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Abstract

Fe-ZSM-5 DeNOx catalysts prepared from H-ZSM-5 by different ion-exchange procedures have been analyzed by EPR and UV
diffuse reflectance spectroscopy (DRS) ex situ after synthesis, calcination, and use in catalysis as well as in situ during calcination.
results have been correlated with the catalytic behavior of these materials in the selective catalytic reduction (SCR) of NO by iso
ammonia. In comparison to previous studies of the same samples by XAFS, XRD, XPS, TPR, and Mössbauer spectroscopy, the c
of EPR and UV/VIS-DRS was more sensitive for distinguishing between different types of isolated Fe species as well as FexOy aggregates
of different size (oligonuclear clusters or large particles). It was found that aggregated species are formed at the expense of mono
sites upon calcination at 873 K, and that aggregate formation is slightly favored by calcination with higher heating rates as well a
Si/Al ratios of the parent H-ZSM-5. Use in SCR of NO leads to further growth and restructuring of FexOy clusters. From the comparison
structural and catalytic properties of different Fe-ZSM-5 catalysts it can be concluded that the SCR of NO by NH3 is catalyzed by differen
entities (mononuclear Fe sites, FexOy oligomers, surface of iron oxide particles). The results suggest that mononuclear Fe sites
involved in the SCR with isobutane. Clustered sites, which may contribute to SCR with isobutane as well, appear to cause no
oxidation of the reductant (isobutane or ammonia) at higher temperatures.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, MFI-type zeolites containing nonframe
work iron species, such as Fe-ZSM-5, have been recogn
as highly efficient catalysts for a number of reactions, e
selective oxidation of benzene to phenol[1,2], N2O decom-
position[3], and selective catalytic reduction (SCR) of NOx

by NH3 [4] and hydrocarbons[5,6]. In the preparation of Fe
ZSM-5 catalysts, traditional aqueous exchange techni
aiming at the replacement of H+ or Na+ cations of the

* Corresponding author. Institut für Angewandte Chemie Berlin-Adl
hof e. V., PO Box 96 11 56, D-12474 Berlin. Fax: +49 30 6392 4454.

E-mail address:brueckner@aca-berlin.de(A. Brückner).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.08.003
ZSM-5 matrix by Fe2+ or Fe3+ ions are nowadays large
disregarded despite reports of considerable achievem
with special techniques[5,7,8], because they most likel
involve iron oxo- or hydroxo cations that can undergo co
plex chemical transformation during subsequent calcina
and are believed to lead to highly heterogeneous mate
with poor reproducibility. Instead, attention was focused o
overexchangedFe-ZSM-5 obtained by chemical vapor d
sition (CVD) of FeCl3 into the pores of H-ZSM-5 followed
by subsequent washing and calcination steps[5]. The ma-
terial was prepared by many groups, which reported h
and reproducible NO reduction activities with the reduct
isobutane[5,9–11], but also outstanding activities with th
reductant ammonia[4,12,13].

http://www.elsevier.com/locate/jcat
mailto:brueckner@aca-berlin.de


M.S. Kumar et al. / Journal of Catalysis 227 (2004) 384–397 385

tely
lci-
this

r the
m-
ves-
r-
-
Fe

ang

re o
lude

-
be

-5
the

S,

dif-
o-
gree
nge
e
ll
ute
ex-
t
g
ies,
-
s, it
rse
lls,

all
rys-
y
n-
und
ify
ruc-
ally
ue.
hich
iffer-

nd
this

o-
by

aly-

nsi-
f
ee of
les

to
nges
ons

CR
the
ta-
D
ile

tes
ds
iew
by
red

h a
re-

d in
e
ples

ed.

.g.,
em-
ns,
ave
ree
an-
r
-

ge
d
ant
ara-
R)

ith
ps

in
the

the

-5
ting
s a

-
nd
In this preparation, zeolite Brønsted sites are comple
consumed in the CVD step but reappear partly after ca
nation. Together with a recourse on enzymatic models,
has inspired the view that the active sites responsible fo
high SCR activities are binuclear intrazeolite Fe oxo co
plexes, which has been supported by several EXAFS in
tigations[14–17]. Other groups concluded from their cha
acterization studies that their Fe-ZSM-5 samples, which ex
hibited comparable SCR activities, contain a multitude of
species, among them isolated sites, clusters of a wide r
of nuclearities and large oxide aggregates[10,11]. There-
fore, alternative suggestions about the active site structu
Fe-ZSM-5 SCR catalysts have been also made. They inc
Fe4O4 clusters[18], isolated mononuclear sites[19], or all
oligomeric clusters with low nuclearities including mononu
clear sites[10,20]. Large oxide particles are believed to
rather inactive[10,21].

The heterogeneity of the Fe site structure in Fe-ZSM
prepared via the CVD method has been suggested on
basis of a multitechnique study comprising XRD, EXAF
Mössbauer spectroscopy, TPR, FTIR, and XPS[10]. In this
study, the preparation was applied to parent zeolites of
ferent Si/Al ratio, and different washing and calcination pr
tocols were used to create catalysts with a different de
of site isolation. A sample made by solid-state ion excha
(SSIE), which contained large Fe2O3 aggregates outside th
pores along with other Fe species, was also included as we
as a material prepared by a novel mechanochemical ro
which, based on EXAFS results, was believed to contain
clusively Fe3+ single sites[20]. It turned out, however, tha
a reliable identification of the different Fe species coexistin
in these materials and, in particular, their relative quantit
is not straightforward becausethe sensitivity of the tech
niques for the various types of Fe species differs. Thu
was found that EXAFS is most sensitive for highly dispe
Fe sites while the scattering contribution from higher she
which is expected to indicate the presence of FexOy clus-
ters, was near the detection limit or hardly significant for
samples except the one prepared by SSIE, in which c
talline, probably extrazeoliteα-Fe2O3 was also detected b
XRD. In contrast, Mössbauerand TPR measurements i
dicated a much larger degree of clustering than was fo
by EXAFS. A major goal of the present study is to clar
these contradictions and to give more insight into the st
tures of Fe oxo sites formed by the preparations typic
employed in the literature, in particular the CVD techniq
This was achieved by the use of additional techniques w
are able to distinguish between isolated Fe species of d
ent structures on the one hand and between FexOy clusters
of different nuclearity on the other hand. EPR first of all a
also UV/VIS spectroscopy are suitable techniques for
purpose.

EPR spectroscopy is a powerful tool for identifying is
lated Fe3+ species of different coordination geometries
the position of their signals[2,8,21–25]as well as FexOy

cluster species of different degrees of aggregation by an
e

f

,

sis of the mutual magnetic interactions of the Fe sites[26].
UV/VIS spectroscopy, on the other hand, is especially se
tive to charge-transfer (CT) bands of Fe3+, the wavelength o
which depends on the coordination number and the degr
aggregation[27]. We have therefore reexamined the samp
studied in[10] and[20] by these methods with the aim
better differentiate the Fe sites present and to detect cha
in their structure caused by different preparation conditi
(mode of Fe introduction, Si/Al ratio of the parent H-ZSM-
5, calcination, and washing protocols) and by use in the S
of NOx than it was possible with the methods used in
previous study. It will be confirmed that Fe-ZSM-5 ca
lysts with high Fe content—even if prepared by the CV
technique—contain iron in a wide variety of species. Wh
this is an unfavorable situation for identifying active si
for any reaction, it will be shown that the qualitative tren
in the structural and catalytic data obtained support the v
that mononuclear Fe ions are involved in the SCR of NO
isobutane and by ammonia. A study with catalysts prepa
by a technique that allows highly disperse Fe sites wit
better control of site distribution to be produced will be p
sented in the near future.

