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Abstract

A number of techniques (ICP-OES, XRD, SEM,27Al MAS-NMR, N2 adsorption, NH3-TPD, FTIR of pyridine adsorbed, HRTEM
UV/vis, and EPR) have been applied to characterize the morphology, structure, porosity, acidity, and forms of iron and aluminum i
and Fe-ZSM-5 prepared by hydrothermal synthesis and in their products of activation by calcination and steam treatment. The co
of the zeolite matrices were very similar, with nominal Si/Al and Si/Fe ratios of 36 and 152, respectively. Removal of the templat
calcination leads to extensive dealumination in Fe-beta, while having no influence on the state of aluminum in Fe-ZSM-5. Steam
was required to massively create extra-framework Al species in the latter sample. In contrast, the sensitivity of framework iron to
into non-framework positions during postsynthesis treatments and the nature and distribution of the resulting iron species were r
analogous in the two zeolite structures. Catalytic tests with direct N2O decomposition and N2O reduction with CO over the steamed iro
zeolites confirmed that the microporous matrix intrinsically does not play a decisive role on the activity in these reactions, provide
resulting forms of iron are similar.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Iron zeolites are active catalysts for a number of re
tions, including direct N2O decomposition[1–3], selective
catalytic reduction of NOx and N2O [4–7], and selective ox
idations of different substrates with (i) N2O [8–11], (ii) O2
[12,13], and (iii) H2O2 [14,15]. Fe-ZSM-5 has been th
most popular zeolite in preparation, characterization,
catalytic studies. Several research groups have investig
the structure–activity relationship of Fe-ZSM-5, particula
* Corresponding author. Fax: +34 977 920 224.
E-mail address: jperez@iciq.es(J. Pérez-Ramírez).
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the effect of the synthesis procedure on the nature and
tribution of iron species and the associated catalytic per
mance[16–25]. Despite many studies, the structure of
active site(s) in the various applications is still a subjec
intense debate and attention.

The most common method of preparing Fe-ZSM-5 is
introduce iron by post-synthetic ion exchange in the solid
liquid phase. A lack of reproducibility of exchange metho
in solution has frequently been reported[16,26,27]. Chem-
ical vapor deposition (CVD) of FeCl3 on the zeolite has

been suggested as a more reproducible method for prepar-
ing over-exchanged Fe-ZSM-5, leading to high iron load-
ings [4]. A distinct approach consists of inserting iron into

http://www.elsevier.com/locate/jcat
mailto:jperez@iciq.es
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Fig. 1. Structure and pore con

T positions in the zeolite framework during the hydroth
mal synthesis, followed by treatment of the zeolite in
vacuum, or steam at elevated temperatures[8,10,21,28–33].
These cause the migration of iron to extra-framework p
tions and their progressive clustering in the form of isolat
dimeric, and polymeric species up to oxidic nanopartic
[29,31,33,34]. The extent of iron extraction and aggregati
depends on the activation conditions (atmosphere, temp
ture) and the composition of the MFI framework[33]. This
method is considered a very suitable approach to disp
iron species into the microporous matrix, although typica
it does not allow the insertion of high iron content. It h
been almost exclusively applied to the synthesis of penta
type Fe-MFI zeolites of various compositions (silicates,
tanosilicates, aluminosilicates, gallosilicates, borosilica
germanosilicates)[33–36].

Steam treatment of isomorphously substituted Fe-ZS
has led to catalysts with high turnover frequencies in di
N2O decomposition in simulated tail gases from nitric a
plants and combustion processes, as compared with iro
olites prepared by postsynthesis methods[1,2]. This method
has also proved efficient as a way to prepare active c
lysts in the reduction of N2O by CO [23] and in various
N2O-mediated oxidations, like the hydroxylation of be
zene to phenol[8–10] or the oxidative dehydrogenation
propane to propylene[11]. Attending to the remarkable ca
alytic properties of steam-activated Fe-ZSM-5, it is intere
ing to extrapolate this synthesis route to other micropor
matrices, with the intention of obtaining more efficient ca

lysts for the above applications. Very recently, Berlier et al.
[37] synthesized Fe-MCM-22 (Si/Al = 90 and Si/Fe= 18)
by isomorphous insertion and investigated the effect of cal-
vity in MFI and BEA frameworks.

-

-

cination and treatment in vacuum on the coordination
oxidation changes of iron species. The results obtained w
compared with those previously obtained by the same g
over Fe-silicalite (Si/Al = ∞ and Si/Fe = 25–150)[34],
although the different compositions of the two zeolites (
sence of Al and lower Fe content in Fe-silicalite) mak
comparison between the two samples not straightforw
Moreover, the catalytic performance of Fe-MCM-22 sam
was not reported.

Zeolite beta appears to be an attractive host for ir
as evident from various works indicating the higher
tivity of Fe-beta with respect to Fe-ZSM-5 in direct N2O
decomposition[38] and in the selective reduction of N2O
by NH3 [39] or CH4 [40]. The effect of the preparatio
procedure on the iron constitution and performance of
beta has been less extensively explored as compared
Fe-ZSM-5, because it is limited to materials prepared
liquid-ion exchange[41–44]. However, whether the differ
ent catalytic performance observed is due to an intrin
effect of the structural characteristics of the specific z
lite or to the different nature and distribution of the ir
species stabilized in both microporous systems rem
unclear. Both MFI and BEA structures exhibit multidire
tional channel systems (Fig. 1). Zeolite beta is a disor
dered intergrowth of several hypothetical polymorphs,
characterized by a 3D/12-membered ring channel sys
whereas ZSM-5 presents a 3D/10-membered ring c
nel system. Accordingly, the channel dimensions in b
(0.66× 0.67 nm and 0.56× 0.57 nm) are larger than thos

in ZSM-5 (0.53× 0.56 nm and 0.51× 0.55 nm)[45].

The present work elaborates on the synthesis and char-
acterization of isomorphously substituted Fe-beta and Fe-
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ZSM-5 with the same chemical composition and their e
lution upon activation by calcination and steam treatme
Parallels and differences between the two microporous
trices have been established with regard to crystal struc
porous characteristics, morphology, acidity, and form(s
iron and aluminum species. The performance of the ste
activated iron zeolites in direct N2O decomposition and N2O
reduction by CO was also evaluated to support charac
zation results and to examine the intrinsic influence of
zeolite matrix on the catalytic activity.

2. Experimental

2.1. Zeolite preparation and activation

Fe-ZSM-5 was synthesized hydrothermally, with tet
propyl ammonium ions (TPA+) as the template. Tetraethy
orthosilicate (TEOS) was added to the basic solution
TPAOH (20 wt%) and NaOH and allowed to hydrolyze
room temperature. Ethanol produced in the hydrolysis
evaporated, as was a 25% extra weight corresponding to
ter. The solution obtained was added dropwise to ano
solution containing the dissolved iron and aluminum nitra
(Fe(NO3)3 · 9H2O and Al(NO3)3 · 9H2O). Nominal molar
ratios were TPAOH/Si = 0.1, NaOH/Si = 0.2, H2O/Si =
45, Si/Al = 36, and Si/Fe= 152. The gel was then tran
ferred to a stainless-steel autoclave lined with Teflon
kept in a static air oven at 448 K for 5 days. The solid w
filtered, washed, dried at 353 K, and calcined in static
according to the program: heated from room temperatur
673 K at 3 K min−1 and kept isothermal for 3 h, further in
creased to 823 K at 1.5 K min−1 and kept isothermal for 3 h
and cooled to room temperature. The resulting zeolite in
Na-form was converted into the H-form by three conse
tive exchanges with an ammonium nitrate solution (0.1
overnight and calcined at 823 K as described above.

