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Oxide catalysts containing highly dispersed Fe phases supported on a mesoporous, high surface area
silica, with iron in a wide range of concentration (4 < Fe2O3 mass% < 17), are presented. A suite of
techniques was employed to determine the structural, morphologic, surface, electronic, acidic, and red-ox
properties of the samples. Although the samples have great variation of the iron loading, they maintained
good Fe-dispersion and low metal aggregation, even those with the highest concentrations of iron.
By increasing the Fe-loading, the DR–UV–vis spectra showed that the band centered at 360 nm (low
nuclearity 2d-Fe oxo entities) became more intense, while the band at 500 nm (typical of 3d-Fe2O3
nanoparticles) remained of low intensity and quite constant. Formation of significant amount of isolated
Fe3+ centers (band at ca. 230 nm) were also identified, in agreement with EPR evidences. The titrated
amount of surface acid sites increased with the Fe loading, because of the increased amount of FeOx

species, acting as Lewis acid sites. The test reaction of isomerization of α-pinene oxide revealed the
prominent presence of Lewis acid sites on all the samples with main formation of the α-campholenic
aldehyde product. The selectivity to α-campholenic aldehyde was around 53% for all the catalysts,
independent of the Fe-loading. However, productivity to α-campholenic aldehyde increased with Fe-
concentration, because of the increase of reaction rates as higher the Fe content was. Active acid Fe-sites
could be associated with isolated Fe centers and in particular with low nuclearity 2d-Fe oxo entities.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The development of solid Lewis acids is a topic of great impor-
tance in synthetic organic chemistry and it has been intensively
pursued not only for a fundamental scientific interest, but also
for many applications at industrial level [1,2]. Solid Lewis acids
are viewed as substitutes of the more conventional homogeneous
acid catalysts, metal halides (such as ZnCl2, AlCl3, FeCl3, SnCl4, and
TiCl4) and HF or H2SO4 [3–5], being able to overcome all the well-
known problems of the homogeneous acids. Among the catalytic
materials with Lewis acid properties proposed in the scientific lit-
erature and in patent catalysts, oxides containing dispersed metal
centers represent valid candidates [6,7].

Rather large work was accomplished on the materials belonging
to SiO2–Fe2O3 system. In such system, high degree of coordinative
unsaturation of the nanosized Fe2O3 clusters gives outstanding cat-
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alytic properties in exigent acid reactions, such as Friedel–Crafts
alkylations reactions [8,9]. These oxide materials can be prepared
with convenient porosity and nanosized iron oxide aggregates by
essentially three different experimental procedures [10]. In the first
one, the iron oxide phase is formed during a sol–gel process (in
aqueous or organic media [11–13]) in the presence of a suitable
Si-font to obtain the SiO2–Fe2O3 material by one-step synthesis
[14–20]. In the second method, the ion exchange capacity of the
substrate matrix is exploited. In this case, facile functionalization
of the surface with transition metal ions (i.e., Fe2+/Fe3+) can be
performed. The method is particularly suitable for zeolites and re-
lated materials possessing high-ion exchange capacity [8,21,22]. In
the third case, iron was introduced by post-synthesis way on a
finite SiO2 matrix. The iron oxide phase is formed by thermal treat-
ment after impregnation, grafting, chemical deposition, adsorption
of a soluble iron salt on the previously processed support matrix
[23–27]. This method largely represents the conventional technique
for the introduction of transition metal ions at the solid surfaces,
because of the possibility to obtain high surface density of metal
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ions useful for high catalytic activity [28], although agglomeration
of the metal centers occurred.

Bourikas et al. [29] in their review on the role of the liquid–
solid interface in the preparation of supported catalysts point out
the advantages of the interfacial deposition, based on the equili-
bration of the transition metal ionic species between the support
surface and the liquid solution, in comparison with the conven-
tional impregnation techniques (wet impregnation, pore volume
impregnation, or dry impregnation). An analogous successful pro-
cedure was adopted by the group of Arena et al. [30] that pre-
sented the preparation of low-loaded iron oxide on silica cata-
lysts by an adsorption–precipitation route. The Fe-catalysts so ob-
tained had enhanced oxidation properties in the selective oxida-
tion of methane to formaldehyde. Another procedure based on the
adsorption-equilibrium of a metal complex dissolved in solution
was recently adopted by these authors for the preparation of sup-
ported copper oxides [31,32] and iron oxide [33] catalysts. In these
cases too, nanosized metal oxide phases with good homogeneous
metal distribution on different supports were highlighted.

Ordered mesoporous materials (such as MCM-41/48 [34,35],
SBA-15 [36], MSU-n [37], KIT-1 [38], and FSM-16 [39], among other
structures) synthesized by the use of non-ionic or ionic surfactant-
templating agents [40–42] have opened many new possibilities for
application in catalysis [43–51], chromatographic separation [52,
53], and other various fields of nanoscience [54,55] due to their
tuneable pore size and very large surface area. The favorable tex-
tural properties of mesoporous silica materials make them in prin-
ciple ideal materials not only for catalytic conversions of large
reactant molecules that cannot diffuse into the micropores of alu-
minosilicate zeolites, but also as support materials [8,25].

In this work, efforts have been made to prepare isolated or
oligonuclear Fe species stabilized on a mesoporous high surface
area silica obtained via a non-calcination procedure [56], increas-
ing the Fe-loading of the different samples up to 17 mass% of
Fe2O3. For the catalyst preparation, particular care was devoted
to the metal deposition technique that had to ensure high metal
dispersion with uniform distribution of the iron centers over the
silica surface. The nature of the Fe-catalytic sites still remains a
moot point with various proposals stressing the importance of
mononuclear, binuclear or more aggregated Fe sites for a variety
of catalytic reactions [17]. Most research work appeared on low-
loaded Fe-catalysts, aimed at studying the nature of the Fe-species
in relation with some catalytic activity [17,24,30], while only fewer
on high Fe-loaded systems. The maintenance of high Fe-dispersion
in catalysts at high Fe content is not an easy task to realize and,
as far as the authors know, there are no reports on amorphous Fe
oxide catalysts at high Fe-loading and high Fe-dispersion.