2. Experimental

The preparation of the samples has been describe
detail in [10,20]. Therefore, only a brief summary will b
given here, and the sample code used to label the sam
with reference to the preparation details will be explain
Two ZSM-5 materials with different Si/Al ratios (≈ 14 and
≈ 40, the latter with high density of structure defects, e
silanol nests, labeled A and B, respectively) have been
ployed. The first one (A) was used with all preparatio
the other one only for comparative purposes. Fe ions h
been introduced into the parent H-ZSM-5 matrices by th
different methods: (i) Chemical vapor deposition using
hydrous FeCl3 followed by washing with 1 or 10 L wate
per 5 g catalyst (W1 and W10, respectively) and calcina
tion in air at 873 K with heating rates of 0.5 or 5 K/min
(C0.5 and C5, respectively), (ii) solid-state ion exchan
with FeCl3 × 6H2O—different from the procedure outline
in [10] with subsequent washing, which leads to a signific
decrease of the iron content in the case of the SSIE prep
tion, and (iii) treatment by a mechanochemical route (M
that implies intense grinding of the parent H-ZSM-5 w
FeCl3 × 6H2O, followed by 2–3 short-time washing ste
(0.5 L water per 2 g catalyst). This material was studied
the present work starting from the uncalcined state, while
usual calcination conditions were 873 K, air, 1 h as with
other materials[20].

The label is composed of the symbols for the ZSM
type, Fe introduction route, washing intensity, and hea
rate during calcination. Thus, A(CVD, W1, C0.5) mean
material in which Fe was introduced via CVD into ZSM
5 of type A, washed with 1 L water per 5 g catalyst, a
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calcined with a heating rate of 0.5 K/min. Missing sym-
bols mean that the corresponding step has been omitted
A(CVD, W1) is A(CVD, W1, Cx) before calcination with
a ramp ofx K/min). The Fe content of the samples det
mined from the X-ray absorption step height in the XA
spectra ([10,20], validated by ICP analyses of selected sa
ples), amounted to 0.5 wt% for A(MR), 5.4 wt% for A(CVD
W1), 5.0 wt% for A(CVD, W10), 5.2 wt% for A(SSIE
W1), and 2.6 wt% for B(CVD, W1). It has been recen
reported that the introduction of iron via FeCl3 may plug
pores in the parent ZSM-5[28]. Indeed, in our samples th
pore volume of the parent H-ZSM-5 zeolite decreased f
0.15 to 0.105 cm3/g for A(CVD, W1, C5), A(CVD, W10,
C5), and, surprisingly, A(MR, C5), while the pore volum
of B(CVD,W1, C5) was 0.084 cm3/g, and that of A(SSIE
W1, C5) 0.064 cm3/g.

UV/VIS-DRS measurements were performed with
Cary 400 spectrometer (Varian) equipped with a diff
reflectance accessory (prayingmantis, Harrick). To re
duce light absorption, samples were diluted byα-Al2O3

(calcined for 4 h at 1473 K) in a ratio of 1:10. Spe
tra were measured in reflectance mode and converted
the Kubelka–Munk functionF(R) which is proportiona
to the absorption coefficient for sufficiently lowF(R) val-
ues. For a proper comparison of small variations of
shape of different experimental spectra, theF(R) values
of the latter were normalized, i.e., multiplied by a cert
constant factor so as to obtainF(R) = 1 for the max-
imum of the spectrum. For in situ experiments, a he
able reaction chamber (Harrick) equipped with a temp
ature programmer (Eurotherm) and a gas-dosing sy
containing mass-flow controllers (Bronkhorst) was us
Deconvolution of the UV/VIS spectra into subbands w
performed by the computer program GRAMS/32 (Gal
tic).
.,
EPR spectra in the X-band (ν ≈ 9.5 GHz) were recorde

with the cw spectrometer ELEXSYS 500-10/12 (Bruk
using a microwave power of 6.3 mW, a modulation f
quency of 100 kHz, and a modulation amplitude of 0.5 m
The magnetic field was measured with respect 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 was u
while in situ EPR measurements during calcination in
range 293< T /K < 773 were performed in a homema
EPR flow reactor[29].

The selective reduction of NO with isobutane or a
monia was studied in a catalytic microflow reactor with
a product analysis scheme that combined calibrated m
spectrometry, gas chromatography, and nondispersiv
photometry (NH3). Feed gases containing 1000 ppm N
1000 ppm reductant (isobutane or ammonia), 2% O2 in He
were charged onto the catalyst at 30,000 h−1 for isobutane-
SCR and 750,000 h−1 for NH3-SCR. Generally, the catalyt
runs were started with a thermal activation and stabiliza
treatment of the catalysts in flowing He at 550◦C (isobutane)
or at 600◦C (NH3). The activities were measured from t
higher to the lower reaction temperatures. Under our exp
mental conditions, the only reaction product of NO obser
in the limits of experimental accuracy was nitrogen; i.e.,
NO conversions given are equal to N2 yields.

3. Results and discussion

3.1. Catalytic activity

In Fig. 1, NO conversions achieved with the various F
ZSM-5 preparations and of the parent H-ZSM-5(A) are co
pm
Fig. 1. NO conversions in the selective catalytic reduction of NO with isobutane (a) or NH3 (b) over different Fe-ZSM-5 catalysts. Feed composition: 1000 p
NO, 1000 ppm isobutane (or NH3), 2% O2 in He, at 30,000 h−1 (a) or 750,000 h−1 (b). ", A(SSIE, W1, C5);E, A(CVD, W10, C0.5); , A(CVD, W1,
C5);� A(MR, C5); , B(CVD, W1, C5);+×, H-ZSM-5(A).
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pared. Some of the data from isobutane-SCR have bee
ready shown in[10]. A(MR, C5) is a new preparation th
activity of which even exceeds that of the material descri
in [20]. As known from the literature, the activity of the ca
alysts with the ammonia reductant was found to be m
larger than with isobutane[4,12,13].

Three different types of behavior can be identified
each reductant, but the details differ considerably. C
lysts prepared via gas-phase transport of FeCl3 into H-ZSM-
5(A) (A(SSIE, W1, C5), A(CVD, W1, C5), and A(CVD
W10, C0.5)) exhibit rather similar catalytic properties.
isobutane-SCR (Fig. 1a), the members of this referen
group are hard to distinguish while in NH3-SCR (Fig. 1b),
the highest activity is obtained with A(SSIE, W1, C5).
should be noted that pore plugging, which is obvious w
all catalysts from the pore volume data (see Experimenta
most severe with A(SSIE, W1, C5); hence, significant p
of the iron present may be included and not able to pa
ipate in catalysis. At high temperatures, the catalysts of th
reference group exhibit remarkable differences in NH3-SCR.

