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Infrared studies of the interaction of carbon monoxide and
dinitrogen with ferrisilicate MFI-type zeolites
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Fourier transform IR spectroscopy of CO and N, adsorbed at liquid nitrogen temperature, was used to characterize an MFI-
type H-FeZSM-5 ferrisilicate which was synthesized with a Si/Fe ratio of 50. Thermal treatment of this material at 773 and 973 K
was performed in order to follow formation of extraframework species. On samples fired at 773 K Brgnsted acid sites were present
which gave an O-H stretching band at 3630 cm~!. These hydroxy! groups formed adducts with both probe molecules, which were
monitored by the corresponding bathochromic shift, Ar. Corresponding values for adsorbed CO and N, were Av = —270 and
Av = —100, respectively. Increasing the firing temperature up to 973 K led to complete removal of iron from the zeolite framework,
and consequent disappearance of Brgnsted acidity. In this process, extraframework iron oxide species were formed which were also
characterized by IR spectroscopy of the adsorbed probe molecules. Both CO and N, gave Lewis-type adducts with coordinatively
unsaturated Fe’* ions present in the extraframework material. A comparison is made with results of a previous study on the H-

GaZSM-5isomorph.
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1. Introduction

Replacement of Al or Si in zeolite frameworks by het-
eroatoms generates new materials with significantly
modified physicochemical properties. Among other
uses, these materials have the potential to perform satis-
factorily as highly selective catalysts for both the petro-
chemical industry and the synthesis of fine chemicals
[1,2]. However, the preparation and characterization of
zeotype materials containing framework heteroatoms
often meet with experimental difficulties. In the case of
iron, a major complication in the synthesis comes from
the tendency of Fe?* ions to hydrolyse and form aggre-
gates of iron oxides and oxohydroxides in alkaline
aqueous solutions. Despite this complication many
molecular sieve ferrisilicates have been prepared; among
them the analogues of the zeolites sodalite [3], faujasite
{4], LTL [5], mordenite [6], and ZSM-5 [7-13]. Detailed
accounts were given by Szostak [14] and by Ratnasamy
and Kumar[15,16].

Synthesis of ferrisilicates in the protonic form, needed
for catalytic applications, is usually accomplished
[8,12,17] starting from the Fe-doped sodium form which
is then ion exchanged with NH; and heated at about
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800 K to render the H form. Alternatives are the fluor-
ide route [15,18] and synthesis in alcoholic solutions
[19,20] both of which can yield directly the ammonium
form and minimize the risk of forming insoluble iron oxi-
des during early stages of the preparation procedure.
There is conclusive evidence [14,15,21] that, when
carefully synthesized, Fe3+ ions occupy tetrahedral lat-
tice sites in MFI-type ferrisilicates, i.e., they isomor-
phously substitute for silicon in the as-synthesized
materials. However, subsequent thermal treatments
(needed for template burning and for conversion of the
ammonium into the protonic form) can lead to local dis-
ruption of the silicate framework with attendant forma-
tion of extraframework iron species. These are small
aggregates of iron oxides (or oxohydroxides) which
remain trapped inside the zeolite channels and can act as
catalytic centres, either independently or in synergy with
protonic (Brgnsted acid) sites. MFI-type ferrisilicates
are known to show catalytic activity in a number of
chemical processes, such as xylene isomerization (with
para selectivity), toluene alkylation, shape selective oxi-
dation of hydrocarbons [22-28], dehydrogenation of
alkylbenzenes to (substituted) styrenes [29], and reduc-
tion of nitric oxide by hydrocarbons [30]. Presence of
iron species appears to be an important factor in all of
these processes. Thus, FeZSM-5 zeolites are very active
in the selective oxidation of benzene to phenol (when
N,O is the source of oxygen), while other metals (Ti, Cr,
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Mn, Ni, Cu) introduced in ZSM-5 are not catalytically
active in this reaction [27]. Similarly, H-FeZSM-5 is
much more active [31,32] than other metallosilicates for
the catalytic reduction of NO by hydrocarbons.

