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Fe-containing mesoporous molecular sieves were synthesized by the wet impregnation method with
two different metallic loadings. The resulting iron oxide/silica composites were then submitted to a
reduction treatment for 6 h at 873 K, under H; flow. The microstructure of both, the Si-MCM-41 host
and the impregnated composites were characterized by XRD, N, adsorption, DRUV-vis and Mdssbauer
spectroscopy. The magnetic behavior of each microstructure was characterized by the magnetization
dependence on the magnetic field (up to 1.5T) and temperature (between 5 and 300K). The catalytic
performance was tested for cyclohexene oxidation by hydrogen peroxide and further correlated with the
observed magnetic properties. It was found that the reduction treatment largely affects the selectivity to
reaction products, leading to catalysts exhibiting a selectivity of 80% towards the allylic oxidation prod-
ucts. This is attributed to a large free radical generation arising from the interaction between the hydrogen
peroxide and the partially reduced iron species (mainly Fe® and Fe30,), exhibiting superparamagnetic
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and/or ferromagnetic character.
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1. Introduction

Since their discovery, the MCM-41 molecular sieves have been
the basis of different catalysts of spread use in industrial pro-
cesses. Their special features of high surface areas (>1000 m2/g)
and highly ordered porous structure (with pore diameter between
2 and 10 nm) confer these materials a high adsorption capacity even
for large molecules. The surface of the MCM-41 materials may be
modified by inserting different transition metals, and the result-
ing catalysts are applied to numerous chemical reactions, among
which special attention has been paid to the oxidation of organic
substrates [1-4]. In the fine chemical industry, the selective oxida-
tion reactions are carried out with significant amounts of transition
metals and organic peroxoacids as reactive; the use of modified
MCM-41 type molecular sieves emerged as an interesting option
for the development of environ compatible processes. In addition,
the diluted hydrogen peroxide (H,0,) is one of the most conve-
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nient oxidants in use due to its easy manipulation, high active
oxygen content and the absence of by-products [5]. In this con-
text, the oxidation reactions of organic compounds, mainly bulky
olefins, have gained interest [1]. Among the studied olefins, the
cyclohexene is frequently used to evaluate the redox ability of
modified MCM-41 using H,0, as oxidant [6]. Scheme 1 shows
the typical products of this reaction. The cyclohexene oxide (I),
generated by the heterolitic epoxidation of the cyclohexene dou-
ble bond and the 1,2-cyclohexanodiol (II) side product formed by
hydrolysis of the epoxide ring, generally reflect a concerted process.
The allylic oxidation products, 2-cyclohexen-1-one (IIl) and 2-
cyclohexen-1-ol (IV), are often ascribed to a homolytic radical path
[7,8].

The introduction of Fe into the molecular sieves has received
much attention because of its activity in alkylation and oxidation
reactions [1,2,9]. The mesoporous molecular sieves are gener-
ally constituted by diamagnetic units as carbon or silica [2] and
the incorporation of magnetic ions/species in different oxidation
states may lead to special catalytic behavior. In this sense, the
development of molecular sieves with magnetic properties found
wide application in processes of magnetic separation, transport of
adsorbed compounds in a magnetic field [3,4], in the development
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Scheme 1. Products of cyclohexene oxidation by hydrogen peroxide. Cyclohexene
oxide (I), 1,2-cyclohexanediol (II), 2-cyclohexen-1-one (III) and 2-cyclohexen-1-ol
().

of magneto-chemical sensors [10-12], as high density magnetic
recording supports and other nano-devices [13]. In particular, the
catalytic activity of mesoporous molecular sieves modified with
Fe and its relationship with their magnetic properties have been
reported [14,15] for the selective reduction of NOx.

In this work, mesoporous molecular sieves Si-MCM-41 have
been synthesized and modified with Fe by the wet impregnation
method. In addition, these materials were submitted to a high tem-
perature reduction process to generate Fe-containing species in
different oxidation states on the surface. These catalysts were eval-
uated in the cyclohexene oxidation with H,0,. Special attention
was paid to the reaction product selectivity as a function of the
treatment performed on the samples, and the catalytic behavior
was related with the observed magnetic properties.

