Available online at www.sciencedirect.com

SCIENCE@DIREOT@ JOURNAIJ OF
CATALYSIS

hs =S8
ELSEVIER Journal of Catalysis 223 (2004) 13-27
www.elsevier.com/locate/jcat

Reduction of NO with CO over FeMFI zeolites: influence of the
preparation method on the iron species and catalytic behavior

Javier Pérez-Ramiréz,M. Santhosh Kumaltand Angelika Briickner

@ Norsk Hydro, Agri Research Centre, Nitric Acid Technology, PO Box 2560, N-3907, Porsgrunn, Norway
b Institute for Applied Chemistry Berlin—Adlershof, Richard-WlIstétter-Sr.12, D-12484, Berlin, Germany

Received 11 November 2003; revised 6 January 2004; accepted 6 January 2004

Abstract

The reduction of NO by CO was investigated over FeMFI zeolites prepared by different methods including sublimation, liquid ion
exchange, and hydrothermal synthesis followed by steam activation. This leads to catalysts with different nature and distribution of iron
species, as characterized by HRTEM, UV/vis, and EPR techniques. A common denominator in the FeZSM-5 samples is the heterogeneous
iron constitution, with a significant degree of clustering in the form of iron oxide particles. Iron clustering was suppressed in steam-activated
Fe-silicalite, presenting a remarkable uniform distribution of isolated iron species. In the presence of CO, the convergibowrthe
catalysts is strongly accelerated with respect to dire€d Necomposition. The reaction rate increases linearly with the moldNgO feed
ratio and strongly depends on the preparation method applied. A correlation was found between the fraction of isolated Fe(lll) species in
the as-prepared catalysts and the activity foONreduction with CO. Steam-activated Fe-silicalite, containing mostly isolated iron ions in
extraframework positions, shows the highest activity per mole of iron, while the highly clustered liquid-ion-exchanged catalyst presents the
lowest activity. In situ UV/vis and EPR studies evidence the participation of mononuclear iron ions ip@R€R reaction, and also support
the involvement of oligonuclear £®, species. The reaction mechanism is iron site dependent. Over isolated sites, the reducgion of N
with CO occurs via coordinated CO species ofFéns. The reaction over oligonuclear sites proceeds via a reddk/Fe?™ process
with intermediate formation of O radicals.
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1. Introduction were postulated for regeneration of the active site [1,4]: the
reaction of a second /D molecule with the oxidized site
Fe-zeolites show a remarkable performance in various [Eq. (2)] and the recombination of adsorbed oxygen atoms
N2O conversions, including its abatementdecompo-  [Eq. (3)]. Some of us concluded thap @ mainly produced
sition and selective catalytic reduction) as well as its utiliza- by recombination of atomic oxygen based on TAP (tempo-
tion as a selective oxidant [1-3]. Early studies with this cat- ral analysis of products) experiments under high vacuum in
alytic system aimed at elucidating mechanistic and kinetics the temperature range of 573-973 K [7,8], while Nobukawa
aspects of the directdD decomposition [4,5]. This reaction et al. [9] obtained experimental evidence for Eq. (2) using an
is initiated by the activation of pD on a vacant site, leading  180-tracer technique at 693 K and atmospheric pressure.
to O* species [Eq. (1)]. This atomic oxygen species, other-

wise referred to as-oxygen, has unique properties in selec- N20+ "= N2+ 0", 1)
tive oxidation processes involving hydrocarbons, like the di- N,O 4+ O* — Ny + Oo + *, 2)
rect hydroxyla.tion of benzene to phenol [3] and the.oxidative 20* = Oy + 2°, 3)
dehydrogenation of propane to propene [6]. In diregON

decomposition over Fe-zeolites, two different mechanisms CO+ 0" — CO2 + ™. (4)

Although the mechanism of LOformation is not com-
* Corresponding author. pletely resolved, it is widely accepted that oxygen desorp-
E-mail address: javier.perez.ramirez@hydro.com (J. Pérez-Ramirez). tion is a rate-determining step during® decomposition
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over Fe-zeolites [7-9]. The presence of reducing agents ac-Table 1
celerates the removal of atomic oxygen from the catalyst Chemical composition of the catalysts used in this study, as determined by
surface by selective catalytic reduction (SCR), resulting in '©P-OES

a decreased operation temperature. This magnitude range€atalyst Method Sl Si/Fe  Fe (wt%)

between 50 and 100 K and depends on the nature of theex-Fe-silicalite ~ Steam activation 00 150 068

reductant and its partial feed pressure. The SCR gD N  e-FeZSM-5 Steam activation 31 150 Y
Fe/ZSM-5 Sublimation 14 14 .8

over Fe-zeolites has been investigated using various hydro-
carbons, ammonia, and carbon monoxide [10-12]. Delahay
et al. [11] concluded that CO was the most efficient se-

:ectlve reductant fpr %D over |on-exfc hanged Fﬁ'BFTA at' Details on the preparation and characterization of the cat-
ow temper.altL.Jres In the presence ot oxygen, snowing Slg'alysts can be found elsewhere [8,20,H}-FeZSM-5 and
nificant activities at 470 K. Prewously,.Kapteun. et al. [12] ex-Fe-silicalite were prepared by isomorphous substitution
reported the enhanced,8 decomposition activity over of iron in the zeolite framework followed by calcination (at

293'0'2 ?_);]Ceha?ge:sggzms.Eﬂro5k.':etthce£gisjgﬁ O;ggﬁ;?gg&?: K for 10 h) and steam activation (partial steam pressure
remov.es ad?sorrk))ed atorlnic olx Ien accordinu to an Ele of 300 mbar HO and 30 ml STP min' of N2 flow at 873 K
Rideal mechanism [Eq. (4)] Fo)I/IgWin the reagtion athway for5 h). Fe/ZSM-5 was prepared by sublimation of Fe@i
. n (=9 j 9 ctonp Y HzsM-5 (Degussa), according to the method described by
in Egs. (1)-(4), in the presence of an efficient oxygen C
. . Chen and Sachtler [22]. Fe-ZSM-5 was prepared by liquid
remover like CO, the overall rate of2® reduction can ap- ) ; . .
o . (aqueous) ion exchanged with diluted solutions (0.30 mM)
proach that of NO activation by Eq. (1). Accordingly, CO : .
e ) . of Fe(NGs)3 - 9H20. The parent zeolite was provided by Ze-
can probe the reactivity of oxygen species adsorbed on vari- i :
) . ) . o olyst (NHs;-ZSM-5; CBV8020). The exchange was carried
ous iron sites of Fe-zeolites, resulting from®l activation. ) .
... out at room temperature under vigorous stirring for 15 h,
Panov and co-workers [13,14] concluded that CO reacts with " . :
without control of the pH. The ion-exchanged zeolite was

a-oxygen in a stoichiometric ratio 1:1, further supporting a . ) : ,
reduction mechanism via Eq. (4). f[hen flllter'ed, washed thoroughly, dried, and finally calcined
in static air at 823 K for 5 h.

