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Abstract

Fe-ZSM-5 DeNQ catalysts prepared from H-ZSM-5 by different ion-eange procedures have been analyzed by EPR and UV/VIS
diffuse reflectance spectroscopy (DRS) ex situ after synthesisnatitm, and use in catalysis as well as in situ during calcination. The
results have been correlated with the catalytic behavior of these materials in the selective catalytic reduction (SCR) of NO by isobutane o
ammonia. In comparison to previous studies of the same samples by XAFS, XRD, XPS, TPR, and Méssbauer spectroscopy, the combinatio
of EPR and UV/VIS-DRS was more sensitive for distinguishing between different types of isolated Fe species as wel| ag)gregates
of different size (oligonuclear clusters or large particles). It was found that aggregated species are formed at the expense of mononuclear F
sites upon calcination at 873 K, and that aggregate formation is slightly favored by calcination with higher heating rates as well as by high
Si/Al ratios of the parent H-ZSM-5. Use in SCR of NO leads to further growth and restructuring 6fFeusters. From the comparison of
structural and catalytic properties of different Fe-ZSM-5 catalysts it can be concluded that the SCR of NQ isychitdlyzed by different
entities (nononuclear Fe sites, F©, oligomers, surface of iron oxide particles). The results suggest that mononuclear Fe sites are also
involved in the SCR with isobutane. Clustered sites, which may contribute to SCR with isobutane as well, appear to cause nonselective
oxidation of the reductant (isobutane or ammonia) at higher temperatures.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ZSM-5 matrix by Fét or Fet ions are nowadays largely
disregarded despite reports of considerable achievements
In recent years, MFI-type zéites containing nonframe-  with special technique§s,7,8], because they most likely
work iron species, such as Fe-ZSM-5, have been recognizednvolve iron oxo- or hydroxo cations that can undergo com-
as highly efficient catalysts for a number of reactions, e.g., plex chemical transformation during subsequent calcination
selective oxidation of benzene to phefibR], N2,O decom- and are believed to lead to highly heterogeneous materials
position[3], and selective catalytic reduction (SCR) of NO  with poor reproducibility. Instegdattention was focused on
by NH3 [4] and hydrocarbori$,6]. In the preparation of Fe-  overexchanged Fe-ZSM-5 obtained by chemical vapor depo-
ZSM-5 catalysts, traditional agqueous exchange techniquessition (CVD) of FeC} into the pores of H-ZSM-5 followed
aiming at the replacement of ‘tHor Na™ cations of the by subsequent washing and calcination stgjsThe ma-
terial was prepared by many groups, which reported high
msponding author. Institut fir Angewandte Chemie Berlin-Adlers- ,and reproducible NO reduction actlv!t|es WIT[h, Fhe re_dUCtant
hof e. V.., PO Box 96 11 56, D-12474 Berlin. Fax: +49 30 6392 4454. isobutan€5,9-11] but also outstanding activities with the
E-mail addressbrueckner@aca-berlin.d@. Briickner). reductant ammonigt,12,13]
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In this preparation, zeolite Brgnsted sites are completely sis of the mutual magnetic interactions of the Fe Ji&&.
consumed in the CVD step but reappear partly after calci- UV/VIS spectroscopy, on the other hand, is especially sensi-
nation. Together with a recourse on enzymatic models, this tive to charge-transfer (CT) bands offfethe wavelength of
has inspired the view that the active sites responsible for thewhich depends on the coordination number and the degree of
high SCR activities are binuclear intrazeolite Fe oxo com- aggregatiofi27]. We have therefore reexamined the samples
plexes, which has been supported by several EXAFS inves-studied in[10] and [20] by these methods with the aim to
tigations[14—17] Other groups concluded from their char- better differentiate the Fe sites present and to detect changes
acterization studies that thdte-ZSM-5 samples, which ex-  in their structure caused by different preparation conditions
hibited comparable SCR activities, contain a multitude of Fe (mode of Fe introduction, $Al ratio of the parent H-ZSM-
species, among them isolated sites, clusters of a wide rangé, calcination, and washing protocols) and by use in the SCR
of nuclearities and large oxide aggregafe8,11] There- of NO, than it was possible with the methods used in the
fore, alternative suggestions about the active site structure ofprevious study. It will be confirmed that Fe-ZSM-5 cata-
Fe-ZSM-5 SCR catalysts have been also made. They includdysts with high Fe content—even if prepared by the CVD
Fe 04 clusterg[18], isolated mononuclear sit¢$9], or all techniqgue—contain iron in a wide variety of species. While
oligomeric clusters with v nuclearities including mononu-  this is an unfavorable situation for identifying active sites
clear siteq10,20] Large oxide particles are believed to be for any reaction, it will be shown that the qualitative trends
rather inactivg10,21] in the structural and catalytic data obtained support the view

The heterogeneity of the Fe site structure in Fe-ZSM-5 that mononuclear Fe ions are involved in the SCR of NO by
prepared via the CVD method has been suggested on thasobutane and by ammonia. A study with catalysts prepared
basis of a multitechnique study comprising XRD, EXAFS, by a technique that allows highly disperse Fe sites with a
Mdssbauer spectroscopy, TPR, FTIR, and XEQ. In this better control of site distribution to be produced will be pre-
study, the preparation was applied to parent zeolites of dif- sented in the near future.
ferent SyAl ratio, and different washing and calcination pro-
tocols were used to create catalysts with a different degree
of site isolation. A sample made by solid-state ion exchange 2. Experimental
(SSIE), which contained large @3 aggregates outside the
pores along with other Fe spesi was also included as well The preparation of the samples has been described in
as a material prepared by a novel mechanochemical routedetail in [10,20] Therefore, only a brief summary will be
which, based on EXAFS results, was believed to contain ex- given here, and the sample code used to label the samples
clusively FET single sited20]. It turned out, however, that  with reference to the preparation details will be explained.
a reliable identification of the fferent Fe species coexisting Two ZSM-5 materials with different $Al ratios (~ 14 and
in these materials and, in particular, their relative quantities, ~ 40, the latter with high density of structure defects, e.g.,
is not straightforward becaughe sensitivity of the tech-  silanol nests, labeled A and B, respectively) have been em-
nigues for the various types of Fe species differs. Thus, it ployed. The first one (A) was used with all preparations,
was found that EXAFS is most sensitive for highly disperse the other one only for comparative purposes. Fe ions have
Fe sites while the scattering contribution from higher shells, been introduced into the parent H-ZSM-5 matrices by three
which is expected to indicate the presence of@eclus- different methods: (i) Chemical vapor deposition using an-
ters, was near the detection limit or hardly significant for all hydrous Fed followed by washing with 1 or 10 L water
samples except the one prepared by SSIE, in which crys-per 5 g catalyst (W1 and W10, gpectively) and calcina-
talline, probably extrazeolite-Fe,O3 was also detected by  tion in air at 873 K with heating rates of 0.5 or 5/Kin
XRD. In contrast, Mossbaueand TPR measurements in- (C0.5 and C5, respectively), (ii) solid-state ion exchange
dicated a much larger degree of clustering than was foundwith FeCk x 6H,O—different from the procedure outlined
by EXAFS. A major goal of the present study is to clarify in[10]with subsequent washing, which leads to a significant
these contradictions and to give more insight into the struc- decrease of the iron content in the case of the SSIE prepara-
tures of Fe oxo sites formed by the preparations typically tion, and (iii) treatment by a mechanochemical route (MR)
employed in the literature, in particular the CVD technique. that implies intense grinding of the parent H-ZSM-5 with
This was achieved by the use of additional techniques which FeCk x 6H,0, followed by 2—-3 short-time washing steps
are able to distinguish between isolated Fe species of differ-(0.5 L water per 2 g catalyst). This material was studied in
ent structures on the one hand and betweerOFelusters the present work starting from the uncalcined state, while the
of different nuclearity on the other hand. EPR first of all and usual calcination conditions were 873 K, air, 1 h as with the
also UV/VIS spectroscopy are suitable techniques for this other material$20].
purpose. The label is composed of the symbols for the ZSM-5