2. Experimental procedures
2.1. Synthesis

The pure siliceous mesoporous material (Si-MCM-41) was syn-
thesized by using cetyltrimethylammonium bromide (CTAB) as
template and tetraethoxysilane (TEOS) (Aldrich 98%) as silicon
source. Sodium hydroxide (NaOH) aqueous solution 2 M was used
for hydrolysis and pH adjustment. The catalyst was synthesized
from gel of molar composition: NaOH/Si = 0.50, surfactant/Si=0.12,
water/Si=132. In a typical synthesis, CTAB was dissolved in
water—NaOH solution at 313 K; this new solution was then cooled
to room temperature and TEOS was finally incorporated. The mix-
ture was vigorously stirred for 4 h at room temperature and then
for 3h at 343 Kin a closed flask. The final solid was filtered, washed
and dried at 333 K overnight. To remove the template, the sample
was heated (heating rate of 2 K/min) under N, flow up to 773 Kand
kept at this temperature for 6 h; it was then calcined under air flow
for6hat 773 K.

The Si-MCM-41 host was then modified with Fe by the wet
impregnation method. In order to obtain two different metallic
loadings, an appropriate amount of none-hydrate iron (III) nitrate
(Fe(NO3)3-9H,0) aqueous solution 2 or 5M was added to the out
gassed Si-MCM-41 (5h in oven at 773 K). Then, water was slowly
removed by rotary evaporation at 323 K for 30 min. The resulting
powder was dried at 333 K and then calcined for 6 h at 773 K. Some
of these samples were reduced in a H, flow of 50 mL/min. The sam-
ples were placed in a quartz reactor, heated at a rate of 10 K/min
under H, flow up to 873K and kept at this temperature for 6 h.
The resulting materials were named: Fe/M(x) or Fe/M(x)R, where
x is the initial concentration of the impregnating solution and R
indicates that the sample was reduced.

2.2. Characterization

The X-ray diffraction (XRD) patterns were recorded in a Philips
PW 3830 diffractometer with Cu K radiation (A =1.5418 A) in the
range of 26 from 1.5 to 7° and from 10 to 70°. The interplanar
distance (d190)) was estimated using the position of the first X-
ray diffraction line. The lattice parameter (ag) of the hexagonal

unit cell was calculated as ag = (2/+/3) d100)- A profile fitting was
made to each maximum in the high angle range, and the mean
grain size [D] of the corresponding phase was estimated using the
Scherrer formulae: [D]=0.91/8 cos 6, where § (in radians) is the
peak intrinsic breadth after subtraction of the instrumental con-
tribution, A is the X-ray wavelength and 6 the diffraction (Bragg)
angle.

UV-vis diffuse reflectance (DRUV-vis) spectra were recorded
using an Optronics OL 750-427 spectrometer in the wavelength
range 200-1000 nm. The original spectra obtained were fitted by
three Gaussian bands using the conventional least squares method.
Curve-fitting calculations were useful in determining each band
location and relative area, with confidence levels given by x2
<0.0005 and R? > 0.99. The Fe content was determined by atomic
absorption spectroscopy (AA) using a Varian SpectrAA 220. Spe-
cific surface area, pore size distribution and total pore volume were
determined from N, adsorption-desorption isotherms obtained
at 77 K using a Quantachrome Autosorb Automated Gas Sorption
System. The surface area was determined by the BET method in
the pressure range of P/Py: 0.01-0.25. The pore size distribution
was calculated by the Barrett-Joyner-Halenda (BJH) method, based
on the Kelvin equation [16]. Mdssbauer spectra were recorded in
transmission geometry using a constant acceleration spectrometer
with a 50-mCi 57CoRh source at room temperature.

