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Abstract

We report about the characterizatidrao isomorphously substituted Fe-MCR2 sample with high iron content (§ie= 18) using FTIR,
XANES and EXAFS spectroscopies. Template burning and subsequesttiactin vacuo caused the migration of a fraction of framework
Fe3t species to extraframework positions, accompanied by the reduction of a fractiofrofd"Ee? ™. A fraction of extraframework F&"
sites was able to adsorb NO, forming?#¢NO), complexes# = 1, 2, 3), which indicates a high coordinative unsaturation of such sites.
The parallel experiment monitored by X-ray absorption spectroscopies testified that this fraction is however small, as both EXAFS and
XANES spectra were almost unperturbed by NO adsorption. The corresponding FTIR bands are highly broad and asymmetric, which does
not allow to detect the presence of*F¢NO) complexes. The broad character of the nitrosyl bands suggests the presence of small oxidic
clusters, in agreement with XANES and EXAFS evidences. The nature and distribution of extraframework Fe species are influenced by
water preadsorption, which causes the increase of the amount of the most coordinatively unsatétagtbseable to form Fe (NO)z
complexes. The effect of red—ox treatments with &d H was also investigated. Upon oxidation, adsorbed oxygen is formed, which
efficiently shields the Fe centers and does not rapidly nor efficiently react with NO. Upon reduction, the intensity of nitrosyl complexes
increases, indicating the reduction of extraframeworktFgikely present on the surface of small oxidic clusters) td'FeComparison with
the most investigated Fe-MFI system is made.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction As a consequence, thermag@tments cause the migration
of Ga or Fe to extraframework positions and their progres-
Insertion of trivalent heteroatoms, like ], Ga[2], or sive aggregation in form of isolated, dimeric and polymeric

Fe[3-5]into T positions in the crystalline framework of ze- species up to oxidic nanoparticlgs5,7,8] This migration

olites is accompanied by the appearance of strong Brgnstedeads to the appearance of a different type of acid sites of

acidity (bridged T(OH)Si sites), responsible for the acidic Lewis nature[4,5,9,10] As a consequence, after this treat-

catalytic activity of these materials. The stability of Alatoms ment Fe-zeolites can possess both Brgnsted and Lewis acid

in T position is much higher than that of Ga or f&6]. sites, working separately or in a synergistic way in acid-
catalyzed reactiond1-13]

r— . Extraframework iron cations can show different valence
B e o hoen states (F&', Fe** and even FE) depending upon the re-
carlo.lamberti@unito.iC. Lamberti). ducing or oxidising character of the reagents present in the

1 present address: Silicon Chemistry Research Group, Department of catalyst environment and hence show red—ox properties not
Chemistry, Open University, Walton Hall, Milton Keynes, MK7 6AA, UK. available in Al- or Ga-silicalites. An important example of
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catalytic activity associatedith this interplay between dif- 2. Experimental and methods
ferent oxidation states of Fe, hosted in the MFI framework, is

the partial oxidation of benzene to phenol usingd\as oxi- The Fe-MCM-22 (SiFe= 18 and SiAl = 90) catalyst
dising agen{14,15] The selective insertion of the hydroxyl was prepared by the Aiello group (University of Calabria, 1)
group into the aromatic ring to yield phenols, naphthols and following the method described in detail in R§41]. The

so on, is a very promising tool for the chemical industry, sample was calcined in dry air flow of 10 émin~! at

the commonly employed route via the three-step cumeneg73 K for 6 h. The sample in presence of template has
process being of great complexif§6]. Besides the ben-  peen characterised by EXAFS and XANES techniques only.
zene to phenol reaction, iron containing zeolites have shownEXAFS, XANES, and IR spectroscopies have been used to
promising results in the de-NCcatalysis[17-21] Due to  study the calcined sample s@ogiently activated at 773 K
the high industrial interest related to this topic, a remark- in vacuo. Oxidation (reduction) treatments were performed
able number of scientific works have appeared concerningin O, (H,) atmosphere at 573 K and were investigated by
iron containing zeolitic systems. Two different main prepa- means of IR spectroscopy only. Water dosage at RT has also
ration procedures have been employed till now to dispersebeen studied to investigate its effect on the nuclearity of ex-
iron species inside the zeolite channels: (i) post-synthesistraframework iron clusters.

insertion via ion exchang@&7-27] and (ii) isomorphous in- X-ray absorption experiments were performed at the
sertion of F&* into the MFI framework during the zeolite  GILDA MB8 beamline [55] at the European Synchro-
synthesi§4-8,28-36] tron Radiation Facility (ESRF). The monochromator was

