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Abstract Modification of layered clays in view to

develop porous materials, mainly for catalytic applications,

has been afforded in the past via intercalation reaction of

aluminum and other polyoxycations or through generation

of mesoporous silica between the layers of the silicate. In

this paper it is introduced examples of an alternative route

for the preparation of porous nanoarchitectures based on

the sol–gel method that profits from the swelling ability of

organoclays in organic solvents to incorporate silicon and/

or other metal (e.g., Ti, Al,…) alkoxides in the interlayer

region of the silicates where they are hydrolyzed in a

controlled manner. Their further polycondensation origi-

nates the formation of an oxide matrix and after a thermal

treatment is possible the consolidation of oxide nanopar-

ticles between delaminated smectites and vermiculites. It is

also showed how this colloidal route can be applied to the

generation of oxide nanoparticles bonded to the external

surface of fibrous clays, such as sepiolite. Finally, it is also

summarized with various examples the potential interest of

the resulting porous clay nanoarchitecture materials in

applications as acid catalysts, photocatalysts or nanofillers

in polymer–clay nanocomposites.

Keywords Porous solids � Clays � Montmorillonite �
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1 Introduction

Conventional architectures based on microcrystalline por-

ous structures such as zeolites and related solids, MOFs, as

well as periodically ordered mesoporous solids (e.g., MCM

and SBA materials) receive extraordinary attention since

the last decades mainly because they are materials provided

of high specific surface area and porosity which is therefore

relevant in view to important applications [1–5]. Most of

these materials presenting a three-dimensional organization

are prepared mainly from silica sources that polymerize

and organize their growth around organic precursors

known as templates or better as structure directing agents

(SDA), which are usually removed by combustion after the

synthesis process [1–3, 6]. Although less known, in recent

years it has been developed a group of new porous archi-

tectures that not necessarily require the use of SDA agents

but uses alkoxysilanes and other typical alkoxides involved

in sol–gel synthesis. In this way, the alkoxides are hydro-

lyzed and polycondensated in the presence of certain two-

dimensionally (2D) organized solids such as swelling

phyllosilicates belonging to the clay minerals family,

affording the preparation of porous solids that also show

elevated specific surface area, porosity and other interest-

ing surface properties. The key of this methodology profits

from the fact that these layered solids may lead to pro-

cesses of intercalation and exfoliation/delamination facili-

tating the formation of porous solids.

Characteristic examples of this group of 2D solids able

to generate these porous heterostructures are the 2:1

charged phyllosilicates belonging to the smectite clays

group, such as montmorillonite, hectorite, saponite and

beidellite [7] These clays are able to intercalate organic or

inorganic species which act as pillars producing a perma-

nent and stable separation between the silicate layers with
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galleries that allow molecular access inside the resulting

