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Abstract We report the sol–gel preparation of SiO2/

montmorillonite composite materials and the investigation

of the effect of the amount of clay and the TEOS con-

centration on the textural and structural properties of the

composites. Pre-swelling of the clay with cetyltrimethyl

ammonium results in solids with a larger mesoporous

surface area. A decrease in the gel time and an increase in

the surface area were observed upon increasing the amount

of clay in the reaction medium. These porous solids

showed acidic properties, and their acidities were corre-

lated with the amount of the clay mineral. The obtained

composites were functionalized by adding manganese, and

their catalytic properties were evaluated in the cyclohexene

oxidation reaction.

Graphical Abstract

& Tesnime Abou Khalil

tttesnime@yahoo.fr

1 Laboratoire de Chimie des Matériaux et Catalyse, Faculté des
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1 Introduction

Smectite clay minerals have many advantages such as high

cation exchange capacities and high swelling potentials [1].

Swelling can be used to allow access to the internal surface

of the clay, but the collapse of the swollen layers upon

drying results in the loss of this accessibility. This situation

can be avoided by ‘‘pillaring’’ the clay layers, i.e., by the

introduction of thermally stable pillars that prevent the

interlayer spaces from collapsing and generate a two-di-

mensional porous material (PILC’s) [2]. In this case, the

inner surface of clay mineral layers remains accessible

after calcination, making PILC’s interesting solids for

catalytic applications. Adsorption and catalysis studies on

pillared clays have shown that the active sites arise mainly

from the pillars [3, 4]. Our study on the acidity of clay

intercalated with sulfated zirconia pillars [5] has shown

that this material has possible applications in acid catalysis

provided that the molecules involved are not too volumi-

nous. Indeed, for several reactions, the narrow size of the

interlayer space (in the microporous range) limits the dif-

fusion of voluminous molecules to the active sites and is

therefore responsible for the low activity of these catalysts.

For this reason, the preparation of materials with a hier-

archically structured porosity becomes an objective for

applications in adsorption or catalysis.

To this end, we have developed, in the present work, a

sol–gel method for preparing new SiO2/clay composite

materials. The sol–gel method has been extensively used

for the preparation of a wide variety of materials with

controlled pore size and surface area [6]. Mesoporous silica

particles synthesis has often been reported using different

organic molecules as template: organic acids [7], surfac-

tants [8], amines [9] and sugars [10]. In nanotechnology,

the preparation of clay/polymer nanocomposites is now a

mature field of research. These hybrid materials often lead

to superior performances over individual organic polymers

or conventional filled composites [11]. In this work, we

prepared clay/inorganic polymer nanocomposites, using

tetraethoxysilane as the monomer and montmorillonite as

the clay. The objectives of this study are (1) to investigate

the effect of the clay mineral on the formation of the silica

framework, (2) to examine the effect of the silica precursor

on the delamination of the clay layers and (3) to search for

a synergetic effect of the interaction between silica and

clay layers on the porosity, acidity and catalytic activity.

This approach is different from the one used for the porous

clay heterostructures (PCH) preparation [12–14] which

also involves sol–gel reactions and clay minerals. In the

PCH preparation, smectite clay is swollen with a surfactant

and the silica source is allowed to hydrolyze and conden-

sate around the surfactant micelles, within the interlayer

gallery. In this work, sodium and alkylammonium-ex-

changed montmorillonite were used, but, unlike the pil-

laring approach or PCH preparation, the sol–gel process

leads to a silica network with random dispersion of clay

layers (the goal being to increase the fraction of the me-

soporous surface).

2 Experimental

2.1 Preparation of Na–montmorillonite

The clay used for this study is a Wyoming montmorillonite

provided by the Source Clay Minerals Repository

(University of Missouri, Columbia). The clay was sodium-

saturated by three exchanges in 1 mol L-1 aqueous solu-

tions of NaCl (4 g of clay mineral in 100 mL) and then

washed until free of chloride ions. The size fraction below

2 lm was recovered by decantation and dried.

