectivity (the fraction of oxygen atoms from nitrous oxid
incorporated in phenol), the benzene selectivity (the frac
of benzene converted to phenol), and the rate of phenol
mation. The carbon and nitrogen mass balances close
98% after prolonged reaction times.

3. Results

3.1. Characterization

All synthesized materials were white powders exhib
ing the typical X-ray diffraction pattern of zeolites with th
MFI topology. No typical diffraction peaks due to iron o
ide aggregates were found. The elemental composition
the zeolite samples are listed inTable 1. Clearly, the use o
tetraethylorthosilicate offered a route to relatively pure a
minosilicalite with an iron content of less than 0.001 wt
The aluminum content in [Fe]MFI is negligible, in co
trast to commonly applied synthesis methods that resu
aluminum contents of 0.01–0.04 wt%. The iron and a
minum contents of [Fe,Al]MFI are close to the iron co
tent in [Fe]MFI and the aluminum content in [Al]MFI.Ta-
ble 1also reports the analysis results of the nitrogen ads
tion isotherms for the calcined zeolites and [Fe,Al]MFI(s
The differences between the various samples were relat
small. Careful inspection of the adsorption isotherms in
cated that the somewhat higher external surface area
[Fe]MFI and [Fe,Al]MFI(st) are not due to the creation

a large portion of mesopores. The surface areas and micro-

rcial
vi-
typically 0.1 g of catalyst (sieve fraction 125–425 µm) was
mixed with SiC. Benzene was fed to the reaction mixture

pore volumes of these materials and those of a comme
HZSM-5 zeolite that was extensively characterized in pre

Table 1
Elemental composition, surface area, micropore volume and external surface area of the various hydrothermally synthesized zeolites as determinedby ICP-OES
and nitrogen adsorption

Catalyst Al content
(wt%)

Fe content
(wt%)

Si/Al Si/Fe SD–R

(m2 g−1)

VD–R

(cm3 g−1)

Sext

(m2 g−1)

[Al]MFI 0 .88 < 0.001 42 – 397 0.141 131
[Fe]MFI < 0.005 0.55 – 143 409 0.146 157
147 401 0.143 138
n.d. 413 0.147 145
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Fig. 1. UV–vis spectra of (top) [Fe]MFI and (bottom) [Fe,Al]MFI for (l
973 K. The inset shows a magnification of the region of thed–d transitions

ous studies[11,40] were close and permit a comparison
the catalytic activities.

The coordination state and extent of aggregation of F3+
in the iron-containing zeolites were investigated by UV–
spectroscopy[25,46–48]. Fig. 1 displays the optical spec
tra of [Fe]MFI and [Fe,Al]MFI. Overall spectra of the a
synthesized materials, the materials obtained after tem
removal, and those obtained after steaming activation
compared, and a more detailed view of the spectra in
region of thed–d transitions is also presented. The sp
tra of the as-synthesized zeolites are dominated by
characteristic oxygen-to-metal charge-transfer (CT) ba
for Fe3+ around 211 and 245 nm, which are characteri
for Fe3+ at isolated tetrahedral framework sites[25]. For
the as-synthesized materials a considerable backgrou
higher wavelengths is observed, which should be due
variety of d–d transitions with slightly different coordina
tions. After calcination the CT maxima shifted slightly
higher wavelengths, which may be interpreted in terms
an increased number of oxygen ligands[25,45]. This im-

3+
plies that (part of) Fe migrated from framework to ex-
traframework positions. At the same time, a shoulder around
280 nm is observed that has been attributed to isolated oc
s-prepared, (middle) calcined in artificial air at 823 K and (right) stead at
ndications of the main features.

t

tahedral Fe3+ complexes[25]. To follow these changes i
more detail, the UV–vis spectra were deconvoluted into
ious subbands. Two CT bands were used below 260
for isolated Fe3+ species and three bands at fixed wa
lengths of 277, 333, and 427 nm for isolated octahe
Fe3+ complexes, octahedral Fe3+ in oligomeric clusters, and
larger Fe2O3-like aggregates, respectively[25]. The bands
above 260 nm reflect a certain distribution of slightly d
ferent cluster geometries[45], corresponding to the broad
ness of these subbands. The corresponding fit result
collected inTable 2. The CT bands of the isolated Fe3+
species shifted to higher wavelengths upon calcination
steaming, pointing to increased coordination due to rem
from framework positions. Whereas the as-synthesized
olites possibly contained a small fraction of isolated oc
hedral Fe3+ complexes in [Fe]MFI and [Fe,Al]MFI, cal
cination brought about a strong increase in the numbe
such species. Clearly, the changes were more pronounce
[Fe,Al]MFI than for [Fe]MFI, and a small fraction of mor
clustered Fe3+ was found in calcined [Fe,Al]MFI. Steam