On the prepared catalyst samples, complementary techniques
including UV–vis, XPS, and EPR spectroscopies were employed to
identify the electronic and coordination environment of the iron
species, besides their redox properties by TPR. The surface acid
properties of the catalysts were tested by both a classical titra-
tion technique (employing 2-phenylethylamine, PEA, as probe) and
a test reaction sensitive to the nature of the acid sites (α-pinene
oxide isomerization [57,58]), thus able to ascertain the prevalent
presence of Lewis or Brönsted sites on the catalytic surfaces from
the obtained product distribution. Moreover, α-pinene oxide iso-
merization is a reaction of some importance in the fine chemistry
because one of the main products, campholenic aldehyde, is a
very important intermediate used for the manufacture of sandal-
wood fragrances, currently being investigated together with macro-
cyclic musks, as possible substitutes for nitro and polycyclic musks,
widespread used as fragrances in laundry detergents, fabric soften-
ers, cleaning agents and cosmetic products, and are recognized as
damaging chemical species to the environment.
2. Experimental

2.1. Sample preparation

All the products and solvents used for the sample preparation
were purchased from Fluka Analytical and VWR, respectively. They
are all pure (>98%) or ultra-pure (>99%) grade.

Mesoporous silica (labeled as SIM) was prepared by a modifica-
tion of the procedure described by Huh et al. [56] which involves
a condensation method based on sodium hydroxide-catalyzed re-
action of tetraethoxysilane (TEOS) in the presence of low con-
centration of cetyltrimethylammonium bromide (CTAB) surfactant
followed by acid extraction of the as-made-product performed in
a methanol mixture of hydrochloric acid (details on the synthesis
can be found in Supporting Information).

The iron phase was deposited by the previously described pro-
cedure based on an equilibrium-adsorption method [26,31–33] by
using Fe(III)-acetylacetonate (Fe(acac)) as precursor of the Fe oxide
phase. At first, the bare support (SIM) was suspended in a wa-
ter/propanol solution (1 g in 0.012 L of 1/1 v/v solution) at the
temperature of 0 ◦C and pH 10, maintained by ammonia solution.
A water/propanol solution of Fe(III)-acetylacetonate (0.03 M), here-
after called Solution A, was gently dropped to the support suspen-
sion, keeping constant the pH value during addition by ammonia
solution. Then, the temperature was gently left to raise up to room
temperature and the system attained adsorption equilibrium dur-
ing 24 h. After equilibration, a dark orange solid was recovered by
filtration, dried at 120 ◦C overnight, and calcined at 500 ◦C for 4 h
(Fe4/SIM, 4.10 mass% of Fe2O3, Table 2). For the preparation of the
samples with higher concentration of Fe, Solution A was adsorbed
on Fe4/SIM, instead of on the bare SIM, thus obtaining Fe6/SIM
(6.72 mass% of Fe2O3). Then, Solution A was adsorbed on Fe6/SIM
to obtain Fe12/SIM (12.90 mass% of Fe2O3), and it was adsorbed
on Fe12/SIM to obtain Fe17/SIM (17.16 mass% of Fe2O3), repeating
in each case all the operations of filtration, drying and calcination
as above described on each sample (Scheme 1).

The iron content of the samples was determined by ICP-OES
(plasma optic emission spectrometer, from Horiba JOBIN YVON)
after solid dissolution in acid mixtures (H2SO4 + HNO3 + HF) fol-
lowed by evaporation and new dissolution in HNO3.

2.2. Sample characterization

Surface area (BET) and porosity were determined by con-
ventional N2 adsorption/desorption at −196 ◦C using a Carlo
Erba Sorptomatic 1900 instrument. All the sample powders were
crushed and sieved between 45 and 60 mesh and then introduced
in the glass-cell (ca. 0.05 g of SIM and ca. 0.2 g of the Fe-samples).
Prior to the analysis, the support (SIM) was outgassed at differ-
ent temperatures from 90 ◦C to 550 ◦C for 3 h, and the calcined
Fe-samples were outgassed at 350 ◦C for 16 h. Pore volume distri-
bution was calculated from the desorption branch of the isotherm
using the Barrett–Joyner–Halenda (BJH) model equation [59].

Scanning electron micrographs (SEM) were obtained by a JEOL
JSM-5500LV coupled with energy dispersive X-ray spectroscopic
(EDS) analyzer working at 20 keV to obtain quantitative informa-
tion on the distribution of Fe and Si elements. The samples were
analyzed under moderate vacuum after gold coating.

XRD (X-ray diffraction) of the powder samples was carried out
by a Philips PW1710 vertical goniometer diffractometer using Ni-
filtered CuKα1 radiation (λ = 1.54178 Å). For ordinary measure-
ments, the chamber rotated around the sample at 1◦ (2θ ) min−1

from 3 to 80◦ (2θ ).
UV–vis diffuse reflectance spectroscopy (UV–vis–DRS) measure-

ments were performed on fine powders of the Fe-samples put into
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Scheme 1. Schematic representation of the procedure used for the preparation of the catalysts at increasing Fe-loading on SIM support. Solution A contains Fe(III)-
acetylacetonate (Fe(acac)) in water/propanol solution (0.03 M).
a cell with optical quartz walls by a Perkin-Elmer Lambda 35 in-
strument equipped with an integrating sphere and Spectralon® as
reference material. Spectra were measured in absorbance mode in
the 1100–190 nm range.

Mid-infrared spectra were recorded at room temperature using
a FT-IR spectrometer (Biorad FTS-40). The spectra of the powders
mixed with KBr were collected in the range 4000–400 cm−1 by
averaging 100 scans at a resolution of 4 cm−1.

