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a b s t r a c t
Helical mesoporous silicas containing aluminium or cerium into their framework have been synthesized via hydrothermal method. The synthesized materials were extensively characterized to understand
their physico–chemical properties in view of their future catalytic applications. Low-angle powder XRD
patterns of calcined samples showed a hexagonally ordered mesopore structure. NMR spectra of aluminium materials exhibited two signals at 50 and 0 ppm assigned to tetracoordinated and octahedrally
coordinated Al3+ . DR-UV–vis and XPS spectrum of cerium content materials show that cerium was incorporated as Ce3+ and Ce4+ into the helical mesoporous material. Materials with molar ratios Si/Al = 95 and
Si/Ce = 500 were found to be catalytically active in acid (oxathioacetalisations and alkylations) or redox
(epoxidation of cyclohexene) catalyzed processes, respectively.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Mesoporous materials have attracted a signiﬁcant interest ever
since their discovery owing to their promising properties and
applications [1–5]. Such materials are designed and assembled in
controlled ways with the aim to achieve tunable pore sizes and/or
shapes which are relevant parameters depending on the chosen
application (e.g. molecular transport, adsorption, separation and
catalysis) [6,7].
Tailoring helical nanostructured materials with controlled morphology and helicity through biomimetic synthesis is of remarkable
importance in biology, physics and material science [8–15]. Originally, helical mesoporous silicas were synthesized using chiral
anionic surfactants [6]. Nevertheless, similar morphologies were
recently reported using nonchiral templates under concentrated
ammonia solutions [7]. These purely siliceous materials are however intrinsically catalytically inactive due to the lack of active sites
on their structure.
The incorporation of chemical functionalities into mesoporous
silicas has been achieved by means of various strategies. These generally include post-synthesis methods (e.g. ion exchange, grafting)
or in situ co-condensation methods carried out during the synthesis of the mesoporous material (e.g. substitution of Si by other
elements including Al, Fe, Ti, Ce, etc.) [8–12].