materials. These porous solids have received the name of

pillared clays (PILCs) and have been intensively studied in

the last two decades, being specially relevant for their

properties those related to the interlamellar insertion of

alumina species [6, 8–11]. Along this work we will make

reference to two type of natural clays, in one case showing

layered structure, such as the 2:1 charged phyllosilicates

named as montmorillonite and vermiculite, as well as to the

microfibrous magnesium silicate known as sepiolite

(Fig. 1). Usually montmorillonites are present as plate-like

particles of dimensions in the order of 1–2 lm diameter

and vermiculites show bigger particle size that can even

reach several centimeters. A common characteristic of

montmorillonite and vermiculite layered silicates is the

presence of negatively charged layers, which are com-

pensated by exchangeable cations in their interlayer space

(Fig. 1a). These cations can be easily exchanged with other

positively charged species including organic cations such

as long-chain alkylammonium species giving rise to org-

ano-clays [12–14]. or inorganic (poly)cations giving rise to

PILCs [8–11]. The penetration ability of ions and mole-

cules in the interlayer space could produce a separation

between consecutive layers with an increase of the basal

spacing known as swelling ability and giving rise to

intercalation compounds [7, 13, 15]. In the case of sepio-

lite, a hydrated magnesium tectosilicate constituted by

needle-like particles of 2–10 lm length exhibiting elevated

specific surface area and low ion-exchange capacity, the

crystalline structure shows an alternation of blocks and

tunnels (Fig. 1b). These last intracrystalline cavities are

micropores of nanometric dimensions only accessible to

water and other small molecules contrarily to layered sil-

icates in which is possible the penetration of bigger

molecular species in their intracrystalline spaces. Interest-

ingly, sepiolite exhibits free Si–OH silanol groups along

the edges of the channels at the external surface of the

silicate fiber, which represent good anchor points for the

immobilization of diverse entities as they are susceptible to

both hydrogen bonding with molecules and polymers [16]

or to remain attached to diverse species by grafting reac-

tions [17].

Novel nanoarchitectures based on porous clays com-

bining nanoparticulated solids, such as silica, alumina,

titania, iron oxide (magnetite) and carbon, have been

recently synthesized in our laboratory [18–27]. Among this

class of heterostructures we have developed a procedure of

delamination of smectites and vermiculites previously

exchanged with alkylammonium ions and swollen in an

appropriate solvent that are followed of a treatment with

alkoxides in which through sol–gel processes diverse type

of silica or metal oxide networks are developed within the

intracrystalline space of the 2D silicates [18–22]. A similar

colloidal procedure can be also applied to sepiolite and

palygorskite modified with different type of surfactants rep-

resenting a new way for the preparation of new porous nan-

oarchitectures consisting in silica, alumina, silico–alumina

and titania nanoparticles assembled to these fibrous sili-

cates [23, 26, 27]. Potential applications of the resulting

porous nanoarchitectures based on layered and fibrous

clays modified by combination with the abovementioned

nanoparticles following sol–gel procedures, include their

use as adsorbents, catalysts, fillers for polymers, mem-

branes and active phase of sensors.

2 Intracrystalline access and delamination of clays

using alkoxides

As above indicated, layered clays are 2D solids that can be

regarded as materials with controllable porosity because

they are potentially able to be expanded by intercalation

offering their internal crystal surfaces (interlamellar space)

to diverse guest species (ions, discrete molecules, poly-

mers). In fact, these silicates have a significant extent of

their intracrystalline surface area with calculated values of

around 750 m2/g [28]. From a theoretical point of view,

these maximum values of the surface area would be

Fig. 1 Schematic representation of the structure of a montmorillonite

and vermiculite charged layered clay (e.g., montmorillonite) with its

hydrated interlayer cations (exchangeable cations), and b sepiolite

fibrous clay with the position of external silanol groups. TS:

tetrahedral sheet; OS: octahedral sheet
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attained by a hypothetical whole separation of the silicate

layers, i.e., through a full delamination process. The for-

mation of PILCs, reported in the two last decades, drives to

a significant increase in the available surface area of the

clay. On the other hand, delamination of the silicate in the

intercalation of polymers, i.e., forming the so-called poly-

mer–clay nanocomposites [13, 29, 30], does not lead to

porous materials, on the contrary these polymer systems

even show barrier behavior towards the molecular passage

of fluids. However, we have shown the ability towards

delamination of layered silicates previously expanded by

intercalation of cationic surfactants, after reaction with

alkoxides through a sol–gel process [18]. This synthetic

route procures the formation of what was firstly called

inorganic–inorganic nanocomposites [18] because they

showed a whole inorganic nature, but lately has been also

referred as delaminated porous clays heterostructures

(DPCHs) [31] for its relation with the so-called porous clay

heterostructures (PCHs) [32] or just heterostructures or

nanorachitectures based on clays [33]. One of their main

characteristic is that they often show large specific surface

areas and porosity after thermal treatment for removal of

the organic matter and consolidation of the inorganic

framework generated from the polycondensated alkoxides.

