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Mdssbauer spectroscopy in situ was used to study the effect of
high-temperature activation on the evolution of iron introduced
into a ZSM-5 zeolite matrix by various methods. The activation
process (calcination in air, in vacuum, or in the presence of water
vapor) was shown to cause an intensive reduction of iron, yield-
ing two types of dinuclear Fe?* complexes, which may comprise
more than 60% of the total metal content. Reduced Fe?* ions are
stable in the presence of O, but are reversibly oxidized to Fe3*
by nitrous oxide, generating active «-oxygen species, which bring
unique oxidation properties to the zeolite. After coordinative sat-
uration by adsorbed water molecules, both iron complexes show
identical Mdssbauer spectra, which are close to the spectra of dinu-
clear iron sites in the MMO enzyme. A thorough quantitative com-
parison between the number of «-oxygen atoms and the number of
Fe atoms involved in redox transition shows that «-sites are dinu-
clear complexes in which both Fe atoms are capable of «-oxygen
generation. (© 2002 Elsevier Science (USA)

Key Words: FeZSM-5; Fe complexes; N, O decomposition; a-sites;
«-oxygen; monooxygenase; oxidation of benzene; phenol.

1. INTRODUCTION

The availability of an intracrystalline micropore net-
work of molecular size is a distinctive feature of zeolites
as compared to other solids. This feature makes zeolites
unique matrices, allowing stabilization of small metal com-
plexes, which can barely form over more open surfaces.
Such complexes often show unusual catalytic properties (1).
One prominent example is iron complexes stabilized in the
ZSM-5 matrix, called «-sites (2). According to Mdssbauer
data (3), iron atoms composing «-sites are in a bivalent
state having a special affinity to nitrous oxide. N,O de-
composition causes Fe?* transition to Fe**, producing the
so-called atomic «-oxygen species, exhibiting unique oxi-
dation features. Similar to the active oxygen of enzymes
monooxygenases, «¢-oxygen shows remarkably high reac-
tivity. At room temperature it oxidizes a wide range of or-
ganic molecules, including methane, selectively producing
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hydroxyl-containing products (4, 5). The properties of «-
oxygen have been studied in many works and discussed in
reviews (6, 7). These particular oxygen species participate
in the direct catalytic oxidation of benzene to phenol by
nitrous oxide, which is considered a potential alternative to
the three-step cumene method of phenol preparation (8).

Quantum-chemical models of a-oxygen were proposed
in (9, 10).

The state of active iron has been studied to a lesser
extent. a-sites are known to form at the stage of high-
temperature zeolite activation. At this stage Fe ions migrate
from the crystalline lattice into zeolite micropores, where
a-sites form (7). Mechanism details are still unclear, includ-
ing such important aspects as «-sites structure and nuclear-
ity. In the present study we focus on the answers to these
questions.

For this purpose we used in situ MOssbauer spectroscopy
combined with adsorption and catalytic measurements to
study two >’FeZSM-5 samples with the iron introduced by
different methods. Samples were subjected to a stepwise ac-
tivation of increasing intensity, accompanied by Mossbauer
measurements of iron evolution combined with the mea-
surements of a-site concentration, C,. The idea of the work
was to correlate a growing value of C, with the different
states of iron in order to identify its active form, and to
reveal the a-sites composition.

2. EXPERIMENTAL

It is known that zeolites containing «-sites may be pre-
pared by Fe addition at the synthesis stage or by its postsyn-
thetic introduction (11). In the present work two 3’ FeZSM-
5zeolites prepared by both methods were studied, and their
characteristics are listed in Table 1.

Zeolite FeZSM-5 (A) contains 0.14 wt% Fe introduced
by a postsynthetic method. For this purpose, first zeo-
lite ZSM-5 was prepared by hydrothermal synthesis using
procedures reported elsewhere (12). A silica sol (30 wt%
Si0;) and AlL(SO4)3 - 18H,0 were used as silicon and alu-
minum sources. After calcination at 550°C, the zeolite was
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TABLE 1

Characteristics of Parent 5’ FeZSM-5 Zeolites

Iron content

Micropore
Zeolite Si/Al  wt%  atom Fe/g Fe introduction Crystallinity (%) volume (cm3/g)  Apgpr (m%/g)
FeZSM-5 (A) 45 0.14  1.5x 10"  FeCl;, postsynthetic 100 0.17 360
impregnation
FeZSM-5 (B) 21 031 32 x10"Y  FeCls, hydrothermal 95 0.15 340
synthesis

converted into H-form using ammonia buffer and then
impregnated with a >’FeCl; solution. After drying at 120°C,
the resulting material was heated in vacuum at a gradual
temperature increase up to 500°C. Then it was calcined in
air at 550°C.

Zeolite FeZSM-5 (B) contains 0.31 wt% Fe introduced at
the stage of hydrothermal synthesis. For that, a correspond-
ing amount of ’FeCl; was added to the starting gel. After
conversion to H-form, the zeolite was heated in a nitrogen
flow at a stepwise temperature increase up to 500°C and
then calcined in air at 550°C.