2.2 Preparation of CTMA–montmorillonite

Na–montmorillonite (2.5 g) was stirred with distilled water

(250 mL) for 24 h. Cetyltrimethylammonium bromide

(CTMAB; 1.15 g) was added to the suspension. The mix-

ture was stirred for 3 h. The suspension was then treated in

an ultrasonic bath for 1 h, washed until free of bromide

ions, centrifuged and then dried overnight at 70 �C.

2.3 Synthesis of the SiO2/clay composites

Solutions with different concentrations of TEOS in ethanol

were prepared using 4 g of TEOS with variable ethanol

volumes. A certain amount of Na–montmorillonite or

CTMA–montmorillonite was added to the TEOS solution.

After 24 h of stirring, 1.44 mL of 0.8 mol L-1 aqueous

HCl solution was added to the suspension and the mixture

was stirred at 70 �C under reflux until the formation of a

gel. This gel was dried at 70 �C and calcined at 600 �C
under oxygen for 3 h (heating rate 2 �C min-1). Table 1

cites the conditions used for different preparations, where

m is the mass (g) of clay mineral for 4 g of TEOS.

2.4 Catalysts preparation

During 1 h, 2 g of fumed silica (Sigma-Aldrich) or B1 solid

was stirred in 200 mL of distilled water. Then, 200 mL of

manganese (II) perchlorate (Mn(ClO4)2 6H2O) aqueous
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solutions with different concentrations (10-2, 5 9 10-2

and 0.1 mol L-1) was added to the suspension, which was

stirred for 24 h. The pH values were below 4 for all sus-

pensions. The solid phase was recovered by centrifugation,

washed with 20 mL of distilled water, dried at room tem-

perature and calcined under oxygen at 500 �C with a

heating rate of 4 �C min-1. Retained manganese was

analyzed by X-ray fluorescence or after dissolution by ICP.

2.5 Characterization

BET surface area and pore size distributions were mea-

sured by N2 adsorption/desorption at 77 K using a Mi-

cromeritics surface area analyzer (ASAP 2000). Prior to

analysis, all samples were degassed at 200 �C under

vacuum. The average pore diameters of the different

samples were determined by the BJH method applied to the

adsorption isotherm. The microporous surface area was

evaluated using the t-plot method. FTIR measurements

were taken with a PerkinElmer Spectrum XT infrared

spectrometer using KBr pellets. The XRD patterns were

obtained using a Philips PW 1730/10 X-ray diffractometer

with CuKa radiation. Fluorescence measurements were

taken on a Spectro XEPOS EDXRF and ICP measurements

on a Horiba Jobin–Yvon (Activa) apparatus. Temperature-

programmed desorption of ammonia (NH3 TPD) was per-

formed with a Micrometrics Autochem 2910 equipped with

a thermal conductivity detector. The powdered samples

(ca. 200 mg) were heated under He from RT to 600 �C at a

rate of 1 �C min-1 and kept under He for 1 h. The tem-

perature was then decreased to 150 �C under He, and 5 %

NH3/He was flushed on the sample for 30 min at this

temperature. Afterward, loosely bonded NH3 was removed

by flowing He on the sample at 150 �C for 1 h. Desorbed

NH3 was observed from 150 to 600 �C. The morphologies

of the solids were observed using a JEOL100CX trans-

mission electron microscope (TEM).

2.6 Catalytic testing for cyclohexene oxidation

reaction

The reactions were carried out at 40 �C under constant

stirring in a 50-mL round-bottom flask equipped with a

reflux condenser. The composition of the reaction medium

was 0.25 mL of cyclohexene, 0.1 mL of toluene (internal

standard), 5.0 mL of dichloromethane (solvent) and 0.1 g

of the heterogeneous catalyst. Under nitrogen, 0.5 mL of

t-BuOOH, the oxidizer, was added to the stirred solution.