The remaining catalysts show a contrary behavior rela
to this group. The material obtained by CVD of FeCl3 into
the defective ZSM-5 matrix B has lower activities with bo
reductants, but while its activity is very poor with isobuta
it is still comparable with the other catalysts with ammo
where it achieves approximately half the conversions w
half the Fe content. On the other hand, very high NO c
versions are achieved with A(MR, C5), although at hig
temperatures—at low temperatures, this catalyst falls s
of the reference group as well. With ammonia, A(MR, C
never achieves higher NO conversions than the remai
catalysts in accordance with the rule that a lower Fe con
causes lower conversions. It should be noted, however,
the Fe content of A(MR, C5) is only 20% of that in B(CVD
-

t

Table 1
Normalized reaction rates,rNO/Fe, for the SCR of NO with isobutane o
NH3 over Fe-ZSM-5 of different preparations

Preparation Isobutane-SCRa

104rNO/Fe, s−1 at 598 K
NH3-SCRa

104rNO/Fe, s−1 at 573 K

A(CVD, W1, C5) 4.1 42.2
A(CVD, W10, C0.5) 4.5 41.4
A(SSIE, W1, C5) 3.7 42.6
B(CVD, W1, C5) 2.2 36.7
A(MR, C5) 25.6b 79.1

a For conditions see legend toFig. 1.
b From interpolated NO conversion.

W1, C5) and 10% of that in the reference-group cataly
Therefore, a comparison on the basis of normalized reac
ratesrNO/Fe (reaction rate related to the total Fe conte
is interesting.Table 1 reports such data for temperatur
around 600 K (i.e., the temperature of peak NO conver
over the reference-group catalysts in isobutane-SCR).
though these data must be treated with some caution bec
they have been derived from measurements under inte
conditions, they show that the intrinsic activity of the Fe si
is the highest also under these conditions. This is, in
ticular, true for isobutane-SCR while the advantage is
pronounced for NH3-SCR.

3.2. Structural characterization

3.2.1. Assignment of EPR signals
EPR spectra of representative samples (A(SSIE, W

A(CVD, W1, C0.5), and A(MR)), which were recorded
different temperatures, are displayed inFig. 2. The spectra
of all samples show three signals at effectiveg values of
g′ ≈ 6, g′ ≈ 4.3 andg′ ≈ 2. Such signals were frequent
detected in Fe-ZSM-5[22,23,30,31]but also with Fe3+ ions
Fig. 2. EPR spectra of hydrated samples (a) A(SSIE, W1), (b) A(CVD, W1, C0.5), (c) A(MR)—uncalcined and (d) parent H-ZSM-5(A) during heating in air
flow. Spectra of A(MR) and parent H-ZSM-5(A) are multiplied by a factor of 2.
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in other oxide matrices. However, their assignment is by
means straightforward. The number and position of E
transitions for Fe3+ ions observable in a powder spectru
depends sensitively on the local crystal field symmetry
these sites (reflected by the magnitude of the zero field s
ting parameters D and E) and possible magnetic interaction
between them. Signals atg′ ≈ 4.3 andg′ � 6 arise from the
|−1/2>↔> 1/2| transition of isolated Fe3+ sites in strong
rhombic (D � hν, E/D = 1/3, g′ ≈ 4.3) or axial distor-
tion (D � hν, E = 0,g′ ≈ 6) when the zero field splitting i
large in comparison to the microwave energyhν [23,24,32].
This implies that an Fe3+ species giving rise to a line a
g′ ≈ 4.3 is more strongly distorted than an Fe3+ site rep-
resented by a signal atg′ ≈ 6 due to the difference in th
magnitude ofE.

In zeolites, the line atg′ ≈ 4.3 is frequently assigned t
Fe3+ sites incorporated in tetrahedral framework positi
while a line atg′ ≈ 6 is assigned to isolated Fe3+ species in
higher coordination numbers[23,30,31]. However, it must
be stressed, that just from the signal position alone it is
possible to conclude whether the respective Fe ions are
tathedrally or tetrahedrally coordinated since the signal
sition is governed by the magnitude ofD andE, i.e., the
extent of distortion of the Fe coordination. This distorti
can arise from both tetrahedraland octahedral coordinatio
To draw conclusions on the number of ligands associ
with the g′ ≈ 4.3 and 6 signals, additional aspects must
considered which are discussed in the following section

Given the preparation techniques, Fe-ZSM-5 sam
studied in this work are not expected to contain Fe3+ in
framework positions. However, XAFS measurements
formed with hydrated Fe-ZSM-5 A(CVD, W1, C0.5) an
A(MR, C5) samples in ambient atmosphere suggested
the latter do contain a certain amount of isolated, tetra
drally coordinated Fe3+ ions [10,20]. Moreover, as will be
shown below, an increase of theg′ ≈ 4.3 signal at the ex
pense ofg′ ≈ 6 andg′ ≈ 2 lines can be induced by dehydr
tion, implying that the loss of water ligands leads to a low
coordination number. Therefore, we assign the EPR si
atg′ ≈ 4.3 to tetrahedrally coordinated Fe3+ species and th
line at g′ ≈ 6 to isolated (presumably higher coordinate
Fe3+ species in less distorted extraframework positions.

Signals atg′ ≈ 2 can arise either from isolated Fe3+ in
high symmetry (D, E ≈ 0) or from FexOy clusters in which
magnetic interactions between the Fe3+ ions average ou
the zero field splitting. For isolated, highly symmetric Fe3+
species, the signal intensity should follow the Curie–We
law, i.e.,I ∼ 1/T . It appears that both types of signal can
observed in the spectra: A narrow signal found atg′ ≈ 2 in
A(MR) below 250 K (Fig. 2c) disappears upon heating wh
the broad superimposed signal, which is also present in
spectra of the other samples, narrows and increases
rising temperature. This points to antiferromagnetic inte
tions that collapse upon heating and suggests that the b
line atg′ ≈ 2 arises rather from neighboring than from is
lated Fe3+ sites. Most probably such species are constitu
-

t

l

d

of small oligonuclear FexOy clusters. It is rather unlikely
that a dimer Fe–O–Fe species can give rise to ag′ ≈ 2 signal
with the observed temperature dependence. The exis
of those moieties is discussed by several authors[14–17]
in comparison to a similar species in the enzyme meth
monooxygenase (MMO). However, it has to be noted, tha
oxidized MMO those Fe3+–O–Fe3+ dimers are EPR silen
due to spin pairing (S = 0). In the partially reduced MMO
a signal withg′ values of 1.94, 1.86, and 1.75 was obser
at 8 K for an oxo-bridged binuclear iron cluster and in
completely reduced MMO a single line atg′ ≈ 16 has been
recorded at 8 K which was assigned to a dimer compose
two ferromagnetically coupled high-spin Fe2+ centers[33].
None of those signals is observed in the Fe-ZSM-5 s
ples studied in this work. Therefore, we think that the pr
ence of an oxo-bridged Fe dimer similar to that in MMO
highly questionable in our Fe-ZSM-5, although it cannot
rigorously excluded. Theoretically, a Fe3+–O–Fe3+ dimer
species could contribute to theg′ ≈ 2 signal when its Nee
temperature is exceeded.

