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M41S type mesoporous silicate particles with spherical morphology containing copper nano-species
were successfully synthesized by the template-ion exchange (TIE) method and compared with those syn-
thesized by the direct hydrothermal (DHT) method. Various techniques including XRD, AAS, adsorption/
desorption of N2, SEM, TEM, TGA, UV–Vis-DRS, TPR, XPS and FT-IR-Py, were employed for the nanocata-
lysts characterization. A narrow distribution of silicate particle size between 2 and 3 lm, and a primary
mesoporosity were evidenced by electronic microscopy, even for loadings of copper of about 7 wt.%. All
the materials exhibited a good structural regularity, besides of high surface areas (>1000 m2/g) and pore
volumes (�1 cm3/g). A secondary mesoporosity, likely caused by the hydrothermal treatment during the
TIE process, was also detected. This new synthesis method showed the advantage of promoting the intro-
duction of copper nano-species to the mesostructure (isolated Cud+ species and [Cud+. . .Od�. . .Cud+]n clus-
ters), minimizing the bulk CuO formation. The coexistence of both oxidation states 1+ and 2+ (d+) in the
major copper species present in these catalysts could be inferred. In addition, all of the samples only
showed Lewis acid sites. The cyclohexene oxidation with H2O2 has been studied as a catalytic test: the
highly dispersed Cud+ species on the mesopore walls, obtained by TIE method, have been suggested as
the main active sites for the oxidation. The allylic oxidation has mainly taken place, with the formation
of 2-cyclohexen-1-one and 2-cyclohexen-1-ol as major products.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The use of supramolecular assemblies, such as surfactant
micellar aggregates, as structure directing agents in soft chemis-
try based silica gelation processes resulted in the discovery of a
new family of mesoporous silica compounds called M41S [1–4].
In particular, MCM-41 is one of the most attractive porous mate-
rials because of its characteristic structure of well-ordered hex-
agonal mesopores [2,3]. The large surface area (�1000 m2/g)
and the uniform mesopores with controllable diameter of 2–
10 nm have made these nanostructured materials highly desir-
able in various fields such as nanocatalysis. However, siliceous
mesoporous materials do not have sufficient intrinsic activities
as catalysts, and thus several methods have been developed for
introducing catalytically active sites such as metals, metal ions
and metal complexes into mesoporous silica [5,6]. In this con-
text, the soft chemistry based processes (i.e. chemistry at low
temperatures and pressures, from molecular or colloidal precur-
sors) clearly offer innovative strategies to obtain tailored nano-
structured materials. The mild conditions of sol–gel chemistry
provide reacting systems mostly under kinetic control. Therefore,
slight changes of experimental parameters (i.e., pH, concentra-
tions, temperatures, nature of the solvent, and counterions) can
lead to substantial modifications of the resulting supramolecular
assemblies and give rise to solids with very different structures
and properties [7,8]. The most extensively studied method for
the introduction of active sites is the direct hydrothermal
(DHT) method, i.e. directly adding the metal ion precursors to
the synthesis gel before hydrothermal synthesis. Different from
aluminosilicate zeolites, the purely siliceous mesoporous materi-
als do not possess ion exchange ability. However, it has been
found that metal ions can also be implanted into MCM-41 by
exchanging the template cations embedded in the channels of
the as-synthesized MCM-41 with the metal ions in solution
[9–11]. Thus, the cationic surfactants in the as-synthesized
MCM-41 can be replaced through template-ion exchange (TIE)
by other positively charged cations. It can be expected that dif-
ferent synthetic methods would result in different environments
of the active sites introduced to MCM-41, which may behave dif-
ferently in catalytic reactions. Thus, the elucidation of the struc-
ture–property relationship of the metal ion incorporated to
MCM-41 is crucial for the catalytic applications of these materi-
als. Takehira et al. have applied two different methods, i.e., direct
hydrothermal synthesis (DHT) and template-ion exchange (TIE),
to the syntheses of V-, Fe-, Cr- and Mn-MCM-41 [12–19]. The
two methods resulted in different locations and coordination
environments of the incorporated metal cations; the TIE method
provided highly dispersed metal ions on the wall surface of
MCM-41 inside the mesopores and the DHT method tends to
incorporate metal ions inside the framework of MCM-41. It has
been clarified that the two different methods for introducing
metal ions bring about remarkably different catalytic behaviors.
Thus, Liu and Teng employed the TIE method to prepare copper
supported on MCM-41 and examined the influence of metal
introducing technique on the NO reduction [11]. Recently, Ikeda
et al. reported the reaction of ethene to propene catalyzed on Ni-
M41S prepared by the TIE method [20].

The use of nanocatalysts such as transition metals-modified
M41S type molecular sieves emerged as an interesting option for
the development of environment compatible processes, substitut-
ing the homogeneous catalysis. In particular, in the field of fine
chemical, the selective oxidation of olefinic compounds plays one
of the important roles in the synthesis of organic compounds of
high added value [16]. The diluted hydrogen peroxide (H2O2) is
one of the most convenient oxidants in use due to its easy manip-
ulation, high active oxygen content and the absence of byproducts
[21]. There are numerous reports about the application of meso-
porous catalysts modified with Ti and V by DHT in olefins oxidation
processes with H2O2, showing high conversion levels [22–24].
However, mesoporous materials modified with Cu have not been
almost evaluated in this process [25], despite the same are very
promising candidates due to its special redox properties, polariz-
ability and particularly lower cost [26–28]. Among the studied ole-
fins, the cyclohexene is generally used to evaluate the redox ability
of modified MCM-41 using H2O2 as oxidant [22,23,29,30]. At the
moment, we have found very few reports about the cyclohexene
oxidation using mesoporous materials modified with Cu and no re-
ports using the TIE method. In particular, Malumbazo and Mapolie
[31] informed complexes of Cu (II) immobilized on MCM-41 for
this reaction using H2O2 as an oxidant (C6H10/H2O2 molar ra-
tio = 1/1) and molecular oxygen as a co-oxidant at 60 �C. Allylic
species were isolated as the major products with a C6H10 conver-
sion of about 45%.