After 24 h, products were collected and analyzed by cap-

illary gas chromatography (Agilent GC).

Table 1 Experimental conditions of different prepared materials

Sample [TEOS] (mol L-1) morganic montmorillonite (g) Sample [TEOS] (mol L-1) morganic clay mineral (g)

A0.5 2 0.5 B0.8 0.8 1.5

A1 1 B1 1

B1.2 1.2

A1.5 1.5 B1.4 1.4

B1.6 1.6

A2 2 B1.8 1.8

B2 2

Sample N: [TEOS] = 2 mol L-1 and mNa–montmorillonite = 1.5 g

Sample S: [TEOS] = 2 mol L-1 and mmontmorillonite = 0 g

Fig. 1 XRD patterns of a Na–montmorillonite, b CTMA–montmo-

rillonite, c A1.5 before HCl addition, d A1.5 after gelation, e N sample

after gelation and f A1.5 after calcinations at 600 �C
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3 Results and discussion

3.1 X-ray diffraction

The X-ray diffraction patterns of Na–montmorillonite,

CTMA–montmorillonite, A1.5 before gel formation, N and

A1.5 after gel formation and A1.5 after calcination are

shown in Fig. 1. The basal spacing d001 of the Na–

montmorillonite is 11.6 Å (Fig. 1a). As expected, the

modification of the montmorillonite with cetyltrimethyl

ammonium increases the d001 distance to 18.3 Å

(Fig. 1b). According to surfactant arrangement models,

this result matches the lateral-bilayer model [15, 16]. The

solid obtained after stirring the mixture of TEOS and

organic clay for 24 h (no HCl addition) shows a (001)

reflexion at 17.7 Å (Fig. 1c). The presence of the TEOS

molecules seems to only slightly change the distribution

of CTMA? in the interlayer space. The peak at 17.7 Å

disappears after addition of the HCl solution and forma-

tion of the gel, and a weaker peak is observed at 14 Å

(Fig. 1d). The basal spacing of 14 Å might correspond to

H?–montmorillonite [17]. When the HCl solution was

added to the CTMA–montmorillonite suspension, a partial

H?/CTMA? exchange may have taken place, inducing a

partial collapse of the clay layers. This 14 Å basal spac-

ing can also be attributed to CTMA–montmorillonite with

the monolayer model [13, 14].

In any case, the disappearance of the intense and sharp

d001 peaks at 18–17 Å shows that the well-stacked CTMA–

montmorillonite layers have been drastically disturbed by

the gel formation. This is probably the result of a disor-

dered inorganic polymerization of TEOS entities between

the montmorillonite layers. When Na–montmorillonite was

used instead of CTMA–montmorillonite, the gel formation

did not seem to disturb the stacking of the clay mineral

since d001 = 12.7 Å (Fig. 1e), indicating a Na-smectite

with one-water-layer hydration state [18].

Therefore, the presence of alkylammonium in the in-

terlayer space improves the access of TEOS to the internal

layer surface. The use of a pre-swelled clay mineral pro-

vides a better clay delamination. After calcination of the

A1.5 sample at 600 �C, a very weak peak at 9.5 Å remains

(Fig. 1f). This peak likely corresponds to the thickness of

the T-O-T layers. This allows us to conclude that the layer

stacking that gave the peak at 14 Å before calcination

collapses totally after calcination. This collapse is due to

either the dehydration of the interlamellar space of the H?–

montmorillonite fraction or the total decomposition of in-

terlamellar organic species. After calcination, the absence

of the in-plane 060 reflection, around 2h = 60�, charac-

teristic of the clay mineral layer, suggests an important

dehydroxylation of the clay layers.

The effect of the TEOS concentration on the structure of

the prepared solids before and after calcination was ex-

amined by XRD (Fig. 2). The diffractograms of the seven

samples are similar to those of A1.5 with the d001 reflection

located around 13.8 Å for dried solids and around 9.7 Å

after calcination at 600 �C.

