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Abstract

Transition-metal (TM) species (Mn, V, and Cr) were incorporated by an anion-exchange method into MCM-48. The TM-MCM-4
rials were characterized by XRD, HRTEM, N2 adsorption–desorption, ESR, Raman, and NH3-TPD. The structural and textural properti
of the materials are discussed, as is the nature of the TM species introduced in the mesoporous host. The catalytic activity and se
the TM-MCM-48 in the oxidation of styrene with TBHP as an oxidant agent are explored. All of the catalysts produce benzaldeh
styrene oxide as the main products. Mn-MCM-48 showed the highest selectivity for styrene oxide, but with a maximum conversion
V-MCM-48 shows the highest conversion of styrene (100%) and the highest selectivity (88%) for benzaldehyde. The Cr catalyst
poorest performance in terms of selectivity. The TM-MCM-48 catalysts are very active in the oxidation of styrene, and their activity
on the nature of the transition metal used.
 2005 Elsevier Inc. All rights reserved.
Keywords: Transition metal; Modified MCM-48; Styrene oxidation
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1. Introduction

One of the fastest-developing areas in molecular s
science is the synthesis of transition-metal-containing m
cular sieves. Since the discovery of periodic mesopo
silica M41S materials in 1992[1], a wide variety of new
materials have been synthesized to exploit the ability
these substrates to act as hosts of inorganic and org
species. The most widely researched members of the M
family are MCM-41 and MCM-48. MCM-41 consists of
hexagonal array and has a unidirectional pore structure
MCM-48 consists of a cubic array with a three-dimensio
pore network[2]. Whereas mesoporous M41S silicate m
terials do not exhibit flexible oxidation state behavior,
capacity of transition metals to have variable oxidation st
* Corresponding author.
E-mail address: suib@uconnvm.uconn.edu(S.L. Suib).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.04.015
c

expands the potential of M41S materials to be used in
alytic applications. The encapsulation of transition-me
species can also lead to physical properties different f
those observed for the bulk guest species. Thus, many
ies have concentrated on the introduction of catalytic
active sites such as metals and metal complexes into m
porous silica materials.

Many different synthetic procedures have been develo
to incorporate transition metals such as Ti[3–5], Mn [6–11],
Cr [5,6,12–15], V [5,6,15,16], into M41S mesoporous silic
materials. One of the most popular methods of incorpo
ing metals into mesoporous silica is the direct hydrother
(DHT) method, which consists of the direct addition of me
ion precursors to the synthesis gel before the hydrothe
synthesis takes place[16]. Other methods, like convention

wet impregnation and grafting, have also been used. More
recently Yonemitsu and co-workers developed the template
ion-exchange (TIE) method, in which the metal is incorpo-

http://www.elsevier.com/locate/jcat
mailto:suib@uconnvm.uconn.edu
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rated by exchange of the template cations in the channe
as-synthesized MCM-41 with the metal ions in solution[8].
Recently our group developed a new synthetic method fo
corporating manganese species in MCM-48 materials[17],
which consists of ion-exchanging the negatively char
ions contained in the channels of as-synthesized MCM
with high-valence metal precursor anions contained in
lution. This method allowed a controlled and high load
of Mn species with variable oxidation state. Since the
corporation of the transition metals takes place in surfac
containing MCM-48, the majority of the Mn incorporate
locates inside the pores, rather than in the framework. M
works report incorporation of metals into MCM-41 a
fewer into MCM-48. MCM-48, because of its cubic stru
ture, has been suggested to be a more advantageous s
than MCM-41 for catalytic applications, since the thre
dimensional pore system of MCM-48 could allow fas
diffusion through the channels and make this material m
resistant to pore blocking[18]. The most useful property o
molecular sieves with incorporated transition metals is t
redox ability, which can be used in new catalysts for the
lective oxidation of a wide range of hydrocarbons.

In this work, we have expanded our previous work
the incorporation of transition metals other than Mn (Cr,
within the pores of MCM-48. We have studied the nature
the transition-metal species and tested their activity tow
oxidation of styrene. Styrene oxidation is of considera
commercial and academic interest for the synthesis of im
tant products such as styrene oxide and phenylacetalde
The influence of the transition metals incorporated and t
structural features on catalytic activity and product selec
ity in styrene oxidation are investigated.