EPR spectroscopy is a powerful tool for identifying iso- type, Fe introduction route, washing intensity, and heating
lated Fé+ species of different coordination geometries by rate during calcination. Thus, A(CVD, W1, C0.5) means a
the position of their signalf2,8,21-25]as well as FeO, material in which Fe was introduced via CVD into ZSM-
cluster species of different degrees of aggregation by analy-5 of type A, washed with 1 L water per 5 g catalyst, and
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calcined with a heating rate of 0.5/Kin. Missing sym- EPR spectra in the X-band & 9.5 GHz) were recorded
bols mean that the corresponding step has been omitted (i.e.with the cw spectrometer ELEXSYS 500-10/12 (Bruker)
A(CVD, W1) is A(CVD, W1, Cx) before calcination with using a microwave power of 6.3 mW, a modulation fre-
a ramp ofx K/min). The Fe content of the samples deter- quency of 100 kHz, and a modulation amplitude of 0.5 mT.
mined from the X-ray absorption step height in the XAFS The magnetic field was measured with respect to the stan-
spectra[10,20], validated by ICP analyses of selected sam- dard 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH). For
ples), amounted to 0.5 wt% for A(MR), 5.4 wt% for A(CVD, temperature-dependent measurements in the range from 90
W1), 5.0 wt% for A(CVD, W10), 5.2 wt% for A(SSIE, to 293 K, a commercial variable temperature control unit
W1), and 2.6 wt% for B(CVD, W1). It has been recently (Bruker) and a conventional EPR sample tube was used,
reported that the introduction of iron via FeGhay plug while in situ EPR measurements during calcination in the
pores in the parent ZSM-R8]. Indeed, in our samples the range 293< T/K < 773 were performed in a homemade
pore volume of the parent H-ZSM-5 zeolite decreased from EPR flow reactof29].
0.15 to 0.105 crfyg for A(CVD, W1, C5), A(CVD, W10, The selective reduction of NO with isobutane or am-
C5), and, surprisingly, A(MMR, C5), while the pore volume monia was studied in a cagdic microflow reactor with
of B(CVD,W1, C5) was 0.084 cAyg, and that of A(SSIE, @ product analysis scheme that combined calibrated mass
W1, C5) 0.064 criy/g. spectrometry, gas chromatography, and nondispersive IR
UV/VIS-DRS measurements were performed with a Photometry (NH). Feed gases containing 1000 ppm NO,
Cary 400 spectrometer (Varian) equipped with a diffuse 1000 ppm reductant (isobutane or ammonia), 2%rOHe
reflectance accessory (prayingantis, Harrick). To re-  Wwere charged onto the catalyst at 30,008 for isobutane-
duce light absorption, samples were diluted d3Al203 SCR and 750,000t for NH3-SCR. Generally, the catalytic
(calcined for 4 h at 1473 K) in a ratio of 1:10. Spec- runs were started with a thermal activation and stabilization
tra were measured in reflectance mode and converted intotreatmentof the catalysts in flowing He at 5%D(isobutane)
the Kubelka—Munk functionF (R) which is proportional ~ Or at 600°C (NHs). The activities were measured from the

to the absorption coefficient for Sufﬁcienﬂy IOW(R) val- h|gher to the lower reaction temperatures. Under our eXperi-
ues. For a proper Comparison of Sma” Variations Of the mental Conditions, the Only I’eaCtiOI’l prOdUCtOf NO Observed
shape of different experimental spectra, tieRr) values in the limits of experimental accuracy was nitrogen; i.e., the

of the latter were normalized, i.e., multiplied by a certain NO conversions given are equal to Melds.
constant factor so as to obtaifi(R) = 1 for the max-

imum of the spectrum. For in situ experiments, a heat-

able reaction chamber (Harrick) equipped with a temper- 3. Resultsand discussion

ature programmer (Eurotherm) and a gas-dosing system

containing mass-flow controllers (Bronkhorst) was used. 3.1. Catalytic activity

Deconvolution of the UV/VIS spectra into subbands was

performed by the computer program GRAMS/32 (Galac-  In Fig. 1, NO conversions achieved with the various Fe-
tic). ZSM-5 preparations and of the parent H-ZSM-5(A) are com-
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Fig. 1. NO conversions in the selective catalytic reduction of NO with isobutane (a) g(ldver different Fe-ZSM-5 catalysts. Feed composition: 1000 ppm
NO, 1000 ppm isobutane (or Nfft 2% Oy in He, at 30,000 h' (a) or 750,000 h' (b). ®, A(SSIE, W1, C5):, A(CVD, W10, C0.5);", A(CVD, W1,
C5); % A(MR, C5); A, B(CVD, W1, C5);%, H-ZSM-5(A).
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pared. Some of the data from isobutane-SCR have been al-Table 1
ready shown if10]. A(MR, C5) is a new preparation the Normalized reaction ratesyo/Fe, for the SCR of NO with isobutane or
activity of which even exceeds that of the material described NHs over Fe-ZSM-5 of different preparations

in [20]. As known from the literature, the activity of the cat- Preparation Isobutane-SE€R NH3-SCR?
alysts with the ammonia reductant was found to be much 10%rno/Fe, s at598 K 10frno/Fe, st at 573 K
larger than with isobutand,12,13] A(CVD,W1,C5) 41 422
Three different types of behavior can be identified for QEE\S/IDE' \\’lvvllo’é()"S) 4; fég
each reductant, but the details differ considerably. Cata- gcyp, w1, cs5) 22 367
lysts prepared via gas-phase transport of @b H-ZSM- A(MR, C5) 2560 79.1