The effect of the amount of clay mineral was also in-

vestigated on samples prepared with constant TEOS con-

centration (2 mol L-1). The intensity of the 001 reflection

(Fig. 3), which can be associated with stacked (non-de-

laminated) layers, increases with the amount of CTMA–

montmorillonite. The delamination would be more efficient

when the clay mineral layers are better dispersed, resulting

in lower d001 peak intensity.

3.2 Textural properties and gel time

The N2 adsorption–desorption isotherms at 77 K of some

of the calcined samples are shown in Fig. 4, and surface

areas and gel times of prepared silica–clay composites are

presented in Table 1.

The sample prepared without clay mineral (S) gives a

type I isotherm with a H4-type hysteresis (Fig. 4e), indi-

cating that this sample is mainly microporous. BJH ana-

lysis of the adsorption curves confirms the presence of

mesopores (average pore diameters between 41 and 57 Å)

in all the samples containing CTMA–montmorillonite. The

comparison of the isotherms reveals that the hysteresis loop

grows larger when the amount of CTMA–montmorillonite

increases (Fig. 4a–d).

This is indicative of an increase in the fraction of me-

sopores. Moreover, the comparison of A1.5 (prepared from

organic montmorillonite) and N (prepared from Na–mont-

morillonite) isotherms results (Fig. 4b, f, respectively)

shows that the use of Na–montmorillonite (instead of

CTMA–montmorillonite) dramatically decreases the over-

all surface area (81 m2 g-1 for N sample compared to

360 m2 g-1 for A1.5 sample) and mesoporous surface area

(35 m2 g-1 for N compared to 103 m2 g-1 for A1.5). The

BET surface area is very low (81 m2 g-1), confirming the

absence of clay mineral layer delamination. To stress the

importance of the organic mineral clay in the mesoporosity

formation, the pore size distributions of N and A1.5 samples

are shown in Fig. 5. This figure shows that the N sample is

mainly microporous, while the A1.5 sample gives a wide

size distribution mesopores.

For a constant TEOS concentration (left part of

Table 2), the total surface area tends to increase when the

amount of CTMA–montmorillonite increases (except for

sample A2). The surface due to mesoporosity also increases

with the amount of CTMA–montmorillonite. This shows

the important role of clay layers in generating
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mesoporosity. Table 2 also shows that, at constant TEOS

concentration, the gel time decreases with the amount of

CTMA–montmorillonite. Indeed, the gelation in the

absence of CTMA–montmorillonite (S) requires 25 h. The

gel time is barely modified by the addition of 1.5 g of Na–

montmorillonite to the reaction medium (21 h for

Fig. 2 XRD patterns of

samples synthesized with a

TEOS concentration equal to

a 0.8, b 1.0, c 1.2, d 1.4, e 1.6,

f 1.8 and g 2.0 mol L-1

(Table 1, series B); a before

calcinations and b after

calcinations at 600 �C

Fig. 3 XRD patterns of samples synthesized with an organic

montmorillonite mass equal to a 0.5, b 1.0, c 1.5 and d 2.0 g

(Table 1, series A)

Fig. 4 N2 adsorption–desorption isotherm of samples a A2, b A1.5,

c A1, d A0.5, e S, and f N samples
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N sample). However, when the same mass of CTMA–