As above indicated the key point to obtain the irre-

versible delamination of these layered clays is to produce

the controlled hydrolysis of alkoxysilanes following

spontaneous heterocoagulation processes. Figure 2 sche-

matically shows the overall process which involves two

steps. In the first step the organoclay, i.e., alkylammonium-

exchanged montmorillonite or vermiculite (e.g., exchanged

with cetyltrimethylammonium ions, CTA?), is swollen in

an alcohol, e.g., n-butanol, and then is incorporated the

alkoxide, e.g., tetramethoxysilane (TMOS) or tetraethoxy-

silane (TEOS), leaving a certain time to procure the dif-

fusion of the alkoxide to the organophilic part of the

organoclay. In a second step is slowly added water to

produce the hydrolysis/condensation of the alkoxide which

is clearly visualized by a sudden transition from a

suspension to a very viscous gel where the magnetic stirrer

bar became blocked. A convenient thermal treatment

drives to the subsequent elimination of the alkyl-ammo-

nium chains by pyrolysis/combustion and the consolidation

of the silica framework, leading to the formation of silica–

clay nanocomposites where the polymer is the generated

polysiloxane network. The XRD patterns reveal that the

delamination degree of smectites depends on the nature of

both the starting silicate and the reagent used to generate

the silica matrix [19]. In some cases the clay can be

completely delaminated even when small clay/silica ratio

was used. Specially remarkable is the delamination of

vermiculite. This phyllosilicate shows relatively large

crystals, the intercalation of a silica network into this sili-

cate producing the permanent separation of lamellae of

about 1 nm thick by 50 lm length, i.e., giving materials

with an anisotropy ratio as high as 1:50,000. In these SiO2-

vermiculite nanoarchitectures is possible to found an

increase of the specific surface area from 23 m2/g in the

pristine vermiculite to 484 m2/g in the material prepared

from TMOS with a 1:1 organoclay/TMOS ratio once

heated at 500 �C, which also present a total volume pore of

0.43 cm3/g [19]. The nanoarchitectures based on mont-

morillonite also show high specific surface areas and

porosity that may reach 550 m2/g with pore volume of

0.28 cm3/g in the 0–2 nm pore diameter [19]. Textural

changes in the nanocomposites can be also clearly

observed from SEM images of the starting silicates com-

pared to those of the nanocomposite precursors, the platelet

particles showing a more globular texture with the aspect

of a spongy material in which is possible to distinguish

small particles of the generated silica. Moreover, TEM

characterization supports delamination and so, for instance,

the cross-section image of these silica–clay nanocompos-

ites completely resembles to typical images of polymer–

clay nanocomposites (Fig. 3) [19].

These silica–clay nanoarchitectures may show hybrid

properties from their both components, i.e., the layered

silicate and the silica network, exhibiting for instance the

Fig. 2 Scheme of the delamination of alkylammonium-exchanged

layered clays (on the left) with alkoxides following a sol–gel process

giving rise to intermediate organo-clay materials that after thermal

treatment ([ 450 �C) in the presence of oxygen leads in a second step

to delaminated clay-nanoparticles (NPs) materials. From Ref. [33] -

Reproduced by permission of The Royal Society of Chemistry
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cation exchange behavior inherent to the clay substrate [18,

19]. In this way also, the presence of the silica network

affords silanol groups offering the possibility to incorporate

functionalities by further grafting reactions with diverse

organosilanes. Thus, for instance, the treatment of a SiO2-

montmorillonite nanoarchitecture with aminopropy-

trimethoxysilane (APTS) allows the incorporation of amino

groups that due to the use of small amounts of HCl in the

reaction medium results in the presence of –NH3
?Cl–

species that may act as active anion-exchanger sites [19].

Therefore, these functionalized derivatives show retention

of both cationic and anionic species, with relatively high

ion-exchange capacities (e.g., 55 and 60 meq per 100 g for

cations and anions, respectively) as reported by Letaı̈ef and

Ruiz-Hitzky [18].