To the best of our knowledge, detailed studies of the re-
action between PO and CO over Fe-zeolites with different
forms of iron species have not been reported. The prepara
tion method of iron-zeolites is critical for obtaining catalysts
with a desired performance [15-18], and the intrinsic reac- ~ Transmission electron microscopy (HRTEM) was carried
tion mechanism ultimately determines the optimal structures out on a Philips CM 30 T electron microscope with a lsaB
of the active site [19]. Hence, fundamental knowledge of the filament as the source of electrons operated at 300 kV. The
N>O—CO reaction with respect to the active iron site archi- zeolites were amorphized by the electron beam in order to
tecture(s) and mechanism will have valuable implications for €nhance the visibility of the small iron oxide particles.
catalyst design in conversions involving ®. UV/is-DRS (diffuse reflectance spectroscopy) measure-

The present work was undertaken to examine the cat- ments were performed with a Cary 400 spectrometer (Var-
alytic behavior of differently prepared FeMFI zeolites in the ian) equipped with a diffuse reflectance accessory (Praying
reduction of NO by CO. The nature and distribution of ~Mantis, Harrick). To reduce light absorption, samples were
iron in the catalysts was determined by HRTEM, UV/vis, diluted by«-Al,O3 (calcined at 1473 K for 4 h) at a ratio
and EPR techniques. Steady-state activity tests at differentof 1:3. Deconvolution of the UV/vis spectra into subbands
molar CO/N,O feed ratios in the temperature range of 475— was performed applying Gaussian lineshape functions with
900 K evidenced the influence of the iron constitution in GRAMS/32 (Galactic), which uses a least-square fitting al-
the zeolites on the catalytic performance. The correlation gorithm. In situ UV/vis measurements were carried out in
of steady-state activity data with characterization by ex situ a heatable reaction chamber equipped with a temperature
technigues and in situ UV/vis and EPR spectroscopies en-programmer and a gas-dosing system with mass-flow con-
ables insights be gained into the nature of the active speciedrollers. The effect of reductive and oxidative treatments over
involved in the catalytic process and the associated reactionsome samples was analyzed by treatment with 200 mbar
mechanism. H2 in N2 and air at 773 K and ambient pressure for 1 h,

respectively. Afterward, the sample was cooled down to
room temperature in the same mixture and the spectrum was

Fe-ZSM-5 Liquid ion exchange 37 65 A4

2.2. Catalyst characterization and in situ studies

2. Experimental then recorded. In situ experiments with® and CO were
performed according to the following sequence: (a) pretreat-
2.1. Catalyst preparation ment in air (15 mimint) at 773 K for 1 h and cooling down

to 623 K (denoted as the reaction temperature), (b) chang-
The chemical composition of the zeolites used in this ing the flow from air to 20 mbar pD in He (12.5 mImir!)
study was determined by ICP and is presented in Table 1.for 1 h, (c) switching to 20 mbar CO in He (12.5 mImij
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for 1 h, and finally (d) switching back to 20 mbap® in He 3. Results
(12.5 mimirrt) at the reaction temperature.

EPR spectrain X band (=~ 9.5 GHz) were recorded with ~ 3.1. Characterization of iron species
the cw spectrometer ELEXSYS 500-10/12 (Bruker). Mea-
surements were typ|ca||y performed at 298 and 77 K and Table 1 shows the chemical ComDOSition of the CataIyStS
for some samples spectra were recorded after evacuation a¢sed in this study. The iron content in the steam-activated
102 Pa. The magnetic field was measured with respect to catalysts is very similar<{0.68 wt% Fe), about three and
the standard 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH). eight t|m_es lower than |n.the catalysts prepare_d by ion ex-
In situ measurements were carried out in a self-constructedchange in agueous solution (1.4 wt% Fe) and in gas phase

EPR packed-bed reactor [23] using the sequence describeé5 Wtk‘;/olFe)t,hre(sjp?cti;/elyi.ﬂ.le ,fé}lhcotnter:lt'éx-Febs(i)Iicalite
for in situ UV/vis experiments. Additional in situ EPR ex- was below the detection limit of the technique{00 ppm).

periments over Fe/ZSM-5 were performed at 623 K and The morphology .Of the different catalysts was inv_est.i-
atmospheric pressure with mixtures of 10 mbaON+- 10 gated by HRTEM (Fig. 1). The catalysts prepared by liquid
mbar CO in He (25 miminl) and 6.6 mbar MO + 13.4 ion exchange and sublimation showed an extensive agglom-

b . I mini i vsi eration of iron species into large iron oxide particles of a
mbar CO in He (18.7 ml min). For on-line analysis of N certain size distribution. In general, particles were larger in

formed during the MO—-CO reaction, the outlet of the EPR Fe-ZSM-5 (7—25 nm) despite the lower iron content com-
reactor was connected to a capillary gas chromatograph (Shipared to Fe/zSM-5, where the particle size distribution is
madzu GC 17AAF) equipped with a thermal conductivity iy the range of 3-12 nm. Exceptionally, larger particles
detector and a Molsieve 5A column. were identified in the later sample. Iron clustering in the
steam-activated catalysts, with a relatively lower iron con-
o tent, shows important differences compared to the catalysts
2.3. Activity tests prepared by ion-exchange and sublimation methods. The de-
gree of iron clustering irex-FeZSM-5 is significant, but

o ] . relatively small particles with a homogeneous distribution
Activity measurements were carried out in a parallel-flow (1-2 nm) were identified. Remarkably, no iron oxide parti-

reactor system, similar to that described in [24], using 50 Mg ¢les were detected ix-Fe-silicalite, indicating the high iron

of catalyst (125-200 pm) and space times of 20° and dispersion in this matrix.

9 x 10° gsmol* at atmospheric pressure. The space time  UvV/vis-DRS spectroscopy was used to investigate the
is defined as the rati®V/F(N2O)o, where W is the cata-  nature of Fe(lll) species in the catalysts. The measured spec-
lyst mass and”(N20), the molar flow of NO at the reactor  tra of as-prepared zeolites without any pretreatment were
inlet. The catalyst beds were homogeneously diluted with converted into Kubelka—Munk functions and deconvoluted
silicon carbide (125-200 um) in a volumetric ratio 1:1, in into Gaussian subbands that can be assigned%b FeO
order to improve heat transfer and minimize axial dispersion charge-transfer (CT) bands (Fig. 2). This deconvolution was
in the bed. At such a degree of dilution the conversion mea- made based on the below assignments and is quantified
sured is not affected by the presence of diluent [25]. Feed in Table 2. It is well known that for Fe sites, two CT bands
mixtures containing NO (1.5 mbar) and CO (0-1.5 mbar) associated to; — 7> and#; — e transitions are expected.

in He were applied. Before reaction, the catalysts were pre- FOr isolated F&" species, they fall in the high-energy range
treated in 1.5 mbar pO in He at 723 K for 1 h and cooledin ~ ©f the spectrum [26-28]. Thus, the first maximum of the
that gas flow to the initial reaction temperature. The tem- SPectra below 300 nm in Fig. 2 has been deconvoluted into
perature was increased at intervals of 25 K in the range WO Subbands, which are attributed to the- 72 andry — ¢

475-900 K. This cycle was followed by a stepwise decreasetrinﬂ]“oﬁ of |sT>I?t(3d£é lons. Itis cprthc?]teéj tcl) dige;]n
of temperature at 25 K intervals. In this temperature rangeW ethertheisolate Species are In tetranedral or higher

deactivation of the catalysts was absent and up and down Cy_coordlnatlon. CT bands of tetrahedral iron incorporated in

T L the framework of silicalite have been observed at 215 and
cles lead to very similar activity curves. Generally, 1 h after 241 nm [26], and a band at 278 nm is observed for isolated
a change of conditions (temperature and feed composition),Fngr specieé in octahedral coordination i@k [27].
the NbO conversion levels were constant and considered as Octahedral F& ions in small oligonuclear clusters
the steady state. The product gases were analyzed with a Gche?ﬁOy) give rise to broad bands between 300 and 450 nm
(Chrompack CP 9001) equipped with a thermal conductiv- anq hands above 450 nm are characteristic for largeDfe
ity detector, using a Poraplot Q column (for ¢@nd NO particles [26]. To determine the nuclearity and structure of
separation) and a Molsieve 5A column (fogND2, and CO  these small oligonuclear iron clusters is a very challenging
separation). During the experiments, the mass balances of Naspect but is out of the scope of this paper. Analogously to
C, and O closed at 98%. NoO and CO conversions were the case of isolated B& ions,r; — 1, andr1 — e transitions
calculated from the amount ofNand CQ formed, respec-  are expected for Fé in oligonuclear FeO, species. Light
tively. absorption in the spectra of Fig. 2 above 300 nm occursin a
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ex-Fe-silicalite ex-FeZSM-5

Fe/ZSM-5 Fe-ZSM-5

Fig. 1. HRTEM micrographs of the FeMFI zeolites investigated in this study.

