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Abstract

Different Fe-based materials, where irimms are anchored on crystakirand amorphous siliceous supisoare studied by FTIR spec-
troscopy of adsorbed NO and in the® decomposition reaction test. The influence of Al concentration is also considered. We show that
the coordination state of Fe dramatically changes when Fe is attloor crystalline or amorphous mags. In crystalline Fe-ZSM-5 and
Fe-silicalite samples highly coordinatively unsaturated and isolated Fe sites are present, whictfofiCHg and Fé+(NO)3 complexes
upon NO contact. The presence of oxidic clusters, forming @0) complexes, whose relative concentration strictly depends upon the
presence of Al and the concentration of Fe, is also evidenced. Fe-ZSM-5 samfle£S120) mainly contains isolated £& ions char-
acterised by high coordinative unsaturation. This sample also shows the highest activity seBlomposition, indicating that isolated and
coordinatively unsaturated Fe sites are the most active precursors for the catalytic reaction. It is thought that adsorbed oxygen is formed,
upon N>O decomposition, on both isolated and oxidic clusters, forming ferryl groups in the former case and bridged structures in the latter.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction umented in Refd6,7]. The so-formed extraframework iron
sites are thought to be the precursors of the catalytically ac-
Fe-containing zeolites (in particular Fe-silicalite and Fe- tive sites: they are able to decomposgON\with formation
ZSM-5) are currently the subgt of an animated scientific ~ of the so-calledt-oxygen, which is assumed to play the key
debate due to their catalytic activity in the one-step conver- role for selective oxidation of benzefg 7].
sion of benzene to phenol using® as oxidising agent. The nature of the iron sites responsible fosON de-
This reaction represents a promising and environmentally composition is still under debate. The more controversial
friendly alternative to the commonly used three-step processpoint regards their nuclearity, which can have important con-
via cumene, since Nis the only co-produdtl,2]. The cata- sequences on the structure of active adsorbed oxygen (
lysts are isomorphously substituted zeolites containing very oxygen). In fact, if dinuclear structures or small clusters
low iron amounts, which become active after severe thermal are responsible (as proposed by many autigg]), -
treatments leading to migration of iron from framework to oxygen is most likely an © bridged species like in methane
extraframework positiong8—6]. Migration induced by treat-  monooxygenasfL0]. If only isolated iron ions are the ac-
ments in vacuo at high tempeuae is also accompanied by tive sites, oxygen interacts with a single iron site, and the
extensive reduction of iron from ferric to ferrous ions as doc- ¢-oxygen could be analogous to oxygen in the ferryl group
of heme enzymeld 1]. As isolated and oxidic clusters could
* Corresponding author. Fax: +39-011-6707855. be simultaneously present, it can be plausibly inferred that
E-mail address: adriano.zecchina@unito{A\. Zecchina). both types of oxygen types are formed on the same sam-
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ples. The presence of catalytically active isolated Fe sites hadocated in framework positions) escape this probing proce-
been recently documented by the group of Bell on the basisdure.
of DFT [12-14]and EXAFS investigationgl5]. The same In a series of experimental studies, it has been established
conclusion can be found in the late works coming from the that isolated and low coordinated¥esites, in extraframe-
group of Sachtler, where combined FTIR measurements andwork positions of Fe-silicalite zeolite, originate#¢NO),
catalytic tests showed the higher activity of mononuclear Fe and F&+(NO)3 complexes adsorbing at 1835/1764 and
sites[16,17] Dubkov et al. have proposed an intermediate 1915/1810 cm?, respectively{6,30]. When Al-containing
situation[7], hypothesising thak-sites are binuclear com- Fe-ZSM-5 samples were studied, the IR bands correspond-
plexes in which each Eé atom is independently absorbing ing to the same complexes were found at higher frequency:
a single oxygen atom forming two #£0~ groups. 1845/1769 cm? for F€+(NO), and 1919/1812 cmt for