According to the X-ray diffraction data, both zeolites
have the MFI structure with a high degree of crystallinity.
They have similar micropore volumes and BET surface ar-
eas measured by low-temperature N, adsorption.

Activation of zeolites was performed via calcination in
different media: in air (2 h), in vacuum (1 h), or in flowing
helium containing 50 mol% H,O (2 h). Activation con-
ditions and sample designations are given in Table 2. For
example, “A/air 700” stands for zeolite FeZSM-5 (A) acti-
vated by calcination in air at 700°C; “B/steam 650" stands
for zeolite FeZSM-5 (B) activated in the presence of steam
at 650°C.

a-Site concentration, C,, was measured in a static vacuum
setup equipped with an online mass spectrometric analyzer
of the gas phase. A catalyst sample (0.3-1.0 g) was placed
into a quartz microreactor and subjected to the standard
pretreatment in order to normalize its initial state. Stan-
dard pretreatment involves sample heating at 550°C for
30 min in vacuum, and for 1 h in dioxygen (Po, = 1 Torr).
Then, after reactor cooling to 250°C and O, replacement by
N, O, ¢-oxygen was loaded via N,O decomposition, which
at this temperature proceeds due to stoichiometric interac-
tion with «-sites according to reaction [1]:

NO+ ( )o = (O)g +Na. (1]

When all a-sites are occupied, the reaction stops. The value
of C, is estimated from the released N, amount (or N,O
consumed) assuming that a single oxygen atom is adsorbed
on one «-site. In some cases, for higher accuracy, iso-
topic exchange of '°0, with the gas-phase 30, was car-
ried out additionally. For that, the sample was cooled to
50°C, and after evacuation “heavy” molecular oxygen (95%
180) was added to the reactor. The procedures of a-site

TABLE 2

Effect of Activation on the «-Site Concentration and the Rate of Catalytic N,O
Decomposition (350°C, 0.4 Torr) over FeZSM-5 Zeolites

Rate of N,O
Activation decomposition, Wn,o0 Wx,0/Ca
Sample conditions C, (site/g) (mol N,O/g - s) (mol N,Ofsite - s)
FeZSM-5 (A)
1. A (parent) No activation 2.0 x 107 4.0 x 10P 0.020
2. Alair 700 Air, 700°C 9.0 x 107 2.0 x 101° 0.022
3. A/air 900 Air, 900°C 1.2 x 108 3.8 x 10 0.032
4. A/vac. 900 Vacuum, 900°C 6.5 x 10'8 2.0 x 10V 0.030
FeZSM-5 (B)
1. B (parent) No activation 3.7 x 108 8.5 x 101 0.023
2. B/air 700 Air, 700°C 3.7 x 108 1.1 x 10% 0.030
3. B/air 900 Air, 900°C 3.7 x 10'8 Not determ. Not determ.
4. B/vac. 900 Vacuum, 900°C 1.3 x 10Y 3.8 x 107 0.029
5. B/steam 650 50% H,0, 650°C 1.3 x 109 4.0 x 107 0.031
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concentration measurements are described in detail else-
where (13, 14).

Catalytic decomposition of N, O with the evolution of N,
and O; into the gas phase by Eq. [2],

N,O — N + 1/202, [2]

proceeds on «a-sites above 300°C. We studied this reaction
with the same vacuum setup which was used for a-sites
measurements. Reaction was performed at 350°C (Py,o =
0.4 Torr), with N,O, N, and O, pressures being continu-
ously monitored by mass spectrometry. The reaction rate
was calculated using a graphic differentiation of initial sec-
tions of kinetic curves.

2.1. Mossbauer Measurements

Activated samples were placed into specially designed
Pyrex ampoules and after connection to the vacuum setup
were subjected to the same standard pretreatment which
was used for the o-sites measurements. After o-oxygen was
loaded and its amount was measured, the ampoules were
sealed off. The Mossbauer measurements were done by
mounting ampoules into the gas-flow cryostate and record-
ing spectra at 85 K using the 3’Co(Rh) source. Spectra
were deconvoluted into components using the least-squares
method by fitting them to the Lorentzian profiles. (A de-
convolution example is shown in Fig. 2.) Isomer shifts were
referred to metal iron.

3. EXPERIMENT RESULTS

3.1. Effect of Activation on a-Site Concentration

a-Site concentrations in activated samples A and B are
listed in Table 2. Apparently, activation conditions strongly
affect the C, value. Not only activation temperature but
also its medium is of importance. For example, sample A
calcination in air at 900°C results in a six-fold growth of a-
site concentration (from 2.0 x 107 to 1.2 x 10'8 site/g). Cal-
cination in vacuum at the same temperature is even more
effective and provides C, = 6.5 x 10'8 site/g.

a-Site concentration in sample B is rather high in its ini-
tial state already (3.7 x 10'8 site/g). This sample is less sensi-
tive to activation. As the calcination temperature increases
to 900°C, a-site concentration remains unchanged. How-
ever, during vacuum activation at 900°C, C,, increases up
to 1.3 x 10" site/g. Steam activation appears to be particu-
larly efficient. In this case, equally high «-site concentration
isreached at a much lower temperature, such as 650°C. This
fact agrees with the results reported in (15, 16), which show
water vapor accelerating the hydrolysis of Si-O-Fe bonds,
leading to migration of Fe atoms from the crystalline lattice
into the micropore space of zeolite, thus facilitating «-site
formation.
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FIG. 1. Reaction rate of catalytic N,O decomposition over FeZSM-5
(A) and FeZSM-5 (B) samples vs a-site concentration after various acti-
vations.