Table 2 the extinction coefficient on the wavelength. Despite this fact
Percentage of the area of the subbantisat » < 280 nm, I, at 280< and the intrinsic uncertainty of the deconvolution procedure,

A < 400 nm, andl3 at 4 > 400 nm) estimated by deconvolution of the -y qyantification in Table 2 provides a valuable indication of
UV/is-DRS spectra [totg) Of the catalysts (see Fig. 2) and correspond-

ing Fe percentage derived from total Fe content (see Table 1) (assumptionsthe relatl\{e amo_unt of various iron _S'te structures among.the
applied in the fitting procedure are described in the text) catalysts investigated. The values in Table 2 do not take into
account the contribution of eventual #especies present

Catalyst n®  Fe I Fe I1° F&  low s P
) (WI%) (%) (WI%) (%) (Wi%) (a.u.) in the as-prgpared s_amplg; although no_agmﬂcant increase
ocFosiicaliie 70 017 30 020  — ~ 310 of the UV/vis band intensities, dge to oxidation ofPFeto
ex-FeZSM-5 30 @1 62 041 8 Q05 300 Fe*t, has been observed after air treatment of the catalysts
Fe/ZSM-5 26 130 67 340 6 Q30 858 at 773 K (see below and Fig. 3).
Fe-ZSM-5 15 ®1 52 075 33 047 576 In generald—d transitions of F&" are expected between
a |solated F&* ions in tetrahedral and higher coordination. 350 and 550 nm. However, they are symmetry and spin
b Oligonuclear F&" Oy clusters. forbidden and, therefore, extremely weak. Moreover, they
¢ Large FeOs particles. overlap with the tail of the low-energy CT bands. Hence,

interpretation of the spectra is focused on the intense CT
very broad range, and therefore certain oligonuclear clustersbands. The spectrum ek-Fe-silicalite in Fig. 2 and the rel-
and larger FgO3 species may overlap in the deconvoluted ative percentage of the deconvoluted subbands in Table 2
bands. Nevertheless, these subbands should be understodddicate that the majority of P& species in the sample is
in terms of reflecting a semiquantitative distribution of dif- well isolated. The band at 300 nm suggests that a rela-
ferent cluster geometries and sizes rather than representingively small fraction of iron is present as small oligonuclear
a certain number of different individual clustered species.  species. No contributios 450 nm was observed, indicating
The relative percentage of the different iron species de- the absence of large @3 particles, in good agreement with
termined in Table 2 does not account for the dependence ofHRTEM. In contrast toex-Fe-silicalite, the percentage of
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Fig. 2. UV/vis-DRS spectra and deconvoluted subbands of the as-prepared FeMFI zeolites, without pretreatment.

isolated Fé* species is significantly lower iex-FeZSM-5,
with extensive formation of RO, clusters and a small
fraction of FeOgs particles (Fig. 2 and Table 2). The latter

hardly visible in Al-freeex-Fe-silicalite. In agreement with
our results, previous Méssbauer investigations of FeZSM-5
zeolites, prepared by adding Fe to the synthesis gel, have

can be attributed to the 1- to 2-nm nanoparticles observedconcluded a more favorable formation of?Fen matrices
in this sample by electron microscopy (Fig. 1). The fraction with relatively high Al contents [30].

of oligonuclear oxo clusters and iron oxide particles in the
catalysts prepared by liquid ion exchange and sublimation

is even more pronounced. As concluded from the deconvo-

lution in Table 2, Fe-ZSM-5 shows the highest percentage
of large FeOs particles, which is also in line with HRTEM
results.

Heatingex-FeZSM-5in a flow of air for 1 h at 773 K leads
to a spectrum with slightly higher intensities (not shown)
to of the partial oxidation of &, present in the original
sample, to F&". Divalent iron does not contribute to the
UV/vis spectrum, since its bands fall in the near-infrared
range around 1000 nm [29]. A certain oxidation of iron(ll)
was also observed in Fe/ZSM-5 and Fe-ZSM-5 but was

Fe-silicalite (calcined)

Previous voltammetric characterization has shown that
the extraction of framework iron iex-Fe-silicalite is sub-
stantial after steam treatment at 873 K, but not com-
plete [21]. As noted previously, the single application of
UV/vis does not enable a clear discrimination between iso-
lated F€* ions in framework or extraframework positions.
However, the influence of B& reduction by H and reox-
idation by air on the UV/vis spectrum of the calcined and
steamed Fe-silicalite samples can be used to further assess
the degree of iron extraction. After hydrothermal synthe-
sis and calcination at 823 K, Fe-silicalite shows typical CT
bands at 215 and 241 nm (Fig. 3), originating from iron in
the lattice. These bands were not sensitive to a reductive

ex-Fe-silicalite (steamed)

0.20 5 0.12
0.16- bA10
—— without pretreatment 0.08
0.124 —— after reduptiop ’
= 1Y - after reoxidation & 0.06
L 0.08 I 0.04
0.04 - 0.02 1t
0.00 0.00

200 300 400 500 600 700 800
Wavelength / nm

I T T T T T 1
200 300 400 500 600 700 800
Wavelength / nm

Fig. 3. UV/vis-DRS spectra of the calcined and steamed Fe-silicalite zeolites without pretreatment, after reduction in 209imbarfor 1 h, and after

reoxidation in air at 773 K for 1 h.
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treatment (200 mbar #Hin N2 at 773 K for 1 h). This is ex- lated FE* ions in positions of high symmetry (zero-field
pected for isomorphously substituted iron(lll) ions, which splitting parameter®, E =~ 0) also contribute to isotropic
are well shielded in the zeolite framework, being resistant lines atg’ ~ 2 [34,40]. Moreover, it has been demonstrated
against reduction. In the calcined sample, a small shoulderthat small changes ab and E in the range between zero

at 300 nm was also observed, which indicates that a smalland resonance energy induce dramatic changes in the num-
fraction of (slightly agglomerated) iron was not incorpo- ber and position of observable¥esignals [34,41].

rated in the framework during the hydrothermal synthesis or,  The intensity of the line a3’ ~ 2 in the EPR spectra of the
most likely, was already extracted during calcination [20]. iron zeolites containing cluster@¢FeZSM-5, Fe/ZSM-5,
Contrarily, the same reductive treatment over steamed  and FeZSM-5) at room temperature and 77 K is very sim-
Fe-silicalite shows that reduction of Feto F€" caused jlar (Fig. 4), and does not follow the Curie-Weiss law for

a marked decrease of the¥eCT band intensity, which  paramagnetic species. This suggests that the iron species re-
is completely reversible on reoxidation in air flow (Fig. 3). sponsible for this signal are coupled by antiferromagnetic
This redox behavior can be attributed to isolated iron ions in jnteractions within oxidic clusters, which reduce the num-
extraframework positions. Thus, the extraction of iron upon per of unpaired spins contributing to the EPR signal. This
steaming of Fe-silicalite at 873 K is extensive, leading to iso- may explain the fact that the total EPR signal intensity of
lated extraframework Fe(lll) species that can be effectively {he clustered zeolites is low as compareesd-e-silicalite,

reduced by H. since a part of these Fe species is probably EPR silent, as
X-band EPR spectra of the catalysts measured at 298 K5 opserved by Kucherov and Shelef [42].
and 77 K are shown in Fig. 4. All the samples show typi-  pe ¢/ ~ 2 signal inex-Fe-silicalite increased upon cool-

cal signals ag’ values of 2, 4.3, and 6. Spectra simulftion ing from room temperature to 77 K, as expected for para-
I ~ /’\/ 1 B - . - . -
has shown that signals glt~4.3 andg’ ~ 6 arise from F& magnetic F&" species obeying the Curie—~Weiss law. This

site.-s.in sFrong rhpmbic ora.xialdistortion'when the zero-field behavior, generally observed for isolated species, relates to

splitting is large in comﬁ)arlson to the microwave frequency the high degree of dispersion of iron in this catalyst. How-
Y . —_1pn. /AR _

