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Two isomorphously substituted iron ZSM-5 catalysts with differ-
ent crystal sizes (2.5 and 0.4 µm) were prepared by hydrothermal
synthesis. The samples with a Si/Al ratio of 32 and 34 contained 0.64
and 0.60 wt% of iron, respectively, and were activated by steam at
873 K. The zeolites were characterized by XRD, SEM, TEM, FT-
IR, and UV–vis spectroscopy, and EPR. The preparation procedure
is an efficient method for obtaining highly crystalline white sam-
ples with a high dispersion of iron. Upon calcination and subse-
quent treatment with steam at 873 K, structural changes occurred.
Spectroscopic studies indicated that, during the steaming process,
Fe–O–Si bonds were broken and iron migrated toward extraframe-
work positions. EPR revealed that, after the steaming procedure,
iron centers with a g value of 6 and higher extending to the zero field
formed. Both signals disappeared upon reduction, and we suggest
that these iron sites are involved in oxidation with N2O. This ze-
olite catalyzed the hydroxylation of benzene with nitrous oxide as
the oxidant, resulting in high selectivity (>99%) and phenol yields
(up to 27%). This is in accordance with previous studies. Experi-
ments with 1,3,5-trimethylbenzene, which is too large to fit inside
the pores, demonstrated that the oxidation of benzene to phenol
took place within the zeolite pores and not at the external surface.
c© 2000 Academic Press
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market price of acetone, is highly preferred. An important
INTRODUCTION

The selective partial oxidation of hydrocarbons, e.g., the
direct conversion of benzene to phenol (1, 2), is still an im-
portant objective. Currently, the most widely used industrial
route to phenol is the cumene process, in which cumene hy-
droperoxide undergoes an acid-catalyzed cleavage to yield
phenol and acetone. For obvious reasons, a one-step process
for the production of phenol, which does not depend on the
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source for developing selective catalysts for benzene oxida-
tion are the oxygenases that mediate the selective oxidation
of hydrocarbons with O2 at ambient temperature and pres-
sure. Heme and nonheme iron-containing enzymes, such as
cytochrome P450 and methane monooxygenase (MMO),
respectively, are two notable representatives of this class of
enzymes (3, 4). In most known oxygenases, the iron in the
active site is coordinated by a heme protoporphyrin ring;
thus, the discovery of MMO, in which a diiron cluster is
complexed by amino acid residues (4–6), was remarkable.
MMO reductively activates dioxygen for incorporation into
a wide variety of hydrocarbon substrates, including alkanes,
alkenes, aromatic and aliphatic hydrocarbons, phenols, al-
cohols, amines, and chlorinated hydrocarbons (4, 7–9).

Significant effort is made to develop biomimetic systems
capable of activating oxygen analogous to MMO (10–17). In
this context, the synthesis of inorganic biomimetic catalysts,
based on high-silica zeolites that contain isolated transition-
metal species as active redox sites, is being used to develop
new types of catalysts (18, 19). Nanometer-scale engineer-
ing of the catalytic function of isolated redox sites in the
narrow zeolite channels is of great interest, because confin-
ing the redox-active species within the well-defined cavities
and/or channels can result in catalysts with unique activity.
The inorganic matrix improves the stability of the redox
site toward dissociation and/or oxidative destruction just as
the protein mantle protects the active site in the enzyme.
Moreover, the superstructure of the zeolite can result in
an unusual (high-energy) geometry of the metal site, thus
enhancing its redox potential. Bioinorganic chemistry de-
scribes this as the entactic state (20), which is generally
believed to play a major role in determining the activity
of metalloenzymes. The term biomimetic thus refers to the
catalytic behavior of isolated transition-metal species in a
specific environment of the zeolite matrix, which may be
similar to the action of enzymes.

In 1988, three groups (21–23) independently discovered
that ZSM-5-type zeolites are better catalysts for the direct
0021-9517/00 $35.00
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oxidation of benzene to phenol using nitrous oxide (N2O)
compared to the original V2O5/SiO2 system (24). The latter
system required temperatures as high as 823 K when us-
ing N2O to produce phenol with 45% selectivity, while for
ZSM-5 catalysts the typical reaction temperature was 623 K
and the selectivity for phenol was close to 100%. Panov
and co-workers (25–36) continued to develop this sys-
tem and found a correlation between the amount of iron in
the ZSM-5 zeolite and the conversion of benzene to phenol
with N2O. They optimized FeZSM-5 for the benzene-to-
phenol conversion and achieved high selectivity (>95%) in
all cases.