A second important point of debate is the role of Al Fe&(NO)3 [29]. F€t sites at the surface of clusters (mainly
in determining the structure of the sites and their catalytic observed in Fe-silicalite samples) formed onl?FO)
activity. It is in fact well known that the activity of Al-  compounds, adsorbing in the 1825-1835¢mrange, while
containing Fe-ZSM-5 is higher than the analogous Al-free exposed F&" sites originated F& (NO) complexes adsorb-
Fe-silicalite with the same iron contej#,18,19] This led ing in the 1910-1875 cmt range[6]. Like observed for
some authors to conclude that Al can catalyse the reactionhomogeneous nitrosyl analogud2—-34] the vno bands
by creating strong acidic sit§20,21] or that the effective = were characterised by high extiion coefficients and high
active sites are Al Lewis sitd22—-24] However, these hy-  dependence upon the valence state of iron. The high intensity
potheses have never been proved, while the main role ofof these bands allowed the investigation of very diluted sam-
iron was invariably confirmed18,25]. In a recent paper, ples,i.e., with a concentration of iron below the detectability
Hensen et al. proposed that the active sites are extraframelimit of most characterisation techniques.
work Fe—Al-O entitied26], whose structure has not been The same technique was used to study Fe-based amor-
elucidated. A mononuear Fe ion, interacting with a zeolite  phous samples, such as high surface area Fe/&id Fe-
portion containing Al in close vicinity, has been proposed MCM-41 [31]. On this kind of samples NO mainly re-
by Ryder et al[12,13] and Liang et al[14] on the basis  vealed the presence of two surface Fe sites characterised
of DFT calculations. The exhibited role of Al in stabilis- by low coordinative unsaturation. The first type of sur-
ing extraframework mononuclear Fe sites has been eluci-face species, likely present at the surface of small oxidic
dated by the EXAFS studies of Choi et f7]. Moreover, clusters, is only able to adsorb one NO molecule, giving
Wichterlové et al. showed that Fe—oxo structures, acting asFe*(NO) complexes adsorbing at 1774 th The sec-
counterions in proximity of framework At, are charac-  ond type originates (upon varying NO pressuredHalO)
terised by high catalytic activitj28]. All these results are in ~ and F&T(NO), compounds, resulting in IR nitrosyl bands
good agreement with our findings that extraframework iso- at 1830 and 1876/1805 cth, respectively[31]. The lower
lated F&* ions with one or two atoms of Al in theimmediate  number of NO molecules adsorbed by Fe sites on amorphous
vicinity could be the precursors of the active sites in partial supports (as compared to the crystalline case) shows how the

oxidation reaction§29]. coordinative degree of the metallic ions can be easily tuned
A third point of debate concerns the coordination state by changing the crystallinity of the matrix.
of iron in the active sites. One of the methods for investi- In this work, the procedures already described are used

gating the coordinative unsaturation of dispersed metal ionsto get information on the influence of Al concentration upon
involves the use of suitable probe molecules, able to inter- the accessibility and coordinative state of Fe ions grafted on
act with the exposed and accessible ions. In previous paperdifferent supports (crystalline and amorphous). The spectro-
we demonstrated that NO is an efficient probe for Fe sites, scopic results were then correlated to the catalytic activity
since it is able to monitor and differentiate the exposed Fe in the N,O decomposition reaction, used as simple reac-
species, i.e., extraframework3eand Fé* ions in isolated tion test for exploring the activity of exposed‘Fesites.
positions, in small extraframework clusters (like dinuclear This reaction has been chosen among all catalysed by Fe-
ones) or present at the surface of bigger parti¢ee29— based materials because ofstsplicity. The comparison of
31]. In fact NO shows high affinity toward coordinatively the characterisation and activity results on the same samples
unsaturated ¢ and Fé* ions, leading to the formation represent a first attempt to sl the gap between characteri-
at room temperature of well-defined and stable complexessation and catalysis.

Fe(NO), (n = 1, 2, 3), characterised by strong IR activ-

ity [6,29,31] The maximum number of NO ligands adsorbed

by each F&" and Fé* centre represents a direct indication 2. Experimental

of their coordinative unsaturatid6]. For all these reasons

the NO probe allows the detailed and comprehensive ex- Fe-silicalite and Fe-ZSM-5 samples were prepared in
ploration ofall the accessible Fe surface sites. Of course, the laboratories of Prof. L. Forni (Dipartimento di Chim-
Fe sites not located in surface positions (and hence surelyica Fisica ed Elettrochimica, Universita di Milano) following
not active, such as bulk atoms in k&, particles or Fé&t the method described by Ratnasamy and Kui®a}. These
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samples showed surface areas between 500 and 54@cm The catalytic NO decomposition was carried out in
as described in detail in R486]. After the synthesisthe cat- a fixed-bed reactor connected to a gas chromatograph
alysts were washed, dried, and calcined in nitrogen and thenequipped with TCD detector fothe analysis of reactant
in air at 823 K. Their chemical composition was determined and product gases. Before every run the catalysts were ac-