In this work the physicochemical properties of the Cu-con-
taining mesoporous molecular sieves M41S type, synthesized
by the TIE method, were carefully studied and compared with
those of the materials synthesized by the DHT method, reported
by us elsewhere [32,33]. The selective oxidation of cyclohexene
with H2O2 was studied as a catalytic test for both synthesis
methods.
2. Experimental methods

2.1. Catalyst preparation

The parent siliceous mesoporous molecular sieve (Si-MMS)
was synthesized using cetyltrimethyl ammonium bromide
(CTABr, Aldrich) as template and tetraethoxysilane (TEOS,
Fluka > 98%) as Si source. In a typical synthesis, TEOS, 25 wt.%
solution of CTABr in ethanol and 70% of the tetraethylammoni-
um hydroxide 20 wt.% aqueous solution (TEAOH, Sigma–Aldrich)
were added dropwise and stirring was continued during 3 h. Fi-
nally, the remaining TEAOH and the water were further added
dropwise to the milky solution which was then heated at 80 �C
for 30 min to remove ethanol used in solution and produced in
the hydrolysis of TEOS. The pH of the resultant gel was 13.
The molar composition of initial gel was: TEAOH/Si = 0.3;
CTABr/Si = 0.3; H2O/Si = 60. The white solid product formed dur-
ing the synthesis process, without any further treatment, was fil-
tered, washed with distilled water until pH �7 and dried at
60 �C overnight to give the as-synthesized Si-MMS. This con-
sisted, according to the thermogravimetric analysis, of �40 wt.%
of SiO2 and �60 wt.% of surfactant. For the preparing of the mes-
oporous molecular sieves modified with copper (Cu-MMS) by
using the template ion exchange (TIE) method, 1.85 g of the
as-synthesized Si-MMS was vigorously stirred in 38 mL of a Cu(-
NO3).3H2O (Anedra) aqueous solution with different concentra-
tions (2.77 � 10�3 to 1.6 � 10�2 M) at ambient temperature for
1 h. This mixture was placed into a Teflon-lined stainless-steel
autoclave and hydrothermally treated in an oven at 80 �C for
1 day under autogeneous pressure. The resulting light blue solid
was then filtered, washed and dried at 60 �C overnight. The tem-
plate was evacuated from the Cu-MMS as-synthesized samples
by heating (2 �C/min) under air flow (45 mL/min) at 550 �C and
calcined at the same temperature for 6 h. The final colour of
the calcined samples was brown, which turns to beige for the
solid with the lower copper content. These copper-modified cat-
alysts were named as Cu-M(x), where x indicates the copper
content in wt.% in the final solids.
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2.2. Characterization techniques

The materials were characterized by powder X-ray diffraction
(XRD), nitrogen adsorption/desorption, scanning electronic
microscopy (SEM), transmission electronic microscopy (TEM),
thermogravimetric analysis (TGA), UV–Vis diffuse reflectance
(UV–Vis-DRS) spectroscopy, temperature-programmed reduction
(TPR), X-ray photoelectron spectroscopy (XPS) and Fourier trans-
form infrared spectroscopy with pyridine adsorption (FT-IR-Py).
The Cu content in the final solid products was determined by
atomic absorption spectroscopy (AAS) using an AA Varian Spectra
spectrophotometer. The samples were previously digested using
HF and HNO3 in a 2:1 ratio, and then were diluted with distilled
water until 4.5 mL of solution. The percent relative uncertainty of
the AAS results was 5%. XRD patterns were collected in air at room
temperature on a Philips PW 1729 diffractometer using CuKa radi-
ation of wavelength 0.15418 nm. Diffraction data were recorded in
the 2h = 1–8�/34–40� ranges at an interval of 0.02� and a scanning
speed of 0.3�/min was used. The mean crystalline sizes of the CuO
oxides were calculated by applying Scherrer equation using the
FWHM (full width at half maximum) values of the most intense
peaks. The specific surface area, the pore size distribution and
the total pore volume were determined from the N2 adsorption/
desorption isotherms obtained at �196 �C using a Micromeritics
ASAP 2010. The surface area was determined by the Brunauer,
Emmett and Teller (BET) method using the range of P/P0 points
between 0.05–0.15 for the Si-MMS parent, and 0.05–0.23 for the
Cu-M(x) catalysts. The pore size was calculated by the Barrett,
Joyner and Halenda (BJH) method, based on the Kelvin equation
and obtained for the adsorption branch. The primary mesoporous
volume was estimated by the alpha plot method, the total pore
volume by the Gurvich rule at P/P0 � 0.98, and the secondary mes-
oporous volume by the difference. SEM micrographs were obtained
in a JEOL model JSM 6380 LV. lower resolution TEM images were
obtained in a Jeol Model JEM-1200 EXII System. Thermogravimet-
ric analysis was performed in Shimadzu TGA-51 in the following
conditions: air flow of 50 mL/min with heating rate of 10 �C/min.
UV–Vis-DR spectra of the materials were recorded using a Perkin
Elmer precisely – Lambda 35 spectrophotometer, to which a dif-
fuse reflectance chamber Labsphere RSA-PE-20 with an integrating
sphere of 50 mm diameter and internal Spectralon coating is at-
tached. Once the solid samples were compacted in a Teflon sample
holder to obtain a sample thickness of �2 mm, their spectra were
recorded at 100 nm/min in the range 200–900 nm. Spectral grade
BaSO4 was used as the reference material. The spectra were taken
in air at room temperature and the data were automatically trans-
ferred according to the Kubelka–Munk equation: f(R) = (1 � R1)2/
2R1. The original spectra obtained for the calcined samples were
fitted by three bands using the NLSF (Nonlinear Least Squares Fit-
ter) Wizard of OriginPro 7.5 software. Curve-fitting calculations
were useful for determining the location of the bands and their
areas; the fitting confidence was v2