Fe-beta was synthesized hydrothermally, with tetrae
ammonium ions (TEA+) as the template and fluoride anio
as the mineralizing agent. The procedure was as follo
Al(NO3)3 · 9H2O and Fe(NO3)3 · 9H2O were dissolved in
a solution of TEAOH (17 wt%). Then TEOS was added a
allowed to hydrolyze at room temperature. Ethanol produ
during the hydrolysis was evaporated, as was some wate
nally, HF (48 wt%) was added to the paste and homogen
by hand. The nominal molar ratios were TEAOH/Si = 0.61,
F/Si = 0.5, H2O/Si = 7.5, Si/Al = 36, and Si/Fe= 152.
The gel was heated in a Teflon-lined steel autoclave at 42
for 10 days under static conditions. The solid was filter
washed, dried at 353 K, and calcined with the same prog
as for Fe-ZSM-5.

Steam activation was carried out at ambient pressur

heating of the calcined zeolites (0.1 g) in a flow of 30 ml
STP min−1 of N2 to 873 K at a rate of 2 K min−1, followed
by exposure to a mixture of 30 vol% H2O in N2 (30 ml
atalysis 232 (2005) 318–334

,

-

-

STP min−1) for 5 h. Afterward, the sample was cooled
flowing N2 at a rate of 2 K min−1.

The as-synthesized, calcined, and steamed zeolite
designated here by the prefixes as-, c-, and s-, respectiv

2.2. Characterization methods

Chemical composition of the samples was determi
by ICP-OES (Perkin-Elmer Plasma 40 (Si) and Opti
3000DV (axial)).

Powder X-ray diffraction patterns were measured i
Philips X’Pert diffractometer with Bragg–Brentano geo
etry and Cu-Kα radiation (λ = 0.1541 nm). Data were col
lected in the 2θ range of 5–55◦, with a step size of 0.02◦ and
a counting time of 5 s.

Scanning electron microscopy images were recorde
5 kV in a JEOL JSM-6700F field-emission microscop
Samples were coated with palladium to create contrast.

27Al magic-angle spinning (MAS) nuclear magnetic re
onance was recorded at 79.5 MHz with a Varian VXR-40
spectrometer. The narrow-bore magnet (50 mm) was fi
with a high-speed MAS Doty probe. The samples were s
in 4-mm-diameter rotors made of zirconia. The length
the r.f. pulses was 0.5 µs, and the spinning frequency
8.0 kHz. The acquisition time was 0.2 s. A time interval
1 s between successive accumulations was selected to
saturation effects. The number of accumulations (10,0
allowed a signal-to-noise ratio of> 20. The27Al chemical
shift was referenced to Al(H2O)6

3+.
N2 adsorption at 77 K was carried out in a QuantaChro

Autosorb-6B apparatus. Samples were previously evacu
at 623 K for 16 h. The micropore volume and the mesop
surface area were determined with thet-plot method[46].
The BET method[47] was used to calculate the total surfa
area of the samples, which is used for comparative purpo

Temperature-programmed desorption of ammonia
carried out on a Micromeritics TPR/TPD 2900 equipp
with a thermal conductivity detector (TCD). The samp
(35 mg) was pretreated at 823 K in He (30 ml min−1) for 1 h.
Afterward, pure NH3 (40 ml min−1) was adsorbed at 473
for 15 min. Subsequently a flow of He (30 ml min−1) was
passed through the reactor for 30 min to remove weakly
sorbed ammonia on the zeolite. This procedure was repe
three times. Desorption of NH3 was monitored in the rang
473 to 823 K at 10 K min−1.

The surface acidity of the Fe-zeolites was studied
FTIR spectroscopy of adsorbed pyridine. Spectra w
recorded with a Bruker IFS 66 spectrometer equipped w
a heatable and evacuable reaction cell with CaF2 windows,
which was connected to gas-dosing and evacuation sys
The zeolite powder was pressed into self-supporting wa
with a diameter of 20 mm and a weight of 50 mg. Befo
pyridine adsorption, the samples were pretreated in flow

air at 673 K for 1 h, followed by cooling to 373 K. Then
pyridine was adsorbed at 373 K for 1 h with bubbling of the
Ar flow through a pyridine-containing saturator. Physically
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adsorbed pyridine in the sample was evacuated for 5 m
373 K, and infrared spectra were recorded at different t
peratures in the range of 373–673 K with 2 cm−1 resolution
and 100 scans. The relative concentrations of Brønsted
Lewis acid sites were determined from the area of the
sorption bands at 1545 and 1450 cm−1, respectively.

High-resolution transmission electron microscopy w
carried out on a Philips CM30UT electron microscope w
a field emission gun as the source of electrons, operat
300 kV. We mounted the samples on Quantifoil carbon po
mer supported on a copper grid by placing a few droplet
a suspension of ground sample in ethanol on the grid,
lowed by drying at ambient conditions. The zeolites w
typically amorphized by the electron beam to enhance
visibility of the small iron oxide particles.

Diffuse-reflectance UV/vis spectra were measured
293 K with a Cary 400 spectrometer (Varian) equipped w
a Praying Mantis sample stage from Harrick. To reduce l
absorption, samples were diluted withα-Al2O3 (previously
calcined at 1473 K for 4 h) in a volumetric ratio of 1:
Deconvolution of the UV/vis spectra into individual ban
was performed according to the procedure detailed in[23].
In situ measurements were carried out in a heatable r
tion chamber equipped with a temperature programmer
a gas-dosing system with mass-flow controllers. Reduc
and reoxidation experiments were performed at 773 K
1 h in a flow (10 ml min−1) of 20 vol% H2 in Ar and air,
respectively.

Electron paramagnetic resonance spectra were rec
ed in X-band (ν ≈ 9.5 GHz) with the cw spectromete
ELEXSYS 500-10/12 (Bruker) at 293 K and 77 K. The ma
netic field was measured with respect to the standard
diphenyl-1-picrylhydrazyl hydrate (DPPH). The microwa
power was 6.3 mW. A modulation frequency of 100 kHz a
an amplitude of 0.5 mT were applied.

2.3. Catalytic tests

Activity measurements was carried out in a fixed-b
quartz reactor (4 mm i.d.), with 50 mg of catalyst (12
200 µm) for a space time of 3× 105 g s mol−1 at a total
pressure ofP = 1 bar. The space time is defined as
ratio W/F 0 (N2O), whereW is the catalyst mass andF 0

(N2O) is the molar flow of N2O at the reactor inlet. Steady
state performance was measured in the temperature r
of 675–850 K at intervals of 25 K in up and down cycle
Feed mixtures of 1.5 mbar N2O in He (direct N2O decom-
position) or 1.5 mbar N2O and 1.5 mbar CO in He (N2O
reduction by CO) were applied. Before the tests, the s
ples were pretreated in the feed mixture at 723 K for
and cooled in that gas flow to the initial reaction tempe
ture. Reactant and product gases were analyzed with a
line gas chromatograph (HP 6890) equipped with a ther

conductivity detector, with the use of a Poraplot Q column
(for N2O and CO2 separation) and a Molsieve 13X column
(for N2, O2, and CO separation).
atalysis 232 (2005) 318–334 321
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Table 1
Chemical composition of the as-synthesized iron zeolites

Sample Molar metal ratios Metal content in solid (wt

Nominal In solid Si Al Fe

Si/Al Si/Fe Si/Al Si/Fe

as-Fe-ZSM-5 36 152 31.7 129 40.8 1.24 0.
as-Fe-beta 36 152 31.6 135 42.2 1.28 0

Fig. 2. X-ray diffraction of the steamed Fe-zeolites.

