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Abstract

Ce-containing MCM-41 materials were prepared via a direct, nonhydrothermal method at room temperature from fetra-ethoxysilane, n-hexa-
decyl trimethyl ammonium bromide, ammonia solution, and cerium(IV) ammonium nitrate precursors. Composite materials containing the
nominated ratios of 5 and 10% (w/w) CeOp/MCM-41 were targeted. The obtained materials were investigated by TGA, DSC, FTIR, diffuse
reflectance UV-vis, XRD, N, adsorption/desorption isotherms, and SEM. Results indicated the insertion of cerium ions in tetrahedral environ-
ment in the framework of MCM-41. BET surface area amounting to 824 and 726 m? /g; total pore volume amounting to 0.427 and 0.515 cm? /g;
and narrow pore size distribution maximizing at 22.5 and 23.7 A, respectively were obtained for the 5 and 10% CeO2/MCM-41 calcined compos-
ites. SEM showed a spherical type morphology for the composites which is rather similar to their blank MCM-41, and no clear ceria aggregates
were observed on the external surfaces of composites spherical particles. Thus, the adopted method allows the persistence of MCM-41 texture
with cerium inserts in the framework of MCM-41 and/or forms finely divided ceria nanoparticles on the wall of MCM-41 materials. Moreover,
stabilization of any formed ceria nanoparticles was attributed to the short nonintersecting porous nature of MCM-41 matrix, which hinders their

aggregation upon calcinations.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of ordered mesoporous materials in the
early 1990s [1,2], MCM-41 type of materials have capture great
interest due to their high surface area (>1000 m?/g), regular
pore system (hexagonally shaped pores with a uniform size of
2-10 nm in nonintersecting straight channels), and high thermal
stability [3,4].

Similar to zeolites, ordered mesoporous silica materials do
not often utilize as catalysts as such. Thus, it is a common prac-
tice to modify these materials via introduction of additional
reactive species [5]. Therefore, synthesis and characterization
of ordered mesoporous materials of modified surfaces for ap-
plication as host materials and as catalysts present a very attrac-
tive area for recent researches [6—11]. Modification of ordered
mesoporous materials can be approached via different possi-
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ble pathways which include: post-synthesis modification of the
as prepared (uncalcined) [6-8], or the calcined [9,10] meso-
ordered materials, as well as direct modification [11] during
synthesis. Moreover, due to the textural advantages of MCM-
41 materials, incorporation of catalytic active species/and or
nanoparticles offers attractive approach for the preparation of
innovative catalysts composed of metals and/or metal oxides in
MCM-41 matrices. For examples preparation of TiO>/MCM-41
and V,05/Ti02/MCM-41 [12], MCM-41 containing zirconium
and manganese ions (Zr-Mn-MCM-41) [13], and ZnO/MCM-
41 [14] have been investigated.

Cerium containing materials are very important and interest-
ing class of materials [15—17]. In particular, cerium containing
MCM-41 materials are very interesting and find many catalytic
applications in vapor-phase dehydration of cyclohexanol and
hydroxylation of 1-naphthol with aqueous H,O; and tert-butyl
hydroperoxide [18]; in selective acylation and alkylation reac-
tion [19]; in liquid oxidation of cyclohexane to cyclohexanol
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[20]; and for n-heptane oxidation [21] where, incorporation of
cerium to MCM-41 was found to improve hydrothermal stabil-
ity and enhance the adsorption and catalytic properties.

Laha et al. [18], have prepared Ce containing MCM-41
by hydrothermal methods from fumed silica and ceric sul-
fate precursors. Similar hydrothermal preparation from fumed
silica and cerium chloride precursor was reported by Araujo
et al. [21]. However, Kadgaonkar et al. [19] have carried out hy-
drothermal synthesis of Ce-MCM-41 by refluxing the gel with
magnetic stirring under atmospheric pressure for 24-36 h. Yao
et al. [20] have prepared Ce-MCM-41 from tetraethyl orthosil-
icate (TEOS) and (Ce(NO3)3-6H,0) precursors in presence of
a cationic surfactant (CTAB) and NaOH. The final mixture was
subjected for stirring (for 24 h) and hydrothermal treatment un-
der autogenous pressure without stirring at 363 K for 7 days.

