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Abstract

Fe-ZSM-5 catalysts (0.2–1.2 wt% Fe) were prepared by an exchanging of Na-ZSM-5 with Fe2+ ions formed by the dissolution of iro
in acidic medium, and characterized by UV–vis, EPR, and X-ray absorption spectroscopy and by TPR and TEM. Their catalytic p
were investigated for the selective catalytic reduction (SCR) of NO by isobutane (2000 ppm NO, 2000 ppm isobutane, 3% O2, 42,000 h−1)
or by NH3 (1000 ppm NO, 1000 ppm NH3, 1% O2, 750,000 h−1). The catalysts were highly active in both reactions, competing favor
with catalysts prepared by chemical vapor deposition of FeCl3 into H-ZSM-5. The spectroscopic studies showed that at Fe contents les
or equal to 0.3 wt%, ca. 95% of the iron was present in mononuclear sites of different coordination. At higher Fe contents, small o
clusters coexisted with mononuclear sites, and at 1.2% Fe, large, poorly ordered Fe oxide aggregates were also detected. By co
the activities with the concentration of Fe sites as determined from UV–vis spectra, it was established that mononuclear Fe ions
sites for both SCR reactions, but oligomers contribute as well. At the same time, oligomers (and aggregate surfaces) are mor
unselective oxidation of the reductant, which limits the temperature window of selective NO reduction. This unselective attack by
species occurs at low temperatures with isobutane; hence the best performance was found for a catalyst of low Fe content (0.3 w
is at variance with previous optimization strategies. With NH3, the unselective attack occurs at a much higher temperature; hence th
catalysts for NH3-SCR are those with the highest exposure of Fe sites.
 2005 Elsevier Inc. All rights reserved.
Keywords: DeNO ; Fe-ZSM-5; Isobutane; Ammonia; EXAFS; UV–vis spectroscopy; EPR spectroscopy; Active sites
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1. Introduction

Iron-modified ZSM-5 has recently received much att
tion in catalysis research because of its promising acti
in numerous reactions of industrial and environmental r
vance, such as selective oxidations with N2O [1,2], the de-
composition or selective reduction of nitrous oxide[3–5],
the selective catalytic reduction (SCR) of NOx by ammonia
[6–8] or hydrocarbons[9–14], and the selective oxidation o
NH3 to N2 [15]. For the selective NO reduction, catalys
* Corresponding author. Fax: +49 234 321 4115.
E-mail address: w.gruenert@techem.ruhr-uni-bochum.de

(W. Grünert).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.031
prepared by chemical vapor deposition (CVD) of anhydr
iron(III) chloride onto the H-form of the zeolite[10] have
been shown to yield high activities most reproducibly. In
other reactions, a lower Fe content is more favorable, and
active species are sometimes developed only during a h
temperature treatment of the as-prepared catalysts.

Although much effort has been invested in the char
terization of the iron sites in these catalysts, with a mu
tude of physicochemical techniques having been applie
now, the nature of the active sites for most of the react
mentioned above is still under debate. Thus, intra-zeo

binuclear oxygen-bridged Fe sites, for which models were
derived from EXAFS studies[16,17], have been claimed
to be active sites for hydrocarbon-SCR[10,11], and binu-

http://www.elsevier.com/locate/jcat
mailto:w.gruenert@techem.ruhr-uni-bochum.de
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clear sites are also proposed to activate the oxygen depo
from N2O (α-oxygen)[2,18]. On the other hand, mononu
clear sites (not necessarily of the same structure) have
suggested to catalyze benzene oxidation by N2O [19–21],
N2O decomposition[22], and hydrocarbon-SCR[23]. A ma-
jor problem with Fe-ZSM-5 catalysts, particularly at high
content, is a tendency of the Fe species to cluster into ag
gates, which leads to a very heterogeneous distributio
iron species in these materials[13,24,25]. In previous stud-
ies, our groups proposed that in Fe-ZSM-5 prepared by C
of FeCl3, the active sites for isobutane-SCR are mino
sites[13], probably oligomers of low nuclearityincluding
mononuclear sites[13,24,26]. Cooperative studies of N2O
decomposition over Fe-ZSM-5 with iron sites prepared
steam extraction of framework Fe led to the conclusion
N2O decomposition proceeds on oligonuclear aggrega
whereas the reduction of N2O by CO or propane can pro
ceed on both isolated and oligomeric sites[27,28].

The lower Fe contents used in catalysts for phenol
dation and several studies of N2O decomposition and reduc
tion bear the promise of a more homogeneous structur
the Fe sites present, although recent characterization st
have shown that it is impossible even then to completely
cape aggregation[27,28]. It has been demonstrated in[24,
26,29] that a high Fe content is not a prerequisite for h
activities in isobutane-SCR. However, the mechanoche
cal preparation route described in[26] did not turn out to
be flexible enough to make available a series of Fe-ZS
5 catalysts with varying distribution of the sites observed
catalysts with high Fe content[24]: isolated sites of differen
coordination sphere, oligomeric Fe oxo species of differ
nuclearity, and large Fe oxide aggregates.

In a study of various preparation procedures, the “
proved Liquid Ion Exchange” (ILIE) originally proposed b
Long and Yang[30] was found to do the best at living up
these expectations[31]. This preparation method, which in
volves treatment of NH4-ZSM-5 with Fe2+ ions generated in
situ by the dissolution of iron powder in diluted hydrochlo
acid under anaerobic conditions, was modified with reg
to the quantity of iron powder used to obtain a series
Fe-ZSM-5-catalysts with iron contents down to 0.2 wt%.
the present paper, an extended study of the structural
catalytic properties of these catalysts is presented. In
first section, catalytic and (ex situ) characterization res
are reported. The characterization has been performed
several techniques, including X-ray absorption spectrosc
(XAFS), electron paramagnetic resonance (EPR), UV–
spectroscopy, temperature-programmed reduction by hy
gen (H2-TPR), transmission electron microscopy (TEM
and pore volume determination by N2 physisorption. The in-
formation about the nature of the Fe species in the cata
has been correlated with activities in the selective reduc
of nitric oxide with isobutane and ammonia, which make

possible to draw conclusions about the nature of the active
sites in these reactions. In the second section[32], in situ
UV–vis and EPR studies are described, which give deeper
atalysis 231 (2005) 314–330 315
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insight into the behavior of the iron sites during catalys
The present paper is a full account of data that have b
preliminarily communicated in[33].

2. Experimental

2.1. Materials

The parent Na-ZSM-5 (Si/Al = 14) sample was kindly
supplied by Chemiewerk Bad Köstritz (Germany). Iron w
introduced with an Improved Liquid Ion Exchange tec
nique slightly different from that of Long and Yang[30].
For this purpose 6 g of Na-ZSM-5, a varying amount (Ta-
ble 1) of Fe powder (Merck, Goodfellow), and 600 ml
deionized water were charged into a double-necked fl
equipped with a gas-inlet tube and a magnetic stirrer.
ter the flask was flushed with argon, 6 ml of concentra
hydrochloric acid was slowly added to the mixture, res
ing in a HCl concentration of 0.1 mol l−1. After the liquid
was stirred for 5 days it was removed, and the prepared
ZSM-5-samples were washed with deionized water. Fin
the catalysts were dried at room temperature and su
quently calcined in flowing air according to the followin
temperature protocol: first the temperature was raised f
room temperature to 423 K at 2 K min−1 and, after a 15-
min isothermal period, the temperature ramp was contin
at 5 K min−1 to 873 K, where the samples were left for 2

In several places reference will be made to a Fe-ZS
material prepared by CVD of FeCl3 into H-ZSM-5, which
was studied earlier in our group[13,24] and was labeled
A(CVD, W1, C5) in the earlier papers. It contains∼ 5 wt%
Fe and is referred to here as Fe-Z(CVD). Another refere
catalyst prepared by the mechanochemical preparation
described in[26] and containing 0.5 wt% Fe is referred
here as Fe-Z(MR).