Most of the before mentioned bibliography refers to iron equipped with two Si(311) crystals and harmonic rejec-
species introduced inside theAVimatrix. However, asfaras  tion was achieved using mirrors. In order to assure high
the isomorphous substitution method is concerned, very low quality XANES spectra, the geometry of the beamline was
percentage of iron can be incorporated. Besides MFI, otheroptimized to improve the energy resolution: vertical slits,
iron containing zeolitic frameworks like mordenite, beta, fer- located at 23 m from the source, were set to 0.6 mm as-
rierite and mesoporous silicas have been investigated forsuring at 7 KeV, an actual energy resolution better than
the reactions outlined befof20,37—42] Among them also 0.4 eV. The following experimental geometry was adopted:
MCM-22[43,44] (MWW framework) has been used as host- 1) Ip (1 bar N filled ionization detector having efficiency of
ing material for Fe isomorphous substitutif39—42] This 10%); 2) zeolite sample; 3} (100 mbar Ar filled ioniza-
material is particularly interesting as a considerably higher tion detector having efficiency of 50%); 4) 3 um thick iron
amount of iron can be introduced in the T sites of its frame- metal foil; 5) I, (photodetector). This set-up allows a di-
work. rect energy/angle calibratidor each spectrum avoiding any

From a structural point of view MCM-22 is characterised problem related to minor energy shifts due to small thermal
by a complex porosity, containing both medium and large instability of the monochromator crystgis6]. A sampling
pores[43,45—-47] The structural complexity derives from step of 0.2 eV for the XANES part of the spectra and a
the presence of two indepdent pore systems accessible variable sampling step, givingkmax = 0.05 AL for the
through 10-ring openings. One of these systems is definedeXAFS part, and an integration time of 3mint have been
by two-dimensional sinusoidal channels, maintaining an ef- adopted. Spectra were collected at room temperature (RT)
fective 10-ring diameter throughout the structure. The sec- using a metallic cell allowing in situ high temperature treat-
ond one includes large supercages with 12-ring openingsments and gas dosag&7]. A more complete description
defined by inner diameter of 7.1 A and inner length of on both experimental set-up and EXAFS data analysis is

18.2 A. reported in Ref[8], devoted to the characterisation of the
This work is devoted to the study of a Fe-MCM-22 sam- parent Fe-silicalite system.
ple with a high concentration of Fe (%ie= 18) prepared The IR experiments were carried out on a Bruker IFS 66

by isomorphous insertion. We will follow the effect of tem- FTIR instrument equipped with a cryogenic MCT detector
plate burning in air and of the subsequent activation in vacuo and running at 2 cm' resolution. The samples were in the
at 773 K on (i) the migration of Fe species from the T posi- form of self-supporting pellets suitable for measurements in
tion, (ii) the heterogeneity, and (iii) the oxidation state of transmission mode. Measurement cells were used allowing
the extraframework species. Finally, the effect of interac- in situ thermal and oxidative treatments. NO, carefully puri-
tion with water, and of red—ox treatments (with dr O,), fied by distillation in order to remove other undesired nitro-
has been investigated. The main characterisation techniquegen oxides, was initially dosed at RT, at an equilibrium pres-
have been IR spectroscopy of adsorbed NO, supported bysure (Pno) of 15 Torr. After 1 h the equilibrium pressure was
parallel EXAFS and XANES studies. This choice has been reduced step by step, so allowing to obtain a sequence of IR
adopted on the basis of literature data, that have shown bothspectra corresponding to decreasing NO covefaheThe

IR [5,7,34-36,38,39,48-5@hd X-ray absorptiof4—6,8,32, last spectrum typically corresponded to 15 min outgassing
33,51-54kpectroscopies as the most informative techniques at RT (residual pressure lower than£0rorr). The IR spec-

in the characterisation of Fe in zeolites. trum collected before gas dosage was used as background
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for obtaining the background-subtracted spectra reported in  The three pairs of superimposed curves reportdddn?2

the following. concern the comparison between the first shell filténeck)
function and its best fit modeled as a single Fe—O contri-
bution for the Fe-MCM-22 sample measured with template,