A novel synthesis route was introduced by Giirn et al. [22]
for the preparation of mesoporous MCM-41 materials. This
route is based on the use of tetra-n-alkoxysilanes such as
tetraethoxysilane (TEOS) as a silica source which are added
to an aqueous solution of a cationic surfactant in the presence
of ammonia as a catalyst. Moreover, the reaction mixture can
be homogenized with ethyl alcohol to facilitate the formation
of spherical MCM-41 particles. Based on Giirn et al. method
[22], preparation of AI-MCM-41 [23], Ti-MCM-41 [24-26],
and Ni-MCM-41 [27] at room temperature recently have been
reported. The present article describes a nonhydrothermal, and
direct method for the preparation of cerium modified MCM-41
materials at room temperature. CeO2/MCM-41 composite con-
taining the nominated ratios 5 and 10% (w/w) were targeted
and characterized via different techniques. The present method
is suitable for fast preparation of small or large batches of spher-
ical CeO2/MCM-41 particles.

2. Experimental
2.1. Preparation

2.1.1. Chemicals

n-Hexadecyltrimethylammonium bromide (C16TMABT),
98% Aldrich; tetraethoxysilane (TEOS), 98% Si(OC,Hs)4,
Sigma—Aldrich; cerium(IV) ammonium nitrate (NHy4),Ce-
(NO3)g, Aldrich; ammonia solution, NH4OH (25% NH3),
99.99%, Merck; and ethyl absolute alcohol, CoHsOH, analyt-
ical grade product supplied by Alfa Acer, were purchased and
used as received. All preparation were carried out at room tem-
perature which was controlled at 22 £+ 1 °C.

2.1.2. Preparation of blank MCM-41 silica

Following the procedure described by Griin et al. [22],
0.007 mol of the cationic surfactant (C16TMABr) was dis-
solved in 50 ml of deionized water, and 17 ml of ammonia solu-
tion was added (0.25 mol) to the surfactant solution followed by
76 ml of ethanol. The solution was stirred and 5.0 ml of TEOS
(0.022 mol) was added. After 2 h of stirring at 400 r.p.m. the
resulted gel was filtered, washed, and dried for 24 h at 90 °C.
This dried product was termed as the uncalcined MCM-41 ma-
terial. Portion of the latter was heated at 1 °C/min up to 550 °C

and kept at this temperature for 3 h, the produced material was
termed as the calcined MCM-41 material.

2.1.3. Preparation of ceria modified MCM-41 silica

A modified preparation method was adopted to allow di-
rect incorporation of cerium species in the MCM-41 material
at room temperature. Thus, 0.007 mol of the cationic surfactant
(C16TMABTr) was dissolved in 50 ml of deionized water and
17 ml of ammonia solution was added to the surfactant solu-
tion followed by 76 ml of ethanol. The solution was stirred (at
400 r.p.m.) and 5.0 ml of TEOS was added followed by 0.210 g
of cerium(IV) ammonium nitrate (corresponding to 5% (w/w)
CeOg/silica) thus a yellowish clear solution was obtained. After
stirring for 30 min, 17 ml (0.25 mol) of ammonia solution was
added under continuous stirring. The reaction mixture turned
turbid (in one minute time), then a bright yellow colloidal gel
was formed. After 2 h of continuous stirring, the resulted gel
was filtered, washed, and dried for 24 h at 90 °C. The latter
product was termed as the uncalcined 5% CeOy/MCM-41 com-
posite material. Similar preparation was made by increasing of
the amount of cerium(IV) ammonium nitrate to correspond to
10% (w/w) CeOaz/silica. The product obtained after drying at
90 °C was termed as the uncalcined 10% CeO,/MCM-41 com-
posite material. Portion of the uncalcined composite materials
were heated at 1 °C/min up to 550 °C and kept at this tempera-
ture for 3 h, the produced materials were termed as the calcined
5%, and 10% CeO>/MCM-41 composite materials.

2.2. Characterization

2.2.1. Thermal analyses

A Thermal Analyst 2000 TA instrument (USA) controlling
a 2050 thermogravimetric analyzer (TGA) and 2010 differen-
tial scanning calorimeter (DSC) was used. For TGA measure-
ments, a ceramic sample boat was used with samples weigh-
ing 5.0 =+ 0.1 mg. Data recorded upon heating up to 700°C
at 2°C/min and in a stream (40 ml/min) of air, or nitrogen
gas as indicated. For DSC measurements, a sample size of
5.0 £ 0.1 mg was heated up to 550 °C in a covered aluminum
sample pan at 10 °C/min and a flow of 40 ml/min of nitrogen
gas.