5(A) (A(SSIE, W1, C5), A(CVD, W1, C5), and A(CVD, a For conditions see legend Fig. 1
W10, C0.5)) exhibit rather similar catalytic properties. In b from interpolated NO conversion.
isobutane-SCRHg. 1a), the members of this reference

group are hard to distinguish while in NFECR Fig. 1b), W1, C5) and 10% of that in the reference-group catalysts.
the highest activity is obtained with A(SSIE, W1, C5). It Therefore, a comparison on the basis of normalized reaction
should be noted that pore plugging, which is obvious with rates,\o/Fe (reaction rate related to the total Fe content)
all catalysts from the pore volume data (see Experimental) isjs jnteresting.Table 1reports such data for temperatures
most severe with A(SSIE, W1, C5); hence, significant parts around 600 K (i.e., the temperature of peak NO conversion
of the iron present may be included and not able to partic- gyer the reference-group catalysts in isobutane-SCR). Al-
ipate in catalysis. At high tempetures, the catalysts of the  though these data must be treated with some caution because

reference group exhibitremarkable differences iisNSCR.  they have been derived from measurements under integral
The remaining catalysts show a contrary behavior relative conditions, they show that the intrinsic activity of the Fe sites
to this group. The material obtained by CVD of Fg@ito is the highest also under these conditions. This is, in par-

the defective ZSM-5 matrix B has lower activities with both  tjcular, true for isobutane-SCR while the advantage is less
reductants, but while its activity is very poor with isobutane pronounced for NB-SCR.

it is still comparable with the other catalysts with ammonia

where it achieves approximately half the conversions with 3.2, Structural characterization

half the Fe content. On the other hand, very high NO con-

versions are achieved with A(MR, C5), although at higher 3.2.1. Assignment of EPR signals

temperatures—at low temperatures, this catalyst falls short EPR spectra of representative samples (A(SSIE, W1),
of the reference group as well. With ammonia, A(MR, C5) A(CVD, W1, C0.5), and A(MR)), which were recorded at
never achieves higher NO conversions than the remainingdifferent temperatures, are displayedAig. 2. The spectra
catalysts in accordance with the rule that a lower Fe contentof all samples show three signals at effectivevalues of
causes lower conversions. It should be noted, however, thatg’ ~ 6, ¢’ ~ 4.3 andg’ ~ 2. Such signals were frequently
the Fe content of A(MR, C5) is only 20% of that in B(CVD, detected in Fe-ZSM-2,23,30,31put also with Fé* ions

298 K
—\_— 673K

Fig. 2. EPR spectra of hydrated samples (a) A(SSIE, W1), (b) A(CVD, W1, 0@BA(MR)—uncalcined and (d) parerl-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 no of small oligonuclear FgO, clusters. It is rather unlikely,
means straightforward. The number and position of EPR that a dimer Fe—O—Fe species can give risegb~a 2 signal
transitions for F&" ions observable in a powder spectrum with the observed temperature dependence. The existence
depends sensitively on the local crystal field symmetry of of those moieties is discussed by several autlipds-17]
these sites (reflected by the magnitude of the zero field split-in comparison to a similar species in the enzyme methane
ting parameters D and E) andgsible magnetic interactions monooxygenase (MMO). However, it has to be noted, that in
between them. Signals at~ 4.3 andg’ > 6 arise from the oxidized MMO those F&—O—Fé* dimers are EPR silent

| —1/2 ><> 1/2| transition of isolated F¥ sites in strong due to spin pairing{ = 0). In the partially reduced MMO
rhombic (O > hv, E/D =1/3, g’ ~ 4.3) or axial distor- a signal withg’ values of 1.94, 1.86, and 1.75 was observed
tion (D > hv, E =0, g’ ~ 6) when the zero field splittingis  at 8 K for an oxo-bridged binuclear iron cluster and in the

large in comparison to the microwave energy[23,24,32] completely reduced MMO a single line gt~ 16 has been
This implies that an F& species giving rise to a line at recorded at 8 K which was assigned to a dimer composed of
g’ ~ 4.3 is more strongly distorted than an3¥tesite rep- two ferromagnetically coupled high-spin¥ecenterg33].
resented by a signal at ~ 6 due to the difference in the None of those signals is observed in the Fe-ZSM-5 sam-
magnitude ofE. ples studied in this work. Therefore, we think that the pres-

In zeolites, the line ag’ ~ 4.3 is frequently assigned to  ence of an oxo-bridged Fe dimer similar to that in MMO is
Fe*t sites incorporated in tetrahedral framework positions highly questionable in our Fe-ZSM-5, although it cannot be
while a line atg’ ~ 6 is assigned to isolated Fespecies in rigorously excluded. Theoretically, a Fe-O—-Fé+t dimer
higher coordination numbef23,30,31] However, it must species could contribute to thg ~ 2 signal when its Neel
be stressed, that just from the signal position alone it is not temperature is exceeded.
possible to conclude whether the respective Fe ions are oc-
tathedrally or tetrahedrally coordinated since the signal po- 3.2.2. Assignment of UV/VIS signals
sition is governed by the magnitude of and E, i.e., the The UV/VIS spectra of Fe-ZSM-5 zeolites presented in
extent of distortion of the Fe coordination. This distortion this work have been deconvoluted into subbands to facilitate
can arise from both tetrahedi@hd octahedral coordination. assignment to different Fe species. In principle, two ligand-
To draw conclusions on the number of ligands associatedto-metal charge-transfer (CT) transitioms— r» andr; —
with the g’ ~ 4.3 and 6 signals, additional aspects must be ¢, are to be expected for a Eeion [34]. For isolated F&"
considered which are discussed in the following sections.  sites they give rise to bands below 300 nm, whereby their

Given the preparation techniques, Fe-ZSM-5 samples particular position depends on the number of ligands. Thus,
studied in this work are not expected to contairFén CT bands of isomorphously incorporated tetrahedrally coor-
framework positions. However, XAFS measurements per- dinated F&" ions have been observed at 215 and 241 nm in
formed with hydrated Fe-ZSM-5 A(CVD, W1, C0.5) and Fe-silicalite[27] while a band at 278 nm is detected for iso-
A(MR, C5) samples in ambient atmosphere suggested thatlated octahedral Fé sites in AbOgz [35]. Although a clear
the latter do contain a certain amount of isolated, tetrahe- discrimination of CT bands of isolated ¥esites in tetra-
drally coordinated F&" ions[10,20] Moreover, as will be hedral and higher coordination is not straightforward due
shown below, an increase of the~ 4.3 signal at the ex-  to their similar wavelength range, these values suggest that
pense ofg’ ~ 6 andg’ ~ 2 lines can be induced by dehydra- CT bands of F&" are red-shifted with increasing number of
tion, implying that the loss of water ligands leads to a lower coordinating oxygen ligands. The same trend has been ob-
coordination number. Therefore, we assign the EPR signalserved accordingly also for¥ specieg36].