2.2. Determination of iron contents

The iron contents of the Fe-ZSM-5-samples were de
mined by the ICP-OES method. For this purpose we dige
50 mg of each sample by melting a mixture with 250 mg
LiBO2 at 1273 K and subsequently dissolving the melt

Table 1
Prepared Fe-ZSM-5-samples, their chemical composition, and micro
volume obtained from N2-physisorption

Sample Amount of iron used
in preparation
(g/g zeolite)

Iron
content
(wt%)

nFe/nAl Micropore
volume
(cm3 g−1)

Na-ZSM-5 – 0.05 0.008 0.15
Fe-Z(1.2) 0.5 1.2 0.195 0.12
Fe-Z(0.7) 0.333 0.7 0.114 0.13
Fe-Z(0.6) 0.2 0.6 0.097 0.14

Fe-Z(0.3) 0.1 0.3 0.048 0.13
Fe-Z(0.2) 0.05 0.2 0.033 0.15
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diluted nitric acid. ICP-OES measurements were carried
with a UNICAM PU-7000-spectrometer. We confirmed t
results by comparison with results deduced from the XA
spectra of these samples by comparing the edge height
tained with the specific absorption coefficient of iron on
basis of Lambert–Beer’s law.

2.3. Catalysis

The SCR of NO with isobutane was carried out in a c
alytic micro-flow quartz reactor at temperatures between
and 523 K, with reaction temperatures decreasing during
measurement sequence. Before each catalytic run, 15
of catalyst was heated in flowing He to 823 K at 5 K min−1

and left at this temperature for 30 min. After that, a fe
mixture of 2000 ppm NO, 2000 ppm isobutene, and 3%2
in He was directed through the catalyst bed at a flow
of 154 ml min−1, which resulted in a GHSV of 42,000 h−1.
To relate the present study to our earlier work[13,24,26,29],
additional experiments were carried out with a mixture
1000 ppm NO, 1000 ppm isobutane, and 2% O2 in He, where
the GHSV was adjusted to 30,000 h−1. These sets of con
ditions are referred to here as set A- and set B-isobut
respectively.

The SCR of NO with ammonia was performed und
similar conditions; however, the temperatures were va
between 873 and 423 K. The feed gas composition
1000 ppm NO, 1000 ppm NH3, and 2% O2 in He at a GHSV
of 750,000 h−1 (10 mg catalyst, 183.3 ml min−1 gas feed;
set A-NH3). In addition, results obtained with a GHSV
30,000 h−1 (set B-NH3) are reported as well. The comp
sition of the effluent gas was analyzed by calibrated m
spectrometry in the case of isobutane-SCR and a comb
tion of photometric devices for the detection of NO, NO2,
and NH3 in the case of NH3-SCR (for part of the work sup
ported by the mass-spectrometric detection of N2O). In both
cases, we also used gas chromatography to analyze the
tity of nitrogen released to trace the possible formation
NO2 or N2O in significant amounts by setting up a nitrog
balance. This balance typically rendered values betwee
and 105%.

2.4. Determination of pore volumes

Pore volumes were determined from N2 physisorption
data with the BJH method[34]. Nitrogen physisorption wa
carried out with an Autosorb-1-MP device (Quantachrom
Before each experiment the samples were dehydrate
573 K for 2 h.

2.5. Temperature-programmed reduction

Temperature-programmed reduction was performed

a gas mixture containing 4.2 vol% H2 in He. Before each
experiment, the samples were heated at 823 K for 2 h in
flowing synthetic air. The reduction was carried out with a
talysis 231 (2005) 314–330

-
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t

10 K min−1 temperature ramp between room tempera
and 1073 K. The hydrogen content of the effluent gas
measured with a Hydros instrument (Fisher–Rosemoun

2.6. X-ray absorption spectroscopy

X-ray absorption measurements (FeK-edge at 7112 keV
were carried out at Hasylab beamline E4 (Hamburg/G
many), with a Si(111) double crystal monochromator
energy tuning. Absorption spectra were measured in tr
mission mode and in fluorescence mode in the case of
ples with low iron loading. In both cases samples were
luted with polyethylene and pressed into wafers of suita
thickness. When measurements were made in transmi
mode, the intensity decrease in the beam was detected b
chambers that were installed before and after the sample
iron metal foil was measured at the same time (between
second and an additional third ion chamber) for energy
ibration. For measurements in fluorescence mode, a 7-
Si(Li) detector was used. In all cases measurements
carried out at LN2 temperature. Data treatment of the E
AFS part of the spectra was accomplished with the softw
VIPER for Windows[35]. The pre-edge background of th
spectra was subtracted according to Victoreen’s law, and
EXAFS functionχ = (µ − µ0)/µ0 was evaluated relativ
to an atomic backgroundµ0 estimated with the smoothing
spline technique. For preliminary determination of the e
position, the inflection point of the pre-edge peak was u
to avoid fluctuations imposed by slight changes in the sh
of the edge itself. In the model fits, this led to nume
cal values of theE0 correction that were higher than usu
(seeTables 2–4). Radial distribution functions were obtaine
by Fourier transformation of thek2-weighted EXAFS func-
tions. Fitting of the Fourier-filtered EXAFS functions w
carried out on the basis of scattering amplitudes and ph
obtained from the code FEFF8.1[36]. To minimise the num-
ber of free parameters, equal backscatterers were fitted
the sameE0 shift wherever possible (variations of±0.5 eV
admitted). A less stringent constraint was imposed on

Debye–Waller factor (0.001 Å
−2

< σ < 0.015 Å
−2

).

2.7. UV–vis–DRS-spectroscopy

UV–vis-measurements were performed with a Cary
spectrometer (Varian) equipped with a diffuse reflectance
cessory (Harrick). For light absorption reduction, samp
were diluted byα-Al2O3 (calcined for 4 h at 1473 K) in a
ratio of 1:10. Deconvolution of the UV–vis spectra into su
bands was performed by the computer program GRAMS
(Galactic).

2.8. Electron paramagnetic resonance
EPR spectra in the X-band (ν ≈ 9.5 GHz) were recorded
with a CW spectrometer (ELEXSYS 500-10/12; Bruker)
at a microwave power of 6.3 mW, a modulation frequency
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of 100 kHz, and a modulation amplitude of 0.5 mT. T
magnetic field was measured in reference to the s
dard 2,2-diphenyl-1-picrylhydrazyl-hydrate (DPPH). F
temperature-dependent measurements in the range fro
to 293 K, a commercial variable-temperature control u
(Bruker) and a conventional EPR sample tube were u
while in situ-EPR measurements during calcination at hig
temperatures were performed in a home-made EPR flow
actor as indicated in[24].

2.9. Transmission electron microscopy

TEM/EDX measurements were performed at 200 k
with a CM 20 microscope (Philips) equipped with an ED
accessory (EDAX PV 9900). Samples were dispersed
lacey carbon film.

3. Results

3.1. Iron contents and pore volumes

The iron contents of the Fe-ZSM-5-catalysts and the
culated Fe/Al ratios are listed inTable 1. As shown in this ta-
ble, the catalysts are designated according to their Fe co
(Fe-Z(0.2) for Fe-ZSM-5 prepared by ILIE, with 0.2 wt
iron). With a decreasing amount of iron used in the prep
tion, the iron content of the resulting samples also decrea
The iron content ranges from 1.2 to 0.2 wt%, and for
parent Na-ZSM-5-sample an iron impurity of 500 ppm w

found.

Fig. 1. SCR of NO with isobutane over Fe-ZSM-5 prepared by improved liqu
(a) NO conversion; (b) isobutane conversion.
atalysis 231 (2005) 314–330 317

0

t
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which disappeared after calcinations. An ICP analysis of
Z(0.2) resulted in a V content of about 200 ppm, and
EPR spectra did not indicate a significant increase of
tensity with growing Fe content. The vanadium obviou
originated from an impurity in the iron used because
was not present in repetitive preparations with a differ
iron source. Since the catalytic results of samples with
a V EPR signal did not differ significantly from those wi
V impurity (which are presented here), it is clear that
catalytic behavior reported arises from the Fe species
from the V impurity. This should have been expected
hydrocarbon-SCR, where vanadium is known to be of p
activity, whereas a considerable activity of zeolite-suppo
VO2+ ions for NH3-SCR has been described earlier[37,38].
Apparently, however, the concentration of VO2+ is too low,
or it is converted into inactive intra-zeolite V(V) sites[38]
during the severe calcination step, so that a significant
tribution from VO2+ could not be detected in NH3-SCR as
well.