montmorillonite is added, an important decrease in gel time

is observed (5 h for A1.5). This acceleration of the TEOS

hydrolysis condensation kinetics in the presence of a sur-

factant has already been reported and assigned to the

electrostatic interaction between the hydrophilic head

groups of the surfactant molecules and the inorganic pre-

cursor [19, 20]. This important decrease in gel time could

explain the generation of mesoporosity. In fact, it is known

that the structure and the morphology of oxides depend

greatly on the kinetics of the hydrolysis condensation re-

actions of the alkoxide [21]. However, the decrease in gel

time is probably not the main factor responsible for the

generated mesoporosity: The hydrolysis condensation of

the fraction of the TEOS molecules located in the inter-

layer space of the clay can cause its delamination, thus

generating mesoporosity. Regarding the decrease in the

total surface area between A1.5 and A2, it should be re-

minded that the XRD study has shown an increase in the

intensity of the (001) peak—and therefore of the fraction of

stacked layers—upon increasing the CTMA–montmoril-

lonite/TEOS ratio. This higher fraction of stacked layers is

probably indicative of a lower extent of delamination and

can account for the lower surface area. Therefore, to pre-

pare a high surface area solid, CTMA–montmorillonite

must be used, but high clay mineral concentrations should

be avoided to ensure a high dispersion of the layers. The

best condition seems to be attained for a CTMA–mont-

morillonite/TEOS weight ratio of 1.5/4. It is the reason

why, for the study of the TEOS concentration effect, the

amount of CTMA–montmorillonite was fixed at 1.5. The

gel times and the surface areas of the prepared solids are

presented in Table 2 (right part). The decrease in the TEOS

concentration from 2 to 0.8 mol L-1 leads, as expected, to

an important increase in gel time, since the condensation

reaction rate is proportional to the TEOS concentration.

The overall surface area, as well as the mesoporous surface

area, tends to increase when the TEOS concentration de-

creases, confirming the importance of TEOS and CTMA–

montmorillonite interactions in generating mesoporosity

and that the slowing down of condensation reactions has no

consequences on the extent of the delamination.

3.3 FTIR spectroscopy

IR spectroscopy was used to investigate the structural

changes caused by the thermal treatment. Figure 6 shows

the FTIR spectra of the CTMA–montmorillonite, the cal-

cined A1.5 and S samples. For the CTMA–montmorillonite,

the bands at 461, 525, 616 and 910 cm-1 can be attributed

to the Si–O bending, Al–O stretching, Al–OH and Al–OH–

Al bending, respectively [22]. The bands at 780 cm-1 are

related to vibrations of tetrahedral SiO4 [23], and those at

1030 cm-1 are assigned to Si–O stretching [24]. The

stretching vibrations of CH2 groups at 2918 and 2847 cm-1

and the bending of CH3 and CH2 at about 1480 cm-1 are

assigned to the intercalated alkylammonium species [25].

The two bands at 3434 and 1625 cm-1 correspond to water

molecule vibrations. Finally, the band at 3620 cm-1 is

assigned to the vibration of structural OH groups linked to
VIAl. After calcination, no bands attributable to organic

Fig. 5 Pore size distributions of a N and b A1.5 samples

Table 2 BET area (SBET),

mesoporous surfaces (Smeso) and

gel time (tg) of different

prepared samples

Sample SBET (m2 g-1) Smeso
a (m2 g-1) tg (h) Sample SBET (m2 g-1) Smeso

a (m2 g-1) tg (h)

N 81 35 21 B0.8 469 172 216

S 286 46 25 B1 381 184 120

A0.5 257 77 24 B1.2 396 128 72

A1 297 86 7 B1.4 361 108 41

A1.5 360 103 5 B1.6 372 95 24

A2 317 173 4 B1.8 355 83 9

B2 360 103 5

a Smesoporous = SBET - Smicroporous, since the external surface area can be neglected
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groups remain (Fig. 6b), evidence of the decomposition

and elimination of the organic matter. The enlargement of

the intense peak near 1030 cm-1, assigned to Si–O

stretching vibrations, can be ascribed to the formation of

new silica species in addition to the tetrahedral SiO4 related

to clay mineral. Besides, the band assigned to structural

OH groups vibration (3620 cm-1) is absent after calcina-

tion, indicating the destruction of the montmorillonite layer

structure. This fact was observed by Li et al. [26] and

attributed to a strong interaction between the amorphous

silica and the octahedral aluminum in montmorillonite

layers. After calcination, the A1.5 spectrum is closer to the

SiO2 spectrum (Fig. 6c) than to a clay mineral spectrum.