3. Resultsand discussion after activation at 773 K and subsequent interaction with NO
(first, second and third from top, respectively). The results
3.1. EXAFS of these fits are summarizedTable 1 As far as the sample

containing the template is concerned, a coordination number

The three curves dfig. 1a report thek x (k) function of of 4 (within the experimental error) is measured, with an av-
the Fe-MCM-22 sample in the presence of template (full line erage distance Fe—O of8F + 0.01 A. This corresponds to
curve), after template removal and subsequent activation atthe presence of isolated Fe species inside the zeolitic frame-
773 K (dashed curve) and after subsequent interaction withwork in tetrahedral coordination. Note that similar Fe—O dis-
NO (dotted curve, hardly distinguishable from the activated tances were observed for Fe introduced in different zeolitic
one). Just a superficial view on the experimental data finds anetworks, such as Fe-silicalite and Fe-ZSM-5 samles,
significant decrease of the EXAFS signal upon activation at 8,32,33]

773 K. In fact, while the spectm collected in the presence The reduction of the average coordination number mea-
of the template shows up to six complete oscillations, the last sured on the sample after activation at 773 Tlfle J is
maximum being appreciable on this view arounom&_l, a direct consequence of the decrease of the EXAFS sig-

only four periods are observed above the noise level, for thenal (Fig. 1a). A similar phenomenon (even more dramatic)
sample activated at 773 K, being the last appreciable maxi-was observed upon activation of Fe-silical4e5,8]and was
mum at approximately 9.0 Al The remarkable decrease of €explained by the formation of a complex distribution of ex-
the EXAFS signal is also reflected in the corresponditg traframework Fe species characterised by a high heterogene-
weighted, phase uncorrected, FT reportefig 1b, where ity of local environments. In fact, when Fe atoms occupy
the intensity of the Fe—O first shell peak falls down from 9.7 tetrahedral framework positions, they have a well defined
to 4.3 A4,

—EXP

- - -FIT
0.4

0.4
a)

0.0 b)

kx(k) (A"

0 5 kA") 10 15 -0.4- >

4 8 kA" 12

-
o
|

Fig. 2. Fourier filteredc x (k) functions (full lines) and corresponding best
fits performed using a single Fe—O contribution as model (dashed lines).
From top to bottom: a) sample with template, b) after removing template
and subsequent activation at 773 K, apdfter subsequent interaction with

15 Torr of NO at RT. Curves where vertically shifted for clarity.

Table 1

Results of the EXAFS data analysis for the catalyst measured in different
conditions: iron coordination numbenN{, Fe—O bond lengthK), Debye—
Waller parameterd), and energy shift of the F&-edge AE)

Magnitude of T. F. (A%

o

Sample condition N R o AE
A A) (eV)
With template B+04 187+001 (5+1) x 102 7+2
Activated at 773 K B+03 186+002 (9+1) x 1072 3+2
Activated at 773 Kt NO 27+0.3 1.85+0.03 (9+2) x 102 3+2

Fig. 1. (a) Experimentat x (k) of the Fe-MCM-22 sample in the presence
of template (full line), after removing template and subsequent activation at
773 K (dashed line), and after subsequent interaction with 15 Torr of NO at
RT (dotted line); (b) Correspondinig-weighted, phase uncorrected FTs.
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and ordered first shell environment, characterised by 4 oxy- observed23,52-54] The absence of any evident elongation
gen ligands at a well defined Fe—O distanc8T# 0.01 A). of the Fe—O bond distance upon sample activation represents
This ordered situation givesse to a constructive accumula- a further proof of the thesis that, in the present case, ex-
tion of the EXAFS signal coming from the different absorb- traframework Fe species result in insignificant contribution
ing iron sites, yielding (within experimental errors) a Fe—O to the overall EXAFS signal.

coordination number of 4 (sekable 1. When a fraction of Finally, the EXAFS signal is not sensibly affected by the
iron atoms migrates into extraframework positions, as often interaction of NO with the activated samplEig. 1, com-
observed in Fe-MFI systenf4,5,8], a mixture of Fe species  pare dashed and dotted curves). This evidence is in apparent
characterized by different oxidation, coordination and aggre- contradiction to the IR experiments which show that NO is
gation states (from isolated species to small oxidic clusters) strongly interacting with extraframework Fespecies form-

is formed. Such heterogeneity implies that the local envi- ing stable nitrosyl complexes (vide infra). However, it is
ronment of Fe atoms has a continuous spread in Fe—O bondmportant to underline the fact that nitrosyl complexes are
distances, dynamic Debye—Waller factors and coordination formed on the fraction of extraframework3especies, that
numbers (please note that by O we mean oxygen atomsis, the EXAFS silent fraction.