2.2.2. FTIR spectroscopy

FTIR spectra for the test materials were carried out us-
ing KBr disc technique using an FTIR spectrometer, model
Shimadzu-FTIR800 (Japan), in the range 4000—-400 cm~ !, with

40 scans and a resolution of 4 cm™!.

2.2.3. Diffused reflectance

(DR) UV-vis spectroscopy: DR UV-vis spectra for the cal-
cined materials were obtained using a Shimadzu model 2100
spectrophotometer (Japan). BaSO4 was used as a reference ma-
terial.

2.2.4. X-ray diffraction (XRD)
XRD patterns were obtained using a Philips 1840 diffrac-
tometer at room temperature using CukK, radiation. Diffrac-
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tion patterns were obtained with Ni-filtered CuK, radiation
(A = 0.15418 nm). The resultant patterns matched with stan-
dard data for CeO; [28] for the purpose of phase identification.

2.2.5. Scanning electron microscopy (SEM)

SEM micrographs were obtained, using a Jeol Microscope
Model JSM-5600 (Japan). The samples were coated with gold
before investigation.

2.2.6. Nitrogen gas adsorption

Nitrogen adsorption/desorption isotherms at 77 K were mea-
sured according to the recommendations of the ITUPAC [29]
using a model 100 Autosorb, Quantachrome Instrument Corpo-
ration (USA). Prior to measurement, all samples were degassed
for 2 h at 250°C to 0.1 Pa. Specific surface area, Spgr, was
calculated using the BET equation [30]. Total pore volume, V,,
was calculated at P/ Py = 0.95. The pore width, Py, distribution
over the range of ~(2-80 nm) was generated from the adsorp-
tion branches of the isotherms via BJH method [31]. Calcula-
tions, were performed using Autosorb 1 software for windows
(copyright, 1995-2003, Quantachrome Instruments).

3. Results and discussion

Fig. 1 shows TGA and DTG curves for the uncalcined blank
MCM-41 in flow of N, atmosphere (top) and in flow of air (bot-
tom). Total weight loss, recorded upon heating over the temper-
ature range of RT-700°C was 41.9% in N, flow (or 43.6% in
flow of air). The results show that weight loss process and evo-
Iution of the MCM-41 structure occurred through a four steps
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Fig. 1. TGA and DTG curves for the uncalcined blank MCM-41 material in
flow of Ny gas (top), and in flow of air (bottom).

process, as shown in Table 1. The steps limits and weight loss
values for each sample were very sensitive for the type of at-
mosphere (N3 gas or air). Based on the thermal analysis studies
reported for similar systems [32], the first step below 120 °C is
assignable for the loss of the adsorbed and included water mole-
cules and/or organic. This followed by two steps maximize at
235°C, 390 °C in flow of N; atmosphere, (or at 225 and 280 °C
in flow of air). These two steps, together, represent the major
portion of the weight loss process (37.5 out of 41.9% in flow of
N, and 36.6 out of 43.6% in flow of air) and they are mainly
assignable for the removal of the template. Finally, the fourth
step of the weight loss process, above 550 °C, shows a small
weight loss amounting to <0.1% either in flow of Nj gas or air.
These results are in agreement with the reported mechanism for
template removal that based on Hofmann degradation at low
temperature below 250 °C, which followed by decomposition
and/or combustion reaction above 250 °C [32]. Thus, the peak
observed at 390 °C (in N gas flow) was shifted to 280 °C (in
air flow). Moreover, the peak observed (at 280 °C) in flow of air
was sharper than the one observed (at 390 °C) in flow of N gas.
This may indicate that nature of this step changes from decom-
position into combustion in flow of N; gas or air, respectively.
Fig. 2 shows TGA and DTG curves of the dried 5% CeO,/
MCM-41 precursor in flow of N, atmosphere (top) and in flow
of air (bottom). Total weight loss recorded upon heating over
the temperature range of R7—700 °C was 25.5% in flow of N»
flow (or 29.3% in flow of air). Similar to the above case of
blank MCM-41, results show that the evolution of composite
material also occurred through a four steps process, as shown in
Table 1. The main weight loss steps for the removal of the tem-
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Fig. 2. TGA and DTG curves for the uncalcined 5% CeO,/MCM-41 composite
material in flow of N gas (top), and in flow of air (bottom).
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Table 1
TGA results for the uncalcined blank and 5% CeO,/MCM-41 materials

