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a b s t r a c t

Iron containing ZSM-5 zeolites is extremely active in nitrous oxide decomposition. This reaction involves
atomic oxygen species known as “alpha oxygen” on iron sites. Despite the multiple techniques devoted
to its characterization, the active sites’ structure remains nevertheless unknown. Herein, these centers
are quantified via surface titration by nitrous oxide followed by temperature programmed desorption
e(Porph)
itric oxide
lpha oxygen
ent/linear nitrosyl

and characterized via nitric oxide probe molecule followed by infrared spectroscopy. In this latter case,
two mono-nitrosyl species differing in the bonds’ geometry are observed on the iron centers. Moreover,
upon NO evacuation, the two corresponding IR bands suddenly transit to lower wavenumbers. A mirror
trend is also reported in biology when NO interacts with iron porphyrins and explained in terms of linear
to bent Fe–N–O modification. This structural change is reversible upon addition/evacuation of NO. In
the present report, the same reversible nitrosyl transition is observed for Fe–ZSM-5. Based on the close

e site
analogies found, the activ

. Introduction

Although natural porphyrin complexes are essential for life,
ynthetic porphyrins and their complexes have limited utility. Bio-
nspired catalysts are under development mimicking the biological

etal porphyrin centers. Powerful concept to translate the prin-
iples of enzymatic to non-biological catalysis remains a dream
f many who works on nanostructured porous materials. Zeolites
ould be assumed as the ideal materials for such enzymatic-like cat-
lysts, first because of the uniform pore-size distribution, rendering
material with extraordinary molecular discrimination abilities

nown as shape-selectivity, and also because this crystalline matrix
s able to stabilize particular metal ions, reported as active sites
or important oxidation reactions. For instance, Fe–ZSM-5 after
hermal activation is found to be extremely active and selective
n benzene and methane oxidation by N2O at low temperature.
hese reactions have been shown to involve Fe(II)-sites forming
tomic oxygen species known as “alpha oxygen” [1]. Despite the
umerous papers and techniques devoted to its characterization,

he structure of Fe active sites remains still debating. The main rea-
on for this is that in spite of high activity, the Fe centers involved
n such oxidation catalysis are present in very low concentration.
s a consequence, their characterization becomes difficult. The
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’s structure in Fe–ZSM-5 is built-up from the porphyrinatoiron(II) model.
© 2010 Elsevier B.V. All rights reserved.

main debating point concerns the nuclearity of Fe hosting site [2].
Dinuclear [3–9] and/or mononuclear [10–15] site(s) are the most
proposed and expected structures, where an Al atom(s) remain(s)
in the close vicinity acting as possible ligand (first cationic coordi-
nation sphere) [16].

In order to scrutinize Fe active sites structure(s) of Fe–ZSM-5,
sensitive techniques are requested. One of the most suitable is the
interaction of NO probe molecule with the zeolite followed by IR
spectroscopy. Besides high sensitivity, this technique could also
help to depict the active site structure from biological models, if the
similarity of results is demonstrated. For instance, NO interactions
on iron porphyrinato complexes Fe(Porph) are involved in vasodi-
lation and neurotransmission mechanisms [17–19]. To investigate
this particular Fe heme center formed after coordination to vari-
ous porphyrinato ligands, NO probe molecule is commonly used
followed by IR spectroscopic methods [20–23]. In this case, NO
stretch frequency (�NO) is controlled by the geometry of the Fe–N–O
linkage, which can be bent or linear depending on the electronic
configuration. According to Enemark and Feltham nomenclature
[24], the electron counting formalism and states of Fe–N–O group
can be described as {FeNO}n where n corresponds to the number
of d electrons on the Fe center plus the unpaired electron from NO.
Typically, Fe sites in contact with NO are expected to display a bent

Fe–N–O geometry if the iron is in the ferrous state Fe(II). In this case,
NO can accept an electron from iron(II) by forming the resonance
structure Fe3+(NO)−, since NO− is isoelectronic with O2. At contrast,
the ferric NO complexes adopt a linear iron-ligand orientation by
donating an electron to the iron d� orbitals and forming Fe2+(NO+)

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:mickael.rivallan@ensicaen.fr
dx.doi.org/10.1016/j.cattod.2010.04.014
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Table 1
Spectroscopic and electronic characteristics of {FeNO}n groups in Fe(Porph)
complexes.