Panov and co-workers proposed that the active catalyst
was a dinuclear iron species, immobilized in the pores of
ZSM-5. As such, it resembles the active iron oxidant in
MMO, which is capable of transferring one oxygen atom
activated on a diiron center to an inactivated C–H bond.
Their proposed mechanism is illustrated by reactions [1]
and [2]. The authors refer to α-centers, which denote the
active sites in the zeolites. The number of active sites is
defined as the number of molecules of N2O that can be
decomposed on the surface:

N2O+ ( )α → (O)α +N2 [1]

C6H6 + (O)α → ( )α + C6H5OH. [2]

The selective oxidative power of these α-sites was demon-
strated by the observation that, although they were gener-
ated with nitrous oxide at temperatures above 523 K, they
could transfer oxygen to benzene or methane at tempera-
tures as low as 243 K (34). This underlines the biomimetic
character of these materials. However, the active species
is unknown. Some authors claim that either Lewis acidic
centers from the extraframework aluminum (37) or ex-
traframework gallium (38) or Brønsted acidic centers from
aluminum (39–42) are responsible for the catalytic hydrox-
ylation of benzene to phenol. The fact that commercial
ZSM-5 zeolites contain small amounts of iron as impurity
must be taken into account.

FeZSM-5 zeolites have been known for over two decades
(43, 44) and are of interest for the catalytic reduction of ni-
trous oxide (45–47) and nitric oxides (48, 49). In most cases,
the selective reduction of nitrous oxide is performed with
light hydrocarbons (ethane, propane, propene). The pres-
ence of hydrocarbons as reducing agents substantially re-
duces the light-off temperature for the reduction of nitrous
oxide and improves the stability of the catalyst in the pres-
ence of water vapor compared to the direct N2O decom-
position over FeZSM-5 (45–47). The identity of the active
species in this novel process, which may be closely related
to benzene-to-phenol oxidation with N2O, has not yet been
established.
The aim of our work is to contribute to the understanding
of the structure of the iron site in the steamed, framework-
ET AL.

substituted FeZSM-5 catalyst, which can be used for the
selective oxidation of benzene to phenol with N2O. It was
reported recently that mild steaming resulted in even bet-
ter catalytic activity for FeZSM-5 compared to a vacuum
treatment at 1173 K (50). We prepared two isomorphously
substituted iron zeolites with different crystal sizes. XRD,
SEM, TEM, FT-IR, and UV–vis spectroscopy were used
to study structural modifications involving iron species in-
duced by calcination and steaming. Furthermore, EPR was
used to investigate the iron species in this zeolite.

METHODS

Catalyst Preparation

Two types of iron ZSM-5 zeolites, with Si/Al= 36 and
Si/Fe= 152 ratios in the starting synthesis mixture, were
prepared by hydrothermal synthesis according to the
procedure described below. The difference between these
two types of catalysts was the presence (sample FeZSM-5A)
or absence (sample FeZSM-5B) of sodium hydroxide in the
synthesis gel. In the absence of NaOH, the template concen-
tration was increased to reach the optimum pH. The synthe-
sis mixture contained tetraethylorthosilicate (TEOS, Acros,
98%), tetrapropylammonium hydroxide (Fluka, ∼20% in
water), iron nitrate nonahydrated (Merck, 99%), aluminum
nitrate nonahydrated (Merck, 98.5%), and sodium hydrox-
ide (Aldrich, 97%, only for sample A) in the following
nominal molar ratios: H2O/Si= 45, TPAOH/Si= 0.1–0.3,
NaOH/Si= 0–0.2, Si/Al= 36, and Si/Fe= 152 (see Table 1).

In a typical synthesis, the silica source (TEOS) was added
to the organic template (TPAOH) and sodium hydroxide
(only in the case of sample A) with stirring. Drops of this
solution were added to a mixture of iron and aluminum ni-
trates dissolved in water. The final solution was transferred
to a stainless steel autoclave lined with Teflon and kept in
a static air oven at 448 K for 5 days. The crystalline mate-
rial was separated by filtration and washed with water until
the latter was free of nitrate (denoted as catalyst FeZSM-
5Aas and catalyst FeZSM-5Bas). These as-synthesized sam-
ples were calcined in air at 823 K for 10 h to remove the
template. The samples were converted into the H-form by
three consecutive exchanges with an ammonium nitrate so-
lution (0.1 M) during the night and subsequent calcination
in air at 823 K for 5 h (denoted as samples FeZSM-5Ac and
FeZSM-5Bc). In the last step, the catalysts were steamed
(water partial pressure of 300 mbar and a total flow of 30 ml/
min) at high temperature (873 K) for 5 h; they were stored
at room temperature in dry air. These samples are denoted
as FeZSM-5As and FeZSM-5Bs, respectively.