A TG analyzer from Perkin-Elmer (TGA7) was used for the ther-
mal gravimetric analyses. Analyses were performed in air flowing
(dried Fe-samples) or in nitrogen flowing (SIM samples) under
constant rate (10 ◦C min−1) of temperature increasing with/without
intermediate isothermal plateaux. A three-step TG analysis was
performed to determine the hydroxyl density on SIM surface:
(i) first heating from 50◦ to 200 ◦C at a rate of 10 ◦C min−1;
(ii) then isothermal step at 200 ◦C for 30 min; and (iii) finally heat-
ing from 200 ◦C to 900 ◦C at rate of 10 ◦C min−1. Before the TG
analysis, the samples were stored in a vessel saturated with water
at room temperature for a minimum of 16 h.

XPS (X-ray photoelectron spectroscopy) analyses were carried
out by a Kratos Analytical AXIS ULTRA DLD spectrophotometer,
with AlKα monochromatized exciting radiation (1486.6 eV). Pass
energy of 160 eV or 40 eV for the acquisition of the general (0–
1100 eV) or high-resolution (C 1s, O 1s, Si 2p, Fe 2p) spectra
was used, respectively. The residual pressure in the analysis cham-
ber was around 10−9 mbar. All binding energy (BE) measurements
were corrected for charging effects with reference to the C 1s peak
of the adventitious carbon (284.6 eV).

The EPR (electron paramagnetic resonance) spectra were re-
corded by a Bruker Elexsys E560 X-band spectrometer. Typical
recording conditions were: microwave frequency ca. 9.4 GHz, mi-
crowave power 5 mW (16 dB), magnetic field sweep range 800 mT
(2048 points), modulation frequency 100 kHz, modulation am-
plitude 0.4 mT, sweep time 168 s. Spectra were taken at room
temperature and at −196 ◦C (liquid nitrogen cold finger). Mag-
netic field was measured with a Bruker ER036TM teslameter; mi-
crowave frequency was measured by a Hewlett-Packard HP 5340A
frequency counter.

TPR (temperature programmed reduction) experiments were
performed on the Fe-samples using a TPD/R/O-1100 instrument
from Thermo Electron Corporation. Sample mass used varied from
0.05 to 0.08 g (45–60 mesh particles) to obtain k and P values
of 80 s and 10 ◦C, respectively [60,61]. The samples were initially
pre-treated in air flow at 350 ◦C for 1 h. After cooling to 50 ◦C,
the H2/Ar (5.03% v/v) reducing mixture flowed through the sample
whose temperature increased from 50 to 900 ◦C (8 ◦C min−1). The
H2 consumption was detected by a thermal conductivity detector
(TCD). Peak areas were calibrated with pure H2 injections (Sapio,
Italy; 6.0 purity) and with thermal reduction of high purity CuO
wires.

The acid sites titrations were performed in cyclohexane using
a HPLC apparatus working with a recirculating method, modifying
a previously described method [62]. The titration of the acid sites
was carried out by the 2-phenylethylamine (PEA) basic probe at
17 ◦C. The sample (ca. 0.050 g, 80–200 mesh particles) was first
activated under air flowing (SIM at 90 ◦C for 3 h and the calcined
Fe-samples at 350 ◦C for 16 h) in a stainless steel tube (i.d. 2 mm,
length 12 cm). After the transfer of the tube into the adsorption
line, successive injections of PEA solution (50 μl, 0.15 M in cyclo-
hexane) were put into the line in which cyclohexane continuously
circulated through the sample holder until adsorption equilibrium
was achieved. The adsorption isotherms were numerically inter-
preted with the Langmuir model to obtain the amount of PEA ad-
sorbed at the monolayer, μmol m−2, correspondent to the amount
of acid sites, μequiv m−2, and the Langmuir adsorption constant
(b/M−1).

2.3. Catalytic reaction

The epoxide isomerization tests using α-pinene oxide (POX) as
substrate were carried out at room temperature (r.t.) in batch con-
ditions, as detailed in Ref. [58]. The catalyst sample (0.1 g) was ac-
tivated into a glass reactor at 350 ◦C for 30 min in air and then for
30 min under reduced pressure at the same temperature. After cat-
alyst activation, α-pinene oxide (from Fluka Analytical, 97% purity)
and toluene were introduced into the reactor (0.1 g, 0.66 mmol,
in 0.008 L) under N2 atmosphere. The progress of the reaction
was followed by gas-chromatographic techniques (GC from Agilent
6890 with FID detector, mounting a 5% phenyl-methylpolysiloxane
column, and GC–MS from Agilent 5971 series), and proton nuclear
magnetic resonance (1H NMR from Bruker, 300 MHz) analysis, an-
alyzing samples withdrawn from the reaction mixture at different
times.
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Table 1
Properties of the synthesized silica (SIM) used as support.

Content (mass%)
C 0.62
H 1.12
N 0.06
Structure Amorphous Broad band at 10–30◦ 2θ

Surface area (m2 g−1) 883 ± 107 (12%)

Porosity (cm3 g−1) 0.90 ± 0.10 (11%) Measured after thermal treatment (3 h) at 90, 150, 250, 350, 450, and 550 ◦C
Pore size (nm) 2.85 ± 0.09 (3.1%)

Silanol density ((OH−) nm−2) 4.53 ±0.70
((OH−) g−1) (3.95 ± 0.33) × 1021

IR skeletal bandsa (cm−1) 3434 Si–O–H, vibration of the hydrogen bonded silanol group perturbed by adsorbed water
1238 and 1078 Si–O–Si, asymmetric stretching vibration
968 Si–OH, silanol vibration
812 Si–O–Si, symmetric stretching vibration

Acidity (μequiv m−2) 0.714 Determined by PEA titration in cyclohexane. Numerical interpretation by Langmuir model
(mequiv g−1) 0.618

a Ref. [63].

