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The state of the iron in two different Fe/ZSM-5 samples pre-
pared by sublimation of FeCl; was investigated by EXAFS, IR, 2’Al
MAS NMR, XRD, and nitrogen adsorption measurements. In one
Fe/ZSM-5 (Fe/Al=1) sample, EXAFS revealed for the first time
the presence of diferric (hydr)oxo-bridged binuclear clusters, whose
structures differ from those postulated in the literature, resembling
that of the methane monooxygenase enzyme. IR showed that binu-
clear Fe complexes are located at the ion-exchange positions of the
zeolite, compensating one or two lattice charges. The remainder of
the charge-compensating sites are Brgnsted hydroxyls. On both ze-
olites, the NMR detection of the framework Al atoms (54 ppm) is
strongly perturbed by the paramagnetic effects induced by the Fe
ions. The intensity of this peak parallels that of the Brgnsted hy-
droxylsin the IR spectra, thus reflecting the presence of Fe species at
ion-exchange positions. In a second Fe/ZSM-5 (Fe/Al = 0.8) sample,
the iron was present predominantly in the form of large hematite
particles (EXAFS, XRD), although a minor fraction of binuclear
species might be present as well. The formation of different species
seems to be related to different hydrolysis processes occurring on
the two zeolites upon washing of the preparation after the subli-
mation of FeCls. It is also suggested that the final state of the Fe
depends on the presence of extraframework Al species as well as
the crystallite size of the zeolite used.  © 2000 Academic Press
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INTRODUCTION

Owing to their redox properties, iron-exchanged zeolites
have been known and investigated for many years (1-3).
Recently these catalysts have attracted renewed attention
as it has been shown that Fe/ZSM-5 with a high degree
of ion exchange (Fe/Al ~ 1) possesses remarkable proper-
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ties for the selective catalytic reduction (SCR) of nitrogen
oxides (NOx) by hydrocarbons (4). Besides its having a
higher activity than Cu/ZSM-5, especially its insensitivity
towards the presence of H,O and SO, as well as its ex-
ceptional hydrothermal stability make Fe/ZSM-5 stand out
among the zeolite-based catalyst systems. As the original
preparation method published by Feng and Hall (4) lacked
reproducibility (5-8), alternative ion-exchange procedures
have been investigated including sublimation of FeCls un-
der exclusion of air (5), solid-state ion exchange (9), and
aqueous ion exchange using different types of Fe-salt solu-
tions (8, 10, 11). Among these methods, the sublimation of
FeCl; turned out to be the best route to attain a high degree
of ion exchange and simultaneously limit the formation of
iron oxide, which is inactive in the SCR of NOx (9).

Joyner and Stockenhuber have recently shown that the
nature of the Fe species in Fe/ZSM-5 zeolites depends
markedly on the ion-exchange method used for the prepa-
ration as well as the type of pretreatment of the catalysts
(10). On the basis of EXAFS results, these authors con-
cluded that in Fe/ZSM-5 zeolites prepared using differ-
ent ion-exchange methods (i.e., conventional aqueous ion
exchange, solid-state ion exchange, and ion exchange in
methanolic solution) Fe was stabilised in different forms
ranging from isolated metal ions to large oxide clusters
and oxygen-containing nanoclusters. These latter species,
which were particularly stable under reductive conditions
(H,, 1100 K), were concluded to have an average composi-
tion of Fe4O4 and a structure similar to those of ferredoxin
(FesS4) or high-potential iron protein (HIPIP).

Although little is known about the nature of the active
species in Fe/ZSM-5 prepared by sublimation of FeCls, the
results reported in the literature indicate that also in this
case the final form of the Fe depends at least on the type of
activation treatments of the zeolite, its Si/Al ratio, and the
iron loading. A model for the active species has been pro-
posed by Sachtler and co-workers (5, 12, 13). On the basis
of FTIR, TPR, and ESR data, it was concluded that after
sublimation most Fe species are present as isolated species
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in tetrahedral coordination, which upon subsequent hydro-
lysis and calcination in O; at 823 K are transformed into
oxo-bridged binuclear ([(HO)-Fe-O-Fe—(OH)J**) com-
plexes compensating two negative charges of the lattice
(13). These complexes, which can undergo reversible re-
duction in hydrogen at 773 K, account for about 85% of the
total Fe content. The remainder of the iron was transformed
into Fe,O3 upon hydrolysis and calcination. Kucherov et al.
(7) reported ESR results for Fe/ZSM-5 (Si/Al=15) pre-
pared by sublimation of FeCl; that were very similar to
those shown in (13). However, in their case a reductive
treatment under hydrogen at 673 K led to the irreversible
formation of an agglomerated ferromagnetic species. Ma
and Griinert, using a somewhat modified sublimation tech-
nique consisting of the sublimation of FeCl; in vacuo fol-
lowed by calcination in air without any intermediate hydrol-
ysis step, obtained an Fe/ZSM-5 (Si/Al=14) catalyst that
was highly active in the SCR of NOx with ammonia (14).
Their catalyst, however, exhibited much lower activity in
the SCR with i-butane compared to the one reported in the
original work by Feng and Hall (4), thus suggesting that
different sites might be active for the two reactions. Finally,
Lobree et al. have shown that the oxidation state of the Fe
depends also on the Fe content of the zeolite (15). Iron was
found as Fe! for ratios of Fe/Al < 0.56, whereas above this
level the formation of iron oxide as well as Fe!' (formed
via autoreduction of the Fe**(OH™), species accompanied
by the release of molecular oxygen and water) occurred.
In this investigation, however, Fe/ZSM-5 was prepared by
solid-state ion-exchange with FeCl3 under vacuum followed
by washing of the zeolite.

In this work we present the results of the characteri-
sation (EXAFS, FTIR, Al NMR, XRD, N, adsorption)
of two Fe/ZSM-5 zeolites prepared using the sublimation
method reported in (5). Although the parent H/ZSM-5 ze-
olites had a similar composition, the ion-exchange resulted
in two Fe/ZSM-5 samples with different structural proper-
ties. For one of the two Fe/ZSM-5 (Si/Al=20) samples in-
vestigated, EXAFS analysis provided evidence for the for-
mation of a binuclear oxo-bridged species different from
that postulated in the literature. In the second Fe/ZSM-5
(Si/Al1=15) sample, iron was found mainly in the form of
hematite. FTIR results indicate that the formation of dif-
ferent Fe species on the two zeolites is related to different
hydrolysis processes, which took place upon washing of the
zeolites after the sublimation. The difference between the
two samples was also related to the presence of extraframe-
work Al species and the crystallite size of the zeolite.