Techniques
The chemical analysis was carried out using the ICP-
OES technique (Perkin-Elmer Plasma 40 (Si) and Optima
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TABLE 1

Molar Ratios of the Gels and Crystalline FeZSM-5 Samples, As Determined by ICP-OESa

Si/Alb Si/Feb TPAOH/Sib NaOH/Sib Si/Alc Si/Fec Fe (wt%)c

FeZSM-5Aas 36 152 0.1 0.2 31.1 126.2 0.59
FeZSM-5Ac 36 152 0.1 0.2 31.6 124.9 0.64
FeZSM-5As 36 152 0.1 0.2 31.3 121.7 0.67
FeZSM-5Bas 36 152 0.3 — 33.2 131.7 0.54
FeZSM-5Bc 36 152 0.3 — 34.1 130.7 0.60
FeZSM-5Bs 36 152 0.3 — 35.5 128.9 0.61

a The error in the values obtained by ICP-OES for the molar ratios amounts to ±2%; (as) as-synthesized,
(c) calcined, and (s) steamed samples.
b Molar ratios of the gels.
c
 Molar ratios of the crystalline samples.

3000DV (axial)). Powder X-ray diffraction data were col-
lected in the 2θ range of 5 to 50◦ at a scan rate of
0.5◦ min−1 with a Philips PW 1830/40. For scanning elec-
tron microscopy (Philips XL 20), the samples were coated
with gold to achieve contrast. For transmission electron mi-
croscopy, recorded on a Philips CM 30-T electron micro-
scope with a LaB6 filament as the source of electrons oper-
ated at 300 kV, the samples were mounted on a microgrid
carbon polymer supported on a copper grid by placing a few
droplets of a suspension of the ground sample in ethanol on
the grid, followed by drying under ambient conditions. In
order to enhance the visibility of the small particles, the ze-
olites were amorphized by the electron beam. The Fourier
transform infrared (FT-IR) spectra were recorded using
a Spectratech diffuse reflectance accessory and a Nicolet
Magna 550 Fourier transform spectrometer. The ground,
sieved sample (∼20 mg) was placed in a holder, which was
mounted in a reaction chamber with KBr windows. The
calcination step was studied in situ. Spectra of FeZSM-5Aas

were collected in a flow of air (25 ml/min STP) in the range
273 to 823 K (heating rate 10 K/min). The spectrum at
823 K was obtained after 1 h of equilibration. The spectra
of FeZSM-5As and FeZSM-5Bs were obtained separately
in a flow of air at 473 K.

Electronic absorption spectra in the UV and visible range
were recorded on a Varian Cary 3 Bio. Diffuse reflectance
spectra were recorded in air against BaSO4. EPR samples
were studied in dry air or in situ by means of a Varian
E9 spectrometer at room temperature and at 77 K. Sam-
ples were pretreated by calcination at 673 K to remove
possible moisture and other contaminants present in the
zeolite. To fill the EPR tubes with these samples, a glove
box was used to avoid contact with the atmosphere. In situ
N2O samples were prepared by letting N2O (100%) flow
at 623 K through a reactor containing the catalyst. After
the temperature was reduced to 293 K, the N2O flow was
stopped and the reactor closed to avoid contact with the
the reactor was placed into the EPR spectro-
Catalytic Oxidation with N2O

Catalytic tests were carried out in a quartz tube (volume
20 ml, length 58 cm, inner diameter 0.64 mm). The reac-
tor was filled with 0.5 g of the steamed catalyst (pressed
into tablets and crushed to 0.50–0.71 mm particle size), and
pretreatment was performed in situ at 673 K for 1 h in air
to remove possible moisture and other contaminants from
the zeolite. Benzene was added by means of an evaporator
equipped with a thermostat.

The reaction was performed at 623 K and atmospheric
pressure. The ratio of benzene : N2O : nitrogen (carrier gas)
was 5 : 20 : 75 (mol%), with the flow corresponding to 0.3
g of benzene per gram of catalyst per hour (1.9 mmol of
benzene per hour). The conditions were similar for the ox-
idation of 1,3,5-trimethylbenzene, cyclohexene, and cyclo-
hexane. Analysis of the reactants and the products was car-
ried out by on-line gas chromatography and FID detection
(column: CB-Sil-19, 50 m× 0.53 mm, o.d.= 0.70 mm, d.f.=
1.00 µm, ratio= 132).

RESULTS

Chemical Composition and X-Ray Diffraction

The elemental analysis is given in Table 1. Comparison
of the composition of the gels and the crystalline samples
indicated that all the iron and aluminum was incorporated
into the ZSM-5 crystals. A small part of the silicon was
not incorporated. The samples FeZSM-5As and FeZSM-
5Bs, with a Si/Al ratio of 31 and 35, respectively, typically
contained 0.67 and 0.61 wt% of iron, respectively.