2. Experimental

2.1. Catalyst synthesis

MCM-48 mesoporous silica was synthesized by a va
tion of the procedure described by Fröba and co-workers[19].
The synthesis mixture had the following molar ratios
tetraethyl orthosilicate (TEOS):0.65 cetyltrimethylamm
nium bromide (CTAB):0.5 potassium hydroxide (KOH):6
H2O. The mixture was stirred for about 20 min and w
loaded into a Teflon-lined steel autoclave, where the syn
sis solution was statically heated for 4 days at 115◦C. The
resultant white products were filtered, washed with dei
ized water, and dried at room temperature.

The synthesis of the metal-containing materials w
performed with an ion-exchange process reported e
where[17]. In a typical loading procedure, approximate
200 mg of as-synthesized MCM-48 (surfactant containi
was slurried in water. Then 60 ml of potassium perm

ganate (KMnO4) (0.05 M) was added to the slurry, and
the mixture was stirred for 4 h. Subsequently the Mn-
containing MCM-48 was filtered, washed with deionized
talysis 233 (2005) 60–67 61
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water, and dried at room temperature. The resulting pro
was then calcined for 6 h at 500◦C. Potassium permangana
(KMnO4), sodium orthovanadate (Na3VO4), and potassium
chromate (K2CrO4) were used as metal precursors. The m
terials are referred to here as Mn-MCM-48, V-MCM-48, a
Cr-MCM-48.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were record
with a Scintag XDS-2000 diffractometer and Cu-Kα radia-
tion with a voltage of 45 kV and a current of 40 mA.

N2 sorption experiments were performed to evaluate
textural properties of the catalysts. The experiments w
done with a Micrometrics ASAP 2010 analyzer. The sa
ples were degassed at 150◦C overnight before data collec
tion. The surface areas were calculated with the Bruna
Emmett–Teller (BET) equation, and the pore size distri
tion was calculated with the use of the desorption bra
of the N2 adsorption-desorption isotherm and the Barr
Joyner–Halenda (BJH) formula.

High-resolution transmission electron microsco
(HRTEM) was performed with a JEOL FasTEM 2010 ele
tron microscope operating at 200 kV, equipped with
EDAX Phoenix EDS analyzer. The samples for analy
were prepared by dispersion of the powdered materia
2-propanol. A drop of the dispersion was then placed o
carbon-coated copper grid and dried.

Electron paramagnetic resonance (EPR) spectra were
lected with an X-band (9 GHz) EPR at 298 K on a Bruk
EMX spectrometer. The samples were loaded into qu
tubes (3 mm outer diameter, 2 mm interior diameter).

Raman spectra were taken at room temperature in
spectral range of 100–2000 cm−1 with a Renishaw 2000
Raman microscope system, which includes an optical
croscope and a CCD camera for multichannel detection.
spectra were recorded with the use of a 514-nm argon
laser.

Ammonia temperature-programmed desorption (N3-
TPD) was used to evaluate the acidity of the cataly
In a typical experiment, 30 mg of sample was oven-dr
overnight at 110◦C. Then the catalysts were loaded into
quartz tube and pretreated with flowing He (40 ml min−1)
at 300◦C for 2 h. After pretreatment the sample was sa
rated at 80◦C with a 0.5% NH3/He gas mixture at a flow
rate of 40 ml min−1 and subsequently flushed with He
105◦C for 2 h to remove the physisorbed ammonia. NH3-
TPD analysis was carried out from 25 to 750◦C at a heating
rate of 10◦C min−1. The desorbed NH3 was monitored with
a MKS-UTI PPT quadrupole mass spectrometer.

2.3. Catalytic activity
The catalytic oxidation of styrene withtert-butyl hy-
droperoxide (TBHP) as an oxidant was carried out in a
round-bottomed flask with a magnetic stirrer and a reflux
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Fig. 1. Powder XRD patterns of calcined (a) MCM-48, (b) Mn-MCM-4
(c) V-MCM-48, and (d) Cr-MCM-48.

condenser. The batch reactor was immersed in a paraffi
bath to control the temperature. In a typical oxidation
action, 50 mg of the catalyst was stirred with 2.6 mmol
styrene, 2.6 mmol of TBHP (70 wt% in water) as an oxid
ing agent, and 10 ml of acetonitrile as a solvent. The reac
temperature and time were varied from 293 to 353 K
from 6 to 24 h, respectively. The reaction products were
alyzed and identified by known standards, with a combi
gas chromatography–mass spectrometry (GC-MS) unit
an HP-5MS column (25 m× 0.20 mm× 0.33 µm). Cyclo-
hexyl benzene was used as the internal standard. Leach
the active components was tested by evaluation of the Si/TM
ratio as determined by EDS before and after the oxidation
action.