of both oxidic nanocluster and zeolitic framework anchor-

ing sites). From what we have learnt from the Fe-silicalite 3.2. XANES

case, the EXAFS signal coming from extraframework iron

species is affected by such a large Debye—-Waller factor (of XANES spectroscopy is one of the most informative tech-
static origin) as to become practically undetectdb|8,35, nigues for the determination of oxidation states and of locall
58] for k > 5 A", where the observed EXAFS oscillations Symmetries of transition metal i0ri§6,57,63-65] This is

are mainly due to the complementary fraction of Fe atoms particularly true when appropriate model compounds, with
still occupying framework positions. Since all iron atoms well defined oxidation and coordination states, are avail-
contribute to the edge jump in the measuged spectrum,  able for comparisorj4,5,8,63,65,66]In the present case
and since the reporteg(k) functions are normalized to this We have measured FeRQas an example of B¢ in tetra-
jump, the dramatic decrease of the EXAFS signal is thus hedral coordination, Fe(acachnd a-Fe;O3 for Fe*t in
qualitatively explained. According to this interpretation, the octahedral symmetry. Fegihas been chosen as an exam-
fraction of framework Fe species in the activated sample is ple of a Fé" compound (acae= acetylacetonate, Cg:
evaluated as 4. Of course, this model gives an overesti- cyclopentadienyl). The XANES spectra of these model com-
mated fraction value becausetbomplete elimination ofthe ~ pounds have been reported and discussed extensively in
EXAFS oscillations holds only in the highregion, while at ~ Ref.[5]. For the sake of comparison, both position and inten-
low k the phase difference between different Fe—O contribu- sity of the Iy — 34 pre-edge peaks have been summarized
tions is not resulting in a completely destructive interference. in Table 2

In our case this model gives a value o704+ 0.08. This The most evident change in the XANES spectra reported
value is much higher than that observed for Fe-silicalite acti- in Fig. 3concerns the red shift of about 1.0 eV of the absorp-
vated in the same conditions.4@+ 0.08)[8]. This impres- tion edge upon calcination and subsequent thermal activation
sive difference reflects the greater ability of the MCM-22 invacuo. A greater shift, of 1.2 and 3.0 eV has been observed
framework in hosting trivalent heteroatoms as: (i) loy/Si after activation of Fe-silicalite samples at 773 and 973 K,
ratio can be reached and (ii) lowrtdency to de-alumination  respectively{5,8]. This phenomenon has been attributed to
process has been repor{d@,59] the migration process from framework ¥especies to ex-

The apparent shortening of the Fe—O bond length in the traframework F&" species. As the migration process in Fe-
samples treated at 773 K (also observed for Fe-silicalite sam-MCM-22 is less important than in Fe-silicalite (vide supra
ples[5,8]) and after interaction with NOT@ble ] can also the EXAFS results), the observed red shift of the edge is of
be explained in terms of structural disorder of extraframe- smaller entity.
work iron species. The effect of a large disorder is equiv-  Another interesting feature of the XANES spectra re-
alent to a system having an asynetrical radial distribu-  ported inFig. 3is the Iy — 3d pre-edge peak (see inset for a
tion function, which can lead to an apparent contraction of magnified view)4,5,8,67,68] Position, intensity and shape
bond length in the usual analysis of EXAFS d§tQ,61] are related to the oxidation state of iron and to its local geom-
Although the observed Fe—O bond length shortening lies etry. From the XANES spectra of the model compounds,
within the experimental errorsTéble J), this trend seems  see Ref[5] andTable 2 the Iy — 34 pre-edge peak is ob-
to have a general validity as already observed during ex- served at slightly higher energies for¥ecompounds (in
traframework migration processes in both Fe-silicditd] the 7114.2-7114.6 eV) with respect to Fe@pl112.5 eV).
and Ga-silicalitd62] systems. The average Fe—O distances Moreover, its intensity is much higher for iron species in
measured by EXAFS on the activated samples deserve additetrahedral-like coordination as the; A> T, transition is
tional comment. When iron is introduced in the zeolite pores Laporte-allowed, while the fy — Tzg and Ajg — Eg tran-
via post-synthesis methods (e.g. by Fe€liblimation), sig- sitions are symmetrically forbidden in the case of octahedral
nificantly longer Fe—O distances (from 1.96 to 2.13 A) are coordination. The spectrum of Fe-MCM-22 with template
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Table 2 Fe-silicalite with templateTable 9. The major change ob-
Position and normalized intensity of the 1 34 pre-edge peak of the  served in the pre-edge peak upon calcination concerns the
XANES spectra of Fe-MCM-22 after different reatmerftgg( . Forcom- — jntensity reduction, revealing the decrease of iron frame-
parison also data of different model compounds and of Fe-silicalite are .