N2 physisorption data are also listed inTable 1. In
the case of sample Fe-Z(0.2) the micropore volume d
not significantly decrease in comparison with the par
Na-ZSM-5. With Fe-Z(1.2), however, a significant decre
from the initial 0.15 cm3 g−1 to 0.12 cm3 g−1 is observed.

3.2. Catalysis

Fig. 1a shows the temperature dependence of the
conversions obtained in isobutane-SCR with the Fe-ZS
5 catalysts prepared by the ILIE technique at 42,000−1
(conditions: set A-isobutane). With increasing reaction tem-
pass

ta-

During the EPR study, a weak V(IV) impurity signal

was seen in some of the samples in the uncalcined state,
perature, the NO conversions increase in all cases and
through maxima. With growing iron content of the ca
id ion exchange (ILIE). 2000 ppm NO, 2000 ppm isobutane, 3% O2, 42,000 h−1,
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lysts, the NO conversion at the lowest reaction tempera
(523 K) increases strongly (from 10 to almost 40%). T
conversion maximum is shifted to lower temperatures, fr
∼ 680 K (sample Fe-Z(0.2)) to∼ 620 K (sample Fe-Z(1.2))
At the same time, the peak NO conversions achieved
through a maximum, ranging from 65% Fe-Z(0.2) via 86
Fe-Z(0.3), which is the highest NO conversion observ
to 69% Fe-Z(1.2). Remarkably, at temperatures above
conversion maxima (T > 623 K), a decreasing iron conte
leads to an increasing NO conversion (with the excep
of ILIE-0.2), whereas at temperatures below the conver
maxima (T < 573 K) the trend is the opposite. InFig. 1b
the corresponding isobutane conversions can be found. H
all samples, except for sample Fe-Z(0.2), show rather s
lar behavior. Remarkably, in the low-temperature range
NO conversions exceed the isobutane conversions at hig
content, whereas they are about equal at low Fe conten
catalysts but Fe-Z(0.2) achieve a 50% isobutane conve
at ca. 600 K, where the NO conversions range 73–75%
Z(0.6), Fe-Z(0.7)) via 66% (Fe-Z(1.2)) to 63% (Fe-Z(0.3
At temperatures higher than 670 K, the isobutane con
sions exceed 90% and stay almost constant with a fur
temperature increase. Sample Fe-Z(0.2) shows lower is
tane conversions over the whole temperature range, w
maximum conversion of only slightly more than 65%.

Fig. 2 demonstrates that the ILIE series fills in the g
between the two types of Fe-ZSM-5 catalysts studied in
groups earlier[13,24,26,29]: those prepared by chemical v
por deposition of FeCl3 into H-ZSM-5 (Fe-Z(CVD)) and by
the mechanochemical route described in[26] (Fe-Z(MR)).
With the smaller GHSV of condition set B-isobutane (wh
includes simultaneous decreases in the NO and isobu
concentration), the temperature of the NO conversion p
shifts slightly to lower values as expected, but, with the
ception of Fe-Z(0.2), the peak NO conversion does not
crease but decreases slightly. At the same time, the wid
the selective temperature region is smaller under the co
tions of set B, again with the exception of Fe-Z(0.2), wh
is the only sample that behaves more favorably under t
conditions than under set A. FromFig. 2, from which two
members of the ILIE series are omitted for the sake of c
ity, it can be seen that Fe-Z(0.2) is similar to the MR sam
which also includes the unfavorable response of the la
upon application of set B conditions[39], whereas Fe-Z(0.7
(and Fe-Z(1.2), which is almost identical under these c
ditions) behaves like the CVD catalyst, again including
response to the change in reaction conditions[13].

Fig. 3a shows the temperature dependence of the NO
versions with the reductant ammonia at 750,000 h−1 (con-
ditions: set A-NH3). Here the sample with the highest F
loading (Fe-Z(1.2)) shows a maximum behavior, as with
isobutane reductant. With the NH3 reductant, however, th
decrease after the conversion maximum is much less

nounced and the conversion maxima are found at higher
temperatures (T > 773 K). The best catalysts compete fa-
vorably with the V2O5/WO3/TiO2 Eurocat[40], which has
talysis 231 (2005) 314–330

,
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-

e

Fig. 2. SCR of NO with isobutane over Fe-ZSM-5. Comparison of pre
ration techniques: mechanochemical route according to[26] (Fe-Z(MR)),
CVD of FeCl3 into H-ZSM-5 (Fe-Z(CVD)), sample labeled A(CVD, W1
C5) in [13,24], and ILIE. 1000 ppm NO, 1000 ppm isobutane, 2% O2,
30,000 h−1.

been studied as a reference. At low iron content (Fe-Z(
and Fe-Z(0.2)), the NO conversions increase monotono
with temperature. The NH3 conversions are given inFig. 3b,
where the data of Fe-Z(CVD) and Fe-Z(MR) have be
omitted; the curves for the former resemble that of
Z(1.2), whereas for the latter the NH3 conversions equa
the NO conversions in the limits of experimental error.
low reaction temperatures, this is also true for all catal
prepared by ILIE. At higher temperatures, the ammonia c
version goes on increasing slightly (up to values of ab
95% with Fe-Z(1.2) in the range where the NO convers
starts to decrease with catalysts of higher Fe content). He
these catalysts oxidize ammonia at high temperatures,
extent increasing with the Fe content. For Fe-Z(0.3) and
Z(0.2), however, NO and NH3 conversions are equal ov
the whole temperature range; that is, the ammonia oxida
activity of these catalysts is very small.

In Fig. 4, NO conversions obtained with isobutane a
with ammonia are compared under identical conditi
(set B) for some of the catalysts. As expected, the 25-
decrease in the GHSV leads to significant downward sh
of the light-off temperature for NH3-SCR. With Fe-Z(1.2),

NO conversions around 40% are achieved at a tempera-
ture as low as 423 K. The NO conversions with isobutane
(given as gray curves) always remain below those with NH3;
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Fig. 3. SCR of NO with NH3 over Fe-ZSM-5. Comparison of preparatio
WO3/TiO2 Eurocat[40]. 1000 ppm NO, 1000 ppm NH3, 2% O2, 750,000 h

Fig. 4. Comparison of NO conversions over Fe-ZSM-5 with isobut
and NH3 reductants. 1000 ppm NO, 1000 ppm isobutane (or NH3), 2%
O2, 30,000 h−1, black curves with data points for NH3 reductant, grey
curves (fromFig. 2) for isobutane reductant: (a) Fe-Z(0.2) and Fe-Z(1
(b) Fe-Z(0.6).
however, for the catalysts with lower Fe content, the conver-
sions achieved are quite close in an intermediate temperatur
range around 573–673 K.
hniques and relation to the V2O5/WO3/TiO2 system represented by the V2O5/
) NO conversion; (b) NH3 conversion.

3.3. H2-TPR

In Fig. 5, the H2-TPR profile of sample Fe-Z(1.2) is com
pared with the profiles of reference samples: mechan
mixtures ofα-Fe2O3 andγ -Fe2O3 with H-ZSM-5 (5 wt%
Fe) and with Fe-Z(CVD). The hydrogen consumption is
lated to the iron content of the samples. The profiles
the mechanical mixtures show the well-known shape wi
small low-temperature peak and a much more intense h
temperature peak, which are usually attributed to the re
tion sequence Fe2O3 → Fe3O4 → Fe(0). In comparison
with theα-oxide sample, both peaks of theγ -oxide sample
are shifted to higher temperatures (∼ 650 K → ∼ 690 K;
∼ 830 K→ ∼ 945 K). It is not clear whether these tempe
ture shifts arise from structural differences, as the reduc
kinetic of iron oxides is also influenced by particle size, m
phology, defect density, etc.[41]. As expected, integratio
of the TPR profiles gives H/Fe ratios of 3.0. The profile
of the CVD sample is much more complicated than th
of the iron oxides, which indicates a highly heterogene
species distribution. Sample Fe-Z(1.2), however, exhibi
much simpler H2 consumption curve with only two peaks
the region of the low-temperature peak of the reference
ides. At the same time, the H/Fe ratio observed with thi
sample (2.3) clearly exceeds the value of 1 expected for
duction Fe3+ → Fe2+ and is close to the H/Fe ratio of the
CVD catalyst.