3. Results

3.1. Structural and textural characterization

The XRD patterns obtained for the calcined MCM-48 a
transition-metal (TM)-containing MCM-48 samples are d
picted inFig. 1. All of the samples show the characteris
low-anglehkl reflections of the ordered cubic structure
MCM-48 [20], implying that the cubic mesoporous structu
of the parent material is maintained after the TM incorpo
tion. However, a shift to lower 2θ values is observed wit
TM loading. This behavior was observed before for M
MCM-48 samples prepared by the ion-exchange met
where after incorporation of the Mn the shrinkage effec
the silica walls upon calcination is smaller, and thus hig

d211 values are observed[17]. HRTEM images demonstrate
that the cubic arrangement typical of MCM-48 is maintained
for all of the catalysts prepared, as shown inFig. 2. HRTEM
talysis 233 (2005) 60–67
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Table 1
N2 sorption results for TM-MCM-48 materials

Catalyst Si/TMa BET S.A.b

(m2/g)

Average P.D.c

(Å)

MCM-48 n.a.d 1056 29
Mn-MCM-48 7 930 34
V-MCM-48 13 1007 37
Cr-MCM-48 19 828 37

a Atomic ratios calculated by EDS.
b BET surface area.
c BJH average pore diameter.
d n.a., no applicable.

analysis also revealed that no other extra phases of the
als are present outside of the mesoporous structure.

Fig. 3 andTable 1show the N2 sorption results obtaine
for MCM-48 and TM-MCM-48. The isotherms show th
typical trend for mesoporous materials, type IV isotherm
the IUPAC classifications, with a sharp inflection at relat
pressure 0.2 to 0.3, which is due to capillary condensatio
nitrogen within the pores[21]. All of the materials prepare
show reversible adsorption–desorption isotherms. The
face area and pore volume of the catalysts are reduced b
presence of the TM in the mesoporous structure if comp
with that of MCM-48 (Table 1); however, for V-MCM-48 the
change in surface area compared with the parent mater
very small (∼ 5%). The pore size does not change drastic
from one material to another. The BJH method was use
calculate the pore size, since this procedure underestim
the size by approximately 1 nm[18]. Very narrow pore size
distributions are obtained for all catalysts prepared. InTa-
ble 1, even though the materials were synthesized unde
same conditions, the amount of TM incorporated varies.
highest loading occurs for Mn and the lowest for Cr. Ho
ever, the surface area of the Cr-MCM-48 material was fo
to be the most reduced.

3.2. Analysis of the TM oxidation state, coordination, and
location in MCM-48

The location and oxidation state of TM-MCM-48 we
investigated by Raman spectroscopy and EPR. The Ra
spectra of the TM-MCM-48 are shown inFig. 4. For Mn-
MCM-48, weak bands at 510 and 950 cm−1 are observed
and can be related to the symmetric and asymmetric stre
ing modes of Si–O–Mn species in the framework[6,22].
A weak band at 340 cm−1 and a strong band at 640 cm−1

are also present in Mn-MCM-48 and can be assigne
manganese oxide species within the pores[23]. The EPR
spectrum for Mn-MCM-48 (Fig. 5) shows hyperfine split
ting originating with Mn2+ coupled to its own nuclea
spin[7]. The Mn-containing sample shows a signal cente
at g = 2.04 with an average hyperfine splitting constant

A = 96 G. The manganese species present in Mn-MCM-48
as determined by EPR can be assigned to extraframework
sites of Mn2+ in octahedral symmetry[7].
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Fig. 2. HRTEM micrographs of TM-MCM-48 materials: (a) Mn-MCM-48, (b) V-MCM-48, and (c) Cr-MCM-48.
Fig. 3. N2 adsorption–desorption isotherms and BJH pore size distribution of calcined MCM-48 and TM-MCM-48 materials.
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Fig. 4. Raman spectra of (a) Mn-MCM-48, (b) V-MCM-48, and (
Cr-MCM-48.

Fig. 5. EPR of TM-MCM-48 materials at room temperature.