3.2.2. Assignment of UV/VIS signals
The UV/VIS spectra of Fe-ZSM-5 zeolites presented

this work have been deconvoluted into subbands to facil
assignment to different Fe species. In principle, two liga
to-metal charge-transfer (CT) transitions,t1 → t2 andt1 →
e, are to be expected for a Fe3+ ion [34]. For isolated Fe3+
sites they give rise to bands below 300 nm, whereby t
particular position depends on the number of ligands. T
CT bands of isomorphously incorporated tetrahedrally c
dinated Fe3+ ions have been observed at 215 and 241 nm
Fe–silicalite[27] while a band at 278 nm is detected for is
lated octahedral Fe3+ sites in Al2O3 [35]. Although a clear
discrimination of CT bands of isolated Fe3+ sites in tetra-
hedral and higher coordination is not straightforward
to their similar wavelength range, these values suggest
CT bands of Fe3+ are red-shifted with increasing number
coordinating oxygen ligands. The same trend has been
served accordingly also for V5+ species[36].

In the UV/VIS spectrum of sample A(MR) two inten
bands appear at 228 and 290 nm (Fig. 3b). Previous EXAFS
measurements revealed that this sample is dominated by iso
lated Fe3+ sites with a mean coordination number betwe
4 and 6, suggesting that these Fe species are in both te
dral and higher coordination[20]. In agreement with thes
results we assign the two strong bands inFig. 3b to isolated
Fe3+ sites in tetrahedral (228 nm) and higher coordina
(290 nm). For spectra deconvolution, only one CT band
been used for each of the two isolated Fe3+ species, since
separate bands for the two possible CT transitions of e
type of Fe3+ species (t1 → t2 andt1 → e) are not resolved
in the experimental spectrum.

According to the literature, CT bands between 300
400 nm are assigned to octahedral Fe3+ in small oligomeric
FexOy clusters[27] while bands above 450 nm arise fro
larger Fe2O3 particles as can be seen, too, from the sp
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ted
Fig. 3. UV/VIS diffuse reflectance spectra ofhydrated as-prepared samples, compared withα-Fe2O3; experimental spectra, thick solid lines; deconvolu
subbands, thin lines; assignments: - - - isolated Fe3+, — small oligomeric FexOy moieties,· · · extended Fe2O3-like clusters, (a) A(CVD, W1), (b) A(MR),
(c) A(SSIE, W1), (d)α-Fe2O3.
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trum of the reference sampleα-Fe2O3 (Fig. 3d). In general,
a t1 → t2 and at1 → e transition should be expected, too, f
Fe3+ in cluster-like FexOy species. However, light absor
tion in the spectra ofFigs. 3a and c above 300 nm occu
in a very broad range, suggesting the superposition of th
bands for a variety of slightly different small oligonucle
FexOy clusters and larger Fe2O3 species. Thus, for spect
deconvolution the lowest possible number of subbands in
range above 300 nm has been used that was needed to
a satisfactory fit of the experimental spectrum. This pro
dure is regarded to be acceptable, although a deconvol
of a broad and poorly structured experimental spectrum
subbands by mathematical means is always arbitrary to a
tain extent. The subbands above 300 nm must be under
in terms of reflecting a certain distribution of slightly d
ferent cluster geometries rather than representing a ce
number of different individual cluster species. The perce
age of the subbands with respect to the total area of
experimental spectrum has been multiplied with the ove
Fe content (accurately determined by both EXAFS and I
OES) to obtain a rough estimate of the percentage of
different Fe species in the samples (Table 2). Being aware
that the obtained values inTable 2are inaccurate to a certa
degree due to the deconvolution procedure, they are ne
theless regarded to be helpful for a comparison of diffe
samples.

3.3. Influence of the mode of Fe incorporation

With the exception of the narrow signal atg′ ≈ 2,
the shape and behavior of the EPR signals in the l
temperature range (90–270 K) are rather similar for
in

-
d

-

Table 2
Percentage of the area of the subbands (I1 at λ < 300 nm,I2 at 300< λ <

400 nm, andI3 at λ > 400 nm) derived by deconvolution of the UV/VIS
DRS spectra (seeFigs. 3, 4, 6, and 7) and corresponding Fe percenta
derived from total Fe content determined by XAFS[10,20]

Catalyst I1
a

(%)
Fe1
(wt%)

I2
b

(%)
Fe2
(wt%)

I3
c

(%)
Fe3
(wt%)

A(MR) 91 0.45 9 0.05 – –
A(MR, C5)d 83 0.41 17 0.09 – –
A(CVD,W1) 47 2.53 45 2.43 8 0.43
A(CVD,W1,C0.5) 27 1.46 36 1.94 37 2.00
A(CVD,W1,C0.5) used 25 1.35 31 1.67 44 2.37
A(CVD,W1,C5) 27 1.46 35 1.89 38 2.05
A(CVD,W1,C5) used 22 1.19 30 1.62 48 2.59
A(CVD,W10) 46 2.30 47 2.35 7 0.35
A(CVD,W10, C0.5)e used 27 1.35 36 1.80 36 1.80
A(SSIE, W1) 32 1.66 37 1.90 31 1.62
A(SSIE, W1, C5) 30 1.56 32 1.66 38 1.98
B(CVD,W1) 28 0.73 45 1.17 27 0.70
B(CVD,W1,C5) 26 0.68 38 1.0 35 0.91

a Isolated Fe3+ in tetrahedral and higher coordination.
b Small oligomeric FexOy clusters.
c Large Fe2O3 particles.
d Calcined at 823 K, spectrum not shown.
e Spectrum inFig. 6b.

three samples, but the absolute intensities decrease i
order A(SSIE, W1)> A(CVD, W1, C0.5)> A(MR). The
signals atg′ ≈ 6 andg′ ≈ 4.3, and also the narrow one
g′ ≈ 2 in A(MR), decrease with rising temperature as
pected for paramagnetic behavior, whereby the intensity
of the g′ ≈ 4.3 signal is stronger, suggesting shorter rel
ation times in comparison to the Fe3+ species reflected b
g′ ≈ 6. At T � 373 K those signals become narrower a
better resolved. This is attributed to the loss of water m
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cules from the pores which are assumed to be located i
coordination sphere of the Fe3+ ions and give rise to a ce
tain distribution of the zero field splitting parameters wh
enhances the linewidth.

The broad signal atg′ ≈ 2 does not show Curie-like be
havior. In the high-temperature range it increases and
rows suddenly. This suggests that the samples contain
ferromagnetically coupled FexOy species with a Neel tem
perature ofTN > 573 K for sample A(SSIE, W1) andTN >

373 K for samples A(CVD, W1, C0.5) and A(MR). Abov
TN those species become paramagnetic and contribu
the EPR signal. A strong line narrowing seen in parti
lar in A(SSIE, W1) is due to spin–spin exchange inter
tion which is most effective for well-ordered, large cluste
Those species were earlier detected in sample A(SSIE)
without washing) by XRD, TPR, and XAFS[10]. It is not
unexpected that they remain also in the washed mate
Intensity increase and exchange narrowing are much
pronounced in sample A(CVD,W1, C0.5); hence, the c
ters have a smaller size and a lower degree of order. In
latter sample, the signal atg′ ≈ 2 is anisotropic. This sug
gests that the signal is not due to a particular species
defined geometry but to a superposition of FexOy species
with a certain size distribution. The results described c
firm assumptions suggested in[10] to explain the striking
contradictions between EXAFS and Mössbauer result
Fe-ZSM-5 prepared via the CVD route: disordered clus
cannot be detected by methods that rely on wave inte
ence as XRD and EXAFS, but are seen by methods b
on magnetic interactions. The reason for the lack of o
in these clusters (as opposed tothe extrazeolite aggregat
in A(SSIE, W1) is most likely an intrazeolite location; i.e
the zeolite structure may have been partly destroyed
included during particle growth. This has been sugge
in [10] on the basis of XPS data and has been visual
in [17] by scanning transmission electron micrographs.