6 0.0005 and R2 P 0.999. The
reducibility of the calcined copper catalysts was measured by the
TPR experiments in the Micromeritics 2900 equipment. In these
experiments, the samples were heated at a rate of 10 �C/min in
the presence of H2 (5% H2/Ar flow, 20 mL/min STP) and the reduc-
tion reactions were monitored by the H2 consumption. X-ray pho-
toelectron spectra were collected using a Physical Electronics PHI
5700 spectrometer with non-monochromatic Mg Ka radiation
(300 W, 15 kV, 1253.6 eV) for the analysis of photo-electronic
signals of C 1s, O 1s, Si 2p and Cu 2p and multichannel detector.
Spectra of powdered samples were recorded with the constant
pass energy values at 29.35 eV, using a 720 lm diameter analysis
area. During data processing of the XPS spectra, binding energy
values were referenced to the C 1s peak (284.8 eV) from the adven-
titious contamination layer. A short acquisition time of 10 min was
used to examine C 1s, Cu 2p and CuLMM XPS regions in order to
avoid, as much as possible, photo-reduction of Cu(II) species. The
PHI ACCeSS ESCA-V6.0 F software package was used for acquisition
and data analysis. A Shirley-type background was subtracted from
the signals. Recorded spectra were always fitted using Gauss–
Lorentz curves, in order to determine the binding energy of the
different element core levels more accurately. The error in the BE
was estimated to be ca. ±0.1 eV. FT-IR spectral measurements of
pyridine adsorption on the samples were performed on a JASCO
FT-IR 5300 spectrometer equipped with DTGS detector. The range
and resolution of acquisition were 4600–400 and 4 cm�1, respec-
tively. A self-supporting wafer for each sample (�20 mg and
13 mm of diameter) was prepared, placed in a thermostatized cell
with CaF2 windows connected to a vacuum line and evacuated for
8 h at 400 �C. The background spectrum was recorded first after
cooling the sample to room temperature. Afterwards, the solid wa-
fer was exposed to pyridine vapors (Sintorgan, 99% purity) until
saturate the system to �46 mm Hg at room temperature; the
contact time at this pressure was 12 h. The IR spectrum for each
sample was obtained after pyridine desorption by evacuation for
1 h at 100 and 200 �C. All the spectra were recorded at room tem-
perature before and after pyridine adsorption and desorption at
each temperature. The difference spectrum was obtained finally
by subtracting the background spectrum recorded previously.
2.3. Catalytic test

The cyclohexene oxidation reactions with H2O2 were performed
at 70 �C under vigorous stirring in 2 mL glass vials placed in a tem-
perature controlled water bath. Typically, the reaction mixture for
each vial consisted of 91.9 mg of cyclohexene (Baker, 98%),
26.60 mg of hydrogen peroxide (35 wt.%, Riedel-de Haën),
678.30 mg of acetonitrile (Sintorgan, 99.5%) and 9.00 mg of nano-
catalyst. The vials were withdraw at different sampling times,
the aliquots were filtered and analyzed by gas chromatography
(Hewlett Packard 5890 Series II) using a capillary column (cross-
linked methyl-silicone gum of 30 m � 0.53 mm � 2.65 mm film
thickness) and a flame ionization detector. Additionally, reaction
products were identified by mass spectrometry (Shimadzu GC–
MS QP 5050) with HP-5 capillary column. The total conversion of
H2O2 was measured by iodometric titration. The H2O2 efficiency
was calculated as the percentage of this reactive converted to oxi-
dized products. Also it was calculated the ratio of cyclohexene con-
version to theoretically possible conversion (mol% of max.) and the
selectivity as (mol product/total mol products) � 100. The relative
uncertainties of the measurements were tested with repeated
determinations. The percent relative uncertainty (CV (%)) of the re-
sult was calculated by dividing the corresponding absolute uncer-
tainty with the average of the measurements.
3. Results and discussion

The XRD patterns of the calcined Cu-MMS prepared by the TIE
method with different copper contents, together with the corre-
sponding calcined parent Si-MMS sample are shown in Fig. 1.
The Cu-MMS materials exhibit an intense low-angle reflection be-
tween 1.5� and 3.5�, besides a weak reflection between 3.5� and
5.5� characteristic of mesoporous materials M41s type, which re-
mained stable under calcination. In contrast to that reported by
Gac et al. [34], the Cu-MMS synthesized by using the TIE method
exhibit better structural regularity than his parent Si-MMS. Thus,
the hydrothermal treatment involved in the TIE procedure is likely
to improve the structure of the Cu-MMS. On the other hand, in con-
cordance to what is said by some authors the heteroatom content
increasing in the synthesis mixture did not affect substantially the



Fig. 1. XRD patterns of the samples prepared with different copper contents.