Vanadium species in V-MCM-48 studied by Raman sh
bands at 550, 760, 1070 cm−1 and a shoulder around 95
cm−1, as seen inFig. 4. Broad bands in the 750–1000 cm−1

range have been assigned to V–O–V stretches in 2-D p
vanadates[24]. The broad band at 1070 cm−1 can be as-
cribed to the symmetric stretching of terminal V=O bonds
of isolated monomeric vanadyl species present in the fra

−1
work [22]. Raman bands around 930 cmare assigned to
the V=O symmetric stretching mode of polymerized vana-
dium oxides in the pores[22]. Thus the shoulder around
talysis 233 (2005) 60–67

Fig. 6. Acidity profiles by NH3-TPD of (a) Mn-MCM-48, (b) V-MCM-48,
and (c) Cr-MCM-48.

950 cm−1 may be due to the presence of extraframew
vanadium species. A broad isotropic EPR signal cent
at g = 2.03 with a peak-to-peak width of 219 G is foun
for V-MCM-48 (Fig. 6). This EPR signal can be ascribed
the presence of nonisolated V4+ clusters of framework vana
dium ions[25]; thus the spectrum arises from V4+ species
coupled by magnetic exchange interactions.

The Raman spectrum of Cr-MCM-48 inFig. 4 shows a
weak band at 350 cm−1, a strong broad band centered arou
870 cm−1 with a shoulder centered around 960 cm−1, and
a sharp band at 1120 cm−1. Bands in the 800–1000 cm−1

range observed in chromium oxide dispersed on various
ports have been assigned to Cr6+ species in the form of chro
mates with different degrees of oligomerization[26]. Raman
bands at 362 and 892 cm−1, and at 960 and 850 cm−1, are
related to the presence of hydrated dichromate and tric
mate species, respectively[27]. Raman peaks characteris
of Cr2O3 species are usually observed around 550 cm−1

[28]. The EPR for Cr-MCM-48 shows a very weak sign
centered aroundg = 1.98, which can be assigned to Cr5+ in
square pyramidal coordination[28,29].

3.3. TM-MCM-48 acidity

The acidic properties of TM-MCM-48 materials were i
vestigated by NH3-TPD; their profiles are shown inFig. 6.
The materials show different acid strength behaviors,
pending on the transition metal incorporated. For Mn-MC
48, desorption peaks are observed around 190, 630,
730◦C and a shoulder at 630◦C. The Cr-MCM-48 sam-
ples show three desorption peaks, at low (230◦C), medium
(380◦C), and high (660◦C) temperatures. For Cr-MCM-4

◦
the high temperature peak at 660C is accompanied by a
broad shoulder located around 600◦C. In V-MCM-48 only
two desorption peaks are observed, at 230 and 690◦C. We
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Table 2
Results of the catalytic oxidation of styrene with TBHP using different TM-MCM-48 catalystsa

Catalyst Temperature
(K)

Styrene conversion
(%)

Product selectivity (%)

BzAb SOc PhAAd Others

Mn-MCM-48 293 28 74 14 – 12
318 56 69 21 – 10
333 56 57 32 3 8
353 58 59 31 5 5

V-MCM-48 293 21 83 8 – 9
318 32 85 9 – 10
333 83 92 5 3 –
353 84 81 4 9 7

Cr-MCM-48 293 11 62 9 – 29
318 68 49 26 2 22
333 68 49 26 2 22
353 98 47 24 3 26

–, No product was detected.
a Reaction time, 24 h.

b BzA, benzaldehyde.
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c SO, styrene oxide.
d PhAA, phenylacetaldehyde.

can associate the strength of the acidity with the tempera
at which the desorption peak appears. The low-tempera
peak is related to weak acid sites, and the high-tempera
peak to strong acid sites. Then, Mn- and Cr-contain
MCM-48 have at least four sites with weak, medium, a
high acid strength. V-MCM-48, on the other hand, sho
that only weak and strong acid sites are present.

3.4. Catalytic tests

We have tested the TM-MCM-48 materials in the c
alytic oxidation of styrene with TBHP as an oxidant. T
catalytic properties of the TM-MCM-48 materials in term
of styrene conversion and product selectivity at differ
temperatures are presented inTable 2. In all cases benzalde
hyde (BzA) and styrene oxide (SO) were the main produ
The selectivity for BzA is high for all of the catalysts. In ge
eral, the conversion of styrene increased with tempera
An increase in temperature also gives rise to the for
tion of other products, such as phenylacetaldehyde (PhA
All of the catalysts are more selective for the formation
benzaldehyde; however, with the V-MCM-48 catalysts
formation of the epoxide product is very low (under 9%
compared with Mn-MCM-48 and Cr-MCM-48. Overall th
selectivity of the Cr-MCM-48 is poorer compared with t
other catalysts. No significant leaching was detected (<5%)
under the reaction conditions studied.