(&' ~4.3, D >hv, E=3D; g ~6, D> hv, £ =0)[31]. ever, in the EPR spectrum @k-Fe-silicalite at 77 K, a

;I:;e dms?g::.'éundifoghg]elzéegg%qnzggtgnsg rlr?maetr:]ea; utn'at of rather narrow line and a very broad line are superimposed
: : inat Y Y, butl in the range ofg’ ~2. The latter is not typical for ideally

does not provide information on the number of coordinating isolated sites without any mutual magnetic interaction and

ligands. Accordingly, distorted Bé& sites in various coordi- . .
. - . ; . _suggests the presence, to some extent, of a weak dipolar in-
nations can contribute to these signals. In zeolites, the line . : — o
) : . o teraction between the Be sites contributing to this signal.
at g’ ~4.3 has been equivocally assigned to'Fesites in Therefore, the signal at ~ 2 in ex-Fe-silicalite can be ten
tetrahedral coordination, either in framework [32—34] or ex- . . - 9 > ; .
tatively attributed to highly symmetric and rather isolated

traframework positions [35-37], while the line gt~ 6 is F+ . hich " d K dinolar int
frequently assigned to isolated¥especies with higher co- Species, which partly undergo weak dipofar interac-

ordination numbers [38,39]. The EPR signalgat~ 2 has t|or|1:s. h tfor thi . ¢ thered b
been typically assigned to iron oxide clusters. However, iso- . urthersupportforthis assignment was gathered by mea-
suring the EPR spectrum ex-Fe-silicalite after evacuation

at 1072 Pa and ambient temperature for 2 h. This treatment
causes a dramatic decrease of ghe- 2 line, together with
the appearance of additional signals in the low-field range
(Fig. 5). This can be attributed to the removal, upon evacua-
tion, of water molecules in the pore network of the zeolite
adsorbed on F& species responsible of the EPR signal.
This leads to isolated B& sites in a lower symmetry (higher
Fe/ZSM-5 zero-field splitting) that give rise to additional signals in
N the low-field range. These spectral changes are slowly re-
N ox-FeZSM-5 versible when exposing the sample to ambient conditions.
x3 Avery similar behavior for thg’ ~ 2 signal upon evacuation
and rehydration at room temperature was also observed by
x1 Berlier et al. [43] on iron silicalite (SFe= 90) activated at
773-1073 K in vacuum. These authors attributedghe 2
, , , , , , , signal to isolated F& ions, which are solvated by water
0 1000 2000 3000 4000 5000 6000 7000 molecules under ambient conditions. Following this assign-
B/G ment, the result in Fig. 5 further corroborates that th&Fe
species contributing to the¢ ~ 2 line in ex-Fe-silicalite are
Fig. 4. EPR spectra of FeMFI zeolites (without pretreatment) at room tem- Well isolated in extraframework positions, being accessible
perature (solid line) and 77 K (dashed line). to gaseous molecules.

w

X

ex-Fe-silicalite

e
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g-~8 g'~43 g-~2 1.0
“'*~~--|-«.--., e ., IRy ® CON,O=1
- " 084 Y CON0=0.13
O CON,0=0
__________ 0.6
0.
=" 0.4
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------ re-exposed to air, 16 h 0.2+
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- — = evacuated at 107 Pa 0.0
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Fig. 5. EPR spectra ax-Fe-silicalite recorded at 298 K before and after 0.8
evacuation for 2 h and after re-exposure to ambient atmosphere for 1.5 and
16 h.
. 0.6-
3.2. Catalytic activity o)
O 0.4
; . X
Fig. 6 shows the BO conversion vs temperature re-
sulting from steady-state experiments oeefFeZSM-5 in 021
direct O decomposition and O reduction with CO at
two different molar C@N,O feed ratios. In the absence of 001 v—e : : : .
CO, the catalyst shows a significant®l conversion above 500 600 700 800 900
700 K and a complete conversion at 850 K. Addition of 1.5 T/K

mbar CO (CQN20 = 1) dramatically enhances thex® _ _ o

. . L L Fig. 6. Conversions of pO and CO v« overex-FeZSM-5 in different feed
decomposition activity over the catalyst, achieving similar mixtures ativ/F(N,O)o — 3 x 105 gsmol-L and P — 1 bar: (J) 1.5 mbar
conversions at 100 K lower temperature. The reduction of n,0 in He; (v) 1.5 mbar NO and 0.2 mbar CO in Hes() 1.5 mbar BO
N2O by CO also occurs at significantly lower temperatures and 1.5 mbar CO in He.
at a lower partial CO pressure (ZN,0 = 0.13). However,
when the limiting reactant CO becomes exhauste@{%  CO is initiated at significantly lower temperatures on the
N2O conversion) the PO conversion curve shifts to that catalyst prepared by sublimation (500 K) as compared to
of the pure NO decomposition. The conversion of CO t0  ex-FeZSM-5 & 550 K). Complete MO conversion was
CO,, depicted in Fig. 6, was complete in the range of 700— achieved over Fe/ZSM-5 at 625 K using @0 = 1,
750 K and is eﬁectively COUp|8d with the conversion QfCN while a temperature of 750 K was required oeefFeZSM-
to N2. In the experiment with CIN>O = 1, the amount of 5. The shape of the conversion profiles presents important
CO; formed equals the amount of,® decomposition (or  gifferences too. MO conversion over Fe/ZSM-5 increases
N2 formed) at a” temperatures, W|th no formation Of,O rap|d|y in the temperature range of 500-600 K. The re-
according to Eq. (5). At lower molar G20 feed ratios  ducing agent is consumed at 600 K at @QO < 1 and
(CO/N20 = 0.13), oxygen is produced at high temperatures the N,O conversion remains practically unchanged until

when CO is consumed and a ratio 0pfD; =2 was ob- 675 K. The conversion profiles develop more gradually over
tained, corresponding to the direct decomposition reaction gy Fe7SM-5, not reaching a well-defined plateau at any tem-
in Eq. (6). perature. The apparent activation energy at/NgD = 1
N,O + CO—> Ny + COp, (5) is higher ovler Fe/ZSM—S than ovex-FeZSM-5 (190 _and

1 128 kJmot -, respectively). These values were estimated
N20 — N2 4 50. (6) around the inflection (50% conversion) of the conversion

This general behavior is extrapolable to all the Fe- temperature curves by assuming a plug-flow model and a
zeolites investigated in this study. However, the performancefirst-order reaction in hO.
strongly depends on each particular sample, which is at- The N;O conversion over the catalysts investigated in-
tributed to the impact of the preparation method on the creases linearly with the molar G820 ratio, as shown
catalyst constitution with respect to iron. As an exam- in Fig. 8 at 600 K. This temperature was chosen to ensure
ple, the NO conversion vs temperature overFeZSM-5 the presence of CO. At high temperatures CO becomes ex-
and Fe/ZSM-5 at four different molar Q@0 feed ra- hausted over some catalysts, and such comparison would
tios is compared in Fig. 7. The reduction o™ with not be representative. The different slope of the fitted lines
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sition as in caption of Fig. 7.
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can be assumed that they are responsible for the observed
performance. This is supported by comparison with the clus-
tered ex-FeZSM-5, prepared using identical methods and
with the same iron content, which shows a much lower activ-
ity. The high activity of Fe/ZSM-5 should not be connected
with the presence of iron clusters, since the relative fraction
of isolated iron species, taking into account the iron con-
tent and the deconvolution in Table 2, is larger than over
ex-Fe-silicalite in the test shown in Fig. 8. From our steady-
state data and characterization results, a correlation between
the fraction of isolated iron sites in the zeolites and the
catalytic activity can be qualitatively derived. This correla-
tion is further discussed in Section 4.2. In situ spectroscopic
investigations are necessary to confirm the essential role
of isolated species and to evaluate the eventual participa-
tion of other iron species in the catalytic reduction ofoN

by CO.