by elemental analysis, as described3f]. tivated in nitrogen flow. The reaction was carried out in the
The Fe/SiQ@ material was prepared by wet impregna- temperature range from 673 to 900 K. Different feed com-
tion of a high surface area silica (Aerosil, 296 fg) with positions were used, that is 100 vol%®, 50, 3.3, and

a solution of Fe(N@)3. The concentration of the nitrate so- 1.5 vol% NO in He. The activity of the catalysts was inves-
lution was calculated in order to obtain a 0.7 wt% in Fe. tigated using different amounts of catalyst (100 and 200 mg)
A solution of AI(NO3)3 was used to prepare the&/SiO; and different total flows, resulting in GHS¥ 600, 900,
sample, which was subsequently impregnated with a solu-3600, and 27,000 t. Since the results were qualitatively
tion of Fe(NQ)3 in order to obtain the Fe/Al/Si9sample similar along the whole range of experiments (as far as the
used in the experiments. The calculated amounts of Al and activity comparison is concerned), we only report about the
Fe correspondedto 1 and 0.34 wt%, respectively. The chem-results obtained using 3.3 vol% ok in He, total flow of
ical composition of the amorphous samples was successivelyl50 cn?/min, resulting in GHSV= 27,000 . N,O de-
confirmed by EDX analysis on a SEM Stereoscan 400 Ox- composes stoichiometrically into;Nind G and neither NO
ford apparatus. nor NO; was detected during the experiments. To compare
Prior to FTIR experiments, the samples were compressedthe activity per Fe atom in the different catalysts, turnover
into 1.5 x 1.5 cm pellets for high temperature activation in frequency values, calculated as number gfitblecules pro-
vacuum. Pellets were weighted and their thickness carefully duced per second per atom of Fe, were also reported.
measured. Prior to catalyticdts, powdered samples were Volumetric analysis (N adsorption at 77 K) was per-
activated in a nitrogen flow at the desired temperature. formed on the catalysts after the catalytic tests and no meso-
The IR experiments were carried out on a Bruker IFS porosity formation was observed.
66 FTIR instrument equipped with a cryogenic MCT detec-
tor and running at 2 cmt resolution. Suitable measurement
cells were used allowing in situ thermal treatments and dos- 3. Resultsand discussion
ing of NO. NO, carefully purified by distillation, was ini-
tially dosed at room temperaturo = 15 Torr); the equi- Two different typologies of Fe-containing samples were
librium pressure was reduced step by step, thus allowing to considered: (a) crystalline MFI zeolites and (b) amor-
obtain a sequence of IR spectra corresponding to decreasPhous silica-based samples. both cases Al-free and Al-
ing NO coverage. The first spectrum collected just before containing samples were considered. In the following, Al-
the initial gas dosage was used as a reference for obtainingree MFI zeolite will be referred to as Fe-silicalite, and

the background-subtracted spectra, that are reported in thel-containing zeolite as Fe-ZSM-5. Regarding the amor-
following. phous materials, Fe/SiCand Fe/Al/SiQ samples will be

The intensity of the NO spectra was “normalised” in considered. The chemical composition of the various sam-

terms of weight and thickness of the siliceous matrix follow- Ples is displayed iffable 1 Notice that Fe-ZSM-5 sample
ing two procedures. The first one is based on the weight andiS characterised by a very low Fe content/(& = 1120).
thickness of the pellets, catdly measured before and after The choice of such diluted samples is justified, since the
every experiment. The second procedure is based on the inlow iron content surely minimises the presence of dimeric
tensity of the overtone bands in the 2100-1550 &mange, and larger oxidic clusters and optimises the concentration
which is proportional to the quantity of the siliceous ma- of isolated sites. In other words, in our hope the Fe-ZSM-5
trix in the IR beam. This normalisation is very precise when Sample could be considered as a single-site model catalyst,
Fe-ZSM-5 and Fe-silicalite are compared (because we arewhere the presence of isolated Fe ions is predominant.
dealing with the same crystalline matrix). The same holds L o

for the comparison of silica-based materials. Comparison of 3-1. Activity in N2O decomposition

silicalite and silica-based materials with this method is not
precise (because the overtone bands have different width).
For this comparison only the first method was used. We esti-
mate that this normalisation isifficiently accurate to allow