3. Results and discussion

3.1. Chemical composition, XRD, and SEM

Table 1 shows the chemical composition of the a
synthesized Fe-beta and Fe-ZSM-5 zeolites. The values
tained in the solids were very similar to the nominal valu
in the synthesis gels and, as expected, did not experienc
nificant changes upon calcination and steam treatment.
two zeolites have very similar Si/Al ratios and iron contents
which permits a direct comparison of the physicochem
characterization and catalytic performance. The concen
tion of Na in the calcined and steamed iron zeolites w
below the detection limit of the technique (< 0.01 wt%).

The crystal structure of Fe-ZSM-5 and Fe-beta upon
cination and steam treatment was maintained, and no
dence of any phase other than beta or ZSM-5 was foun
the XRD patterns of the various samples, as exemplified
the steamed zeolites inFig. 2. Likewise, no apparent chang
in crystal morphology was observed due to the postsyn
sis treatments in the SEM micrographs of the as-synthes
calcined, and steamed Fe-zeolites.Fig. 3 compares crysta
sizes and morphologies of the steam-treated s-Fe-beta
s-Fe-ZSM-5 samples. The typical intergrowth phenome
is clearly distinguished in the ZSM-5 sample, and the b
sample shows truncated bipyramid crystals, characterist
the synthesis route in fluoride medium, with TEA+ as the

template[48]. The crystal size distribution in both samples
is rather uniform, and no amorphous matter was detected at
the external surface. The Fe-beta crystals (5 µm) were ca.
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2 times larger than the Fe-ZSM-5 crystals (2.5 µm). So
of the particles in s-Fe-ZSM-5 consist of agglomerates
smaller crystals.

3.2. 27Al MAS-NMR

27Al MAS-NMR spectroscopy was conducted to inve
tigate the changes in aluminum coordination in the zeo
upon calcination and steam treatment (Fig. 4). The spectra o
the as-synthesized as-Fe-ZSM-5 and as-Fe-beta sampl
hibit a sharp resonance at 55 ppm, which is characterist
tetrahedrally coordinated Al atoms in lattice positions[49].
The peaks in the region of−25 and 125 ppm are attribute
to spinning side bands caused by quadrupole interac
of 27Al nuclei at the spinning frequency applied, whi
make spectral quantification unfeasible. The shape an
tensity of the broad peaks at−25 ppm differ from those
at 125 ppm; the former were broader and more intense
both as-synthesized samples. This may suggest the pre
of Al in extra-framework positions (EFAl), which normal
appears around 0 ppm[49]. Although spinning side band
are not necessarily symmetrical and their relative areas
differ [49], the lack of incorporation of a (minor) fractio
of aluminum in the zeolite framework of the as-synthesi
samples cannot be completely discarded from our cur
spectra. However, with careful synthesis procedures and
Si/Al ratio applied, all of the aluminum is expected to o
cupy framework positions.
Fig. 4.27Al MAS-NMR spectra of the as-syn
The NMR spectra inFig. 4 make it possible to properly
beta
val
Fig. 3. Field-emission SEM of the steamed Fe-zeolites. assess the relative susceptibility of Fe-ZSM-5 and Fe-
for dealumination upon post-treatment. Template remo
thesized, calcined, and steamed Fe-zeolites.
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Fig. 5. N2 adsorption isotherms of the calcined and steamed Fe-zeoli

by thermal treatment in air induces an important decreas
the relative contribution of tetrahedral Al in the samples (
pecially in c-Fe-beta), leading to a certain dislodgemen
lattice Al species to extra-framework positions. This is a
suggested by the distinction of two peaks in the 0 ppm reg
of c-Fe-beta, which do not appear in c-Fe-ZSM-5. This
sult indicates the lower stability of lattice aluminum in BE
than in MFI, in agreement with previous studies[50]. The
low stability of Al in the BEA framework has been main
attributed to the number of T-atoms in four-rings (75%), w
half of them even connected to two four-rings. In contra
the MFI framework has only 17% of its T-atoms in fou
rings, making them very stable against dealumination.
intrinsic framework flexibility of beta and the presence
stacking faults (increasing the number of defect sites) m
this structure prone to dealumination[50].

The resonance at 55 ppm in the steamed zeolites is fu
decreased, particularly for Fe-ZSM-5, where the Al coo
nation was relatively insensitive to calcination. The relat
intensity of the sharp resonance at 55 ppm and the b
resonance at 0 ppm are comparable in s-Fe-beta and
ZSM-5, indicating an extensive degree of dealuminat
It should be kept in mind that the decreased intensity of
NMR resonances upon calcination and steaming is due
only to the dislodgement of framework aluminum, but a
to the dislodgement of framework iron, which dampens
Al signal because of its paramagnetic effect. The presen
the steamed samples of a broad feature and multiple pea
the region around 0 ppm does not make it possible to as
the nature of the EFAl species formed. Evidently, the spe
of the steamed samples showed no spinning side bands
the broadening of this signal is plausibly due to the prese
of non-framework Al species with different coordinatio
and positions. For instance, the resonance at 30 ppm (pr
in c-Fe-beta and s-Fe-beta) has been attributed to penta
dinated or highly distorted tetrahedral EFAl species[51–53],

and the narrow distribution at 0 ppm has been assigned to
framework-connected octahedral Al species[54,55], which
can be reinserted at specific T-sites of the framework[56].
atalysis 232 (2005) 318–334 323
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Table 2
Textural properties of the calcined and steamed iron zeolites

Sample Vmicro
a

(cm3 g−1)
Vtotal
(cm3 g−1)

Smeso
a

(m2 g−1)
SBET

b

(m2 g−1)

c-Fe-ZSM-5 0.17 0.21 23 410
s-Fe-ZSM-5 0.16 0.23 33 380
c-Fe-beta 0.21 0.27 23 600
s-Fe-beta 0.19 0.27 28 560

a t -plot method.
b BET method.

3.3. N2 adsorption

Nitrogen adsorption was performed to investigate
porous properties of the calcined zeolites and the cha
therein upon steam treatment. The N2 isotherms of the cal
cined zeolites inFig. 5 exhibit high nitrogen uptakes at lo
relative pressures and a plateau at high relative press
which is typical for microporous materials (type I acco
ing to IUPAC classification[57]). Application of the BET
model and thet-plot method confirms that the majority o
the surface area (SBET = 410 and 600 m2 g−1 for c-Fe-
ZSM-5 and c-Fe-beta, respectively) is due to the prese
of micropores, whereas the contribution of mesoporosit
relatively small (Smeso= 23 m2 g−1). Although the valid-
ity of the BET model for highly microporous materials
questionable, the surface areas derived from this mod
the adapted pressure rangep/p0 = 0.01–0.10 can still be
used for comparative purposes[58]. As shown inTable 2,
the micropore volume of c-Fe-beta is higher than tha
c-Fe-ZSM-5, as expected from the more open framew
structure of the former zeolite (cf.Fig. 1). Upon steam treat
ment, only slight changes in the uptake of N2 at pressures
p/p0 > 0.4 were observed, which can be attributed to
formation of a limited mesoporosity as a consequence o
extraction of heteroatoms (Al and Fe) to non-framework
sitions. This is further supported by a certain increase in
mesopore area in the steamed samples (Table 2). Simulta-
neously, the micropore volume decreases slightly (5–10
as indicated by the decreased uptake at low pressure
the application of thet-plot. The closure of the hysteres
loop aroundp/p0 = 0.5 present for all of the samples is d
to the well-known tensile strength effect of the adsorpt
and does not represent any physical porosity at this
ticular relative pressure[59]. The substep observed in th
isotherm of s-Fe-ZSM-5 aroundp/p0 = 0.2 is a particular
feature of MFI-type zeolites and is associated with a fluid
solid-like phase transition of the adsorbed N2 in the microp-
orous network and consequently should not be attribute
the formation of additional (meso)porosity[59]. This sub-
step generally becomes more pronounced as the frame

Si/Al ratio increases, which indirectly substantiates the dis-
lodgement of framework aluminum upon steam treatment of
c-Fe-ZSM-5, as concluded from NMR.
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Fig. 6. NH3-TPD profiles of the calcined and steamed Fe-zeolites. The
monia uptake is included in the figure.