3+
-

ing resulted in a further redistribution of Fe species in
[Fe,Al]MFI, and more extensive clustering into clustered
Fe3+ species and larger iron oxide aggregates is evident
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Table 2
Contributions of subbands below 260 and at 277, 333 and 427 nm derived from deconvolution of UV–vis spectra of
[Fe]MFI and [Fe,Al]MFI corresponding toFig. 1. The maxima (in nm) of the CT bands below 260 nm are indicated
between brackets

Iλ<260 nm Iλ=277 nm Iλ=333 nm Iλ=427 nm

[Fe]MFI as-synthesized 92 (212, 245) 8 – –
[Fe]MFI calcined 82 (215, 249) 18 – –
[Fe]MFI steamed 78 (215, 249) 22 – –
[Fe]MFI steamed, severea 68 (215, 249) 27 5 –
[Fe,Al]MFI as-synthesized 94 (211, 245) 6 – –
[Fe,Al]MFI calcined 58 (215, 250) 40 2 –
[Fe,Al]MFI steamed 47 (215, 249) 31 18 4

a [Fe]MFI activated at 1073 K in 30 vol% water vapor.
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Fig. 2. ESR spectra of (left) [Fe]MFI and (right) [Fe,Al]MFI, (a) as-pre
steamed at 973 K. The inset shows a magnification aroundg = 2.0 for [Fe,A

from the higher intensity of the band at 333 nm and
appearance of a subband at 427 nm, respectively. Con
ily, the extent of clustering in [Fe]MFI upon steaming w
much less pronounced. We found that in calcined [Fe]MF
considerably smaller amount of isolated octahedral spe
was formed than in [Fe,Al]MFI. Steaming resulted only
a small increase. These observations are in good agree
with recent results of Pérez-Ramírez[49]. Similarly, further
clustering was induced by a more severe steam treatme
[Fe]MFI (1073 K, 30 vol% water vapor), which led to th
appearance of clustered Fe3+ species, indicated by the ban
at 333 nm, as derived from the fit parameters inTable 2.

The d–d transitions inFig. 1 are indicative of the tetra
hedral environment of Fe3+ in the zeolite framework. The
bands are partially masked by the tail of one of the CT ba
but in the as-synthesized zeolites the pattern that foll

5 3+
from the d configuration of Fe in tetrahedral symme-
try [25] is weakly discerned. However, as pointed out by
Bordiga et al., this cannot be taken as proof for the exclu-
d, (b) treated in N2 up to 673 K, (c) calcined in artificial air at 823 K and (
I.

-

t

f

sive tetrahedral coordination of Fe3+ because the Tanab
and Sugano diagrams for tetrahedral and octahedral c
plexes are quite similar. In fact, for steamed [Fe,Al]MF
more complex pattern, seemingly consisting of more t
five bands, was measured that may derive from bands d
Fe species in different coordination. In both zeolites, th
bands became weaker after calcination and steaming,
comitant with an increase in the bands due to cluste
species. They largely disappeared in [Fe,Al]MFI, wh
agrees with the more pronounced Fe3+ clustering. On the
other hand, the corresponding bands in [Fe]MFI remai
weak, even after steaming.