Note that the temperature dependence of the broadg′ ≈ 2
signal in sample A(MR) indicates clearly the presence
FexOy clusters (Fig. 2c), although the lower intensity an
the larger linewidth suggest that they are much less a
dant and smaller than in samples A(SSIE, W1) and A(CV
W1, C0.5). As noted above, these species were not det
by XAFS [20], illustrating the power of EPR spectrosco
for such investigations. Even the parent H-ZSM-5 wh
contains only 0.05% Fe shows a smallg′ ≈ 2 line with non-
Curie behavior, indicating that it is not free of small FexOy

clusters. Moreover, signals atg′ ≈ 4.3 and 6 were not de
tected in the parent H-ZSM-5. This shows clearly that th
respective Fe3+ species are introduced by the various
loading procedures.

Experimental UV/VIS spectra of the samples in the
prepared state (i.e., CVD and MR before calcination, w
SSIE is calcined during the preparation) are presented
gether with deconvoluted subbands inFig. 3. The relative
percentage of the area of these subbands with respect
total spectral intensity is summarized inTable 2. FromFig. 3
-

,

.

d

e

andTable 2it is evident that sample A(MR) is dominated
isolated Fe3+ sites with a certain amount of small oligome
FexOy moieties (band at 353 nm) also present. Those c
ters are dominating species in samples A(CVD, W1)
A(SSIE, W1) while the latter contains also a considera
amount of large Fe2O3 particles.

By taking into account both the EPR and UV/VIS resu
it can be concluded that each of the three Fe-ZSM-5 sam
contains at least two different Fe3+ single sites, probabl
in tetrahedral and higher coordination as reflected by E
signals atg′ ≈ 4.3 andg′ ≈ 6 and by UV/VIS CT bands
below 300 nm. A third kind of isolated Fe3+ ions in less
distorted environment is present in A(MR), but it cannot
excluded that it is present in the other samples as well, b
masked by the EPR cluster signal atg′ ≈ 2. Besides the dif
ferent isolated Fe3+ sites, FexOy aggregates are formed, th
amount and size of which increases considerably in the o
A(MR) 	 A(CVD, W1) < A(SSIE, W1). The data revea
that the mechanochemical route is most effective in in
ducing preferably isolated Fe3+ sites into pore positions o
H-ZSM-5.

It should be noted that none of the characterization te
niques applied previously[10,20]was able to distinguish co
existing different isolated Fe3+ species. Furthermore, XAF
data of sample MR do not reflect any FexOy clusters, al-
though they are clearly detected by EPR and UV/VIS-D
This illustrates the benefit of the two techniques for the c
acterization of complex solid materials like Fe-ZSM-5.

3.4. Influence of heat treatment

The as-prepared states discussed above are not
comparable becauseA(SSIE, W1) had been subjected to
higher temperature than A(CVD, W1) during preparati
Heat treatment; e.g., the calcination in air at 873 K, usu
performed before catalytic experiments[10,20] causes in-
deed significant structural changes as demonstrated inFig. 4.
In this figure, EPR and UV/VIS spectra of sample A(CV
W1) are shown before calcination as well as after calc
tion in air at 873 K using heating rates of 5 and 0.5 K/min.
It is clearly seen from the EPR spectra (Fig. 4a) that signals
of isolated Fe3+ sites atg′ ≈ 6 andg′ ≈ 4.3 lose intensity
upon calcination while the signal atg′ ≈ 2 increases. Thi
suggests that initially isolated Fe sites aggregate to f
FexOy clusters. This effect seems to be slightly favored
higher heating rates. In the corresponding UV/VIS spe
(Fig. 4b), light absorption above 400 nm being characte
tic of extended Fe2O3-like clusters is somewhat higher aft
calcination with 5 K/min than with 0.5 K/min (Fig. 4, Ta-
ble 2). Clustering of isolated Fe species upon calcinatio
air has been observed for all FeZSM-5 samples includ
A(SSIE, W1) (Table 2). It appears that FexOy cluster for-
mation is favored by moisture remaining in the zeolites a
washing.

EPR, on the other hand, reveals additional feature
the calcination process as shown inFig. 5. In Figs. 5a and



M.S. Kumar et al. / Journal of Catalysis 227 (2004) 384–397 391

a recorded
Fig. 4. Structural changes of the iron phase in sample A(CVD, W1) during calcination as seen by EPR (a) and UV/VIS spectroscopy (b); spectr
from hydrated samples at room temperature; before calcination (thick solid line), after calcination at 873 K with a heating rate of 0.5 K/min (dashed line), and
after calcination at 873 K with a heating rate of 5 K/min (thin solid line).
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Fig. 5. Structural changes of the isolated Fe species in sample A(CVD,
during calcination; EPR spectra recorded at room temperature; initia
drated state (thick solid line), after2 h evacuation at 293 K (thin solid line
after 2 h calcination in air at 773 K (dotted line), and after reexposing t
the ambient atmosphere (dashed line); initial states: (a) as-prepared s
A(CVD, W1); (b and c) calcined sample A(CVD, W1, C0.5) after long-term
storage at the ambient atmosphere.

b, the effect of a room-temperature evacuation and su
quent contact with the ambient atmosphere is compare
the uncalcined and the calcined samples A(CVD, W1)
A(CVD, W1, C0.5), where the latter had been rehydra
in ambient atmosphere between calcination and EPR ex
ment for an extended period of time.Fig. 5c shows the effec
of a thermal treatment in air at 773 K (instead of roo
temperature evacuation) on the calcined and rehydrated
ple A(CVD, W1, C0.5). It can be seen that evacuation of
uncalcined A(CVD, W1) material leads to a complete d
appearance of the signal atg′ ≈ 6 while the one atg′ ≈ 4.3
increases strongly and becomes narrower (Fig. 5a). This shift
is largely reversed by contact with ambient atmosphere.
the calcined but rehydrated sample A(CVD, W1, C0.5)
e

-

-

-

g′ ≈ 6 signal remains upon room-temperature evacuation
has lost much intensity to that atg′ ≈ 4.3 (Fig. 5b). When,
instead of 2 h evacuation at room temperature, the latter sam
ple is again thermally treated in air at 773 K, very differe
changes are induced (Fig. 5c): Now there is just a narrowin
of the signals atg′ ≈ 6 andg′ ≈ 4.3 and the effect is com
pletely reversible upon exposure to the ambient atmosph

An explanation of this behavior may set out from t
assumption that [FeCl2]+ cations deposited on cation sit
during the CVD step[6,15] [Eq. (1)] are hydrolyzed during
the washing step. In this process, part of the iron species
acquire a distorted coordination sphere with a coordina
number of 6 or 5 made up of water, charge-balancing
groups, and, possibly, oxygen of the zeolite wall, which
reflected in the signal atg′ ≈ 6 [e.g., Eq.(2)]

H+ + FeCl3 → [FeCl2]+ + HCl, (1)

[FeCl2]+ +nH2O +mOz → [
Fe(H2O)n(Oz)m(OH)2

]+
+ 2HCl

(m + n = 3 or 4).