Fig. 2. N2 adsorption/desorption isotherms and pore size distribution of the
samples prepared with different copper contents.

Table 1
Structural parameters of the catalysts synthesized with different copper contents.

Sample DBJH
a (nm) Vpores

b(cm3/g) SBET
c (m2/g)

Primary Secondary

Si-MMS 2.39 0.98 0.14 1520
Cu-M(1.2) 2.74 0.82 0.42 1155
Cu-M(3.6) 2.68 0.84 0.57 1250
Cu-M(6.9) 2.71 0.55 0.72 1000

a BJH pore diameter.
b Pore volume.
c BET specific surface area.
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ordering of the materials synthesized by the TIE method
[9,11,15,19]. It is noteworthy that, even for a copper content
around �7 wt.%, a good structural regularity was obtained. Finally,
as the content of Cu is increased, the main peak shifted toward
lower diffraction angles, which will be consistent with a probable
incorporation of Cu into de siliceous structure [16,22,29,35].

The high angle XRD results in the region between 34� and 40�
are shown as the inset in Fig. 1. Cu-M(6.9) and Cu-M(3.6) samples
exhibit two peaks at 35.6� and 38.8� typical of the CuO phase
[26,36–39]. Nevertheless, very weak and broad reflections were
observed, which are characteristic of very small CuO particles. An
approximate estimation of the CuO particle dimensions, performed
from the broadening of the peak at 2h = 35.6� by the Scherrer for-
mula [40], had values in the range between 17 and 26 nm. As it can
be observed through the relative areas of the peaks, a more con-
centrated Cu(NO3).3H2O solution favors the formation of CuO
oxide particles on the surface of the solid. It should be noted here
that for the Cu-M(1.2) sample the signal/noise ratio is enough low
and therefore no peak can be considered in its XRD pattern. Finally,
diffraction peaks corresponding to the Cu2O phase (2h = 36.44� and
42.33�) and the Cu0 phase (2h = 43.3� and 50.5�), could not be ob-
served for the Cu-MMS catalysts.

Fig. 2 shows the N2 adsorption/desorption isotherms (a) with
their corresponding pore size distribution (b) of the calcined Cu-
MMS and Si-MMS samples; the corresponding physical parameters
are collected in Table 1. It must be noted that for comparisons of
different samples the curves have been shifted in the y-axis. All
of the samples exhibit type IV isotherms typical of mesoporous
structures with an inflection at relative pressure P/P0 � 0.2–0.4
characteristic of capillary condensation inside the conventional
mesopores present in MCM-41 structure (primary or structural
mesopores) [41]. Such inflection provides a measure of the distri-
bution range of the pore size of these materials [42]. The adsorp-
tion isotherms for the Cu-M(1.2) and Cu-M(3.6) samples featured
a narrow step of capillary condensation, which provides clear evi-
dence of their narrowly defined pore diameter range; meanwhile
the adsorption isotherms of the Si-MMS and Cu-M(6.9) samples
exhibited a slightly more broad capillary condensation step, which
indicate a bigger range in the distribution of the pore size [42].
Such feature is also evidenced by the low intensity and larger
width of the peaks in the pore size distribution curve showed in
Fig. 2(b). In addition, the position of the capillary condensation
step gradually shifted from the relative pressure of about 0.24 for
the parent Si-MMS sample to about 0.3 for the Cu-M(6.9) sample.
This gradual change indicates an increase in the pore size (Table 1),
which can also be expected on the basis of the systematic changes
in the unit cell parameter for the samples [43]. On the other hand,
the Cu-MMS samples exhibited a pronounced increase in the
adsorption branch at relative pressures about 0.85, which could
be due to a capillary condensation in secondary mesopores
[28,44]; in regard to this, the Fig. 2(b) shows a broad peak between
20 and 100 nm in the distribution of pore size, which could be
attributed to this secondary mesoporosity. Furthermore, hysteresis
loops that resemble H4-type with a sharp decrease in the desorp-
tion branch at P/P0 � 0.45–0.5, evidence the existence of ink-bottle
pores [45]. The secondary mesopore volume for all the samples is
shown in Table 1. This non-structural porosity will be consisting
of large cavities eventually interconnected and accessible through
necks, which have an average diameter smaller than those of the
main voids. It is noteworthy that the parent Si-MMS sample syn-
thesized without any treatment does not exhibit secondary mesop-
ores. Therefore, it might be inferred that the hydrothermal
treatment employed in the TIE method promotes the formation
of this secondary mesoporosity, possibly from the rupture of thin
pore walls by the direct attack of water molecules to the silica sur-
face when the template is exchanged. Finally, we suggest that the
formation of this secondary mesoporosity may favor the diffusion
of copper species into the internal surface of the molecular sieve
and therefore the template-ion exchange process during the
hydrothermal treatment.

As it can be observed in Table 1, all of the samples show surface
areas above 1000 m2/g and total pore volume above 1 cm3/g,
which are typical of mesoporous materials. Even though the Cu-
MMS showed higher structural regularity than the parent Si-
MMS material, those samples presented lower specific surface
areas. Four causes may be giving account for this surface area
reduction: (1) the intrapore formation of enough small CuO
nano-particles (no detectable by XRD) and/ or [Cud+. . .Od�. . .Cud+]n
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clusters finely dispersed within the mesopores; (2) the blocking of
pores of the meso-structure by bulky CuO oxides; (3) the introduc-
tion of Cud+ ions into the M41S framework which leads to an in-
crease in density of the composites; (4) the building-up of the
secondary mesoporosity.