ESR spectra for [Fe]MFI recorded at 10 K for ze
lite samples at different stages of the template remova
shown inFig. 2. The various spectra are quite similar, w
minor differences. They all contain two important featu

at g values of 2.0 and 4.3. Moreover, some weak features
are observed in the low-field region. The ESR signal around
g = 4.3, initially assigned to lattice Fe3+ [42,43], belongs
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Fig. 3. 27Al NMR spectra of (left) [Al]MFI and (right) [Fe,Al]MFI, (a) a
(d) calcined in artificial air at 823 K and (e) steamed at 973 K.

to tetrahedrally coordinated ferric ions. This does not n
essarily imply that these species are located at framew
positions[39,44]. In general, the band at ag value of 2.0
is attributed to Fe3+ in iron oxide clusters, where magnet
interactions average out the zero field splitting, althoug
principle it can also arise from isolated Fe3+ ions in high
symmetry[45]. The bands in the low field are assigned
higher-coordinated isolated Fe3+ ions[45]. Despite the fac
that the assignment of the band atg = 4.3 is not conclu-
sive, we suggest that the presence of a broad band aro
g value of 2.0 directly after synthesis indicates that not
Fe is located in tetrahedral framework positions. After ca
nation at 823 K of [Fe]MFI, the signal atg = 2.0 increased
somewhat, which points to further clustering of Fe spec
in line with a slight decrease in the feature aroundg = 4.3.
No severe changes were observed upon steaming [Fe]
The spectrum of as-synthesized [Fe,Al]MFI presents sev
differences. The more pronounced feature aroundg = 2.0
could point to a higher amount of extraframework Fe spe
in the precursor as compared with fresh [Fe]MFI. The sh
feature aroundg = 2.0 might indicate a portion of iso
lated Fe3+ ions. The evolution of the ESR spectra up
(hydro)thermal activation is totally different from that
[Fe]MFI. The sharp signal atg = 2.0 due to isolated Fe3+
species eroded at elevated temperatures. The same a
to the other signals aroundg values of 2.0 and 4.3. This in

dicates extensive clustering of iron oxide phases, although
in principle partial loss of the Fe3+ signal may also explain
such behavior. After steam activation we observed an in-
pared, (b) calcined in nitrogen at 473 K, (c) calcined in nitrogen at 6

a

.

s

Table 3
Quantitative analysis of the27Al NMR spectra of [Al]MFI and [Fe,Al]MFI
corresponding toFig. 3. All signals are normalized to the resonant signa
as-prepared [Al]MFI

Catalyst Treatment Al(IV)a

(% )
Al(VI) b

(%)

[Al]MFI As prepared 100 0
N2, 473 K 97 3
N2, 673 K 97 3
O2/N2, 823 K 95 5
Steam, 973 K 65 35

[Fe,Al]MFI As prepared 90 0
N2, 473 K 78 1
N2, 673 K 55 1
O2/N2, 823 K 37 1
Steam, 973 K 33 8

a Al(IV) refers to tetrahedrally coordinated aluminum, characterized b
chemical shift around 52 ppm.

b Al(VI) refers to octahedrally coordinated aluminum with a chemi
shift close to 0 ppm.

crease in the signal atg = 2.0 and a further decrease in th
one aroundg = 4.3. This points to more extensive clusteri
of Fe3+. Here, we cannot discuss in more detail the sign
in the low field that were reported earlier[16,36,45]because
their resolution is too weak.

NMR spectra of [Al]MFI are presented inFig. 3, and
quantitative data are condensed inTable 3. The bands a
0 ppm and 52 ppm are commonly assigned to octahedra

traframework and tetrahedral framework Al species, respec-
tively. The spectrum of fresh [Al]MFI is dominated by one
resonance at 52 ppm, which implies that Al is fully incor-
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Fig. 4. High-resolution transmission electron micrographs of (a)

porated into the framework. The asymmetry of this feat
indicates the presence of at least two crystallographic
distinct Al sites in the zeolite framework[50]. After treat-
ment in nitrogen at 473 K, a small but distinct peak at 0 p
appeared. This feature is related to extraframework Al
lodged from the zeolite framework after partial removal
the template. More severe calcination led to an increas
this feature. Approximately 5% of the aluminum atoms w
removed from tetrahedral framework positions after co
plete decomposition of the organic template. Further ste
ing activation of [Al]MFI brought about more extensive de
lumination. Moreover, a new broad peak around 38 p
appeared, which is usually assigned to a pentahedrally c
dinated Al or distorted tetrahedral Al[27]. Fig. 3also shows
the27Al NMR spectra of [Fe,Al]MFI obtained after variou
activation treatments. The corresponding quantitative
are given inTable 3. As a result of the paramagnetic nature
the iron species present in [Fe,Al]MFI, part of the Al sign
is not visible in the NMR spectrum[34,40]. Nevertheless
similar changes in the27Al NMR spectra were noted durin
calcination and steaming of [Fe,Al]MFI. Framework a
minum atoms were progressively removed at elevated
perature, and this dislodgement was more pronounced
steaming. The quantitative data inTable 3further underline
the loss of resonant area. For instance, the total resonan
in [Fe,Al]MFI calcined at 823 K amounted to only one-thi