3.2. Catalytic Identity of «-Sites

Before starting Mossbauer measurements, it would be
helpful to answer the question of whether «-sites are iden-
tical or not identical in the samples under study. The latter
case would complicate our task, since it means that a-sites
in different samples are represented by different iron states.

Catalytic properties are known to be very sensitive even
to small changes in active sites. So, as a criterion of a-site
identity we have chosen their catalytic activity in the N,O
decomposition.

Results of catalytic measurements at 350°C are presented
in Table 2. In Fig. 1, plotted with the data of Table 2, one
may see that rate of N,O decomposition for samples A
and B linearly depends on the a-site concentration. This
indicates a constant activity of a single «-site. Indeed, if
reaction rate over different samples, referred to as catalyst
gram, varies within two orders of magnitude, then reaction
rate of a single «-site is nearly constant and on average
equals 0.025 mol of N,Ofsite - s. The catalytic identity of
a-sites, formed under such different conditions, is indeed
a remarkable phenomenon. It allows one to conclude that
most likely «a-sites in different samples are represented by
one or very few similar iron states.

The catalytic identity of «-sites was also reported previ-
ously for N,O decomposition (17) and for benzene oxida-
tion to phenol (18, 19).

3.3. Effect of Activation on the State of Iron

Maossbauer spectroscopy is one of the most informative
methods for studying the state of iron. Using main spectral
parameters such as isomer shift (IS) and quadruple splitting
(QS), one may distinguish not only the oxidation state but
also the coordination of the iron. Though spectral param-
eters for one and the same state may vary with the system
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under study, there are several generally acknowledged prin-
ciples which are used for Mossbauer spectra interpreting.

Isomer shift (also called chemical shift) characterizes s-
electron density at the iron nucleons and provides infor-
mation on its oxidation state. The IS values for high-spin
Fe** are lower than those for high-spin Fe?*. In oxygen-
coordinated compounds, states with IS < 0.3 mm/s at room
temperature are usually assigned to Fe** ions in tetrahe-
dral coordination (Fe:}{), while those with IS > 0.3 mm/s are
assigned to octahedral coordination (Fed)},) (20-22). Five-
coordinated complexes also fall into the latter group.

Quadruple splitting is caused by the symmetry distor-
tion in the ligand environment of the ion. The QS value
for Fe3* ions in ideal tetrahedrons is zero, while in dis-
torted tetrahedrons it may attain 1.7 mm/s (23, 24). Note
that high QS values ranging from 0.76 to 2.4 mm/s charac-
terize dinuclear Fe3* complexes (25, 26). Hydroxo-bridged
diferric complexes have QS < 1 mm/s, as do most mononu-
clear high-spin ferric complexes (22). With increasing coor-
dination numbers (e.g., upon transition from tetrahedral to
octahedral coordination), the QS value for Fe** ions usu-
ally decreases, while that for Fe’* ions increases (24, 27).
However, for high-spin Fe>* complexes, QS values cannot
be used reliably as coordination number indicators (28).

At room temperature, Fe2| ions usually have IS=0.8-
1.0 mm/s and QS < 1 mm/s, while Fe?* ions with coordina-
tion numbers 5 and 6 are characterized by the higher val-
ues of these parameters: IS = 1.1-1.3 mm/s, QS > 1.5 mm/s
(24). On samples cooling from room temperature to 77 K,
isomer shifts increase by 0.1-0.15 mm/s (29).

Mossbauer spectroscopy was repeatedly used to study
iron states in zeolites of various types. These studies allow
one to identify different Fe states and, in particular, to show
that high-temperature treatments cause Fe removal from
the crystalline lattice. In recent works (29-33), special at-
tention was paid to dinuclear Fe complexes, since this type
of complex is considered a probable active site for benzene
oxidation to phenol with nitrous oxide (6), as well as for se-
lective reduction of NO, in excess of O, and H,O (34, 35).
These complexes also exhibit biomimetic features in alkane
oxidation (6, 36, 37). Note that in distinction to the present
work, in most previous studies zeolite samples contained a
much higher iron amount, i.e., ranging from 1.4 to 8 wt% Fe.

For correct comparison of catalytic and Méssbauer data,
in this work we registered spectra in glass ampoules. This
allowed us to determine iron parameters under the same
conditions which we applied for measurement of catalytic
activity and «-site concentration.