EXPERIMENTAL

ZSM-5 samples were provided by Siid-Chemie AG (Na-
MFI-46 P, Si/Al = 20) and Zeolyst (CBV 3024G, NH, form,
Si/Al=15). The zeolites were calcined at 873 K overnight
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in static air under shallow-bed conditions prior to use.
The proton form of both samples was obtained after ion-
exchange with a1 M aqueous solution of NH;NOs under re-
flux conditions followed by calcination at 823 K. The ammo-
nium exchange was repeated two times. The Siid-Chemie
and Zeolyst zeolites will hereafter be referred to as H/ZSM-
5(20) and H/ZSM-5(15), respectively, where the number in
parentheses indicates the Si/Al ratio. The iron exchange
was carried out by sublimation of FeCls under exclusion of
air as described in (5). After the exchange the samples were
washed with deionised water, dried in air, and subsequently
calcined at 873 K in flowing O, for 2 h. The iron-exchanged
Siid-Chemie and Zeolyst zeolites will hereafter be referred
to as Fe/ZSM-5(20) and Fe/ZSM-5(15), respectively. The
chemical composition of the zeolites was determined by
atomic absorption spectroscopy on a Varian SpectrAA-10
after dissolution in hydrofluoric acid. X-ray powder diffrac-
tion patterns of the modified zeolites were recorded from
5° to 60° 20 on a Siemens D5000 diffractometer using
Cu K« radiation at a step size of 0.02°.

Infrared spectra of self-supporting zeolite wafers were
recorded at ambient temperature on a Mattson Galaxy 6020
IR spectrometer equipped with an MCT detector at a res-
olution of 4 cm™!. Prior to IR measurements samples were
outgassed in situ at 773 K overnight at a pressure below
10~* Pa. For the comparison of spectra taken on different
wafers, spectra were normalised using the intensities of the
overtone bands of the T-O-T lattice vibrations at 2000 and
1878 cm™.

Solid-state MAS NMR measurements were carried out
using a Bruker AMX400 spectrometer at a magnetic field
of 9.4 T. ?”A1 MAS NMR spectra were recorded on fully
hydrated samples at a resonance frequency of 104.26 MHz.
The ?’Al chemical shifts were referenced to Al(H,0)2" in
a 1 M aqueous solution of AI(NO3)s. For each spectrum
2160 scans were acquired with a recycling time of 10 s. Ro-
tors were spun at 5 kHz with pulse lengths of 1 us, cor-
responding to a flip angle <n/12. These parameters ascer-
tained quantitative determination of Al species.

Nitrogen adsorption at 77 K was carried out on a Micro-
meritics ASAP 2000M volumetric analyser. The zeolites
were outgassed prior to analysis under vacuum at 673 K for
at least 5 h. The specific surface area was evaluated using
the BET method, while the micropore surface area was
determined according to the #-plot method.

EXAFS measurements were carried out at the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble
(France) on the Swiss-Norwegian Beam Line (SNBL). The
electron energy and ring current were 6 GeV and 130-
200 mA, respectively. At SNBL the incident X rays are
monochromated by a Si (111) channel-cut monochroma-
tor and harmonics are rejected by a gold-coated mirror.
Prior to the measurements samples were treated at 673 K
(3 K/min) in flowing He for at least 1 h. Fe K-edge spectra
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were recorded in transmission mode at liquid nitrogen
temperature in order to decrease the Debye—Waller fac-
tors. Data were analysed by standard procedures using the
XAFS data analysis program XDAP Version 2.2.2 (16, 17).
The Fourier transformation (FT) of the k*-weighted EX-
AFS function was carried out in the range 3.4-13.8 A~!
and the Fourier-filtered data were fitted in R-space in the
range 1-4 A. The multiple-shell fitting procedure was used
to calculate interatomic distances (R), coordination num-
bers (CN), Debye-Waller factors (Ac?), and edge energy
shifts (AEp). The validity of a fit was checked by the fit-
ting of k'-, k-, and k3-weighted spectra in R-space as well
as in k-space. The quality of a fit was estimated from the
values of the variances of the imaginary (V1) and absolute
(V abs) parts of the FT and from the value of the goodness
of the fit (¢2) (16, 17). The variance represents the residual
between the observed and calculated spectra in the fitted
range. The &2 takes the number of free parameters into
account and is used to determine whether the addition of
new parameters makes sense. Reference spectra were gen-
erated with the FEFF7 program (18) using XRD data for
Fe,03 and Fe,Si0y4 (19, 20) as input parameters in order to
obtain nonstructural parameters such as scattering ampli-
tudes and phase shifts for individual back-scattering pairs
of atoms. An advantage of the FEFF7 program is that it can
accurately model multiple scattering as well as single scat-
tering contributions to XAFS. The program ATOMS (21)
was employed to calculate coordination numbers and inter-
atomic distances from reported XRD data of reference
compounds.

RESULTS

Elemental Analysis (AAS) and X-Ray Diffraction (XRD)

The results of the elemental analyses of the iron-
containing zeolites revealed that after sublimation of FeCl3
the Fe loadings were Fe/Al=1 (3.6 wt% Fe) for Fe/ZSM-
5(20) and Fe/Al=0.8 (4.5 wt% Fe) for Fe/ZSM-5(15). The
concentrations of sodium and chlorine were below the
detection limits. The XRD powder patterns of the Fe-
containing zeolites showed that in both cases the crys-
tallinity was retained after the iron loading. After the treat-
ment in oxygen at 873 K, low-intensity diffraction lines at
33.15 20 and 35.65 20 were detected on Fe/ZSM-5(15),
which indicated the presence of traces of hematite (diffrac-
tion patterns not shown). No evidence of any other phase
besides ZSM-5 was found on FeZSM-5(20). The colors of
the samples after the calcination in oxygen were orange and
light brown for Fe/ZSM-5(15) and Fe/ZSM-5(20), respec-
tively.