of the signal in [Al]MFI. The ratio of octahedral and tetra-
hedral Al ions in [Fe,Al]MFI is substantially lower than that
in [Fe]MFI. This suggests that a relatively larger part of the
ed and (b) steamed [Fe]MFI and (c) calcined and (d) steamed [Fe,Al]M

-

r

a

extraframework Al nuclei in [Fe,Al]MFI became invisibl
because of the proximity of paramagnetic Fe centers.

To study the possible clustering of iron oxide aggrega
on the external surface, the calcined and steamed form
[Fe]MFI and [Fe,Al]MFI have been studied by TEM an
HRTEM. From TEM micrographs with lower magnifica
tion (not shown) we derive that the zeolites are made u
crystals with typical dimensions of 0.3–0.5 µm. The re
tively low crystallite size derives from the high TPAOH/Si
ratio in the synthesis gel; the alkyl chains of the temp
favor nucleation[51]. Whereas [Fe]MFI consisted of wel
formed rounded crystals, these were somewhat more i
ular for the aluminum-containing [Fe,Al]MFI materials.
contrast to the calcined zeolites, the creation of mesop
in the steamed zeolites was suggested by the observ
of white areas in the HRTEM micrographs[52]. However,
the nitrogen adsorption isotherms did not clearly poin
that direction.Fig. 4 shows typical high-resolution tran
mission electron micrographs of the calcined and stea
iron-containing zeolites. In general, iron oxide aggregate
the external surface of the zeolites were not observed. O
in one micrograph (Fig. 4b) for steamed [Fe]MFI were
few agglomerates identified. This result implies that the
gration of iron from lattice to extraframework positions w
largely limited to the intrazeolite space. This is in line w
the interpretation of the UV–vis results showing a small fr

tion of strongly clustered iron oxides and the visual observa-
tion that the samples are white after steam activation. These
observations deviate somewhat from those of Pérez-Ramírez
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Fig. 5. Infrared spectra of the hydroxyl stretching region of (a) [Fe]M
(b) [Al]MFI and (c) [Fe,Al]MFI. Dotted and full lines represent calcine
and steamed zeolites, respectively.

et al. [49,53], who clearly observed significant amounts
iron oxide aggregates on the external surface of [Fe,Al]M
Pérez-Ramírez also observed such clustered iron oxide
[Fe]MFI after more severe treatment[49].

Fig. 5 shows infrared spectra for the hydroxyl ban
of the various calcined and steamed zeolites. The sp
for [Fe]MFI are characterized by bands of isolated sila
groups in the region of 3700–3750 cm−1 and a broad sig
nal due to hydrogen-bonded silanol groups with a maxim
around 3500 cm−1. In calcined [Fe]MFI we distinguish
weak band at 3630 cm−1, which is related to Brønsted ac
hydroxyl groups bridging between silicon and iron fram
work cations. The higher frequency compared with tha
hydroxyl groups associated with framework substitution
aluminum is indicative of its lower acidity. The broad band
lower frequencies is assigned to internal hydroxyl nests
riving from extraction of Fe3+ from the framework[25,54].
After steaming, the band at 3630 cm−1 can no longer be
observed. This indicates further removal of Fe3+ from the
framework. Moreover, we observe a strong decrease in
broad band around 3500 cm−1, which is due to conden
sation of internal silanol groups releasing water and fo
ing strained Si–O–Si bridges. Similar effects were also
scribed for Fe-silicalite by Bordiga et al.[25]. The spec-
tra of [Al]MFI present a strong feature at 3610 cm−1 due
to Brønsted hydroxyl groups bridging between silicon a
aluminum. The intensity of the band around 3500 cm−1 is
much lower, which points to a less defective zeolite str
ture. This should be attributed to the higher stability
Al in the zeolite framework. A large portion of the Brø
sted acid protons disappeared upon steaming, becau
the removal of Al from the framework. Together with th