3.4. NH3-TPD

Temperature-programmed desorption of ammonia
been widely applied to obtain the density of Brønsted a
in zeolites. However, an important drawback of this te
nique is that adsorption of ammonia is not specific to Br
sted acid sites[60]. Adsorption on non-Brønsted acid sit
(referred to as Lewis acid sites) may be stronger than
on Brønsted sites. In this respect, Juskelis et al.[61] demon-
strated that ammonia adsorbs more strongly on CaO
it does on USY zeolite. Taking this into consideration,
NH3 desorption profiles shown inFig. 6 cannot be simply
applied for a definitive assignment of the desorbed amm
to Brønsted and Lewis acid sites. However, they provid
valuable fingerprint of the overall nature and distribution
the acid sites (weak or strong) in the calcined and stea
Fe-ZSM-5 and Fe-beta zeolites, and a quantification of
density of total acid sites. This technique is particula
useful when it is complemented by FTIR spectroscopy
adsorbed pyridine; the latter is able to discriminate betw
different acid sites (Section3.5).

The strength of the acid sites in c-Fe-ZSM-5 is sligh

higher than that in c-Fe-beta, as indicated by the position of
the maximum at 690 and 630 K, respectively. The total NH3
uptake in c-Fe-ZSM-5 (0.46 mmol g−1) is also higher than
atalysis 232 (2005) 318–334

in c-Fe-beta (0.30 mmol g−1), despite the nearly identica
Si/Al ratios in the two samples (Table 1). The lower density
of acid sites in c-Fe-beta as compared with c-Fe-ZSM-5
be confidently attributed to the higher degree of Al extr
tion in c-Fe-beta, as indicated by27Al MAS-NMR, which
contrasts with the relative inertness of framework alumin
upon calcination of as-Fe-ZSM-5.

Steam treatment of c-Fe-ZSM-5 dramatically decrea
the strength and number of acid sites in the zeolite, in
cating that most of the acid sites in the calcined sample
Brønsted-type; that is, they arise from the presence o
and Fe in the framework. In contrast, only slight chan
are observed in the NH3 desorption profile upon steamin
of c-Fe-beta. This suggests that after the major dealum
tion occurring during calcination of as-Fe-beta, subseq
steam treatment of c-Fe-beta does not significantly affec
Al coordination (as suggested by NMR), and, expecte
the adsorption properties of c-Fe-beta and s-Fe-beta h
changed either. As a result, the total NH3 uptake in s-Fe-bet
is higher than that in s-Fe-ZSM-5.

Extraction of one iron atom by the cleavage of a S
O(H)–Fe bond will have an effect on the NH3-TPD profile
equivalent to that of the extraction of one aluminum at
by the cleavage of a Si–O(H)–Al bond. As a matter of fa
Gorte[60] concluded that Brønsted acid sites in H-[Fe]M
are very similar to those in H-[Al]MFI, regardless of th
probe molecule applied (NH3, pyridine, and acetonitrile)
However, so far the acidity changes have been discu
in light of the27Al MAS-NMR characterization, principally
because of the significantly higher amount of aluminum
compared with iron in the samples (molar Al/Fe ratio≈ 4).
The suitability of this approach is further discussed in la
sections.

3.5. FTIR of pyridine adsorbed

FTIR of adsorbed pyridine was conducted to elucid
the nature and relative amounts of the Brønsted and L
acid sites in the calcined and steamed iron-containing
lites, complementing the previous NH3-TPD results. Gen
erally, bands around 1540–1548 and 1445–1460 cm−1 are
characteristic of Brønsted (PyH+) and Lewis (L-Py) acid
sites, respectively. Moreover, bands of hydrogen-bon
pyridine (hb-Py) are expected in the range of 1440–1447
1580–1600 cm−1, and bands of physically adsorbed pyridi
(ph-Py) are expected at 1439 and 1580 cm−1 [62–64]. Based
on these assignments, the discrimination between Le
bonded and hydrogen-bonded pyridine is not possibl
principle. However, the thermal stability of the adsorb
pyridine species differs, increasing in the order ph-Py< hb-
Py< L-Py, PyH+. Accordingly, Lewis-bonded pyridine ca
be properly determined from a record of the infrared spe
at sufficiently high temperatures[65], to accomplish com

plete desorption of hb-Py (vide infra).

The infrared spectra of the various samples at 373 K are
shown inFig. 7. The bands at 1545 cm−1 are attributed to
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Fig. 7. FTIR spectra of pyridine adsorbed on various Fe-zeolite

Table 3
Areas (in arbitrary units) of the absorption bands in the FTIR spectr
523 K of pyridine adsorbed associated with Brønsted (PyH+) and Lewis
(L-Py) acidity and the corresponding ratio

Sample PyH+, 1545 cm−1 L-Py, 1445 cm−1 PyH+/L-Py

c-Fe-ZSM-5 5.3 1.2 4.4
s-Fe-ZSM-5 1.0 1.1 0.9
c-Fe-beta 4.0 4.5 0.9
s-Fe-beta 2.7 1.1 2.4

Brønsted acidity, and the bands around 1445 cm−1 comprise
pyridine adsorbed on Lewis acid sites and hydrogen-bon
pyridine. The band at 1438 cm−1 is due to physically ad
sorbed pyridine. Bands around 1600 cm−1 are also due to
pyridine adsorbed on Lewis sites and can be consider
measure of the Lewis acid strength of the surface sites[62].
The assignment of the band at 1623 cm−1 observed in the
spectrum of s-Fe-ZSM-5 is controversial. Buzzoni et al.[64]
assigned it to Brønsted acidity in zeolites, whereas Bu
et al.[62] attributed it to Al Lewis acid sites ofγ -Al2O3 and
amorphous Al2O3/SiO2 samples.

The ratio of Brønsted to Lewis acid sites was estima
from the area of the bands at 1545 cm−1 (PyH+) and
1445 cm−1 (L-Py), respectively, since the ratio of the e
tinction coefficients of these two absorption bands is∼ 1
[66–69]. As shown inTable 3, this ratio depends on the z
olite type and its corresponding treatment. To exclude
influence of hb-Py, which results in an overestimated Le
acidity, the bands in the spectra at 523 K were used
quantification. At this temperature, the hb-Py is comple
removed, as clearly illustrated by the desorption spectra
Fe-ZSM-5 and s-Fe-beta, which we obtained by heating
samples in the range of 373–673 K at 10 K min−1 (Fig. 8).
The total density of acid sites (the sum of total Brønsted
Lewis acid sites) was decreased by 68% from c-Fe-ZS

to s-Fe-ZSM-5, in excellent agreement with the 70% deter-
mined from NH3-TPD. Unexpectedly, quantification from
the two techniques did not match as perfectly from c-Fe-beta
73 K. Background spectra of the air-pretreated samples were subtrac

to s-Fe-beta (55% acidity decrease by pyridine adsorp
and only 23% by NH3-TPD).