Fig. 1. N2 adsorption/desorption isotherms (left) and BJH pore size distributions (right) of the bare silica support (SIM) and a Fe-sample (Fe6/SIM) chosen as representative
catalyst.
The interpretation of the collected data confirmed that POX
isomerization proceeded following a first-order kinetics to all the
products that developed following a parallel reaction mechanism.
The initial rate of formation of the main product (campholenic
aldehyde, CPA) was calculated by the following equation:

r◦
CPA = kPOX · SCPA · APOX/mcat, (1)

where r◦
CPA (molCPA/(gcat min)−1) is the initial rate to CPA forma-

tion, kPOX (min−1) is the first-order kinetic constant obtained re-
porting ln(1 − y) vs. t (with y the fractional POX conversion and t
the reaction time, in min); SCPA is the fractional selectivity to CPA;
APOX (g) is the initial amount of POX; and mcat (g) is the catalyst
mass.

3. Results and discussion

3.1. Sample preparation and characterization

The silica used as support matrix (SIM) was synthesized via a
polymeric route involving the alkoxide (tetraethoxysilane) hydrol-
ysis and condensation catalyzed by a base. The acid extraction of
the collected solid, instead of the conventional calcination, com-
pleted the synthesis procedure. The FT-IR spectrum of SIM is simi-
lar to that of a conventionally prepared SiO2, namely the bands at
ca. 1078 cm−1 and 1238 cm−1, assigned to the asymmetric Si–O–Si
stretching vibrations, and the band around 800 cm−1, attributing
to the symmetric Si–O–Si stretching vibrations, dominate the spec-
trum. The other typical skeletal bands observed are reported in
Table 1.
The main physical and chemical characteristics of SIM are col-
lected in Table 1. The obtained silica sample was quite pure (very
low content of C-, H-, and N-impurities) and it revealed a lack
of structural order. It is known that, the structural order of the
mesoporous materials depends on several parameters, such as the
concentration of surfactant, synthesis temperature, hydrothermal
temperature and time, total acidity, etc. all affecting the degree
of hydrolysis and cross-linking of the silicates [35]. As the typ-
ical mesoporous solids, SIM showed high surface area value, of
ca. 900 m2 g−1, pore volume of ca. 0.90 cm3 g−1, and narrow
mesopore size distribution (pore diameter around 3 nm). The re-
versible type IV N2-adsorption–desorption isotherms of SIM, with-
out hysteresis loop, similar to those reported in Refs. [58,63,64],
are shown in Fig. 1. The step corresponding to capillary condensa-
tion in the primary mesopores appears at relative pressure range
0.3–0.4, where a sharp inflection clearly appeared in the isotherms.
The morphology and mesoporous structure of SIM did not vary af-
ter thermal treatment up to 550 ◦C (Table 1).

It is well known that the silica surface consists of a combi-
nation of siloxane bridges (≡Si–O–Si≡, with the oxygen on the
surface) and of silanol groups (≡Si–OH, of different type) whose
relative concentration depends on various factors, such as calcina-
tion temperature, ambient humidity, storage time, etc. [65]. The
knowledge of the silanol surface density of the SIM surface rep-
resents an important parameter to judge on its suitability to act
as support for metal oxide phases (i.e., iron phase). Following the
procedure reported by Mrowiec-Bialoń [66], we used the thermo-
gravimetric analysis to determine the silanol surface density of the
SIM surface. By applying the three-step TG analysis (see Section 2)
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Table 2
Properties of the Fe-catalysts.

Sample Composition (mass%) DFe
a

(atomFe nm−2)
Coverageb

(%)
Surface area
(m2 g−1)

Porosity
(cm3 g−1)

Pore sizec

(nm)
Acid sitesd

(μequiv m−2)Fe Fe2O3

Fe4/SIM 2.87 4.10 0.36 5.0 285 0.37 3.6 1.502
Fe6/SIM 4.70 6.72 0.59 8.6 226 0.22 3.6 1.129
Fe12/SIM 9.0 12.90 1.12 17.76 119 0.20 3.8 1.794
Fe17/SIM 12.0 17.16 1.50 24.8 102 0.16 3.7 2.154

a Iron surface density.
b Calculated support coverage by Fe2O3 ordered in a monolayer [70].
c Main pore size determined from BJH pore distribution.
d Determined by PEA titration in cyclohexane as solvent. Numerical interpretation by Langmuir model.

Fig. 2. EDS spectra and relevant atomic maps of Fe6/SIM (left) and Fe17/SIM (right) catalysts.
to SIM sample, we calculated the hydroxyl surface density from the
mass loss observed in the 200–900 ◦C interval of temperature, that
was due to the removal of silanol groups from the SIM surface. Any
significant difference was not observed among the SIM samples
thermally treated at different temperatures. The mean value calcu-
lated of 4.5 (OH−) nm−2 (Table 1) is in perfect agreement with that
reported in the literature for fully hydroxylated silicas, that have
4.6 (OH−) nm−2 [67–69]. This value can be considered a constant
value, independent of the silica type and structural characteris-
tics. Because the high surface area of our silica, the silanol surface
density of SIM calculated per unit mass (3.95×1021 (OH−) g−1) is
almost three times higher than that of conventionally prepared sil-
ica samples.

The SIM coverage by the dispersed iron phase was real-
ized by the so-called equilibrium-adsorption method from iron-
acetylacetonate precursor. Because of the SIM support was not
calcined, it could offer highly reactive silanol groups able to ad-
sorb the Fe(III)-complex. Despite the amount of Fe(III) complex in
suspension with bare SIM (and Fe4/SIM, Fe6/SIM, Fe12/SIM, see
Scheme 1) allowed the loading of ca. 8 mass% of Fe, only a part
of Fe(III) was adsorbed on the samples (Table 2). Complete decom-
position of the adsorbed iron complex to form the dispersed iron
oxide phase upon calcination step was confirmed by TGA analy-
sis. The main peaks of loss of mass were located between 300 and
500 ◦C without any clear difference among the samples containing
iron oxide at different concentration.