Zeolite FeZSM-5 (A) (impregnation). Mossbauer spec-
tra for the parent and activated samples of FeZSM-5 (A)
are shown in Fig. 2. Spectra analysis reveals several states
of iron, with their parameters and amounts listed in Table 3.
In the parent sample iron is mainly in a trivalent oxidation
state and is represented by a so-called magnetic compo-
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FIG. 2. Modssbauer spectra of FeZSM-5 (A) after various activations.

nent (54%) and doublet D1a (30%). A magnetic compo-
nent (MC) appears in the spectrum as a poorly resolved
sextet. In a majority of previous studies, Mdssbauer spec-
tra of Fe-containing zeolites were recorded within a narrow
velocity range (mostly from —4 to +4 mm/s), which made
MC contribution practically unnoticeable. With a broader
velocity range, which is the case for the present work, MC
contribution becomes evident, manifesting itself by a low-
ering of the central part of the spectra against the basic line.
However, it is difficult to assign the magnetic component
to a certain state of iron. Such spectral patterns may be ob-
tained with both dispersed Fe, O3 phase and magnetically
isolated Fe** ions located, for example, in the tetrahedral
positions of a crystalline lattice (20, 38). Such signals may
be also caused by the presence of FeO™ species in the zeo-
lite channels. These species may form at iron introduction
as FeCl; followed by calcination in air (39).

Doublet D1a (IS =0.38 mm/s, QS =2.33 mm/s) also re-
lates to the trivalent iron. A high QS value indicates
that Fe*>* ions are present as dinuclear p-oxocomplexes,
e.g., Fe**-O-Fe**. The formation of such oxo/hydroxo-
complexes in the matrix of HZSM-5 zeolite was shown in a
number of recent works (34, 40-42).
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TABLE 3

Mossbauer Parameters and Amount of Iron States in FeZSM-5 (A) after Activation under Various Conditions

Spectral parameters (mm/s)

Amount of iron in the state

Sample Subspectrum Fe state Isomer shift Quadrupole splitting ~ Fraction (%) 108 Fe/g
1. A (parent) MC Fe3* 0.5 0 54 8.1
Dla Fe’+ (Oh) 0.38 2.33 30 4.5
D2 Fe?+ 0.76 0.99 8 1.2
D3 Fe?* (Oh) 1.19 2.52 8 12
2. A/air 700 MC Fe3+ 0.5 0 51 7.7
D1 Fe* (Oh) 0.49 1.8 34 5.1
D3 Fe?* (Oh) 1.19 2.52 5 0.8
D4 Fe?t (Td) 1.04 0.54 10 1.5
3. A/air 900 MC Fe3* 0.5 0 52 7.8
D1 Fe’* (Oh) 0.47 1.9 32 4.8
D3 Fe?* (Oh) 1.19 2.52 6 0.9
D4 Fe?* (Td) 1.03 0.56 10 1.5
4. Alvac. 900 MC Fe3+ 0.5 0 24 3.6
D1 Fe* (Oh) 0.5 1.9 9 14
D3 Fe?* (Oh) 1.34 2.29 32 4.8
D4 Fe?* (Td) 1.02 0.58 35 52
5. Alvac. 900 4 O, MC Fe3* 0.5 0 39 5.9
D3 Fe?* (Oh) 1.28 2.5 8 12
D4 Fe?* (Td) 1.02 0.5 12 1.8
D5 Fe’+ (Oh) 0.64 1.85 26 39
D6 Fe** (Th?) 0.39 0.78 15 23
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The parent spectrum includes also two low-intensive dou-
blets, D2 (8%) and D3 (8% ), their parameters being typical
for the reduced forms of iron. D3 complexes are formed by
Fe?* with coordination numbers of 5 or 6. D2 complexes are
formed by iron in an intermediate oxidation state, Fe>5*.
The latter may be particles of mixed valence, such as Fe?*—
O-Fe3*, in which one electron is equally distributed over
two iron site. Dimer (u-OH) iron complexes (Fe—(OH)s—
Fe) of variable valence states give similar isomer shifts (43).
The state with similar parameters (IS =0.76, QS = 1.01) was
observed previously for FeZSM-5 zeolite calcined in vac-
uum at 300-350°C (44).

Activation of FeZSM-5 (A) in air at 700 and 900°C does
not affect the magnetic component but affects other states
of iron. State Fe** presented as doublet D1a changes no-
ticeably and forms a new D1 doublet. Note that a similar
doublet with a comparatively high QS value shows itself
as a minor component in the Mossbauer spectra of pu-oxo-
bridged diiron (III) sites of several nonheme iron proteins
(45). Air activation also results in the disappearance of the
intermediate valence state D2. A new reduced-state D4
emerges, which may be assigned to tetrahedral ions Fe>*.
In case of Fe?*-Y zeolite, a doublet with similar parameters
(IS = 1.04, QS = 0.62, at 25°C) was assigned by Boudart
and coworkers (21) to 4-coordinated Fe?*(OH)~ and (or)
Fe?*—O-Fe?* ions.

Activation in vacuum at 900°C dramatically changes the
Mossbauer spectrum (Fig. 2d). This relates to an intensive

process of iron reduction and to a manifold increase of Fe**
concentration in D3 and D4 states, which in total attains
ca. 70%.