A key factor for understanding catalytic processes
mediated by ferrisilicates is a detailed characterization
of the material, with particular emphasis on iron species.
The purpose of the present work was to study Brgnsted
and Lewis acid sites in H-FeZSM-5, paying special
attention to extraframework species formed during tem-
plate removal and thermal activation. This is particu-
larly relevant to catalytic processes where under
steaming conditions part of the iron is removed from the
zeolite framework and forms finely divided iron oxide
particles. Characterization of the materials under study
was carried out by mid-IR spectrometry of adsorbed
dinitrogen and carbon monoxide. The use of these dia-
tomic molecules as spectroscopic probes for IR studies
of zeolites was discussed elsewhere [33-35], and their
relative merits were also analysed. The present work
completes a recent study of the same H-FeZSM-5 mate-
rial which was performed using other spectroscopic tech-
niques, mainly UV-vis and EPR spectroscopies,
EXAFS and XANES[36,37].

2. Materials and methods

Details on the synthesis of the H-FeZSM-5 sample
used as the starting material for the present study were
given elsewhere [38]. Briefly, ethanolic solutions of
FeCl; and tetraethyl orthosilicate were mixed and stir-
red for 30 min, then tetrapropylammonium hydroxide
was added as the templating agent and the resulting solu-
tion was heated to 353 K and held for 5 h before being
transferred into an autoclave (with Teflon lining) and
heated under autogenous pressure for 140 h at 443 K ; the
resulting solid product was thoroughly washed with dis-
tilled water and dried in air at 393 K. X-ray diffraction
analysis showed a single crystalline phase with ZSM-5
topology, structure type MFI in the TUPAC nomencla-
ture [39]. This orthorhombic phase had a unit cell vol-
ume of 5379 A3, which suggests incorporation of iron
into the zeolite framework since the corresponding value
for MFI-type silicalite is 5344 A3 [14]. Further evidence
for iron incorporation is provided by previous results
from UV-vis and EXAFS spectroscopies [37] which
showed the presence in the as-synthesized material of
tetrahedrally coordinated Fe** ions having an Fe-O
bond distance of 1.85 A. No evidence for octahedrally
coordinated Fe3* ions was found [37]. Elemental anal-
ysis gave a value of 50 for the Si/Fe ratio, which was con-
sistent with the composition of the parent gel.

For IR studies, portions of the as-synthesized mate-
rial were made into self-supporting wafers and calcined
inside an IR cell at 773 K to accomplish template burn-
ing, which was monitored by the disappearance of the
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C-H stretching bands in the 2850-3100 cm™! region.
The IR cell was then outgassed in a dynamic vacuum
(residual pressure < 10~ Torr) for 1 h at 673 K, before
dosing with CO or Nj. In order to investigate formation
of extraframework species as a function of thermal treat-
ment, the temperature of some of the wafers was further
raised (slowly) in air up to 973 K prior to outgassing for
1hat 673 K in vacuum. Low-temperature transmission
IR spectra were recorded, at 2 cm™! resolution, on a
Bruker IFS 66 FTIR spectrometer. Although the IR cell
was permanently cooled with liquid nitrogen during
acquisition of spectra, the actual sample temperature
(under the IR beam) was likely to be about 100-110 K.

3.Results and discussion
3.1. IR spectrain the O-H stretching region

Fig. 1 (full line spectrum) shows the O-H stretching
region of the ferrisilicate sample calcined at 773 K.
Three main IR absorption bands are observed at 3747,
3630, and 3475 cm ™!, respectively. On closer inspection,
a clear shoulder at 3720 cm™! is observed in the low-fre-
quency side of the 3747 cm™! band (see inset in fig. 1),
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Fig. 1. Infrared spectra in the O—H stretching region of H-FeZSM-5

calcined at 773 K (full line spectrum), and at 973 K (dotted line). Inset

depicts an enlarged view of the silanol band, showing the shoulder at
3720cm™!.
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and also a very weak IR absorption can be noted at
3690cm™!.