We recently developed an unique protocol for the introduction
of catalytic quantities of Al into helical nanostructured silica materials by a simple methodology [16]. In a one-step approach, a metal
precursor could be solubilized in the surfactant solution immediately prior to silica polymerization and subsequent template
removal rendered metal containing helical mesoporous silica with
high surface areas. The metal was brought directly into the pore
walls, being highly accessible to the reactants and thus catalytically
active in the oxathiacetalisation of cyclohexanone [16].
This simple methodology could in principle be extended to the
catalytic incorporation of related metals into the helical materials
(e.g. Ti, Ce) which could also provide redox sites for (ep)oxidation
reactions [17,18].
In this manuscript, we report the catalytic incorporation of Aland Ce- into helical mesostructured silica materials and the activity
of the synthesized materials in acid (oxathiacetalisation of carbonyl
compounds and the alkylation of toluene with benzyl chloride) and
redox (oxidation of cyclohexene) catalyzed processes. The most
important advantage of the reported protocol is the presence of
Al and Ce in very low quantities which are however catalytically
active.
2. Experimental
2.1. Materials
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Tetraethylorthosilicate (TEOS, 98%) and hexadecyltrimethylammonium bromide (C18 TAB, >99%) were used as silica source and
structure-directing agent, respectively. Aqueous ammonia solution
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(NH4 OH, 30%) was also used in the synthesis of the materials. Aluminium chloride (AlCl3 ·6H2 O) and cerium nitrate (Ce(NO3 )3 ·6H2 O)
were selected as metal precursors. All chemicals were purchased
from Aldrich and used as received without further puriﬁcation.
2.2. Synthesis of Al- or Ce- helical mesoporous materials
Mesoporous materials were synthesized by hydrothermal synthesis procedure. The methodology employed is a variation of the
classical MCM-41 synthesis but using vigorous stirring, high ammonia concentration and low quantities of metal sources as recently
reported elsewhere [16].
Al- or Ce- containing helical mesoporous silicas materials were prepared using a facile one-pot method. In a typical
synthesis procedure, 0.96 g cetyltrimethylammonium bromide
(CTABr, 2.6 mmol) (Fluka, ≥96.0%) was dissolved in 300 mL of
aqueous ammonia solution (Sigma–Aldrich, NH4 OH 30 wt%)
at 40 ◦ C. 4.8 mL of tetraethoxysilane (9 mmol, Aldrich, 98%)
and different quantities of the metal precursor AlCl3 ·6H2 O
(Sigma–Aldrich, 99%) or Ce(NO3 )3 ·6H2 O were then added to
the solution. The ﬁnal composition of the synthesis gel was
1SiO2 :0.12CTABr:90NH4 OH:490H2 O:xAlCl3 ·6H2 O/Ce(NO3 )3 ·6H2 O,
where x varied from 0.005 to 0.01 for the particular case of the
aluminum precursor (corresponding to Si/Al molar ratios of 95 and
190, respectively) and 0.002–0.001 for cerium (corresponding to
Si/Ce molar ratios of 500–1000). This procedure is a modiﬁcation
of that reported by Ying et al. [7], which describes the synthesis
of helical mesoporous silica materials (HMM) using nonchiral
surfactants. In their report authors suggest that the helicity of the
samples is a consequence of the repulsive interaction between
ammonium ions and the head groups of cationic surfactants due
to the high ammonia concentration.
The ﬁnal mixture was then reacted at 40 ◦ C for 3 h under stirring (600 rpm), and then transferred to a Teﬂon lined stainless steel
autoclave where it was subsequently heated at 100 ◦ C for 24 h. Upon
cooling at room temperature (RT), the solid product was thoroughly
washed ﬁrst with water and then with ethanol to remove possible chloride ions remaining in the solution, ﬁltered off, and dried
overnight. The surfactant was eventually removed by calcination
at 550 ◦ C for 8 h (2 ◦ C min−1 ) under static air atmosphere.
Materials were denoted as Al- or Ce-HMM, where HMM stands
for helical mesoporous materials. Helical materials with homogeneous metal incorporation were obtained for Al contents up to
molar ratios of Si/Al = 95 (Si/Al molar ratios of 70 and below rendered non helical mesostructures) [16], while Si/Ce ratios had to be
up to 450 to obtain helical materials.
2.3. Materials characterisation
The porosity of the materials was measured by N2 adsorption
at 77 K in an AUTOSORB-6 apparatus. Samples were previously
degassed for 5 h at 373 K at 5 × 10−5 bars. BET surface area was
estimated by using multipoint BET method and the adsorption
data in the relative pressure (P/P0 ) range of 0.05–0.30. The pore
size distribution was calculated from the adsorption branch of the
N2 physisorption isotherms using the Barret–Joyner–Halenda (BJH)
method. The mesoporous volume was worked out from the cumulative pore volume distribution curve.
The morphology of the mesoporous materials was investigated
by transmission electron microscopy (TEM) using a JEM-2010
microscope (JEOL, 200 kV, 0.14 nm of resolution). Samples for
TEM analysis were prepared by dipping a sonicated suspension
of the sample in ethanol on a carbon-coated copper grid. The
digital analysis of the TEM micrographs was performed using
DigitalMicrographTM 3.6.1. by Gatan.