atg’ ~ 4.3 to tetrahedrally coordinated especies and the In the UV/VIS spectrum of sample A(MR) two intense

line at g’ ~ 6 to isolated (presumably higher coordinated) bands appear at 228 and 290 rfAiig( 3b). Previous EXAFS

Fe** species in less distorted extraframework positions. measurements revealed thastbample is dominated by iso-
Signals atg’ ~ 2 can arise either from isolated ¥ein lated FET sites with a mean coordination number between

high symmetry D, E ~ 0) or from Fg O, clusters in which 4 and 6, suggesting that these Fe species are in both tetrahe-
magnetic interactions between the®Edons average out  dral and higher coordinatiof20]. In agreement with these
the zero field splitting. For isolated, highly symmetricEe results we assign the two strong band§&ig. 3b to isolated
species, the signal intensity should follow the Curie-Weiss Fe** sites in tetrahedral (228 nm) and higher coordination
law, i.e.,I ~1/T. Itappears that both types of signal can be (290 nm). For spectra deconvolution, only one CT band has
observed in the spectra: A narrow signal foung’at- 2 in been used for each of the two isolatedFapecies, since
A(MR) below 250 K (Fig. 2c) disappears upon heating while  separate bands for the two possible CT transitions of each
the broad superimposed signal, which is also present in thetype of FEé* species i — 1, andr; — ¢) are not resolved
spectra of the other samples, narrows and increases within the experimental spectrum.

rising temperature. This points to antiferromagnetic interac-  According to the literature, CT bands between 300 and
tions that collapse upon heating and suggests that the broad00 nm are assigned to octahedralFa small oligomeric

line atg’ ~ 2 arises rather from neighboring than from iso- Fe,O, clusters[27] while bands above 450 nm arise from
lated Fé™ sites. Most probably such species are constituentslarger FeOs particles as can be seen, too, from the spec-
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Fig. 3. UV/VIS diffuse reflectance spectra lojdrated as-prepared samples, compared witfe,O3; experimental spectra, thick solid lines; deconvoluted
subbands, thin lines; assignments: - - - isolatetitre— small oligomeric FgO, moieties, - - extended FgOs-like clusters, (a) A(CVD, W1), (b) A(MR),
(c) A(SSIE, W1), (d)x-FeyOs.

trum of the reference sampleFeO3 (Fig. 3d). In general, Table 2

ar; — tp and arg — e transition should be expected, too, for Percentage of the area of the subban@sa¢A < 300 nm,/, at 300< A <
Ee3* in cluster-like FgO, species. However, light absorp- 400 nm, and/3 at A > 400 nm) derived by deconvolution of the UV/VIS-
tion in the spectra oFi é 2 and ¢ above 3’00 nm occurs DRS spectra (seFEigs. 3, 4, 6, and )7and corresponding Fe percentage
. P gs. . o derived from total Fe content determined by XARS®,20]

in a very broad range, suggesting the superposition of thoseC - T F 5 F I
bands for a variety of slightly different small oligonuclear ~2#¥° A T SO N I

) (%) (Wt%) (%) (Wt%) (%) (wt%)

Fe O, clusters and larger F©3 species. Thus, for spectra AMR) ol 045 5 008
deconvolution the lowest possible number of subbands in the'A(MR’ csy 83 Q41 17 009 - -
range above 300 nm has been used that was needed to obtaigycvp,w1) 47 253 45 243 8 Q43
a satisfactory fit of the experimental spectrum. This proce- A(CvD,w1,C0.5) 27 146 36 194 37 200
dure is regarded to be acceptable, although a deconvolutiomA(CVD,W1,C0.5) used 25 B85 31 167 44 237
of a broad and poorly structured experimental spectrum into A(CVD.W1.C5) 2r 146 35 189 38 205

bbands by mathematical means is always arbitrary to a cer4 <2 "W1.C9) used 22 A9 30 162 48 259
su y y y A(CVD,W10) 46 230 47 235 7 035

tain extent. The subbands above 300 nm must be understood\(CVD,Wlo, COo5fused 27 135 36 180 36 180

in terms of reflecting a certain distribution of slightly dif- A(SSIE, w1) 32 166 37 190 31 162
ferent cluster geometries rather than representing a certaimA(SSIE, W1, C5) 30 b6 32 166 38 198
number of different individual cluster species. The percent- BCVD.WI) 28 Qr3 45 117 27 070

: B(CVD,W1,C5 26 8 38 10 35 Q91
age of the subbands with respect to the total area of the ( ) ® =

experimental spectrum has been multiplied with the overall 2 Isolated F&* in tetrahedral and higher coordination.
Fe content (accurately determined by both EXAFS and ICP- f;‘:sg I‘;'[;’gms;'r‘;igi? clusters.

. . 3 .
QES) to obtain a roggh estimate of the percgntage of the d caicined at 823 K, spectrum not shown,
different Fe species in the sampldalle 9. Being aware € Spectrum irFig. 6b.

that the obtained values Tfable 2are inaccurate to a certain
degree due to the deconvolution procedure, they are neveryyree samples, but the absolute intensities decrease in the
theless regarded to be helpful for a comparison of different or4er A(SSIE, W1)> A(CVD, W1, C0.5)> A(MR). The

samples. signals atg’ ~ 6 andg’ ~ 4.3, and also the narrow one at
g ~ 2 in A(MR), decrease with rising temperature as ex-
3.3. Influence of the mode of Fe incorporation pected for paramagnetic behavior, whereby the intensity loss
of the ¢’ ~ 4.3 signal is stronger, suggesting shorter relax-
With the exception of the narrow signal at ~ 2, ation times in comparison to the ¥especies reflected by