N2O decomposition was carried out in a wide range of
experimental conditions, that is in the temperature range

semiguantitative considerations. Table 1
A second “normalisation” of the NO spectra was made Chemical composition of the samples
on the basis of the Fe content. The most diluted sample (Fe-Sample Fe (wt%) Al (wt%)
ZSM-5, 0.08 wt%) was chosen as a reference, i.e., with a Fe-silicalite 133 -
“normalisation factor” of 1. The intensity of the bands ob- Fe-ZSM-5 008 226
FelSi 0.70 -

tained on the other samples was divided by a “normalisation

. ) . FelAl/Si 0.34 100
factor” corresponding to the ratio of the iron contents. CIAVSIO
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Fig. 1. (& NO conversion (%) of samples Fe-ZSM-M) and

Fe-silicalite O) previously activated at 1073 K, in the 673—-900 K tempera-
ture range, 3.3 vol% pO in He (GHSV= 27,000 h1). (b) Corresponding

plot of the natural logarithm of the reaction rate against the inverse of reac-
tion temperature.

from 673 to 900 K, using different feed composition, differ-
ent amounts of catalyst, and different total flows. Since the
results were qualitatively similar along the whole range of
experiments (as far as the activity comparison is concerned),
we hereafter report about the results obtained using 3.3 vol%
of N2O in He, GHSV= 27,000 hr1, on the catalysts previ-
ously activated at 773 and 1073 K.

The increase of activity with reaction temperature is com-
pared inFig. 1a for samples Fe-silicalite and Fe-ZSM-5
previously activated at 1073 K. This is a general trend, as
reported by several authof$9,37—40] From Fig. 1a the
higher activity of Fe-ZSM-5 with respect to Fe-silicalite,

in our case is true at low temperatufd4]. The calculated
reaction rate was plotted agatrthe inverse of temperature
in Fig. 1b. By assuming a first reaction order fop® de-
composition[37,42], this plot can be considered an Arrhe-
nius diagram, allowing the discrimination between kinetic
and diffusion controlled regimdéd2]. In particular, the low
temperature range, where the conversion is low and linearly
increases with temperature, c@ considered as the kinetic
regime where the reaction rate is not affected by diffusion
phenomena. From the data Big. 1 we infer that the re-
action is kinetically controlled in the 673—-800 K range. In
conclusion we confirm that the Fe-ZSM-5 sample is more
active than Fe-silicalite (and the amorphous materials) in the
whole range of temperatures.

A more detailed analysis of the activity and stability of
all the catalysts at a given temperature (773 K) is here-
after reported. By comparing the activity of the four cata-
lysts in the same experimental conditions, we firstly notice
that the activity of the catalysts increases upon increasing
the activation temperaturddble 3. This fact is not sur-
prising for Fe-based zeoliteshsre iron (introduced during
the synthesis) is at first mainly present in framework posi-
tions: it is in fact a generalriding that high temperature
activation favours the migration of Fe into extraframework
positions, thus generating a higher concentration of active
Fe sited7,26—43] The migration of Fe into extraframework
positions is the consequence of the breaking of framework
Fe—O-Si bonds, caused by the synergic action of temper-
ature and traces of water present inside the zeolitic chan-
nels[5,6,44] The same explanation does not hold for the
amorphous M/SiQ (M = Fe or Fe/Al) materials, where all
iron is ab initio in extraframework positions being grafted
to the external silica surface or clustered in form of small
iron oxide particle§31,45] We could thus suggest that de-
hydroxylation and surface rearrangements, induced by high
temperature activation, are favouring the general increase of
activity with activation temperature.

The behaviour of the catalytic activity with time is vari-

along the whole temperature range, is verified. These resultsable. InFig. 2the catalytic activities in BO decomposition

are qualitatively similar to those recently reported by Pérez-
Ramirez et al[19]. From the data oFig. 1a we calculated
the corresponding reaction rate, assuming the isothermicity
of the catalyst bed (which has been verified, as the amount
of catalyst is very small). This approximation only holds for
low conversion levels (that s differential reactor), which

(reaction temperature 773 K, GHSV= 27,000 1) of the
four samples previously activated at 1073 K are compared.
FromFig. 2we see that the activity gradually increases with
time (this is particularly evident for the Fe-ZSM-5 catalyst).
This trend is quite unusual, since most often a slow deacti-
vation to steady state was reporfdé]. We also observed

Table 2
Catalytic activity in N O conversion after different activations
Sample NO conversion (%) T.OF (shp