Samples Temperature range (°C)

A weight loss (%) Peak maximum (°C)

Blank MCM N, atmosphere RT-105
105-320
320-550
550-700

RT-700

RT-125
125-267
267-400
400-700
RT-700

RT-120
120-330
330-650
650-700
RT-700

RT-120
120-325
325-470
470-700
RT-700

Blank MCM air atmosphere

5% CeOp/MCM N; atmosphere

5% CeO/MCM air atmosphere

4.3 -
33.7 235

3.8 390
<0.1 -
41.9

5.1 -
31.0 225

5.6 280

1.9 -
43.6

2.9 -
16.3 235
6.3 465
<0.05 -
255

5.1 -
18.0 215
5.1 375
1.1 -
29.3

500°C

5%Ce0,/MCM-41

Heat Flow (a.u.)

370°c

Blank MCM-41

225°C

T T d T T T T T T T T
0 100 200 300 400 500 600
Temperature (°C)

Fig. 3. DSC curves for the uncalcined blank MCM-41 and 5% CeO,/MCM-41
composite materials in flow of N, gas, as indicated.

plate were characterize by two peaks at 235 and 465 °C in flow
of N, atmosphere, (or at 215 and 375 °C in flow of air). How-
ever, in spite of the appearance of the former peak at about the
same position observed for the blank MCM-41 (Fig. 1), position
of the latter peak largely was delayed for the 5% CeO,/MCM
precursor to be at 465 °C (instead of 390 °C) in flow of N> at-
mosphere or delayed to 375 °C (instead of 280 °C) in flow of air
atmosphere. This delay may be due to the interaction of some
degradation products (from the previous decomposition steps)
with cerium species and formation of some products which sub-
sequently decompose and/or combust at higher temperatures.
DSC results for the analysis carried out at 10°C/min in
flow of Ny for the blank MCM-41 and 5% CeO,/MCM-41
atmosphere are shown in Fig. 3. For the blank MCM-41 pre-
cursor an endothermic peak was observed at 225 °C which fol-
lowed by an exothermic one at 370 °C. These two peaks are
in good agreement with the TGA peaks observed in flow of

N> atmosphere (Fig. 1) which assigned for the two steps re-
moval of the surfactant via Hofmann degradation at 235 °C, and
decomposition and/or combustion reaction at 390 °C. The 5%
CeO2/MCM-41 precursor, as shown in Fig. 3, shows a related
DSC profile that exhibiting an endothermic peak at 225 °C and
an exothermic peak near 370 °C. This is in agreement with the
TGA peaks observed in flow of N, atmosphere (Fig. 1a) and
can be assigned as above. However, two additional exothermic
peaks were observed at 290 and 500 °C, which are related to the
presence of ceria.

Fig. 4 shows FTIR spectra for the uncalcined, Fig. 4 (top),
and the calcined, Fig. 4 (bottom), materials. The spectrum for
the uncalcined blank MCM-41 shows a group of strong in-
tense bands at 3430, 2925, 2855, 1630, and 1475 cm™! and
a group of bands in the region below 1400 cm™!. The bands
at 3430 and 1630 cm™! are assignable for to the starching
and bending modes of adsorbed water molecules, the bands
at 2925 and 2855 cm™! are assignable for the starching mode
of vCH(-CHj3) and vCH(—CH,-) groups [33,34], respectively.
The band at 1475 cm™! is assignable for the bending mode of
8CH(—CH3) and §CH(—CH;-) groups. The group of bands ob-
served below 1400 cm™!, is assi gnable for the framework vibra-
tion of Si-MCM-41 as shown below for the calcined materials.
The spectrum obtained for the uncalcined 5% CeO>/MCM-41
material, Fig. 4 (top), is similar to the spectrum obtained for
the blank uncalcined material and confirms the inclusion of
the template surfactant. Spectrum obtained for the uncalcined
10% CeO,/MCM-41 material (not shown) was identical to the
5% CeO/MCM-41 and confirmed the inclusion of the template
surfactant and showed no additional peaks.