Figure 1 shows the XRD patterns of the as-synthesized,
calcined, and steamed samples for sample A. There are no
significant differences between the XRD patterns of the
catalysts FeZSM-5A and FeZSM-5B. All the samples stud-
ied showed the characteristic pattern of the MFI structure
and the crystallinity of the samples was higher than 95%.

Expansion of the unit cell due to the incorporation of iron
was not observed because of the low iron content. The
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FIG. 1. XRD patterns of (a) FeZSM-5Aas, (b) FeZSM-5Ac, and
(c) FeZSM-5As.

diffractograms did not reveal the reflection of α-Fe2O3

(hematite). This indicated that the steam treatment at
873 K did not lead to a significant phase of α-Fe2O3. The
specific surface areas SBET of both samples were similar, i.e.,
363 m2/g (sample FeZSM-5As) and 382 m2/g (sample
FeZSM-5Bs).

Electron Microscopy

Figure 2 shows the scanning electron microscopy (SEM)
pictures of samples FeZSM-5As and FeZSM-5Bs. No dif-
ferences in shape or crystallinity were observed for the as-
synthesized and calcined samples (not shown). The SEM
pictures clearly showed that sample FeZSM-5Bs consisted
of smaller crystals (0.4µm for FeZSM-5Bs versus 2.5µm for
FeZSM-5As samples). In other words, at higher template
concentration, smaller crystals were obtained. The crystal
size distribution of both samples was uniform, and no amor-
phous matter was detected on the external surface of the
zeolite. It was possible to distinguish the crystal intergrowth
phenomenon that is typical of ZSM-5 zeolites.

Transmission electron microscopy (TEM) of the steamed
samples showed dark spots for FeZSM-5As (Fig. 3), which
belonged to metal-containing particles. The FeZSM-5Bs

sample exhibited a similar pattern (not shown). The size
of these particles was around 1 nm. It is assumed that these
spots correspond to Fe2O3 clusters, which are not identi-
fied by XRD. This phenomenon is not uncommon for iron-
based zeolites. In fact, we have observed particles of around
10 nm in the case of iron ZSM-5 zeolites, which were syn-
thesized through ion exchange (iron content 0.6 wt%) and

then calcined. Thus, in that case, Fe2O3 particles were 10
times larger.
ET AL.

Selected area EDX elemental analysis showed a very
good distribution of iron throughout the crystals. This, to-
gether with the XRD results, indicates that our preparation
procedure is an efficient method for obtaining highly dis-
persed metal-active species, and that the 1-nm Fe2O3 clus-
ters represent only a very small fraction of the iron that
is actually present in the zeolite. It must be emphasized,
however, that any active iron site consisting of single, din-
uclear, or even polynuclear species cannot be revealed by
this technique.

Infrared Spectroscopy

The infrared spectra for zeolite FeZSM-5A in the hy-
droxyl stretching (3400 to 3800 cm−1) region are shown
in Fig. 4. Spectra for zeolite FeZSM-5B are similar (not
shown). The thermal treatment of as-synthesized zeolite
FeZSM-5Aas was followed in situ (spectra a, b, and c). Spec-
trum d was obtained after proton exchange and steam treat-
ment (see methods section). Complete template removal
upon calcination was followed by the disappearance of the
characteristic bands in the 2800 to 3000 cm−1 region (not
shown).

The spectra of the samples exhibited the expected
bands in the OH stretching vibration region. The spectrum
(Fig. 4a) of the as-synthesized zeolite was dominated by
the presence of water. A clear spectrum, expected for the
nonacidic zeolite, was observed upon heating to 473 K in
air (Fig. 4b). The band around 3740 cm−1 is attributed to
stretching vibrations of isolated Si–OH groups (51). This
vibration was very general and occurred in all samples.
The spectrum, observed upon calcination (Fig. 4c), was
dominated by a broad absorption ranging from 3400 to
3700 cm−1. This might be due to residual water in the ze-
olite (as in spectrum a). However, even in situ heating of
the sample, followed by the recording of the spectrum at
823 K, could not exclude this bulk adsorption. Analogous
to the literature (52), this absorption probably corresponds
to hydrogen-bonded silanols, which may be located in
nests.