{FeNO}6 NOg {FeNO}7

�NO (cm−1) 1890–1860 1875 1680–1650
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Table 2
Fe–ZSM-5 catalysts composition, thermal treatment and activity.

Catalysts Fe (ppm) Si/Al T (K) Time Active Fe (%)

FeZ1200
50 1200 50 1273 30 min 20 ± 2

FeZ1200
120 1200 120 1273 30 min 26 ± 2

FeZ2000
55 2000 55 1273 30 min 15 ± 2

FeZ2000
225 2000 225 1273 30 min 0
42

by a thermocouple (K) placed in the core of the IR cell allowing in
Fe–N–O angle Linear ∼175◦ – Bent ∼145◦

Resonance form Fe2+ (NO+) – Fe3+ (NO−)
N–O bond (Å) 1.13–1.14 1.154 1.12

esonance form, which is isoelectronic with CO. More in details,
or metallo-porphyrins the formation of nitrogen oxides and espe-
ially NO2, have also to be considered because it can then operate
s a potential ligand on Fe center as described by Yoshimura for
e(Porph)(NO)(NO2) complex [25]. This compound adopts a linear
tructure {FeNO}6 after the reaction of NO (present in excess in the
as phase) forming Fe(Porph)(NO) corresponding to {FeNO}7 with
bent structure. This phenomenon is clearly evidenced by infrared

pectroscopy where the band due to �NO stretching frequency at
a. 1890 cm−1 vanishes in concomitant appearance of a band at
a. 1670 cm−1, corresponding from linear to bent Fe–N–O group
hange, respectively. From the extended range of results reported
n literature for porphyrinatoiron complexes in interaction with
itric oxide [20–23], the general structure and spectroscopic char-
cteristics observed for {FeNO}6 and {FeNO}7 complexes are listed
n Table 1.

Numerous papers also report the use of NO as probe molecule
o titrate iron speciation generated onto Fe–ZSM-5 activated
y severe thermal treatment (T > 1273 K) [16,26–35]. In this
ase, Fe2+(NO) mono-nitrosyl species typically absorbs in the
900–1850 cm−1 range, close to �NO frequencies observed for lin-
ar {FeNO}6 complex in biology. In a recent review, Zecchina et
l. [16] reported strong similarities between Fe2+(NO)n species
dsorbed on mononuclear Fe centers implanted on ZSM-5 and
Fe(H2O)5(NO)]2+ complex on the basis of UV–vis and IR spec-
roscopic results. The present paper will focus on operando IR
pectroscopy of NO interaction and the catalytic reactivity of Fe-
ontaining zeolite to analyze similarities between homogeneous
e(Porph) complexes, and ferro-nitrosyl species encountered on
e–ZSM-5. The analogies of both Fe2+ centers in contact with NO,
he evolution in adsorption and following desorption mechanisms
ill be the core of the study. Through the similarity observed, the

esults obtained are discussed shedding some light on the deter-
ination of the “alpha” sites structure present on Fe–ZSM-5.

. Experimental

Fe–ZSM-5 were prepared by hydrothermal synthesis as
escribed elsewhere [29]. Typically, tetraethylorthosilicate (TEOS,
luka, 98%) was added to an aqueous solution of tetrapropy-
ammonium hydroxide (TPAOH, Fluka, 20% in water) used as a
emplate, NaAlO2 (Riedel-de Haën, Na2O, 40–45%; Al2O3, 50–56%),
nd Fe(NO3)3·9H2O (Fluka, 98%). The molar ratios between com-
onents were TEOS:TPAOH:NaAlO2:H2O = 0.8:0.1:0.016–0.032:33
nd Si:Fe = 160:3200. The mixture was stirred for 3 h at room
emperature, and the final transparent gel was transferred to a
tainless-steel autoclave lined with Teflon and kept in an oven at
50 K for 2 days. The product was filtered, washed with deion-

zed water, and calcined in air at 823 K for 12 h. The zeolite was
hen converted into the H form by an exchange with a NH4NO3
queous solution (0.5 M). The samples as prepared are not active
nd to induce activity the samples were treated in a flow of He at