The iron oxide concentration of the samples was comprised in
a large interval, from 4 to 17 mass% (Table 2). From the knowl-
edge of the SIM surface area and loading amount of Fe2O3 on each
sample, it could be calculated [70] that the portion of support sur-
face covered by iron oxide did not exceed 25% and that the iron
surface density reached the limit of 1.5 atomFe nm−2 for the high-
est concentrated catalyst (Fe17/SIM). Atomic maps obtained from
SEM-EDS analysis (Fig. 2) evidence the good distribution of iron
oxide over SIM surface for two selected Fe-catalysts (Fe6/SIM and
Fe17/SIM). The iron phase appears regularly distributed over the
Fig. 3. XRD pattern of the calcined Fe17/SIM catalyst.

SIM surface in both the cases; denser iron phase could be observed
on Fe17/SIM than on Fe6/SIM, but any large iron aggregates cannot
be individuated.

All the calcined Fe-samples showed amorphous patterns and
any peaks were not observed in any case, no matter the Fe ox-
ide concentration (Fig. 3). The question that arises about the Fe2O3

phase is if it is present as a true amorphous phase or as small
nanocrystalline particles below the detection size limit of the XRD
[71]. It is known that nanoparticles of amorphous Fe2O3 crystal-
lize into nanocrystalline maghemite γ -F2O3 [72], while for the
Fe2O3–SiO2 amorphous nanoparticles, the same transformation is
shifted at higher temperature (i.e. 700 ◦C). The observed shift is
the consequent stabilization of the amorphous Fe2O3 nanophase to
what is called the preventive role of the silica matrix [72]. How-
ever, because our samples were calcined at 500 ◦C and because the
absence of any line broadening at any characteristic 2θ position
for crystallite Fe2O3 phases, even for the samples with the highest
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Fig. 4. XP spectrum of the Fe 2p region of a representative Fe-catalyst (Fe12/SIM) (left); O 1s XPS band for two selected Fe catalysts with band deconvolution (right): peak
component typical of SiO2, (O)–Si, at ca. 532 eV, and of Fe2O3, (O)–Fe, at ca. 530 eV. The surface concentrations of SiO2 and Fe2O3 were calculated from the quantitative
determination of the two oxygen peak components and indicated in the figure.
concentrations of iron, presence of amorphous Fe2O3 could invoke.
Similar conclusions were reported by Khalil et al. [27] for their
Fe2O3–SiO2 nanocomposite materials.

The morphologic properties of SIM were completely changed by
the iron deposition. The N2-isotherms of adsorption–desorption of
Fe-samples show that the height of the capillary condensation step
decreases, the p/p0 coordinate of the inflection point increases,
and hysteresis appears (Fig. 1 shows the N2-isotherms for Fe6/SIM,
as an example). A very lower N2-uptake is observed on the Fe-
samples than on SIM, accounting for a decrease of the specific
surface area and pore volume. As concerning the pore distribu-
tion of the Fe-samples, a very broad band centered at ca. 4 nm
appeared shifted at larger pore size than SIM. This behavior sug-
gests some extent of pore blocking of SIM by the deposited Fe oxo
species. On the contrary, the decrease of the extension of surface
area and porosity within the series of Fe-catalysts (from Fe4/SIM to
Fe17/SIM) was restrained and regularly follows a decreasing expo-
nential trend (Table 2). The observed decreasing can be explained
by the progressive coverage of the SIM surface by the Fe oxide
phase, possessing more reduced surface area and smaller porosity
than silica.

Surface analysis by XPS confirmed the unique presence of Fe3+
in Fe2O3 environment on the basis of Fe 2p peak position and en-
ergy difference between the Fe(2p1/2) excited state and Fe(2p3/2)
ground state [23,25,73–75]. All the catalyst surfaces had very simi-
lar positions for the Fe 2p values: Fe(2p3/2) peak at 711.5±0.25 eV
and Fe(2p1/2) peak at 725.0 ± 0.30 eV; the energy difference be-
tween the Fe(2p3/2) and Fe(2p1/2) being of 13.5 eV. In Fig. 4 (left
side), it is reported the Fe(2p) core level of Fe12/SIM, chosen as an
example. The O(1s) region can be deconvoluted into two peaks:
530.5 eV, corresponding to the oxygen within Fe2O3 [75], and
532.4 eV corresponding to the oxygen within the SiO2 [26], which
largely predominated (Fig. 4, right side). The (O)–Fe component of
O(1s) band clearly increased passing from Fe12/SIM to Fe17/SIM
indicating the effective surface enrichment of the iron oxide phase
with the Fe loading. Concerning the nature of the iron species at
the surface, the presence of FeOx could be confirmed by calcu-
lating the atomic ratios of O–(Fe) (ca. 530 eV) to Fe 2p. The ratios
were all around 1.33 (±0.2), close but smaller that the expected 1.5
value, typical of Fe2O3. Likely, the totality of iron was not present
as Fe2O3 but Fe-oxo species with lower oxygen coordination could
be present. Concerning the surface Fe-concentration, the ratios de-
termined by XPS (Fe2p/(Fe2p + Si1s)) and those calculated from the
composition (Table 2) (Fe/(Fe + Si)) were comparable, in any case.
This indicated that the totality of iron deposited on SIM was avail-
able at the surface, thus confirming the high Fe-dispersion for all
the catalysts, independently of the Fe-concentration.