Zeolite FeZSM-5 (B) (synthesis). Mossbauer spectra of
FeZSM-5 (B) zeolite, obtained by Fe introduction at the
synthesis stage, are shown in Fig. 3. Spectral parameters
and amounts of Fe states after various activations are listed
in Table 4.

The parent zeolite contains mainly high-spin Fe3*. As
with zeolite A, it is represented by magnetic component
MC and doublet D1 related to dinuclear complexes of
Fe**(Oh). The remaining iron (10% ) stays in reduced tetra-
hedral state Fe?>*(Th) as doublet D4, which in zeolite A
emerges only in activated samples.

Activation in air at 700 and 900°C introduces small
changes into the parent spectrum (Fig. 3, spectra b and c),
while activation in vacuum as well as in steam (Fig. 3, spec-
tra d and e) dramatically changes the spectrum. Both ac-
tivations cause a considerable reduction of iron (Table 4),
which exceeds 60% of the total metal amount. Reduced
iron Fe?* is represented by the same dinuclear states, D3
and D4, observed in FeZSM-5 (A).

Thus, despite the different ways iron is introduced into
the zeolite, activation causes its intensive reduction. To a
small extent, this process is observed even at calcination
in air, but it is especially intensive at activation in vac-
uum or in steam presence. In these cases, 60-70% of iron
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FIG. 3. Mossbauer spectra of FeZSM-5 (B) after various activations.

transforms to complexes of a bivalent state. In distinction
to Fe**, which was previously observed by many authors
after reductive treatments of zeolites, and which was easily
reoxidized in the presence of O, (25, 33, 35, 46, 47), Fe**
complexes in our case are remarkably stable against reoxi-
dation by O,. They are retained not only after the standard
treatment (550°C, 1 Torr of O,), but also after 2 h of calci-
nation at 700°C with Pp, = 100 Torr.

4. DISCUSSION

4.1. Active State of Iron

Iron active state is assumed to be the one composing
a-sites. It means that a linear relationship should exist be-
tween the concentration of «-sites and that of active Fe
species. In order to find such a relationship and to identify
active iron species let us compare C, with various states of
iron detected by Mossbauer spectroscopy.

DUBKOV ET AL.

Even a cursory inspection of the results listed in Table 2
(a-site concentrations) and Tables 3 and 4 (Fe amount in
various states) indicates that neither the trivalent states
Fe** (MC, D1) nor the state with intermediate valence
Fe?>+ (D2) are active. At the same time, a pronounced
correlation is observed between «-site concentration and
that of reduced Fe?* forms. This is clearly seen from the
graphic comparison in Fig. 4. With increasing C,, concen-
trations of D3 and D4 complexes involving Fe?* linearly in-
crease. This fact implies that both complexes contain active
iron.

Activity of complexes D3 and D4 is supported by the
spectra obtained after «-oxygen loading on the vacuum-
activated zeolite A (Fig. 5) as well as on vacuum-activated
(not shown) and steam-activated zeolite B (Fig. 6). In both
cases, O, loading results in considerable changes of spec-
tra related to Fe>* — Fe®' oxidation. It causes a strong,
though incomplete, decrease in D3 and D4 concentrations
(Tables 3 and 4). Concurrently, new doublets, D5 and D6,
of trivalent iron emerge. After O, desorption by heating
above 300°C, these new states of Fe>* disappear, and initial
concentrations of D3 and D4 are restored.

Despite different Mossbauer parameters, two reduced
complexes, D3 and D4, on the one hand, and two oxidized
complexes, DS and D6, on the other hand, may have similar
structures. At samples hydrated by water vapor adsorbed at
room temperature, each pair of complexes becomes spec-
trally indistinguishable (see the next section).

One may note that complexes D3 and D4 observed in this
work are similar to two Fe?* states observed in a ferrosili-
calite by Spoto et al. using FTIR and UV-vis spectroscopy
(46). The latter states, having different coordinative non-
saturation, also became indistinguishable at water adsorp-
tion (16).

Iron reduction at a high-temperature treatment of zeo-
lites, performed in the absence of chemical reductant, was
observed in a number of studies (3, 29, 40, 46, 48, 49) and
was frequently described by the term “self-reduction.” In
some cases authors note that a fraction of self-reduced
iron may be reoxidized only by N,O, yielding weakly
bonded and highly active oxygen species similar to O,
(31, 40, 46, 48).

It seems remarkable that, as in the case with catalytic
activity (Fig. 1), linear dependencies of Fe?* states versus a-
site concentrations shown in Fig. 4 are common for zeolites
A and B and characterize all studied samples regardless of
their preparation and activation procedure.