the shape and behavior of the EPR signals in the low- g’ ~ 6. At T > 373 K those signals become narrower and
temperature range (90-270 K) are rather similar for the better resolved. This is attributed to the loss of water mole-
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cules from the pores which are assumed to be located in theandTable 2it is evident that sample A(MR) is dominated by
coordination sphere of the Feions and give rise to a cer-  isolated F&" sites with a certain amount of small oligomeric
tain distribution of the zero field splitting parameters which Fe, O, moieties (band at 353 nm) also present. Those clus-
enhances the linewidth. ters are dominating species in samples A(CVD, W1) and
The broad signal a¢’ ~ 2 does not show Curie-like be-  A(SSIE, W1) while the latter contains also a considerable
havior. In the high-temperature range it increases and nar-amount of large Fg€3 particles.
rows suddenly. This suggests that the samples contain anti- By taking into account both the EPR and UV/VIS results,
ferromagnetically coupled k®, species with a Neel tem- it can be concluded that each of the three Fe-ZSM-5 samples
perature offy > 573 K for sample A(SSIE, W1) anfly > contains at least two different £e single sites, probably
373 K for samples A(CVD, W1, C0.5) and A(MR). Above in tetrahedral and higher coordination as reflected by EPR
Tn those species become paramagnetic and contribute tosignals atg’ ~ 4.3 andg’ ~ 6 and by UV/VIS CT bands
the EPR signal. A strong line narrowing seen in particu- below 300 nm. A third kind of isolated P& ions in less
lar in A(SSIE, W1) is due to spin—spin exchange interac- distorted environmentis present in A(MR), but it cannot be
tion which is most effective for well-ordered, large clusters. excluded that it is present in the other samples as well, but is
Those species were earlier detected in sample A(SSIE) (i.e.,masked by the EPR cluster signalgat- 2. Besides the dif-
without washing) by XRD, TPR, and XAFRUO0]. It is not ferentisolated F& sites, FgO, aggregates are formed, the
unexpected that they remain also in the washed material.amount and size of which increases considerably in the order
Intensity increase and exchange narrowing are much lessA(MR) « A(CVD, W1) < A(SSIE, W1). The data reveal
pronounced in sample A(CVD,W1, C0.5); hence, the clus- that the mechanochemical route is most effective in intro-
ters have a smaller size and a lower degree of order. In theducing preferably isolated Be sites into pore positions of
latter sample, the signal gt ~ 2 is anisotropic. This sug-  H-ZSM-5.
gests that the signal is not due to a particular species with It should be noted that none of the characterization tech-
defined geometry but to a superposition of, B¢ species niques applied previous[it0,20]was able to distinguish co-
with a certain size distribution. The results described con- existing different isolated Fé species. Furthermore, XAFS
firm assumptions suggested [ib0] to explain the striking data of sample MR do not reflect any &, clusters, al-
contradictions between EXAFS and Mdssbauer results onthough they are clearly detected by EPR and UV/VIS-DRS.
Fe-ZSM-5 prepared via the CVD route: disordered clusters This illustrates the benefit of the two techniques for the char-
cannot be detected by methods that rely on wave interfer- acterization of complex solid materials like Fe-ZSM-5.
ence as XRD and EXAFS, but are seen by methods based
on magnetic interactions. The reason for the lack of order 3.4. Influence of heat treatment
in these clusters (as opposedtie extrazeolite aggregates
in A(SSIE, W1) is most likely an intrazeolite location; i.e., The as-prepared states discussed above are not really
the zeolite structure may have been partly destroyed andcomparable becaus®SSIE, W1) had been subjected to a
included during particle growth. This has been suggested higher temperature than A(CVD, W1) during preparation.
in [10] on the basis of XPS data and has been visualized Heat treatment; e.g., the calcination in air at 873 K, usually
in [17] by scanning transmission electron micrographs. performed before catalytic experimerji,20] causes in-
Note that the temperature dependence of the bgbad? deed significant structural changes as demonstrateid id.
signal in sample A(MR) indicates clearly the presence of In this figure, EPR and UV/VIS spectra of sample A(CVD,
Fe.O, clusters Fig. Zc), although the lower intensity and W1) are shown before calcination as well as after calcina-
the larger linewidth suggest that they are much less abun-tion in air at 873 K using heating rates of 5 and 0.5#n.
dant and smaller than in samples A(SSIE, W1) and A(CVD, ltis clearly seen from the EPR spectfad. 4a) that signals
W1, C0.5). As noted above, these species were not detectef isolated F&' sites atg’ ~ 6 andg’ ~ 4.3 lose intensity
by XAFS [20], illustrating the power of EPR spectroscopy upon calcination while the signal gt ~ 2 increases. This
for such investigations. Even the parent H-ZSM-5 which suggests that initially isolated Fe sites aggregate to form
contains only 0.05% Fe shows a smglk: 2 line with non- Fe.O, clusters. This effect seems to be slightly favored by
Curie behavior, indicating that it is not free of small,Eg higher heating rates. In the corresponding UV/VIS spectra
clusters. Moreover, signals gt ~ 4.3 and 6 were not de-  (Fig. 4b), light absorption above 400 nm being characteris-
tected in the parent H-ZSM-S his shows clearly that the tic of extended FgO3-like clusters is somewhat higher after
respective F&" species are introduced by the various Fe calcination with 5 K/min than with 0.5 K'min (Fig. 4, Ta-
loading procedures. ble 2). Clustering of isolated Fe species upon calcination in
Experimental UV/VIS spectra of the samples in the as- air has been observed for all FeZSM-5 samples including
prepared state (i.e., CVD and MR before calcination, while A(SSIE, W1) {Table . It appears that R©, cluster for-
SSIE is calcined during the preparation) are presented to-mation is favored by moisture remaining in the zeolites after
gether with deconvoluted subbandsHig. 3. The relative washing.
percentage of the area of these subbands with respect to the EPR, on the other hand, reveals additional features of
total spectral intensity is summarizedliable 2 FromFig. 3 the calcination process as shownFig. 5. In Figs. & and
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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); spectra recorded
from hydrated samples at room temperature; before calcinatiork @bl line), after calcination at 873 K with a heating rate of 0,51n (dashed line), and
after calcination at 873 K with a heating rate of 3rKin (thin solid line).

g’ ~ 6 signal remains upon room-temperature evacuation but
has lost much intensity to that at ~ 4.3 (Fig. 5b). When,
instead of 2 h evacuation at roonmtperature, the latter sam-
ple is again thermally treated in air at 773 K, very different
changes are induce#if. 5c): Now there is just a narrowing
of the signals ag’ ~ 6 andg’ ~ 4.3 and the effect is com-
pletely reversible upon exposure to the ambient atmosphere.
An explanation of this behavior may set out from the
assumption that [Feg]™ cations deposited on cation sites
during the CVD stef6,15] [Eq. (1)] are hydrolyzed during
the washing step. In this process, part of the iron species may
acquire a distorted coordination sphere with a coordination
number of 6 or 5 made up of water, charge-balancing OH
groups, and, possibly, oxygen of the zeolite wall, which is
reflected in the signal at ~ 6 [e.g., Eq(2)]