With regard to the intensity of the infrared band
1545 cm−1 in Fig. 7, c-Fe-ZSM-5 contains the highest de
sity of Brønsted acid sites, originating from the excess
negative charge as a consequence of the isomorphous
stitution of trivalent cations such as Al3+ and Fe3+ for Si4+.
Extraction of the latter heteroatoms to extra-framework p
tions causes a decrease in the number of Brønsted acid
In agreement with NH3-TPD, the Brønsted acidity in c-Fe
beta is significantly lower than that in c-Fe-ZSM-5, beca
of the relatively higher degree of dealumination of Fe-b
during calcination. A pronounced decrease in Brønsted
is observed upon steaming of c-Fe-ZSM-5, as denoted b
reduced intensity of the band at 1545 cm−1 in s-Fe-ZSM-5 in
Fig. 7andTable 3. This effect is less pronounced in Fe-be
These observations are in excellent agreement with re
from NH3-TPD and27Al MAS-NMR.

In addition to dealumination, the activation of the a
synthesized zeolites by calcination and steaming indu
dislodgment of framework iron ions. As noted earlier, t
should contribute to the acidity differences observed, des
the lower Fe content as compared with Al. The lower to
intensity observed in the Lewis band region of s-Fe-ZSM
and s-Fe-beta as compared with c-Fe-ZSM-5 and c-Fe-
can be related to the process of iron and aluminum extrac
and clustering upon steam treatment. The so-formed ox
species may cause a certain blockage of micropores, as
gested by the slight decrease inVmicro in Table 2, possibly
leading to hindered diffusion of pyridine through the zeo
pores.

Fig. 9 displays the FTIR band area for pyridinium io
(PyH+) at 1545 cm−1 and for pyridine coordinated to Lew
acid sites (L-Py) at 1445 cm−1 in the calcined and steam
treated zeolites as a function of the desorption tempera

The number of Lewis sites decreases markedly below 450–
500 K and moderately above these temperatures. This de-
pendence is due to the significant contribution of hydrogen-
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Fig. 8. FTIR spectra of pyridine adsorbed on s-Fe-ZSM-5 and s-Fe

bonded pyridine in the Lewis acidity region< 500 K. The
slight increase in Brønsted band intensity between 37
and 423 K in s-Fe-beta is related to the better availability
these sites at higher temperatures, induced by the dram
decrease in typical bands related to physically adsorbed
hydrogen-bonded pyridine (Fig. 8). The latter is indicated by
the disappearance of the bands at 1438 cm−1 and 1580–1595
cm−1 at 423 K. In contrast, pyridine adsorbed on Brøns
acid sites and on stronger Lewis sites is more stable. Th
expected in the case of Brønsted sites, since removal of
dine from the former requires decomposition of the adsor
pyridinium ion. However, the stability of the strong Lew
acid sites, which are still detectable above 500 K, seem
be comparable to that of the Brønsted sites, since the s
of the intensity versus temperature curves is similar for
two types of sites in the two zeolites. This result eviden
that Lewis sites can be formed in those zeolites, which ar

strong as Brønsted sites. This agrees with findings of Meloni
et al.[70], who detected an even higher stability of pyridine
adsorbed on Lewis than on Brønsted sites in Fe-silicalite.
at different temperatures. Subtraction of background spectra was not

c

3.6. HRTEM

High-resolution transmission electron microscopy w
primarily used to investigate the extraction of framewo
iron and clustering of extra-framework iron species up
calcination and steam treatment. As expected, the HRT
micrographs of the as-synthesized zeolites inFig. 10do not
show any separated iron-containing phase, supporting
morphous substitution of iron in the zeolite framework. C
cination of as-Fe-ZSM-5 induces extraction of framew
iron to extra-framework positions, as concluded from
presence of very small iron oxide moieties in the HRTE
micrograph of the c-Fe-ZSM-5 sample. It should be m
tioned that these particles were observed in restricted a
of c-Fe-ZSM-5 (in 2 of the 15 spots analyzed throughout
specimen), qualitatively indicating the minor degree of i
clustering in this sample. No iron oxide-like entities we
visualized in c-Fe-beta.
Steam treatment massively dislodges framework iron to
extra-framework positions, as concluded from the formation
of homogenously dispersed iron oxide nanoparticles of 1–
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Fig. 9. Change of the FTIR band area for pyridium ions (PyH+) at 1545 cm−1 and for pyridine coordinated to Lewis acid sites (L-Py) at 1445 cm−1 vs
desorption temperature over the calcined and steamed iron zeolites.
Fig. 10. HRTEM of the as-synthesized, calcined, and steamed Fe-zeolites. The scale bar is the same for all the samples.
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Table 4
Percentage of the area of the bands (I1 at λ < 300 nm,I2 at 300< λ <

400 nm, andI3 at λ > 400 nm) derived from deconvolution of the UV/v
spectra inFig. 11, and corresponding Fe percentage determined from
total iron content of the samples

Sample I1
a

(%)
Fe1
(wt%)

I2
b

(%)
Fe2
(wt%)

I3
c

(%)
Fe3
(wt%)

as-Fe-ZSM-5 100 0.63 – – – –
c-Fe-ZSM-5 89 0.56 11 0.07 – –
s-Fe-ZSM-5 51 0.32 34 0.21 15 0.09
as-Fe-beta 100 0.62 – – – –
c-Fe-beta 84 0.52 16 0.09 – –
s-Fe-beta 47 0.30 36 0.22 17 0.1

a Isolated Fe3+ in tetrahedral and higher coordination.
b Oligonuclear Fe3+

x Oy species.
c Fe2O3 nanoparticles.

2 nm in s-Fe-ZSM-5. Particles were observed in s-Fe-b
but to a lesser extent (both in concentration and size)
in s-Fe-ZSM-5. These observations seem to indicate a lo
degree of iron agglomeration in s-Fe-beta, which can be
sociated with (i) a lower degree of extraction of framewo
iron or (ii) a reduced tendency of the extra-framework ir
species to form large aggregates. The latter possibility w
imply a better stabilization of small iron-containing spec
in the pores of beta as compared with ZSM-5. These a
natives cannot be discriminated from by microscopy st
ies. To further assess the nature and distribution of the
species in both Fe-ZSM-5 and Fe-beta at the different st
of their preparation and activation, UV/vis and EPR spec
scopies were applied.

Concerning changes in the pore structure of the
synthesized zeolite upon post-treatments, it should be a
that the micrographs of c-Fe-beta and especially s-Fe-
in Fig. 10support the formation of extra-mesoporosity up
calcination and steam treatment, in agreement with N2 ad-
sorption results inTable 2. However, no noticeable chang
was observed in the post-treated Fe-ZSM-5 samples.

3.7. UV/vis

Diffuse-reflectance UV/vis spectroscopy was used to
sess the nature and distribution of Fe(III) species in the
lites at the different stages of their preparation. As show
Fig. 11, the measured spectra were converted into Kube
Munk functions and deconvoluted into the lowest poss
number of Gaussian subbands, following the fitting pro
dure detailed in[23]. The relative intensities of these su
bands are listed inTable 4, including the corresponding pe
centage of the different Fe3+ species. We estimated this b
multiplying the relative subband intensities by the total ir
content in the zeolites, leading to Fe1 for isolated Fe3+ ions
(λ < 300 nm), Fe2 for small oligonuclear Fe3+

x Oy clusters in

the zeolite channels (300< λ < 400 nm), and Fe3 for Fe2O3

nanoparticles at the external surface of the zeolite crystal
(λ > 400 nm).
atalysis 232 (2005) 318–334