FTIR spectra for the calcined materials are shown in Fig. 4
(bottom). The spectra show that the bands related to the tem-
plate have been removed, and the remaining vibration bands
are characteristic for MCM-41 type of materials [18,20,34].
Thus for the calcined blank MCM-41, spectrum a, as shown
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Fig. 4. FTIR spectra for the uncalcined materials (top) and the calcined mate-
rials (bottom) for (a) blank MCM-41 materials, (b) 5% CeO,/MCM-41, and
(c) 10% CeOr/MCM-41.

in Fig. 4 (bottom), the bands at 3440 and 1635 cm~! are as-
signed to the starching and bending modes of adsorbed water
molecules. The bands at 1224 and 1087 cm~! are assigned
to Va5(Si—O-Si); the band at 956 cm™~! is assigned to v,s(Si—
OH); the band at 800 cm™! is assigned to vs(Si—O-Si); and
the band at 463 cm™! is assigned to §(Si—O-Si). For the cal-
cined 5% CeO>/MCM-41 composite material, Fig. 4 (bottom),
similar group of vibration bands are observed. However, lit-
tle shift toward smaller wavenumbers was recognized for the
3440, and 1635 cm™! bands, which can be taken as an indica-
tion for the insertion of Ce** in the framework of Si-MCM-41
materials. Moreover, there is a change in the intensity of the
954 cm~! band, which indicates structural change for the sur-
face Si—~OH group due to the presence of CeO; species in the
MCM-41 material, and/or due to evolution of a new vibration
band, v,5(Si—O-Ce), which is due to manifest itself at the same
position [18].

Diffuse reflectance UV-vis spectra of calcined blank and
composite materials are shown in Fig. 5. The blank mater-
ial showed no absorption over the examined wavelength range
(200-800 nm) while, the CeO,/MCM-41 composite materials
showed one single band maximize at 290 nm. Moreover, inten-
sity of this band increases on going from 5 to 10% CeO,/MCM-
41 composite, as shown in Fig. 5. In fact, DR UV-vis spec-
troscopy is known as a very sensitive probe for the character-
ization of metal ion coordination of metal containing zeolites.
The position of ligand to metal charge transfer (0>~ — Ce**)
spectra depends on the ligand field symmetry surrounding the
Ce center. Therefore, the technique gives valuable information
about existence of the metal ions in the framework and/or in
the extra framework position [18-20]. It its clear that the elec-
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Fig. 5. Diffuse reflectance UV-vis spectra for the calcined materials as in-
dicated, (a) blank MCM-41 materials, (b) 5% CeOy/MCM-41, and (c) 10%
CeO2/MCM-41.
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Fig. 6. XRD for the calcined materials as indicated.

tronic transitions from oxygen to cerium require higher energy
for a tetra-coordinated Ce** ion than for a hexa-coordinated
one (associated with CeO; species present at extra framework
position), and therefore shorter wavelength (ca. 300 nm) should
be observed for the former and longer wavelength (ca. 400 nm)
should be expected for the latter [18]. Thus, it could be con-
cluded that the presence of one absorption band at 290 nm
for the CeO2/MCM-41 composites is attributed to the pres-
ence of one type of well-dispersed Ce** species (most likely)
in a tetra-coordinated environment. It should be reported here
that as a confirmation, a test sample was made to contain 20%
CeO,/MCM-41, and calcined as for the above composites (at
550°C for 3 h). Diffuse reflectance UV-vis spectrum of this
test sample (not shown) gave a band maximize at 290 nm, how-
ever a clear shoulder was observed at ~360 nm.

XRD patterns for calcined materials, over the range of 26 =
4°-60°, are shown in Fig. 6. The pattern obtained for the cal-
cined MCM-41 silica, reflects the amorphous like nature of
silica, which is normally obtained for MCM-41 materials in this
26 region [20]. Patterns for the calcined composites also, were
dictated by the amorphous-like profile of silica. The pattern for
the 5% CeOy/MCM-41 materials shows no additional peaks,
however, for the 10% CeO,/MCM-41 composite, few weak
broad peaks scarcely can be detected around positions of the
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Fig. 7. Nitrogen adsorption/desorption isotherms for the different calcined ma-
terials as indicated (open symbols for adsorption and closed symbols for des-
orption).