Furthermore, a strong, rather broad band at around
3600 cm−1, corresponding to bridging Si(OH)Al groups,
appeared (Fig. 4c). The signal for acidic bridging OH
groups in aluminum-containing zeolites is usually observed
at 3610 cm−1 and is characteristic of strong Brønsted acid
sites in zeolites (53). The current sample corresponded
to the sodium-doped FeZSM-5, which was not yet con-
verted into the H-form and, therefore, displayed limited
acid strength. The small number of Brønsted sites together
with the high background absorption of hydrogen-bonded
silanols probably caused the rather heterogeneous shape
of the signal. After the heat treatment, the band near
3740 cm−1 shifted to 3720 cm−1. The latter band was pre-
viously assigned to terminal silanol groups. It is generally

accepted that, while isolated silanols on external surfaces
give a narrow band at 3750 cm−1, terminal groups of a
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FIG. 2. Electron micrographs (SEM): (a, to

hydrogen-bonded chain absorb at slightly lower wavenum-
bers. Terminal silanol groups can be formed upon dealu-
mination (52, 54) or when iron is removed from the lattice
(55, 56).

After proton exchange and steam treatment at 873 K
(Fig. 4d), a number of smaller bands appeared. Particularly
visible was the band at 3670 cm−1. This band is usually as-
signed to extraframework aluminum species (51). For iron
silicates, the ν(OH) band for the acidic bridging OH was
observed at 3630 cm−1 (55, 57). In our study, weak absorp-
d at 3630 cm−1 for sample FeZSM-5As,
ely overshadowed by the bands around
p) FeZSM-5As and (b, bottom) FeZSM-5Bs.

3600 cm−1. From the spectrum, it was impossible to estimate
the number of Si(OH)Fe groups. Compared to spectrum
c, the broad absorption band from 3700 to 3400 cm−1 de-
creased in spectrum d, while the band assigned to the silanol
groups shifted back to 3740 cm−1. This indicated that steam-
ing induces dehydroxylation accompanied by “closure” of
the nests.

Ultraviolet–Visible Spectroscopy
The UV–visible reflectance spectra of as-synthesized,
calcined, and steamed samples of sample A are presented
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473 K; (c) FeZSM-5Aa

at 473 K.
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FIG. 3. Electron micrograph

in Fig. 5. Similar spectra were obtained for sample B (not
shown). The as-synthesized and calcined samples were
white, whereas the steamed samples were tan. All spectra
were dominated by a strong absorption in the 200- to

FIG. 4. Infrared spectra of FeZSM-5A in air flow after different treat-
ments: (a) FeZSM-5Aas at 293 K; (b) FeZSM-5Aas after in situ heating to
s after in situ calcination at 823 K; (d) FeZSM-5As
(TEM) picture of FeZSM-5As.

350-nm interval (two maxima are clearly distinguished),
due to the metal–oxygen charge transfer.

In accordance with the molecular orbital diagram of
Tippins (58), two bands were observed at 212 and 234 nm in
the as-synthesized and calcined samples. These bands can
be assigned to the t1→ t2 and t1→ e transitions. These strong
bands appeared in the same energy range for both the
octahedral and the tetrahedral complexes. Thus, the mere
presence of these two bands cannot be regarded as a con-
clusive proof of the tetrahedral coordination state of iron.

The calcination step to remove the template and the
steaming treatment resulted in clear modifications of the
UV–visible spectra: (i) broadening of the charge transfer
FIG. 5. Diffuse reflectance, UV–vis spectra of (a) FeZSM-5Aas,
(b) FeZSM-5Ac, and (c) FeZSM-5As. Spectra recorded in air.
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bands, (ii) a shift toward higher wavelengths, (iii) an in-
crease in absorbance in the high-wavelength tail, and (iv)
a decrease in the number of the bands centered at 212 and
234 nm. The disappearance of the peak centered at 212 nm
was accompanied by absorption around 280 nm. The peak
at 280 nm corresponded to the absorption of iron in octa-
hedral complexes (56). This indicated that iron might be
present as isolated or clustered iron oxide species (59, 60),
i.e., oxidic microaggregates. This is in agreement with our
TEM results (see above).

Electron Paramagnetic Resonance

X-band EPR spectra were recorded for as-synthesized,
calcined, and steamed samples, respectively. Furthermore,
spectra were acquired in situ for steamed samples, which
were activated with N2O at 623 K and then cooled in situ.
Samples FeZSM-5A and FeZSM-5B displayed the same
spectra with the exception of minor differences in the rel-
ative intensity. Figure 6 shows the spectra for sample A.
Signals appeared at g= 2.0 and g= 4.3 for all of our sam-
ples. For the as-synthesized sample, the spectrum displayed
a weak signal at g= 2.2.