The quantification of the different Fe species from the
low assignments and the area of the corresponding subb
should be taken cautiously a priori, since the absorp
coefficients of the various charge-transfer (CT) transiti
of iron in these zeolites are unknown. Lehmann[71] de-
termined molar extinction coefficients of CT transitions
isolated Fe3+ ions in octahedral and tetrahedral coordinat
in different solid matrices. For single crystals of aluminu
phosphate containing 1 mol% Fe3+ in tetrahedral (AlPO4)
or octahedral (AlPO4 · 2H2O) symmetry, similar molar ex
tinction coefficients of 4.55× 106–4.60× 106 l cm−1 mol−1

for octahedral Fe3+ and 1.20× 106 l cm−1 mol−1 for tetra-
hedral Fe3+ were reported. In a recent study, Akl[72]
determined absorption coefficients for thin films of am
phous Fe2O3 at 477 nm in the range of 0.8 × 105 to 2.7 ×
105 cm−1. Multiplication of the molar extinction coefficient
provided by Lehmann[71] by the respective Fe3+ concen-
tration in the aluminum phosphates (1 mol%, correspo
ing to 0.1 mol cm−3) leads to values from 4.55 × 105 to
4.60× 105 cm−1 and 1.20× 105 cm−1 for the CT bands
of isolated Fe3+ ions in octahedral and tetrahedral coor
nation, respectively. Comparison of these values with th
from CT transitions of Fe2O3 by Akl [72] permits us to con
clude that the absorption coefficients for CT bands of
various iron species are of the same order of magnit
Based on these supportive results and our previous ex
ence[23], it is inferred that the data inTable 4provide a
semiquantitative estimate of the distribution of iron spec
in the zeolites. Furthermore, the comparison for the s
type of iron species in different samples should not be
fluenced by the absorption coefficients, since the positio
subbands used is the same in all samples.

Typical d–d transitions of Fe3+, which are expected be
tween 350 and 550 nm, are symmetry- and spin-forbid
and therefore are not observable in the spectra ofFig. 11.
The observed signals are assigned to Fe3+ ← O CT bands.
For isolated Fe3+ species, two CT bands are expected in
high-energy range of the spectrum (< 300 nm)[34,71,73],
whereby their particular position depends on the numbe
ligands. For regular octahedral symmetry, they arise from
t1 → t2 and t1 → e transitions[73]. Since Fe3+ ions in the
zeolites likely deviate from regular symmetry, this notat
cannot be strictly applied, although it has commonly b
used[34,71]. Nevertheless, two CT transitions may also
observed for more or less distorted isolated Fe3+ sites. For
tetrahedral Fe3+ in framework positions of Fe-silicalite the
have been observed at 215 and 241 nm[34], and for tetra-
hedral Fe3+ in other matrices they were both found belo
250 nm[71]. For octahedral Fe3+ in different matrices, thos
two bands were observed in the ranges of 187–234 nm
244–305 nm[71,73].

The as-synthesized as-Fe-beta and as-Fe-ZSM-5 sam
show one absorption band at 225 and 252 nm, respecti

According to the above considerations, they can be attributed
to isomorphously substituted Fe3+ sites in tetrahedral po-
sitions of the corresponding zeolite lattice. In order to ac-
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Fig. 11. UV/vis spectra measured at room temperature and deconvoluted bands of as-synthesized, calcined, and steamed Fe-zeolites. Sample c-Fe-beta was
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obtained by in situ calcination of as-Fe-beta in the UV/vis cell and me
after long-term storage in ambient atmosphere.

count for the molecular orbital scheme, which predicts t
CT transitions for the same isolated Fe3+ site [71,73], the
experimental spectra of as-Fe-beta and as-Fe-ZSM-5
been deconvoluted into two subbands falling at 225
252 nm. However, it is evident fromFig. 11 that the two
CT bands cannot be resolved, because of their small
tance and large line width. Thus, a satisfactory fit can a
be obtained with the use of one subband for the same
lated Fe3+ site only (not shown). Therefore, in the spec
of the calcined and steamed samples that contain other
of Fe3+ species in addition to isolated tetrahedral ones, o
one subband has been used to fit the maximum at the lo
wavelength. In addition, samples c-Fe-beta and c-Fe-ZS
show a maximum around 285 nm, which is tentatively
signed to isolated, higher coordinated Fe3+ species in extra
framework positions. Discrimination between isolated Fe3+
ions in tetrahedral and higher coordination has been rega
to be difficult or even impossible so far[23,34]. However, in
situ UV/vis measurements given below will show that
subband at 285 nm in hydrated c-Fe-ZSM-5 decreases
dehydration in air at 773 K in favor of the band at 235 n
(compareFigs. 11 and 12for c-Fe-ZSM-5), strongly sug
gesting the release of coordinating water ligands from a
of the Fe species by which the latter obey tetrahedral
ordination. This interesting result is a strong experime
justification for the assignment of the UV subbands at
and 285 nm to Fe3+ ions in tetrahedral and higher coordin
tion, respectively. However, it should be mentioned that
band around 235 nm in the calcined zeolites cannot be ex

3+
sively assigned to tetrahedral Fesince, as discussed above,
octahedral Fe3+ species might also contribute to this band.
The spectra of the calcined zeolites also display a broad
ed in dehydrated form, while all other samples were measured in hydm

s

t

contribution centered at 335 nm (dashed lines inFig. 11),
which is attributed to iron ions in small oligonuclear clust
(Fe3+

x Oy) [34]. These results clearly indicate that remova
the template by calcination of the as-synthesized zeolite
duces a substantial dislodgment of framework Fe3+ ions and
even a certain degree of iron association. The contribu
of oligonuclear oxo-clusters was estimated at 11 and 16%
all the iron in c-Fe-ZSM-5 and c-Fe-beta, respectively. T
absence of a band above 400 nm (dotted lines inFig. 11) in-
dicates that large Fe2O3 particles should not be present in t
calcined zeolites[34]. This basically agrees with HRTEM
observations, except for the infrequent observation of sm
iron-containing moieties in c-Fe-ZSM-5 (cf.Fig. 10). It is
thus concluded that the number of iron oxide nanoparti
in this sample is too small to be detected by UV/vis.

In general, light absorption in the spectra ofFig. 11
around 335 nm occurs in a very wide range of energy, s
gesting the superposition of those bands for oligonuc
FexOy clusters with various sizes and geometries, even o
lapping to some extent with the region of Fe2O3 particles
(> 400 nm). Accordingly, the minimum number of ban
above 300 nm needed to obtain a satisfactory fit of the ex
imental spectrum has been used for spectra deconvoluti

Steam treatment of c-Fe-beta and c-Fe-ZSM-5 indu
further dislodgement of iron from the zeolite framework
extra-framework positions, accompanied by an increased
gree of iron clustering. The contribution of oligonuclear ir
oxo-clusters increases from 11 and 16% in the calcined
olites to 34 and 36%, respectively, in the steamed sam

(Table 4), and a contribution above 400 nm indicates the
presence of large iron oxide particles (15–17% of the overall
spectra). These nanoparticles were observed in the micro-
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Fig. 12. In situ UV/vis spectra measured at room temperature of the c
1 h (solid line), after reduction in 20 vol% H2 in Ar at 773 K for 1 h (gray l

graphs of the steamed samples, particularly in s-Fe-ZS
(Fig. 10).

In summary, the UV/vis results unequivocally indica
that the nature and distribution of the different Fe3+ species
in c-Fe-ZSM-5 and c-Fe-beta, as well as in s-Fe-ZSM-5
s-Fe-beta, are very similar. So both the zeolite host and
post-treatment lead to the stabilization of the same forms
distribution of iron species. Based on the high suscept
ity of Fe-beta to dealumination, one could expect a hig
degree of iron dislodgment and clustering upon calcina
with respect to Fe-ZSM-5. However, our results have in
cated that the extraction and clustering of iron upon calc
tion and steaming are alike in the two zeolites. This sugg
that the process of formation of extra-framework species
pends not only on the zeolite structure, but also on the na
of the trivalent heteroatom. These results also suppor
conclusion that the different dealumination behavior de
mines the relative acidity changes observed by NH3-TPD
and FTIR of adsorbed pyridine.