4.2. Effect of Wet Air on the State of Iron

Earlier (3, 5), performing the Mossbauer study, we reg-
istered simpler spectra of FeZSM-5 samples. We observed
only a single reduced state and a single oxidized state of
active iron with the spectral parameters similar to those
of iron states in methane-monooxygenase (MMO). The



IRON STATES AND «-SITES ON ACTIVATION OF FeZSM-5 ZEOLITES

347

TABLE 4

Mossbauer Parameters and Amount of Iron States in FeZSM-5 (B) after Activation under Various Conditions

Spectral parameters (mm/s)

Amount of iron in the state

Sample Subspectrum Fe state Isomer shift ~ Quadrupole splitting  Fraction (%) 108 Fe/g
1. B (parent) MC Fe3+ 0.5 0 53 17.0
D1 Fe*+ (Oh) 0.49 2.1 37 11.8
D4 Fe?+ (Td) 1.0 0.54 10 32
2. B/air 700 MC Fe3+ 0.5 0 51 16.3
D1 Fe3* (Oh) 0.48 1.91 35 11.2
D4 Fe?+ (Td) 1.02 0.5 14 4.5
3. B/air 900 MC Fe’+ 0.5 0 55 17.6
D1 Fe*+ (Oh) 0.51 1.8 30 9.6
D3 Fe?* (Oh) 1.22 2.6 5 1.6
D4 Fe?+ (Td) 1.01 0.47 10 32
4. B/vac. 900 MC Fe3*+ 0.5 0 25 8.0
D1 Fe3* (Oh) 0.5 2.06 12 3.8
D3 Fe?* (Oh) 1.34 2.54 28 9.0
D4 Fe?+ (Td) 1.02 0.55 35 11.2
5. B/steam 650 MC Fe’+ 0.5 0 28 9.0
D1 Fe3* (Oh) 0.5 1.87 9 29
D3 Fe?* (Oh) 1.29 2.48 24 7.7
D4 Fe?+ (Td) 1.01 0.52 39 12.5
6. B/vac. 900 + O, MC Fe3*+ 0.5 0 47 15.0
D3 Fe?* (Oh) 13 2.54 5 1.6
D4 Fe?+ (Td) 1.01 0.52 10 32
D5 Fe3* (Oh) 0.62 1.61 23 7.4
D6 Fe3* (Td?) 0.39 0.80 15 4.8
7. B/steam 650 + O, MC Fe3*+ 0.5 0 30 9.6
D3 Fe?* (Oh) 1.31 2.45 16 51
D4 Fe?* (Th) 0.96 0.61 11 35
D5 Fe3* (Oh) 0.58 1.22 25 8.0
D6 Fe3* (Th?) 0.38 0.80 18 5.8

difference may be caused by the effect of atmosphere since
spectra in other papers (3, 5) were recorded in air. To re-
veal the effect of atmosphere on the spectra patterns, in the
present work, after taking spectra in ampoules, we addi-
tionally performed Mossbauer measurements in air. For the
purpose ampoules were sealed off, and samples were pre-
liminary kept for 20 h at room temperature in air saturated
with water vapor. These measurements are of interest also
in relation to results obtained by Boudart and coworkers
(21). Using Mossbauer spectroscopy, these authors showed
that Fe?* ions, exchanged into zeolite Y, were nearly com-
pletely oxidized to Fe** after a 12-h contact with wet air.
One cannot rule out the possibility that bivalent iron com-
posing a-sites is also liable to slow oxidation on contact with
atmosphere.

Figure 7 shows FeZSM-5 (A) spectra taken after samples
contact wet air. Comparison of this figure with Fig. 2 (spec-
tra in ampoules) reveals considerable spectra differences.
Similar changes were observed also for the FeZSM-5 (B)
samples (not shown). Parameters of iron states and their
amounts for “air” samples A and B are listed in Tables 5

and 6. One can see that spectral parameters of magnetic
component remain unaffected. In contrast, parameters of
active forms of iron change considerably due to water ad-
sorption and alteration of their coordination states. As a
result, distinctions between D3 and D4 complexes of biva-
lent iron disappear, and they merge into a new octahedral
Fe”* state denoted as D-II (Tables 5 and 6). Similar changes
occur with the oxidized Fe** states: D5 and D6 doublets
also become indistinguishable and form a single new state,
D-I. But unlike Fe>*—Y (21), FeZSM-5 contacting wet at-
mosphere does not induce bivalent iron oxidation. We see it
by comparing the concentrations of Fe>* for samples in am-
poules (D3 + D4, Tables 3 and 4) and in air (D-II, Tables 5
and 6). In all cases these concentrations are close.

Spectral parameters of new hydrated states indicate a
dinuclear structure of Fe3* complexes. As for the structure
of reduced complexes, MOssbauer spectra cannot give clear
indications. However, considering the reversibility of the
redox iron transition as well as zeolite matrix rigidity, one
may conclude that the dinuclear structure is retained for
the entire catalytic cycle.



348

Fe* concentration (10"at. Fe*/qg)

FIG. 4. Concentration of Fe?* ions in complexes D3 and D4 vs con-
centration of a-sites after various activations: @, FeZSM-5 (A); B, FeZSM-

5(B).
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FIG. 6. Mossbauer spectra of FeZSM-5 (B) after steam activation
(a) followed by a-oxygen loading (b).