The room temperature magnetization curves were measured
in a vibrating sample magnetometer (VSM) LakeShore 7300, with
static field up to ugH=1.5T. Magnetization and hysteresis loops
as functions of temperature were measured in a Quantum Design
SQUID magnetometer up to 6T. The hysteresis properties as
coercivity and remanence were obtained directly from the mag-
netization curves; these hysteresis curves were well fitted by the
sum of three contributions: a linear paramagnetic or diamag-
netic contribution (LM), a ferromagnetic one (FM) [17], and a
superparamagnetic-like one (SPM) [18], so that the total magne-
tization results: TM = LM + FM + SPM, with:

LM = x poH; (M
2M, H; + H; M,
FM = ==5f (arctan ( 1 ’C) tan r) 2
7 Hie Wi @
w(H; + HY) kgT
SPM = Mssp {coth kaT — s+ Hi*) 3)

here Mg, 1toHjc and M, are the effective ferromagnetic saturation
magnetization, the coercive field and the remanent magnetization,
associated to the ferromagnetic contribution, respectively. Mssp, 14
and H are the effective saturation magnetization, the mean mag-
netic moment of the activated clusters and a mean interaction field
[18], introduced to account for the effect of eventual interactions
between particles on the superparamagnetic-like component of the
M(H) loops.

The temperature dependence of the magnetization was mea-
sured following the conventional zero field cooling (ZFC) and field
cooling (FC) protocols, under a small applied field of 10 mT.

2.3. Catalytic experiments

The cyclohexene oxidation reactions with H,O, were carried
out at 343 K, under vigorous stirring, in a batch reactor immersed
in a thermostatic bath. Typically, the reacting mixture consisted of
9.00 mg of catalyst, 91.90 mg of cyclohexene (Baker 98%), 26.60 mg
of oxidant (hydrogen peroxide 35% (w/w), Riedel-de Haen) and
678.30 mg of solvent (acetonitrile, Cicarelli). The substrate to oxi-
dant molar ratio was 4:1 or 2:1. Samples were withdrawn at
different times and analyzed by gas chromatography (Hewlett
Packard 5890 Series II) using a capillary column (cross-linked
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Fig. 1. XRD patterns of the samples: (a) Si-MCM-41, (b) Fe/M(2), (c) Fe/M(2)R, (d)
Fe/M(5) and (e) Fe/M(5)R. (@) Fe, (O) Fe304, (v) Fe,03 and (| ) unidentified specie.

methyl-silicone gum, 30m long) and flame ionization detector.
Additionally, the GC-MS (Shimadzu-QP 5050 A) analyzes were
performed in order to identify the reaction products. The total
conversion of H,0, was measured by iodometric titration. The
cyclohexene conversion, named x., was defined as the ratio of the
converted species to the initial cyclohexene concentration. Con-
sidering that the substrate to oxidant molar ratios were 4:1 and
2:1, it is important to state that the maximum possible cyclohex-
ene conversion (maximum amount of the oxygenated products that
could be obtained if all H,O, were consumed) is 25 and 50 mol%,
respectively. The efficiency of H0, was calculated as: moles of oxi-
dized cyclohexene x 100%/moles of hydrogen peroxide converted.

The turnover number (TON) was defined as moles of cyclohexene
converted/moles of Fe in the catalyst.

3. Results and discussion
3.1. Structural and textural characterization

Fig. 1A shows the low angle XRD patterns for the Si-MCM-41
host and the impregnated samples before and after the reduction
treatment. Three maxima are clearly observed for the Si-MCM-41
host, indexed as (100), (110) and (200) reflections, characteris-
tic of a highly ordered mesoporous structure with hexagonal pore
array. The low angle XRD patterns of all the iron loaded sam-
ples are similar to that of the Si-MCM-41 host, indicating that the
MCM-41 structure was preserved after iron loading and the further
reduction treatment. However, when the iron loading increases and
mainly after the reduction treatment, the peaks broaden and their
intensities decrease, indicating that some reduction in the long-
range order of the structure takes place. The lattice parameter of
the hexagonal unit cell (ag), together with other structural and
chemical properties of the molecular sieves synthesized, is listed
in Table 1. At large angles (Fig. 1B), no obvious diffraction peaks
corresponding to crystalline iron oxides can be observed for the
samples Fe/M suggesting that the iron oxide species, if any, are
clusters or particles too small to be detected by XRD (crystallites
smaller than about 5 nm). The XRD patterns corresponding to sam-
ples submitted to the reduction treatment indicate that Fe*3 species
(mainly Fe,03) were partially reduced; the peaks corresponding
to iron species with minor oxidation states insinuate in Fe/M(2)R
and are clearly defined in the Fe/M(5)R sample. Larger particles are
detected by XRD in the sample with the high iron content after
the treatment under H, at high temperature; in fact, nano-crystals
of metallic Fe® and Fe;0,4 (magnetite) could be identified besides
the Fe50, particles, with mean sizes between 13 +2 and 23 £ 5 nm.
Meanwhile, in the less loaded and reduced sample (Fe/M(2)R) the
mean size of hematite crystallites is below 10 nm. Therefore, it is
likely that during the reduction process small Fe species migrate
and coalesce forming larger particles on the external powder grain
surfaces.