FIG. 6. EPR spectra, recorded at 298 K in dry air, of (A) FeZSM-5Aas,

(B) FeZSM-5Ac, (C) FeZSM-5As, and (D) FeZSM-5As in situ activated
with N2O.
ON OF BENZENE TO PHENOL 293

These signals are typical of Fe in zeolites, and are in accor-
dance with the literature (61). The appearance of a signal at
g= 4.3 was often regarded as evidence of framework sub-
stitution in zeolites and AlPOs, while the line at g= 2.0 was
always attributed to extraframework Fe(III) at cationic po-
sitions (62–67). The g= 2.2 signal was commonly assigned
to iron in interstitial oxide and hydroxide phases (68). How-
ever, Wichterlová and Jiru (69) and other authors (61, 70)
pointed out that the signal at g= 4.3 may be due, at least in
part, to the extraframework Fe(III) species at cationic sites.
Vedrine et al. (71) were the first to report that not only a
signal at g= 4.3, but also at g= 2.0, might be indicative of
framework Fe. We thus conclude that the assignment of
the structure of the iron species in zeolites is by no means
unambiguous.

Calcination of the catalysts caused some changes in the
EPR spectra. As can be seen from Fig. 6B, the signals are
now at g= 2.0 and g= 4.3, accompanied by the signal at
g= 9.6. The latter signal is due to transitions in the lower
and upper doublets of rhombic (E>D) high-spin Fe3+, in
which E is the rhombic and D the axial zero-field splitting
parameter. The same species yielded the (almost) isotropic
signal at g= 4.3, originating from the transition in the mid-
dle doublet (72). After steam treatment of the catalysts at
873 K (Fig. 6C), two new signals appeared at g= 6.0 and at
low field around g= 20 (see below). Furthermore, the in-
tensity of the signal at g= 4.3 decreased. The g= 6.0 signal
is ascribed to a high-spin penta- or hexacoordinated iron
(III) in axial distorted symmetry and has been observed
before (70, 73, 74).

The signal near zero field was broad and was difficult
to recognize from the spectra. The proof of the presence
of a signal near zero field was given by the experiment at
77 K. Figure 7 presents spectra that were recorded at 77 K
for sample FeZSM-5As before and after the addition of
β-mercaptoethanol. At 77 K, the g= 6 signal split into two
signals with g= 6.4 and g= 5.7. Addition of β-mercapto-
ethanol resulted in the disappearance of the g= 6.4/
5.7 signals and of the broad absorbance indicated by g= 20.
This suggests that both signals correspond to redox-active
species. The fact that the signal at low field disappeared
upon reduction indicated that this is due to Fe3+ and not to
Fe2+.

The maximum g value for a single Fe3+ ion is g= 9.5–10
for high-spin (S= 5

2 ) Fe3+ (75, 76). This signal was in fact ob-
served (see g= 9.6 signal in Figs. 6 and 7). No signals due to
mixed-valence Fe2+–Fe3+ clusters were observed (expected
at g values of 1.6 to 2.0). By inference, signals with g values
above g= 10 cannot be due to isolated Fe3+ or Fe2+ centers
and must be due to clusters consisting of two or more Fe3+

ions (75, 76). The smallest cluster is a binuclear center. The
total spin at such a binuclear Fe center could be S= 5 (two
ferromagnetically coupled high-spin (S= 5

2 ) Fe3+, yielding

a species with a signal around g= 20. Since the observed
resonance was broad and extends to zero field, such a
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FIG. 7. EPR spectra recorded at 77 K of steamed FeZSM-5As, (A) be-
fore and (B) after addition of β-mercaptoethanol.

binuclear species might be heterogeneous, occupying dif-
ferent positions in the framework. This resonance may also
originate from clusters with a nuclearity above two.

Furthermore, upon reduction, new signals appeared
around g= 5.0 and g= 5.5 (Fig. 7), while these signals might
be due to a modified form of the tetrahedral framework iron
(g= 4.3), the g= 5.0 signal might also be due to a transition
in the |± 3

2 〉 doublet of an S= 7
2 system.

In situ treatment of the steamed samples with N2O at 623
K affected the relative intensity of the signals but did not
yield any new signals (Fig. 6D). The intensity of the g= 6
signal increased with respect to the g= 4.3 signal. When
FeZSM-5As was subjected to water vapor or ammonia va-
por the g= 6.4/5.7 signals disappeared. This was observed
before (73). The interaction of coordinatively unsaturated
and/or distorted Fe(III) with these strong ligands appar-
ently resulted in a decrease in field symmetry, i.e., a higher
E/D ratio, and caused a shift in the EPR signals to lower g
values, i.e., g= 4.3.

Catalytic Activity

The results obtained for the oxidation of benzene with
nitrous oxide over the FeZSM-5 samples FeZSM-5As and
FeZSM-5Bs at 623 K are presented in Fig. 8. On the basis
of GC analysis, phenol was produced with 100% selectivity.
In the absence of N2O, using a stream of benzene diluted
with nitrogen, benzene was not consumed (not shown). The

activity was similar to that reported previously (50), i.e.,
an initial conversion of 35% declining to 15.5% after 3 h
ET AL.