H* + FeCk — [FeCh]t + HCI, 1)
omT 700 mT

Fig. 5. Structural changes of the isolated Fe species in sample A(CVD, W1) [FeCh]* +nH20 +mO, — [Fe(H20)n O (OH)2]+ (2)
during calcination; EPR spectra recorded at room temperature; initial hy- + 2HCI

drated state (thick solid line), aft@rh evacuation at 293 K (thin solid line), (m+n =3 or 4)

after 2 h calcination in air at 773 K (tled line), and after reexposing to B )

the ambient atmosphere (dashed line); initial states: (a) as-prepared sample . .
A(CVD, W1); (b and c) calcined sapte A(CVD, W1, CO0.5) after long-term Upon room-temperature evacuation, the water ligands may
storage at the ambient atmosphere. be reversibly removed, and the respective Fe species con-

tribute to the signal a¢’ ~ 4.3 which might arise from tetra-
b, the effect of a room-temperature evacuation and subse-hedral Fe species as frequently discussed in the literature

quent contact with the ambient atmosphere is compared for(Fi9- 53). After calcination, however, if contact with the hu-
the uncalcined and the calcined samples A(CVD, W1) and Mid air is avoided, the coordination of most Fe ions is much
A(CVD, W1, C0.5), where the latter had been rehydrated different (ig. 5c, dotted line). The difference is obviously

in ambient atmosphere between calcination and EPR experi-caused by the more severe effect of the thermal treatment as
ment for an extended period of tinféig. 5¢ shows the effect ~ OPPosed to room-temperature evacuation and consists pre-
of a thermal treatment in air at 773 K (instead of room- sumably in a condensation of OH groups, e.g., the charge-
temperature evacuation) on the calcined and rehydrated sambalancing OH groups on the Feion. This process would

ple A(CVD, W1, C0.5). It can be seen that evacuation of the lead to a cation with an extraframework oxygen coordinated
uncalcined A(CVD, W1) material leads to a complete dis- to 4 or 5 framework oxygens (E3), with a higher proba-
appearance of the signal @it~ 6 while the one at’ ~ 4.3 bility for p =4 due to the sterical conditions in the zeolite).
increases strongly and becomes narrowa.(5a). This shift We believe that this species gives rise to the narrow signal at
is largely reversed by contact with ambient atmosphere. For g’ ~ 6 after calcinationKig. 5c), which is a typical feature

the calcined but rehydrated sample A(CVD, W1, C0.5) the of this type of mononuclear Fe sites in the dehydrated state.
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There is, however, also a minority species in tetrahedral co-row signal appears a’ ~ 2 above 373 K, indicating the
ordination g’ ~ 4.3). presence of extended F@, clusters with marked antiferro-
magnetic couplingKig. 6c). In contrast, the increase of this
[Fe(H:0),(O)m (OE_')Z]JF ~ [(OZ)”FGO],+ line in A(CVD, W10, CO0.5) after catalysis is much less pro-
(p=4or5forg’ ~6,andp =3 forg’ ~ 4.3). 3) . : !
nounced, which suggests a weaker antiferromagnetic cou-
Upon contact with the humid ambient atmosphere, the pling due to a smaller cluster sizEi¢. 6d).
outer coordination sphere of the Fe species is influenced by
adsorbed water, which results in slightly different distortions 3.6. Influence of the SCR reaction
at different lattice positions and causes the broadening of
the signals, in particular that gt ~ 6, which can be seen In Fig. 7, EPR and UV/VIS spectra of catalyst A(CVD,
in Fig. 5c. The reversal of the structural change upon dehy- W1, C0.5) before and after use in the SCR of NO with isobu-
dration (probably rehydration of the &© units), however,  tane (duration 1 working dayy@compared in order to trace
appears to proceed much more slowly: This is suggested bystructural changes that might¢cur in a precalcined catalyst
a comparison of the spectra after 2 h evacuatiorigs. = under reaction conditions. In the EPR spectrifig( 7a),
and b. In contrast to the initial sample fig. 5a, the one in the signal atg’ ~ 6 has almost disappeared while the sig-
Fig. 5b had been calcined but stored in ambient atmospherenal atg’ ~ 4.3 is virtually not effected. At the same time,

for an extended period of time. The narrgi~ 6 signal the cluster signal ag’ ~ 2, has grown enormously. In the
typical of the dehydrated structures is still left to an apprecia- corresponding UV/VIS spectrunfrig. 7b), light absorption
ble extent in the latter sample after 2 h evacuatieig.(5b); above 400 nm reflecting extendegBa-like clusters is only

i.e., prolonged storage in the ambient atmosphere led to onlyslightly more pronounced after catalysis: The contribution of
incomplete rehydration of the dehydrated Fe site. Unfortu- the subbands above 400 nm to the total intensity increases
nately, it is difficult to predict on the basis of this information from 37 to 44% after the catalytic ruffidble 2. This is al-
which structure of the Fe cation will be present under reac- most exclusively at the expense of subbands between 300
tion conditions: while the higher temperatures should favor and 400 nm while the contribution of the isolated sites re-
dehydration, there is water present in the atmosphere in sig-mains constant. Hence, during catalysis, large oxide parti-
nificant amounts strongly depending on the water content of cles are formed rather from small oligomeric moieties than
the feed. This question will be subject to further in situ EPR from isolated Fe sites.

studies. This conclusion is also supported by the apparent contra-
diction between the extent of particle growth indicated by
3.5. Influence of washing intensity the EPR and the UV/VIS spectr&i@s. 7a and b). While