Nitrogen Adsorption

The two ZSM-5 zeolites used in this study exhibited re-
markable differences in their textural properties as shown
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TABLE 1

Nitrogen Adsorption Results

Total pore Micropore External
volume volume surface area
(cm’/g) (cm’/g) (m?/g)
H/ZSM-5(20) 0.72 0.17 75
H/ZSM-5(15) 0.29 0.16 23
Fe/ZSM-5(20)" 0.67 0.15 70
Fe/ZSM-5(15)¢ 0.26 0.14 20

“ After sublimation of FeCl; followed by hydrolysis and treatment in
0, at 773 K.

by the nitrogen adsorption measurements (Table 1). The
total N, uptake of H/ZSM-5(20) was much higher than
that of H/ZSM-5(15) and the total pore volumes estimated
were 0.72 and 0.29 cm*/g, respectively. The micropore vol-
umes were almost the same in both cases, while the ex-
ternal surface area calculated for H/ZSM-5(20) (75 m?/g)
was higher than that for H/ZSM-5(15) (23 m%/g). Further-
more, the isotherm plots of H/ZSM-5(20) showed a broad
capillary condensation at quite high values of nitrogen
relative pressure (P/Py=0.8), which is not observed on
H/ZSM-5(15). These data suggest that H/ZSM-5(20) pos-
sesses rather small crystals compared to H/ZSM-5(15), and
mesopores are also most probably present. After the Fe
loading the two Fe/ZSM-5 samples showed slight differ-
ences compared to the respective parent zeolites. The neg-
ligible decreases in the micropore volumes suggest that no
occlusion of the pores due to the formation of an additional
phase occurred on both zeolites.

FTIR Spectroscopy

In Fig. 1 the IR spectra in the O-H stretching region
(3000-3900 cm™!) of Fe/ZSM-5(20) after each step of the
preparation are shown. For comparison the spectrum of
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FIG. 1. IRspectra(RT) after outgassing at 773 K of (a) Fe/ZSM-5(20)
after sublimation, (b) after sublimation and hydrolysis, (c) after sublima-
tion, hydrolysis, and calcination, and (d) parent H/ZSM-5(20).
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the parent zeolite H/ZSM-5(20) is also given. On H/ZSM-
5(20) two bands were observed at 3743 and 3610 cm™!,
which are assigned to external silanol groups and to bridged
Si(OH)AI hydroxyls (Brgnsted acid sites) (22, 23). A very
weak band was also detected at 3660 cm~! and assigned
to hydroxyls groups associated with extraframework Al
species (22). The sublimation of FeCl; caused the complete
disappearance of the Brgnsted hydroxyls band (3610 cm™}),
while the silanol band (3743 cm™!) became less intense
(Fig. 1, spectrum a). After washing of the zeolite the inten-
sity of the silanol band was completely restored, whereas
the band associated with the Brgnsted hydroxyls reap-
peared but with a much lower intensity. In addition, a new
band appeared at 3725 cm~!. After the subsequent calcina-
tion in oxygen this shoulder disappeared and, at the same
time, the band at 3610 cm ™! increased to about 50% of its
original intensity as estimated by comparison of the inte-
grated intensity with that of H/ZSM-5(20). The same type
of evolution was observed for the band at 3610 cm™! on
Fe/ZSM-5(15) (spectra not shown). In this case, after the
calcination the intensity of the band reached only 30% of
that observed for the parent H/ZSM-5(15). The recovered
intensity of the 3610 cm~! band is in good agreement with
the reports in the literature (5, 13, 24) and indicates that
variable amounts of the Fe species at ion-exchange posi-
tions are displaced by protons during the treatments fol-
lowing the sublimation. As for the shoulder at 3725 cm™!
on Fe/ZSM-5(20), we tentatively assign it to the stretch-
ing vibration of OH groups associated with hydrolysed Fe
species formed upon washing of the zeolite. This assign-
ment is supported by the observation of surface OH groups
with very similar frequencies on some iron oxides such as
hematite, akaganéite, and maghemite (25).

The spectra of Fe/ZSM-5(20) together with that of
the parent H/ZSM-5(20) in the frequency range 1200-
2200 cm~! are depicted in Fig. 2. On H/ZSM-5(20) (Fig. 2,

2000 2000 1800 1600 1400 1200
Wavenumber (cmi’)

FIG.2. IR spectra (RT) after outgassing at 773 K of (a) Fe/ZSM-
5(20) after sublimation, (b) after sublimation and hydrolysis, (c) after
sublimation, hydrolysis, and calcination, (d) parent H/ZSM-5(20), and
(e) Fe/ZSM-5(15) after sublimation and hydrolysis (inset).
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FIG.3. Al MAS NMR spectra of (a) Fe/ZSM-5(20) after sublima-
tion, (b) after sublimation and hydrolysis, (c) after sublimation, hydrolysis,
and calcination, and (d) parent H/ZSM-5(20).

spectrum d) four bands were detected at 2000, 1878, 1642,
and 1470 cm™!, which were assigned to overtones and com-
bination framework modes (22). After the sublimation of
FeCl; and the in situ outgassing at 773 K, Fe/ZSM-5(20)
showed a spectrum very similar to that of the parent ze-
olite (Fig. 2, spectrum a), the only difference being two
very weak bands at 1536 and 1461 cm™!. More remarkable
changes were induced by the subsequent hydrolysis step.
New bands, which evolved upon increasing the evacuation
temperature from RT to 773 K, were detected in the fre-
quency range 1700-1300 cm~!. The spectrum obtained af-
ter outgassing overnight at 773 K exhibited bands at 1554,
1456, and 1421 cm™! accompanied by weak shoulders at
1666, 1569, and 1353 cm ! (Fig. 2, spectrum b). These bands
disappeared upon treatment of the sample in O, at 773 K
(Fig. 2, spectrum c). By comparison of these spectra with
those reported in the literature for iron oxides (25) and
FeCl3 (26), it can be excluded that these bands correspond
to the deformation modes of hydroxylated Fe species or to
Fe—Cl modes. In both cases, the IR radiation is absorbed in
rather different frequency ranges. Nevertheless, although
these bands cannot be precisely assigned, it is important to
notice that the spectroscopic features in the range 1700-
1300 cm~! were peculiar for the Fe/ZSM-5(20) zeolite and
were not observed on Fe/ZSM-5(15) (inset Fig. 2). This find-
ing suggests that hydrolysis may give rise to different types
of species on different Fe-loaded zeolites.