−1
decrease, a new signal around 3665 cmwas observed,
which is assigned to hydroxyl groups coordinating to ex-
traframework Al atoms. Again, the intensity in the region
atalysis 233 (2005) 123–135
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Fig. 6. Room-temperature infrared spectra in the region
1500–1700 cm−1 for (a) [Fe]MFI(st), (b) [Al]MFI(st), (c) [Fe,Al]MFI
and (d) [Fe,Al]MFI(st) after exposure to NO for 30 min and subsequ
evacuation for 30 min.

below 3600 cm−1 decreased. The spectra of [Fe,Al]MFI a
dominated by the bands also found in [Al]MFI. Steam
of [Fe,Al]MFI resulted in similar changes due to the
moval of framework Al. Nevertheless, the calcined mate
has a more pronounced feature around 3500 cm−1, which
strongly decreased upon steaming, which is similar to
changes in [Fe]MFI. Qualitatively, the extent of dealumin
tion of steamed [Al]MFI and [Fe,Al]MFI appears to be qu
similar.

After exposure to NO for 30 min, we observed typical N
bands around 1880 cm−1 for all materials. Such bands ha
been discussed in detail by others[55–62]. In this contribu-
tion, we focus on the bands that remain after extensive e
uation after NO exposure. The resulting spectra in the re
of 1550–1700 cm−1 of the various catalysts are collected
Fig. 6. The bands in this region are due to adsorbed NO2. Al-
though we initially surmised that these bands derive fro
reaction between NO and extraframework oxygen, we a
natively put forward that these bands originate from a N2
impurity in the NO feed. The bands below 1600 cm−1 are
assigned to monodentate/bidentate nitrate groups[56]. The
strong band in [Fe]MFI(st) at 1613 cm−1 has been assigne
to NO2 interacting with extralattice Fe ions[18]. The pure
aluminosilicalite [Al]MFI(st) exhibited a distinctly differen

−1
IR absorption band around 1657 cm. Hence, we suggest
that the band is due to NO2 interacting with extraframework
Al species. The weaker feature around 1600 cm−1 possibly
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Fig. 7. Temperature-programmed decomposition of nitrous oxide over2)
[Al]MFI(st), (") [Fe]MFI(st), (a) [Fe,Al]MFI, and (Q) [Fe,Al]-MFI(st)
(feed composition: 0.5 vol% N2O in balance He at GHSV of 30,000 h−1).

relates to nitrate groups[56]. As reported earlier[18], the
spectra for [Fe,Al]MFI and [Fe,Al]MFI(st) contain band
around 1612, 1620, 1635, and 1656 cm−1. The first and las
band correspond to extraframework Fe and Al species
spectively. The bands around 1620 and 1635 cm−1 were
assigned to NO2 interacting with a mixed iron–aluminum
oxide species, as speculated before[55]. This tallies with
the observation that such bands only arise for [Fe,Al]M
and become more pronounced after hydrothermal treatm

3.2. Catalytic activity

Fig. 7 depicts the conversion as a function of the re
tion temperature for [Al]MFI(st), [Fe]MFI(st), [Fe,Al]MFI
and [Fe,Al]MFI(st) during nitrous oxide decomposition. T
nitrous oxide conversion of steam-activated alumino-
ferrisilicate remained below 3% at 800 K. The activities
the corresponding calcined materials were similarly low (
shown). [Fe,Al]MFI and [Fe,Al]MFI(st), on the other han
displayed a significantly higher catalytic activity. The d
composition of nitrous oxide started at approximately 650

and full nitrous oxide conversion was reached at 775 K.

[Fe,Al]MFI 4 > 98 3 7
[Fe,Al]MFI(st) 7 > 98 3 8
atalysis 233 (2005) 123–135 131

.

Fig. 8. Rate of phenol formation as a function of reaction time for2)
[Al]MFI(st), (") [Fe]MFI(st), (a) [Fe,Al]MFI, (Q) [Fe,Al]MFI(st) (reac-
tion temperature 623 K, feed composition: 1 vol% benzene, 4 vol% N2O,
95 vol% He, GHSV 30,000 h−1).

a steamed Fe/ZSM-5 catalyst prepared by the sublima
method[11,40].