SEM analysis of all materials, previously covered with gold, was
carried out using a JM-6400 microscope (JEOL).
Low-angle powder X-ray diffraction (XRD) analysis was carried
out with a Philips PW3040/00 diffractometer using a CuK␣ radiation ( = 1.54056 Å), operating at 40 kV and 30 mA, at a scanning
velocity of 0.03◦ /min in the 0.7◦ < 2 < 10◦ range.
Fourier transform infrared spectroscopy (FTIR) analyses were
performed on a Bruker IFS 66 spectrometer equipped with a DLaTGS
detector. The spectra were recorded with a 2 cm−1 resolution in
a wavenumber range from 4000 to 400 cm−1 . FTIR analysis was
recorded directly placing the solid sample in the ATR (golden gate)
instrument.
The electronic states of cerium species were determined by
X-ray Photoelectron Spectroscopy (XPS) in a VG-Microtech Multilab equipment, equipped with a MgKalfa (hv: 1253.6 eV) radiation
and a pass energy of 50 eV. The analysis pressure during data
acquisition was 5 × 10−7 Pa. A careful deconvolution of the spectra was made and the areas under the peaks were estimated by
calculating the integral of each peak after subtracting a Shirley
background and ﬁtting the experimental peak to a combination
of Lorentzian/Gaussian lines of 30–70% proportions. The reference
binding energy (BE) was the C 1s peak at 284.6 eV.
DR-UV–vis spectra of the materials were recorded using a
UV–vis spectrophotometer AGILENT 8453 in a wavelength range
from 200 to 600 nm.

2.4. Catalytic experiments
Catalytic experiments were performed using the as-synthesized
Al(Ce)-HMM materials. For comparison purposes, commercial samples of Al-MCM-41 (Si/Al molar ratio = 60) and Amberlyst 15 as
well as H-Y (SiO2 /Al2 O3 ratio 20) and H-ZSM-5 (SiO2 /Al2 O3 molar
ratio = 30) were purchased from Sigma–Aldrich and Zeolyst Inc.,
respectively. All materials were tested in the catalytic experiments
as purchased. Ce-MCM-41 (Si/Ce = 125) and Ti-MCM-41 (Si/Ti = 80)
were also synthesized using previously reported protocols [19,20]
and employed in the epoxidation of cyclohexene for comparative
purposes.
Microwave experiments were performed on a CEM DISCOVER
microwave reactor with PC control and monitored by sampling
aliquots of reaction mixture that were subsequently analyzed by
GC/GC–MS using an Agilent 6890N GC model equipped, with a
7683B series autosampler, ﬁtted with a DB-5 capillary column and
an FID detector. Experiments were conducted on a closed vessel
(pressure controlled) under continuous stirring. The microwave
method was generally power-controlled where the samples were
irradiated with different power outputs (e.g. settings at maximum power, 300 W) to achieve the desired temperature (100 ◦ C).
Response factors of the reaction products were determined with
respect to the original starting materials from GC analysis using
known compounds in calibration mixtures of speciﬁed compositions.

2.4.1. Microwave-assisted oxathioacetalisation of carbonyl
compounds
In a typical run, 5 mmol substrate, 10 mmol 2-mercaptoethanol
and 0.05 g catalyst were placed on a microwave CEM-Discover reaction vessel and microwaved for 2 min at 300 W. The ﬁnal mixture
was then extracted and analyzed by GC/GC–MS.

2.4.2. Microwave-assisted cyclohexene oxidation
The catalytic oxidation of cyclohexene was performed as
follows: 2 mmol cyclohexene, 4 mmol tert-butylhydroperoxide
(TBHP) and 0.1 g catalyst were placed into a tube and microwaved
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Fig. 1. TEM micrographs of (a) Al-HMM (Si/Al = 95), scale bar in the inset = 0.2 m and (b) Ce-HMM (Si/Ce = 500), scale bar in the inset = 100 nm, at two different magniﬁcations.

for 30 min at 300 W. The ﬁnal mixture was then extracted and analysed by GC/GC–MS.