27Al MAS NMR

Al MAS NMR spectroscopy was carried out on
Fe/ZSM-5(20) and Fe/ZSM-5(15) after each step of the
preparation. The spectra are reported in Figs. 3 and 4 to-
gether with those of the H/ZSM-5 zeolites used as starting
materials. For both H/ZSM-5 zeolites a resonance was de-
tected at about 54 ppm (Figs. 3 and 4, spectra d), which is
assigned to tetrahedrally coordinated Al atoms in lattice
positions. The two weak signals on Fe/ZSM-5(20) at 5 and
105 ppm (Fe/ZSM-5(15), —40 and 155 ppm) are spinning
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FIG.4. 2’Al MAS NMR spectra of (a) Fe/ZSM-5(15) after sublima-
tion, (b) after sublimation and hydrolysis, (c) after sublimation, hydrolysis,
and calcination, and (d) parent H/ZSM-5(15).

side bands due to the quadrupolar interactions of >’ Al nu-
clei. On H/ZSM-5(15) an additional resonance was de-
tected at 0 ppm (Fig. 4, spectrum d), which is assigned
to Al in octahedral coordination, namely extraframework
Al species. After the sublimation of FeCls, the intensity
of the 54 ppm line was dramatically reduced and only a
very weak signal was detected on both Fe/ZSM-5 samples
(Figs. 3 and 4, spectra a). This marked suppression is a
direct consequence of the paramagnetism of the Fe ions,
whose unpaired electrons generate a local magnetic field
that strongly perturbs the resonance of the >’ Al nuclei (27,
28). Paramagnetic effects were also observed on the peak
at 0 ppm in the spectrum of Fe/ZSM-5(15) (Fig. 4, spectrum
a). The intensity of this peak, however, was fully restored
and even slightly increased after the hydrolysis and calci-
nation, thus suggesting that dealumination of the zeolite
might have occurred (Fig. 4, spectra b and c).

The hydrolysis and calcination treatment caused the in-
tensity of the signal at 54 ppm to increase on both Fe/ZSM-5
samples. This recovery of the signal intensity paralleled that
observed for the Brgnsted acid sites band (3610 cm™?) in
the corresponding IR spectra and therefore confirms the
displacement of the iron species from ion-exchange posi-
tions.

EXAFS

Experimental and Fourier-filtered k*-weighted EXAFS
x functions of the samples after calcination are shown in
Fig. 5. By comparing the x functions, it becomes evident
that the spectra of the Fe,O3 (Fig. 5a) and Fe/ZSM-5(15)
(Fig. 5b) samples are similar, while the spectrum of Fe/ZSM-
5(20) (Fig. 5¢) is significantly different. The EXAFS results
obtained from the fitting of the Fe,O3 spectrum were com-
pared with coordination numbers and interatomic distances
calculated using reported XRD data (19) and good agree-
ment was observed (see Table 2), as expected. The fitted
Fe, O3 spectrum in reciprocal space is shown in Fig. 5a and
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the Fourier transformations of the Fourier-filtered exper-
imental data and of the fitted spectrum are presented in
Fig. 6. In view of the similarity between the x functions, the
EXAFS results for Fe,O3 were used as input parameters for
fitting the spectrum of the Fe/ZSM-5(15) sample. The fitted
spectrum in reciprocal space is presented in Fig. 5b and FTs
of the filtered and fitted spectra are shown in Fig. 7. It can
be seen that the five-shell model used to fit the spectrum of
Fe, 03 is sufficiently good also for the Fe/ZSM-5(15) sam-
ple (Fig. 7). Consequently, the presence of Fe,O3 clusters
was confirmed. This result is in good agreement with the
above-mentioned XRD results. From a close examination
of the fit of Fe/ZSM-5(15) it can be seen that the five-shell
fit is not as good as that obtained for Fe,Os in the range
from 1 to 2.4 A (phase-uncorrected FT), the range charac-
teristic of Fe—O shells. The results suggest slight differences
in the coordination numbers in comparison with the results

15 4

experimental
—x— filtered
- fitted

experimental
—x— filtered
« fitted

T

4 6 8 10 12 14

k [A1]

FIG.5. Experimental, Fourier-filtered, and fitted EXAFS x functions
of (a) Fe,03, (b) Fe/ZSM-5(15), and (¢) Fe/ZSM-5(20) (model D) zeolites.
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Fe,O,

TABLE 2
EXAFS Results
R(A) CN Ao (1072 A?) AEy (eV)
F6203
1 Fe-O 1.94,1.95¢ 3.0,3.0 0.1 —1.8°
2 Fe-O 2.06,2.11¢ 3.0,3.0 2.1 9.2b
3 Fe-Fe 2.95,2.97° 3.0,3.0 0.8 —0.6"
4 Fe-Fe 3.39, 3.36“ 2.2,3.0° 3.6 —6.9°
5Fe-O 3.73,3.79° 3.1,3.0 8.2 —12.2°
£2¢ 0.14
Vim? 0.54
Vaps® 0.21
Fe/ZSM-5(15)
1 Fe-O 1.96 3.6 1.7 1.7%
2 Fe-O 2.11 2.4 0.0 5.7°
3 Fe-Fe 2.95 35 1.1 3.5°
4 Fe-Fe 3.40 3.0 0.9 —6.5"
5Fe-O 3.74 39 59 —12.3°
&2 0.42
Vim 0.34
V abs 0.21
Fe/ZSM-5(20), Model C
1 Fe-O 1.82 0.5 4.8 -6.9
2 Fe-O 1.94 3.6 3.0 8.7
3 Fe-Fe 2.53 0.6 8.5 32
4 Fe-Fe 3.06 0.7 2.1 -25
&2 0.12
Vim 032
V abs 0.15
Fe/ZSM-5(20), Model D
1 Fe-O 1.83 12 24 -7.1
2 Fe-O 1.94 4.7 25 11.6
3 Fe-O 248 1.0 0.7 8.2
4 Fe-Fe 3.05 0.9 4.0 -13
53 0.05
Vim 0.10
V abs 0.07
“XRD data.

b Fixed parameters.