The dispersion and distribution of the iron species on the cata-
lyst surfaces were elucidated by UV–DRS investigation. For all the
samples, the UV–vis spectra show strong absorption with convo-
luted bands in a wavelength interval from 210 to 500 nm (Fig. 5).
Each experimental curve could be deconvoluted into three sub-
curves with maxima (λmax) at around 230, 360, and 500 nm. When
changes of the extinction coefficients over the investigated wave-
length range are neglected and contribution of the silica band in
the same wavelength region can be neglected as well, because
the very lower intensity, quantitative interpretation of the UV–
vis bands could be tentatively assessed [76]. The spectra were
dominated by the intense ligand to metal charge-transfer bands
(LMCT bands, with intensities ranging from 55 to 65%) at high
frequency (λmax at 230 nm) that involve isolated 4-coordinated
Fe3+ in [FeO4]− tetrahedral (t1 → t2 and t1 → e transitions) [16,
21,23,26,30,77,78]. The other absorption bands at lower frequen-
cies (λmax at 360 and 500 nm) were of very lower intensity,
meaning that iron oligomers (low nuclearity 2d-FeOx species or
ferric species (3d-Fe2O3) nanoparticles [16,21,23,26,30,76,77]) were
not the prevalent species, even in the samples with high Fe-
concentrations. Comparing the shape of all the UV–vis–DRS spec-
tra of Fig. 5, it can be noted a red-shift of the spectra with increas-
ing Fe concentration (from Fe4/SIM to Fe17/SIM). The observed
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shift was almost exclusively due to the growing of the sub-curve
centered at 360 nm, rather than that centered at 500 nm, that
maintained a quite constant intensity (from 8 to 12%), indepen-
dently of the Fe-concentration. The percent area of the bands at

Fig. 5. UV–vis–DRS spectra of the Fe catalysts with curve deconvolution (maximum
absorption wavelength and percentage area of each absorption are indicated for
each sample).
λmax at 360 nm was 26, 24, 31, and 34% for Fe4/SIM, Fe6/SIM,
Fe12/SIM, and Fe17/SIM, respectively. Similarly, the ratio of the
intensities of the band at 360 nm to that at 230 nm increased.
Hence, the concentration of the species associated with the band
at 360 nm (2d-FeOx species) increased with Fe content in the sam-
ple. The observed Fe-clustering maintained always very moderate
and it was smaller than that expected on the basis of the high Fe
concentration of the most loaded Fe-samples.

The EPR spectra of the Fe-samples, recorded at r.t. and at
−196 ◦C, are reported in Fig. 6. At both temperatures the spectra
are similar, in particular those of Fe6/SIM, Fe12/SIM, and Fe17/SIM
are almost identical. The spectra essentially consist of (i) a strongly
temperature dependent signal at about 160 mT (g ∼ 4.3) and (ii) a
broad, rather featureless signal centered at about 320 mT (g ∼ 2.2),
spanning about 800 mT and featuring a broad peak-like feature at
about 200 mT. These two signals are typical of Fe(III) within or on
the surface of a siliceous material. The signal at g ∼ 4.3 is due to
isolated Fe(III) ions in a distorted tetrahedral coordination and its
strong temperature dependence is dictated by Curie’s law [79].

The broad spectral component is due to the presence of
oligomeric iron oxide aggregates. To investigate the size distri-
bution of these aggregates, we attempted to fit the experimental
spectra to a model that already proved successful [26,80–82]. The
model assumes that the Fe(III) species are iron oxide nanoparti-
cles which exhibit a superparamagnetic behavior. Such behavior
is characterized by a blocking temperature TB, proportional to the
Fig. 6. EPR spectra of Fe-samples recorded at room temperature (left) and at −196 ◦C (right). The spectra are dominated by the broad component centered at about 320 mT.
The composite feature centered at about 160 mT, which is due to isolated Fe(III) ions, is much larger in the low temperature spectra.
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Fig. 7. Reduction profiles of the Fe-catalysts under TPR conditions (left) and specific H2 consumptions (right) vs. analysis time/temperature.

Table 3
Results of reduction measurements by TPR analysis.

Sample Tmax

(◦C)
H2 uptake (mmol g−1) Reducing pathsa (%)

Calculatedb Experimental Fe2O3 → FeO Fe2O3 → Fe Fe3+ → Fe2+c

Fe4/SIM 392 0.771 0.586 (−24%)d – 70 30
Fe6/SIM 393 1.262 0.932 (−26%) – 69 31
Fe12/SIM 404 2.417 1.395 (−42%) 2 64 34
Fe17/SIM 407 3.223 1.793 (−44%) 8 60 32

a Percent hydrogen consumed from the three paths.
b Calculated assuming that all the iron phase present as Fe2O3 was reduced to Fe(0).
c Path leading to formation of fayalite phase.
d Percent variance of the experimental H2 consumption relative to that calculated.
nanoparticle volume. At temperatures lower than TB, the nanopar-
ticles are in a blocked state and feature a very broad, anisotropic
EPR spectrum. At temperatures higher than TB, the nanoparti-
cles behave as a superparamagnet and the EPR spectrum becomes
narrower and less anisotropic. The observed EPR spectrum is the
superposition of the spectra from nanoparticles with different vol-
ume and TB. By fitting the observed spectra to this model, one
obtains the size distribution of the iron oxide nanoparticles. De-
spite extensive attempts and some model refinement an unique
size distribution that reproduced the experimental spectrum at a
given temperature could not be found. Besides, the temperature
dependence of the EPR spectrum could also not be reproduced.

Despite the failure of the superparamagnetic nanoparticle
model to reproduce the broad EPR signal, we can however derive
the following conclusions. The close similarity of the EPR spectra
of all four Fe-samples suggests that the nature and relative frac-
tion of the various Fe(III) species does not significantly depend on
the total iron loading on the SIM support. In addition to the iso-
lated, oxygen-coordinated Fe(III) ions, the Fe-samples contain iron
oxide aggregates ranging in size from few nanometers to several
tens of nanometers. The fraction of isolated Fe ions and Fe oxide
aggregates cannot be quantitatively deduced from the EPR spectra.
The qualitative deductions from the EPR results are in agreement
with those from the UV–vis–DRS results.