3.3. In situ UV/vis and EPR spectroscopies

In situ UV/vis and EPR studies were aimed at the identi-
fication of active iron species in the reduction ofwith
CO over FeMFI zeolites, based on the propensity of the iron
sites to undergo redox processes. To this end, the interac-
tion of CO, NO, and CO+ N2O mixtures with the iron
species in the catalysts has been investigated at 623 K. At
this temperature, all catalysts have shown substantial activ-
ity in steady-state experiments (Section 3.2).

3.3.1. Steam-activated ex-Fe-silicalite

Fig. 9 shows that F& species irex-Fe-silicalite are not
sensitive to reduction by CO at this temperature, as con-
cluded from the comparison of the UV/vis spectra of the
sample in air and in a CO-containing mixture. The EPR
spectrum ofex-Fe-silicalite changes significantly upon in-
teraction with CO (Fig. 10). The signals gt~ 7.15, 6.05,
and 2, representative for differently distorted isolated sites,
decrease in the presence of CO and a new broad signal at
g’ ~3.01 appears. The signal gt ~ 4.3 in Fig. 4 is not ob-
served at 623 K, probably due to short relaxation times at
high temperatures. Considering the UV/vis results, the de-
crease of the EPR lines gt of 7.15, 6.05, and 2 should not
be due to reduction of Pé&. Itis plausible to state that CO is
chemisorbed on extraframework¥eisolated ions, causing
changes of the local symmetry and thus altering the posi-
tion of the EPR signals. A similar shift of the ¥e signal
upon changing ligands was observed for FeZSM-5 zeolites
prepared by impregnation of HZSM-5 with a FeGolu-

suggests a different kinetic behavior. Fe/ZSM-5 shows the tion [42]. In the as-prepared zeolites, a line gat~ 3.65

highest NO conversions, followed bgx-Fe-silicalite. The
activity of ex-FeZSM-5 and FeZSM-5 is significantly lower.
The iron content in Fe/ZSM-5 is-7 times higher than in
ex-Fe-silicalite. Accordingly, the later catalyst is clearly su-
perior if the activity is expressed per mole of iron in the
sample (about 3 times), indicating a better iron utilization.
Since ex-Fe-silicalite mainly contains isolated iron ions, it

was assigned to isolated (Feft species. Upon calcina-
tion in air, this line disappeared due to the transformation of
(FeCh)™ into differently distorted Fe® species, giving rise

to EPR signals at’ ~ 6.5, 5.6, and 4.27. Fax-Fe-silicalite,

the EPR changes are reversible upon switching from CO to
N2O (compare Figs. 10a—c). The intensity of the band at
240 nm in the UV/vis spectrum ak-Fe-silicalite is slightly
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Fig. 9. In situ UV/vis-DRS spectra of FeMFI zeolites at 623 K in different gas mixtures: air, 20 mifarirNHe, 20 mbar CO in He, and back to 20 mbar
N>O in He. Spectra were measured after treatment of the samples in the respective mixtures at 623 K for 1 h. Catalyst pretreatment in air at 773 K for 1 h.
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Fig. 10. In situ EPR spectra of FeMFI zeolites at 623 K in different gas mixtures. Conditions as in caption of Fig. 9.

higher after contact with pD, as compared to the initial 3.3.2. Steam-activated ex-FeZSMI-5

spectrum of the sample in air (Fig. 9). This suggests the pres- The interaction of CO and D overex-FeZSM-5 leads
ence of small amounts of F& ions in the non-pretreated to important differences comparedeo Fe-silicalite, which
zeolite, which can be oxidized by-® but not by Q. are associated with the distinct iron constitution. The UV/vis
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spectrum ofex-FeZSM-5 did not change upon switching 3.3.3. Sublimed Fe/ZSM-5

from air to NbO/He, but treatment in C{He decreases the As shown in Fig. 9, the UV/vis spectra of Fe/ZSM-5 in
intensity of the band above 300 nm (Fig. 9), assigned to air and NO were identical. Upon CO treatment, the inten-
oligonuclear clusters. Similar tex-Fe-silicalite, the band  sity of the whole spectrum was substantially reduced and
at 250 nm, characteristic of isolated3fespecies, remains ~ completely recovered by switching back te®l The in-
unaltered. This result suggests a different behavior 8f Fe  tensity reduction in CO was expected for the bands above
species upon internation with carbon monoxide: CO reduces300 nm, arising from clustered iron species. However, the
oligonuclear F&O, clusters at typical reaction tempera- decrease of the band around 250 nm (isolatett Bpecies)
tures, while isolated F¢ ions are more stable against CO Wwas not anticipated, since these species were not reduced by
reduction. Switching back from CO toJ® restoresthe band ~ CO in ex-Fe-silicalite andex-FeZSM-5. It should be noted
above 300 nm iex-FeZSM-5 and surprisingly, enhances the that the tail of the CT subbands arising from?F®, clus-
band at 250 nm above the maximum reached during the firstters in Fe/ZSM-5 extends into the low-wavelength range (see
N,O treatment. This result can be tentatively explained by Fig. 2), contributing to the overall intensity below 300 nm.
assuming that the coordination of some of thé&'Fspecies Thus, the marked reduction of the band above 300 nm influ-
reoxidized by NO is different from their initial state before ~ €nces the intensity of the signal at lower wavenumbers.
reduction with CO. Phenomena like the partial dissolution  The EPR spectra of Fe/ZSM-5 show a slight decrease of
of larger clusters and/or symmetry changes might lead to the signal at’ ~2 upon switching from air to O, while

an increased absorbance at 250 nm. However, in any caset,he signals of isolated Bé& sites at low field remain prac-

the changes are very small and the amount of Fe species infic@lly unchanged (Fig. 10). Subsequent admission of CO

volved in these processes is not significant. leads to a very large broad singletgat~ 2.07 in the sample,

In the corresponding EPR spectra @k-FeZSM-5 which is typical of ferrimagnetic F®4-like species, and the
(Fig. 10), switching from air to BO causes a slight in- low-field signals for isolated F& species disappear. This
crease of the signals gt ~6.42, 5.62, and 2.0. This can be  297€€S well with previous observations by Kucherov and
associated with the change from a mixture containing a para->"'¢/ef [42], who found that even a mild reductive treatment

- 0 i _
magnetic gas (&) to a diamagnetic one @), which causes ?f IF?/HZSMb? (Il voI/]?.I-j Imt Hdeég 5t73 K) leads to- (gir
line harrowing since the magnetic interaction betweetf Fe ial) Irreversible loss ot 1solate sttes accompanied by

. . . the formation of ferrimagnetic R®, clusters. As shown in
and Q is suppressed. Interestingly, the signagat-4.32 : oo )
) : . . Fig. 10, switching back from CO to4D narrows the line as-
is almost not influenced by this change, suggesting that the_ ~". . . : .
" . e L ) sociated with such species. Since the reducét Bites are
Fe*t species contributing to this line are not accessible by

as-phase components. Alternatively, it cannot be excludedtotaIIy reoxidized by NO, as concluded from UVAVis, the
gas-p mp . atlvely, EPR observation should be related to changes of the intrin-
that traces of iron(ll) sites remain in such state after pretreat-

ment in air, but can be oxidized by, sic magnetic interactions within the ferrimagnetic clusters.
- : . The spectra c and d of Fe/ZSM-5 in Fig. 10 were reproduced
The signals ak’ ~6.42, 5.62, and 2.0 iex-FeZSM-5 P g P

upon various periodical treatments in®/He and CQHe
decrease upon switching fromp® to CO (Fig. 10). Based P P oy 9

X o ) ) mixtures. In NO, a very narrow signal at ~2.003 is ob-
on the various characterizations in Section 2.1 (HRTEM, qo1\eq too. Such signal is typical for radical species rather