It is worthy to mention that the silica–clay heterostruc-

tures in which the alkylammonium ions were not removed

by heating may offer other advantages for the use of these

types of nanorachitectures. In this way, the presence of the

organocations confers hydrophobicity to the interlayer

region of the clay, even after delamination by hydrolysis-

polymerization of the alkoxysilane takes place. This

property has been recently used to incorporate a metallo-

cene catalyst in view to use the resulting material as

simultaneous heterogeneous catalyst and nanofiller in the

production of polyethylene/clay nanocomposites [22]. The

presence of the catalyst incorporated in the silica–clay

organoheterostructure allows the polymerization of ethyl-

ene within the layers of the clay promoting the dispersion

of clay layers in the growing polymer matrix. The molec-

ular weight of the polymers obtained in this way increased

ca. 40 % compared to neat polyethylene [22].

Following an analogous procedure to the synthesis of

silica-based nanoarchitectures it is possible to prepare

titania/ and silica–titania/clay porous nanoarchitectures

from montmorillonites and vermiculites exchanged for

instance with cetyltrimethylammonium ions, using iso-

propanol as swelling solvent and titanium tetra-isoprop-

oxide (TTIP) alone or mixed with TMOS mixtures as

precursors of the titania or titania–silica networks,

respectively [20]. When TTIP is used as the only precursor

it is possible to reach the formation of TiO2 nanoparticles

(NPs) intercalated into the layered silicates, being possible

to reach the stabilization of the anatase phase by a thermal

treatment at 500 �C without formation of rutile. In these

materials the NPs of crystalline TiO2 present 9–14 nm

diameter sizes, depending of the involved clay, and are

very homogeneously dispersed as indicated by the TEM

images. The nanoarchitectures formed from mixtures of

TTIP and TMOS contain silica–titania mixed oxides, in

agreement with the absence of peaks in the X-ray diffrac-

tion patterns assignable to anatase or to other TiO2 crys-

talline phase [20]. Here again, it is remarkable the increase

of the specific surface area found in the resulting nanoar-

chitectures compared to the corresponding pristine layered

silicates. In particular, the vermiculite derivatives show a

BET surface area of 66 m2/g for the titania/clay and

290 m2/g for the silica–titania/clay nanoarchitectures

whereas the starting vermiculite shows a value of 23 m2/g.

A parallel increase in the porosity is also observed [20].

Photocatalytic properties of the resulting nanoarchitectures

have been evaluated following the photodegradation of 2,4-

dichlorophenol, showing that these materials can be used

for the elimination of organic pollutants. Interestingly the

photocatalytic efficiency per mass of TiO2 of these nan-

oarchitectures seems to be superior to that of commercial

P25 from Degussa with the additional advantage that these

new photocatalysts can be more easily recovered from the

reaction media after reaction [20]. The increase of activity

has been attributed to the smaller particle size that disfavor

recombination of the photo-excited electrons and holes.

Fig. 3 TEM images of two layered clay-based nanoarchitectures: a a

cross-section of a silica–montmorillonite nanocomposite, and b an in-

plane detail of a silica–vermiculite nanocomposite (Reprinted from

Ref. [19]. Copyright � 2006 WILEY–VCH Verlag GmbH & Co.

KGaA, Weinheim)
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The application of the abovementioned colloidal route to

the generation of alumina and silica/alumina NPs must be

carefully controlled because of the high reactivity of com-

mon Al alkoxides which may hydrolyze before incorpora-

tion within the organophilic region of the organoclay [34].