By TPR analysis, not only the reducing properties of the sup-
ported iron oxide phase but also the dispersion and aggregation
state could be disclosed [83,84]. TPR profiles of all the catalysts
are shown in Fig. 7, which reports the results both as rate of
H2 consumption and integral H2 consumption as a function of
time/temperature of analysis. Blank TPR test on the bare support
showed the inability of silica to consume hydrogen in the whole
temperature range investigated. From a qualitative point of view,
all the reducing profiles presented the same feature (Fig. 7): a main
reduction peak with a well defined maximum at ca. 400 ◦C domi-
nated the spectra, other weakly resolved maxima with very lower
intensity at ca. 750 and 850 ◦C could be identified. The samples
at progressively higher Fe loading consumed increasing amount of
H2 without any important modification of the shape and position
of the reducing peaks.

The TPR profiles of the supported iron oxide samples appeared
different from most of catalysts containing Fe oxide phases pre-
sented in the literature [26,85–88] that have two main reducing
peaks in a wide temperature interval; the low-temperature peak
is ascribed to hematite to wüstite reduction (Fe2O3 to FeO), with
the possibility to identify the very easy Fe2O3 to Fe3O4 reducing
step, the second peak to wüstite to zerovalent iron (FeO to Fe0)
reduction step (see Fig. 1S of Supporting Information). The dif-
ference between the present TPR profiles and those reported in
the literature suggested that different reducing paths were con-
cerned. The experimental H2-consumptions were lower (from 25
to 45%) than those that could be calculated assuming total reduc-
tion of the iron phase from Fe2O3 (Table 3). It is hard to think
that, at higher temperatures than that attained during experiments
(900 ◦C), some more H2 consumption could occur. A better de-
duction is that the silica matrix acted a strong inhibiting effect
on the complete reduction of the iron oxide. Powder-XRD spectra
of the reduced samples were collected to identify the iron-phases
formed (XRD spectrum of reduced Fe17/SIM is shown as an exam-
ple in Fig. 8). Three different crystalline phases containing iron can
be clearly detected: fayalite (Fe2SiO4), wüstite (FeO), and the ex-
pected metallic iron (Fe0). It can then be gathered that hydrogen
reduced the present iron oxide to three different final products
associated with three reducing paths: (i) from Fe3+ (dispersed
ions in oxide environment) to Fe2+ (with fayalite formation),
(ii) from Fe2O3 to wüstite (FeO); and (iii) from Fe2O3 to Fe(0). The
hydrogen consumed experimentally could be justified taking into
account the (i)–(iii) reactions above mentioned. Once known the
total amount of iron in the samples (Table 2) and the amount of
the dispersed Fe3+ ions, from UV–vis–DRS (66, 68, 59, and 54% for
Fe4/SIM, Fe6/SIM, Fe12/SIM, and Fe17/SIM, respectively), the extent
of hydrogen consumption from the (i)–(iii) reduction paths can be
easily computed (an example of the computation can be found in
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Fig. 8. XRD spectrum (step size 0.02◦ (2θ ), time per step 10 s) of Fe17/SIM after TPR
analysis.

Fig. 9. Equilibrium isotherms of PEA adsorption at 17 ◦C in cyclohexane on the bare
support and Fe-catalysts.

the Supporting Information). On all the samples, most of hydrogen
was consumed to form metallic iron (Fe2O3 to Fe0), this path de-
creased as higher the Fe-concentration, while reduction of Fe2O3

to FeO proceeded only in little extent on the most Fe concentrated
samples. The remaining part of hydrogen was used to form the fay-
alite phase, by reduction of the Fe3+ ions dispersed on the silica
surface (Table 3). The hydrogen consumed to form Fe2SiO4 was al-
most constant for all the samples, in agreement with UV–vis–DRS
results that indicated the presence of Fe3+ isolated ions in a nar-
row amount in all the Fe-samples.

A peculiar feature of the Fe-samples was the acidity of the
surfaces, for the presence of both the uncovered support surface
(silanol groups) and supported iron phase. The titration of the SIM
and Fe-samples by a strong base probe (2-phenylethylamine, PEA)
showed that the Fe-deposition on SIM increased the total amount
of surface acid sites with a well clear increasing trend for the sam-
ples with the highest Fe concentration (Fig. 9). The obtained PEA
adsorption isotherms were numerically interpreted with the clas-
sical Langmuir model equation to obtain the number of acid sites
(expressed as μequiv m−2) and the Langmuir adsorption constant
(b/M−1). The obtained values are reported in Table 2 (see Ta-
ble 1 for SIM). The average acid strength of the Fe-surfaces can
be evaluated by the b adsorption constant values. The calculated
b values were all comprised in a narrow interval (from 13,000 to
19,000 M−1) without any clear increasing or decreasing trend with
Fe-loading. This indicated that the supported iron oxide phases had
no marked differences of acidity strength with Fe-concentration.
Table 4
Activity parameters of the Fe-catalysts in the α-pinene oxide (POX) isomerization.a

Sample POX

conversionb

(%)

Selectivityb

(%)
r◦

CPA
c

(mmol (gcat min)−1)

(CPA) (PCP) (TCV) (TSB)

Fe4/SIM 64.7 53.5 2.3 10.1 7.8 0.052
Fe6/SIM 74.9 51.4 2.4 10.8 6.9 0.047
Fe12/SIM 95.0 50.1 1.6 10.7 6.1 0.319
Fe17/SIM 100 52.8 1.2 11.3 6.0 0.384

a SIM attained ca. 20% POX conversion with an initial rate to CPA of
0.001 mmol (gcat min)−1.

b Data determined at 25 min of reaction. Campholenic aldehyde (CPA), pinocam-
phone (PCP), trans-carveol (TCV), and trans-sobrerol (TSB).

c Initial rate of α-campholenic aldehyde (CPA) formation.

An important question that the titration of the acid sites cannot
solve is about the nature of the acid sites. To investigate on this
important point, we measured the acid active sites in a catalytic
test reaction (isomerization of α-pinene oxide), able to determine
the presence of Brönsted rather than Lewis acid sites from the ob-
tained product distribution.