The sharp band at 3747 cm™! is assigned to isolated
silanols which are expected to be present mainly on
external surfaces of the zeolite crystals, while the
shoulder at 3720 cm~! is assigned to terminal SiOH
groups of hydrogen-bonded silanol chains, as depicted
in scheme 1. These terminal SiOH groups would occur at
internal silanol nests predominantly formed when iron
was removed from the zeolite framework, presumably
during template burning. Hydrogen-bonded silanols in
these nests give rise to the broad band observed in the
3475 cm~! range. Similar features of the corresponding
IR spectra were observed for highly defective silicalites
and for very finely divided H-ZSM-5 samples, and
detailed discussions were given elsewhere [40,41].
Interaction of hydroxyls with nearby oxygen atoms
forming hydrogen-bonded OH species, which could con-
tribute to IR absorption in the 3475 cm™! region, would
also occur in the neighborhood of defective sites arising
from imperfect crystallization of the parent gel or in
regions of amorphous material which would escape
detection by X-ray diffraction. Evidence for amorphous
material was found by Ulan et al. [13] in a detailed study
of MFI-type iron silicates, which was carried out using
transmission electron microscopy and selected area elec-
tron diffraction. It is conceivable that small micropores
could exist in this amorphous material which could be
blocked during thermal treatment, thus leaving occluded
hydregen-bonded OH groups very resistant to elimina-
tion.

The band at 3630 cm~! corresponds to the O-H
stretching mode of bridged Si(OH)Fe groups, which
constitute the Brgnsted acid sites of the ferrisilicate. The
analogous band for H-ZSM-5 (which has Al instead of
Fe) is usually found around 3609-3615 cm~! [41-48],
while for the gallosilicate analogue it appears at about
3617-3623 cm™! [33,49-52]. This suggests that the
Brgnsted acid sites of the ferrisilicate are intrinsically
weaker than those of the other isomorphs, which is in
agreement with the much lower activity of H-FeZSM-5
for propene oligomerization, as reported by Parrillo et
al. [53].

The weak IR absorption band observed at 3690
cm™! is assigned to OH groups present in small clusters
of iron extraframework species. However, we remark
the low intensity of this band, and also the fact that the
intensity of the 3630 cm~! band is very much the same as
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Scheme 1.

that found [33] for the corresponding Brgnsted acid sites
of an H-GaZSM-5 sample having a Si/ Ga ratio of 50 (as
in the present case for the Si/Fe ratio). Both of these
facts strongly suggest that iron is mostly in the zeolite
framework in the ferrisilicate sample calcined at 773 K.
Fig. 1 (dotted line spectrum) shows that increasing
the calcination temperature from 773 to 973 K brings
about considerable changes in the O-H stretching
region. All Brgnsted acid sites (band at 3630 cm™!) are
virtually eliminated. Severe weakening of the broad
3475 cm~! band is also observed, and the 3720 cm™!
shoulder is no longer present: note the sharpness of the
remaining 3747 cm~! band. These spectral features
reflect corresponding changes in the zeolite sample as
follows: calcination up to 973 K causes migration of iron
from framework to extraframework location with atten-
dant elimination of Brgnsted acidity; at the same time
water molecules are nucleated from silanol nests and
eliminated during subsequent outgassing of the zeolite
wafer, thus explaining the observed disappearance of the
3720 cm~! shoulder and severe weakening of the
3475 cm~! band [40,41]. However, isolated silanols giv-
ing rise to the 3747 cm~! band are more resistant to the
thermal treatment. It is evident that the foregoing pro-
cesses should cause disruption of the zeolite framework
and development of Lewis acidity. Further considera-
tions to this point are given in the following sections.

3.2. Adsorption of carbon monoxide

Upon adsorption of CO (at 77 K) on the ferrisilicate
sample fired at 773 K, the band at 3630 cm™! (Brgnsted
acid sites) is progressively eroded and a new broad band
develops which has a maximum at about 3360 cm™!, as
shown in fig. 2. The frequency shift (Av = —270 cm™!)
and the observed increase in line width and intensity are
the classical effects of a hydrogen bonding OH---CO
interaction [54], as depicted in scheme 2. For compari-
son, reported values of the frequency shift of acidic OH
groups in H-ZSM-5upon CO adsorption are in the —308
to —340 cm™! range [41,55-57]. The smaller
bathochromic shift of the bridged OH groups in H-
FeZSM-5 suggests a weaker Brgnsted acidity of the ferri-
silicate, as already stated in section 3.1, and which is also
in agreement with previous reports in the literature
[49,58,59]. At high CO equilibrium pressure, the bands
due to isolated and terminal silanols (3747 and 3720
cm™!) are also partially eroded and shifted to 3653 and
3580 cm™!, respectively, due to formation of the corre-
sponding hydrogren-bonded SiOH- - -CO species.