(2)

Upon room-temperature evacuation, the water ligands
be reversibly removed, and the respective Fe species
tribute to the signal atg′ ≈ 4.3 which might arise from tetra
hedral Fe species as frequently discussed in the litera
(Fig. 5a). After calcination, however, if contact with the h
mid air is avoided, the coordination of most Fe ions is mu
different (Fig. 5c, dotted line). The difference is obvious
caused by the more severe effect of the thermal treatme
opposed to room-temperature evacuation and consists
sumably in a condensation of OH groups, e.g., the cha
balancing OH groups on the Fe3+ ion. This process would
lead to a cation with an extraframework oxygen coordina
to 4 or 5 framework oxygens (Eq.(3), with a higher proba-
bility for p = 4 due to the sterical conditions in the zeolit
We believe that this species gives rise to the narrow sign
g′ ≈ 6 after calcination (Fig. 5c), which is a typical feature
of this type of mononuclear Fe sites in the dehydrated s
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There is, however, also a minority species in tetrahedra
ordination (g′ ≈ 4.3).
[
Fe(H2O)n(Oz)m(OH)2

]+ → [
(Oz)pFeO

]+
(p = 4 or 5 forg′ ≈ 6, andp = 3 for g′ ≈ 4.3). (3)

Upon contact with the humid ambient atmosphere,
outer coordination sphere of the Fe species is influence
adsorbed water, which results in slightly different distortio
at different lattice positions and causes the broadenin
the signals, in particular that atg′ ≈ 6, which can be see
in Fig. 5c. The reversal of the structural change upon de
dration (probably rehydration of the Fe=O units), however
appears to proceed much more slowly: This is suggeste
a comparison of the spectra after 2 h evacuation inFigs. 5a
and b. In contrast to the initial sample inFig. 5a, the one in
Fig. 5b had been calcined but stored in ambient atmosp
for an extended period of time. The narrowg′ ≈ 6 signal
typical of the dehydrated structures is still left to an appre
ble extent in the latter sample after 2 h evacuation (Fig. 5b);
i.e., prolonged storage in the ambient atmosphere led to
incomplete rehydration of the dehydrated Fe site. Unfo
nately, it is difficult to predict on the basis of this informati
which structure of the Fe cation will be present under re
tion conditions: while the higher temperatures should fa
dehydration, there is water present in the atmosphere in
nificant amounts strongly depending on the water conte
the feed. This question will be subject to further in situ E
studies.

3.5. Influence of washing intensity

It has been reported in the literature that thorough wa
ing is crucial for the formation of highly dispersed Fe str
tures[10,15,37]. In our study, the influence of the washi
step was checked by performing the washing procedur
A(CVD) with a total amount of 1 L or 10 L water per 5 g ca
alyst (A(CVD, W1) and A(CVD, W10), respectively.) Th
UV/VIS spectra of these samples are compared in Fig
After washing with 10 L water, the light absorption abo
400 nm is weaker in comparison to after the short wa
ing procedure, which indicates that intense washing dim
ishes the amount of big FexOy clusters slightly (Table 1).
This has been concluded earlier from TPR and Mössb
measurements, although these had been performed wit
respective A(CVD, W1) and A(CVD, W10) samples af
calcination and use in the SCR reaction[10]. For compari-
son, the UV/VIS spectra of these (used) samples are g
in Fig. 6b. As shown above, thermal stress (calcination
use in the SCR reaction, which is initiated by a thermal
tivation/stabilization process) favors aggregation of isola
Fe sites markedly. Even after use in catalysis, however
better dispersion of the iron species in the intensely was
material can be traced by a decreased absorption a
400 nm (solid line). This is also confirmed by temperatu
dependent EPR measurements (Figs. 6c and d). In the spec
tra of A(CVD, W1, C0.5) after catalysis, an intense n
-

e

e

row signal appears atg′ ≈ 2 above 373 K, indicating th
presence of extended FexOy clusters with marked antiferro
magnetic coupling (Fig. 6c). In contrast, the increase of th
line in A(CVD, W10, C0.5) after catalysis is much less p
nounced, which suggests a weaker antiferromagnetic
pling due to a smaller cluster size (Fig. 6d).

3.6. Influence of the SCR reaction

In Fig. 7, EPR and UV/VIS spectra of catalyst A(CVD
W1, C0.5) before and after use in the SCR of NO with iso
tane (duration 1 working day) are compared in order to trac
structural changes that mightoccur in a precalcined cataly
under reaction conditions. In the EPR spectrum (Fig. 7a),
the signal atg′ ≈ 6 has almost disappeared while the s
nal atg′ ≈ 4.3 is virtually not effected. At the same tim
the cluster signal atg′ ≈ 2, has grown enormously. In th
corresponding UV/VIS spectrum (Fig. 7b), light absorption
above 400 nm reflecting extended Fe2O3-like clusters is only
slightly more pronounced after catalysis: The contributio
the subbands above 400 nm to the total intensity incre
from 37 to 44% after the catalytic run (Table 2). This is al-
most exclusively at the expense of subbands between
and 400 nm while the contribution of the isolated sites
mains constant. Hence, during catalysis, large oxide p
cles are formed rather from small oligomeric moieties t
from isolated Fe sites.

This conclusion is also supported by the apparent con
diction between the extent of particle growth indicated
the EPR and the UV/VIS spectra (Figs. 7a and b). While
the increase of the EPR cluster signal atg′ ≈ 2 by exposure
to the catalytic conditions is huge, the relative intensity
the corresponding UV/VIS subbands above 300 nm cha
only slightly after reaction. Obviously, the strong increa
of the EPR signal atg′ ≈ 2 after reaction is mainly due t
intensified spin–spin exchange interactions between ne
boring Fe sites which is probably caused by lattice orde
in larger FexOy clusters.

The strong attenuation of theg′ ≈ 6 line suggests tha
Fe species reflected by this signal, are modified in the
alytic reaction while those related to theg′ ≈ 4.3 line remain
unchanged. The UV/VIS data (Table 2), on the other hand
imply that this modification is not caused by cluster form
tion or reduction but just by a change in the Fe coordina
geometry. In our recent in situ EPR studies of the direct N2O
decomposition and the SCR of N2O by CO over differen
Fe-MFI catalysts we have observed that theg′ ≈ 6 EPR sig-
nal changes upon contact with feed components while
line at g′ ≈ 4.3 remains virtually unchanged[38]. Similar
effects were found during in situ EPR investigations of sa
ples A(MR) and A(CVD, W1, C0.5) during the SCR of N
by i-butane[39]. Other authors also observed that theg′ ≈ 6
signal in Fe-ZSM5 vanishes after use of the material as a
alyst for different reactions, which was attributed to the h
activity of these particular Fe3+ sites[2,40,41]. Kubánek et
al. derived a linear correlation between theg′ ≈ 6 signal in-



M.S. Kumar et al. / Journal of Catalysis 227 (2004) 384–397 393

line
CR
ir at

d at
Fig. 6. Influence of the washing intensity on the Fe dispersion in Fe-ZSM-5.UV/VIS spectra of (a) as-prepared hydrated samples A(CVD, W1) (dashed)
and A(CVD, W10) (solid line) and (b) calcined hydrated samples A(CVD, W1, C0.5) (dashed line) and A(CVD, W10, C0.5) (solid line) after use in the S
reaction; EPR spectra of the used hydrated samples A(CVD, W1, C0.5) (c) andA(CVD, W10, C0.5) (d). Samples were recalcined after catalysis in a
823 K.