3.1. Catalyst characterisation

and/or extraframework positions of metal containing zeolites [20].
UV–vis spectra of calcined Ce-HMM samples are shown in Fig. 7. The
materials exhibited absorption bands with max at 265 and 300 nm
in the near ultraviolet region from 200 to 400 nm. Bensalem et al.
[29] have reported that the charge transfer transition of O2− → Ce3+
takes place at 265 nm and that of O2− → Ce4+ is occurring at 300 nm.
These transitions are nearly coincident with observations for the

Representative TEM micrographs of the Al-HMM with a molar
ratio Si/Al = 95 as well as a Ce-HMM silica with a Si/Ce = 500 molar
ratio are presented in Fig. 1.
TEM tilt series from −30◦ to +30◦ at an interval of 10◦ have been
also included in Fig. 2. These images support the claimed helicity
in the materials and depict an intermittent appearance of lattice
fringes along the rods with a constant period, which indicate the
presence of spiral channels within the rods. SEM images of the
Al-HMM sample were also in good agreement with the observed
helical nanostructures at low metal content, illustrating a tubularlike morphology of rods (Fig. 3).
TEM images of physical mixtures Al2 O3 -HMM (Si/Al = 95) and
CeO2 -HMM (Si/Ce = 500), prepared for comparative purposes, have
also been shown in Fig. 4. The comparison between Figs. 4 and 1
clearly show the incorporation of aluminium and cerium species
within the framework of the helical nanostructures as compared to
the noticeable metal oxide species present in the physical mixtures.
FTIR spectra of Al-HMM and Ce-HMM samples are depicted in
Fig. 5a and b, respectively. The broad band around 3500 cm−1 can be
assigned to –OH stretching of water and surface hydroxyl groups
[21]. The peak at 1040 cm−1 is due to the asymmetric stretching
modes of Si–O–Si groups [20,22]. In Al-HMM samples, the band
at 970 cm−1 is assigned to vibrations of Si O Al bonds. This band
appears at 980 cm−1 in Ce-HMM materials [23]. However, these
bands are overlapped with the peak due to Si–OH stretching vibrations [24]. In any case, the aforementioned observations further
suggest the metal incorporation into HMM lattice positions, in good
agreement with previous studies [25].
Solid-state 27 Al MAS spectra of calcined Al-HMM samples also
exhibited two signals at 50 and 0 ppm assigned to tetracoordinated
and octahedrally coordinated Al3+ , respectively (Fig. 6) [26]. Al was
interestingly found to be partly in octahedral coordination which
has been generally reported to the presence of extraframework
species that can inﬂuence the catalytic properties of the materials
[27,28].
Diffuse reﬂectance UV–vis spectroscopy has been reported to
be a very sensitive technique for the identiﬁcation and characterisation of metal ion coordination and its presence in framework

Fig. 2. TEM images of Al-HMM (Si/Al = 190) sample taken at the tilt angles indicated.
The tilt axis is parallel to the rod axis.

3. Results and discussion
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Fig. 3. SEM image of Al-HMM (Si/Al = 190) sample.

present samples. Hence, materials in principle have both Ce3+ and
Ce4+ sites within the HMM framework [30]. These results have also
been supported by XPS spectra of the materials, depicted in Fig. 8.
Spectra obtained for the different materials could be deconvoluted
into various components at typical binding energies for Ce3+ and
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Fig. 6. 27 Al MAS NMR offset spectra of Al-HMM and Al-MCM samples with different
quantities of Al3+ . The nominal Si/Al molar ratio of the metal in each sample is (a)
Al-HMM (Si/Al = 190), (b) Al-HMM (Si/Al = 95) and (c) Al-MCM (Si/Al = 60). Spectra
for (b) and (c) samples are vertically offset for clarity.

Ce4+ species. Ce3+ species provided 2 bands at 885 and 905 eV
corresponding to Ce 3d5/2 and 3d3/2 , respectively [30,31]. Comparatively, characteristic bands in the 880–890 eV (Ce 3d5/2 ), 900–910

Fig. 4. TEM images of samples prepared by physical mixtures of the corresponding oxides: (a) Al2 O3 -HMM (Si/Al = 95) and (b) CeO2 -HMM (Si/Ce = 500).
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Fig. 5. FTIR spectra of (a) Al-HMM (Si/Al molar ratio = 190 and 95) and (b) Ce-HMM (Si/Ce molar ratio = 1000 and 500) as compared with the parent HMM material and the
physical mixtures of the corresponding oxides Al2 O3 -HMM (Si/Al = 95) and CeO2 -HMM (Si/Ce = 500).