the increase of the EPR cluster signagat: 2 by exposure

It has been reported in the literature that thorough wash- to the catalytic conditions is huge, the relative intensity of
ing is crucial for the formation of highly dispersed Fe struc- the corresponding UV/VIS subbands above 300 nm changes
tures[10,15,37] In our study, the influence of the washing only slightly after reaction. Obviously, the strong increase
step was checked by performing the washing procedure ofof the EPR signal a¢’ ~ 2 after reaction is mainly due to
A(CVD) with a total amountof 1 L or 10 L water per 5 g cat- intensified spin—spin exchange interactions between neigh-
alyst (A(CVD, W1) and A(CVD, W10), respectively.) The boring Fe sites which is probably caused by lattice ordering
UVIVIS spectra of these samples are compared in Fig 6a.in larger FeO, clusters.
After washing with 10 L water, the light absorption above The strong attenuation of th€ ~ 6 line suggests that
400 nm is weaker in comparison to after the short wash- Fe species reflected by this signal, are modified in the cat-
ing procedure, which indicates that intense washing dimin- alytic reaction while those related to tpe~ 4.3 line remain
ishes the amount of big £®, clusters slightly Table 1. unchanged. The UV/VIS datddble 2, on the other hand,
This has been concluded earlier from TPR and Mdssbauerimply that this modification is not caused by cluster forma-
measurements, although these had been performed with theion or reduction but just by a change in the Fe coordination
respective A(CVD, W1) and A(CVD, W10) samples after geometry. In our recentin situ EPR studies of the dire®N
calcination and use in the SCR react{d9]. For compari- decomposition and the SCR of,® by CO over different
son, the UV/VIS spectra of these (used) samples are givenFe-MFI catalysts we have observed that ghe: 6 EPR sig-
in Fig. 6b. As shown above, thermal stress (calcination or nal changes upon contact with feed components while the
use in the SCR reaction, which is initiated by a thermal ac- line at g’ ~ 4.3 remains virtually unchang€g@8]. Similar
tivation/stabilization process) favors aggregation of isolated effects were found during in situ EPR investigations of sam-
Fe sites markedly. Even after use in catalysis, however, theples A(MR) and A(CVD, W1, C0.5) during the SCR of NO
better dispersion of the iron species in the intensely washedby i-butang39]. Other authors also observed that the: 6
material can be traced by a decreased absorption abovesignalin Fe-ZSM5 vanishes after use of the material as a cat-
400 nm (solid line). This is also confirmed by temperature- alyst for different reactions, which was attributed to the high
dependent EPR measuremerfiigé. & and d). In the spec-  activity of these particular Fe sites[2,40,41] Kubanek et
tra of A(CVD, W1, C0.5) after catalysis, an intense nar- al. derived a linear correlation between #iex 6 signal in-
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Fig. 6. Influence of the washing intensity on the Fe dispersion in Fe-ZS¥\B/IS spectra of (a) as-prepared hydrated samples A(CVD, W1) (dashgd line
and A(CVD, W10) (solid line) and (b) calcined hydrated samples A(CVD, Wil5¥(dashed line) and A(CVD, W10, CO0.5) (solid line) after use in the SCR

reaction; EPR spectra of the used hydrated samples A(CVD, W1, C0.5) (@D, W10, C0.5) (d). Samples were recalcined after catalysis in air at
823 K.

Normalized F(R)

0 T T T T T 1
200 300 400 500 600 700 80

Wavelength / nm

Fig. 7. Changes of the Fe species after use in the SCR with isobutaneafBRI(UV/VIS spectra (b) of hydrated sample A(CVD, W1, C0.5) measured at
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.

tensity and the activity of Fe-ZSM-5 in the conversion of MFI structure. It was found that the latter represent sites of
benzene to phenol byJ® while no change of intensity was  strongest distortiofd3]. This would agree pretty well with
observed for thg’ ~ 4.3 signal[42]. It was concluded that  the fact that a signal at’ ~ 4.3 arises, too, from Fe sites
Fe*t species reflected by the latter signal are mainly located in the strongest possible distortion. AlthoughPEespecies

in extraframework Al-O clusters that had been formed by a in y sites should be accessible by reactant molecules from
steaming pretreatment and, therefore, do not participate inthe main channgl3], their confinement within the rather

the catalytic reaction. narrow pocket-likeg site could prevent the necessary coor-
Fe-ZSM-5 catalysts used in the present work have not dination of reactant molecules from the gas phase.
been pretreated by steamingoreover, no indication for As suggested by EPR and UV/VIS results discussed

a partial lattice damage upon use in the SCR reaction wasabove Fig. 7, Table 2, large oxide particles seem to be
found that could give rise to dealumination and inclusion of preferably formed from small oligomeric moieties during
Fe in an extraframework Al-O phase. However, it is possible use in the SCR reaction while the amount of isolated Fe
that the Fe species responsible for the unchanged4.3 sites remains virtually unchangdnterestingly, no deactiva-
signal may be unable to extend their coordination spheretion occurs on the time scale of the experiments performed
by adsorbing reactant molecules. It seems not unlikely that despite those significant structural changes. The fact that
those Fét species could be located in thesites of the the amount of small oligonuclear clusters decreases in fa-
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Fig. 8. Influence of the Al ratio and the lattice perfection on the structure of Fe sgea Fe-ZSM-5. EPR and UV/VIS spectra (measured from hydrated
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) and A(CVD,
W1) (solid line); (b) calcined samples B(CVD, W1, C5) (dashed line) and A(CVD, W1, C5) (solid line).

vor of large oxide particles while isolated Fe sites persist  Interestingly, this trend is not retained for the calcined
during reaction may indicate that the latter are the active sampleskig. 8). Calcination with a heating rate of 5/Kin

Fe sites of the SCR reaction. However, the changes betweerleads to a slightly less pronounced formation of larggd=e

the amounts of oligomers and large aggregafeble 2 are like aggregates in sample B(CVD, W1, C5) compared to
too small to safely exclude a contribution of the clustered A(CVD, W1, C5) as evident from both EPR and UV/VIS
phases. On the other hand, since EPR reflects a strong orderspectra. This may be explained by the presence of silanol
ing tendency in the clustered phase and it is unlikely that the nests in the sample, which may serve as additional nuclei
catalytic activity of clusters will be improved by increasing for aggregation as has been suggested earlier on the basis of
structural perfection, the structural changes observed on theFTIR, Mosshauer, and EXAFS ddtt0]. In well-structured
whole support the view that isolated Fe sites play a deciding HZSM-5 matrices FgO, clusters being formed upon cal-
role in the SCR reaction as proposed, for instancfd,0n19, cination have been shown to migrate toward the external
20]. crystal surface where they can grow further in dizé]. In
contrast, silanol nests present in highly defective matrices
could keep the clusters inside the crystal, thus preventing
their further growth. Remarkably, the EPR signakat: 6

is extremely weak or completely absent in sample B(CVD,
W1, C5); instead, the signal gt~ 4.3 is more pronounced.

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 FgGhto
the ZSM-5 matrix B, which has a lower &l ratio than
Matrix A (=~ 40 vs~ 14). This, in turn, leads to a lower

3.8. Active sites for SCR catalysis

number of H sites available for exchange by Fe ions,
and a large amount of internal silanol groups, most likely
silanol nest§10]. As expected, the total Fe content in sam-
ple B(CVD, W1) is lower than in sample A(CVD, W1), but
the FE/Al ratio of 1.13 shows that sample B(CVD, W1) is
even more overexchanged than the lattey fffex 0.9). Itis
therefore in agreement withxpectations that the EPR sig-

The characterization studies confirm the structural com-
plexity of the iron species obtained by CVD of Fe@ito H-
ZSM-5 and related methods and support the skepticism to-
ward quantitative conclusions from EXAFS spectra of such
materials, as has been expressed earligidriL1] This com-
plexity is a serious obstacle for the identification of the active
sites for selective NO reduction. However, by comparing

nals for isolated Fe sites at low magnetic field are less intensetrends in the SCR activity data and the structural data ob-

for the uncalcined sample B(CVD, W1) than for A(CVD,
W1) while the cluster signal at’ ~ 2 is larger Fig. 8a).