Despite the same iron content, the intensity of the UV
signals in the as-synthesized and calcined Fe-ZSM-5 s
ples is significantly higher than in the corresponding
beta samples, whereas similar intensities are obtained
the steamed zeolites (Fig. 11). At this stage, we cannot pro
vide a definitive explanation for this observation, since i

very unlikely that the presence of divalent iron in the Fe-
beta samples accounts for this large difference. Differences
in measurement conditions like particle size, packing density
d and steamed Fe-zeolites after oxidative pretreatment in flowing air aK for
and after reoxidation in air at 773 K for 1 h (dotted line).

-

in the sample cup, and alignment of the light source may
fect the overall intensity of the resulting spectra.

The redox behavior of iron species in the calcined
steamed Fe-ZSM-5 and Fe-beta samples has been fu
investigated by in situ UV/vis with the use of sequential
ductive (20 vol% H2 in Ar) and oxidative (air) treatments a
773 K. When c-Fe-ZSM-5 is heated in flowing air from roo
temperature to 773 K, the intensity of the subband at 285
decreases in favor of the band around 235 nm (compar
lated spectra inFigs. 11 and 12). As argued above, this i
most probably due to the release of water molecules, w
are coordinated to a part of the Fe species. Loss of t
ligands transforms higher coordinated Fe ions into tetra
drally coordinated ones, which contribute to the UV subb
around 235 nm. A similar behavior is not evident for the
Fe-beta sample (compare related spectra inFigs. 11 and 12).
However, this is not surprising, since the spectrum o
Fe-beta inFig. 11was recorded after in situ calcination
as-Fe-beta in the UV/vis cell without subsequent rehydra
in ambient atmosphere. Differently, c-Fe-ZSM-5 was sto
in ambient atmosphere for several months.

Reduction in H2/Ar flow at 773 K leads to a decreas
in UV/vis band intensity in the calcined and steamed z
lites due to the reduction of Fe3+ species. Since framewor
iron ions were found not to be reducible under these c
ditions[23], the decreased intensity in the calcined sam

3+
is attributed to isolated Fe ions in extra-framework po-
sitions. In the steamed zeolites, the fraction of reducible
iron(III) sites is much higher than in the calcined zeolites



J. Pérez-Ramírez et al. / Journal of Catalysis 232 (2005) 318–334 331
steam

ged
n in
ence
-
l

eox

lites
ly

n a
uri-

-Fe-
his

ted
rs
and
g-
ob-
y

eir

nd
as-

ill a

c
es
d the
e
with
oad
ce of
be-
nal

d
ted

l
ds
ra-
ite
-
is
bi-

arly

s

al
, all

as-
f

f as-
Fig. 13. EPR spectra of the as-synthesized, calcined, and

as a consequence of the higher concentration of dislod
(reducible) iron species. The increase in light absorptio
the range above 600 nm can be attributed to an interval
Fe2+ → Fe3+ CT transition characteristic of partially re
duced Fe3O4-type clusters[74]. This indicates a preferentia
H2 reduction of Fe3+ in iron oxide clusters.

Subsequent treatment of the reduced samples in air r
idizes isolated iron species completely (Fig. 12). However,
the band intensity above 400 nm in the steamed zeo
was not fully restored, indicating that a fraction of relative
large iron oxo-clusters and iron oxide particles remain i
reduced state after the second air treatment at 773 K. C
ously, the band intensity between 300 and 400 nm in c
beta is higher after reoxidation than before reduction. T
is likely due to the agglomeration of a part of the isola
extra-framework Fe3+ sites into small oligonuclear cluste
during the reduction treatment, which contribute to the b
at 300–400 nm upon reoxidation. A similar irreversible a
glomeration of isolated extra-framework sites was also
served by Kucherov et al.[75] by in situ EPR spectroscop
during reduction of Fe-ZSM-5 in a flow of 1 vol% H2 in He
at T � 673 K. Because of the higher iron content of th
sample (4 wt% Fe), the formation of ferrimagnetic Fe3O4-
type species was also observed.

3.8. EPR

The EPR spectra of the samples inFig. 13show signals
at effectiveg′ values of 2, 4.3, and 9, which have been fou
in a number of EPR studies on Fe-zeolites. However, the
signment of these signals to certain iron species is st

′
matter of controversy. Thus, the EPR signal atg ≈ 2 has
typically been assigned to iron oxide clusters. However, iso-
lated Fe3+ ions in positions of high symmetry (zero-field
ed Fe-zeolites measured at 293 K (solid line) and 77 K (dashed line).

-

splitting parametersD, E = 0) also contribute to isotropi
lines atg′ ≈ 2 [76,77]. Discrimination between the two cas
may be possible by the temperature dependence an
line width of their EPR signals. Isolated, paramagnetic F3+
species show narrow signals that increase in intensity
falling temperature, whereas for iron oxide clusters br
lines are usually observed, the temperature dependen
which frequently deviates from paramagnetic behavior
cause of intrinsic antiferromagnetic interactions. The sig
atg′ ≈ 4.3 and parts of the high-field spectrum atg′ ≈ 9 are
frequently assigned to tetrahedrally coordinated Fe3+ ions
in either framework[76,78,79]or extra-framework isolate
positions[80–82], but the same line has also been attribu
to isolated Fe3+ sites in octahedral symmetry[83]. As dis-
cussed previously[23,76,84], the position of the EPR signa
of an isolated Fe3+ species in a powder spectrum depen
just on the size and the ratio of the zero field splitting pa
metersD andE, which are a measure of the degree of s
distortion but do not tell whether the Fe3+ species is tetrade
drally or higher coordinated. This information, however,
accessible by UV/vis spectroscopy. Therefore, the com
nation of results from the two spectroscopies is particul
helpful for the identification of different Fe species.

HRTEM results (Fig. 10) for the as-synthesized zeolite
do not point to any extra-framework Fe3+ species, and in
the UV/vis spectra (Fig. 11) bands of isolated tetrahedr
Fe3+ species are observed exclusively. On this basis
EPR signals for as-Fe-ZSM-5 and as-Fe-beta can be
signed to tetrahedral Fe3+ ions in framework positions o
high (g′ ≈ 4.3) and low (g′ ≈ 2) distortion. In the latter
range, two signals are superimposed in the spectra o

synthesized zeolites at 77 K, a narrow and a very broad
one, both of which decrease upon heating, as expected for
paramagnetic behavior (Fig. 13). The broad line might arise
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from Fe3+ species with weak dipolar interactions that are
strictly isolated and feel the presence of each other, altho
they are not coupled by any magnetic long-range order.
two superimposedg′ ≈ 2 signals in the as-synthesized sa
ples suggest that the tetrahedral Fe species are not hom
neously distributed in the zeolite lattice, leaving behind ar
of low iron concentration with truly isolated Fe3+ sites and,
in addition, areas with somewhat higher iron concentra
in which weak dipolar interactions can occur.

Similar signals occur in the calcined zeolites (Fig. 13).
However, for these materials UV/vis spectra indicate the
ation of isolated octahedral Fe3+, which might be located
in extra-framework ion-exchange positions within the po
Just from the EPR spectra this information is hardly deriv
since the latter do not differ very much. Again, this illu
trates that the position of the EPR signals alone canno
used to draw conclusions about the coordination symm
and the location in the zeolite matrix.