(unspecified conditions). Deactivation in this process was
ascribed to coke deposition (27).

Our study showed a loss of catalytic activity with time on
stream (Fig. 8). The two catalyst samples A and B displayed
different profiles. For sample FeZSM-5As the initial yield
after 5-min time on stream was 1.03 mmol of phenol/h · gcat,
which corresponds to a 27% yield. The activity decreased to
16% yield after 3 h. In contrast, catalyst FeZSM-5Bs, with
a smaller crystal size, showed a lower initial yield of 18%
(0.692 mmol of phenol/h · gcat) after 5-min time on stream.
However, a slower deactivation was noted: the yield of
phenol after 3-h time on stream was still 20%. Selectivity
in all cases was close to 100% and remained constant with
time on stream. This indicated that there were no changes
in the mechanism of the reaction during deactivation and
that the decrease in activity was probably due only to the
blocking of the channels and, thus, to a decrease in the
number of active sites. The difference in the deactivation
profiles of our two samples can be explained by the fact
that, in the case of smaller crystals as well as in the case of
catalyst FeZSM-5Bs, deactivation is likely to be a slower
process.

We also studied benzene oxidation with nitrous oxide,
under the same conditions at 623 K, using a commercial
acidic ZSM-5 with a Si/Al ratio of 36 (Fig. 8). A maxi-
mum of 1% phenol was formed, which was more than a
factor of 10 below the levels of conversion obtained with
the iron-containing ZSM-5 samples. This observation is in
accordance with other studies, which reported benzene-
to-phenol conversion with nitrous oxide for ZSM-5 ze-
olites (see above). Admittedly, this zeolite sample was
not steamed, which might have increased conversion (37).
However, the discrepancy between the results for the
“noniron” zeolite and our prepared FeZSM-5 samples is
such as to strongly suggest that the presence of iron is
essential.
FeZSM-5Bs (r), and commercial ZSM-5 (Si/Al= 36) (m) versus time on
stream at 623 K.
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The oxidation of 1,3,5-trimethylbenzene (TMB) over
FeZSM-5As was also investigated. The kinetic diameter of
TMB is around 8 Å, which makes it too large to fit into
the channels of ZSM-5. When applying TMB as a substrate
in the reaction under identical experimental conditions, no
products were observed. This indicated that the active sites
for the oxidation with nitrous oxide were located inside the
pores, and negligible activity was exhibited by the outer
surface.

We attempted to oxidize cyclohexene and cyclohexane
with N2O over the Fe-ZSM-5 catalyst in the range 523 to
623 K. For these substrates,<3% conversion was obtained,
and numerous products were observed by GC (C6 and
lower). Selective oxidation—as for benzene—did not seem
to occur.

DISCUSSION

We investigated the result of steam treatment on ZSM-
5 zeolite with a Si/Al ratio of 36 (in the starting synthesis
gel) containing iron at framework positions. It was shown
that steaming of the zeolites was necessary to increase the
activity of the catalyst (benzene-to-phenol oxidation with
nitrous oxide) to levels and selectivities that are of interest
to industry (50). Steam treatment is the usual method for
modifying zeolites by breaking the Si–O–T bonds (where
T=Al/Fe).

Studies have been made of the thermal activation of fer-
risilicalites, also under high-temperature (>773 K) condi-
tions (55, 56). The IR spectra gave very valuable informa-
tion: the bridging hydroxyl Si(OH)Fe group at 3630 cm−1

was monitored, and these bridging hydroxyls—and thus
iron from the framework—disappeared upon thermal treat-
ment at 973 K. In contrast, in our study of aluminum-
containing framework-substituted FeZSM-5, the band at
3630 cm−1 for bridging Si(OH)Fe was weak and not very
clear, being overshadowed by the broad signal of Si(OH)Al
around 3610 cm−1. IR spectra enabled us to monitor the
process of dealumination by following the changes in the
bridging hydroxyl Si(OH)Al band and the formation of
extraframework aluminum species (absorption band at
3670 cm−1). Upon steaming, the terminal Si–OH groups
(absorption band at 3720 cm−1), which had appeared after
calcination, disappeared. This is consistent with “closure”
of the silanol nests, as observed by a considerable decrease
in the broad adsorption ranging from 3400 to 3700 cm−1