Fig. 2 shows in A the N, adsorption-desorption isotherms and
in B the pore size distribution corresponding to the synthesized
powders; the corresponding physical parameters are collected
in Table 1. All the samples exhibit type IV isotherms typical of
mesoporous structures, with a sharp inflection at relative pressure
around 0.15-0.25, characteristic of capillary condensation inside
the regular mesopores of the MCM-41 structure. Such inflection
also provides clear evidence for a narrow pore size distribution in
these materials, as it can be seen in Fig. 2B [6]. However, whereas
this inflection is sharp for the Si-MCM-41 host, it becomes less pro-
nounced when metal loading increases or the reduction treatment
is applied, in agreement with the loose of structural order detected
by XRD. In this sense, it is noteworthy that the sample Fe/M(5)R
shows the largest hysteresis loop, which may be attributed to
particle-particle porosity, to some large pores or to some mesopore
disorder in shape [6].

Table 1

Structure properties and chemical composition of the mesoporous molecular sieves synthesized.
Sample Fe content (wt.%) Surface area (m?/g) Vp (cm3/g) Dp (nm) ao (A) t(A)
Si-MCM-41 - 1182 0.67 2.34 40.00 16.60
Fe/M(2) 3.78 911 0.51 217 40.96 19.26
Fe/M(2)R 3.65 553 032 2.10 39.69 18.69
Fe/M(5) 6.39 858 0.49 2.19 40.64 18.74
Fe/M(5)R 6.45 492 0.28 2.18 39.53 17.73

Vp: pore volume; Dp: pore diameter; t: wall thickness =(Dp — ap).
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Fig. 2. (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution
of samples: (a) Si-MCM-41, (b) Fe/M(2), (c) Fe/M(2)R, (d) Fe/M(5) and (e) Fe/M(5)R.

From the difference between pore diameter (Dp) and the cell
parameter ag obtained by XRD, it is possible to estimate the wall
thickness of the structure [6]. As shown in Table 1, the wall thick-
ness for iron loaded samples is large, as compared to that of
Si-MCM-41 host. This feature may be explained by the presence
of clusters or very small particles of iron oxide (not detectable by
XRD) finely dispersed inside the MCM-41 channels which would
also be contributing to a decrease in the pore volume and surface
area. However, even when the Fe loading reduces the pore vol-
ume and the surface area, in comparison with the Si-MCM-41 host,
samples Fe/M(2) and Fe/M(5) exhibited areas and pore volumes
typical of mesoporous materials, respectively. In reduced samples,
a smaller wall thickness and a significant reduction in both the area
and the pore volume are observed, as compared with the as cal-
cined samples. These facts are consistent with the formation and
further coarsening of nano-particles on the external surface during
the high temperature reduction treatment. These large particles,

Table 2
Mossbauer parameters of the Fe-containing mesoporous molecular sieves.

well detected by XRD, are likely to nucleate and grow at expenses
of iron-oxygen nano-clusters and smaller nano-particles located on
the pores internal surface [19]. Such large nano-particles, located
on the external surface of the samples, would cause pore block-
ing, leading to the sharp drop in the pore volume, surface area and
structure regularity.