The corresponding spectra in the C-O stretching
region are shown in fig. 3. For low values of the CO
equilibrium pressure, a complex IR absorption is
observed in the 2135-2185 cm™! range which can be
resolved into four components, 2180, 2172, 2157 and
2141 cm™!, as depicted in the inset of fig. 3. Comparison
with recently published data for CO adsorbed on H-
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Fig. 2. Effect of increasing doses (from ca. 10~3 to 40 Torr) of adsorbed

CO at 77 K on the O-H stretching region of H-FeZSM-5 calcined at

773 K. The dotted line spectrum corresponds to the zeolite blank. For
clarity the spectra have been offset on the vertical scale.

ZSM-5, H-GaZSM-5 and the protonic form of morde-
nite [33,41,51,60,61] leads to the unambiguous assign-
ment of the 2172 cm™~! band to the CO stretching mode
of the hydrogen-bonded CO adducts depicted in
scheme 2. Note that, on increasing CO equilibrium pres-
sure, this band grows in parallel with the 3360 cm™! band
(fig. 2), and simultaneously the O-H stretching at 3630
cm~! loses intensity, thus confirming the foregoing
assignment. The components at 2180 and 2157 cm™!,
which saturate at low CO equilibrium pressure, must
correspond to species present in a very minor concentra-
tion. We assign the 2180 cm~! band to the C-O stretch-
ing mode of Lewis type Fe**...CO adducts formed on

NV |
il 2172 ¢cm
3630 cm’! | | 3360 cm’!
NN e NN
Si ng —_— - Si Fe

Scheme 2.
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Fig. 3. Infrared spectra of CO adsorbed at 77 K and increasing equili-

brium pressure (from ca. 10~3 to 40 Torr) on H-FeZSM-5 calcined at

773 K. All spectra were background subtracted. Inset shows computer
deconvolution of the second spectrum from the bottom.

extraframework iron oxide nanoclusters. Note that for
CO adsorbed on prismatic faces of well developed o-
Fe,0; crystals, the corresponding IR absorption band
was found in the 2165-2170 cm~! range [62].
Comparison shows that extraframework iron oxide spe-
cies in H-FeZSM-5 must have Fe3* ions with a rather
high degree of unsaturated coordination, which can act
as Lewis acid sites. Assignment of the weak 2157 cm™!
band is more uncertain, we tentatively attribute it to CO
adsorbed on coordinatively unsaturated Fe?* ions
formed by partial reduction of Fe*+ during thermal acti-
vation in vacuo of the zeolite wafer, as suggested by Raj
and Sivasanker [63]. In this context, note also the weak
IR absorption in the 2080-2105 cm~! range (fig. 3)
which was also observed for CO adsorbed on partially
reduced Fe,O3; supported on zirconia [64]. An IR
absorption band at about 2157-2160 cm™! is also
expected for CO interacting with silanols (see below),
but this band is usually observed only at relatively high
CO equilibrium pressure. Finally, the 2141 cm~! band,
which markedly gains intensity (and shifts to 2138 cm™)
at high CO equilibrium pressure corresponds to physi-
cally adsorbed (liquid-like) CO inside the zeolite chan-
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nels; it has been thoroughly discussed elsewhere [41,65]
for the ZSM-5 isomorph.