(55, 56).
The UV spectra indicated that iron moved toward octa-

hedral positions, which would correspond to the formation
of extraframework species such as Fe2O3 clusters. The for-
mation of extraframework iron oxide and/or aluminum ox-
ide species is a process that is commonly observed for differ-
ent zeolites upon calcination. Other researchers observed

iron oxide clusters in FeZSM-5 zeolites that were prepared
according to different methods. Fejes et al. (68) observed the
ON OF BENZENE TO PHENOL 295

production of amorphous Fe2O3 with a very high molecu-
lar dispersity for isomorphously substituted FeZSM-5 zeo-
lites (Si/Fe= 15) after careful calcination. They too could
not observe any reflection for α-Fe2O3 in the XRD. They
estimated, from their Mössbauer results, that these Fe2O3

clusters were smaller than 3 nm. Joyner and Stockenhuber
(77) published EXAFS results for FeZSM-5 zeolites pre-
pared by aqueous exchange and calcination in air at 773 K.
They found small oxygen-containing nanoclusters within
the zeolite matrix, with an average composition of Fe4O4.
We propose that the particles that we observed by TEM are
similar to those microoxidic clusters.

Infrared studies (55, 56) of ferrisilicalites showed that cal-
cination up to 973 K caused migration of iron from frame-
work to extraframework positions as well as the elimination
of Brønsted acidity. At the same time, water molecules were
nucleated from silanol nests. According to the IR and UV
studies, we suggest that this process takes place simultane-
ously for the removal of iron as well as of aluminum from
the lattice.

EPR data provided more information about the struc-
ture of these extraframework species. While the signals at
g= 2 and g= 4.3 are unspecific, the signal at g= 6, corre-
sponding to rhombic high-spin iron, is not usually observed
in zeolites. El-Malki et al. (73) and Kucherov et al. (78) ob-
served this site in FeZSM-5 samples that were prepared by
careful sublimation of FeCl3 into the pores of commercial
H-ZSM-5. This signal was assigned to very reactive isolated
Fe3+ species in this less distorted tetrahedral coordination.
Disappearance of the signal was observed upon interaction
with NO and NO2 (78).

Recently Volodin et al. (74) carried out an in situ ESR
study of FeZSM-5, which had been prepared through ion
exchange followed by thermal activation in vacuo at 1073 K.
They proposed using the g= 6 signal—or rather the dis-
appearance thereof—as a probe for the reactivity of this
material with N2O. In their studies, the appearance and
disappearance of the signal was very sensitive to vacuum
treatment, and to the presence of water and NO. In our
EPR spectra, the g= 6 signal appeared after activation of
the FeZSM-5 zeolite with steam. The above-mentioned
FeZSM-5 zeolites, which contained iron in this high-spin
rhombic coordination, had been demonstrated to be ex-
cellent catalysts for NOx reduction and N2O-mediated ox-
idation (73, 78). We propose that high-spin rhombic iron
can play a role in the activation of N2O in our system for
benzene-to-phenol oxidation.

The signal for Fe3+ extending to zero field, which we ob-
served around g= 20, had not been reported before. Ac-
cording to EPR theory, this signal should correspond to
iron atoms with coupled spin. The resonance is admittedly
broad, possibly due to the heterogeneous character of the
zeolite framework, and requires further study. EPR studies

in the parallel mode should give a better description of the
origin of the signal. In principle, this signal may indicate
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the presence of active dinuclear iron species, analogous to
those found in the MMO nonheme iron-containing enzyme,
as has been suggested by Panov and co-workers (see above).
For overexchanged iron ZSM-5 catalysts prepared accord-
ing to the Chen and Sachtler (49) method (Al/Fe ratio=
1, and Si/Al ratio= 17), the presence of binuclear iron
oxo/hydroxo complexes was demonstrated by XAFS (79).

The extraframework irons that we identified by UV and
TEM, and that were present as well-dispersed microoxidic
clusters in octahedral coordination, were probably not the
active species we were looking for. EPR indicated a reactive
iron site (represented by a signal at g= 6) in less distorted
tetrahedral coordination.

The nonreactivity of 1,3,5-trimethylbenzene indicated
that the active sites for oxidation with nitrous oxide were lo-
cated inside the pores, and negligible activity was exhibited
by the outer surface. This was in accordance with the EDX
analysis that showed that iron sites were well distributed
throughout the zeolite crystal.

CONCLUSIONS

Starting from a well-defined, framework-incorporated
FeZSM-5, our spectroscopic results show that the steaming
procedure causes the breaking of the Fe–O–Si bonds and
leads to the formation of well-dispersed extraframework
iron species. The EPR experiments reveal redox-active iron
centers with a g value of 6 and a rather broad adsorption
around g= 20. We suggest these signals to be important
probes for future studies of the reactivity of iron zeolites.
The extraframework iron clusters with octahedral symme-
try, which are formed upon steam treatment of framework-
substituted FeZSM-5, are, very likely, not participating in
the reaction.
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