repoted from Ref[5]. (s) = shoulder. The edge of thes 1> 3d peak of work species. The appea}rance of the XANES f?atures of
Fe metal foil (defined at the inflection point) has been setto 7111.6 eV the extraframework species (about 30% according to the

EXAFS signal) is hardly visible from the bare data (even in

sample Pzgt;igésfak Intensity et the inset) ovying to the smgller ex_ti_nction coeffipient of the
Laporte-forbidden electronic transiti¢®,8]. The high spec-
E;P(% ;ﬂgi © 8:(1)22 E} tral resolution and the high/8l ratio of the XANES data
71146 0080 here presented allows us to report a meaningful difference
Fe(acaq) 71135 (9) 0.048 5] in XANES spectrum (calcined mus template, according to
71146 0.053 the established procedure used to present IR spectra) in the
FeCp 71125 0050 [5] top part of the inset (scattered curve). From the difference in
Eg:::zz:::g ;ﬂig gzigg g XANES spectrum a clear component at 7112.6 eV emerges.
Fe-silicalit® 71118 (9) 0,037 [5] Comparison with the FeGpmodel compound leads to the
71145 0128 conclusion that we have singled out the XANES feature of
Fe-MCM-22 71144 0.207 this work the extraframework P species.
Fe-MCM-22 71143 0151 this work As was the case in the EXAFS region of the X-ray absorp-
Fe-MCM-22 71142 0162 thiswork  tjon spectrum, also the XANES spectrum of the activated
s With template. Fe-MCM-22 sample is not sensibly affected by NO dosage.
. 22:::::22 :: ;;3 E We observe only a very small shift of the F&-edge to-
d After activation at 7.73 K and subsequent interaction with 15 Torr NO at W,ards higher energies (compare daShEd and dotted curvesin
RT. Fig. 3. When the same experiment is performed on a Fe-

silicalite sample (unpublished results), a much larger edge
shift is observed (more than 3 eV), which is interpreted as a
significant electron donation from £especies to NO mole-
cules. Comparing the XANES results of NO adsorption on
Fe-silicalite (unpublished results), and on Fe-MCM-22 we
conclude that in the MCM-22 case most of the iron atoms
are not accessible to the prob®lecule. This is well ex-
pected for the highly coordinated ¥eframework species
but is rather surprising for the extraframework species which
71152' AT usually exhibits a high coordinative unsaturatér7,8,34,

: ' 36]. This experimental evidence is tentatively explained in
0.05 ! terms of a higher tendency to clustering of extraframework
species in this sample with respect to the Fe-silicalite as in-
vestigated in Refd5,8]. It is difficult to say if the different
topology and acidity of MCM-22 with respect to silicalite
play an actual role in this different behavior, as for Fe-
MCM-22 a much higher total amount of iron is concerned
in the extraframework migration. In fact, in this case the
migration concerns 30% out of/18 of T sites, resulting

0.2

' 0.01

Normalised ux

7112 7116

' ' T ' T iN Fesxtraframeword Si = 1.67 x 1072, while for Fe-silicalite
7125 7150 7175 we were dealing with 58% out of/20 T sites resulting in
Energy (eV) Feextraframewory Si = 6.4 x 1073,

Fig. 3. XANES spectra of sample Fe-MCM-22 with template (solid line), 3.3, |R spectroscopy of adsorbed NO
after removal of template and subsequent activation at 773 K (dashed line)
and subsequent adsorption of 15 NO at RT (dotted line). The inset shows thea 3.1. Band . t
magnification of the pre-edge peal$e scattered curve in the upper part i an ass'gnmen . L

of the inset is the difference between the spectrum of the activated sample 10 gain further information on the oxidation and coor-

and that of the sample with template. Vertical line indicates the position of dination state of extraframework species, IR spectroscopy
the XANES band due to ¢ species, in FeGp seeTable 2 of adsorbed NO has been applied. Nitric oxide is the suit-