3.2. Catalytic reaction

The catalytic acid-isomerization of POX can result in a large
variety of products because of the high substrate reactivity [89].
Among the observed products, campholenic aldehyde (CPA), trans-
carveol (TCV), trans-sobrerol (TSB), pinocamphone (PCP), and para-
cymene (CIM) are the principal reaction products. CPA can only
be prepared in high yield by using a suitable Lewis acid, PCP be-
ing the main byproduct. Brönsted acids tend to produce also TCV,
CIM, TSB and dimerization products, so lowering the selectivity to
CPA. Monitoring the product distribution during acid catalyzed α-
pinene oxide isomerization is thus become a test for the Lewis
acidity of a solid catalyst [58,89–92].

As a general trend over all the Fe-catalysts, quick conversion of
α-pinene oxide (POX) was observed during the first 10–20 min, de-
pending on the iron concentration in the sample, and then the re-
action proceeded at lower rate, according with a first order kinet-
ics. On all the Fe-catalysts, the reaction proceeded up to complete
POX conversion that was attained in a time interval ranging from
25 min, for the sample containing the highest Fe concentration
(Fe17/SIM), to 150 min for that with the lowest Fe-concentration
(Fe4/SIM). Bare silica sample (SIM) showed a very low isomeriza-
tion activity; after more than 1000 min only 45% POX conversion
was attained.

In order to have comparative results among the different Fe-
samples, the activity results have been compared at fixed reaction
time of 25 min, correspondent to complete POX conversion of the
catalyst with the highest iron concentration (Table 4). POX con-
version regularly increased with Fe-concentration in the sample,
while product distribution was very lightly affected by the Fe-
loading. The main reaction products were campholenic aldehyde
(CPA), pinocamphone (PCP), trans-carveol (TCV), and trans-sobrerol
(TSB). These compounds took into account of more than 70% of all
reaction products observed and they are the most significant in or-
der to understand the acidic character of the catalytic sites. Some
other products were present at lower percentage but they have not
been included in the discussion. Campholenic aldehyde was the
main reaction product with selectivity around 52–54% on all the
catalysts, regardless of the Fe-content in the sample. trans-Carveol
was detected in minor amount (around 11%) on all catalysts, and in
decreasing amounts the trans-sobrerol (6–8%) and pinocamphone
(1.5–2.5%) compounds were formed. Very similar product distribu-
tions, as that reported in Table 4, could be determined by evaluat-
ing the products at total POX conversion for all the catalysts. The
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Fig. 10. Selectivity to α-campholenic aldehyde formed in the isomerization of α-
pinene oxide vs. reaction time over all the Fe-catalysts.

Fig. 11. Initial rate of α-campholenic aldehyde (CPA) formation as a function of the
Fe concentration in each catalyst.

expected behavior reflects the fact that the products derive from a
network of parallel reactions and the selectivity to reaction prod-
ucts is independent on the level of conversion. The trend of selec-
tivity to CPA as a function of reaction time on all the Fe-catalysts
is depicted in Fig. 10. It is clear that, not only selectivity to CPA
did not change with reaction time (i.e., with POX conversion) for
each catalyst, as above discussed, but any significant variation of
its value was not observed among the different catalysts. This con-
stant selectivity distribution obtained on all the samples suggested
a constant distribution of the Fe-active sites on all the surfaces, in
particular, isolated Fe sites and oligomeric Fe species (Table 4). The
slight decrease of CPA selectivity with POX conversion observed
in the first part of the reaction on some catalysts can be explained
considering a selective poisoning of the strongest Lewis sites which
rearranged the substrate to campholenic aldehyde.

The non-negligible presence of isomerization products typical
of Brönsted acid sites transformation (TCV and TSB) could suggest
a bifunctional acid character of the catalysts. Because of the pres-
ence of Fe3+ centers, acting as strong Lewis acid sites, the vicinal
silanol groups of the silica support may become more acid than
their intrinsic nature (SIM has quite silent catalytic ability), thus
acquiring the catalytic ability of POX isomerizing. The sum of TCV
and TSB obtained products was around 18% for all the Fe-catalysts,
independently of Fe loading.

Aimed at collecting information on the activity of the active
Lewis acid sites and in lack of the knowledge of the amount of
active sites, the initial rates of POX conversion to CPA (r◦

CPA) was
calculated as explained in Section 2.3 and reported in Table 4.
When the r◦
CPA values were plotted against the Fe-concentration

of each catalyst, linear trend could be identified. This trend in-
dicated that new Fe active sites were continuously added on the
surface after each iron loading on silica (see Scheme 1) without
any significant modification of nature of the Fe species. Thus, the
observed activity increase with Fe concentration (Fig. 11) led to a
regular increase of yield to CPA (from 35% on Fe4/SIM to 53% on
Fe17/SIM) without penalize selectivity to CPA.

4. Concluding remarks

In summary, highly dispersed Fe oxide supported catalysts on
mesoporous silica with high Fe content were successfully synthe-
sized by the equilibrium-adsorption route. The possibility to obtain
such high Fe-loading and at the same time good dispersion of the
small Fe oxo centers can be attributable to the characteristic of the
silica that offered high amount of highly reactive silanol groups, in
comparison with conventional silicas.

The results on Fe-speciation, electronic, redox, and acidic prop-
erties of the studied samples obtained from the various comple-
mentary physico-chemical investigations converged on the final
deduction that by increasing of Fe-loading on the silica, even more
Fe-sites were created without any important growing of the Fe-
aggregates on the surface. The deposited iron phase on SIM was
predominantly present as isolated Fe3+ ions and low nuclearity Fe
oxo entities on all the catalyst surfaces, irrespective of Fe content.
The catalytic activity of such Fe-sites was typical of Lewis acidity,
as proved by the product distribution measured in the test reaction
of α-pinene oxide isomerization. From this study emerged that the
control of speciation on increasingly loaded Fe-catalysts can help in
clarify the evolution of mono-, bi- and oligonuclear Fe-sites, with
particular attention to the role of support in the stabilization of
Fe-species.
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