773K 1073 K 773K 1073 K
Fe-silicalite 76+£0.7 154+48 6x10°3+5x 104 0.0146x 104
Fe-ZSM-5 69+0.8 418+25 007+8x 1073 0.4340.07
Fe/SiQ 11+04 45+0.7 6x104+2x1074 2x103+4%x10°4
Fe/AlISiO, 0.7+0.2 42+09 1x103+3x 1074 6x103+1x 1073

& The average MO conversion (%) was calculated along the 100-1000 min of reaction.

b Turnover frequency values were calated as number of molecules of lNroduced per second per atom of Fe.
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Fig. 2. N,O decomposition at 773 K (GHS¥ 27,000 |.Tl) over the Fig. 3. Turnover frequency values for,® decomposition at 773 K
various catalysts activated at 1073 W, Fe-ZSM-5; 0, Fe-silicalite; (GHSV = 27,000 i) over the various catalysts activated at 1073 K:
O, FelAlISIOy; and @, Fe/SiG. ¥, Fe-ZSM-5,0, Fe-silicalite;[], Fe/Al/SiOy; and 4, Fe/SiG. The T.O.F.

values were calculated as number of molecules pphduced per second
o ) . . ) per atom of Fe.
a decay of activity with time in other experiments. In par-

ticular, low space velocities and pure® feed most often , , . o .
resulted in slow deactivation, while by increasing the space Paths(2) and (3’), not requiring the migration of atomic
velocity (using He as a diluent) the slight increase obsery- ©XY9€n on the surface, do not necessarily imply the pres-
able inFig. 2was often observed. Notwithstanding the large €NC€ Of oxidic clusters and hence could be favoured on very
number of experiments we were not able to obtain a fully dllutgd samples, where isolated*Fesites are the dominant
reproducible behaviour. This suggests that the activity is SPECIES. o , o
controlled by many fine parameters. This is not unexpected, oM the data plotted ifig. 2 the higher activity of
since our previous work regarding the systematic character-F&-2SM-5 with respect to the other catalysts is evident.

isation of a large series of samples showed how the distrib- Since the iron content of the Fe-ZSM-5 sample is very low
ution and nature of Fe sites hosted in zeolitic matrices can (Si/F&=1120), in this case we can reasonably assume that

seriously change upon small variations in the activation con- the formation of aggregates is minimised. We can thus in-
ditions[6]. In our opinion, the same explanation could hold fer that isolated Fe sites are mainly involved in the catalytic
for the small changes of activity during the reaction: struc- activity. As the catalytic activity slightly increases along
tural rearrangements (such as aggregation or changes in thé1€ reaction, structural rearrangements cannot be excluded.
local environment of Fe sites) could play a role also during FromFig. 2.|t can be inferred that the activity of Fe-S|I|ca.I|te,
the first steps of the reaction, depending upon the experimen-lthough higher than that of the amorphous samples, is sen-
tal conditions. sibly lower with respect of Fe-ZSM-5. Since the Fe content

N,O decomposes stoichiometrically te Bind G (within of this sampl_e is higher than that of Fe-ZSM-5 (by a fac-
the experimental error) flowing the reaction scheme: tor of 16.6), it could be argued that only a fraction of the
total iron content is in this case active, for instance as the

2N20 — 2N; + Op. (1) consequence of a too extensive clustering process. However,
catalytic tests performed on highly diluted Fe-silicalite sam-
ples (SjFe= 440, not reported) showed a very low activity
as well: this is indicating that dilution alone is not sufficient

A possible pathway for B0 decomposition and oxygen
recombination is the following:

N20 + ()o = N2 + (O)q, (2) to obtain a high concentration of active sites and that the
2(0 Oy, 3 presence of Al is crucial.

Ok — 02 3) The difference between the activities of the four sam-
where by(), we indicate the active sites, and by (Qho- ples is further amplified when the turnover frequency values

bile and reactive oxygen species. In agreement with many (T.O.F.) are reportedg. 3). T.O.F. values were calculated
authors[7,9] this reaction pathway should occur on clus- as number of N molecules produced per second per Fe
tered (at least dimeric) Fe epies because they are expected atom. From this comparison it is emerging that the activ-
to allow more facile oxygen adsorption, migration, and re- ity per Fe atom of Fe-ZSM-5 is one order of magnitude
combination. An alternativesaction pathway is as follows:  higher with respect to Fe-silicalite and two orders of mag-
y nitude higher with respect to the amorphous samples. A first
N20 + (o > N2 + (O, (2) conclusion deriving from the catalytic results illustrated in
(O)y + N20O — Nz + Oo. 3) Figs. 2 and 3s that isolated, or less likely small clusters
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Fig. 4. FTIR spectra of NO dosed at room temperature (decrediag Fig. 5. Normalised FTIR spectra of NO dosed at room temperature (de-

from 15 Torr, dashed line spectrum to 1OTorr, dotted line spectrum)  creasingPno from 15 Torr, dashed line spectrum to 1 Torr, dotted
on various catalysts activated at 1073 K: (a) Fe-ZSM-5, (b) Fe-silicalite, line spectrum) on various catalysts activated at 1073 K: (a) Fe-ZSM-5,