Fig. 7. Changes of the Fe species after use in the SCR with isobutane. EPR (a) and UV/VIS spectra (b) of hydrated sample A(CVD, W1, C0.5) measure
room temperature before (thick solid line) and after use in the SCR of NO (broken line). Samples were recalcined after catalysis in air at 823 K.
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tensity and the activity of Fe-ZSM-5 in the conversion
benzene to phenol by N2O while no change of intensity wa
observed for theg′ ≈ 4.3 signal[42]. It was concluded tha
Fe3+ species reflected by the latter signal are mainly loca
in extraframework Al–O clusters that had been formed b
steaming pretreatment and, therefore, do not participa
the catalytic reaction.

Fe-ZSM-5 catalysts used in the present work have
been pretreated by steaming.Moreover, no indication for
a partial lattice damage upon use in the SCR reaction
found that could give rise to dealumination and inclusion
Fe in an extraframework Al–O phase. However, it is poss
that the Fe species responsible for the unchangedg′ ≈ 4.3
signal may be unable to extend their coordination sph
by adsorbing reactant molecules. It seems not unlikely
those Fe3+ species could be located in theγ -sites of the
MFI structure. It was found that the latter represent site
strongest distortion[43]. This would agree pretty well with
the fact that a signal atg′ ≈ 4.3 arises, too, from Fe3+ sites
in the strongest possible distortion. Although Fe3+ species
in γ sites should be accessible by reactant molecules
the main channel[43], their confinement within the rathe
narrow pocket-likeg site could prevent the necessary co
dination of reactant molecules from the gas phase.

As suggested by EPR and UV/VIS results discus
above (Fig. 7, Table 2), large oxide particles seem to b
preferably formed from small oligomeric moieties duri
use in the SCR reaction while the amount of isolated
sites remains virtually unchanged. Interestingly, no deactiva
tion occurs on the time scale of the experiments perform
despite those significant structural changes. The fact
the amount of small oligonuclear clusters decreases in
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ated
nd A(CVD,
Fig. 8. Influence of the Si/Al ratio and the lattice perfection on the structure of Fe species in Fe-ZSM-5. EPR and UV/VIS spectra (measured from hydr
samples at room temperature) of materials prepared with zeolites ZSM-5(A) and ZSM-5(B), (a) as-prepared samples B(CVD, W1) (dashed line) a
W1) (solid line); (b) calcined samples B(CVD, W1, C5) (dashed line) and A(CVD, W1, C5) (solid line).
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vor of large oxide particles while isolated Fe sites per
during reaction may indicate that the latter are the ac
Fe sites of the SCR reaction. However, the changes bet
the amounts of oligomers and large aggregates (Table 2) are
too small to safely exclude a contribution of the cluste
phases. On the other hand, since EPR reflects a strong o
ing tendency in the clustered phase and it is unlikely tha
catalytic activity of clusters will be improved by increasi
structural perfection, the structural changes observed o
whole support the view that isolated Fe sites play a deci
role in the SCR reaction as proposed, for instance, in[10,19,
20].

3.7. Influence of the Al content and defect density of the
parent ZSM-5 matrix

Fe-ZSM-5 was also prepared via CVD of FeCl3 into
the ZSM-5 matrix B, which has a lower Si/Al ratio than
Matrix A (≈ 40 vs ≈ 14). This, in turn, leads to a lowe
number of H+ sites available for exchange by Fe ion
and a large amount of internal silanol groups, most lik
silanol nests[10]. As expected, the total Fe content in sa
ple B(CVD, W1) is lower than in sample A(CVD, W1), b
the Fe/Al ratio of 1.13 shows that sample B(CVD, W1)
even more overexchanged than the latter (Fe/Al ≈ 0.9). It is
therefore in agreement with expectations that the EPR si
nals for isolated Fe sites at low magnetic field are less int
for the uncalcined sample B(CVD, W1) than for A(CV
W1) while the cluster signal atg′ ≈ 2 is larger (Fig. 8a).
A slightly higher percentage of extended Fe2O3-like clus-
ters in sample B(CVD, W1) is also evident from UV/V
data (Fig. 8a,Table 2).
n

r-

Interestingly, this trend is not retained for the calcin
samples (Fig. 8b). Calcination with a heating rate of 5 K/min
leads to a slightly less pronounced formation of large Fe2O3-
like aggregates in sample B(CVD, W1, C5) compared
A(CVD, W1, C5) as evident from both EPR and UV/V
spectra. This may be explained by the presence of sil
nests in the sample, which may serve as additional nu
for aggregation as has been suggested earlier on the ba
FTIR, Mössbauer, and EXAFS data[10]. In well-structured
HZSM-5 matrices FexOy clusters being formed upon ca
cination have been shown to migrate toward the exte
crystal surface where they can grow further in size[17]. In
contrast, silanol nests present in highly defective matr
could keep the clusters inside the crystal, thus preven
their further growth. Remarkably, the EPR signal atg′ ≈ 6
is extremely weak or completely absent in sample B(CV
W1, C5); instead, the signal atg′ ≈ 4.3 is more pronounced

3.8. Active sites for SCR catalysis

The characterization studies confirm the structural c
plexity of the iron species obtained by CVD of FeCl3 into H-
ZSM-5 and related methods and support the skepticism
ward quantitative conclusions from EXAFS spectra of s
materials, as has been expressed earlier in[10,11]. This com-
plexity is a serious obstacle for the identification of the ac
sites for selective NO reduction. However, by compar
trends in the SCR activity data and the structural data
tained in this study, some suggestions can be derived
from the work with these highly nonideal materials.

An effort to find correlations between the concentrat
of Fe species as analyzed by UV/VIS (Table 2) and cat-
alytic properties may embark from the very similar behav
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of some catalysts with both the isobutane and the am
nia reductant (reference group A(SSIE, W1, C5), A(CV
W1, C5), and A(CVD, W10, C0.5)). The comparison of t
species distribution in these materials (Table 2) shows that
the amounts of all sites vary to a certain extent so th
correlation is not possible. This is not unexpected beca
the species distinguished by UV/VIS in fact represent s
eral entities, e.g., at least 3 isolated sites, one of wh
(g′ ≈ 4.3 in EPR) appears to be unable to extend its co
dination sphere by adsorbing molecules from the gas ph
oligomers of different nuclearity (starting with dimers), a
particles of different size. The comparison with the activ
data of A(MR, C5) shows, however, that the participat
of isolated sites in the catalytic reactions is highly like
This sample, which achieves the highest normalized reac
rates in both reactions (Table 1), and with isobutane eve
the highest NO conversions in a broad temperature ra
does not contain particles and only a very small amoun
oligomers while the quantity of isolated sites is somew
lower than in the reference-group catalysts. While parti
can be therefore safely rejected as active sites, the extre
low quantity of oligomers (more than an order of ma
nitude less than in the reference-group catalysts) stro
discourages an assignment of the catalytic activity ex
sively to oligomers. The data imply rather that mononucl
Fe species participate in SCR catalysis, probably toge
with oligomeric entities. A similar suggestion has been ma
above for isobutane-SCR on the basis of the observation
significant ordering of the clustered species occurs durin
catalysis (Fig. 7) without concomitant changes in the ca
alytic behavior.