The particle size and morphology of the Cu-MMS were investi-
gated by scanning electron microscopy. The SEM images of the rep-
resentative Cu-M(3.6) sample are presented in Fig. 3. As it can be
seen, these materials show spherical-like morphology in the
micrometer-range with a narrow particle-size distribution in the
range between 2 and 3 lm. It is noteworthy that although there
are fragments of material between the Cu modified silica spheres,
its proportion is lower than that the found in the samples synthe-
sized by direct hydrothermal treatment (DHT) [33]. This is proba-
bly possible due to that the pure siliceous spheres were firstly built
without any thermal treatment [46]. Then, a little amount of frag-
ments could be generated from the building-up of the secondary
mesoporosity during the hydrothermal treatment employed by
the TIE method.

Measurements of transmission electron microscopy of the Cu-
MMS were made in order to examine their structural regularity
and elucidate the nature of the nonstructural porosity. Fig. 4 show
TEM images of the sample Cu-M(6.9), taken as representative. As it
can be observed in the (a) and (b) micrographs, regions of low con-
trast randomly interrupt the pores arrangement characteristic of
the mesoporous materials. Such weak regions can be attributed
to the presence of cavities that permeate the entire bulk, giving rise
to the spongelike porosity or secondary mesoporosity mentioned
above [44]. The existence of a spongelike porous network might
have relevance for catalysis, as it would probably enhance the dif-
fusion of reactants through the particles. On the other hand, as
shown in the images (b) and (c), these materials present a primary
mesoporous structure although a two-dimensional hexagonal
ordering of pores characteristic of MCM-41 materials has not been
observed. Finally, these micrographs also present some high-con-
trast regions which would be attributed to CuO nano-particles. In
concordance with the XRD measurements, the images (a) and (b)
reveals a particle diameter for these nano-oxides of around
�30 nm. Since the TIE technique is a ‘‘quasi’’ post-synthesis meth-
od to introduce metals into the silica, we expect that the nano-par-
ticles of CuO grow on the external surface of the silicate. However,
it is not possible to exclude the possibility that some nano-oxides
are located inside the sponge-like porosity, although more easily
accessible that in the case of the samples prepared by DHT, as show
image (a) [33].

In order to understand the template-ion exchange process, a
thermogravimetric analysis in the parent Si-MMS and Cu-M(3.6)
as-synthesized samples was performed. The results of this analysis
are shown in the Fig. 5. As it can be observed, for both samples, the
removal process is complex and involves several steps. The weight
Fig. 3. Scanning electron micrograph
loss of �5% below 150 �C corresponds to desorption of physisorbed
water [47,48]. According to the literature [49,50], the weight loss
between 150 and 250 �C would be caused by the elimination of
the amines head groups via Hofmann degradation and evaporation
of alkenes resulting from this degradation. The weight change in
the 250–300 �C temperature range has been attributed to succes-
sive carbon chains fragmentation or decomposition, with early oxi-
dation of different fragments. Finally, the oxidation of the
remaining organic components towards carbon dioxide and water
occurs between 300 and 400 �C; some water can also be produced
from condensation of Si–OH groups at the silica surface beyond
350 �C [47–49]. For Si-MMS and Cu-M(3.6) samples, the weight
loss between 150 and 800 �C, corresponding to the surfactant, is
�58% and �42%, respectively. These results suggest that during
the hydrothermal treatment employed in the TIE process, a surfac-
tant proportion (�16%) get out from the pores of parent Si-MMS
towards the reaction medium. This would favor the copper species
diffusion inside of the pores in the cationic exchange process.

The UV–Vis-DR spectra were recorded in order to understand
the coordination environment of Cu species. These spectra for the
calcined samples prepared with different copper contents are
shown in Fig. 6. The Si/Cu atomic ratio and the overall metal con-
tent in the final solid as well as the relative distribution of copper
species, determined by UV–Vis-DR, are presented in Table 2. The
original spectra have been decomposed into three contributions
to facilitate the assignment to the different Cu species. According
to a detailed study about the UV–Vis-DR spectra of Cu-MMS re-
ported by us elsewhere, these bands can be assigned to the follow-
ing copper species [32,50–59]: (1) isolated mononuclear Cud+

cations possibly in coordination with lattice oxygen, related to
the sub-band between 250 and 400 nm; (2) linear oligonuclear
[Cud+. . .Od�. . .Cud+]n clusters like chains possibly inserted into mes-
oporous channels, related to the sub-band between 400 and
600 nm; (3) bulky CuO oxides segregated of the siliceous structure,
related to the sub-band between 600 and 800 nm.

In order to obtain a rough estimation of the wt.% of the different
Cu species in the samples, the percentage of each sub-band area with
respect to the total area of the experimental spectrum has been mul-
tiplied with the overall Cu content (accurately determined by AAS)
(see Table 2). Being aware that the obtain values in Table 2 are inac-
curate to a certain degree due to the deconvolution procedure, they
are nevertheless regarded to be helpful for a comparison of different
samples [60]. Unlike the samples prepared by DHT [32], where an in-
crease in the copper content in the initial gel promotes the genera-
tion of larger CuO particles, the relative distribution of copper
species in the samples synthesized by the TIE method is independent
of copper content employed for its synthesis. Judging by the relative
percentage of their sub-band areas, the mononuclear Cud+ ions and
the oligonuclears [Cud+. . .Od�. . .Cud+]n clusters play a dominant role
in these Cu-MMS catalysts. Finally, it should to be noted that this last
s of the the Cu-M(3.6) sample.



Fig. 4. Transmission electron microscopy images of Cu-M(6.9) sample.
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specie could not be detected by TEM, probably due to its very small
size and the low resolution of the measuring equipment.