(c) FelAl/SiOy, and (d) Fe/Si. (b) Fe-silicalite, (c) Fe/Al/Si@, and (d) Fe/Si@. The spectra intensity
was normalised with respect to the iron content. Fe-ZSM-5 sample (0.08
Fe wt%) was chosen as reference.

of Fe ions, are the precursors of the sites active i@ Me-

composition. Large oxidic clusters or particles are, on the sites (isolated and clustered¥eand Fé*) is consequently

contrary, less active. From the comparisons we draw alsoneeded.

a second conclusion: Al is playing a definite role in deter-  In particular, the FTIR spew of adsorbed NO indicate:

mining the activity of Fe ions. From this it is inferred that (@) On both crystalline samples the di-nitrosy tri-

the catalytic sites must contain both Fe and Al, as also pro- hitrosyl transformation, cracteristic of isolated P& ions

posed in Refs[12—14,27—29]Finally, the activity per Fe  in extraframework positions, is observable upon varying NO

atom of the amorphous samples is almost nil, indicating that Pressure (schentd)),

the crystalline character of the support is a fundamental fac- +NO

tor in determining the catalytic activity. Fe#t (NO)? —ﬁo Fe™* (NO)a. (4)

The F&+(NO), complexes (visible at low NO pressure,
dotted lines inFig. 5a and 5poriginate IR bands at 1845

. ] and 1769 cm! on Fe-ZSM-5 Figs. 4a and Haand at
In Fig. 4 the FTIR spectra (normalised for the pellet 1856 and 1758 cmt on Fe-silicalite Figs. 4b and 5p

weight and thickness) obtained from room temperature ad'Fe2+(NO)3 complexes dominate the spectra at high NO
sorption of NO on the four catalysts are reported. For an pressure (dashed curve) and are responsible for the bands

easier comparison we also repdfid. 5 the same spectra 5t 1918 and 1806 cnt on Fe-ZSM-5 and at 1911 and
after further normalisation of the adsorptions with respect to 1809 cnr! on Fe-silicalite. From these findings it is con-

3.2. FTIR of adsorbed NO

the iron content. The scope of this comparison is to: cluded that isolated Fe sites in Fe-ZSM-5 and Fe-silicalite
samples are not identical and give different Fe(ph@pd
(i) evaluate the accessibility of iron centres; Fe(NO) complexes (se&able 3. This observation, also re-
(i) evaluate the valence state; ported in Ref[29], indicates that the isolated Feions in
(iii) evaluate the coordination state; Fe-ZSM-5 are influenced by At in very close proximity,

(iv) ascertain if a correlation between catalytic activity, and as also suggested by different authfira—14,26—28] This
coordination state of Fe centres (as probed by NO) is observation is in agreement with the literature concerning
existing. the vibrational spectroscopy of nitrosyl compleXag,33]

It is in fact known that thewno of Fe(NO), complexes
As a first observation we underline that the overall in- is influenced by the electronic state of the central metal,
tensity of the NO bands obtained on Fe-ZSM-5 and Fe- the electron-poor centres (associated with smaller back-
silicalite, after normalisation with respect to the iron content donation) giving the higher frequencies. This is in accord

(seeFig. 5a and 5pare substantially similar. This indicates  with the electron withdrawingféact of Al, which is decreas-

that the fraction ofaccessible Fe sites on the two samples ing the electron density of vicinal Fe centres. Notice that the

is roughly the same. Consequently, the different activity of blue-shift of the bands obtained on Fe-ZSM-5 with respect to
the Fe-silicalite and Fe-ZSM-5 sample in® decomposi- Fe-silicalite is very clear for the F&(NO), components and
tion cannot be simply explained in terms of the fraction of for the high energy mode of the £gNO)3; complexes. On

accessible sites. A detailed analysis of the type of exposedthe contrary, the low energy component of thé R&O)s
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Table 3
Position of the maxima (cm*) and assignment of the FTIR nitrosyl bands formed on the crystalline samples described in this work

Fe2t(NO) F&t(NO), Fe2t(NO)3 Al3H/Fe3T (NO) F& " (NO),?
Fe-ZSM-5 - 1845 and 1769 1918 and 1806 1875 -
Fe-silicalite 1828 1828 and 1758 1911 and 1869 - 1876 and 1800

@ Typical complexes observed on amorphous complexes.
b.¢ These bands are formed by the sum of two different components: their maxima position is thus not reliable.