In Table 3the results of the oxidation reactions with c
alysts pretreated at 120◦C for 3 h are reported. We observe
considerable improvement in conversion and selectivity w
pretreatment of V-MCM-48 catalysts, which reached 10

conversion after only 12 h of reaction. In the case of Mn-
MCM-48 and Cr-MCM-48 there seem to be insignificant
differences compared with the untreated catalysts.
Table 3
Results of the catalytic oxidation of styrene at 333 K with TBHP us
pretreated catalystsa

Catalyst Reaction
time (h)

Styrene
conversion (%)

Product selectivity (%)

BzAb SOc Others

Mn-MCM-48 24 56 69 23 8
Mn-MCM-48 12 51 67 33 –
V-MCM-48 12 100 88 12 –
V-MCM-48 6 59 90 10 –
Cr-MCM-48 12 42 62 16 23

–, No product was detected.
a The catalysts were pretreated at 393 K for 4 h.
b BzA, benzaldehyde.
c SO, styrene oxide.

4. Discussion

4.1. Characterization of TM-MCM-48 materials

The results presented in this work show that all of
TM-MCM-48 materials synthesized maintain the struct
and good textural properties (high surface area, narrow
size distribution) of the host MCM-48. The loading of t
TM with the ion-exchange method increases the ther
stability of the silica wall, restricting its contraction. A d
crease in the relative intensity of the diffraction peaks w
also observed in the presence of the TM with respec
the parent material. The decrease can be attributed to a
dom distribution of the guest particles in the pores, wh
lowers the periodicity[10]. The reduction of the intensit
can also be due to a dilution of the silica by the prese
of the TM as a consequence of a higher adsorption fa
for X-rays that TM have in comparison with silicon[30].

The reduction of peak intensity could also be attributed
to the partial collapse of the mesoporous structure[31],
which is not the case, since XRD and HRTEM show good
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preservation of the cubic structure of the mesoporous h
The decreases in surface area and pore volume of the
MCM-48 materials with respect to the parent material
consistent with the incorporation of TM within the pore
Reversible adsorption-desorption isotherms are observe
all of the TM-MCM-48 materials prepared. Reversibility
the isotherm implies that there is negligible obstruction
the pore channels[32]. The fact that the incorporation of th
TM takes place in the presence of surfactant species in
pores restricts the location of the TM and avoids clogging
the channels[10,17].

The results obtained for the analysis of the mangan
species in Mn-MCM-48 showed that Mn is present in
mesoporous material as a mixed-valence system, and m
located in the pores rather that in the silica framework[17].
In a previous report XPS was also used to analyze
binding energy (BE) values corresponding to MnMCM-4
the values obtained for Mn-MCM-48 agree with those
mixed-valence manganese oxide systems. The calculate
erage oxidation state (AOS) of the Mn species presen
Mn-MCM-48 prepared under conditions similar to those
this work was determined to be 3.4, which is consistent w
a manganese mixed-valence system[17].

Chromium species in Cr-MCM-48 appear to be presen
Cr6+ hydrated dichromate and trichromate species with
ferent degrees of oligomerization. EPR, on the other h
gives a signal that could be associated with the presen
Cr5+ as (Cr=O)3+ in the mesoporous structure[29]. Some
authors have concluded that low loadings of Cr in s
ports generate mostly monomeric isolated species, an
high loadings the formation of polymerized species is
vored [26]. Cr6+, Cr5+, and Cr2O3 clusters are likely to
form on calcined surfaces, and their coordination geo
tries strongly depend on the support type and composi
Because chromium has a complex redox and coordina
chemistry, along with the presence of the silica suppor
is difficult to understand the nature of the chromium spe
present. However, during calcinations in which silica s
ports are used, chromium species can anchor to the s
support and react with the hydroxyl groups of the inorga
oxide to form surface Cr6+ species[29,33]. Nevertheless
under calcination conditions with silica surfaces, Cr2O3 can
also be formed[29,33]. Even though it is difficult to deter
mine the nature of the chromium species in Cr-MCM-
Raman and EPR data indicate that a mixture of different
lences and coordination environments are present.