Preparation of porous alumina-montmorillonite hetero-

structures has been intended using the commercial or-

ganoclay known as Cloisite�30B (Southern Clay Products,

Rockwood Company, Texas) swollen in n-butanol in the

presence of aluminum tri-sec-butoxide (ATSB) alone or

mixed with TMOS, being observed that the relative time to

reach the sol–gel transition is strongly dependent on the

molar ratio of alkoxides in the mixture [21]. Delamination is

easily reached for low contents of aluminium however

higher contents caused a fast Al3?-alkoxide hydrolysis

preventing exfoliation after the calcinations step. In the

system containing only aluminum the resulting materials

present the clay particles completely collapsed (interlayer

basal space of around 1 nm). In general, the presence of

silicon alkoxides allows the stabilization of silicoalumina

NPs and the formation of porous-clay heterostructures of

elevated surface area (200–600 m2/g) and materials with

micro- and meso-porosity. The 27Al NMR spectra of these

nanoarchitectures indicated that aluminum is in tetrahedral

coordination with an environment of SiO2 units, i.e., s

corroborating that the use of the silica precursor drives to

the formation of silico–alumina [21]. FE-SEM images

(Fig. 4) revealed the presence of dispersed silicate layers

surrounded by silicoalumina NPs forming phases of

spongy-like aspect dispersed within the clay particles, effect

that is more evident in nanoarchitectures in which the

mesophase formed after the sol–gel transition is freeze-

dried instead of dried at 50 �C in air before the calcination

step [34]. Another difference between these two types of

silica–alumina/montmorillonite nanoarchitectures is that

materials derived from mesophases obtained by lyophili-

zation have higher specific surface area and a higher con-

centration of mesopores with low content in microporosity

[34]. The presence of Al in these clay-based nanoarchitec-

tures provide to the resulting materials with acid properties.

This property can be modulate varying the Al/Si content

and the drying treatment before the calcination step, which

is of special relevance in view to their application as cata-

lysts. In this sense, it has been observed that heterostruc-

tures prepared from the lyophilized material the content in

Brönsted acid centers is substantially higher [34].

As above mentioned the presence of acid sites results of

interest for catalytic purposes as for instance in the con-

version of limonene to p-cymene and the glycerol recovery

reaction [35, 36]. In this way, the catalytic activity of sil-

ica–alumina/montmorillonite nanoarchitectures in the

conversion reaction of limonene to p-cymene activated by

microwave irradiation main reach conversion values higher

than 90 % after 15 min of reaction. This behavior is

analogous to that described for a commercial silica/alumina

(Siral 40) although it can be enhanced at low reaction times

being possible to reach 80 % of conversion in 5 min

instead of 45 % described by Siral 40. Moreover, these

heterostructures also describe best selectivity to p-cymene,

getting more than 60 % of p-cymene and lower percent-

ages of by-products [21]. These silica–alumina/montmo-

rillonite nanoarchitectures have been also tested as catalyst

in the synthesis of solketal, by acetylation of glycerol. This

reaction presents a great relevance because of its use as

solvent, as additive for biodiesel fuel and for the produc-

tion of monoglycerides and other surfactants. This reaction

needs very strong acid catalysts to be performed, so to

increase the acid sites of the nanoarchitectures it has been

required further acid treatment to reach stronger acidity

[36]. The activity of the prepared materials compared to

that of various homogeneous catalysts (HCl or H2SO4 at

23 %) is lower but it is much higher than commercial acid

catalysts (e.g., Amberlist-36), appearing therefore as

promising heterogeneous catalysts for this reaction due to

the reduction of the corrosion problems involving the use

of the homogenous systems.

Fig. 4 FE-SEM images of two

silica-alumina/montmorillonite

nanoarchitectures prepared from

a 3/2 Si/Al content dried at

50 �C in air (left) and freeze-

dried (right)
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3 Functionalization of fibrous clays by sol–gel processes