3.4. XANES
e
Fig. 6 shows the near-edge region of the normalized

X-ray absorption spectra for the prepared samples and those
for α-Fe2O3 andγ -Fe2O3 as reference materials and the ref-
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Fig. 5. TPR traces of a catalyst prepared by ILIE, compared with refer
samples: Fe-Z(CVD),α-Fe2O3 andγ -Fe2O3 mixed with H-ZSM-5.

erence catalysts Fe-Z(CVD) and Fe-Z(MR) for comparis
The edge positions of all samples are quite similar, indi
ing that the oxidation state of iron in the samples under st
is predominantly+3, as in the reference oxides. In all spe
tra a pre-edge peak (A) is observed. This peak arises
a 1s → 3d transition, which is forbidden for coordinatio
geometries with an inversion center. Therefore, the origi
this signal could be iron in tetrahedral or in distorted
tahedral coordination. The spectra of all ILIE samples
quite similar, but there are significant differences to the
erence samples in the edge shape and the post-edge r
On the one hand, the increase in the absorption coeffic
in the step is steeper with the zeolite-supported Fe spe
than withγ -Fe2O3, and there is no low-energy shoulder
in the latter (labeled B). The maximum of the absorpt
coefficient is earlier than with both reference oxides, wh
can be, however, a consequence of insufficient resolution
tween the maximum and a low-energy shoulder very clos
it, as in the case ofα-Fe2O3. A high-energy shoulder at th
maximum (labeled C) is very pronounced in all Fe-ZSM
samples, whereas it has lower intensity in the spectra o
reference oxides. A maximum at ca. 7150 eV (D), wh
is observed in the spectra of both reference oxides, ma
identified as a weak feature with Fe-Z(1.2), but it is abs
in the remaining samples. Therefore, the XANES does

indicate the presence of iron in a well-defined short-range
order typical of one of the reference oxides. The shape of
the pre-edge peak is closer to that observed withγ -Fe2O3
talysis 231 (2005) 314–330

n.

-

Fig. 6. FeK XANES of Fe-ZSM-5 prepared by ILIE, compared with refe
ence spectra:α-Fe2O3 andγ -Fe2O3, Fe-Z(CVD), and Fe-Z(MR). Spec
trum of Fe-Z(0.2) measured in fluorescence mode, remaining spec
transmission mode.

containing Fe ions in both octahedral and tetrahedral c
dinations, which suggests that both coordinations may
present in the zeolite samples as well. The shape of the
and of the post-edge region resembles the spectrum oα-
Fe2O3 rather than that ofγ -Fe2O3.

3.5. EXAFS

Fig. 7presents the absolute part of the Fourier-transfo
ed k2-weighted spectra for the calcined Fe-ZSM-5 samp
under study andα-Fe2O3 and, for comparison, the spect
for Fe-Z(CVD) and Fe-Z(MR). All spectra, including th
for the reference oxide, show a signal at distances sm
than 2 Å (uncorrected), which is attributed to O scatter
The intensities of this scattering feature are quite sim
in all samples, whereas height and width vary to some
tent. No long-range order above 4 Å (uncorrected) can
detected in any of the samples, which is normally take
indicate the absence of large oxide particles (see, how
[13,24]and below). The scattering events between 2 and
Å, which are very intense inα-Fe2O3 and arise mostly from
Fe neighbors there, are also of low intensity in the zeo
samples. A qualitative comparison of this region shows

in most samples of the ILIE series, the extent of Fe aggre-
gation should be smaller than in the CVD sample. There is
some resemblance in the spectra for the latter and for Fe-
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Fig. 7. EXAFS spectra (modulus of the Fourier-transformed,k2-weighted
spectra) of Fe-ZSM-5 prepared by ILIE, compared with reference spe
α-Fe2O3, Fe-Z(CVD), and Fe-Z(MR). Spectrum of Fe-Z(0.2) measured
fluorescence mode, remaining spectra in transmission mode.

Table 2
Fit results in comparison to crystallographic data ofα-Fe2O3

No. Element Fit results(R = 8.3%) Crystallographic data

R (Å) CN σ2 (10−3 Å−2)/
�E0 (eV)

R (Å) CN

1 O 1.99 2.8 4.5/25.4 1.9457 3
2 O 2.16 3.0 6.9/26.3 2.1162 3
3 Fe 2.96 5.3 6.5/16.1 2.9004 4
4 Fe 3.37 3.8 5.4/16.3 3.3642 3
5 Fe 3.69 2.9 2.1/16.5 3.7053 6
6 O 3.75 1.8 1.0/25.9 3.7857 3

Fit for 2.5 Å
−1

< k < 14 Å
−1

, and anR window of�R = 3.16 Å.

Z(1.2), but the scattering feature at 3.4 Å (uncorrected
much less intense in the ILIE sample.

To confirm the applicability of scattering functions (am
plitudes, phases) supplied by the FEFF8.10 code, it is
essary to test them by fitting a reference system.Fig. 8 and
Table 2report results of such a test, which was perform
with α-Fe2O3. It should be noted that the Fe(III) oxides a
unfavorable references because they contain a conside
number of closely related neighboring shells (cf.Table 2)
and involve several multiple scattering paths, which h

been neglected in the fit reported here. Even so, a large num
ber of free parameters might imply that the models fail to
meet the Nyqvist criterion that determines the number of free
atalysis 231 (2005) 314–330 321

e

Fig. 8. Examples for model fits of EXAFS spectra. (a)α-Fe2O3; for model
parameters seeTable 2; (b) Fe-Z(1.2); (c) Fe-Z(0.2); for model paramete
seeTable 3.

parameters to be sensibly fitted from a given spectral ra
in k and R space (actual values given inTables 2 and 3).
It should be noted, however, that the constraints used
Experimental section) limit the number of free parame
to acceptable values, maybe with the exception of the
models for Fe-Z(0.3) and Fe-Z(0.2).

- The fit of the second coordination sphere as summarized
in Fig. 8a andTable 2is quite acceptable and shows that the
scattering functions provided by FEFF8.10 are reliable for
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Table 3
Fitting results for the Fe-ZSM-5 samples (6-shell model)

Sample No. Element R (Å) CN σ2 (10−3Å−2)/
�E0 (eV)

Fe-Z(1.2)a 1 O 2.00 3.5 7.7/23.5
R = 11.2% 2 O 2.19 0.9 1.7/23.0

3 Fe 3.02 1.1 7.7/22.3
4 Fe 3.51 1.1 2.9/22.3
5 Fe 3.68 1.2 1.3/23.3
6 O 3.77 6.4 1.3/22.5

Fe-Z(0.7)b 1 O 2.03 4.8 9.7/24.9
R = 8.6% 2 O 2.26 0.6 1.0/24.8

3 Fe 3.03 0.9 10.4/24.4
4 Fe 3.58 1.0 1.5/24.4
5 Fe 3.73 1.2 1.0/25.4
6 O 3.82 7.4 10.0/23.9

Fe-Z(0.6)b 1 O 2.04 4.4 8.8/25.1
R = 9.1% 2 O 2.25 1.0 1.0/24.5

3 Fe 3.02 0.9 8.6/24.4
4 Fe 3.60 1.1 1.8/24.4
5 Fe 3.75 1.3 1.3/25.4
6 O 3.83 6.4 5.7/24.1

Fe-Z(0.3)c 1 O 2.06 4.5 16.0/22.1
R = 12.8% 2 O 2.23 0.2 2.4/23.0

3 Fe 3.03 0.7 8.8/24.8
4 Fe 3.53 0.3 1.0/24.9
5 Fe 3.71 0.8 1.0/25.7
6 O 3.82 4.4 5.3/22.0

Fe-Z(0.2)d 1 O 2.08 3.4 9.3/22.7
R = 12.2% 2 O 2.30 0.5 6.3/21.8

3 Fe 3.13 0.9 16.2/24.5
4 Fe 3.59 0.4 9.9/24.5
5 Fe 3.79 1.0 6.9/25.4
6 O 3.82 4.8 16.7/21.7

a 2.71 Å
−1

< k < 12.0 Å
−1

, �R = 3.41 Å.
b 2.71 Å

−1
< k < 11.5 Å

−1
, �R = 3.39 Å.

c 2.71 Å
−1

< k < 10.0 Å
−1

, �R = 3.08 Å.
d 2.71 Å

−1
< k < 10.0 Å

−1
, �R = 2.83 Å.

this system. At the same time, the comparison with the c
tallographic data indicates which systematic error has t
expected with the simplified model employed. Apart fro
some deviations in the distances of the closely neighbo
O shells, there are, in particular, errors in the Fe coordina
numbers (CNs). The CNs of shells 3 and 4 are overestim
by ca. 30%, whereas those of shell 5 and the last (oxy
shell are seriously underestimated, which may have b
caused by a rather small impact of these scattering ev
on the total signal of the second coordination sphere.