A.I. Carrillo et al. / Applied Catalysis A: General 435–436 (2012) 1–9

Absorbance (a.u.)

CeO2- HMM-500
Ce-HMM-500
Ce-HMM-1000
HMM

250

300

350

400

450

500

550

600

5

HMM isotherms proﬁles regardless of the presence or absence
of metal into their structure (Fig. 9). Although Al-HMM materials exhibited slightly better textural properties than the Ce-HMM
samples. Comparatively, surface areas and pore volume decreased
at increasing cerium contents (with as low as Si/Ce = 500), which
on the contrary pointed to a loss of long range order in the materials most probably due to the larger size of Ce4+ as compared to
Si4+ (repulsion of the larger cations leads to a decreased stability of
the materials). These results were also in good agreement with the
observed increased in wall thickness and unit cell parameter (a0 )
values for Ce-HMM materials (Table 1). Similar observations were
also previously reported on the incorporation of various metal ions
into MCM-41 materials [20,22,33].
Both Al- and Ce-HMM also maintained a typical 2-D hexagonal mesopore arrangement, showing the three distinctive (1 0 0),
(1 1 0), and (2 0 0) X-ray diffraction lines which indicate a well
ordered hexagonal mesoporosity in the materials (Fig. 10).

Wavelength (nm)
3.2. Catalytic tests
Fig. 7. Diffuse reﬂectance UV–vis spectra of Ce-HMM (Si/Ce molar ratio = 1000 and
500) samples as compared with the parent HMM material and the physical mixture
of the corresponding oxide CeO2 -HMM (Si/Ce = 500).

(Ce 3d5/2 and Ce 3d3/2 ) and 917 eV (3d3/2 ) could be attributed to
Ce4+ species, in good agreement with previous studies [30,32] and
results obtained for DR-UV–vis spectral analysis.
Interestingly, the metal incorporation on the helical mesoporous silicas did not have any major inﬂuence on their
adsorption properties. All materials possessed almost identical

The catalytic activity of the materials was subsequently investigated into various acid and redox catalysed processes.
3.2.1. Evaluation of Al-HMM type silicas
We initially reported the activity of Al-HMM systems in the
microwave-assisted oxathioacetalisation of cyclohexanone and
related ketones [16] which provided good to excellent yields to
products in a short time of reaction for the particular case of the

Table 1
Textural parameters of Al-HMM materials as compared with the parent helical material (HMM).
Sample

dp a (nm)

ab (nm)

bd c (nm)

HMM
Al-HMM (Si/Al = 190)
Al-HMM (Si/Al = 95)
Ce-HMM (Si/Ce = 1000)
Ce-HMM (Si/Ce = 500)

2.7
2.7
2.7
2.8
2.8

4.7
4.7
4.6
4.8
4.9

2.0
2.0
1.9
2.0
2.1

a
b
c
d
e

ABET d (m2 /g)

Vpore e (cm3 /g)

880
1080
1020
990
730

0.8
1.0
1.0
1.0
0.7

Average pore diameter from the adsorption branch according to the BJH method.
Unit cell parameter from XRD measurements.
Estimated wall thickness obtained from bd = a − d.
BET surface area estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0 ) range of 0.05–0.30.
Mesopore volume calculated from the adsorption branch of the nitrogen isotherm using the BJH method.