UVvis, and the temperature dependence in the EPR specynap for Fé+ jons. Panov [3] attributed the unique perfor-
tra), the signal ag’ ~ 2 in this sample is assigned to oxidic  ance of iron-containing ZSM-5 in the®-mediated oxi-

iron clusters. Accordingly, its decrease upon CO treatment yation of benzene to phenol to the formationoebxygen,

is associated to the reduction of clustered*Fspecies. As whose charge has been a matter of discussion. The abil-
observed irex-Fe-silicalite, the decrease of the EPR signals ity of N»O to deposit paramagnetic Gspecies on partially

at ¢’ ~6.43 and 5.62 inex-FeZSM-5 corresponds t0 iso-  reduced oxide surfaces is well known [44]. Such species
lated Fé* species, which suffer a change of symmetry upon gyiginate narrow EPR signals near the free-electromlue,
coordination by CO, but it is not accompanied by their re- having an anisotropig tensor withg| > g, [44,45]. How-
duction, as concluded from in situ UV/vis. Different than eyer, when they become mobile, e.g., at high temperatgres,
ex-Fe-silicalite, no pronounced signalgit~ 3 was observed  anjsotropy averages out [45]. To the best of our knowledge,
in ex-FeZSM-5 upon interaction with CO. Furthermore, EPR neutral oxygen atoms have never been detected by EPR,
signals in the low-field range appear at slightly different due to the short lifetime imposed by the their high reactiv-
g-values in the steam-activated Fe-zeolites, suggesting thaiity [46]. In a recent work, Starokon et al. [47] concluded that
the distortion of the local symmetry of the isolated sites is ¢-oxygen is an anion-radical species, designatedas. @
unequal in the two catalysts. Coordination of CO in such has also been shown that Gpecies, when engaged in the
sites can lead to complexes of slightly different geometry in micropores of Ca@Al 03 crystals with a zeolite-like struc-
both samples, causing a shift of the EPR signal. This could ture, can be rather stable [45]. Based just ongthvalue, the
also explain the absence of tge~ 3 signal inex-FeZSM- narrow isotropic line in Fig. 10 cannot be conclusively as-
5. Finally, the EPR signals at ~6.42, 5.62, and 2 were  signed to O species, since different radical species lead to
restored upon switching from CO to® (Fig. 10). similar signals in this region. However, considering that the
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signal appears only in the presence ofNand/or after par-
tial reduction of the sample with CO, i.e., under favorable
conditions for formation of O species, it does not seem un-

likely that the signal arises from these radical species, being

mobile within the zeolite pore network.

3.3.4. lon-exchanged Fe-ZSM-5

The in situ UV/vis spectra of Fe-ZSM-5 in the low wave-
length range are similar to that of Fe/ZSM-5 (Fig. 9). The
most significant difference was observed in the visible range
upon interaction with CO, leading to an increase of light ab-
sorption above 450 nm in the ion-exchanged catalyst. This
observation is associated to the lower wavelength tail of an
intervalence charge transfer (IVCT) transition, which typi-
cally occurs in the near-IR region and is induced by electron
delocalization between Fé and F€* ions. Such a phenom-

enon is characteristic for mixed-valence iron oxides and has

been observed in E®4 nanoparticles [48], where the tall
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Fig. 11. In situ EPR spectra of Fe/ZSM-5 in different gas mixtures: air at
773 K, 10 mbar MO + 10 mbar CO in He (C@N,O = 1) at 623 K, and

of the ICVT transition extends to the visible range and con- 6.6 mbar NO + 134 mbar CO in He (C@N,0 = 2) atT = 623 K and
tributes to light absorption above 450 nm. Thus, it is very P =1 bar. The NO conversion obtained is shown in the figure.

likely that a similar type of mixed-valence iron oxide par-

ticles is formed upon interaction of CO with Fe-ZSM-5. The N,O conversion in the experiment was 82%, in good
This was not observed over Fe/ZSM-5, with a negligible agreement with the steady-state tests in Fig. 7. This result
increase of intensity above 600 nm (Fig. 9). This could indicates that in the presence of equimolar amountsx@ N
be attributed to the significantly larger #8&3 particles in and CO, the average valence of active Fe specie8ignder
Fe-ZSM-5, which can more easily undergo reduction to a steady-state conditions, with no formation of ferrimagnetic
defined FgO4-like phase. Furthermore, the mutual distribu- FezOg-like particles. This occurs when CO is added in ex-
tion of Fé** and Fé* species in Fe/ZSM-5 and Fe-ZSM-5 cess (C@N,0 = 2), while the obtained pD conversion is
may differ depending on the exact position, intensity, and/or slightly increased to 87%.

line width of the IVCT transition.

In the EPR spectra of Fe-ZSM-5, signals for isolated
Fe** species are hardly visible, in agreement with the high
degree of clustering evidenced by this sample. Large iron
oxide particles give rise to the broad EPR signay’at- 2
which does not change upon switching from air tgON In
the presence of CO, the broad line accounting for ferrimag-
netic FgOg-like particles develops. A similar EPR signal
was observed in Fe/ZSM-5 (Fig. 10). However, in the latter
sample, the intensity of this line is five times higher than in
Fe-ZSM-5, although the total Fe content is only 3.5 times
higher (see Table 1). This is likely due to differences in the
microstructural domain of the ferrimagnetic particles and not
to a higher degree of P& reduction by CO in Fe/ZSM-5,
since UV/vis clearly shows a more pronounced reduction
in Fe-ZSM-5 (Fig. 9). Upon contact with 2D, a narrow
EPR signal aroung’ ~2.003 arises in Fe-ZSM-5. This
signal, attributed to O species, is 17 times larger than in
Fe/ZSM-5, despite the lower iron content in the liquid-ion

4. Discussion
4.1. Nature and distribution of iron species

In this study, FeMFI catalysts were prepared following
two general preparation strategies to disperse iron species
inside the zeolite channels and cavities: (i) postsynthesis in-
sertion via ion exchange in solution and in the gas phase
and (ii) migration of iron to extraframework positions start-
ing from MFI containing isomorphously substituted3fe
Postsynthesis methods often lead to intrinsic difficulty of the
achievement of a proper cation exchange and highly hetero-
geneous systems are obtained. The extraction of iron from
FeMFI samples exhibiting a unique tetrahedral and isolated
iron species is claimed to represent a simpler and more re-
producible way to disperse iron species into microporous
matrices, although not allowing the insertion of a high per-

exchanged sample. These various observations further evicentage of iron [49].

dence the markedly different nature of this Fe-oxide phase
in both catalysts.

Finally, an in situ EPR experiment was performed by ex-
posing Fe/ZSM-5 to different §O—CO mixtures at 623 K
(Fig. 11). A change from air to a reaction mixture containing
CO/N20 = 1 causes a slight decrease of the signajs at6
andg’ ~2, while the line atg’ ~4.3 remains unchanged.