Table 2
Surface area, SggT; BET constant, cggT; total pore volume, Vps and average
pore width, Py for the calcined materials

Calcined SBET CBET Vp? Py
material (cm3/g) (m?/g) A)
Blank MCM-41 1253 54 0.772 21.0
5% CeOr/MCM-41 824 81 0.427 22.5
10% CeOr/MCM-41 726 137 0.515 23.7

4 Total pore volume was measured at p/py = 0.95.

main characteristic lines for ceria at 28.55°, 47.47°, and 56.33°,
respectively, which are corresponding to the (111), (220), and
(311) planes of the cerianite (ceria) structure. These results indi-
cate that finely, divided small nanosized cirea particles might be
formed within the 10% CeO,/MCM-41 composite. However,
the very weak and broad nature of the observed ceria peaks for
the 10% CeO2/MCM-41 composites prevents any accurate es-
timation for the crystallite size to be done.

Nitrogen adsorption isotherms for the blank and composite
MCM-41 calcined materials are shown in Fig. 7. The isotherm
for the blank material can be classified as type IV type of
isotherm, which is characteristic for MCM-41 materials [35].
Thus, at low p/po values the isotherm show a linear increase
of the adsorbed volume which is followed by a steep increase in
nitrogen uptake at relative pressure range 0.20 < p/po > 0.30.
This steep increase is indicative of capillary condensation inside
the mesopores of small size (as shown by pore size distribution
below). The long plateau at higher relative pressures indicates
that there is no pore filling after p/po > 0.30, i.e. at wider
mesopores. Specific surface area amounts to 1253 m?/g, was
calculated for the blank material and further textural data are
cited in Table 2.

Nitrogen adsorption isotherms for the calcined composite
materials are shown in Fig. 7. The isotherms can be classified as
type IV type of isotherms and show characteristics of MCM-41
type of materials; moreover, they are similar to isotherms nor-
mally observed for modified MCM-41 type of materials. Spe-
cific surface areas, Sggr, amount to 824 and 726 m?2 /g, were
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Fig. 8. BJH pore width distributions obtained with the different calcined mate-
rials as indicated.

calculated respectively for the 5 and 10% CeO,/MCM-41 cal-
cined composites. Total pore volume, V},, amounting to 0.427
and 0.515 cm? /g respectively were obtained for the calcined 5
and 10% CeO,/MCM-41 composites. The above results reveal
an increasing adsorption at higher p/pg values, on going from
5 — 10% CeO2/MCM-41 composite. This can be explained in
terms of the increased open surfaces produced due to composite
formation.

Pore width, Py, distributions obtained with the calcined ma-
terials are shown in Fig. 8. For the calcined blank MCM-41
material a mono Py, distribution maximize at 21.0 A was ob-
tained. Similar Py, distributions were obtained with the 5 and
10% CeO>/MCM-41 composite materials, which respectively
maximize at 22.5 and 23.7 A. This indicates that the insertion
of cerium in the framework of MCM-41 led to little widening
of porosity. Pore blockage was not a severe problem up to 10%
CeO; loading and this can be explained in terms of the small
particle size of the formed CeO, phase, and the pores (of MCM-
41) themselves are short and nonintersecting.

SEM micrographs for the calcined blank MCM-41 along
with the 10% CeO,/MCM-41 composites are shown in Figs. 9a
and 9b, respectively. Spherical particles formation was ob-
served for the MCM-41 material, and this spherical morphology
was preserved for the composite materials. No clear ceria ag-
gregates were observed and this indicates that cerium was either
inserted in the framework of MCM-41 and/or forms finely di-
vided ceria particles on the wall of MCM-41 materials. Thus,
indicating that effective dispersion of ceria on the very high sur-
face area spherical MCM-41 material was achieved.

4. Conclusions

The above results confirm that the supporting functions of
MCM-41 materials prepared via a nonhydrothermal method at
room temperature is suitable for the direct preparation of high
surface area CeO2/MCM-41 composite materials of well or-
ganized porosity. The composites were found to preserve the
characteristics of MCM-41 material and pore blockage was not
severe for the 5% or even for 10% of CeO, loading.
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Fig. 9. SEM micrographs for the calcined (a) blank MCM-41 materials, and
(b) 10% CeO,/MCM-41 composite.

The present nonhydrothermal method takes the advantages
of MCM-41, as a support, to stabilize CeO; particles, since
the latter was not able to grow to larger size. Consequently,
any formed particles were present inside pores and particle
growth was limited because species movement to the external
surface was hindered by the nonintersecting porous texture of
the MCM-41 material. However, it should be kept in mined that
the wall structure of MCM-41 type of material, as an ordered
mesoporous silica material, rather resembles amorphous silica,
i.e., shows no specific sites on the surface.
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