Table 2
Catalytic activity of Al-HMM with a Si/Al = 95 in the oxathioacetalisation of carbonyl compounds with 2-mercaptoethanol under microwave irradiation.a
Entry

Substrate

Product

Time of reaction (min)

Conversion (mol%)

2

94

5

89

5

96

2

99

2

90

2

99

S

O

O

1

O
O
S

2

O

S

O

3

O

CHO

S

4

O

O

O
CHO

S

5

O
6

CHO

S

5 mmol substrate, 10 mmol 2-mercaptoethanol, 0.05 g catalyst, microwaves, 300 W (60–80 ◦ C maximum temperature reached). Carbon balance of products found was
>99% of the starting materials. Selectivities >99% to products (only product formed in the reaction).
a
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Binding energy (eV)
Fig. 8. XPS spectra of Ce-HMM (Si/Ce molar ratio = 1000 and 500) samples as compared to CeO2 .

higher loaded Al-HMM (Si/Al = 95) (Table 2). Al-HMM were also
highly reusable under the investigated reaction conditions, preserving over 90% of their initial activity after 4 uses (Fig. 11). Since
there was some catalyst loss in every cycle, we initially loaded double amount of catalyst (0.1 g) to perform the reusability tests. On the
other hand, Al-HMM (Si/Al = 190) catalyst resulted in a signiﬁcant
drop in activity (26%), in good agreement with the lower Al content (0.5 wt%) with respect to the catalyst with Si/Al = 95 (1 wt% Al).
Both catalysts show similar textural properties and morphology.
Anyway, Al-HMM catalysts with Si/Al = 190 were found to provide
at least comparable activities to those of commercially similar solid
acid catalysts (e.g. Al-MCM-41) with a higher amount of acid sites
[16].

Al-HMM materials were also found to be highly active and selective in the Friedel-Crafts alkylation of p-xylene with benzyl chloride
under microwave irradiation (Table 3). This acid catalysed process
has been reported to be preferentially promoted by Lewis acid sites
[34]. Liquid-phase Friedel-Crafts alkylations are key processes to
the synthesis of building blocks in organic synthesis for the preparation of important intermediates in the pharmaceutical [10,35]
and ﬁne chemical industries [13–15,36–38]. In this regard, the utilisation of a helical nanostructured material containing catalytic
quantities of Al in this reaction instead of the traditional Lewis
acids will be of great interest from the green chemistry viewpoint.
Remarkably, the Al-HMM solid with Si/Al molar ratio of 95 showed
two-fold conversion values than the Al-MCM-41 material with
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Table 3
Catalytic activity of Al-HMM and Al-MCM41 materials in the alkylation of p-xylene with benzyl chloride under microwave irradiation.

.
Al-MCM-41 (Si/Al = 95)
Time (min)
Tmax (◦ C)
Selectivity (mol%)
Conversion (mol%)

15
109
100
12

30
116
100
28

60
116
100
42

Al-HMM (Si/Al = 95)

Al-HMM (Si/Al = 190)

60
122
100
88

60
122
100
26

Reaction conditions: 0.01 g catalyst, 1 mL p-xylene, 0.1 mL benzyl chloride, 300 W (maximum power output).

3.2.2. Evaluation of Ce-HMM type silicas
Comparatively, Ce-HMM materials were investigated in a model
catalytic redox process such as the epoxidation of cyclohexene with
tert-butylhydroperoxide (TBHP) (Scheme 1).
This reaction has been previously reported to work efﬁciently
with Ti [19,40], Nb [41] and V [40,42] containing mesoporous materials but to the best of our knowledge there are no reports on low
loaded Ce-containing materials in the epoxidation of cyclohexene.
Results included in Fig. 12 show Ce-HMM materials were moderately active and very selective in the investigated oxidation
of cyclohexene. Activities were remarkably superior to those of

600

500

Ce-HMM
Al-HMM
HMM

400
10

300
dV/dlog (d) (cc/g)

V (cc/g, STP)

similar Si/Al ratio at identical reaction conditions (88 vs 42%,
Table 3). Suzuki et al. [39] recently reported a systematic study
on the correlation between nanoparticle sizes in mesoporous silica and their activity in the nitroaldol condensation reaction. The
catalytic activity of the nanoparticles increased as their particle
size decreased due to the presence of a higher proportion of mesopores located near the particle surface. Al-HMM and Al-MCM with
Si/Al = 95 catalysts showed similar textural parameters and thus the
accessibility of acid sites could be correlated to particle sizes rather
than with morphology. Particle diameter decreases from several
hundred of nanometers (in the case of MCM-41 materials) to ca.
80 nm (for helical catalysts) thus increasing the accessibility of acid
sites and, consequently, the catalytic activity.
Finally, all materials have an almost identical low intrinsic acidity, which was slightly higher in Al-MCM-41 materials as compared
to Al-HMM. In all cases, the reactions provided a complete selectivity to the main reaction product 2-benzyl-1,4-dimethylbenzene
(Table 3).