= 1273 K. For comparison, treatments at 823 K and 973 K were also
arried out. The chemical composition of the catalysts (Fe and Si/Al
atio) was determined by atomic absorption spectroscopy (AAS) via
Shimadzu AA-6650 spectrophotometer. The samples were dis-
FeZ2300 2300 42 1273 30 min 26 ± 2
FeZ2300

42 (1273 K) 2300 42 1273 15 h 16 ± 2
FeZ2300

42 (973 K) 2300 42 973 30 min 4 ± 2
FeZ2300

42 (823 K) 2300 42 823 30 min 0

solved in hot aqua regia containing several drops of HF. The results
Fe content and Si/Al ratio are presented in Table 2. The catalysts are
referred as Fex

y where x and y represent Fe content (in ppm) and
Si/Al ratio, respectively.

Determination of the total amount of Fe sites in the prepared
catalysts active toward N2O decomposition has been performed
via transient response method using a Micromeritics AutoChem
2910 analyzer. After thermal activation, Fe-zeolites have been then
cooled down to 523 K in He and a mixture of 2 vol.% N2O + 2 vol.%
Ar + 96 vol.% He (20 ml min−1) was introduced for 10 min. This leads
to the deposition of atomic “alpha” oxygen on vacant active Fe sites
( )� following the equation:

N2O + Fe( )� → Fe(O)� + N2 (1)

After the purge by He, the temperature programmed desorption
of oxygen is performed with a ramp at 20 K min−1 under inert flow
(20 ml min−1). At ca. 700–750 K, “alpha” oxygen recombination and
desorption occur:

2Fe(O)� → O2 + 2Fe( )� (2)

Based on the stoichiometry of the previous reaction, this tech-
nique (O2-TPD) is able to give a reasonable estimation of active Fe
sites population (2 active Fe sites for each O2 mole desorbed). In
the present paper dealing with nitric oxide adsorption/desorption
mechanisms on active sites, the O2-TPD titration has been con-
sidered rather than classical N2O decomposition or CO oxidation
(by (O)�) transient responses, because the data obtained in O2
recombination are expected to be closer to the real active sites
population. In fact the catalytic reactions involved in the two others
techniques (oxidation or reduction, respectively) may also occur on
inactive iron sites (clusters) and catalytic products (NOx) could be
also formed, thus leading to some discrepancies and overestimation
of active species concentration.

Temperature programmed desorption of nitric oxide (NO-TPD)
has been monitored by mass spectrometry after previous NO
adsorption on fresh activated catalysts (∼0.5 gcat) at room temper-
ature for 7 min interaction (0.5 vol.% NO in He at a constant flow
rate of 20 ml min−1). During the increase of temperature from RT to
873 K at a ramp of 30 K min−1 under inert flow (He at 20 ml min−1),
the following amu (m/e) have been collected: 18 (H2O), 28 (N2), 30
(NO), 32 (O2), 40 (Ar), 44 (N2O), 46 (NO2) in order to determine the
amount of reactant and/or catalysis products adsorbed and their
respective temperature of desorption and/or decomposition.

The IR spectra were collected on a PerkinElmer 2000 FTIR instru-
ment equipped with a cryogenic MCT detector and running at
4 cm−1 resolution. The samples were in the form of self-supporting
pellets (ca. 25 mg) and placed into titanium IR flow through reac-
tor cell sealed with CaF2 windows suitable for measurements in
transmission mode. The temperature of the sample was monitored
situ treatment from room temperature (RT) until 773 K. The whole
assembly was connected to a gas manifold system for providing
precise flow of gases (NO and He) regulated by mass flow con-
trollers. The Fe–ZSM-5 catalysts have been pre-treated at 773 K for
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0 min in He at a flow rate of 50 ml min−1 in order to clean the
urface of the catalysts and then directly cooled down in same gas
ixture. Afterwards a reference spectrum was collected at RT in

he 4000–1500 cm−1 fingerprint of the catalyst before nitric oxide
ontact. This background spectrum is then subtracted to the next
pectra in order to monitor adsorption, catalytic reaction(s) and/or
esorption dynamic(s) during sample exposition to subsequent
.0 vol.% NO at a constant flow rate of 100 ml min−1 in He. In order
o get quantitative comparison between the different samples, the
isplayed spectra have been normalized as function of the thick-
ess of the pellet, i.e. the absorption of the framework overtones of
he reference spectrum in the 2000–1500 cm−1.