able probe for this study due to its strong affinity towards
(full line) exhibits the characteristic pre-edge peak of'Fe  Fe&* and because of the high intensity of th¢, bands, as
species in §-like symmetry: this holds for both peak posi- demonstrated by the abundant literature regarding Fe ions
tion and intensity (compare with the data of FePahd of hosted in zeolitic matrix5,7,34—-36,38,39,48-50pccord-
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ing to Refs.[5,7,34,36] the complex IR spectra obtained
upon dosing NO on Fe containing zeolites has been in-
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ligands, i.e..LoNFet, LoNoFe#t and LoN3Fe?t. On this
basis, the formation of the mono-, di- and trinitrosyl species

terpreted on the basis of a pressure-dependent evolutiorcan be described as follows:

from FE+t(NO) and Fé*(NO), complexes into F& (NO)3
adducts. F&"(NO) complexes are characterised by a sin-
gle N-O stretching mode around 1830 thwhile both
Fet(NO), and Fé+(NO)s give rise to a doublet around
1840 and 1765 cm' (dinitrosyl) and 1916 and 1810 crh
(trinitrosyl). Such assignment was established also using a
I5SNO/A“NO isotopic mixture[34] on Fe-silicalite samples
characterised by remarkablyell defined and narrow IR
component$s,7,34,36] Fig. 4reports a high and a low NO
coverage spectrum of a Fe-silicalite sample/ E8i= 90, Al
free) for comparison.

The full-width at half maximum (FWHM) of the nitrosyl
bands obtained upon dosing NO orfEespecies supported
on siliceous matrices reflects the surface heterogeneity of the
hosting sites for iron. On the basis of a systematic study of a
large number of samples (differing on the support matrix and
activation treatmentgp,7,8,34—36,38]we concluded that
the surface heterogeneity of iron species could be explained
by assuming the presence bN,Fet centers, wherd.
is a framework SiO (or atomic G~) chemically linked
group andN is a framework oxygen atom of the vicinal
SiOSi bridges electrostatically linked to iron. When zeolites
are concerned, the value efdepends upon the location of
the ions on the framework walls and defects. When probed
with NO, theL, N, F€#* species are shown to be a composite
family of sites, able to add either only three, two or one NO

0.1

Fe*'(NO)

2+
Fe™(NO),

Absorbance Units

T T
1900 1800
-1
Wavenumbers (cm)
Fig. 4. IR spectra of NO dosed at RT on Fe-silicalite samplgR&i= 90,

Al free) at low (solid spectrum) and high (dashed spectrum) equilibrium
pressures.

LoN;Fe™ —>L2N FET(NO), 1)

(2)

where the addition of NO occurs on structurally different
sites and where the number of adsorbed NO is greater on the
most coordinatively unsaturated sitds< j). This model

was able to explain the whole set of spectroscopic data col-
lected so far.

This holds also for the experiment performed on Fe-
MCM-22 and reported ifFig. 5a. By comparison with the
spectra reported iRig. 4, besides the higher FWHM of all
components, it can be observed that the NO bands obtained
€on Fe-MCM-22 are qualitatively similar to those obtained
on Fe-silicalite, indicating that also in this case extraframe-
work FE€t species are formed. The conversion of the pair
of bands at 1912 and 1812 crthinto the 1835 (shoul-
der) and 1764 cm® pair upon evacuating NO is observed.
According to the Fe-silicalite cad&], these spectroscopic
manifestations have been assigned to the right-hand equilib-
rium in reaction(2). The LoNFe#t(NO), complexes are
responsible for the pair of bands at 1835 (shoulder) and
1764 cntl, while Lo Ny FE+(NO)3 generate the bands at
1912 and 1812 cm'. As already observed in Fe-silicalite,
beside the di- and trinitrosyl complexes, a third species is re-
sponsible for the component at around 1830 énassigned
to a LoN;Fe?t(NO) complex ( = 3). In the Fe-MCM-22
sample studied in this work the concentration of this com-
plex is higher indicating that, on an average, extraframework
Fe species exhibit a lower coordinative unsaturation with re-
spect to Fe-silicalite.

LoNFe+ 2 LszFe2+(NO)2 LszFe2+(NO)3,

(a) (b)

-

Absorbance Units

1800

1900
Wavenumbers (cm™)

1900 1800

Fig. 5. Room temperature IR spectra of increasifigh (from dashed to
dotted curves) dosed on Fe-MCM-22 activated at 773 K, prior to (part a)
and after (part b) preadsorption of water.
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According to what is found in the studies devoted to Fe- that the spectra reported Fig. 5b can be explained with
silicalite samples, thé.,N,Fe+ species detected by NO  a ligand displacement reacti§fil] where HO extracts the
adsorption are families of sites with slightly different lo- Fe** ions from the original coordination sphere, substitut-
cal environment depending on the ion location in the matrix ing the weak N” ligands. NO, thanks to its high affinity
inner voids. In the case of the Fe-MCM-22 studied in this for Fe¢t species, is able to displace water ligands forming
work, the nitrosyl bands are strongly asymmetric and very L,N;Fe#t(NO), and L, N;Fe€#(NO)s complexes. This ef-
broad, indicating that the families @f, N, Fe*t species ex-  fect also causes a decrease in the heterogeneity of fite Fe
hibits a higher heterogeneity with respect of that formed in family, resulting in the narrowing of the bands.