200

100

8
6
4
2
0
1

0
0.0

0.2

0.4

2

0.6

3
dp (nm)

0.8

4

5

1.0

P/Po
Fig. 9. Representative nitrogen adsorption isotherms and their corresponding pore
size distribution of Al-HMM (square, Si/Al = 95), Ce-HMM (circles, Si/Ce = 500) and
helical material HMM (triangles).

Ce-MCM-41 materials with higher cerium loading (Si/Ce = 60,
Fig. 12a) prepared using conventional methodologies, thereby
demonstrating the improved effect of the metals on the helical mesostructures as compared to analogous metal-containing
MCM-41 materials. Ce-HMM (Si/Ce = 500) showed a good epoxidation activity at very short times of reaction (30 min, Fig. 12 b)
even operating at low microwave powers (150 W, Fig. 12d) and
very low loadings (0.1 g, Fig. 12c). From the different investigated

Fig. 10. X-Ray diffraction patterns of samples: (a) parent HMM material; (b) Al-HMM (Si/Al = 190); (c) Al-HMM (Si/Al = 95); (d) Ce-HMM (Si/Ce = 1000); (e) Ce-HMM
(Si/Ce = 500). Spectra for (b) and (c) samples are shifted for clarity.
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TBHP

O

Catalizador
Catalyst
Catalyst
Scheme 1. Epoxidation of cyclohexene catalyzed by Ce-HMM materials.

Fig. 11. Reuses of the Al-HMM (Si/Al = 95) catalyst in the oxathioacetalisation of cyclohexanone. Reaction conditions: 10 mmol cyclohexanone, 20 mmol
2-mercaptoethanol, 0.1 g catalyst, microwaves, 300 W, 2 min, 70 ◦ C (maximum temperature achieved).

parameters, the quantity of catalyst (up to 0.1 g) and most importantly the time of reaction were found to be critical to be controlled
in order to maximise the conversion to cyclohexane oxide in the
systems in a reaction which was completely selective to the main
target product, with only very minor quantities observed of the diol
in most cases (<15%, obtained via hydrolysis of cyclohexane oxide).
Optimised conditions provided a ∼60% conversion of starting material with a 80–85% selectivity to cyclohexane oxide after 30 min of
reaction under microwave irradiation.
4. Conclusion
The incorporation of low quantities of Al and Ce into helical
nanostructures has been successfully conducted by hydrothermal
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Ce-MCM41 (Si/Ce = 60) material. (b) Effect of reaction time for Ce-HMM (Si/Ce = 500). Catalyst loading of 0.1 g Ce-HMM (Si/Ce = 500) and 200 W microwave power. (c) Effect
of catalyst loading for Ce-HMM (Si/Ce = 500). 30 min reaction time and 200 W microwave power. (d) Effect of microwave power for Ce-HMM (Si/Ce = 500). Catalyst loading
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method. The materials obtained were found to have improved
catalytic properties in a range of reactions including the oxathioacetalisation of various ketones and the alkylation of xylene with
benzyl chloride (for Al-HMM materials) as well as in the selective
oxidation of cylohexene with TBHP (for Ce-HMM materials) under
microwave irradiation. The activity of the materials was in all cases
comparable and/or higher to those of non-helical metal containing MCM-41 materials, despite their low metal loadings, which is
believed to be due to the accessibility of the active sites in the helical
morphology.
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