Fibrous clays, sepiolite and palygorskyte, do not offer the

possibility of producing delaminated materials since its

structure does not consist in a superposition of layers as in

the case of the abovementioned phyllosilicates, i.e.,

smectites and vermiculites. As already indicated, sepiolite

and palygorskite exhibit free Si–OH silanol groups, located

along the edges of the channels at the external surface

(Fig. 1b), that can interact with different types of ion,

molecular or polymeric species [37–39]. On the one side, it

is well known since many years ago that organosilane

coupling agents (typically R–Si–OR or R–Si–Cl) may react

with those silanol groups giving rise to stable siloxane

bridges [30, 40] .This methodology is commonly applied to

render organophilic the highly hydrophilic surface of this

silicate, for instance for facilitating further assembling to

polymers in the preparation of nanocomposites, and also

for incorporating specific functionalities, such as amino,

sulphonic, thiol and other organic groups, that can be of

interest for developing supported acid catalysts, specific

adsorbents or selective sensor devices [41–43]. On the

other one side, sepiolite and palygorskite exhibit certain

cation-exchange capacity (e.g., in the used sepiolite sample

is around 15 mEq/100 g) that is commonly profited for the

preparation of organoclays by treatment of the clay with

different type of surfactants, the resulting organophilic

clays being largely employed in different industrial appli-

cations [44–46]. These two characteristics have been of

crucial importance in the development of diverse clay-NPs

nanoarchitectures by applying a similar colloidal route than

adopted in the preparation of the porous nanoarchitectures

based on layered clays.

The first assays were applied to the generation of titania

NPs on the sepiolite surface [23] in view to its large

accessible external surface area (ca. 150 m2/g), which

resulted very convenient for the immobilization of those

NPs with photocatalytical properties. In this methodology

(see in Fig. 5 a scheme of the whole process) sepiolite was

firstly treated with cetyltrimethylammonium bromide

(CTAB) in view to form the corresponding organoclay in

which the CTA? ions exposed to the exterior of the fiber

their long alkyl-chains, creating a highly organophilic

interface. The CTA-sepiolite derivative was suspended in

iso-propanol and then TTIP or TTIP/TMOS mixtures were

added and left to diffuse to the organophilic surface of the

clay particles. The addition of small amounts of water

provokes the hydrolysis of the alkoxide precursors giving

rise to highly viscous colloidal systems till a heterocoag-

ulation process takes place. The recovered solids were

dried and thermally treated, driving to the formation of

TiO2 NPs of relatively monodiperse particle size that

remain homogeneously distributed on the surface of the

sepiolite microfibers. The initially amorphous titania phase

was transformed in anatase after heating at 500 �C for

several hours in air, being observed that the doping with S

atoms using thiourea results in an increase in the stability

of the anatase phase and a decrease in the excitation band

gap energy. The TiO2/sepiolite nanoarchitectures were

tested in photocatalytic experiments using phenol as model

of pollutant molecule being observed that they are more

efficient as photocatalyst systems than the pristine clay and

the anatase nanoparticles acting separately, which proved

that these materials can be used as improving adsorbents/

photocatalysts for environmental applications.

In the same way it is possible to promote the formation

of alumina and silica–alumina NPs on the surface of

sepiolite, leading to the development of materials of

interest as acid catalysts [27]. In the present case it have

been used a commercial organosepiolite known as Pangel

B-40, which is commercialized by TOLSA SA (Spain), and

2-butanol as solvent. In contrast to the preparation of

nanoarchitectures from montmorillonite, in the present case

it is possible to produce the corresponding heterostructures

just containing Al2O3 NPs, probably due to the easier

access of the aluminium alkoxide to the organophilic

interphase of the organosepiolite which impedes its

hydrolysis. Besides, it can be considered the role of sepi-

olite as a strongly dehydrating material producing the

scavenging of water molecules from the reaction media

preventing the hydrolysis of the precursor. In spite of this

the sol–gel transition is very rapid when is only used alu-

minium tri-sec-butoxide, becoming slower the process

Fig. 5 Schematic representation of the sol–gel procedure leading to

the formation of TiO2/sepiolite nanoarchitectures by the reaction of

TTIP with controlled amounts of water at the CTA-sepiolite interface

and further calcinations to promote the TiO2 NPs formation.