3.2. Chemical characterization

DRUV-vis spectroscopy is a useful method to characterize the
coordination environment of transition metals in zeolite type
frameworks [20,21]. The DRUV-vis spectra of the investigated sam-
ples are shown in Fig. 3. The original spectra were fitted with three
bands at about 220-250, 330-380 and 510-530 nm. The first maxi-
mum, associated with the dm-p charge transfer between Fe and O
[22,23] respectively, indicates that some iron atoms are able to link
to O atoms, being incorporated into the host framework as isolated
Fe*3 cations. The contributions detected at longer wavelengths evi-
dence that iron is also present with octahedral coordination in
extra-framework positions. Thus, the second maximum may be
attributed to small oligonuclear (FeO)n clusters [1,22-24], whereas
the broad band at 510-530nm may be assigned to larger iron
oxide nano-particles [24,25]. It is known that the UV bands shift
to higher wavelengths when the iron-oxygen nano-clusters or
iron oxide nano-particles size increase, indicating a quantum size
effect in these species. It is noticeable that the long wavelength
absorption (between 300 and 700 nm) in the as calcined samples
increases with Fe loading, accounting for the dominant presence of
both iron-oxygen containing clusters and iron oxide nano-particles
(sample Fe/M(5)). When sample Fe/M(2) is reduced the inten-
sity of the first maximum slightly decreases and the absorption
between 400 and 700 nm increases, for sample Fe/M(5)R, a clear
decrease in the absorption between 200 and 300 nm is observed
together with an increase in the peak areas. The shift of the last
maximum towards higher wavelengths further confirms the men-
tioned quantum size effect and indicates that the reduction process
favors the growth of larger nano-sized iron oxides. Therefore, we
suggest that the iron species diffuse/migrate from the framework
and/or from positions inside the channels toward the external
surface to form larger iron oxides particles, being this process
enhanced by the reduction conditions: a H, flow and high tem-
perature.

The room temperature Mdssbauer spectra for the samples syn-
thesized in this work are shown in Fig. 4 and the corresponding
hyperfine parameters obtained by fitting the spectra are listed in
Table 2. The as calcined samples present two doublets, with iso-
meric shifts (§) and quadrupole splittings (AQ) characteristic of
trivalent iron ions (Fe3*) in octahedral coordination (8: 0.316 and
0.306 mm/s; AQ: 0.72 and 1.24/1.41 mm/s [26,27]. Considering
these values, the contributions can be assigned to superparamag-
netic nano-crystals of Fe; 03 or/and small iron-oxygen clusters, also
superparamagnetic, as well as to paramagnetic Fe*3 ions inserted
in the mesostructure [28].

The spectra corresponding to the reduced samples show,
besides the doublets already present in the as calcined samples,
other doublets with §=1.006 and 0.886/1.116 mm/s and AQ=2.33

Sample I (Fe?*) L (Fe*) I5 (Fe?*) 14 (Fe?*) I5 (metallic Fe)

§ (mmy/s) AQ (mm/s) & (mm/s) AQ (mm/s) & (mm/s) AQ (mm/s) § (mm/s) AQ (mm/s) & (mmy/s) AQ (mm/s) B (mm/s)
Fe/(2)M 0.316 0.72 0.306 1.24 - - - = - - _
Fe/(2)MR  0.346 0.96 - - 1.006 2.33 - - -0.014 0.00 533
Fe/(5)M 0.316 0.72 0.306 1.41 - - = = - — _
Fe/(5)MR 0.366 0.95 - - 0.886 2.32 1.116 2.81 -0.014 0.00 5.32
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Fig. 3. DRUV-vis spectra of samples (A) Fe/M(2), (B) Fe/M(2)R, (C) Fe/M(5) and (D) Fe/M(5)R. Dotted: fitted curves; solid: experimental data.

and 2.32/2.81mm/s for the samples Fe/M(2)R and Fe/M(5)R,
respectively. These values are typical for Fe (II) ions in octahedral
state and are considered as arising in superparamagnetic Fe30y4
nano-particles [29]. It is worth to note that a good fitting could

be obtained for the sample by considering only one contribution
(interaction), but two interactions were necessary to describe the
spectrum of sample Fe/M(5)R. This is probably due to a minor iron
content or smaller particle size in sample Fe/M(2)R.
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Fig. 4. Mossbauer spectra for samples (A) Fe/M (2), (B) Fe/M(2)R, (C) Fe/M (5) and (D) Fe/M(5)R. Lines correspond to the fitted curves.
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In addition, reduced samples exhibit a sextet in the spectra, cor-
responding to an important fraction (10-17%) of metallic iron (aFe)
with § and AQ of —0.014 and 0 mm/s. It should be noted that even
when the Fe30,4 and Fe? species were identified by XRD in the sam-
ple Fe/M(5)R only, they are detected by Mdssbauer spectroscopy
in both reduced samples. This confirms that such species are also
present in the sample Fe/M(2)R but with mean size smaller than
5nm.