The rates of phenol formation for the various catalysts
a function of the reaction time at a temperature of 623
are shown inFig. 8. Whereas [Al]MFI(st) had a negligi
ble activity and the rate of phenol formation for [Fe]MFI(s
was also very low, [Fe,Al]MFI and [Fe,Al]MFI(st) exhibite
a high initial activity; the steamed material had the hig
est conversion. Deactivation was pronounced, and relat
stable activities were obtained after a reaction time of 3
Further reaction parameters (benzene and nitrous oxide
versions and selectivities) are condensed inTable 4. The
initial selectivity (after 5 min) of benzene to phenol ov
[Fe,Al]MFI was approximately 70%, indicating that pa
of the reactant benzene is converted into products diffe
from phenol. These products were mostly high-molecu
weight coking products, leading to deactivation[37], but
also included small amounts of carbon dioxide and w
in the initial stages of the reaction. Although the convers
of benzene decreased to 7% after 1 h, the selectivity rem

ably increased to values close to 100%.

ing
ben-

as
Steam-activated [Fe,Al]MFI had the highest activity. We
stress that [Fe,Al]MFI(st) exhibited a lower activity than

We attribute the increase in selectivity with decreas
conversion to a consecutive reaction mechanism where

Table 4
Conversion (X) and selectivity (S) for benzene oxidation with itrous oxide for reaction times (tR) of 5 min, 1, 3 and 5 h (reaction temperature 623 K, g
phase composition 1 vol% C6H6, 4 vol% N2O, 95 vol% He, GHSV 30,000 h−1)

Catalyst C6H6 N2O C6H6 N2O

X (%) S (%) X (%) S (%) X (%) S (%) X (%) S (%)

tR = 5 min tR = 1 h

[Fe,Al]MFI 22 69 10 36 7 > 98 3 59
[Fe,Al]MFI(st) 38 68 16 42 14 > 98 5 71

tR = 3 min tR = 5 h
8 2 > 98 4 83
8 6 > 98 3 93
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zene is first converted to phenol, followed by its oxidat
to dihydroxybenzenes and/or condensation to heavier p
ucts. As deactivation due to coke formation is argued
be dominant, the decrease in the amount of available a
sites leads to a decrease in the benzene conversion and
comitantly an increase in the selectivity for the intermed
phenol product. [Fe,Al]MFI(st) displayed a reactivity patte
similar to that of [Fe,Al]MFI, but with a higher conversio
of benzene (Fig. 8). A comparison with earlier data for sub
limed Fe/ZSM-5 materials[11] shows that the present set
materials is more selective and shows a lower deactiva
rate than catalysts prepared by sublimation.

4. Discussion

4.1. Structural characterization

[Fe]MFI, [Al]MFI, and [Fe,Al]MFI were successfully
synthesized via hydrothermal synthesis. The evolution o
iron and aluminum hetero-atoms during activation was
lowed by ESR and UV–vis spectroscopy (Fe) and NMR (
and infrared spectroscopy (Fe and Al). Iron appears to
less stable as a framework species than aluminum, in ag
ment with the literature[39]. The lower stability of Fe agree
with its larger ionic radius (0.064 nm for Fe3+ vs. 0.050 nm
for Al3+). Nevertheless, the agglomeration of Fe species
larger structures was limited, as follows from the predo
inance of isolated and oligomeric Fe3+ species (UV–vis)
and the absence of iron oxide particles on the external
face (HRTEM). Moreover, the extent of Fe3+ clustering was
much smaller in [Fe]MFI than in [Fe,Al]MFI, in line with re
cent findings of Pérez-Ramírez et al.[49,53]. Infrared spec-
tra of the hydroxyl region, however, confirm UV–vis da
that indicate that most Fe3+ species have been removed fro
framework positions after calcination. After steaming, brid
ing hydroxyl groups associated with framework iron catio
were no longer observed.

Directly after synthesis, all Al atoms were incorpora
into the framework of the MFI structure in [Al]MFI. A sma
portion of the tetrahedral Al atoms was lost upon calci
tion. This dealumination was much more pronounced a
steaming, and about one-third of the Al atoms were
moved from framework sites. The simultaneous introduc
of iron and aluminum into the zeolite framework result
in a larger destabilization of the zeolite framework. UV–
spectra suggest that already in the as-synthesized ma
the amount of Fe at framework locations had noticea
decreased compared with [Fe]MFI. After calcination a
complete removal of the template, almost all Fe atoms h
migrated to extraframework positions. The evolution of
atoms in [Fe,Al]MFI zeolites is more difficult to follow b
27Al NMR because of the presence of paramagnetic Fe3+.