Reprinted with permission from Ref. [23]. Copyright (2008) Amer-

ican Chemical Society
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when TMOS is incorporated in the reaction. FTIR and

solid-state 29Si NMR spectroscopies allow to interpret the

formation of alumina or silica–alumina NPs that after

heating of the samples at 550 �C condensate with the sil-

anol groups at the external surface of sepiolite remaining

bonded to the clay fibers through Si–O–Al bridges. 27Al

NMR spectroscopy reveals the presence of [AlO4] units

bonded to Si atoms as occurs in amorphous aluminosili-

cates and silica–alumina gels [47, 48], confirming that the

use of mixtures of Al and Si alkoxide precursors drive to

the formation of true silica–alumina mixed oxides. In

samples with high content in Al it is even observed the

presence of pentacoordinated aluminium which has been

attributed to formation of Si–O–Al bonds between the

silanol groups of sepiolite and the alumina upon the ther-

mal treatment [27]. One of the most interesting character-

istics of these materials is their large surface area and

porosity, which can be tuned by varying the content in Si.

Thus, high silica contents generated microporous systems,

whereas the incorporation of alumina enhances the meso-

porous formation. The possibility of varying the Si–Al

content on the NPs linked to the surface of sepiolite also

permits the tuning of the surface acidity, being determined

values that increase from 0.1 to 1.4 mmol of acid sites per

gram with the aluminium content [27]. This acid properties

of the developed Al2O3/ and SiO2–Al2O3/sepiolite nan-

oarchitectures result very attractive in view to application

of these materials in acid catalysis. In this regard, acid

activity in the 2-propanol dehydration test reveals high

selectivity of these catalysts towards propylene, reaching

conversion values close to 60 % in the case of the het-

erostructures with the highest aluminum content [27].

As abovementioned, the role of the organophilic inter-

face of the clay plays a key role in the development of this

type of nanorachitecture, which differences this method-

ology from other approaches reported in the literature in

which clays are directly mixed or assembled to alkoxide

precursors or its gels at their earliest stage of hydrolysis-

polycondensation process. The effect of the interface pro-

vided by the organocations assembled to the clay surface

has been recently reported in a study in which it has been

analyzed the role of both the nature of the organosepiolite

and the silica precursor in the characteristics of the final

nanoarchitectures [26]. In this case it was used organos-

epiolites containing propylamonium, cetyltrimethylammo-

nium, didodecyldimethyl ammonium and methylbenzylbis

(hydrogenated tallow alkyl) ammonium ions (this last one

is the abovementioned Pangel B-40 commercial clay from

TOLSA SA) using TMOS, TEOS, tetrabutyl ortosilicate

(TBOS) and sodium silicate as the silica precursors. In this

case it was used isopropanol as solvent and ultrasound

irradiation to favor a rapid homogenization of the systems

and the activation of the sol–gel transition. The relative

ratio of organoclay to silica source was also varied in view

to determine the nature of the formed nanoarchitectures.

The first observation was that sodium silicate was not an

adequate precursor as it rapidly precipitates resulting in the

formation of heterogeneous materials. The combination of

TMOS and the organosepiolite containing CTA? ions in

different ratio (chosen to reach SiO2:sepiolite ratio of 1:1,

2:1, 3:1 and 6:1, assuming a complete hydrolysis-poly-

condensation of the silica precursor) results in clearly dif-

ferent nanoarchitectures as revealed FE-SEM and TEM

images (Fig. 6). In this sense, the nanoarchitecture pre-

pared with the lowest amount of silica precursor shows

Fig. 6 FE-SEM (left) and TEM (right) images of four SiO2/sepiolite

nanoarchitectures prepared from a organosepiolite containing CTA?

ions and TMOS in different ratio a 1:1, b 2:1, c 3:1 and d 6:1.