3.3. Magnetic properties

Fig. 5A shows the room temperature hysteresis loops corre-
sponding to the Si-MCM-41 host and the as calcined Fe/M(2) and
Fe/M(5) samples. For comparison, the room temperature loops
corresponding to the reduced samples are showed in Fig. 5B.
The magnetization curves recorded at different temperatures
between 5 and 300K, with applied fields up to 3T, are depicted
in Figs. 6 and 7. A first observation is that the iron modified materi-
als are no longer diamagnetic, but show a mixed para-, superpara-
and even ferromagnetic (Fe/M(5)R) character. The fact that no pure
para- or superparamagnetic behavior is obtained becomes con-
firmed by the lack of curve collapse to a master curve when plotting
the hysteresis loops measured at different temperatures, inreduced
coordinates M/Ms and H/T, with M; is the saturation magnetiza-
tion, H is the applied field and T is the absolute temperature. In the

A 1
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Fig. 6. Hysteresis loops measured at different temperatures for samples Fe/M(2) (A)
and Fe/M(2)R (B). The maximum magnetization monotonously increases from 300
to 5K. Intermediate temperatures are 250, 200, 150, 100, 50 and 20K.

reduced samples the magnetization curves are described by the
sum of two contributions: a ferromagnetic and a superparamag-
netic one, following the Egs. (2) and (3). In the case of the largest
iron loading, the saturation magnetization largely increases after
the reduction treatment at high temperature; this is mainly due to
the apparition of Fe304 and metallic Fe, as it is evidenced by Mdss-
bauer spectroscopy and by the high angle XRD peaks observed in
the Fe/M(5)R sample.

The temperature dependence of the magnetic parameters,
obtained by fitting Eqs. (1)-(3) to the measured data, is summarized
in Fig. 8A-D. The major contribution to the magnetization in the as
calcined samples (Fe/M(2) and (Fe/M(5)) is paramagnetic, with a
susceptibility largely increasing at low temperature (Fig. 8A). The
second contribution is superparamagnetic, arising in small clusters
with apparent mean magnetic moment about 20005 in Fe/M(2)
and 20up in Fe/M(5). This apparent moment is found to decrease
as temperature decreases, except in Fe/M(5), where it shows very
low values in all the temperature range investigated (Fig. 8B). These
differences may be attributed to clusters with different composi-
tions as a result of the distinct iron loadings. The magnetization
in the calcined and high temperature reduced samples (Fe/M(2)R
and Fe/M(5)R) has two contributions, a paramagnetic and a ferro-
magnetic one. The apparent coercive field is found to increase as
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temperature decreases (Fig. 8C), reaching values of about 60 mT
near 5K.

Figs. 9 and 10 show the temperature dependence of the magne-
tization during ZFC and FC measurements, under an applied field
of 10 mT. All the curves show a paramagnetic divergence as T— 0
indicating that in all the cases iron ions are inserted in the silica
framework. The curves corresponding to sample Fe/M(2) show no
heating-cooling hysteresis, as expected for paramagnetic or very
small superparamagnetic units (clusters) with blocking tempera-
ture below 5K. In the case of the higher iron loading (Fe/M(5)) a
large superparamagnetic contribution is observed, with a mean
blocking temperature close to 17 K. In samples reduced at high
temperature, the magnetization also increases as T— 0 but now,
new features are observed as a relatively large ZFC-FC hystere-
sis and a non-montonic magnetization increase during cooling. In
sample Fe/M(2)R, ZFC and FC magnetizations go both through a
maximum near 200 K while in sample Fe/M(5)R the magnetization
continuously increases during heating above 20 K up to room tem-
perature as if the maximum were above 300 K. This behavior seems
connected with large, ferromagnetic particles. The fact that both
curves (ZFC and FC) go through a maximum has been attributed to
a magnetic transformation or, in cases where no transformation is
expected, to inter-particle interactions [30].