. Results and discussion

.1. NO probe on Fe–ZSM-5 followed by FTIR

IR spectra of Fe–ZSM-5 in interaction with NO and following
urge by He at RT are displayed in Fig. 1a and b. The influences of
reatment conditions (temperature and time) and active Fe sites
oncentration (Table 2) have been investigated.

From the diverse IR spectra shown in Fig. 1a, whatever the acti-
ation treatment previously performed (temperature and time), all
he samples in contact with NO display two broad bands centered
t 1610 and 1580 cm−1, stable at RT upon evacuation in He. It may
e related to NO2 and/or NO3 groups strongly adsorbed on defects
f the MFI framework (silanols) or Fe clusters [31,36,37].

At higher wavenumbers, an extended band centered at ca.
860 cm−1 appears on FeZ2300

42 sample activated at 823 K. This
and also evidenced after deconvolution (dotted lines) on activated
amples, is quite controversial and has been tentatively related to
eIIOx–NO complex [38]. Increasing the temperature of activation
re-treatment until 1273 K (and following interaction with NO at
T), leads to the appearance of two others components at 1877 and
890 cm−1 (shoulder). These two bands are commonly observed on
e-zeolites in interaction with nitric oxide in dynamic conditions
IR flow through reactor) and are assigned to mono-nitrosyl species
onds onto Fe2+ centers: FeAlOx and Fe2+ in (�) or (�) positions,
espectively [30,31,37].

From Fig. 1c and d, it can be noticed that these two bands are
inearly proportional to the active Fe content determined from O2-
PD, after ZSM-5 loading by atomic oxygen from N2O (Table 2).
his observation is quite contentious, because when in situ con-
itions are used (NO titration in static, activation under vacuum),
he bands due to poly-nitrosyl adsorption are additionally observed
nd found to be proportional to the activity. In the present study
ealing with operando measurement, only mono-nitrosyl species
merge, and as a consequence they will be attributed to the active
e species in N2O decomposition [29,30,37]. From this last point
nd Fig. 1c, it can be so concluded that T > 1000 K is requested to
orm active Fe species from isomorphously substituted ZSM-5.

After 25 min purge by He, the mono-nitrosyl species in the
925–1825 cm−1 upper range totally disappear (Fig. 1a and b).
n response, two new bands centered at 1635 and 1625 cm−1

sh), greatly grow up. Other groups observe the same equilibrium
etween the bands at 1877 and 1635 cm−1 upon flowing of He or
2 during NO evacuation [30,39–41]. After isotopic labeled titra-

ion (with 15NO; blue shift of ca. 35 cm−1) the band at 1635 cm−1

as been assigned to nitro NO2 group, probably adsorbed on FeAlOx

pecies [39,40]. More in details, the intensities of the bands at 1890

nd 1877 cm−1 observed under NO gas phase follow the same trend
nd seem also to be proportional (1:1) to the bands observed at
625 and 1635 cm−1, respectively (upon purging under inert gas).

t is also important to note that under in situ conditions of mea-
urement (vide infra), this doublet at 1890 and 1877 cm−1 cannot
ay 157 (2010) 223–230 225

be removed from Fe sites at such low temperature range [37,42].
These observations may suggest that the disappearance of these
two bands concomitant with appearing of 1635 and 1625 cm−1 is
due to a reorganization of nitrosyl species. A possible explanation
could be a change in symmetry of Fe–N–O group passing from linear
NO+ to bent NO−. This mechanism will be detailed in the following
part.

3.2. Stability of linear nitrosyl under NO gas phase

Even if the comparison between Fe sites formed on Fe–ZSM-
5 and those of homogeneous models is not straightforward, it
is quite reasonable to notice some surprising similarities toward
nitric oxide interaction at room temperature (RT). In the case of
evaluation, Yoshimura’s complex (nitro)(nitrosyl)iron(II) porphyri-
nates [25], could be the most appropriate homogeneous complex
because of its controversial existence. The formation of such com-
plex Fe(Porph)(NO)(NO2) {FeNO}6 has been first described as
being the result of Fe(Porph)(NO) {FeNO}7 in excess of NO, after
previous disproportionation phenomena leading to nitro NO2

−

group formation and stabilization onto Fe heme center (Fig. 2a)
[25].