“g2 is the goodness of the fit.

4y and Vaps are the variances of the imaginary and absolute parts of
the FT, respectively. The errors in the fitted parameters are estimated to
be CN + 10%, R + 0.02 A, Ao? + 10%, and AEy + 10%.

obtained for Fe,O3 (Table 2). Since coordination numbers
represent averaged values, this points to the possible co-
existence of another type of Fe species in addition to the
Fe,O5 clusters.

The y function of the Fe/ZSM-5(20) sample is qualita-
tively different from the x functions of the Fe/ZSM-5(15)
and Fe,O3 samples. This difference is reflected in the FTs
where two overlapping bands in the range 1-2 A (uncor-
rected FT), corresponding to oxygen back-scatterers, are
dominant (Fig. 8) in the case of the Fe/ZSM-5(20) sample.
This is in contrast to the Fe/ZSM-5(15) (Fig. 7) and Fe,O3
(Fig. 6) samples where the two dominant bands are in the
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FIG. 6. FT of Fourier-filtered experimental data and fitted data of
Fe,0s. The wiggling line corresponds to the imaginary part of the x func-
tion.

range 2.0-3.8 A, which is usually characteristic for contri-
butions from Fe—Fe shells. Various shell models consisting
of different possible back-scattering pairs were tried to fit
the Fe/ZSM-5(20) spectrum (Table 3). The first two bands
in the FT were easily assigned to Fe-O(1) and Fe-O(2)

g | Fe/zsM-5(15)
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FIG.7. FT of Fourier-filtered experimental data and fitted data of
Fe/ZSM-5(15). The wiggling line corresponds to the imaginary part of the
x function.
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FIG.8. FT of Fourier-filtered experimental data and fitted data of
Fe/ZSM-5(20) using model D. The wiggling line corresponds to the imag-
inary part of the x function.

shells, and so these two oxygen shells were included in all
the models tried. The assignment of third and fourth shells
was more difficult and this process is described in the Dis-
cussion. The best results were obtained with model D, when
the goodness of the fit in R- as well as in k-space was con-
sidered. Also, reasonable values of Debye—Waller factors
and edge energy shifts, and fitting using k!-, k*-, as well as
k*-weighted spectra, helped us to choose the most proba-
ble model. The best fit of the Fe/ZSM-5(20) spectrum using
model D is shown in reciprocal space in Fig. Sc and the FT'is
presented in Fig. 8. The results of the fitting are summarised
in Table 2 and point to the presence of some new small iron
oxide clusters consisting of only two iron atoms. The pres-
ence of large Fe,Os clusters can be excluded, in agreement
with the XRD results.

TABLE 3
EXAFS Shell Models Used for Fitting

Fe Shells
1+2 3 4 Fe species
Model A O Si/Al Fe incorporated into framework,
(0] Si/Al  Si/Al Fe ions (monoatomic) at
O O Si/Al ion-exchange positions
Model B (@] Fe Si/Al  Clusters like Fe,O4 (10)
Model C O Fe Fe Fe binuclear species or clusters like
o Si/Al Fe Fe,04
Model D O O Fe Fe binuclear species
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DISCUSSION

The results obtained in this work confirm that Fe/ZSM-5
with a high degree of ion exchange can easily be prepared by
sublimation of FeCls. The nature of the iron species hosted
in the zeolite, however, depends on the characteristics of
the ZSM-5 used. As clearly shown by the EXAFS results,
Fe species with different structures were formed on the two
Fe/ZSM-5 zeolites prepared following exactly the same pro-
cedure. In this section we will discuss the different structures
observed and the possible reasons for these differences.

On both H/ZSM-5 zeolites the sublimation of FeCls re-
sulted in the complete replacement of the protons at ion-
exchange positions by Fe species, as indicated by the disap-
pearance of the 3610 cm~! band in the IR spectra (Fig. 1)
and the iron concentration in the zeolites (Fe/Al=1). The
fact that the elemental analysis indicated a ratio of Fe/Al =
0.8 for Fe/ZSM-5(15) can be explained by the presence
of extraframework Al species (Fig. 4), which do not have
Brgnsted acid sites associated that can be exchanged.

The paramagnetic effects observed on the 2’Al MAS
NMR spectra of the Fe zeolites (Figs. 3 and 4) confirm the ef-
fective location of Fe species at ion-exchange positions con-
cluded from the IR results. The presence of paramagnetic
species as charge-compensating species causes a shortening
of the nuclear relaxation time of the framework Al atoms,
which results in an apparent loss of intensity of the peak
at 54 ppm owing to line broadening. The paramagnetism of
the Fe ions also brought about a more intense and extended
side band pattern of the NMR spectra. This perturbation
of the spectrum arises from the anisotropic dipolar interac-
tion between the electron spin of the Fe ions and the nuclear
spin of the Al ions (pseudocontact interactions).

After the sublimation, some Fe cations react with the Al-
OH groups of the extraframework Al particles causing the
distortion of the peak at 0 ppm (Fig. 4, spectrum a), which,
however, became visible again after the hydrolysis and cal-
cination (Fig. 4, spectra b and c). The unchanged intensity
of the 0 ppm peak after the hydrolysis and calcination indi-
cates that no paramagnetic interactions occur between Fe
and extraframework Al atoms, reflecting therefore a rear-
rangement of the Fe species inside the zeolite after these
treatments. This result is consistent with the fact that extra-
framework Alspecies do not bear strong acidic protons and
therefore weak interactions (if any) are expected between
Fe and these Al species.