CO adsorbed at 77 K on the ferrisilicate sample fired
at 973 K (in which Brgnsted acid sites are virtually
absent) caused a gradual erosion of the free silanols band
at 3747 cm™!, which results shifted to 3655 cm™! and
considerably broadened, as shown in fig. 4. This is the
expected consequence of the formation of hydrogen-
bonded SiOH- - -CO adducts, as already stated. Further
proofis provided by the (nearly) isobestic point observed
at 3703 cm~!infig. 4. Note that erosion of the 3747 cm ™!
band only develops at relatively high CO dosis, in agree-
ment with the expected low stability of the correspond-
ing adducts. Spectra in the C-O stretching region are
shown in fig. 5. For low CO equilibrium pressure, a
broad band is observed in the 2150-2200 cm~! region
which has main components at 2174 and at 2180 cm™!
(shoulder). These features are assigned to Lewis-type
Fe*...CO adducts formed on extraframework iron
oxide species. The band at 2174 cm™~!, which is close in
wavenumber to that reported for CO adsorbed on well
developed a-Fe;O3; crystals [62] is afttributed to
Fe3*...CO species formed on extended patches of iron
oxide nanoclusters, while the shoulder at 2180 cm™!
should correspond to more coordinatively unsaturated
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Fig. 4. Effect of increasing doses (from 1 to 40 Torr) of adsorbed CO
at 77 K on the silanol band of H-FeZSM-5 calcined at 973 K. The
dotted line is the zeolite blank spectrum.
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Fig. . Infrared spectra of CO adsorbed at 77 K and increasing equili-
brium pressure (103 to 40 Torr) on H-FeZSM-5 calcined at 973 K.

Fe3* ions presumably located at edges and corners of
these nanoclusters. Note that this latter band was
already present in the ferrisilicate sample calcined at 773
K which showed only small traces of extraframework
species. Predominance of the 2174 cm~! component sug-
gests considerable aggregation of extraframework iron
which was somehow unexpected for a material with such
a low iron content (Si/Fe = 50). We shall return to this
point after discussing dinitrogen adsorption. Note, how-
ever, that extraframework iron species can be formed
not only inside the channels, but also at external surfaces
of the zeolite crystals.

Fig. 5 shows that for high CO equilibrium pressure
the spectra become dominated by the band at 2138 cm™!
corresponding to liquid-like (physisorbed) CQ inside the
zeolite channels. A second band is also observed at about
2160 cm~! (overshadowing the weak 2174 and 2180
cm~! bands discussed above); this is the C-O stretching
of SiOH. - .CO adducts formed on silanols (cf. fig. 4). A
similar IR absorption band was also reported [40,41] for
CO adsorbed on pure silicalite, and on non-porous silica
[66]. Note that a weak IR absorption at about 2160 cm™!
is also present in the spectra corresponding to the highest
COdosisinfig. 3.
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3.3. Adsorption of dinitrogen

The spectroscopic study of N, adsorption on the H-
FeZSM-5 samples has completed and confirmed the
characterization carried out by using CO as the IR spec-
troscopic probe. The effect of adsorbed N, at 77 K, on
the O-H stretching region of the sample fired at 773 K is
shown in fig. 6. The band corresponding to bridged OH
groups (at 3630 cm™!) is gradually eroded and shifted to
3530 cm™! (Av = —100 cm™!) due to formation of
hydrogen-bonded adducts, as depicted in scheme 3. A
similar effect was reported for dinitrogen adsorbed on
H-ZSM-5 [55,56], but the corresponding shift is in the
—109 to —120 cm™! range; this again is a reflection of the
lower Brgnsted acidity of the ferrisilicate.

Fig. 6 also shows that for high N equilibrium pres-
sure the bands due to silanols (3747 and 3720 cm™!) are
also partially eroded and shifted to 3715 and 3666 cm™!,
respectively. This effect is entirely analogous to what
was stated for adsorbed CO. In the N-N stretching
region a single band was observed at 2331 cm™!, as
shown in fig. 7. This band is assigned, in agreement with
previous work on H-GaZSM-5 [33], to the N-N stretch-
ing of the OH- - -N=N adduct depicted in scheme 3. It
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Fig. 6. Asinfig. 2: dinitrogen adsorption at 77 K.
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shows a hypsochromic shift Av=+10 cm~! with
respect to the Raman-active fundamental stretching
mode of dinitrogen adsorbed on silicalite, which was
observed at 2321(22) cm™! [33]. This hypsochromic shift
is the expected effect [56,67-69] of an end-on electro-
static interaction of N, with a positively charged centre,
i.e. the acidic proton. The weak shoulder at ca. 2324
cm™!, observable only at high N; equilibrium pressure,
is assigned to the N-N stretching mode of SiOH- . ‘N,
adducts.