Recently, this proposal has been totally revised by Lorkovic et
al. using carefully de-aerated solutions and purified NO [43]. They
only characterized mono-nitrosyl Fe(Porph)(NO) complex at RT
(and also dinitrosyl at low temperature). From these considerations
it has been so concluded that the formation of the nitro group in
Yoshimura’s complex: Fe(Porph)(NO)(NO2), incomes from O2/NO2
presence (impurities) [44]. This first observation is quite adequate
with what is observed for Fe–ZSM-5 in excess of gaseous NO and
following evacuation in He [37] or O2 [30]. Under these condi-
tions (Fig. 1a and b), IR bands due to mono-nitrosyl at 1890 and
1877 cm−1 vanish and as a result two other components at 1635
and 1625 cm−1 grow up. In the case of He evacuation, the presence
of O2/NO2 traces may come from gases used (difficult to control in
operando conditions), or the result of the NO interaction on active
vacant Fe2+( )� sites. It could be also due to oxygen atoms adsorbed
on the samples during previous calcinations’ treatment [37]. This
is also the case reported in biology for the reaction of NO in excess
with �-oxo dimer [Fe(Porph)]2O (Fig. 2b) which leads to the even-
tual formation of Fe(Porph)(NO)(NO2) complex [45] (Notice that in
such case, isonitrosyl (–O) and side-on (–NO) linkage isomers could
also be observed). Nevertheless, for Fe-zeolites, the oxygen adsorp-
tion/deposition from O2 on Fe sites is not directly possible, besides,
previous alpha oxygen deposition (from N2O) is generally done to
achieve an isotopic exchange (with 18O) on such active Fe centers.

Whatever is the genesis of O2/NO2 molecule interacting with
Fe-zeolites, the most important point concerns the equilibrium
between the IR bands centered at 1890–1877 and 1635–1625 cm−1

(Fig. 1c and d). They are the same as reported for Fe(Porph) with
respective bands at ca. 1890 and 1670 cm−1 due to linear {FeNO}6

and bent {FeNO}7 complexes. In both case, the linear Fe–N–O group
is stable only under NO atmosphere. Thus, if NO excess is removed,
the reaction turns back to the right side of the equilibrium (Fig. 2b)
and bent {FeNO}7 group is recovered. In the case of homogeneous
model, this is correlated to the removal of nitro group (adsorbed
on the picket side) which gives the linearity to the N–O bond onto
complex (on the open porphyrin face).

3.3. Reversibility between linear and bent nitrosyl
The equilibrium between {FeNO}6 and {FeNO}7 is also sur-
prisingly reversible [25]. In fact, upon introducing new excess
of NO, IR band centered at �NO = 1890 cm−1 characteristic of
Fe(Porph)(NO)(NO2) complex is recovered and the IR band at
ca. 1670 cm−1 wholly vanishes. The analogous reversibility is
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ig. 1. Relation between activity and mono-nitrosyl species adsorbed on Fe cente
ines) at RT on FeZ2300

42 activated at 1273 K for 15 h (D) or 30 min (C) and at 973 K
espectively. (c) Intensities of the IR bands centered at 1890–1877 cm−1 under NO
ctive iron for FeZ2300

42 activated at different temperatures; (d) for FeZ2300
42, FeZ20

bserved for Fe–ZSM-5 when coming back to nitric oxide gas
hase (Fig. 3a) on previously NO-evacuated catalyst (at RT)
30].

Such reversibility may testify that the IR bands at

635/1625 cm−1 cannot be assigned to a nitrito group, because it

s quite difficult to conceive a mechanism leading to the recovery
f nitrosyl species from previous adsorbed nitrito or nitro group
and its substitution again more, even if NO is a reducing agent).
he previous nitro assignment from isotopic label becomes also
SM-5. (a) Spectra of adsorbed NO (solid lines) and following purge by He (dashed
3 K (A) for 30 min; (b) on FeZ2300

42 (D); FeZ2000
55 (C); FeZ1200

50 (B); FeZ2000
225 (A),

ase (solid lines) and 1635–1625 cm−1 under He purge (dotted lines) as function of
eZ1200

50 and FeZ2000
225 activated at 1273 K for 30 min.

indecisive, if we consider Fe(Porph)(NO) isotopically substituted
by 15NO [25]. In this case the �NO frequency is blue shifted of ca.
35 cm−1 as reported for supposed 15NO2 adsorbed on supposed
FeIIAlOx species [30]. Moreover, we may remark in Fig. 1c and d

that the absorbance intensities due to the species in the upper
range (1890 and 1877 cm−1) are close to those observed at lower
frequency (1635 and 1625 cm−1). These same extinction coeffi-
cients could indicate transition between similar nitrogen oxides
species (i.e. nitrosyl).