It is interesting that the Mossbauer spectra of hydrated
samples remarkably resembles those of dinuclear iron
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FIG.5. Mossbauerspectraof FeZSM-5 (A) after activation in vacuum
(a) followed by a-oxygen loading (b).

site in MMO. Depending on conditions, iron in MMO
exists in the reduced and oxidized states. Each of these
states is represented by its own doublet, with parameters
listed in Table 7 (50). One may see that in both reduced and
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FIG.7. Mossbauerspectra of parent and activated FeZSM-5 (A) after

contacting wet air.
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TABLE 5
Mossbauer Parameters and Amount of Iron States in FeZSM-5 (A) after Contacting Wet Air

Spectral parameters (mm/s) Amount of iron in the state
Sample Subspectrum Fe state Isomer shift ~ Quadrupole splitting ~ Fraction (%) 108 Fe/g
1. A (parent) MC Fe3* 0.5 0 47 7.1
D-1 Fe* (Oh) 0.47 0.93 40 6.0
D-1I Fe?* (Oh) 1.35 3.26 13 2.0
2. A/air 700 MC Fe3*+ 0.5 0 33 5.0
D-1 Fe* (Oh) 0.48 0.96 49 7.4
D-1I Fe?* (Oh) 1.34 3.19 18 2.7
3. A/air 900 MC Fe3*+ 0.5 0 34 5.1
D-1 Fe* (Oh) 0.47 0.96 48 7.2
D-1I Fe?* (Oh) 1.34 3.19 18 2.7
4. Alvac. 900 MC Fe3*+ 0.5 0 16 23
D-I Fe** (Oh) 05 0.9 15 23
D-1I Fe?* (Oh) 1.36 321 69 10.3
5. Alvac. 900 + O, MC Fe3*+ 0.5 0 37 5.6
D-1 Fe3+ (Oh) 047 0.96 42 6.3
D-1I Fe?t (Oh) 1.37 32 21 32
TABLE 6

Maossbauer Parameters and Amount of Iron States in FeZSM-5 (B) after Contacting Wet Air

Spectral parameters (mm/s) Amount of iron in the state
Sample Subspectrum Fe state Isomer shift Quadrupole splitting Fraction (%) 10'8 Fe/g
1. B (parent) MC Fe’+ 0.5 0 66 21.1
D-1 Fe3* (Oh) 0.49 0.9 22 7.0
D-1I Fe?* (Oh) 1.39 3.29 12 3.8
2. B/air 700 MC Fe3*+ 0.5 0 62 19.8
D-1 Fe3* (Oh) 0.49 0.9 23 7.4
D-1I Fe?* (Oh) 1.38 3.27 15 4.8
3. B/air 900 MC Fe3*+ 0.5 0 43 13.8
D-I Fe3* (Oh) 0.49 0.9 41 13.1
D-1II Fe?* (Oh) 1.35 322 16 5.1
4. B/vac. 900 MC Fe3*+ 0.5 0 20 6.4
D-I Fe3* (Oh) 0.49 0.82 15 4.8
D-1I Fe?* (Oh) 1.38 3.24 65 20.8
TABLE 7

Mossbauer Parameters of Iron in MMO and FeZSM-5

Spectral parameters (mm/s)

System Fe state Isomer shift Quadrupole splitting Reference
MMO, Me. capsulatus (Bath) Fe(II)-Fe(II) 1.30 3.01 50
Fe(I1I)-Fe(I1I) 0.50 1.05
MMO, Me. trichosporium Fel(II)-Fe2(II) 1.3 31 50
1.3 24-3.0
Fe1(I1T)-Fe2(I11) 0.51 1.16
0.5 0.87
FeZSM-5 (after contacting wet air) Fe(II)-Fe(II) 1.36 321 This work

Fe(III)-Fe(1II) 0.47 0.96
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oxidized states active iron parameters in FeZSM-5 coincide
with those in MMO. This provides additional evidence for
the dinuclear structure of active iron complexes in zeolites
and explains the remarkable analogy between the chemi-
cal properties of «-oxygen and active oxygen of MMO de-
scribed in a number of works (5, 51, 52).

Recently, using EXAFS techniques, Prins and coworkers
(41) also found in FeZSM-5 zeolites iron complexes similar
to active sites in MMO.

4.3. Nuclearity of a-Sites

Note that an «-site is an iron entity able to adsorb one
atom of a-oxygen. This definition serves as a basis for ex-
perimental measurements of «-site concentrations via N,O
decomposition by reaction [1]. Both present and previous
Mossbauer results reliably show that a-sites are related to
dinuclear iron complexes. On this ground we used to as-
sume (5, 52) that such a dinuclear complex formed one
a-site. But more thorough consideration implies that this
conclusion would be valid if such a complex adsorbs only
one atom of «-oxygen. However, we cannot rule out that
each Fe atom in the complex may adsorb a-oxygen. This
would mean that «-sites are mononuclear species, although
they compose dinuclear complexes.