The results related to the catalytic activity of these iron modi-
fied molecular sieves are presented in Table 3. The actual Fe content,

o Fe/M(2) o Fe/M(2)R ~ Fe/M(5) a Fe/M(5R
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Fig. 8. Temperature dependence of (A) the paramagnetic susceptibility (), (B) the
mean magnetic moment of superparamagnetic particles (1), (C) the apparent coer-
cive field (uoHc) and (D) the paramagnetic saturation magnetization Mssp, estimated
by fitting Eqs. (1)-(3) to the data in Figs. 6 and 7.

determined by AA, is listed between parentheses. In all the cases an
excess of substrate was employed to avoid the metal leaching. It is
observed that in the case of as calcined samples and for both sub-
strate oxidant ratios (4:1 and 2:1), the cyclohexene conversion (x.)
is not modified by increasing Fe loads. Moreover, the catalyst with
the higher Fe load (Fe/M(5)) shows smaller TON values, account-
ing for its lower effectiveness. Meanwhile, the peroxide conversion
(xn,0,) increases with iron loading, but its efficiency decreases.
These features may be attributed to the dominant presence, in
sample Fe/M(5), of iron oxide clusters and/or nano-particles, both
superparamagnetic, which could promote the H,0, decomposi-
tion. Itis known that the presence of such extended M-O-M entities
(M: transition metal) is primarily responsible for hydrogen perox-
ide decomposition [31].

When the catalysts are reduced, a slight increase in x. besides an
increase in xy, 0,, relative to the as calcined samples, was observed
for both iron contents. Concerning the selectivity towards reaction
products (Table 4), the reduced catalysts showed a quite different
behavior with respect to as calcined samples. Thus, these reduced
catalysts favor the formation of allylic oxidation products (Il +IV)
which reach selectivity values around 80%. It is known that these
products arise from a radical path mechanism involving hydroxyl
radicals. As it was evidenced by high angle XRD and Mdssbauer
spectroscopy, iron species with minor oxidation states such as Fe?
and Fe304 appear when the as calcined samples are reduced. It
has been reported that Fe9/Fe30,4 composites have a strong effect
on the activity in the Fenton reaction, in which the generation of
hydroxyl radicals is fundamental to reach the organic compound
degradation [32]. The reaction mechanism has been discussed in
terms of an easy electron transfer from Fe? to the reaction medium
via the Fe304 to form HO* radicals by the Haber-Weiss reaction:

Fe¥/Fe304 + H,0, — Fe3* s+ OH® + OH™

The high reactivity of Fe® towards the H,0, decomposition
found in these composites can be attributed to its special inter-
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Fig. 9. Temperature dependence of the magnetization in the ZFC and FC states for
an applied field of 10 mT in samples: (A) Fe/M(2) and (B) Fe/M(2)R.

action with Fe304, which promote the electron transfer from Fe®
by acting as an intermediate/interface. In this mechanism the
electron is initially transferred from Fe? to Fe3+surf_magnetite, to pro-
duce/regenerate Fe2+5urf_magnetite which would be the active sites
for the reaction.

Therefore, the reaction of the species Fe?/Fe30,4, with the perox-
ide in our reduced samples, would be accounting for the increase in
the xy,0, ; the generation of hydroxyl radicals would be responsible
for the higher selectivity towards the allylic oxidation products.

Comparing the activity of the reduced samples as a function
of iron loading, the fact that the x. does not increase for sample
Fe/M(5)R could be related to the formation of large ferromagnetic
particles. It is well known that small metallic iron and magnetite
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Fig. 10. Temperature dependence of the magnetization in the ZFC and FC states for
an applied field of 10 mT in the samples (A) Fe/M(5) and (B) Fe/M5(R).

particles promote an increased reactivity towards electron trans-
fer reactions [33]. Therefore the higher activity (higher TON value)
observed in sample Fe/M(2)R should be related to the small size
of Fe and Fe304 particles (no detectable by XRD), with mainly
superparamagnetic character, produced by reduction with H,.

On the other hand, although the experiments carried out using
a substrate to oxidant molar ratio of 2:1 allowed reaching a higher
alkene conversion, the H, 0, efficiency decreased as a consequence
of its higher decomposition. Moreover, an increase in the 1,2-
cyclohexanediol (II) selectivity was observed. This product arises
from epoxide ring opening reactions which would be favored by
the higher peroxide concentration.