The spectrum of s-Fe-ZSM-5 at 77 K shows three su
imposed signals in range ofg′ ≈ 2 (A, B, and C), two of
which exhibit nonparamagnetic behavior: a very broad
aroundg′ ≈ 2.3 (A) and one of 150 G peak-to-peak lin
width at g′ ≈ 2 (B). This suggests that Fe2O3 clusters of
different sizes coexist in s-Fe-ZSM-5. A signal with a li
width of 110 G that was resistant against reduction with2
at 873 K has been also observed in Fe-silicalite prepare
hydrothermal synthesis and containing ca. 0.7 wt% Fe[70].
This signal was assigned to superparamagnetic iron o
particles outside the pores. Such species might be refle
by signal B in the s-Fe-ZSM-5 spectrum ofFig. 13. An ad-
ditional rather narrow line (C) atg′ ≈ 2 was also identified
which decreases with increasing temperature, as expe
for paramagnetic behavior. This signal is assigned to
lated Fe3+ species in high symmetry. It should be noted t
its intensity is markedly smaller in the steamed sample
compared with the as-synthesized and calcined sample

The spectrum of s-Fe-beta at room temperature sh
also two very broad signals. One with a maximum arou

Fig. 14. N2O conversion vsT during direct N2O decomposition (1.5 mba

N2O in He) and N2O reduction by CO (1.5 mbar N2O + 1.5 mbar CO
in He) over s-Fe-ZSM-5 and s-Fe-beta. Conditions:W/F0 (N2O) = 3 ×
105 gsmol−1 andP = 1 bar.
atalysis 232 (2005) 318–334

-

d

g′ ≈ 4 disappears upon cooling to 77 K, indicating effect
antiferromagnetic coupling of the respective Fe centre
low temperature. Similar signals have also been observe
a liquid-ion exchanged Fe-beta sample with 1.9 wt% Fe[75].
The intensity of the second broad line aroundg′ ≈ 2 also
does not increase upon cooling, which points to antife
magnetic behavior. Thus, the two broad signals are lik
related to oxidic clusters of different sizes, ranging fr
oligomeric moieties within the pores to extended Fe2O3-
type particles at the external surface of the zeolite crys
This is in agreement with the UV/vis results (Fig. 11), in
which the formation of such species is indicated by s
eral subbands above 300 nm. The signals atg′ ≈ 4.3 are
markedly narrower in the steam-treated zeolites, as a
sequence of the diminished dipolar interactions as a co
quence of the massive extraction of iron to non-framew
positions.

3.9. Catalytic activity

The performance of the steam-activated iron zeol
in direct N2O decomposition and N2O reduction by CO
(Fig. 14) was primarily investigated to support conclusio
derived from other characterization techniques and to ex
ine the intrinsic influence of the zeolite matrix on cataly
activity. In these model reactions, it is well accepted t
the nature and distribution of extra-framework iron spec
determine the N2O conversion, whereas acidity (proto
as Brønsted acids or extra-framework Al species as Le
acids) plays a minor role[23,33,85]. As shown in the con
version versus temperature curves ofFig. 14, the activities
of s-Fe-ZSM-5 and s-Fe-beta zeolites were very simila
the two catalytic processes. Both catalysts show signifi
conversion in direct decomposition above 700 K, which
complete at ca. 850 K. The required temperature for N2O
conversion over the steam-activated iron zeolites is redu
by ca. 150 K upon the addition of CO to the feed mixtu
as a consequence of the accelerated removal of adso
atomic oxygen by the reducing agent[23]. We estimated
the apparent activation energies (shown inTable 5) around
the inflection (50% conversion) of theX versusT curves
by assuming a plug-flow model and first-order reaction
N2O. The values obtained for direct N2O decomposition
over both s-Fe-ZSM-5 and s-Fe-beta were very similar
significantly higher than those for N2O reduction by CO.
The absolute values ofEapp

a and the trend upon the add
tion of CO to the feed are in good agreement with previ
kinetic studies over ion-exchanged Fe-ZSM-5[86]. The fact

Table 5
Apparent activation energies of the steamed Fe-zeolites in direct N2O de-
composition and N2O reduction by CO (cf.Fig. 14)

Sample E
app
a , N2O (kJ mol−1) E

app
a , N2O + CO (kJ mol−1)
s-Fe-ZSM-5 182 67
s-Fe-beta 175 70
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that the activation energies obtained over the two cata
were almost identical excludes any significant influence
intracrystalline diffusion limitations related to the differe
crystal size in the samples. A strong control of the re
tion by transport through the zeolite crystals would indu
a lower apparent activation energy in s-Fe-beta, with c
tals twice as large as those in s-Fe-ZSM-5 (cf.Fig. 3).

The remarkably similar performance of the steamed s
ples inFig. 14makes it possible to draw important gene
conclusions related to the scope of the methodology inv
gated here for zeolite preparation. First, and further subs
tiating the UV/vis characterization in Section3.7, the same
forms of iron can be stabilized in the different microporo
structures of ZSM-5 and beta (Fig. 1) under identical activa
tion conditions (calcination at 823 K and steam treatmen
30 vol% H2O in N2 at 873 K). This implies that the intrin
sic role of the zeolite on the performance is not decisive
long as the iron constitution hosted in the materials is al
Previous works in the literature dealing with various N2O
conversions have shown a higher[38–40]or lower[87] cat-
alytic activity of Fe-beta compared with Fe-ZSM-5, whi
is typically prepared by a liquid-ion exchange method. Ho
ever, these studies did not include an extensive (compara
characterization of the nature and distribution of iron spe
in the materials. Consequently, it could not be conclu
whether the different performance was (i) an intrinsic eff
of the zeolite matrix or (ii) a consequence of the differ
iron forms in the catalysts. For the first time, our results
abled to uncouple these two effects, since very similar
constitutions in Fe-beta and Fe-ZSM-5 are achieved by
morphous insertion of iron in the framework, followed by
dislodgment to active extra-framework positions. Achiev
this can be troublesome for liquid-ion exchange methods
those in[38–40,87]. It can be envisioned that the preparati
of iron zeolites by such a post-synthesis approach stro
depends on the pore size of the parent material. The
tively large pores in beta may favor the introduction o
larger fraction of iron in active ion-exchange positions
compared with the more limited accessibility of the sma
micropores in ZSM-5, leading to a higher concentration
(inactive) iron agglomerates at the external surface of the
olite crystals.

The above discussion on the matrix effect is valid
reactions where the catalysis is dominated by the redox f
tion caused by extra-framework iron species. The effec
numerous catalyzed reactions, where, in addition, the ac
properties of the zeolite material are of importance, will
further investigated.

4. Conclusions

A multiple-technique approach has been successfully

plied to the investigation of the physicochemical changes
in Fe-beta and Fe-ZSM-5 prepared by hydrothermal synthe-
sis upon activation by calcination and steam treatment. The
atalysis 232 (2005) 318–334 333

)

chemical compositions of the synthesized zeolites were
similar (Si/Al and Si/Fe ratios), making comparison of th
two systems straightforward. The extraction of framew
Al and Fe heteroatoms during activation depends on the
olite structure. Fe-beta is extensively dealuminated du
thermal treatment for template removal, whereas the Al
ordination is hardly changed upon calcination of Fe-ZSM
Extensive dealumination of the latter zeolite requires ste
treatment at relatively high temperature. In contrast, the
sitivity of framework iron to migration into non-framewor
positions during post-synthesis treatments, as well as
nature and distribution of the resulting iron species, was
markably alike for the two zeolite matrices. The remarka
similar catalytic performance of the steam-activated iron
olites in direct N2O decomposition and N2O reduction with
CO correlates well with the similar active forms of iron
the zeolites, regardless of the matrix (beta vs. ZSM-5)
plied.
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