The increase in intensity of the peak at 54 ppm (frame-
work Al atoms) and the absence of any peak at 0 ppm
(extraframework Al species) on Fe/ZSM-5(20) after hy-
drolysis and oxidation rules out the possibility that the sup-
pression of the 54 ppm signal is caused by the dislodgement
of Al atoms from the lattice by Fe ions. Additionally, from
the weak intensity of the spinning side bands observed on
the Fe-exchanged zeolites it is excluded that such suppres-
sionis due to the incorporation of the Fe ions into the lattice.
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As reported in the literature, the 2’ Al MAS NMR spectra
of zeolites containing paramagnetic transition metal ions
in the framework exhibit much more intense spinning side
bands, which also extend to higher/lower frequencies (29,
30). These findings confirm that the Fe species introduced
into the zeolite by the sublimation of FeCl; are located in
extraframework positions within the zeolite pores as previ-
ously reported (13). Nevertheless, the introduction into the
lattice of a minor fraction of the Fe species cannot be com-
pletely ruled out. The reduced intensity of the silanol band
in the IR spectrum after the sublimation suggests that some
iron species interact with the lattice defects and therefore
might have been introduced in the zeolite matrix as con-
cluded for Fe/ZSM-5 with high silica content (13). These
iron species, however, were easily removed by washing the
zeolite with water as indicated by the increase in intensity
of the band at 3743 cm™! due to the silanol groups (Fig. 1,
spectrum b).

The hydrolysis and calcination treatments following the
sublimation of FeCl; have been suggested to be the key
steps in the formation of the active species in Fe/ZSM-5
zeolites (13). Our results, besides substantiating this hy-
pothesis, also indicate that the final state of Fe may dif-
fer according to the characteristics of the zeolite used (e.g.,
extraframework Al species and crystallite size).

IR spectroscopy showed that upon hydrolysis on both
ZSM-5 samples part of the Fe present at the ion-exchange
sites was back-exchanged by protons forming Brgnsted hy-
droxyls, whose concentration further increased after the
calcination in oxygen. In this respect, it is worth noticing
that a parallel increase of the intensity of the framework
Al peak (54 ppm) in the >’ A1 NMR spectra occurred after
hydrolysis and calcination. This result, in conjunction with
the IR, indicates that the removal of the Fe species from the
ion-exchange positions resulted in a decrease of the para-
magnetic effects sensed by the Al atoms of the lattice. Since
the pseudocontact effects are delocalised anistropicinterac-
tions (through-space electron—nucleus dipolar interactions)
the rearrangement of the iron species does not seem to
completely account for the increase of the Al signal. The
concentration of the iron ions in the zeolite, in fact, did not
change upon hydrolysis and calcination (AAS) and there-
fore a lower diminution of the paramagnetic perturbation
would be expected for the zeolites after these treatments.
It cannot be excluded, therefore, that the prompt recovery
of the Al signal might be due also to more localised para-
magnetic interactions between the Fe and the Al species
(i.e., Fermi contact interactions which are isotropic and act
through chemical bonds). This type of interaction has al-
ready been reported in the case of aluminosilicate sodalites
containing paramagnetic Naj " clusters (31, 32). Fermi con-
tact interactions can result in large shifts of the NMR peak
even out of the observed spectral range. The NMR spec-
tra presented here did not show any resonance line in the
chemical shift range explored that can be attributed to this
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type of interactions, thereby making such a hypothesis less
probable. Further experiments are in progress to ascertain
the exact nature of these paramagnetic interactions.

Despite the similar IR and NMR data, EXAFS spectro-
scopy showed rather different results for the two zeolites.
Analysis of the EXAFS spectra demonstrated the presence
of Fe,0Os3 clusters in the Fe/ZSM-5(15) sample, in agree-
ment with the XRD measurements. Moreover, EXAFS de-
tected other Fe species, whose exact structure was diffi-
cult to determine due to the predominant signal from the
hematite phase. These species might possess a structure sim-
ilar to that of the diferric binuclear clusters determined in
Fe/ZSM-5(20) (see below). The presence of hematite as
the predominant form of iron in Fe/ZSM-5(15) seems to be
in contrast with the IR results. The detection of the oxide
phase by XRD and the negligible decrease of the micro-
pore volume after calcination indicate that the Fe oxide is
located mainly on the outer surface of the zeolite crystals.
Therefore, most of the ion-exchange positions are expected
to be occupied by protons, whereas IR showed that only
30% of them were Brgnsted acid sites. A possible explana-
tion for this discrepancy could be the presence of positively
charged oxide particles that act as charge-balancing ions,
as already proposed for extraframework Alspecies (33). In
addition, the negative charge of the zeolite lattice is also
compensated by the above-mentioned binuclear species.

The EXAFS results for Fe/ZSM-5(20) were remarkably
different from those obtained for Fe/ZSM-5(15) and the
evaluation of the EXAFS spectrum is more complicated.
EXAFS studies of Fe silicalites successfully confirmed the
substitution of Si by Fe ions in the framework of the
ZSM-5 structure (34-39). Therefore, an EXAFS model (see
Table 3) consisting of only Fe-O and Fe-Si/Al shells was
chosen to check the possibility of Fe incorporation into the
zeolite framework. The same model can also describe the
presence of mononuclear Fe ions exchanged into cationic
exchange positions, because also in that case, only Fe-O
and Fe-Si/Al shells are expected. As the fitting with model
A did not provide a satisfactory fit with the Fe/ZSM-5(20)
spectrum, the substitution of Si by Fe ions as well as the lo-
cation of separate mononuclear Fe ions in cation-exchange
positions can be excluded in agreement with the NMR re-
sults.