Table 4 on heme systems on isolated idth&], and is similar to oxy-
Position of the maxima (cmt) and assignment of the FTIR nitrosyl bands gen in methane monooxygenase on oxidic clugtedk
formed on the amorphous samples described in this work At this point of the discussion, we can draw the following

Fe"(NO) F& " (NO) Fe&" (NO) conclusions:
FelAl/SiOp 1832 1877 and 1806 1774
Fe/SiQ 1830 1876 and 1805 1774 () thermal treatments in vacuo at high temperature gen-
erate highly dispersed Fe sites on both Fe-ZSM-5 and

Fe-silicalite;
(i) isolated F&* ions are (in relative terms) more abundant

on Fe-ZSM-5 than on Fe-silicalite;
(iii) isolated F&* sites on Fe-ZSM-5 are in close proximity
of Al, which acts as electrowithdrawing centre and
hence influences the chemical properties of Fe;
comparison of the spectroscopic and catalytic results
suggests that the high activity of Fe-ZSM-5 in®
decomposition is associated with isolated®Feex-
traframework ions in close proximity of Al. This ob-
servation does not automatically exclude that clustered
oxo—iron species are also playing a role isNdecom-
position. In fact, it only indicates that the reaction on
isolated centres is faster than that occurring on clus-
tered sites, in agreemewith what was recently pro-
posed by Pirngruber et 446].

complexes (maximum position at 1806 thfor Fe-ZSM-5
and at 1809 cm! in Fe-silicalite) is not reliable since in-
fluenced by the superimposition of different adsorptions: the
band due to F&"(NO) complexes (vide infra) and the high
frequency mode of the F&(NO), ones. As a final observa-
tion, notice that the fraction of isolated centres on Fe-ZSM-5 (iv)
is about twice that observed on Fe-silicalitég. 5a and 5p

This indicates that the presence of Al is favouring the dis-
persion of Fe, as also observed by Choi ef2d].

(b) Fe sites characterised by lower coordinative unsatu-
ration are also observed on the crystalline samples. These
species, able to adsorb only one NO molecule, were as-
signed to F&" ions on small oxidic clusters. The corre-
sponding F&"(NO) complexes on clusters absorb in the
1825-1835 cm! interval and are more abundant on Fe-
silicalite sample (SiFe= 68, Fig. 3b). It is worth notic-

ing that the concentration of oxidic clusters (band in the (c) Coming to the amorphous Fe-Si@nd Fe/Al/SiQ
1 .

1825-1835 cm- range) is very :Z?W.O” Fe-ZSM-5 sample  gamples Fig. 5c and 5§ the overall intensity of the IR
(Si/Fe= 1120), where isolated Fe ions characterised by  pands s, after normalisation with respect to the iron con-
high coordinative unsaturation represent the major fraction tant, apout half of that obtained on the crystalline samples.
of exposed sites. From this it is confirmed that the relative s indicates a lower fraction of accessible Fe sites, as ex-
concentration of isolated and clustered species is strictly de'pected for amorphous samples where the formation of ox-
pendent upon the presence of Al and upon Fe concentration;gic clusters grafted on the surface of silica has been often

Coming to the minor features detected on the crystalline gported[45]. However, similarly to what is observed on
samples, the weak band at 1876 Cnelearly visible on Fe-  ¢rystalline materials, the difference in intensity is not so dra-
silicalite (Fig. o) closely remm.ds that formed on the amor- - matic to explain the observed difference in catalytic activity.
phous samples (see next section dables 3 and pand its Hence, also in this case a detailed analysis of the type of ex-

presence was explained by assuming a local amorphisationygsed sites, in terms of coordination state, is necessary,
of the zeolitic support@a consequence of high tempera-

ture thermal treatmenf81]. Finally, the band at 1875 cm Fe,zf(NO) Jﬁo Feﬁ*(NO)z. (5)

(not very intense in relative terms) observed on Fe-ZSM-5 —-NO

(Fig. 5a) has been assigned toA(NO) and/or F&t(NO) The nitrosyl bands obtained on the two amorphous sam-
adductq29]. ples are substantially similar, and will be discussed together.