Fig. 8 shows the effect of adsorbed dinitrogen on the
O-H stretching region of the ferrisilicate sample fired at
973 K. Since Brgnsted acid sites were eliminated during
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Fig. 7. Infrared spectra of dinitrogen adsorbed at 77 K and increasing
equilibrium pressure (from ca. 10~2 to 40 Torr) on H-FeZSM-5 cal-
cined at 773 K. All spectra were background subtracted.
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Fig. 8. Asinfig. 4: dinitrogen adsorption at 77 K.

thermal treatment, the only phenomenon observed is a
partial erosion of the silanols band at 3747 cm™! with
attendant formation of a new broad band centred at
3713 cm~!, which corresponds to the O-H stretching of
hydrogen-bonded SiOH- - ‘N=N adducts. Note the iso-
bestic point at 3729 cm~!. The corresponding N-N
stretching mode is observed, in fig. 9, at 2324 cm™!: low-
frequency shoulder of the main IR absorption band.

For low N3 equilibrium pressure, fig. 9 shows a main
band centred at 2331 cm™!, which is the same frequency
observed for OH. - -N;, adducts formed with Brgnsted
acid sites (cf. fig. 7). However, this is purely coincidental;
it should be clear that this IR absorption band cannot be
due to such adducts since Brgnsted acid sites are no
longer present, as shown in fig. 8 and also in the fore-
going section on CO adsorption on the same zeolite sam-
ple. We assign the 2331 cm™! band in fig. 9 to the N-N
stretching of dinitrogen adducts formed with Fe** ions
in extraframework iron oxide species, which were also
revealed by CO adsorption: broad band at 2150-2190
cm~! in fig. 5. Two facts must be stressed, (i) the
2331 cm™! band (fig. 9) shifts to slightly lower wavenum-
bers (Av = —1.5 cm™!) at high N, equilibrium pressure,
and (ii) it has a high-frequency tail. The small bathochro-
mic shift observed upon increasing N equilibrium pres-
sure can be explained in terms of lateral interactions
between N5 molecules adsorbed in adjacent positions on
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Fig. 9. Infrared spectra of dinitrogen adsorbed at 77 K and increasing
equilibrium pressure (1072 to 40 Torr) on H-FeZSM-5 calcined at
973K.

extraframework iron oxide crystallites; by contrast, the
band due to OH- - -N; adducts (fig. 7) was found to keep
a constant frequency: 2331 cm™! as expected for isolated
hydroxyl groups (Brgnsted acid sites). The high-fre-
quency tail suggests a contribution from N, adsorbed on
Fe** ions present at edges and corners of extraframe-
work aggregates, as already discussed for CO adsorp-
tion.

Finally, a fruitful comparison can be made with the
results of a recent study [33] on H-GaZSM-5 samples.
Briefly, no significant loss of framework gallium was
found for samples having a Si/Ga ratio of 50, even after
heating at 973 K. For samples with Si/Ga = 25, extra-
framework gallium species were found which adsorbed
dinitrogen giving a main IR absorption band at 2336.5
cm~! (with shoulders in the 2340-2348 c¢m~! range).
Adsorbed CO gave rise to a main IR absorption band at
2200 cm~!. When these results are compared with corre-
sponding values found in the present work for N, and
CO adsorbed on extraframework iron species: 2331 and
2174 cm™!, respectively, it becomes clear that extra-
framework Fe3* ions show a smaller polarizing power.
Since Ga* and Fe* have nearly the same ionic radius,
itis inferred that Fe** ions in extraframework species of
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the ferrisilicate are less coordinatively unsaturated than
corresponding Ga®* ions in the gallosilicate analogue.
From these facts two main conclusions can be drawn: (i)
ferrisilicates have a lower thermal stability than gallosili-
cates, and (ii) extraframework species tend to form lar-
ger aggregates in the case of the ferrisilicates, thus
leading to exposed metal ions which are less coordina-
tively unsaturated.

Note that formation of relatively large aggregates of
extraframework iron oxide species in ferrisilicate sam-
ples having a very low (average) concentration of iron
atoms (Si/Fe = 50) suggests a non homogeneous distri-
bution of the metal ion in the zeolite framework. This
would not be necessarily related to energy minimization
in the ferrisilicate lattice [70-72]; it is more likely to
reflect local heterogeneity in the parent gel.
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