The EXAFS study of Fe/ZSM-5 zeolites prepared us-
ing different ion-exchange methods (10) showed the for-
mation of different Fe species, depending on the type of
preparation and pretreatment of the catalysts. In particular,
on Fe/ZSM-5 prepared by aqueous ion exchange followed
by heat treatment in an inert atmosphere, EXAFS analy-
sis revealed the presence of small oxygen-containing nano-
clusters assigned to Fe4O3 or Fe4O4 clusters with a structure
similar either to iron—sulphur compounds like ferredoxins
(40) or the cubanes of high-potential iron protein (HIPIP)
(41). The authors observed the shortening of the Fe-Fe dis-
tance from a typical value of 3.00 A to a very unusual 2.53 A
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FIG.9. FT of Fourier-filtered experimental data and fitted data of
Fe/ZSM-5(20) using model C. The wiggling line corresponds to the imag-
inary part of the x function.

after activation. They compared this value to the distance of
2.67 A observed in reduced ferredoxins (40). On the basis
of these results, we tried to fit the spectrum of Fe/ZSM-
5(20) with model B, in which the third and fourth shells
are attributed to Fe and Si/Al back-scatterers, respectively.
Model B did not yield a good fit either, however. If Fe,O4
clusters were present, additional Fe—Fe distances besides
the short one at about 2.75 A should appear, as was ob-
served for various cubane-type FesS, clusters (42, 43). We
therefore tried a third model, model C, in which it was as-
sumed that the third shell consisted of Fe or Si/Al atoms
and the fourth shell of Fe atoms. In contrast to the results
of Joyner and Stockenhuber, a fourth shell appeared at a
distance of 3.06 A, typical for Fe—Fe, in addition to a short
Fe—Fe distance of 2.53 A. While this fit looks reasonably
good (see Fig. 9), the coordination numbers of the Fe-Fe
shells are too low to belong to a Fe,O4 cluster (Table 2). This
makes it difficult to believe that such clusters are formed.
Furthermore, iron—-oxygen cubane-type clusters with inter-
atomic distances in the range 2.53-2.75 A are not known.
Although model C cannot describe the results, it does
point to the presence of an Fe—Fe shell around 3.06 A. The
low coordination number suggest that probably only two Fe
atoms per cluster are present. This made us consider bin-
uclear Fe clusters, whose existence has already been sug-
gested in the literature (5, 6, 12, 13), as models to explain
the EXAFS data. The existence of such a binuclear com-
plex was predicted mainly on the basis of TPR, FTIR, and
ESR measurements which gave evidence for separate octa-
hedral binuclear Fe’>*—~O-Fe*" ions in cationic positions
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in the zeolite. In a series of studies on the oxidation of
methane and benzene on Fe/ZSM-5, Panov and co-workers
compared the structure of the active iron sites in ZSM-5
to binuclear active centres in methane monooxygenase
(44, 45). The enzyme methane monooxygenase (MMO),
found in methanotropic bacteria, catalyses the hydroxyla-
tion of methane to methanol, and one of its three protein
components, called hydroxylase (MMOH), contains binu-
clear iron clusters as active centres (46). The first EXAFS
study on MMOH showed an average Fe-ligand distance of
1.92 A and an Fe-Fe distance of 3.05 A (47). A detailed
XAFS analysis of MMOH from Methylosinus trichospo-
rium OB3b (48) suggested the presence of two Fe—Fe dis-
tances of about 3.0 and 3.4 A reflecting the population of
MMOH molecules with two and one pu-hydroxo bridges
in a diiron(III) core structure, respectively (Fig. 10a). This
shortening of the Fe-Fe distance from 3.4 to 3.1 A due
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FIG. 10. (a) Structure of MMOH active centre as reported in (48),

and proposed Fe,O,-type clusters present in the Fe/ZSM-5(20) zeolite
compensating (b) one or (c) two lattice charges.
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TABLE 4

Summary of Core Structures of Octahedral Diiron Complexes and

MMOH

Fe-Fe Fe—(-O) Fe—(u-OH)
Diamond core (A) (A) (A) Ref.
Fel'(11-0), 2.71 1.88 (50)

2.714 1.841,1.917
Fe'(u-0)(1-OH) 2.83 1.85 1.98 (51)

2.91 1.82 1.99 (52)

Fel'(1-OH), 3.08-3.16 1.96-2.02  (53-35)
Fe'lFe!''(;i-OH); 2.51 1.94 (52)
MMOH (OB3b) 3.02 1.96 (48)
MMOH (Bath) 3.04 1.78,1.94 (49)

to the presence of two hydroxy-bridging ligands instead of
only one hydroxo bridge was observed for the first time in
MMO hydroxylase from Methylococcus capsulatus (Bath)
and it was concluded that the active centre adopts an Fe,O,
“diamond core” structure (49). A series of synthetic model
complexes containing a mixed-valence Fe,O, core was
synthesised (50-55). The crystallographically characterised
complexes, which have spectroscopic and catalytic prop-
erties relevant to those of MMOH, served as models to
explain the roles of active centres in MMOH adopting the
Fe,O,-type core structure (49).

The observed similarity between the k>-weighted yx spec-
trum of the Fe/ZSM-5(20) sample and MMOH (48), as well
as the very similar results obtained from fitting the spec-
tra using model D (Table 2) and the EXAFS reported for
MMOH (43, 44) (Table 4), enables us to compare our Fe
clusters to MMOH active centres. The best fit represented
by model D gave an Fe-Fe distance of 3.05 A which is in
excellent agreement with the Fe-Fe distance obtained for
the Fell!(1-OH); core (3.08-3.16 A) (53-55) as well as for
MMOH (3.02 A) (48). Shu et al. (48) argued that the pres-
ence of an additional carboxylate bridge besides two hy-
droxyl bridges in MMOH results in a slight shortening of
the Fe-Fe distance from 3.1 to 3.02 A. They noticed that
a distance of about 2.4-2.5 A, usually assigned to carboxy-
late or water semibridges (49, 56), was absent, but they
admitted that the contribution to the EXAFS signal due to
the system disorder is not necessarily significant. Our re-
sults show the presence of such a long Fe-O distance of
2.48 A as well, which in our case could be due to an interac-
tion with the zeolite framework. The coexistence of Fell (-
O)(u-OH) core structures cannot be excluded because the
observed Fe-Fe distance of 2.91 A for model complexes is
quite close to the observed distance of 3.02 A, which could
be an average distance of two closely overlapping shells in
the distance range 2.9-3.1 A. In addition, the observed short
Fe-O distance of 1.83 A is typical for the above-mentioned
oxo bridges. The presence of a core with two oxo bridges
(50-52) can be excluded because of the observed very short

245

Fe—Fe distance of 2.71 A (50) in comparison with our re-
sults. So, the presence of two types of diamond cores such
as Fel!(u-OH), and Fel' (14-O)(n-OH) is then highly prob-
able. Some of the oxygens at a distance of 1.94 and 1.83 A,
which are typical for hydroxo and oxo bridges, respectively,
can also be assigned to Fe—O (zeolite). However, the sum of
the Fe—O coordination numbers clearly points to an octahe-
dral structure, in agreement with published ESR results (7,
13, 24). Assuming the presence of clusters with two types
of core structures, (i) two hydroxo bridges and (ii) one hy-
droxo bridge and one oxo bridge, both accompanied by a
third and longer —O-Si/Al-O- bridge, then the observed
coordination number between 4 and 5 for the second oxy-
gen shell seems to make sense and, thus, a mixture of these
types of octahedral Fe binuclear clusters is proposed to
be formed after calcination of the Fe/ZSM-5(20) sample
(Figs. 10b and 10c).