The vanadium species seem to be present as a mixed
tem as well. The intensities of the Raman bands at 950
1070 cm−1 have been associated with the amount of isola
or polymeric vanadium species, respectively. In our case
intensity of the band at 950 cm−1 is stronger, which could
indicate that a larger amount of isolated species is prese
the MCM-48 host. In M41S materials Raman bands aro

−1
500 cm have been ascribed to the motion of the bridge
oxygen connecting the two atoms of a T–O–T bridge[34]
and associated with vanadium in the framework. The EPR,
talysis 233 (2005) 60–67
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on the other hand, shows a signal associated with V4+ in
framework sites. Thus, vanadium in V-MCM-48 is pres
as different isolated, polymeric, and framework species.

4.2. Catalytic performance

All of the TM-MCM-48 materials are active in the ca
alytic epoxidation of styrene. However, the selectivity of
of the catalysts for BzA from styrene is higher than for S
particularly for the vanadium catalyst. The conversion
all of the materials increases with temperature, as expe
For Mn-MCM-48 the amount of styrene converted doub
from room temperature to 318 K and at higher tempe
tures appears to reach a maximum. Of all three catal
Mn-MCM-48 showed the highest selectivity (∼ 30%) for
styrene oxide. In the case of V-MCM-48, the catalyst see
to reach a maximum conversion at 333 K, with poor se
tivity for SO. However, when the vanadium catalysts w
pretreated, a considerable improvement in conversio
substrate (100%) was found, after only 12 h of reaction. T
can indicate that the active sites of the V-MCM-48 cata
are affected by water adsorbed to the surface. The selec
of product remains practically the same with a slight i
provement to SO, and no formation of other products.

In the case of Mn-MCM-48 and Cr-MCM-48, no signifi
cant improvement with pretreatment is found. Other auth
have also found higher selectivity for BzA in vanadiu
containing MCM-41 materials[35]. The formation of BzA
from styrene can occur by two different routes. One po
ble pathway is the oxidation of the side chain, which cau
breaking of the C=C bond to form BzA. Another way to
form BzA from styrene is by an epoxidation reaction to fo
SO, which further forms BzA in the presence of peroxi
The two different pathways may be occurring in paral
however, for the vanadium catalyst the oxidative cleavag
styrene may be favored. The difference in catalytic beha
between the manganese and vanadium catalyst in term
selectivity for BzA and SO is probably due to the nature
the active centers. The Mn-MCM-48 acidity profile (Fig. 6)
is quite different from the vanadium catalyst and fav
the epoxidation reaction. Small amounts (> 9%) of PhAA
are produced when the reaction temperature is increa
The chromium catalyst, on the other hand, shows the p
est catalytic behavior in terms of selectivity, especially
higher temperatures (> 60◦C), where products other tha
BzA, SO, and PhAA are formed. Mn-MCM-48 and C
MCM-48 catalysts require lower temperature (318 K)
achieve their maximum conversion. The TM-MCM-48 sy
tems studied have different acidity profiles, which can
associated with their different catalytic behavior. The
tivities of framework and extraframework transition met
present in supported materials toward the formation of
ticular species in different catalytic reactions have b

studied[29,36,37]. Framework Nb ions located in the frame-
work have been found to be more selective for the formation
of BzA. Although Nb extraframework ions are also active in
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the oxidation of styrene, they appear to be less active
Nb in the framework[37]. Iron species present in the fram
work of MCM-41 materials were shown to be more act
for the epoxidation of styrene, as opposed to Fe prese
extraframework positions[36]. In our case, the epoxidatio
reaction appears to be favored when the Mn-MCM-48
Cr-MCM-48 catalyst are used. For the Mn catalyst the m
ganese species are mainly located in extraframework s
Further studies on the nature of the reaction pathways in
oxidation of styrene with the TM-MCM-48 materials ne
to be performed.

5. Conclusions

TM-MCM-48 materials containing Mn, V, and Cr we
successfully synthesized by the anion-exchange met
Characterization of the TM-MCM-48 materials show
good preservation of the structural and textural propertie
the mesoporous host. All of the catalysts showed very g
conversion and selectivity in the oxidation of styrene. T
activity of the catalysts in the oxidation of styrene see
to be associated with the composition of these cataly
V-MCM-48 showed the highest conversion, reaching 10
consumption of the substrate with high selectivity (88%)
BzA. On the other hand, Mn-MCM-48 and Cr-MCM-48 ca
alysts showed a much better selectivity for the formation
the epoxide, 30 and 26%, respectively, compared with o
12% selectivity for SO by V-MCM-48. However, lower co
versions are achieved with the Mn and Cr catalysts. S
no significant leaching was observed, the catalysts ma
reused.
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