A slightly higher percentage of extended,Ba-like clus-
ters in sample B(CVD, W1) is also evident from UV/VIS
data Fig. 8a, Table 2.

tained in this study, some suggestions can be derived even
from the work with these highly nonideal materials.

An effort to find correlations between the concentration
of Fe species as analyzed by UV/VISaple 2 and cat-
alytic properties may embark from the very similar behavior
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of some catalysts with both the isobutane and the ammao-acidity. The role of acidity in isobutane -SCR with Fe-ZSM-
nia reductant (reference group A(SSIE, W1, C5), A(CVD, 5 will be discussed elsewhere.

W1, C5), and A(CVD, W10, C0.5)). The comparison of the In NH3-SCR, NO conversion drops at high temperatures
species distribution in these materialale 9 shows that for all catalysts except A(MR, C5). The decreased NO con-
the amounts of all sites vary to a certain extent so that a version is accompanied by an almost constangehver-
correlation is not possible. This is not unexpected becausesion of ca. 90% (not shown); i.e. part of the reductant is
the species distinguished by UV/VIS in fact represent sev- oxidized at higher temperatures te I,43]. With A(MR,

eral entities, e.g., at least 3 isolated sites, one of which C5), NH; conversion equals NO conversion within the limits
(¢’ ~ 4.3 in EPR) appears to be unable to extend its coor- of experimental accuracy up &3 K (not shown). From this
dination sphere by adsorbing molecules from the gas phaseit may be concluded that the ammonia oxidation is catalyzed
oligomers of different nuclearity (starting with dimers), and by the clustered species (oligomers, particles), although the
particles of different size. The comparison with the activity details of the high-temperatirbehavior (differences be-
data of A(MR, C5) shows, however, that the participation tween A(SSIE, W1, C5), A(CVD, W1, C5), A(CVD, W1,

of isolated sites in the catalytic reactions is highly likely. CO0.5)) are not yet understood. A similar discussion is pos-
This sample, which achieves the highest normalized reactionSible for isobutane-SCR: Here, the catalyst with a negligi-
rates in both reactionsTéble 3, and with isobutane even b.le amount of clustered entities ach|e\{es high NO conver-
the highest NO conversions in a broad temperature range Sions still at 700-800 K where those with large amounts of
does not contain particles and only a very small amount of ©ligomers and particles are much less selective for NO re-
oligomers while the quantity of isolated sites is somewhat duction. The competitio of no_nselectwe oxidation starts at
lower than in the reference-group catalysts. While particles & lower temperature for the isobutane than for the ammo-

can be therefore safely rejected as active sites, the extremely!ia réductant, which may reflect a different propensity of the
low quantity of oligomers (more than an order of mag- reductants to become oxidized over Fe sites. From this, an

nitude less than in the reference-group catalysts) strongly!mpm\/e?j catalystt forfboth SCRl Processes Sh.?;”d c?ntam
discourages an assignment of the catalytic activity exclu- Increased amounts of mononuciear Species with as 1ow as
sively to oligomers. The data imply rather that mononuclear possible quantities of clustered entities. Studies of catalysts

Fe species participate in SCR catalysis, probably togetherprepared with this intention are currently under way.
with oligomeric entities. A sirtar suggestion has been made
above for isobutane-SCR on the basis of the observation that .

o . : . 4. Conclusions
significant ordering of the clisred species occurs during
catalysis Fig. 7) without concomitant changes in the cat-
alytic behavior.

For NH3-SCR, the participation of several types of sites

Fe-ZSM-5 catalysts prepared by different techniques
from H-ZSM-5 (solid-state ion exchange, chemical vapor
L . . deposition of FeGlwith variations of the subsequent wash-
|s.n|cely |I'Igstra}ted by the behavior of the catalyst prepared ing and calcination steps, mechanochemical treatment with
W'th the §|I|ca-r|ch matrix H'ZSM'5(B) N B(CVD, W1, CS_)', FeCk), which had been previously characterized by XRD,
While this material fails completely in isobutane-SCR, it is EXAFS, Mossbauer spectroscopy, TPR, FTIR, and XPS,
ranked between A(MR, C5) and the reference-group cat- e heen additionally analyzed by EPR and UV/VIS diffuse
alysts in NH-SCR ig. 1), where it exhibits almost the  efiectance spectroscopy (DRS)—ex situ after preparation,
same normalized reaction rate as the reference-group cataxfier calcination and after use in the selective catalytic reduc-
lysts (Table J. The considerably higher activity as compared o of NO as well as in situ during calcination. It has been

with A(MR, C5) (Fig. 1) is achieved with an only slightly  t5,nd that combined EPR and UV/VIS-DRS measurements

larger smaller amount of isolated entities (0.68 vs 0.41 wt%,
cf. Table 2; hence aggregated species will contribute to ac-
tivity. On the other hand, the latter are hardly present in
A(MR, C5); hence they cannot be the single type of active
site for NH;-SCR. It appears therefore that all iron accessi-
ble may be part of active sites for NFSCR. In addition, it

should be noted that B(CVD, W1, C5) has only a very low
acidity as has been found in FTIR0] and ammonia-TPD

studies. This indicates that acidity is not of importance for
NH3-SCR with Fe-ZSM-5, at least in the presence of ac-

are powerful tools for elucidating the nature of coexisting Fe
species formed in the Fe-ZSM-5aterials investigated. The
new structural data have been discussed with regard to the
catalytic properties of the matais in the selective catalytic
reduction of NO by isobutane or NH

In the materials prepared, #® different isolated sites
have been identified by EPR spectroscopy, which have been
assigned to F& in tetrahedral ¢’ ~ 4.3) and higher coor-
dination ¢’ ~ 6), and to F&" in a highly symmetric envi-
ronment g’ ~ 2). The latter has been observed only in the

tive sites of the clustered type. The reason for the failure of sample with the lowest Fe content, A(MR) at low tempera-

B(CVD, W1, C5) with isobutane cannot be conclusively ex-

tures. In samples with higher Fe contents an intense signal

plained. It may be due to the absence of a particular Fe siteof aggregated iron oxide species appears at the garakie

that is summarized but not distinguished by UV/VIS (e.g.,

of 2. UV/VIS-DRS differentiates between isolated3Ee

a particular mononuclear site) or to the absence of sufficientsites, the coordination of which cannot be distinguished,
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