Fe-silicalite. By comparing the IR spectra reported here with  As a further observation, we report that adsorption of wa-
those obtained on Fe-silicalif,7,34](see alsd-ig. 4) and ter on preadsorbed NO causes a significant decrease of the
with those obtained by Dumesic and coworkigg,70]and mononitrosyl adducts, while the poli-nitrosyl ones are al-
by Berlier et al.[38] on amorphous Fe/SiOsamples, we  most unaffected (experiment not reported, for brevity). Note
can conclude that the heterogeneity of extraframewofk Fe  that a similar behavior was observed for the Fe-silicalite sys-
hosted in MCM-22 is intermediate. The small differencesin tem too[5].

the position of the maxima can be explained in terms of the ~ The ability of “water treated” iron species to form ni-
variability in the families of sites formed in the different ma- trosyl complexes with higher nuclearity does not directly
trix: such as distribution of framework At species in the  imply an increased activity. In fact, after interaction with wa-

surroundind7]. ter, Fe species did not exhibit an average lower coordination
state but have just replaced surface ligand with HO lig-
3.3.2. Effect of water preadsorption ands. We expect an increased catalytic activity only if the

In Fig. 5o, spectra obtained upon adsorption of NO onthe reactants are able to displace water. This is not the case for
same Fe-MCM-22 sample previously contacted with water N,O, as probed by IR spectra ob® dosed on Fe-silicalite
vapor are reported. By comparison with the spectra obtainedprior to and after contact with water, parts (a) and (b) of
prior to water adsorptiorH{g. 5a), the following comments  Fig. 6, respectively. On the activated sampkg( 6a), the
can be done. After water dosage, the bands at 1912, 1812 anddsorption of NO generates three bands at 2275, 2235, and
1764 cnt! are more intense and narrow (FWHM moving 2218 cntl. The first two are attributed to4O adsorbed on
from 57 to 40 cnmt). As far as the intensities are concerned, Fe*™ and F&* centres, respectively. The strong and narrow
we observe a clear increase of both trinitrosyl modes andband at 2218 cm! (with a shoulder at 2200 cm) is due
of the low frequency mode of the dinitrosyl complexes (see to physically adsorbed #D and is the only one present on
Fig. 4 for assignments). Conversely, the adsorption around silicalite (dotted line inFig. 6). For a more detailed assign-
1830 cn1?, including both the mononitrosyl mode and the ment of these spectra the readers are referred tdhefor
high frequency mode of the dinitrosyl adduct, seems to be the time being, it is just relevant to observe that after water
almost unaffected (only a slight decrease is observed). preadsorption almost all the sgtroscopic features ascribed

In the Fe-silicalite casgb,34], the lower Fe heterogene- to NoO interacting with extraframework iron species are ab-
ity allowed us to clearly observe that pretreatment wittoH
vapor caused the decrease of the mononitrosyl band accom- | (a) (b)
panied by the parallel increase of the four components of
di- and trinitrosyl species. In the present case, the appar-
ent invariance of the absorption around 1830 ¢ris likely
due to the much broader character of all spectroscopic fea-
tures. The same interpretation can thus hold also in the Fe-
MCM-22 case: water preadsorption causes the decrease of2
LoN; F&#t(NO) complex in favor of the parallel increase of
LoNyFe#t(NO)s and Lo Ny Fe#t(NO), complexesk < ),
see reactiongl) and(2). On an atomistic level, these spec-
troscopic observations can be rationalized in terms of the
extraction of Fé" by water from the original coordination
sphere, favoring the multiple addition of strong ligands such
NO [5,34]according to the scheme: 0+