It is important to underline that previous experiments on Four main bands are observed, at 1877, 1832, 1806, and
samples oxidised with DD at 673 K showed that the capac- 1774 cntl. The intensity of the bands is strictly dependent
ity of all Fe sites (i.e., isolated and clustered) to adsorb NO upon NO pressure as follows: by decreasing NO pressure
is dramatically inhibited by the presence of adsorbed oxy- the bands at 1877, 1806, and 1774 ¢ndecrease, while the
gen from NO decompositiorj6]. This observation has di-  band at 1832 cm! grows. To give a correct interpretation
rect implications on the structure of active adsorbed oxygen, of these complex bands, two-dimensional correlation spec-
which is expected to be similar to the ferryl species observed troscopy (2DCOS, not reported) was used.
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The spectra can be interpreted by assuming that on theof Fe. The isolated extraframework Fe sites, on both Fe-
amorphous surface two types of¥esites are present. The silicalite and Fe-ZSM-5, are characterised by high coordi-
first type (hereafter I'—ié‘) can adsorb up to 2 NO mole- native unsaturation being able to add up to 3 NO molecules.
cules (bands at 1877 and 1806 Thy and is reversibly  The clustered ions, instead, form only’F¢NO) complexes.
transformed into a stable mono-nitrosyl adduct (band at In the Fe-ZSM-5 sample (8Fe= 1120) the concentration
1832 cnl) by decreasing the NO pressure, as reported in of oxidic clusters is minimised in favour of the isolated ones,
the schemd5). The second type (hereafter§t¢ can only while the opposite occurs on Fe-silicalite (Be = 68).
adsorb one NO molecule, giving the IR band at 1774tm  Moreover, the isolated B sites formed on Fe-silicalite and

+NO Fe-ZSM-5 are not identical, as testified by the different fre-
Fegt _ﬁOFq%*(NO). (6) quency at which the corresponding?£€NO), complexes
absorb. By comparison with the literature concerning nitro-
syl complexes, it is concluded that Al centres act as elec-
tron withdrawing centres, degasing the electronic density
8f vicinal Fe ions.

Fe-ZSM-5 sample (3Fe= 1120) shows the higher cat-
alytic activity, suggesting that highly coordinatively unsatu-
rated and isolated Fe centres are catalytically actives@® N
decomposition. This conclusion does not exclude that clus-
tered sites are also involved in® decomposition, but sim-

By comparing this results with those obtained on the crys-
talline samples it is clear that on Fe—3i@nd Fe/Al/SiQ
samples tri-nitrosyl complexes are totally absent. This indi-
cates that Fe ions on amorphous matrices are characterise
by a lower coordinative unsaturation. This could be ex-
plained either by the flexible nature of the siliceous matrix
(where Fe ions can easily sink, to increase their coordination
state) or by the formation of oxidic clusters. In this case the
presence of Al does not sensibly affect the frequency of the o S i .
nitrosyl bands, since only a very small blue-shift of the bands p[y indicates that the reacpon is faster on isolated Fe 1ons.
in Fe/Al/SIO, is observable. The intensity of the bands ob- T inally, adsorbed oxygen is formed by® decomposition
tained on the Fe/Al/Si@samples (after normalisation of the  ©" bpth isolated and clustered Fe sites. It is |r_1ferred that in
iron content) is possibly suggesting that the presence of Al the first case ferryl groups are formed, while in the second
also in this case slightly favours the dispersion of Fe. adsorbed oxygen has bridged nature.

The previous observations give further support to the hy-
pothesis that the most active sites are isolated Fe ions charac-
terised by high coordinative unsa_turation, in agreement with Acknowledgments
what was recently proposed by Pirngruber ef48). Fe sites
formed on amorphous matrices, even if well dispersed and
accessible to the interaction with NO, show almost nil cat- We are indebted with Prof. L. Forni (Dipartimento di
alytic activity in NoO decomposition because their coordi- Chimica Fisica ed Elettrochimica, Universita di Milano) for
native unsaturation is lower. Hence, the crystalline characterthe synthesis of Fe-silicalite and Fe-ZSM-5 samples. We
of the zeolite support is essential to stabilise extraframework thank V. Mangiapane, G. Magnacca, G. Spoto, and C. Lam-
Fe sites characterised by high coordinative unsaturation ancherti for fruitful discussions, C. Prestipino and F.X. Llabrés
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4, Conclusions
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