The characterization from the different methods applied
(HRTEM, UV/vis, and EPR) to assess the form(s) of iron in
the catalysts is in very good agreement. Our results clearly
show that the distribution of iron species, as isolated ions,
oligonuclear iron species, and iron oxide particles is a func-
tion of the sample genesis. A common denominator of the
Al-containing Fe-zeolites is the heterogeneous constitution
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with respect to iron and the extensive degree of clustering. which indicates a higher iron dispersion. However, this is
The formation of iron oxide particles at the external surface also associated to the lower iron content in the sample (e.g.,
of the zeolite crystals and their size are more pronounced in~7 times lower than in the catalyst prepared by sublima-
the samples prepared by postsynthesis ion exchange methtion).
ods, especially in the liquid phase. The large particles in A better-defined distribution of iron species was attained
Fe-ZSM-5 (up to 30 nm) originate from two processes: pre- upon steam treatment of Fe-silicalite. The color of this sam-
cipitation and clustering. In the method applied here, the ple was nearly white, suggesting the more isolated nature of
ion-exchange procedure was performed without pH control, the iron species in the catalyst, whideFeZSM-5 was light
in order to further promote formation of iron oxide parti- brownish. Indeed, the majority of iron &x-Fe-silicalite was
cles in the final catalyst. The poor catalytic performance and found as isolated Fe(lll) ions in extraframework positions.
low redox activity of this sample is in line with the ma- A very minor degree of iron aggregation is present, as con-
jor occurrence of iron in such an inactive form. The liquid cluded from UV/vis analysis. EPR spectroscopy evidences
ion exchange applied here, to a large extent, mimics the re-the paramagnetic behavior of ¥especies following the
sult obtained with a wet impregnation method. Although Curie-Weiss law, as typically observed for highly symmetric
an improved control of the preparation conditions during isolated species. However, a certain degree of weak dipolar
liquid ion exchange can lead to a more homogeneous ironinteractions between Bé sites is also identified, indicative
distribution in the zeolite, a lack of reproducibility of ex- of a certain iron association. The amount of iron in the form
change methods in solution has been frequently reportedof aggregates is minimal and of very small size, since they
[16,50-53]. The use of reducing agents and complexing were not detected by HRTEM. Accordingly, the framework
ligands was applied to prevent the precipitation of iron hy- composition of the zeolite plays an essential role in deter-
droxides and the formation of Brgnsted acid sites during mining the iron speciation. In particular, the presence of
synthesis of overexchanged FeZSM-5 (Re> 0.5), but Al in the MFI structure destabilizes framework iron, pro-
these attempts proved unsuccessful [50]. moting extraction and clustering of extraframework species
lon exchange in the gas phase (sublimation) is undoubt-[19,21,30]. Berlier et al. [56] recently concluded, based on
edly a more effective postsynthesis method, since iron clus-infrared studies, that Al favors the dispersion of extraframe-
tering is largely suppressed compared to methods in thework iron species in isomorphously substituted FeZSM-5
liquid phase. Sublimation of Fe€in the channels of H-  as compared to Fe-silicalite. In that study, both zeolites
ZSM-5 enables a high iron loading in the catalyst (Fe were pretreated in vacuum at the same temperature (773 or
Al = 1). A complete insertion of iron at ion-exchanged 973 K). It is well known that the higher stability of iron in
positions has been claimed, forming diferric (hydr)oxo- the framework of Al-free ferrisilicate requires more severe
bridge binuclear clusters [22,54,55]. The UV/vis spectrum conditions for extensive extraction of framework iron [21],
of Fe/ZSM-5 indeed shows the largest contribution of Fe(lll) and thus the term “dispersion” in [56] can be conceptually
species in the region of the small oligonuclear iron species in understood by “degree of iron extraction,” which is obvi-
the zeolite channels. However, a uniform distribution of iron ously associated to reactivity. The results presented here and
species was certainly not achieved in our Fe/ZSM-5, pre- elsewhere [21], using steam as activation atmosphere (more
pared according to the method in [22]. Isolated iron ions and effective for iron dislodgment that vacuum treatment), show
large iron oxide particles (up to 15 nm) are also identified in that the higher stability of iron in the framework of sili-
this sample. The hydrolysis and calcination posttreatmentscalite enables a better control of iron extraction upon steam
following the sublimation of FeGlhave proven to be key  activation, since clustering can be largely prevented. Still,
steps in order to prevent formation of large hematite parti- by a proper selection of the steaming temperature (873 K),
cles [54,55]. a substantial degree of Fe extraction can be accomplished,
Steam activatedex-FeZSM-5 andex-Fe-silicalite are although not being complete. This has been demonstrated
highly diluted samples, with $Fe ~150. The migration by the different reduction characteristics of framework and
of iron from framework to partial or total extraframework extraframework isolated iron species during in situ UV/vis
positions upon steaming is complex and can be envisagedn Hy at 773 K, and previously by voltammetric response
as a clustering process [21]. An appropriate comparison of studies [21]. Furthermore, the extensive iron dislodgment
the iron constitution in these two samples can be estab-is expected in view of the high activity ad-Fe-silicalite
lished, since the preparation and activation procedures asn the reduction of NO with CO (Section 4.2). Framework
well as the iron content in both catalysts were identical. iron ions are catalytically inactive, since activation of
The results obtained ovex-FeZSM-5 show that a variety  requires coordination of atomic oxygen to the active site, im-
of iron species originated upon steaming, and even the for- possible for framework iron being saturated by surrounding
mation of small iron oxide nanoparticles (1-2 nm). Hence a oxygen atoms of the lattice [57,58].
remarkable uniformity of iron species and the absence of ex- A slight increase of the Fé signal appears in the in
tensive clustering are a priori not guaranteed by this method.situ UV/vis spectra of the Al-containing zeolites during O
Of course, the size of the particles is significantly smaller treatment at 600 K, indicating a certain amount ofFe
than in the iron-zeolites prepared by postsynthesis methodsjn the fresh catalyst, while hardly any oxidation of ferrous
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ions was observed iex-Fe-silicalite upon oxidative treat-  catalytic performance of ion-exchanged Fe-ZSM-5 can be
ment in @ or N2O. Recent XANES work has shown the expected in view of the extensive iron clustering in the form
reduction of Fé" to FEé* in Fe-silicalite (in the form of of large inactive Fe-oxide particles. Iron clustering also oc-
isolated, clustered, or grafted species) upon dislodgment tocurs in the catalyst prepared by sublimation (Fe/ZSM-5), but
extraframework positions by thermal treatment in vacuum the high iron content together with a relatively high frac-
or in steam [43,49,59]. These extraframework Fepecies tion of iron in intrazeolitic positions makes it the most active
have been characterized by a very high coordinative un-formulation in terms of absolute JD conversions. The ac-
saturation, being able to form FgNO)s complexes upon tivity of ex-FeZSM-5 is largely reduced comparedseFe-
interaction with NO at room temperature [60]. According silicalite, which correlates with the decreased concentration
to Dubkov et al. [61], the reduction of e to F&+ upon of isolated iron species due to clustering. Howewat,
steam treatment of FeZSM-5 followed by Mossbauer spec- FeZSM-5 was a more effective catalyst thexrFe-silicalite
troscopy may comprise more than 60% of the total metal in direct O decomposition [19,21]. This has been at-
content. These Fé species, which can be oxidized by® tributed to the intrinsic mechanism of the® conversion
but not by Q, have been associated with binuclear iron com- investigated, which determines its optimal iron architecture
plexes. Our characterization results wekFe-silicalite in [19,63]. Based on our activity and characterization results
Sections 3.1 and 3.3 clearly show the practically sole pres-with ex-Fe-silicalite and the derived correlation in Fig. 12,
ence of F&", mainly in extraframework isolated positions. isolated iron ions are very active towarcb® activation
FTIR studies of NO adsorbed ovex-FeZSM-5 andex- [Eq. (1)] and the removal of the generated atomic oxygen
Fe-silicalite at 423-573 K have indeed shown absorption (O°) can be efficiently done in the presence of CO. However,
bands of F&'—NO, but characteristic bands indicative of in direct N, O decomposition, the isolated nature of iron in
more than one nitro group on such iron sites were not iden- ex-Fe-silicalite makes difficult recombination of @ccord-

tified [62]. ing to Eq. (3) (rate-determining step), even though the rate of
Eq. (1) is higher than ovex-FeZSM-5. Finally, it should be
4.2. Activity and mechanism of N,O reduction with CO noted that the correlation in Fig. 12 assumes that the totality

of isolated sites in the steam-activated samples are in ex-

In direct O decomposition, @ desorption is a rate- traframework positions. This is the case éstFeZSM-5, as
determining step, which can be accelerated at a high tem-concluded in [20,21]. Feex-Fe-silicalite, even if our charac-
perature, in the presence of NO [8], and also by addition terization and activity data point to an extensive iron extrac-
of reductants. CO efficiently removes atomic oxygen from tion, a certain (small) fraction of redox-inactive framework
the catalyst surface and leads to a substantially decreasedfon cannot be excluded. This fraction was not quantified
operation temperature with respect to the diregONde- here, since framework and extraframework species cannot
composition. The reaction of D with CO is stoichiometric ~ be discriminated in UV/vis spectroscopy. In rigorous terms,
[Eq (5)] and the MO conversion increases |inear|y with the the fraction of remaining framework iron iex-Fe-silicalite
molar feed CQNZO ratio (F|g 8) The method of prepa- should be deducted from the total fraction of isolated sites in
ration and activation of FeMFI zeolites determines the iron Fig. 12, since Fe(lll) in tetrahedral framework positions do
constitution, which strongly influences the catalytic perfor- not contribute to the catalytic activity [58].
mance. Since CO is an efficient oxygen remover, the overall ~ The above reasoning does not exclude the participation
rate of NbO conversion by SCR can approach that oftN of other iron species in the reaction. In situ spectroscopies
activation [Eq. (1)]. This can be used to probe the reactivity
of atomic oxygen species (resulting fromp® activation)
adsorbed on the various iron sites identified in Fe-zeolites.