Model D was evidently the best model with regard to the
goodness of the fit. On the other hand, the fit using model
C was reasonably good although the fit for the third shell in
the range of 1.9-2.3 A of the uncorrected FT (real distance
2.4-2.55 A) was not optimal in comparison with model D.
In model C, the third shell (2.53 A) was assigned to the
Fe-Fe distance and this distance can, according to model
complexes, correspond to the Fel'Fe!! (11-OH); core struc-
ture with a reported distance of 2.51 A. This result does not
seem to be completely impossible because some autoreduc-
tion due to the influence of the X rays during the EXAFS
experiment can result in such a mixed-valence species. On
the other hand, this fraction would be expected to be minor
regarding the treatment at high temperature in oxygen. A
very similar Fe-Fe distance has been recently observed in
the diiron (u-1,2 peroxodiferric) intermediate that forms in
the early steps of ferritin biomineralization (57). Although
also in this case the formation of a peroxo bridge between
the two Fe atoms cannot be completely ruled out, the in-
stability of this compound makes this possibility unlikely.

Although it is not possible to discriminate among the
different types of structures proposed, the binuclear nature
of the Fe species in Fe/ZSM-5(20) has been established. To
our knowledge, this is the first time that direct experimental
evidences unambiguously proved the presence of binuclear
Fe clusters in Fe/ZSM-5 zeolite, the existence of which had
been postulated on the basis of TPR and ESR investigations
(5, 12, 13). The coordination of the Fe ions as deduced by
the EXAFS analysis, however, is rather different from that
proposed in the literature.

IR results, supported by Al NMR, allow us to conclude
that the Fe complexes are located at the ion-exchange
positions of the zeolite, bearing an overall monopositive
charge. In this form they act as extraframework counteri-
ons and compensate half of the negative charges of the lat-
tice. The monopositive charge is most likely determined by
the presence of coordinated OH groups, which are formed
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during the hydrolysis and calcination. This type of binuclear
complex is rather different from that suggested in the lit-
erature (5, 12, 13), which features both metal atoms bound
at ion-exchange positions. Nevertheless, it reasonably ac-
counts for all the experimental findings obtained on Fe/
ZSM-5(20). In particular, it explains why the removal of Fe
species from the ion-exchange positions upon calcination is
not followed by the formation of an oxidic phase. If iron ox-
ide was formed it would involve 50% of the Fe present and,
therefore, the EXAFS spectrum of Fe/ZSM-5(20) should
appear as a combination of the spectra of the Fe oxide and
the binuclear species. Besides, this type of complex also
accounts for the presence of a relatively high concentra-
tion of Brgnsted acid sites (50%) and the decrease in the
paramagnetic effects observed in the 2 Al NMR spectra af-
ter washing and calcination of the zeolite. A recent density
functional study of oxygen-bridged Cu species in Cu/ZSM-5
catalyst strongly supports our interpretation of the EXAFS
data. According to these calculations, species like Cull(u-
0) and Cull(u-O); are predicted to have high stability and
can be easily accommodated in the zeolite cavities (58).

As for the reasons for the formation of different Fe
species on the two ZSM-5 samples investigated, the IR re-
sults strongly suggest that it might be related to the hy-
drolysis process occurring during the washing of the zeo-
lites. The IR spectrum of Fe/ZSM-5(20) after the sublima-
tion and the hydrolysis was, in fact, substantially different
from that of Fe/ZSM-5(15) (Fig. 2, inset). The spectrum
of the former zeolite exhibited bands in the range 1300-
1700 cm~! which were not detected in the latter. The rea-
sons for the occurrence of a different hydrolysis process
are, however, not clear. Since the two parent ZSM-5 zeo-
lites differed mainly in the Si/Al ratio, textural properties
(Table 1), crystallites size, and the presence of extraframe-
work Al species (Fe/ZSM-5(15)), a relationship between
their physicochemical properties and the nature of the
Fe species is expected. Particularly, the presence of extra-
framework Al species, usually ascribed to (hydr)oxo moi-
eties, might favor the formation of the iron oxide. Since
Fe and Al oxide compounds have similar structural prop-
erties, it can be envisaged that the presence of extraframe-
work Al species might induce the epitaxial growth of the Fe
oxides, thus hindering the rearrangement of Fe into binu-
clear species. Further investigations are in progress in order
to determine the species formed on Fe/ZSM-5(20) after hy-
drolysis, which might provide a more precise understanding
of the structure of the active species on this catalyst.

CONCLUSIONS

The state of iron in two Fe/ZSM-5 zeolites prepared by
sublimation of FeCl; was investigated by means of XRD,
IR, Al MAS NMR, EXAFS, and nitrogen adsorption
measurements. EXAFS results clearly indicated that Fe is
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hosted on the two zeolites in different forms. In one case
(Fe/ZSM-5(20)), Fe was found in the form of diferric bin-
uclear clusters featuring a diamond core similar to that of
the monooxygenase enzyme. On the basis of the IR and
NMR results, these complexes were concluded to compen-
sate either one or two negative charges of the lattice, while
the remaining ion sites are occupied by Brgnsted hydrox-
yls. In the second case (Fe/ZSM-5(15)), the postexchange
treatments converted the iron mainly into hematite par-
ticles although a minor fraction of binuclear oxo-bridged
species might be present as well. IR spectroscopy suggested
that the differences observed in the state of the iron are re-
lated to different hydrolysis processes occurring on the two
zeolites. The extraframework Al species inside the zeolite
pores might play a role in the formation of the iron oxide
by favouring its epitaxial growth on the Al species.
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