The reducibility of the copper species in the Cu-MMS was inves-
tigated by temperature programmed reduction (TPR) experiments
and the corresponding profiles are displayed in the Fig. 7. This
figure shows the normalized H2 consumption curves, obtained by
dividing the H2 consumption signal by the amount of catalyst
employed in the experiments. Many authors informed that the
segregated CuO would be reduced to Cu0 by H2 in one step at about
�310 �C [35,61,62] and that the values of the temperature
maximum and the peak width increase with increasing CuO
particle size [62,63]. As it can be seen in Fig. 7, all of the samples
exhibit a reduction peak centered at about 290 �C, which is
assigned to the reduction of very small CuO nano-particles and/
or [Cud+. . .Od�. . .Cud+]n nano-clusters inserted in the pores [32],
and whose intensity increases with increasing copper content. In
comparison to the samples synthesized by DHT [32], these materi-
als did not show any peak around �350 �C corresponding to larger
CuO particles. Finally, it could be said that the lack of reduction
peaks at higher temperatures (>400 �C) confirms the strong inter-
action of isolated Cud+ species with the framework.

Usually, XPS is a powerful technique at superficial level to ex-
plore the oxidation state of the transition metal compounds with
localized valence d orbitals, due to the different energies of the
photoelectrons [64–66]. The Cu2+ has mainly d9 character, while
the Cu+ is expected to have a full 3d shell. The Cu 2p core level
spectra of the samples prepared with different Cu contents after
10 min of irradiation are shown in Fig. 8. In addition, Table 3 sum-
marizes the binding energy values, Cusat/Cu2p intensity ratios and
surface Si/Cu and O/Si atomic ratios as well as the quantification
of both species Cu+ and Cu2+ considering the Cu 2p3/2 region, for
this samples. The assignation of the signals at the different copper
states was already discussed by us elsewhere [32]. Thus, the Cu 2p
region shows two peaks at 935.1 and at 955.2 eV assigned to the
doublet Cu2+ 2p3/2 and 2p1/2 respectively, along with two shake-
up satellite peaks at �943.2 and �963.6 eV. It is known that these
satellite signals are attributed to an electron transfer from a ligand
orbital to a d orbital of the metal. This transition is a np (li-
gand) ? 3d (metal) transition [67], which is impossible for Cu+

and Cu0 species that have filled d levels, but is mainly a character-
istic of bivalent copper [66]. In addition, these spectra also exhib-
ited two peaks at �933 and �953.4 eV, which are attributable to
the doublet Cu 2p3/2 and Cu 2p1/2 levels for Cu+ species. Moreover,
as it can be seen, these peaks are more intense than those corre-
sponding to Cu2+ ions. It is necessary to note that the Cu+ ion is dif-
ficult to distinguish from zero-valence copper by XPS. However, we
do not support the existence of zero-valence copper in the catalyst
due to the calcination process performed under the air conditions;
besides the Cu0 signal is not observed in XRD patterns. Therefore,
the XPS results showed copper to be present in both the oxidation
states Cu+ and Cu2+, with a slightly higher relative proportion of
Cu1+. Moreover, the intensity ratio of the shake-up satellite and
the intensity of the Cu 2p3/2 peak (ICusat/ICu2p) was 0.34 for sample
Cu-M(3.6), a far value to that found for CuO (0.55) [68,69]. In addi-
tion, the O 1s peak position at �533.2 eV is as expected for silica.
Likewise, �103.8 eV for the Si 2p peak is in agreement with SiO2-
type material [70]. The binding energy values of these latter peaks
for all of the samples not substantially changed. On the other hand,
the surface Si/Cu atomic ratios are rather higher than those ob-
tained from ICP-MS measurements (see Table 2); however, in com-
parison with the samples prepared by DHT [32], these materials
synthesized by the TIE method showed lower surface Si/Cu molar
ratios, indicating a higher proportion of copper nano-species on
the external surface.

The chemisorption of pyridine followed by IR studies is usually
a useful probe to detect the presence and nature of acid sites on a
catalyst [29]. Information on the strength of Lewis and Brønsted
acid sites can be obtained from pyridine thermodesorption. Fig. 9
shows FT-IR spectra of the calcined samples synthesized by the
TIE method with different contents of copper, recorded after
the adsorption of pyridine and subsequent evacuation at 100



Fig. 5. TGA curves and derivatives of Si-MMS and Cu-M(3.6) as-synthesized samples.

Fig. 6. UV–Vis diffuse reflectance spectra of the samples modified with different copper contents; experimental spectra, thick solid lines; decomposed contributions, thin
lines; assignments: – isolated Cud+, — oligomerics [Cud+. . .Od�. . .Cud+]n species, CuO bulky oxides.

Table 2
Chemical composition and copper species relative distribution in Cu-MMS modified with different copper content.