For NH3-SCR, the participation of several types of si
is nicely illustrated by the behavior of the catalyst prepa
with the silica-rich matrix H-ZSM-5(B) – B(CVD, W1, C5)
While this material fails completely in isobutane-SCR, it
ranked between A(MR, C5) and the reference-group
alysts in NH3-SCR (Fig. 1), where it exhibits almost th
same normalized reaction rate as the reference-group
lysts (Table 1). The considerably higher activity as compar
with A(MR, C5) (Fig. 1) is achieved with an only slightly
larger smaller amount of isolated entities (0.68 vs 0.41 w
cf. Table 2); hence aggregated species will contribute to
tivity. On the other hand, the latter are hardly presen
A(MR, C5); hence they cannot be the single type of ac
site for NH3-SCR. It appears therefore that all iron acces
ble may be part of active sites for NH3-SCR. In addition, it
should be noted that B(CVD, W1, C5) has only a very l
acidity as has been found in FTIR[10] and ammonia-TPD
studies. This indicates that acidity is not of importance
NH3-SCR with Fe-ZSM-5, at least in the presence of
tive sites of the clustered type. The reason for the failur
B(CVD, W1, C5) with isobutane cannot be conclusively e
plained. It may be due to the absence of a particular Fe
that is summarized but not distinguished by UV/VIS (e
a particular mononuclear site) or to the absence of suffic
,

,

y

t

-

acidity. The role of acidity in isobutane -SCR with Fe-ZSM
5 will be discussed elsewhere.

In NH3-SCR, NO conversion drops at high temperatu
for all catalysts except A(MR, C5). The decreased NO c
version is accompanied by an almost constant NH3 conver-
sion of ca. 90% (not shown); i.e. part of the reductan
oxidized at higher temperatures to N2 [4,43]. With A(MR,
C5), NH3 conversion equals NO conversion within the lim
of experimental accuracy up to873 K (not shown). From this
it may be concluded that the ammonia oxidation is cataly
by the clustered species (oligomers, particles), although
details of the high-temperature behavior (differences be
tween A(SSIE, W1, C5), A(CVD, W1, C5), A(CVD, W1
C0.5)) are not yet understood. A similar discussion is p
sible for isobutane-SCR: Here, the catalyst with a neg
ble amount of clustered entities achieves high NO con
sions still at 700–800 K where those with large amount
oligomers and particles are much less selective for NO
duction. The competition of nonselective oxidation starts
a lower temperature for the isobutane than for the am
nia reductant, which may reflect a different propensity of
reductants to become oxidized over Fe sites. From this
improved catalyst for both SCR processes should con
increased amounts of mononuclear species with as lo
possible quantities of clustered entities. Studies of cata
prepared with this intention are currently under way.

4. Conclusions

Fe-ZSM-5 catalysts prepared by different techniq
from H-ZSM-5 (solid-state ion exchange, chemical va
deposition of FeCl3 with variations of the subsequent was
ing and calcination steps, mechanochemical treatment
FeCl3), which had been previously characterized by XR
EXAFS, Mössbauer spectroscopy, TPR, FTIR, and X
have been additionally analyzed by EPR and UV/VIS diffu
reflectance spectroscopy (DRS)—ex situ after prepara
after calcination and after use in the selective catalytic red
tion of NO as well as in situ during calcination. It has be
found that combined EPR and UV/VIS-DRS measureme
are powerful tools for elucidating the nature of coexisting
species formed in the Fe-ZSM-5 materials investigated. Th
new structural data have been discussed with regard to
catalytic properties of the materials in the selective catalyti
reduction of NO by isobutane or NH3.

In the materials prepared, three different isolated site
have been identified by EPR spectroscopy, which have b
assigned to Fe3+ in tetrahedral (g′ ≈ 4.3) and higher coor
dination (g′ ≈ 6), and to Fe3+ in a highly symmetric envi-
ronment (g′ ≈ 2). The latter has been observed only in
sample with the lowest Fe content, A(MR) at low tempe
tures. In samples with higher Fe contents an intense si
of aggregated iron oxide species appears at the sameg value
of 2. UV/VIS-DRS differentiates between isolated Fe3+
sites, the coordination of which cannot be distinguish
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mic
small (oligomeric) Fe oxide clusters, and large Fe oxide
gregates. The degree of aggregation and the order of th
gregates can also be studied by temperature-dependen
measurements where it is reflected in increasing intensity o
the cluster signal due to breakdown of the antiferromagn
coupling. Based on these assignments, the following con
sions could be derived:

All preparations (including the mechanochemical rou
lead to the coexistence of different iron species. In all ca
isolated Fe sites are found, which are predominant afte
mechanochemical route (which leads to low Fe content)
minority species with the other preparations. In the C
preparation, clustered species occur already after the was
ing step, but their quantity and size increase strongly du
calcination, with low gradients of temperature rise result
in higher Fe dispersions. Intense washing of the materia
ter the CVD step also favors higher Fe dispersion but d
not prevent clustering. With a matrix of low density of Brø
sted sites but high defect density, a low Fe dispersion be
calcination was transformed into a highly disperse (but
largely clustered) Fe phase, probably due to the interna
fects providing additional aggregation nuclei. Calcinat
leads also to a significant change in the coordination sp
of isolated Fe ions, which might be caused by a conde
tion of two charge-balancing OH groups to an O2− ligand
(Fe(OH)2

+ → FeO+). The rehydration of the calcined sta
is slow at room temperature.

Comparison of the distribution of species detected
UV/VIS spectroscopy with activity trends in NH3-SCR sug-
gests that different entities (isolated sites, oligomers, p
ably also the surface of particles) participate in this re
tion. The acidity of the zeolite is of minor importance w
catalysts that contain clustered entities. For isobutane-S
the participation of isolated sites is suggested by the
markable performance of a catalyst that is almost void
clustered entities. A participation of isolated sites is a
inferred from the observation that during the use of
catalysts in the SCR reaction on a timescale where no
activation was noted, oligomeric clusters tend to aggre
and achieve a more perfect order while the amount of
lated sites remains constant. Among the isolated sites,
(at g′ ≈ 4.3) appears to be insensitive to influences from
the gas phase. Possible candidates for the active site a
signals atg′ ≈ 6 andg′ ≈ 2 (isolated species), where th
latter is difficult to observe. The observation that nonse
tive oxidation of the reductant (isobutane or NH3) starts at
higher temperatures with a catalyst of low content of c
tered species suggests that aggregates favor this und
reaction.
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