Figs. 8b and c exemplify the application of this model
samples Fe-Z(1.2) and Fe-Z(0.2). Fit results for all sam
are listed inTable 3. In all cases, the sum of the coordinati
numbers of the first two O shells is between 4 and 6, wh
indicates the presence of octahedrally and tetrahedrally
ordinated iron. The sum of the coordination numbers of
iron shells, which is 13 inα-Fe2O3, decreases with decrea

ing iron content of the zeolite samples from 3.4 (sample
Fe-Z(1.2)) to 2.3 (sample Fe-Z(0.2)). As for the interatomic
distances, there is no perfect coincidence with those inα-
talysis 231 (2005) 314–330

Table 4
Fitting results for the Fe-ZSM-5 samples (4-shell model)

Sample No. Element R (Å) CN σ2 (10−3Å−2)/
�E0 (eV)

Fe-Z(1.2)a 1 O 2.01 3.5 6.7/26.3
R = 12.9% 2 O 2.22 1.2 1.2/26.6

3 Fe 3.06 7.4 23.0/22.5
4 Fe 3.34 6.8 24.1/23.4

Fe-Z(0.2)b 1 O 2.07 2.5 2.2/26.6
R = 11.7% 2 O 2.27 1.6 1.0/27.6

3 Fe 3.00 2.1 12.3/20.0
4 Fe 3.22 5.4 21.5/19.6

a 2.71 Å
−1

< k < 12.0 Å
−1

, �R = 3.41 Å.
b 2.71 Å

−1
< k < 10.0 Å

−1
, �R = 2.83 Å.

Fe2O3 already in Fe-Z(1.2), and a tendency of the coo
nation shells to move to even higher distances is obse
with decreasing iron content of the samples. Obviously,
short-range order of the aggregates, while reminiscent of
of α-Fe2O3 in Fe-Z(1.2), differs more and more from th
oxide with decreasing Fe content. The high Debye–Wa
factor of the first iron shell indicates a large degree of d
order in the particles or a superposition of different typ
of short-range order, as suggested already by the XAN
and found earlier in Fe-Z(CVD)[13]. The increase in the
goodness-of-fit-parameter has analogous implications.

The low intensity of the scattering events above 3 Å (
corrected) prompted us to also try models with a lower nu
ber of Fe neighbors, which would meet the Nyqvist criter
also at low Fe content. Models with only one Fe neighbor
not provide satisfactory fits at all; two examples with two
shells, which have also been tried to test the suitability
a γ -Fe2O3 short-range order in our case, are summari
in Table 4. It appears that these models are inappropriat
well, because they result in unrealistically high iron CNs a
Debye–Waller factors.

In summary, our XAFS results imply that ILIE produc
samples with a lower degree of aggregation than CVD
FeCl3 into H-ZSM-5, with decreasing cluster content
smaller Fe content. At high Fe content (1.2 wt%), there
some structural similarity of the clustered phase toα-Fe2O3
(and a definite dissimilarity compared withγ -Fe2O3, which
has a first Fe–O shell below 1.9 Å and only two Fe–Fe sh
in the second coordination sphere); however, significant
viations (or the presence of an additional clustered struct
are obvious and become more pronounced at lower Fe
tents. Even in the material with a higher degree of aggre
tion, no order beyond 3.5 Å (uncorrected) was detected.

3.6. UV–vis

UV–vis spectra of Fe-ZSM-5 catalysts prepared by IL
and calcined in air are displayed inFigs. 9a–e, where spec

tra of reference samples are also given (Figs. 9f–h). The
spectral shapes, which vary strongly with the iron content,
may be represented by sub-bands, as indicated in the fig-
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Fig. 9. UV–vis spectra of Fe-ZSM-5 prepared by ILIE, after calcination in air at 823 K, compared with reference spectra. (a) Fe-Z(0.2); (b) F

(c) Fe-Z(0.6); (d) Fe-Z(0.7); (e) Fe-Z(1.2); (f)α-Fe2O3 andγ -Fe2O3; (g) Fe-Z(CVD); (h) Fe-Z(MR). In panel (f), the spectrum of Fe-Z(1.2) is added in gray,
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de
enlarged to include theγ -Fe2O3 spectrum completely in the range assig
intensity at< 300 nm (isolated sites) cannot be accounted for complete

ures (for numerical results seeTable 5). At low Fe content,
there is hardly any signal above 400 nm, and 95% of
spectral intensity is accounted for by sub-bands cent
at λ < 300 nm (Table 5). With increasing Fe content (Fe
Z(0.6), Fe-Z(0.7)), the spectrum becomes broader, bu
95% of the spectral intensity is still covered by bands c
tered below 400 nm. Only the spectrum of Fe-Z(1.2) exte
significantly to wavelengths above 400 nm.

The assignment of the sub-bands has been discuss
some detail in[24,28]and is based on earlier proposals ma
in [42]. We ascribe the bands at∼ 220 nm and∼ 285 nm

to Fe3+ ← O charge transfer bands of isolated Fe ions in
tetrahedral and octahedral coordination, respectively (t1 →
to large aggregates (λ > 400 nm). This comparison shows that in Fe.Z(1.2) the
contributions from aggregates even in the most unfavorable case.

n

Table 5
Numerical analysis of UV–vis spectra of Fe-ZSM-5 catalysts (Fig. 9). Per-
centage of the sub-bands (I1 − λ < 300 nm, I2 − 300< λ < 400 nm,
I3 − λ > 400 nm) and wt% Fe of the corresponding species (see text)

Catalyst Fe1
a Fe2

b Fe3
c Total Fe

I1 (%) (wt%) I2 (%) (wt%) I3 (%) (wt%) (wt%)

Fe-Z(0.2) 95.7 0.19 4.3 0.01 – – 0.2
Fe-Z(0.3) 95.0 0.285 5.0 0.015 – – 0.3
Fe-Z(0.6) 76.2 0.46 18.5 0.11 5.3 0.03 0.6
Fe-Z(0.7) 70.7 0.495 22.9 0.16 6.4 0.045 0.7
Fe-Z(1.2) 48.6 0.58 23.4 0.28 28.0 0.34 1.2

a 3+
Isolated Fe in tetrahedral and higher coordination.
b Oligomeric Fex3+Oy clusters.
c Large Fe2O3 particles.
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t2/t1 → e transitions unresolved); the band at∼ 350 nm to
oligomeric clusters; and sub-bands above 400 nm to l
particles. From the intensity of the sub-bands and the rela
percentage, and by multiplication with the total Fe conte
the amount of each kind of Fe species has been derivedTa-
ble 5). This analysis neglects the wavelength depende
of the absorption coefficient, which is not known for th
system. However, since the variation in the absorption c
ficient may be expected to be smooth and not erratic,
values obtained may be considered a meaningful app
imation, possibly superimposed by a moderate system
deviation that does not affect the conclusions of the pre
work. Indeed, absorption coefficients determined for C2+
ions at different positions in pentasil zeolites were found
differ only marginally[43]. According toTable 5, ca. 95%
of the iron is mononuclear in Fe-Z(0.2) and Fe-Z(0.3). W
increasing Fe content, the percentage of isolated sites
creases, but because of the increased Fe content of the
ples, the absolute amount of isolated iron species in the
alysts goes on increasing and levels off above 1% Fe.