M. Rivallan et al. / Catalysis Today 157 (2010) 223–230 227

F O) an
s

d
i
n
A
i
d

F
1
o

ig. 2. Nitric oxide reactions on Fe-porphyrins. (a) Equilibrium between Fe(Porph)(N
ation of [Fe(Porph)]2O after NO reactions on oxobridge.

Stretching frequencies �NO of linear and bent Fe–N–O groups
epend on d� back-bonding ability of the Fe2+ mononuclear center,

.e. of ligands coordination. This observation reported on porphyri-

atoiron(II) is also suitable for Fe2+ centers present into Fe–ZSM-5.
s a result the two IR bands displayed at 1890 (sh) and 1877 cm−1

n presence of NO and assigned to linear Fe–N–O are certainly
ue to the presence of two Fe2+ sites which are different in their

ig. 3. Reversibility between linear and bent Fe–N–O groups. (a) Spectra of adsorbed NO
0, 15, 20 and 25 min; then direct second dose for 5, 10 and 15 min; and following evacua
bserved for dinuclear active site structure of Fe–ZSM-5, on the basis of iron porphyrins b
d Fe(Porph)(NO)(NO2) with bent and linear nitrosyl, respectively and (b) monomeri-

ligand coordinations. Coming back to dimer [Fe(Porph)]2O model
which originates two identical Fe(Porph) after NO contact [45],
the same mechanisms can be supposed for Fe–ZSM-5, i.e. the ini-

tial species (binuclear) may originate into two Fe sites which are
different in their respective environment and are consequently
acting differently in adsorption of NO with bands at 1890 and
1877 cm−1. This shift in frequency could be assumed as due to

on FeZ2300
42 at RT first dose for 5, 10 and 15 min; and following evacuation for 5,

tion for 5, 10, 15, 20 and 25 min. (b) Mechanisms of NO adsorption and desorption
iological models.



228 M. Rivallan et al. / Catalysis Today 157 (2010) 223–230

F eZ2300

( 73 for
c cataly
1

t
d
F
t
f
t
a
c
l
s

ig. 4. Relation between activity and NO desorption. NO-TPD profiles (a and b), of F
a); and of FeZ2000

225 (A); FeZ1200
50 (B); FeZ2000

55 (C) and FeZ2300
42 (D) activated at 12

omputed from NO-TPD as function of active Fe (in ppm) (c and d), for the same
273 K for 30 min (d).

he presence (or not) of an Al atom in the first cationic coor-
ination sphere of Fe atom. As a result, linear or slightly bent
e–N–O groups may be involved, respectively. The ratio intensi-
ies of the IR bands centered at 1877 and 1890 cm−1 is constant
or the whole set of Fe-zeolites reported here. This means that

he ratio between both monomer species is kept from one cat-
lyst to another. On the other hand, this ratio (close to ∼2)
annot allow quantitative comparison of the respective popu-
ations of the two Fe2+(NO) mono-nitrosyl species for a same
ample.
42 activated for 30 min at 823 K (A), 973 K (B), 1273 K (C) and for 15 h at 1273 K (D)
30 min and contacted in NO for 7 min at RT (b). Total NO desorbed (in 1018 mol g−1

cat)
st FeZ2300

42 (c); and for FeZ2300
42, FeZ1200

120, FeZ1200
50 and FeZ2000

225 activated at

This is, however, an oversimplification of the real zeolitic envi-
ronment of Fe2+ center under NO gas phase. In fact, as reported
above for metallo-porphyrins, the reversible equilibrium is due to
the bond and release of the nitro group from ferrous center. The
formation of such nitro-nitrosyl porphyrin species (six-coordinate