We observe a lower ratio of detectable octahedral and tetra-
hedral Al species in calcined and steamed [Fe,Al]MFI com-
pared with the corresponding [Al]MFI zeolites. Tentatively,
atalysis 233 (2005) 123–135
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this may imply that a relatively larger fraction of Fe is clos
to extraframework Al species than to framework species.
though it is known that the replacement of protons by m
cations as charge-compensating species increases the f
work stability, Rees and co-workers[63,64]earlier proposed
that thermal activation of tervalent cations in zeolites l
faujasite may lead to dealumination. Experimentally, we
serve for [Fe,Al]MFI a similar strong decrease in the infra
band related to bridging hydroxyl groups, as for [Al]MF
This decrease should at least partly be due to migratio
Al to extraframework positions, as follows from the band
3665 cm−1.

4.2. Catalytic activity

The activity measurements point to large difference
nitrous oxide decomposition rates among the various c
lysts. Before and after steaming, [Al]MFI exhibited a neg
gible nitrous oxide conversion up to temperatures of 800
This corresponds to recent data of Pérez-Ramírez e
[65,66], who found that a similar [Al]MFI material only
exhibits significant activity in nitrous oxide decompositi
above 800 K. This implies that Brønsted acid sites
Lewis acidic extraframework Al species are not able to
tivate nitrous oxide at moderate temperatures. In contra
the reports of Pérez-Ramírez et al.[65,66], we found that
[Fe]MFI and [Fe]MFI(st) were not active up to temperatu
of 800 K. Pérez-Ramírez et al. reported relatively high
tivities for steam-activated [Fe]MFI. They concluded tha
certain extent of clustering of iron oxide is required fo
high activity in nitrous oxide decomposition. We found th
the agglomeration of Fe in [Fe]MFI is rather limited. To o
tain more insight into this discrepancy, we applied a m
severe pretreatment to calcined [Fe]MFI (1073 K, 30 vo
water vapor). The UV–vis spectra point to somewhat m
Fe3+ clustering (Table 2), but the nitrous oxide decompo
sition rate of this material was hardly improved. Earlier
proposed that such inactive [Fe]MFI(st) can simply be a
vated by the addition of Al at extraframework positions[18].
On the other hand, we cannot rule out the possibility that
extent of agglomeration is still lower for the present mat
als and that this parameter is crucial for good performa
in nitrous oxide decomposition[67].

The combination of characterization and activity d
points to a strong synergy between Fe and Al in the
lective oxidation of benzene to phenol. The activity
[Fe,Al]MFI(st) is considerably higher than that of its ca
cined counterpart. The positive effect of steam treatmen
the decomposition of nitrous oxide has been described
fore [34,65]. Although generally the beneficial effect of
hydrothermal treatment is thought to derive from additio
extraction of Fe from framework positions, we found tha

large fraction of iron was already extracted in [Fe,Al]MFI
during template removal. This suggests that the increase in
activity upon steaming is most likely not due to changes in
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the distribution between framework and extraframework
species. The samples containing one substituent type, th
[Al]MFI or [Fe]MFI, produced almost negligible amoun
of phenol, whereas [Fe,Al]MFI displayed high rates of p
nol formation. Similarly, benzene was not converted o
[Al]MFI(st), indicating that Al Lewis sites should also no
be considered the active sites. We surmise that the so
what higher activities of ferrisilicates in benzene oxidat
found by others[17,20,68]are related to small quantitie
of Al in the zeolite samples. [Fe,Al]MFI(st) had a high
rate of phenol formation than [Fe,Al]MFI. The similar r
action parameters suggest that the difference is due m
to the larger amount of active sites in the steamed c
lyst.

It appears that next to the dislodgement of framew
Fe, migration of Al from the framework is also essent
This supports our earlier supposition that the active spe
for selective benzene oxidation consists of a mixed ir
aluminum-oxide species. This contrasts the view of catio
Fe species of low nuclearity as the active sites for b
zene oxidation[32]. Instead, we consider the possibility
highly dispersed or mononuclear Fe species stabilized by
traframework Al species, denoted as Fe–O–Al[18]. It may
be that these extraframework Fe–O–Al species are stabi
at defect sites of the zeolite.