In samples with significant particle content (Fe-Z(1.2
there is some uncertainty regarding the actual percenta
isolated sites because contributions of the particles in
λ < 300 nm wavelength region cannot be completely ru
out. Fig. 9f shows UV–vis spectra of possible referenc
for the particlesα-Fe2O3 and γ -Fe2O3. Whereas the for

mer does not contribute below 300 nm, the latter does. The

Fig. 10. TEM micrographs of
talysis 231 (2005) 314–330

-
-

f

give some preference to theα-Fe2O3 short-range order, how
ever with strong distortions or coexistence of a different t
of short-range order. However, even if all intensity fou
for Fe-Z(1.2) at 400 nm and above was assigned to w
crystallizedγ -Fe2O3, there would remain a significant e
cess intensity over theγ -Fe2O3 contribution below 300 nm
(seeFig. 9f, where the spectrum of Fe-Z(1.2) has been sca
to match that ofγ -Fe2O3 in the region around 400 nm
which proves the presence of isolated sites in signific
quantities also in Fe-Z(1.2). While we consider the assu
tion of an orderedγ -Fe2O3 particulate phase as highly unr
alistic (vide supra), it may be safer to consider the 0.5 w
of isolated Fe3+ species in Fe-Z(1.2) (Table 5) as an uppe
limit.

3.7. TEM

In Fig. 10, TEM micrographs of sample Fe-Z(1.2) a
compared with those of Fe-Z(CVD). In both samples, la
iron oxide aggregates can be clearly detected. They c
ist with much smaller particles (see, e.g.,Fig. 10, lower left
panel), which are probably intra-zeolite. Generally, the s
of the big aggregates is larger in Fe-Z(CVD) than in F
Z(1.2); typical sizes are between 20 and 50 nm in the for
and between 5 and 20 nm in the latter. Their surfaces
usually curved. Only in Fe-Z(CVD) were some (rare) exa

ples of well-crystalline oxide aggregates with sharp edges

ith

EXAFS results, although indicating in general a high disor-
der in the aggregated species (see also Discussion section),

found on the external zeolite surface (Fig. 10, marked by ar-
rows in upper left panel). The location of the aggregates w
Fe-Z(CVD) and Fe-Z(1.2).
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curved boundaries is less clear. Whereas extra-zeolite
tion is likely with some of them, others seem to be cove
by a layer of light matter. On the whole, a broad particle s
distribution is seen in both samples, with an upper en
much higher sizes for Fe-Z(CVD).

During the measurements, a strong perturbation of
electromagnetic lens field, which had to be corrected to
tain high-quality micrographs, was observed for sample
Z(1.2) but not for Fe-Z(CVD). This is a hint for a higher n
magnetic moment of sample Fe-Z(1.2).

EDX measurements of the zeolite crystals in sample
Z(1.2) at positions free of Fe2O3 particles always showed th
presence of iron. This suggests that inside the pore sy
there is a rather homogeneous distribution of Fe. For
Z(CVD), areas free of Fe2O3 were difficult to find, becaus
of the rather homogeneous distribution of very small pa
cles (Fig. 10, lower left panel). In certain areas of samp
Fe-Z(1.2) a porous cloudy structure was detected that
tained, in addition to Si and Al, about 30% Fe (Fig. 10, lower
right panel). This species was probably formed by partial
struction of the zeolite lattice due to the long-term treatm
in HCl solution. However, these amorphous structures w
clearly a minority feature.

3.8. EPR
Fig. 11. EPR spectra of Fe-ZSM-5 prepared by ILIE. (a, b) comparison of s
spectra of Fe-Z(0.6) (c) and Fe-Z(1.2) (d).
atalysis 231 (2005) 314–330 325

-tra recorded at 77 and 298 K are compared. Several sig
known from earlier studies[24,28]can be distinguished. Sig
nals atg ≈ 4.3 andg ≈ 6 (which is weak under ambien
conditions because of the influence of adsorbed water
more pronounced at higher temperatures (Figs. 11c, d)) have
been assigned to isolated Fe3+ ions in tetrahedral coordi
nation and in environments with more neighboring oxyg
ions (5 or 6), respectively. In addition, a narrow and a br
signal atg ≈ 2 can be discerned.

In samples Fe-Z(0.2) and Fe-Z(0.3) theg ≈ 2 EPR signal
is assigned to isolated Fe3+ ions in a highly symmetric envi
ronment (Fig. 11a). This is also consistent with the fact th
the line intensity increases markedly with cooling to 77
which is typical for pure paramagnetic behavior accordin
the Curie–Weiss law. It is also in agreement with UV–vis
sults that indicate the presence of almost exclusively isol
Fe species (Figs. 9a and b). In samples with 0.6 and 0.7% F
for which UV–vis spectra indicate the presence of a cer
amount of oligomers and even some Fe2O3 nanoparticles
(bands above 300 and 400 nm inFigs. 9c and d), a broad
line with a low field maximum around 2350 G at 298 K
superimposed on the narrow signal atg ≈ 2 (Figs. 11a, b).
In sample Fe-Z(1.2), where UV–vis showed a pronoun
trend toward formation of oxide particles, which accord
to TEM have a size of several nanometers (Figs. 9e, 10),

the linewidth of the broad signal is even larger, shifting the

ow
m-
In Fig. 11, ex situ EPR spectra for calcined Fe-ZSM-5
prepared by ILIE are presented. InFigs. 11a and b, spec-

low field maximum to about 880 G, whereas the narr
line, though easily visible, does not increase with rising te
pectra taken at 77 K and room temperature; (c, d) temperature dependence of the
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perature, which indicates a deviation from a paramagn
(isolated) nature (Fig. 11b).

It was shown earlier that the temperature dependenc
the signal intensity bears valuable information on the p
ence of magnetically coupled phases[24,44,45]. Whereas
well-ordered crystallineα-Fe2O3 is antiferromagnetic be
low the Neel temperatureTN = 960 K and should therefor
not be EPR-active, it has been shown that nanoparticle
α-Fe2O3 (d ≈ 3 nm) do give rise to an EPR signal belo
T N because of incomplete compensation of the spin
ments[43]. At low temperature, these particles show fe
magnetic behavior. In the EPR spectra, this is reflected
broad anisotropic signals, since the resulting magnetic
ment vectors of the particles tend to align with the direct
of the external magnetic field. With rising temperature, th
mal fluctuations lead to the collapse of the ferrimagn
order and the particles become superparamagnetic a
the so-called blocking temperature. As a result, the E
signal narrows and shifts towardg ≈ 2 as the temperatur
increases[45]. It was also shown that the transition fro
the ferrimagnetic to the superparamagnetic state is sh
to higher temperatures as the particles become larger;
is, for a given temperature the EPR linewidth increases
the size of the magnetic particles. Thus, characteristic E
spectra have been observed for samples with a certain
tribution of Fe2O3 particle diameters, which consist of
superposition of a broad anisotropic and a narrow isotro
signal[46].

Against this background, temperature-dependent E
measurements have been performed with samples Fe-Z
and Fe-Z(1.2) (Figs. 11c and d) as described earlier for F
Z(CVD) in [24] to gain more information about differenc
in the nature of the iron oxide aggegates. FromFig. 11c it
can be seen that the signal atg ≈ 2 for sample Fe-Z(0.6
narrows slightly and follows a Curie-like temperature d
pendence, which is typical for both isolated Fe3+ ions but
also for oxide nanoparticles in the superparamagnetic s
UV–vis measurements (Fig. 9c) suggest that this sample
dominated by isolated Fe3+ ions with a small contribution o
oligomers. Because of their location inside the pore sys
these oligomers are assumed to consist of a few Fe a
only, which is probably not enough to create superp
magnetic behavior. Therefore, theg ≈ 2 signal in sample
Fe-Z(0.6) has to be regarded as arising from both hig
symmetric isolated Fe3+ species and small oligomers wi
weak dipolar coupling.

The EPR spectrum of sample Fe-Z(1.2) at 298 K is ch
acterized by a very broad anisotropic line and two narro
features atg ≈ 2 (Fig. 11d). The two broader lines narro
and are shifted to a higher resonance field with increa
temperature (marked with arrows). Based on the consid
tions above, these two signals can be assigned to ferrim
netic/superparamagnetic Fe2O3 particles of different size

whereas the remaining narrow signal atg ≈ 2 might be due
to isolated and weakly interacting Fe3+ sites. In contrast to
sample Fe-Z(1.2) prepared by ILIE, a huge, rather narrow
talysis 231 (2005) 314–330

f

e

t

-

)

.