3.4 NH3 TPD

NH3 TPD profiles of the solids prepared with different

amounts of CTMA–montmorillonite show similar shapes

(Fig. 7) with a broad NH3 desorption peak between 200

and 500 �C. The maximum at ca. 250 �C indicates that

these samples mainly contain mild acid sites similar to

those found in mesoporous aluminosilicates [27]. The

tailing toward higher desorption temperatures indicates that

stronger acid sites are also present. From a quantitative

point of view, stress should be laid on the slight increase in

the acid site concentration with the amount of CTMA–

montmorillonite. Indeed, the acid site concentrations are

34, 42, 42 and 47 lmol g-1 for A0.5, A1, A1.5 and A2 cal-

cined samples, respectively. This result is not only a con-

firmation that the clay is at the origin of the acidity, but

also an indication that the number of acid sites is not

proportional to the amount of clay in the sample. This is

consistent with the fact that the extent of delamination (and

hence the fraction of the internal surface of the clay that

becomes accessible) decreases when the amount of clay

increases.

3.5 Transmission electron microscope

TEM images of calcined B1 are shown in Fig. 8. The three

TEM micrographs show the presence of clay mineral layers

dispersed inside a silica matrix. In Fig. 8a, stacked layers

can be clearly observed and the d-spacing estimated from

Fig. 6 FTIR spectrum of

a CTMA–montmorillonite,

b A1.5 and c S samples

Fig. 7 NH3 TPD profiles of samples synthesized with an organic

montmorillonite mass equal to a 0.5, b 1.0, c 1.5 and d 2.0 g (Table 1,

series A)
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TEM (9.6 Å) matches the basal spacing obtained from the

XRD pattern of the calcined sample (9.5 Å, Fig. 1f). Fig-

ure 8b, c shows delaminated clay layers and some silica

particles that do not contain clay minerals. The possible

structural models of the composite materials are illustrated

in Fig. 8. Polymerized SiO2 (Fig. 8b), with no interaction

(a)

Non-delaminated layers

20 nm

(b)

100 nm

(c)
Delaminated 
layers

100 nm

Fig. 8 TEM images of the B1 sample after calcinations and possible structure model after gelation of clay/TEOS mixture
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with clay layers, might be responsible for the microporosity

detected in the material after calcinations (non-delaminated

layers (Fig. 8a) do not develop a significant surface area

since the interlayer space is mostly inaccessible to N2). On

the other hand, during polymerization, the interaction of

TEOS with clay layers will possibly provide mesoporosity

(Fig. 8c). Formation of microporous silica domains free of

clay layers and of composites domains responsible for the

mesoporosity occurs most probably in all samples but to a

different extent depending on experimental conditions, and

this, results in the variation of the fraction of mesopores in

the samples.

3.6 Epoxidation of cyclohexene

As expected, the amount of retained manganese is pro-

portional to the Mn2? concentration in the used solution for

the catalysts functionalization (Table 3). The manganese is

most likely retained through an adsorption mechanism

since the clay mineral layers lost their cationic exchange

capacity in the composite after calcination.

Previous works on the oxidation of cyclohexene by

t-BuOOH (TBHP) in the presence of Ti, V, Cr and Mo

complexes [28] showed that the O–O bond of peroxide can

be broken by two competing reactions. The first is a

heterolytic cleavage that leads to cyclohexene oxide. When

combined with water, this oxide gives cyclohexane-1,2-

diol [29]. The second is a homolytic cleavage that leads to

radical reactions and produces cyclohexen-1-ol and cy-

clohexen-1-one [30–33]. Cyclohexene has a very high

affinity for radicals. Indeed, it is easy to extract allylic

hydrogen [34–37], because the carbon–hydrogen bond in a
position of the double bond and the oxygen–hydrogen bond