system) is possible because the ferrous center proposes two dif-
ferent sides available to nitrosyl and nitro group bounds: on the
picket side and on the open porphyrin face. When Fe–ZSM-5 cata-
lysts are concerned, it is also interesting to hypothesize a possible
NOx species adsorbed in the environment of Fe2+ centers under NO
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as phase. First, because Fe2+ sites are supposed to be unsaturated
pecies, and consequently may allow such double adsorption on
he same metal atom, and also because several nitrosyl groups are
enerally observed by IR spectroscopy on the isolated ferrous cen-
er in static conditions (vide infra) [32]. It can be probably lodged in
etween of both iron atoms under NO atmosphere. When gradually
urging NO from IR cell, the nitro group may be simply outgassed
r dislodged into MFI matrix in the close environment of Fe sites
nd ready to react again upon coming back to NO gas phase. Such
Ox group is difficult to detect first because classical in situ IR cell
indows suitable for high temperature condition scarcely trans-
it below 1000 cm−1, and also intense absorptions due to siliceous
FI matrix also occur in this 1400–1000 cm−1 range, where �sym

strong) of nitro ligand of Fe(Porph)(NO)(NO2) [46,47] and nitro
roups in general [48] are expected to stand, while �asym (weak) is
t ca. 1500 cm−1. However, it has to be noticed that a slight change
n absorbance is observed in the 1550–1450 cm−1 range upon purg-
ng in He (Fig. 1a and b). Sachtler and co-workers also observed
bsorption at ca. 1300 cm−1 when exposing Fe-MFI to NO + O2 mix-
ure [49–51]. In order to confirm NO/NOx groups remaining stable
nder inert gas phase at RT, NO-TPD have been performed.

.4. Temperature programmed desorption of nitric oxide

Fig. 4a and b displays NO-TPD profiles performed on Fe–ZSM-
previously contacted for 7 min in NO gas phase, and following

urged for 5 min in He at RT. Activation treatment (temperature
nd time; on left part) and active Fe sites concentration have been
nvestigated.

From NO-TPD profiles obtained, we may first conclude that
substantial quantity of NO physisorbed and/or chemisorbed

emained at RT on the surface of activated Fe–ZSM-5 catalysts (acti-
ation at T > 1000 K). As depicted for inactive FeZ2000

225 (low Al
ontent) and H–ZSM-5, [52] the total NO adsorption area cannot be
nly due to Fe active sites (low concentration below 2000 ppm), the
dsorption on defects sites or inside zeolitic MFI channels have to be
onsidered. Nitrites and nitrates groups are also certainly present
nd may desorb through decomposition mechanisms. These com-
ounds are unfortunately difficult to discriminate from NO signal.
52].

Two different temperature ranges of NO desorption can be
arely distinguished at 400–500 K and 600–650 K. The first desorp-
ion in the 400–500 K range appear to be present and constant for
he whole set of catalysts studied. However, a significant increase is
bserved when increasing time of activation at 1273 K. Such severe
reatment is supposed to break MFI framework crystallinity. As a
onsequence it may be correlated to N2O3 or physisorbed NOx [52]
n the generated defects or on inactive Fe clusters.

The desorption occurring at ca. 600–650 K is clearly due to active
ites because NO desorption area greatly increases as function of
emperature of activation, i.e. as function of active sites forma-
ion and also notably diminishes with time of activation, i.e. due to
eactivation mechanism (15 h at 1273 K). Nevertheless, the nature
f this desorbed species remains difficult to assign. The increase
bserved is certainly due to the progressive formation of unsatu-
ated sites which enhance the possibility of NO uptake. In fact it
as been dressed from IR results that active sites may adsorb both
O and NOx at the same Fe2+ center under NO gas phase. But as
lready discussed previously, NOx species may already desorb at
ow temperature upon purging by He, so we would rather consider

his last desorption as due to mono-nitrosyl (bent) desorbing from
e active sites. To confirm this idea, desorption followed by IR spec-
roscopy have been performed on Fe–ZSM-5 previously contacted
ith NO at RT (not shown). From the results obtained, it has been

ound that the bands at 1635–1625 cm−1 due to the bent Fe–N–O
ay 157 (2010) 223–230 229

group, do not persist at T > 600 K under He flow [49]. It can be so
concluded that the signal observed in NO-TPD at T > 600 K corre-
sponds to NO coming from Fe sites. NO-TPD profiles also display
two distinct peaks after deconvolution, confirming the presence of
two different active Fe centers releasing NO at ca. 600 K and 650 K.
Moreover, the area ratio seems to be kept for all active catalysts
meaning that both NO desorptions may income from same host-
ing structure. These observations strongly suggest the presence of
dinuclear sites allowing two NO adsorptions on two different Fe2+

centers. This situation was also emerging from IR spectra (Fig. 1a
and b), where Fe sites differentiate by the presence of Al atom (or
not) in the 1st cationic coordination sphere.