-

signal appeared at g≈ 2 in Fe-Z(CVD) upon heating abov
373 K [24]. The difference in the temperature depende
of the EPR signals of the two samples might be due to
difference in particle size, which is also detected by TE
(Fig. 10). In Fe-Z(CVD), particles larger than 50 nm a
formed, whereas the particles are much smaller in Fe-Z(1
It is possible that the former are truly antiferromagnetic
to a temperature of about 400 K, and the latter change f
ferrimagnetic to superparamagnetic at markedly lower t
peratures. This would also explain why the observed
turbation of the electromagnetic lens field during TEM m
surements was strong for sample Fe-Z(1.2) but negligible
Fe-Z(CVD).

4. Discussion

4.1. Structure of the Fe sites

The results of the spectroscopic investigation show
the improved liquid ion exchange technique gives acces
samples that are structurally more homogeneous than t
prepared by CVD of FeCl3 into H-ZSM-5. On the othe
hand, it makes it possible to vary the site structure to incl
oligomeric and particulate moieties as present in the CV
derived Fe-ZSM-5. At an iron content less than or eq
to 0.3 wt%, ca. 95% of the iron is present in mononucl
sites. This conclusion is based mainly on the UV–vis d
(Fig. 9, Table 5). It is confirmed, however, by the EPR resu
(Fig. 11a), where all signals observed with Fe-Z(0.2) and
Z(0.3) could be assigned to isolated sites and exhibit p
magnetic behavior. The EXAFS results support this con
sion qualitatively with a very low sum coordination numb
of the neighboring Fe shells (1.8–2.4 in Fe-Z(0.3) and
Z(0.2) vs 13 inα-Fe2O3). Such a low coordination numbe
indicates either a very small average size of the aggreg
or the coexistence of a small number of aggregates wit
excess of isolated sites.

At 0.6–0.7 wt% Fe, coexistence of isolated and oligom
moieties is found by UV–vis spectroscopy (Fig. 9, Table 5),
and an increasing clustering tendency is supported by
AFS, where the Fe sum coordination number increa
above 3 (Table 3). The coexistence of isolated Fe3+ ions
and weakly interacting Fe sites within oligomers of low n
clearity is also suggested by the temperature depend
of the EPR spectra (Fig. 11c). However, the missing fer
rimagnetic/superparamagnetic behavior confirms that
formation of extended oxide particles does not take p
at Fe contents of 0.6–0.7%. At an Fe content of 1.2%,
aggregation is obvious, not only from UV–vis and TE
measurements, but also from the EPR spectrum itself
temperature dependence of which is typical for ferrim
netic/superparamagnetic Fe2O3 nanoparticles (Fig. 11d).
Given the literature reports on conflicting results of dif-
ferent techniques regarding the size of the Fe oxide nanopar-
ticles, a more detailed discussion of this question is of in-
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terest. In the TEM micrographs, the difference in the p
ticle sizes in Fe-Z(1.2) and Fe-Z(CVD) is shown direc
(Fig. 10). The difference is also clearly indicated by t
different temperature dependence of the EPR spectra (
pare Fig. 11d with Fig. 2 in [24]), since the temperatur
series shows the antiferromagnetic/paramagnetic trans
in Fe-Z(CVD) at a markedly higher temperature than w
Fe-Z(1.2). The strong perturbation of the electromagn
lens field during the TEM investigation of Fe-Z(1.2) (but n
with Fe-Z(CVD)) gives an additional hint of a smaller par
cle size in the latter.

Differences in the particle size are also accounted
by the TPR results. Indeed, in the TPR trace of ILIE-
(Fig. 5), there is much less intensity at high temperatu
which is usually assigned to aggregates (cf. spectra of r
ence oxides). The reduction degree achieved with Fe-Z(
is well above H/Fe= 1, which would be expected for Fe3+
ions at cation positions. It is, in fact, comparable to tha
Fe(CVD), indicating a similar amount of Fe in clusters,
size of which is smaller.

On the other hand, UV–vis seems to be insensitive in
range of sizes considered. The range of cluster sizes in w
the absorption shifts from the 300–400 nm wavelength
gion toλ > 400 nm is unknown. Already in[24] it has been
shown by comparison of temperature-dependent EPR
with UV–vis spectra that aggregates of strongly varying s
give indistinguishable UV–vis bands above 400 nm. Thi
now confirmed by a comparison of the TEM micrograp
which show very different particle sizes for Fe-Z(1.2) a
Fe-Z(CVD) (Fig. 10) with the respective UV–vis spectr
(Figs. 9e and g), which are very similar despite the low
Fe content.

As observed already in[13] and confirmed in[25], EX-
AFS fails to indicate the very extended Fe oxide aggreg
formed upon thermal stress in the Fe-ZSM-5 catalysts.
sum coordination number of the Fe shells does not incr
significantly from Fe-Z(0.7) to Fe-Z(1.2) (Table 3), and it
appears to be small, given the considerable extent of ag
gation indicated by the UV–vis spectrum (Fig. 9) and the size
of the particles shown in the TEM micrographs (Fig. 10).
The difference in the EXAFS spectra between Fe-Z(1.2)
Fe-Z(CVD) (Fig. 7), in which very large aggregates were d
tected by Mössbauer and EPR spectroscopy[13,24]and now
by TEM, consists just of smaller intensities of the scatter
event at 3.3 Å (uncorrected) and of some doubtful featu
between 4 and 5 Å (uncorrected) in Fe-Z(1.2). This c
firms, indeed, the lower extent of aggregation in Fe-Z(1
but it does not allow more detailed conclusions to be dra
because of the obvious insensitivity of the method to the
gregates.

It has been discussed in[13,25]that the failure of EXFAS
to detect these particles should be due to a high degree o
order in them. Our TEM images (Fig. 10) confirm this view.

In both samples studied, the majority of iron seen by TEM
appears to be involved in large aggregates with curved sur-
faces and in very small intra-zeolite particles (Fig. 10, lower
atalysis 231 (2005) 314–330 327

-

-
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left and upper right panels). It has been demonstrate
[13] that EXFAS is able to detect long-range order in Fe
ide particles that are formed during solid-state ion excha
of an excess of FeCl3 into H-ZSM-5 followed by calcina-
tions without intermediate washing. These particles pro
bly had never been intra-zeolite. Well-crystallized partic
on the external zeolite surface are found also in Fe-Z(CV
(Fig. 10, upper left panel), but they are very rare. Since
gregation is known to occur only upon washing and calc
tion in Fe-ZSM-5 prepared by CVD of FeCl3 into H-ZSM-5
[13,24,39], these crystalline particles do not seem to be a
sult of incomplete distribution of the iron, but rather the fin
state of a migration process. This migration process trans
mononuclear iron species from intra- to extra-zeolite lo
tions, with intermediate formation of oligomers of growin
size and, in the near-surface region of the zeolite crysta
more or less extended oxide conglomerations, probably
companied by massive structural damage and inclusio
alumosilicate matter.

4.2. Relation between structure and catalytic performance
of Fe sites

Catalysts of the ILIE series provide, to our knowled
the best SCR activities published for Fe-ZSM-5 in the lit
ature so far (excluding[9], which has not been reproduced
With isobutane, Fe-Z(0.3) gives a peak NO conversion
> 86% at 623 K (Fig. 1), whereas other authors report 7
86% for Fe-ZSM-5 made via the CVD route (including tho
additionally promoted by La)[11,47] with Fe contents o
ca. 5%. It is true that application of a moist feed increa
the peak conversion over La-Fe-ZSM-5 to 90%[47]. How-
ever, at higher temperatures, this catalyst suffers the s
loss in NO conversion as other Fe-ZSM-5 materials p
pared via the CVD route, ending up at 40–50% convers
at 723–773 K (see, e.g.,[11]) where Fe-Z(0.3) still con
verts> 70% of the NO. This excellent behavior at high
temperatures is a key feature of the latter. In NH3-SCR, Fe-
Z(1.2) compares well with a Fe-ZSM-5 of 1.9 wt% made
Long and Yang[30] by the same preparation route as the o
we have adopted here. In a run at 1,100,000 h−1, Fe-Z(1.2)
achieved or exceeded the conversions reported in[30] at all
temperatures with a slightly lower Fe content. As in c
of isobutane-SCR, it has been shown very recently that
ZSM-5 can be effectively promoted by rare-earth ions
this case ceria[48].