of hydroperoxide have similar energies. Besides, for the

oxidation of cyclohexene in the presence of Mn–zeolite, it

has been shown that ROOH decomposition on Mn centers

is a kinetically relevant step. In fact, the oxidation rate on

Mn–zeolite is first order in [ROOH] and proportional to the

number of redox-active Mn sites [38]. The intent of our

study was not to reach a very high conversion or an

important selectivity for one of the products of the reaction,

but rather to use the cyclohexene oxidation reaction to

explore the accessibility of Mn sites to TBHP. Fumed silica

was used for comparison to assess the 100 % accessibility

because these particles are non-porous and have a surface

area of 390 m2 g-1, close to that of the B1 sample. Cy-

clohexene conversions and selectivities for different

amounts of Mn are presented in Table 3. First, it can be

observed that Mn–fumed silica catalysts lead to higher

conversions and are therefore more active than composite

catalysts for comparable amounts of manganese. Moreover,

values in Table 3 show that the cyclohexene conversion

increases linearly with the amount of Mn at the surface of

the fumed silica, while this is not true for the composite

catalysts. The manganese at the surface of SiO2/clay

composite seems to be either not well dispersed or not fully

accessible to TBHP molecules. This last hypothesis is

consistent with the presence of micropores in the com-

posites (in B1 sample, mesopores account for\50 % of the

overall surface). For Mn–fumed silica, the combined cy-

clohexene oxide and cyclohexane-1,2-diol selectivities are

proportional to Mn amount and reach 34 %. The two par-

allel transformation pathways (allylic oxidation and

epoxidation) seem to take place on Mn–fumed silica.

However, for composites, it is clear that under the men-

tioned reaction conditions, the allylic oxidation pathway is

virtually the only one that operates [39]. This may be due

to the acidic sites present in B1. In fact, it was observed that

the TBHP promotes the allylic oxidation pathway when an

acidic solid, such as alumina, is used as support for the

transition metal ions [36, 40].

4 Conclusions

In this work, micro- and mesoporous materials were pre-

pared by the gelation of alkoxysilane in the presence of

montmorillonite. The gelation kinetics depends, obviously,

on the TEOS concentration, but also greatly on the amount

of organic montmorillonite in the synthesis medium. This

Table 3 Cyclohexene

conversions and selectivities of

silicate and nanocomposite

samples for different amounts of

retained manganese

Catalyst [Mn2?] in the solution (mol L-1) Mn (wt%) Conversion (%) Selectivity (%)

P1 P2 P3 P4

S 10-2 0.08 19.4 24.6 55.8 5.2 14.4

5 9 10-2 0.52 42.1 32.9 44.6 2.2 20.3

0.1 0.99 69.5 29.8 36.4 3.4 30.4

B 10-2 0.15 28.0 50.2 35.4 0 14.4

5 9 10-2 1.04 15.6 63.1 36.9 0 0

0.1 1.58 20.6 56.1 43. 9 0 0

P1, 2-cyclohexene-1-ol; P2, 2-cyclohexene-1-one; P3, cyclohexene oxide; P4, cyclohexane diols
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dependence is most likely related to the alkylammonium

interfoliar cations, which play an important catalytic role.

In addition to the SiO2 microporosity, the presence of clay

layers induces the formation of some mesoporosity. The

mesoporosity is probably created during silica polymer-

ization by inducing the clay mineral delamination. When

the delamination is effective, the sample is likely com-

prised of clay layers dispersed inside a silica matrix

structure. After calcination, a significant transformation of

the montmorillonite layer structure takes place. The surface

acidity of the resulting solids seems to be related to the

presence of clay mineral. After functionalization with

manganese, the catalysts were tested in the cyclohexene

oxidation reaction by TBHP. The acidity of the solid seems

to be high enough to promote the allylic oxidation pathway

and to minimize the epoxide formation. On the other hand,

not all of the Mn sites seem to be accessible to TBHP

during the oxidation reaction.
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