Sample Cu cont.a (wt.%) Si/Cua Distribution of copper species

Isolated cations Clusters Oxides

Area% wt.% Cu Area% wt.% Cu Area% wt.% Cu

Cu-M(1.2) 1.20 87.14 50.45 0.61 39.17 0.47 10.38 0.12
Cu-M(3.6) 3.60 28.69 51.52 1.85 42.38 1.53 6.10 0.22
Cu-M(6.9) 6.90 14.29 50.23 3.47 42.54 2.94 7.23 0.49

a In the final solid.
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(curve a) and 200 �C (curve b). All of the samples showed bands
corresponding to hydrogen bonded pyridine at 1599 cm�1

[71–75], which disappeared upon evacuation at 200 �C. It would
indicate a weak interaction between pyridine and the Si–OH
groups of the structure. On the other hand, a band at 1608 cm�1,
corresponding to pyridine coordinately bonded to Lewis acid sites
[71–77] is present in the spectra of all samples. Then, the IR
absorption band present at 1448 cm�1 can be interpreted in terms
of the overlapping of two bands attributed to hydrogen-bonded
pyridine and a Lewis-type adduct [76]. Additionally, according to
Srinivas et al. [72] the band at 1578 cm�1, present in all of the sam-
ples, could be due to pyridine coordinated to weak Lewis acid sites.
This band disappears after evacuation at 200 �C. It is noteworthy
that the spectra of these catalysts do not show bands at 1540
and 1636 cm�1 characteristic of Brønsted acid sites [76,78–80].
Consequently the band at 1485 cm�1, observed in all of the
samples, which is frequently assigned to pyridine interacting with
both Brønsted and Lewis acid sites, corresponds only to Lewis acid
sites. Finally, according to the presence of their characteristic
bands these Lewis acid sites result strong enough to retain the pyr-
idine molecules until 200 �C. Fig. 9 also shows the IR spectra corre-
sponding to the hydroxyl range of the calcined samples before
pyridine adsorption. All of the samples present a well-defined band
at approximately 3740 cm�1 which corresponds to the t(O–H)
stretching vibrations of hydroxyl groups sitting inside on the wall
and outside as terminal OH groups [59,81–85]. Furthermore, a
slight shoulder around 3600 cm�1 could be indicating the interac-
tion between vicinal OH groups, as Si–OH, Cu–OH and H–OH
groups [33]. According to the last results, the clear presence of
the terminal Si–OH groups jointly with the scarce broadening be-
tween 3700 and 3400 cm�1, allow us to suggest that the isolated
Cud+ species would be mainly arising from copper atoms bonded



Fig. 7. TPR profiles of the samples modified with different copper contents.

Fig. 8. Cu 2p core level photoelectron profile of the samples modified with different
copper contents.
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to four framework oxygen atoms [33]. However, the presence of
some atoms of copper located in terminal positions as Cu–OH spe-
cies cannot be discarded [33].

The catalysts synthesized by the TIE method were tested in the
reaction of cyclohexene oxidation with H2O2 at 70 �C. For compar-
ative purposes, some other reactions were also carried out: with-
out using any catalyst, over Si-MMS itself and over Cu-MMS
catalysts synthesized by the DHT method [32,33]. The reaction
did not proceed in the absence of the catalyst and the cyclohexene
conversion on pure silica Si-MMS was very low (<4 mol% of max.)
being the main products cyclohexenol (III) and cyclohexenone (IV).
Fig. 10 shows the change of catalytic performances with the copper
content over the catalysts synthesized by the TIE and DHT meth-
ods. As it can be seen, the materials synthesized by TIE method
Table 3
BE values (in eV), Cusat/Cu2p intensity ratio and surface Si/Cu and O/Si atomic ratios of the

Sample O 1s Si 2p Cu 2p3/2

Cu-M(1.2) 533.2 103.8 932.9 (51%)
934.7 (49%)

Cu-M(3.6) 533.2 103.8 932.5 (62%)
934.3 (38%)

Cu-M(6.9) 533.2 103.9 933.1 (59%)
935.5 (41%)

Note: FWHM values were 2.65 eV for all contributions in Cu 2p spectra. The area ratio o
showed a medium conversion of cyclohexene despite high con-
sumption of H2O2. The Cu-MMS catalysts synthesized by the DHT
method showed low conversion of cyclohexene and moderate con-
sumption of H2O2 for the lower Cu contents. The higher cyclohex-
ene oxidation values observed for the materials synthesized by the
TIE method compared with those synthesized by DHT method are
probably accounting for the presence of highly dispersed Cud+ spe-
cies on the mesopore walls of M41S structure. Moreover, the cyclo-
hexene conversion is increased when the Cu content increases,
which could be mainly related with the increase in the amount
of these isolated Cud+ species. In the case of the DHT method, the
cyclohexene conversion is lightly decreased with the Cu content
increasing which could be attributed to that, although the isolated
Cud+ species increase [32], these would be mainly located inside
the wall of the mesopores. In order to attempt to confirm that
the isolated Cud+ cations are the main active species, the catalytic
activity of the samples was again measured after a reduction treat-
ment was performed. The employed reduction conditions (H2/Ar
flow, 20 mL/min; 400 �C) allowed the reduction of both the oligo-
nuclear [Cud+. . .Od�. . .Cud+]n clusters and bulky CuO oxides, as it
is inferred of TPR studies (see Fig. 7). Thus, under these conditions,
the activity of the materials was not mainly modified. On the other
hand, in the present reaction system, the cyclohexene oxidation is
accompanied by the side-reaction of self-decomposition of H2O2