The heterogeneous nature of iron in the samples often
complicates interpretations concerning the nature of ac-
tive species and their relative contribution in the overall
reaction. The remarkably uniform distribution of ironex-
Fe-silicalite as isolated Fe ions connected to its high catalytic
activity is a strong indication of the importance of mononu-
clear iron ions in the reduction of A0 with CO. Fig. 12
shows the derived correlation between the total percentage

N
o
1

-
a
1

Fe/ZSM-5

ex-Fe-silicalite
*

©
)
1

¢ ex-FeZSM-5
*

Relative NZO conversion at 600 K/ -
o

of isolated Fe sites estimated from the relative intensity of Fe-ZSM-5
the UV/vis subbands below 280 nm (Table 2) and the cat- O'Ooo 05 10 15 2o 25 30
alytic activity for NoO conversion at 600 K (Fig. 8). The ' ' ’ ' ’ ) '

. . . 3+ .
N»O conversion and the percentage of isolated'Fsites Relative fraction of isolated Fe™ sites / -
between the catalys.ts (relative én-Fe-silicalite) are in the  Fig. 12, Correlation between the relative,® conversion at 600 K (from
same order of magnitude and follow the sequence: Fe/ZSM-Fig. 8) and the relative fraction of isolated¥esites (from Table 2) in the
5 > ex-Fe-silicalite> ex-FeZSM-5~ Fe-ZSM-5. The poor Fe-zeolites investigated. Values are referreexi&e-silicalite.
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revealed important differences in the redox behavior of the a complex oxo structure in cationic sites, as similarly found
iron species in the catalysts upon interaction with 8,0, by us. In our spectra, the signalgt~ 4.3 shows hardly any
and CO, suggesting that both isolatedFsites as well as  changes during treatment with® or CO, and hence is not
oligonuclear Fé+0y species are active in the reaction of considered as decisive for the catalytic performance. It can
N2O with CO at 623 K. The reaction mechanism associated be concluded that the isolated iron ions associated with this
to these species differs substantially. In situ UV/vis analy- signal are not accessible by reactants and/or have no vacant
ses have clearly shown that Fe(lll) in oligonucleafﬂ@y coordination sites.

clusters can be easily reduced by CO to the divalent state and

can be completely reoxidized by>® (Fig. 9). In combina-

tion with EPR results, it can be proposed that the reduction 5. Conclusions

of N2O with CO over these sites occurs according to Egs. (7)

and (8), i.e., via intermediate formation of @adicals. This The reduction of NO with CO has been investigated over
mechanism agrees with the classical hypothesis stating thadifferently prepared Fe-zeolite catalysts. The preparation
CO purely acts as an O scavenger leading te (E2. (7)] method determines the nature and distribution of iron species
and regenerating the active sifg@)(for subsequent pD ac- in the final zeolites. Results from the applied techniques to
tivation [12—-14,19]. characterize the iron form(s), including HRTEM, UV/vis,
and EPR spectroscopy, are in excellent agreement. A com-
Fe*—0-Fe*" + CO— F&"~O-F&* +CO,. () mon denorrr)nnator ofp%/he Al-containing Fg-zeolites is the
FEt—O—Fet + No,O - FET -0~ —Fe*t + Na. (8) heterogeneous constitution with respect to iron and the ex-

tensive degree of iron clustering, in the form of oligonuclear
iron clusters and large iron oxide particles. Iron association
was largely prevented in steam-activatedFe-silicalite,
which mainly contains isolated iron ions in extraframe-
work positions. CO enhances the® decomposition rate
over all the catalysts to lower temperatures with respect
to direct NO decomposition, and the catalytic activity in-
reases linearly with the molar Q@20 feed ratio. The
atalytic performance in the 40 reduction with CO is
strongly influenced by the iron constitution in the zeolite.
The high specific activity ofx-Fe-silicalite, with a remark-
Fet—0+ CO— Fe¥r—CO, 9) able uniform distribution of isolated iron ions, is essential to
conclude the importance of mononuclear iron ions in the re-
FE —CO+N20 — Fe* ~0+ N2+ COz. (10) duction of NNO by CO. The highly clustered ion-exchanged
This mechanism implies that the involved isolated Fe FeZSM-5 catalyst shows poor activities in the reaction. Ac-
species must be coordinatively unsaturated in order to cordingly, a correlation between the® conversion and the
chemisorb CO. This holds for species associated with the fraction of isolated Fe(lll) sites in the catalysts has been
g ~2aswellasthe’ > 5 signals irex-Fe-silicalite (Fig. 10).  obtained. In situ UV/vis and EPR studies evidenced the par-
The observations related to the latter group of signals are inticipation of mononucleariron ions in thee®@-CO reaction,
excellent agreement with various EPR studies, where theand also support the involvement of oligonucleaE*Réy
reactivity of the EPR signals arourid ~6 is elaborated.  species. The interaction of & and CO and the reaction
Kucherov et al. [64] determined by in situ EPR that the sig- mechanism is iron site dependent. Over isolated sites, the re-
nals atg’ ~5.6 and 6.5 observed in Fe/ZSM-5 catalysts duction of NO with CO occurs via coordinated CO species
prepared by sublimation disappear upon contact with NO on F&t ions, not involving change of oxidation site. The
or NO». The corresponding signals were assigned to very reaction over oligonuclear iron clusters proceeds via a re-
reactive coordinatively unsaturated 3fespecies. Volodin dox Fet/Fe*t process via intermediate formation of O
et al. [65] also attributed the disappearance of this line (in radicals. These results confirm the relationship between the
vacuum and in the presence of water and NO) as an indi- preferred structure of the active iron site and the associ-
cation for the reactivity of an ion-exchanged FeZSM-5 with ated reaction mechanism and have important implications in
N2O. Ribera et al. [66] found that the signals git~ 6.4 oxidation and reduction conversions involving®lover Fe-
and 5.7 in steam-activated FeZSM-5 disappear upon addi-zeolites.
tion of B-mercaptoethanol, concluding their participation in
redox processes. In a recent study, Kubanek et al. [67] corre-
lated the intensity of the signals gt ~ 6.0 and 5.6 and the ~ Acknowledgment
activity of HZSM-5 zeolites with low Fe concentrations in
the oxidation of benzene to phenol with®. These signals Dr. P.J. Kooyman is acknowledged for performing the
were assigned to distort@t-coordinated isolated ions with  TEM analysis.

Differently, the (dominant) isolated B ions in ex-
traframework positions oéx-Fe-silicalite suffer no reduc-
tion by CO at 623 K (Fig. 9). The relatively weak interaction
between CO and ironions is commonly accepted [43]. How-
ever, the changes of the local symmetry and altered position
of the signals in the EPR spectra clearly indicate that CO
strongly coordinates to ferric ions @éx-Fe-silicalite. Attend-
ing to these results, the mechanism represented by Eqs. (9£
and (10) can be proposed for the®l reduction with CO
over isolated iron sites.
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