The availability of quantitative estimates for the amou
of Fe species in the catalysts employed prompted us to
relate SCR rates with these data. Since the rates have
measured far outside the differential range of conversi
assumptions regarding the rate law had to be made t
low the correlation of rate constants with the quantity
sites. A first-order rate law was assumed for both re

tions. For NH3-SCR, this is fully in agreement with kinetic
measurements of Huang et al.[49], who found orders of
∼ 1 for NO and∼ 0 for NH3. For hydrocarbon-SCR, there
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are hardly any kinetic measurements available, excep
the methane reductant. There, the sum of reaction or
of NO and methane (for equimolar feed) is often found
be around 1, but in some reports it is considerably hig
(cf. [50]).

Fig. 12a shows the results for different correlation
tempts for isobutane-SCR at 523 K, which is well bel
the conversion maximum. It is clear from this figure th
the rate constant correlates best with the sum of the iro
isolated and oligomeric sites, whereas there is no pro
tionality with the concentration of the oligomeric cluste
alone (Fig. 12, a2). Therefore, a major contribution of th
isolated sites can be identified. The correlation of the
constant with the concentration of isolated sites yields a
curve (Fig. 12, a1), which implies the participation of a se
ond type of site, the oligomers. Given the fact that only o
of the samples contains significant amounts of large ag
gates, one might expect that the correlation with the tota
does not differ much from that with the sum of oligome
and isolated sites. This is indeed the case; in fact, the c
lation does not go through the origin, although the interc

is small (Fig. 12, a1). Apparently, the surfaces of the clusters

Fig. 12. Correlation of SCR rates (first-order rate constants) with the conc
isobutane at 523 K; (b) SCR of NO with ammonia at 523 K.
talysis 231 (2005) 314–330

-

For NH3-SCR, similar conclusions can be drawn from t
correlations inFig. 12b. The attempt to correlate with Fe
oligomers alone fails (Fig. 12, b2). However, the best resu
is achieved here with the total Fe content (Fig. 12, b1), which
is even better than that achieved with the sum of isolated
oligomeric sites (Fig. 12, b2). From this, it can be conclude
that all accessible iron, probably including the surfaces
the oxide aggregates, participates in NH3-SCR.

Despite the rather clear-cut results, these correlat
should be taken with some caution. As mentioned ab
the actual species concentrations may be influenced
moderate systematic deviation, and the results of Fe-Z(
may be additionally affected by the uncertainty about c
tributions of the clusters at lower wavelengths. Moreover
“species” employed in the analysis represent in fact sev
sites, which may have different reactivities. Thus, there
three types of isolated sites, the different reduction beha
of which is demonstrated in Part II of this paper[32]. Hence,
differences in their intrinsic SCR activities seem to be qu
likely. The intrinsic activity of oligomers may be influence
by their nuclearities, and that of the aggregates by the

of their structural order. However, most of the conclusions

n the
do not contribute to the SCR reaction, which agrees with ob-
servations made by many other groups before.

suggested above may be also derived without reliance o
quantitative correlations shown inFig. 12.
entration of different Fe species detected by UV–vis spectroscopy. (a) SCR with
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Thus, the conclusion about the activity of isolated s
in isobutane-SCR may be based also on the fact tha
best catalyst (Fe-Z(0.3)) contains almost all of its iron
mononuclear entities, and that the dramatic increase in
concentration of oligomeric sites in Fe-Z(0.6) (Table 5) on
the whole cause the catalytic behavior to deteriorate. H
ever, a contribution of the oligomeric sites to the SCR c
not be conclusively identified from the present data o
qualitative basis because it is not possible to separate
assumed contributions of mononuclear and oligomeric s
qualitatively. If, however, the concentration of isolated si
in Fe-Z(1.2) is indeed overestimated (vide supra), a sig
icant contribution of oligomers would have to be invok
to explain the further growing low-temperature convers
despite the decreasing concentration of isolated sites.
NH3-SCR, the confirmation of the catalytic relevance of i
lated sites follows the same lines drawn for isobutane-S
the dramatic increase in the concentration of oligomeric s
between Fe-Z(0.3) and Fe-Z(0.6) does not cause a c
sponding jump in NO conversion (Fig. 3). It improves, how-
ever, the activity much more than the gradual growth of
isolated site concentration would justify, and the incre
goes on up to Fe-Z(1.2). Therefore, the contribution of
oligomers to the SCR of NO is more obvious for the amm
nia than for the isobutane reductant. Indeed, looking at
conversions at higher temperatures suggests that they m
possess a higher intrinsic activity in this reaction: when p
ceeding from Fe-Z(0.3) to Fe-Z(0.6), which increases
mononuclear sites moderately and adds oligomer sites
amount still much below that of the isolated sites, the
conversion jumps from 18 to 53% at 673 K, and from 30
78% at 723 K (Fig. 3). A contribution of the particles can
not be identified from qualitative considerations, but giv
a particular activity of the oligomers, a contribution of t
particle surfaces should not be ruled out, although it wo
be marginalized by the contributions of the higher dispe
entities.

As for the catalytic contribution of clustered structur
our results permit us to draw an additional conclusion
leads to a unified understanding of the catalytic beha
of Fe-ZSM-5 in both reactions. The increase in the conc
tration of clustered sites from Fe-Z(0.3) to Fe-Z(1.2) le
to a continuous deterioration of the catalytic behavior
isobutane-SCR, except for the lowest temperature stu
(Fig. 1). This is obviously due to an increased tendency
ward the unselective total oxidation of isobutane. The bri
ing oxygen, be it in binuclear complexes as favored
[10,11,16,17]or in oligomers of a wide range of nuclea
ties as suggested in[13], probably participates in the SC
at low temperatures, but it is obviously not selective for N
but attacks the reductant unselectively at higher tempera

In NH3-SCR, the same trend can be seen, but at m
higher temperatures. With the catalysts containing alm

exclusively isolated sites, unselective NH3 oxidation cannot
be detected up to 873 K. With increasing content of clustered
sites, the NH3 conversion starts to exceed the NO conver-
atalysis 231 (2005) 314–330 329

-

t

.

sion under more and more moderate conditions. Our in
spectroscopic studies show indeed that under reaction c
tions, the iron sites are much more reduced in isobutane-
feed than in NH3-SCR feed; that is, the interaction of NH3
with the iron is much weaker[32]. This explains why clus
tered sites exhibit a constructive role in NH3-SCR but not
in isobutane-SCR, and it forms the basis of quite differ
optimization strategies for Fe-ZSM-5 in these reactions.
isobutane-SCR, the concentration of isolated sites has
increased, avoiding clustered sites. For NH3-SCR, a high
dispersion of iron should be sought as well, but the Fe c
tent may be increased without limitations imposed by clu
formation, because small clusters are favorable in this r
tion.

5. Conclusions

Fe-ZSM-5 catalysts with low Fe content (0.2–1.2 wt
were prepared by exchange of Na-ZSM-5 with Fe2+ ions
that were formed by the dissolution of iron metal in aci
medium. The structure of the Fe species was chara
ized by various physicochemical techniques (UV–vis, E
X-ray absorption spectroscopy, TPR, TEM) and related
their activity in the selective catalytic reduction of NO
isobutane or by ammonia. It was found that at Fe c
tents less than or equal to 0.3 wt%, ca. 95% of the i
was present as mononuclear sites of different coordina
whereas mononuclear sites coexisted with oligomeric e
ties at 0.6–0.7 wt% Fe, and additionally with large, poo
ordered Fe oxide aggregates at 1.2% Fe.

The catalysts prepared proved highly active in both S
reactions, competing favorably with catalysts prepared
chemical vapor deposition of FeCl3 into H-ZSM-5, which
contain much more iron. By correlation of the activities w
the concentration of different Fe sites observed, it was es
lished that mononuclear Fe ions are active sites for both S
reactions. At the same time, oligomers contribute to b
reactions as well, probably with a higher intrinsic activ
than the mononuclear sites in NH3-SCR. On the other hand
oligomers (and aggregate surfaces) are more active in
unselective oxidation of the reductant, which limits the te
perature window of selective NO reduction. This unselec
attack by clustered species occurs at low temperatures i
case of the isobutane reductant; hence, the catalyst per
ing best in this reaction was almost void of clusters. W
the NH3 reductant, the unselective attack occurred at m
higher temperature, and the limitation of the selective te
perature region was of little practical importance. Hence,
best catalyst for NH3-SCR was the one with the highest
content.
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