One may solve the problem of «-site nuclearity by quan-
titatively comparing the concentration of Fe active atoms
able to redox transitions with that of a-sites:

Ng = CFeact /Ca‘ [3]

Our experimental results allow us to estimate the value of
ng by several methods (Table 8). First the value n, = 1.5 in
Table 8 is found directly from the linear relationship
between the summed concentration of Fe?* (D3 + D4)
versus that of «-sites (Fig. 4c). However, this value is
obviously overestimated. From Table 3 (sample 5) and
Table 4 (samples 6 and 7), one may see that on average
ca. 30% of bivalent iron is not involved, for some rea-
son, in the ¢-oxygen loading. Appropriate correction gives
ng ~ 1.0.

Other estimates in Table 8 are based on the results of a-
oxygen loading onto vacuum- and steam-activated samples.
This allows immediate comparison between the number of
iron atoms which experienced Fe?t — Fe** oxidation and
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the number of O, atoms causing this transformation. O,
loading into FeZSM-5 (A) (Table 3, sample 4 — sample 5)
gives n, = 1.1. The value of n, for FeZSM-5 (B) after
vacuum activation (Table 4, sample 4 — sample 6) is 1.2
and after steam activation (Table 4, sample 5 — sample 7)
is 0.9. Therefore, one atom of active iron adsorbs one atom
of O,. It means that each dinuclear complex consists of two
a-sites.

Regarding the obtained results, we may propose the fol-
lowing qualitative model of a-site formation. When iron
is introduced at the stage of zeolite synthesis, Fe3* atoms
initially occupy the tetrahedral positions of the crystalline
lattice. At high-temperature activation, due to the pres-
ence of defects, iron atoms migrate over the crystal and
may move from the lattice into the micropore space, form-
ing dinuclear complexes stabilized at the charge compen-
sating sites (53). This removal is accompanied by oxygen
loss, and by complex I transition to complex II, produc-
ing two a-sites represented by two Fe?* atoms, as shown
schematically in Fig. 8. Due to lattice relaxation and en-
vironment rearrangement, atoms Fe?* in complex II ac-
quire a new stable state so that their reverse oxidation by
O, becomes impossible. However, Fe?* can be easily ox-
idized to Fe3* by a-oxygen adsorption yielding complex
III. The exactly reversible Fe>* <« Fe®' transition en-
sures a smooth a-oxygen transfer from N,O to organic
molecules, thus providing FeZSM-5 with selective oxy-
genation properties (4, 7). Catalytic N,O decomposition
with evolution of N, and O, also proceeds due to this
transition.

Complex I in Fig. 8 has a structure similar to that pro-
posed by Prins and coworkers (41). Unlike other dinu-
clear complexes discussed in the literature, this complex
includes a u-hydroxogroup and, therefore, may have an
overall monopositive charge suitable for compensating the
charge of the zeolite lattice induced by a single Al atom.
This increases the probability that such complexes exist,
since for their formation there is no need for two neigh-
boring Al atoms in the lattice. Estimates made in (54, 55)
show that the probability of such Al pairs occurring in the
high-silica zeolites is very small.

Note that the mononuclear structure of «-sites discov-
ered in this work assumes «-oxygen to be a negative O~
species with an unpaired electron. The electronic state of

TABLE 8

Evaluation of «-Site Nuclearity

From loading of «-oxygen

From Fig. 4c
Direct  Corrected
Evaluation method value value

FeZSM-5 (A),
vacuum activation

FeZSM-5 (B)

Vacuum activation Steam activation

Nuclearity, n, (Fe/a-site) 1.5 ~1.0

1.1 12 0.9
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FIG. 8. Formation of a pair of a-sites in the form of a dinuclear iron complex.

a-oxygen is discussed in detail in a separate paper including
new data obtained recently on this challenging subject (57).

5. CONCLUSIONS

Many recent studies relate to the iron state in zeolites.
However, only a few of them directly focus on the identi-
fication of active iron composing «-sites. In this state, iron
is able to decompose nitrous oxide, with the adsorption
of @-oxygen providing unique oxidation properties to Fe-
containing zeolites.

Our previous Mossbauer studies indicate that «-oxygen
formation is related to the presence of dinuclear Fe com-
plexes. In the present work, we for the first time made a
thorough quantitative comparison of adsorption, catalytic,
and Mossbauer data in situ obtained for FeZSM-5 samples
subjected to stepwise activation. This study shows that ac-
tive iron actually exists in the form of dinuclear complexes.
As a somewhat unexpected result, it turns out that each
atom in the complex is capable of generating o-oxygen. It
means that «-sites are monatomic entities in a paired ar-
rangement registered by Mossbauer spectroscopy as dinu-
clear complexes.

Such a paired arrangement of «-sites agrees with the
mechanism of room temperature methane interaction with
a-oxygen. According to IR data (56), this interaction
proceeds via methane dissociation yielding hydroxy and
methoxy groups. It is noteworthy that both groups include
a-oxygen atoms, which seems to be an obvious result for
this type arrangement.

The catalytic significance of paired dispositions of a-sites
is not clear. It may be an indifferent phenomenon not im-
portant for single-site functioning. But remembering the
dinuclear structure of iron active sites in MMO, one may
also assume the paired arrangement of a-sites to be of fun-
damental significance for generating extraordinarily active
a-oxygen species. The present paper suggests no answer to
this question, which is worth a special study.
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