which proceeds via a sequence of reactions involving free radicals
as transient intermediates [86]. The results shown in Fig. 10 com-
bined with the characterization results described above (Table 2
and Fig. 4) allow us to suggest that the [Cud+. . .Od�. . .Cud+]n clusters
and the CuO nano-particles, could accelerate the decomposition of
H2O2. Then, the high proportion of these species for the material
synthesized by DHT method with the highest Cu content would
be giving account for the high consumption and the lower effi-
ciency of H2O2 (see Fig. 10). Meanwhile, for the catalysts synthe-
sized by TIE method, although the H2O2 efficiency increases with
the Cu content, the low values observed along with the high
H2O2 consumption are reflecting the high accessibility of the oxide
species despite its low proportion. The main products obtained
during cyclohexene oxidation are shown in Scheme 1. In practice,
epoxidation and allylic oxidation are often competitive processes
in the oxidation of cyclic olefins and frequently both processes oc-
cur simultaneously [22]. According to GC–MS analyses, the prod-
ucts mixture is composed of species formed by oxidation of both
double bond (cyclohexene oxide (I) and, as byproducts, 1,2-cyclo-
hexanediol (II) and 2-hydroxy-cyclohexanone(VII)) and allylic
C–H (2-cyclohexen-1-ol (III), 2-cyclohexen-1-one (IV), 2,3-epoxy-
cyclohexenone (V), 2,3 epoxi-cyclohexen-1-ol (VI)). Fig. 11
presents the selectivity to products as a function of Cu content
for both methods, after 5 h. As it is observed, the allylic oxidation
has mainly taken place, with the formation of 2-cyclohexen-1-
one and 2-cyclohexen-1-ol as major products. A possible mecha-
nism for the cyclohexene oxidation on Cu-MMS involves the
interaction between the peroxide and the catalyst, where H2O2 is
bonded to the isolated Cud+ species. This interaction yields mainly
HO� and HO2� species via a redox mechanism. Then the HO� radical
Cu-MMS catalysts.

Cu 2p1/2 ICusat/ICu2p Si/Cu O/Si

953.0 0.39 102.4 2.0
954.7
952.4 0.34 80.7 2.0
954.2
953.2 0.45 47.8 1.9
955.7

f the Cu2p3/2/Cu2p1/2 doublet was always 2.0.



Fig. 9. FTIR of pyridine adsorbed on the samples modified with different copper contents, after desorption at 100 �C (a) and 200 �C (b). Inserted in spectrum of each sample is
the region of OH before pyridine adsorption.
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Fig. 10. Effect of Cu content on catalytic results for cyclohexene oxidation with H2O2 over Cu-MMS – DHT and TIE. (j) H2O2 conversion (%) (CV < 5%), (s) H2O2 efficiency (%)
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can attack the olefin and yield cyclohexenol and cyclohexenone
[86,87].

On the other hand, the observed cyclohexene oxide decreases
with the Cu content which is converted to 1,2-cyclohexanediol
by the ring cleavage [22,29,88–91]. However it is noticeable that,
for the highest Cu contents, this last product decreases whereas
the overoxidation products (V + VI + VII) along with allylic alcohol
increase. According to literature, the transformation of 1,2-cyclo-
hexanediol could follow two different pathways: a dehydration
and a dehydrogenation. Thus, the glycol can be dehydrated into
the allylic alcohol which could then undergo a further epoxidation
of the double bond leading to the formation of overoxidation
byproduct (VI). The exact role of whether/how H2O2 acts in the
dehydration reaction, and how Cu and MCM-41 play a role, re-
mains unclear [92]. It seems probable that the side reactions of
epoxide ring cleavage and glycol dehydration proceed on the acid
sites of the catalysts. The water present in the reaction medium
may compete with the reactant and be adsorbed on the Lewis sites
of the catalyst generating Brønsted acid sites which aid this type of
reactions [93–95]. On the other hand, the glycol can also be dehy-
drogenated to the corresponding a-keto-alcohol (VII) [96,97] How-
ever, this reaction, complex in the mechanism, remains under
study [98].

Comparing both synthesis methods, although the products dis-
tribution is similar, it is possible to observe a slight higher propor-
tion of overoxidation byproducts in the case of the DHT method.
This result is probably related with a higher percentage of oxide
species.

Finally, it is notable that the catalytic activities reached in this
work using the catalysts synthesized by the TIE method are in
agreement with those reported by Malumbazo and Mapolie [31];
nevertheless, the cyclohexene oxidation values achieved by these
authors were obtained employing molecular oxygen as a co-
oxidant.
4. Conclusions

Copper modified mesoporous silicate particles with spherical
morphology in the 2–3 lm range, were synthesized by the tem-
plate-ion exchange method and compared with those synthesized
by the DHT method. By analyzing the UV–Vis-DR and XPS tech-
niques, the coexistence of both Cu oxidation states 1+ and 2+
(d+) could be inferred. It has been found that the hydrothermal
treatment employed in the TIE method developed by us, besides
to promoting the introduction of copper nano-species to the mes-
ostructure (isolated Cud+ species and [Cud+. . .Od�. . .Cud+]n clusters),
improves the structural regularity of the silicate. All of the materi-
als exhibit high surface area and pore volume typical of the M41S
type mesoporous structures. Moreover, a secondary mesoporosity
was detected, which is likely caused by the hydrothermal treat-
ment during the TIE process and may favor the diffusion and the
exchange of the copper nano-species. TEM images show a primary
mesoporous structure although there was no two-dimensional
hexagonal ordering of pores characteristic of MCM-41 materials.
On the other hand, unlike the DHT method, this new method
would seem to disfavor the formation of large CuO particles. All
of the samples show Lewis acid sites which result strong enough
to retain the pyridine molecules until 200 �C. The two different
synthesis methods analyzed, the DHT and TIE, result in different
structure–property relationships of the Cu species incorporated
to siliceous structure and consequently in different catalytic per-
formance. The TIE method favors the dispersion of isolated Cud+

species on the mesopore wall, which are probably responsible for
the higher cyclohexene conversion with H2O2. The selectivity to
allylic products was predominant which is giving account that
the reaction path involves the interaction of the Cu-MMS catalyst
with peroxide which yields mainly HO� and HO2

� species via a re-
dox mechanism.
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