Table 3

Catalytic activity of the Fe-containing mesoporous molecular sieves in the cyclohexene oxidation reaction.
Sample CgHi0/H20, (mol/mol) Xc (mol %) Xn,0, (Mol %) H,0, efficiency (%) TON
Fe/M(2) (3.78) 4:1 10.62 56.86 74.53 18.02
Fe/M(2) (3.78) 2:1 17.99 61.39 56.22 29.26
Fe/M(2)R (3.65) 4:1 11.72 67.68 69.29 19.91
Fe/M(5) (6.39) 4:1 10.43 62.48 67.6 10.11
Fe/M(5) (6.39) 2:1 16.83 63.14 47.06 15.64
Fe/M(5)R (6.45) 4:1 11.67 64.18 71.91 11.30

Reaction conditions: temperature: 343 K; reaction time: 5 h; catalyst=9.79 wt.% of the substrate. The Fe content determined by AA is indicated between parentheses.
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Table 4
Product selectivity for the cyclohexene oxidation by H,0, over the Fe-containing
mesoporous molecular sieves.

Sample CgH10/H20, Products selectivity (mol%)
(mol/mol)
I I 11 v

Fe/M(2) (3.78) 4:1 6.35 39.49 39.13 13.53
Fe/M(2) (3.78) 2:1 6.10 51.51 30.35 9.98
Fe/M(2)R (3.65) 4:1 10.87 5.22 56.88 24.67
Fe/M(5) (6.39) 4:1 5.64 43.79 37.74 11.73
Fe/M(5) (6.39) 2:1 5.77 48.44 33.69 9.93
Fe/M(5)R (6.45) 4:1 10.07 10.63 58.93 18.42

Reaction conditions: temperature: 343 K; reaction time: 5 h; catalyst=9.79 wt.% of
the substrate. The Fe content determined by AA is indicated between parentheses.

4. Conclusions

Iron-containing mesoporous molecular sieves have been suc-
cessfully prepared by a wet impregnation procedure with Fe(NO3)
as precursor. It was found that the iron content and the reduction
treatment carried out under H; flow strongly affect the structural
properties and the nature of the Fe-containing species obtained,
leading to samples with different magnetic behavior and catalytic
activity. Although a lower degree of structural order was observed
in samples with the high iron load (~6.5wt.%), a good structure
quality was obtained in all the cases. Iron deposited on these meso-
porous silica templates was detected in the form of isolated Fe3*
cations, oligonuclear (FeO)n clusters and bulky iron oxide nano-
particles. The presence of clusters or very small superparamagnetic
iron oxide particles, finely dispersed inside the MCM-41 chan-
nels, would be responsible for the thicker walls as well as for
the lower pore volume and surface area in iron loaded samples
with respect to the Si-MCM-41 host. A further reduction process
carried out under H, flow resulted in the formation of larger par-
ticles of different iron species with minor oxidation states (mainly
Fe304 and metallic iron) as it is evidenced by XRD, DRUV-vis and
Mossbauer spectroscopy. Such partially reduced nano-particles,
with superparamagnetic and ferromagnetic character, grow on the
external surface of the material at expenses of nano-clusters and
smaller nano-particles, located inside the pores, through a diffusion
process. This migration and subsequent coarsening leads to a pro-
nounced decrease in the surface area and pore volume, as observed
after reduction. The materials synthesized showed good activity
for the epoxidation of cyclohexene using H,0, as oxidant. For all
the samples, an increase in the iron loading led to a decrease in
the catalyst effectiveness. In the case of the calcined sample with
higher iron content, nano-clusters and/or nano-particles of super-
paramagnetic hematite are likely to favor the H,0, decomposition,
consequently decreasing its efficiency. On the other hand, the par-
tially reduced species forming during the treatment under H, flow
(mainly Fe® and Fe304) would be responsible for the generation
of hydroxyl radicals, which largely increase the selectivity towards
allylic oxidation products. However, the presence of large ferro-
magnetic particles in samples with high iron content may account
for its lower catalytic activity. Finally, while an increase in the
oxidant concentration allowed x. to increase, the H,0, efficiency

decreased due to its higher decomposition. Under these conditions
the selectivity to 1,2-cyclohexanediol (II) is increased as a result of
epoxide ring opening.
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