To complete the comparison between Fe–ZSM-5 catalysts and
porphyrinatoiron(II) complexes reacting with NO, Fig. 3b sum-
marizes the mechanisms of NO adsorption at RT and following
desorption on Fe2+ centers of dinuclear structure. Adsorption and
consecutive desorption mechanisms are dressed. It has to be
noted that biological [Fe(Porph)]2O dimer model with Fe3+ cen-
ters (Fig. 2b) is only ready to react and adsorb NO after rupture
of �-oxobridge resulting in Fe2+ metal charged ions. While for Fe-
zeolites it is commonly accepted that Fe2+ metal ion is the starting
form of the active sites after thermal activation and that rupture
mechanism is not necessary for Fe–ZSM-5 and in a certain manner
would be also rather difficult to conceive because NO bent/linear
transition is reversible. In Fig. 3b, the initial bridge between both
Fe2+ sites is designed as (�-O)(�-OH) binuclear structure, recently
reported thermodynamically stable [53]. On this model, NO may
adsorb on the bridge but also form Fe–N–O linkage upon NO gas
phase (in excess). NO interaction on such bridge may lead into
acid nitric HNOx formation or simply displace hydroxyl group on
adjacent positions.

4. Conclusions

Reaction(s) of NO probe molecule has been followed through
FTIR spectroscopy to investigate active sites of Fe–ZSM-5 which
form “alpha oxygen” from N2O known as highly active in selec-
tive benzene oxidation to phenol. Upon flowing NO gas phase
through IR cell, Fe sites adsorbed one NO molecule leading to
the formation of Fe2+(NO) species with �NO = 1890–1877 cm−1.
When gradually purging NO (by He), IR bands due to mono-
nitrosyl species totally vanished in respect to the formation of
two new components centered at �NO = 1635–1625 cm−1. This
equilibrium is found to be reversible upon coming back to NO atmo-
sphere and also surprisingly similar to phenomena observed for
iron porphyrins complexes in interaction with NO. For instance,
Fe(Porph)(NO)(NO2) Yoshimura’s biological model exhibits the
same reversible equilibrium with Fe(Porph)(NO). In this case,
the transition is claimed as due to changes of metal–ligand ori-
entation, passing from linear to bent Fe2+–N–O linkage with
�NO = 1890–1675 cm−1, respectively upon reducing NO concentra-
tion. In the present paper, the same biological concept is adapted
to active Fe center in Fe–ZSM-5 catalysts. From the comparison
and analogies dressed, the two IR bands observed for Fe–ZSM-5
at �NO = 1635–1625 cm−1 upon purging NO, are assigned to bent
nitrosyl groups on Fe2+ active sites, leading to Fe2+(NO+) resonance
form. The two different bands also imply two different iron sites
differing from their ligand coordination, where the presence (or
not) of Al atom is supposed to be responsible.

Further in analogies with biochemistry, and after consideration

of the [Fe(Porph)]2O dimer model as second potential originating
species of Yoshimura’s complex under NO, a dinuclear [Fe2+(�-
O)(�-OH)Fe2+] structure is also proposed for Fe–ZSM-5 active site.
This structure is in good agreement with experiment because
mono-nitrosyl duplicity is observed for Fe2+ active sites (from
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TIR spectroscopy); and also the ratio populations between both
e2+(NO) species remains constant for the whole set of cata-
ysts under the study. Similarly to the nitro group found in
e(Porph)(NO)(NO2) biological model, the formation of a NO2
olecule after NO interaction onto the bridge of dinuclear Fe site

f ZSM-5 is also strongly suggested. This species is capable to sub-
titute �-hydroxobridge (reversible upon evacuation).
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