The importance of high-temperature treatments (calc
tion or steaming) is probably related to the much hig
stability of Al at framework positions compared with th
of Fe. Its extraction results in a higher amount of mix
oxide species and a higher catalytic activity. This ten
tive model is in line with various findings in recent lite
ature. Dubkov et al.[32] have shown that active catalys
can also be obtained by impregnation of FeCl3 into HZSM-
5 followed by thermal activation. This suggests that ac
sites can be created upon removal of aluminum from
framework by steaming at moderate or calcining at v
high temperature. This also holds for samples prepare
chemical vapor deposition of FeCl3 onto HZSM-5[11,40].
Kubánek et al.[16] and Meloni et al.[37] also found a corre
lation between the presence of extraframework Al sites
catalytic activity, but regarded this as a side effect of
necessary thermal treatments to remove Fe from the fra
work.

Infrared spectra of adsorbed NO2 provide additional in-
dications for the formation of a new mixed oxide pha
in [Fe,Al]MFI zeolites. Spectra for steamed [Al]MFI an
[Fe]MFI produced bands due to NO2 complexes on ex
traframework Al and Fe sites, respectively. These ba
were less pronounced in [Fe,Al]MFI with similar Fe and
content. Coupled with their decrease was the appearan
strong new bands around 1620 and 1635 cm−1, which are
linked to the presence of extraframework Fe–O–Al. Thi

supported by the observation that these signals increase af
ter steam activation. Recent works[69–71] also stress the
importance of extraframework Al species.
atalysis 233 (2005) 123–135 133
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The structure of the Fe–O–Al species remains to be de
mined. Next to Fe species stabilized to partially dislodged
sites, one should consider the possibility of stabilization
ferrous ions in aluminates highly dispersed in the zeolite
cropores. The most important catalytic property of these
containing sites is their reducibility in the presence of mo
cular oxygen[32]. The resulting Fe2+ species can be titrate
by nitrous oxide at temperatures around 523 K. The ac
site densities lie in the order of 1017 to 1018 g−1, which cor-
responds to the involvement of about 0.001–0.01 wt%
We surmise that these sites are made up of mixed Fe–O
species and are involved in the selective oxidation of b
zene to phenol. It seems unlikely that these few sites
responsible for the high nitrous oxide conversion at hig
temperatures. Alternatively, it may well be that other (d
persed) iron-containing phases, that is, cationic iron spe
and/or agglomerated nanometer-sized iron oxides stabi
in the zeolite micropores[65–67], are able to decompos
nitrous oxide at elevated temperatures. In this respect,
worth noting that even large iron oxide agglomerates can
compose nitrous oxide, starting at a temperature of 72
Formation of additional Fe2+ sites from such phases at mo
elevated temperatures should be considered. Indeed, we
shown that, depending on the oxygen partial pressure,
alytic sites are generated at elevated temperatures tha
decompose nitrous oxide, but slowly deactivate[11]. The
observation that such sites are less abundant upon trea
with higher oxygen partial pressures suggests that these
may be reoxidized by molecular oxygen and are thus dif
ent from the sites responsible for selective oxidation.

5. Conclusions

Trivalent Fe and Al ions can be incorporated into
framework of MFI-type zeolite by introduction of the co
responding metal nitrate salt solutions into the synth
gel. During subsequent calcination or steaming steps, t
substituents are partially removed from framework to
traframework positions. The migration is more evident
Fe than for Al, and a steam treatment is more effective
removing hetero-atoms than the initial calcination step
short, iron is largely removed during template removal,
pecially in the presence of aluminum. Clustering of Fe3+
species is more extensive in the presence of Al. Consider
amounts of Al are removed only under hydrothermal c
ditions. The ability of these zeolites to decompose nitr
oxide under mild conditions is limited to those materi
containing both Fe and Al. Ferrisilicalite and aluminos
calite are inactive for selective benzene oxidation to phe
with nitrous oxide. Detailed characterization suggests

-extraframework mixed iron–aluminum oxide species are in-
volved in the activation of nitrous oxide at low temperatures
and the subsequent benzene oxidation to phenol.
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