Absorbance un

T T T - T T T T T
2H,0 2300 2200 2300 2200
LoNjFET" 3" LoNFe?T (Ho0), Wavenumbers(cm™')
mNO +
= LoNiFeet(NO),, + nH0, 3) Fig. 6. Room temperature IR spectra of increasing pressures®f i to
. . . 30 Torr, dosed on Fe-silicalite (8te= 90, Al free) activated at 973 K, prior
wherek < j, m =2 or 3. Th|'5 phenomenon IS not observed i, (part a) and after (part b) preadsorption of water. The dotted spectrum
when probe molecules having a lower affinity towardFe  reported in both parts was obtained upon adsorption® k80 Torr) on a
are used, such as CO op@ [5]. We can therefore conclude  defective silicalite (Fe and Al-free).
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sent. The spectrum obtained at the higher pressure is veryadsorbing around 1865 crh (seeFig. 4) was observed. In
close to that obtained on the Fe and Al-free zeolite with the the present case, a similar adsorption was not observed in

same topology. This implies thab® is not able to displace

any of the experiments. However, since these complexes are

water ligands and explains why literature data reports a de-characterised by a low IR intensity, they were probably shad-

crease of the catalytic activity in thes® decomposition of
Fe-zeolites previously contacted with wafé2—74]

3.3.3. Effect of red—ox treatments

After interaction with @ at 573 K, the catalyst shows a
markedly modified affinity towards NO adsorption, reflect-
ing a deep modification of the extraframework iron sites
(comparerigs. 5a and 7aln fact, a dramatic depression of

all ferrous nitrosyl complexes is observed. At the same time,

new weak bands are formed in the 2125-2000tmterval

(inset). Similar adsorptions were observed by directly dos-

owed by the broad bands due to?FE&NO) complexes.

4, Conclusions

An isomorphously substituted Fe-MCM-22 sample with
high iron content (SiFe= 18) was characterised by FTIR,
EXAFS and XANES spectroscopies. Comparisons with the
Fe-silicalite system are made. Before template burning iso-
lated Fé* species are found in well-defined tetrahedral-like
geometry. Upon template burning and subsequent activation

ing NO, on the sample (not reported here for brevity, see in vacuo, a fraction of framework B& species migrates to

e.g. the spectrareported in REf5] for comparison) indicat-

extraframework positions, forming a mixture of #eand

ing that oxidation products are formed. These observationsFe** ions. The Fé&" sites represent the majority of ex-
imply that the oxidation treatment causes the formation of traframework species, and form, upon NO contact, stable
adsorbed oxygen on the extraframework iron centers. It is F&#*(NO), complexes = 1, 2, 3). Due to the broad and
not possible from these results to infer the structure of the asymmetric character of the corresponding IR bands, the
adsorbed species. The only conclusion is that adsorbed oxyformation of Fé*(NO) complexes could not be clearly de-

gen coming from @ shields efficiently the Fe centers and it
is not rapidly nor completely removed by NO at RT. In fact,

tected. The broadness of the IR bands testifies a high hetero-
geneity of extraframework sites, and the presence of small

only a small quantity of adsorbed oxygen reacts with NO to oxidic clusters. The latter observation is in agreement with

give adsorbed N@species.
The effect of reduction with Klis reported inFig. 7b.

XANES results. If the large clustering process is related to
the topology and acidity of MCM-22 structure is hard to say,

In this case the nitrosyl bands formed on the sample aredue to the large iron content of the sample.

very similar to those obtained before red—ox treatments ex-

cept for a small increase in the overall intensity. This im-

Upon water preadsorption, the nature and distribution
of extraframework species is influenced. In particular,

plies that after the reductive treatment, the concentration of F&€*(NO) species become abte adsorb more NO mole-
the F&+ species accessible to the interaction with NO has cules, forming F&"(NO)s complexes. This phenomenon
increased. We can hypothesize that these new species areias explained with a ligand displacement reaction. Upon

produced upon reduction of extraframeworléFespecies.
In Fe-silicalite samples, the formation of#¢NO) adducts

(a)

(b)

2125 2000

Absorbance units

1800

1900
Wavenumbers (cm™)

1900 1800

Fig. 7. Room temperature IR spectra of increasifigh (from dashed to
dotted curves) dosed on Fe-MCM-22 activated at 773 K, after oxidation in
0, at 573 K (part a) and after subsequent reduction4ratb73 K (part b).

oxidation (with @ at 573 K) adsorbed oxygen is formed,
which efficiently shields the Fe centers and does not rapidly
nor efficiently react with NO. Upon reduction, the intensity
of nitrosyl complexes increases, indicating the reduction of
extraframework F&" (likely present on the surface of small
oxidic clusters) to F&".
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