Reprinted with permission from Ref. [26]. Copyright American

Scientific Publishers
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sepiolite fibers with an irregular coverage in which it is

difficult to distinguish the NPs (1:1 ratio), which are more

clearly distinguished as the content of silica precursor

increases (2:1) being possible to find them cemented (3:1).

When the amount of TMOS is very large (6:1 ratio) a part

of alkoxide precursor probably remain outside the orga-

nophilic region generating silica NPs not assembled

directly to sepiolite but giving rise to globular forms of

silica NPs sometimes bonding and agglomerating sepiolite

particles [26]. The agglomeration of sepiolite fibers is also

observed when the silica precursor is very big, as it is the

case of TBOS, which is not completely accommodate in

the organophilic interface of the organosepiolite giving rise

to the agglomeration of sepiolite fibers covered by thick

and homogeneous coatings of silica NPs.

Interestingly, the study of the influence of the nature of the

organocation carried out with a system in which it is

employed TMOS as precursor to generate nanoarchitectures

with a 2:1 silica:sepiolite ratio, reveals the existence of a

templating effect. Thus, the organosepiolite containing

propylammonium ions, i.e., the smallest organocation, evi-

dences difficulties to procure the necessary organophilic

environment for the incorporation of TMOS and the cover-

age of the fibers is very irregular. Organo-sepiolites contain

long-chain branched organocations, e.g., didodecyldimethyl

ammonium and methylbenzylbis(hydrogenated tallow

alkyl)ammonium ions, allow the accommodation of larger

amounts of TMOS and therefore the fibers clearly show

thicker coatings of silica NPs than in the case of the nan-

oarchitecture based on sepiolite containing CTA? ions [26].

It is worthy to mentioned that these nanoarchitectures also

show significant differences in their textural properties and

so, for instance, the nanoarchitectures based on sepiolite

containing branched organocations show high values of the

total pore volume which has been associated with the for-

mation of a ‘‘house of cards’’ arrangement that favors the

creation of macropores as occurs in other clay-based mate-

rials [49, 50]. In contrast the nanoarchitecture based on

sepiolite containing CTA? ions show a relatively high sur-

face area 340 m2/g without appreciable microporosity, being

the developed surface area only related to the presence of

mesoporosity [26]. This last observation may be related to a

possible role of the surfactant which may direct the organi-

zation of the silica precursor which after the removal of the

CTA? ions originates this mesoporosity as it does in the

formation of MCM-41 materials and other mesoporous sol-

ids [51]. This observation could be of special relevance in

view to adopt the here reported methodology in the prepa-

ration of new nanoarchitectures with assembled template

NPs.

Sepiolite and palygorskite are becoming very interesting

fibrous nanofillers for the preparation of diverse polymer–

clay nanocomposites [38, 39]. In view of that SiO2/

sepiolite nanoarchitectures before and after heating treat-

ment for elimination of the organocations have been tested

as nanofiller in epoxy resins. In this study it has been

observed that both types of nanoarchitectures, i.e., with and

without organocations, show a mechanic reinforcement

effect when incorporated in the resin matrix, although the

presence of the organic moieties in the intermediate org-

ano-heterostructures promotes a more effective adhesion

between the dispersed and the continuous phases [26]. This

result suggests that the presence of the surfactant may act

as interfacial agent which may be useful for its compati-

bilization with polymeric matrices. Considering this result

and the huge chemistry related to silica it could be envis-

aged a great potential of these novel nanoarchitectures in

the development of improving functional materials for

applications in many diverse fields.

4 Conclusions and perspectives

The here reported sol–gel route for the preparation of porous

clay derivatives offers significant differences with respect to

common ways previously applied for the synthesis of PILCs

and PCHs as well as to other approaches based on the direct

combination of metal alkoxides and clays. In this way, the

use of organoclays offers advantages because the organo-

cations act as an organophilic interphase in which alkoxy-

silanes and/or metal alkoxides can accommodate giving rise

the hydrolysis/policondensation processes in a controlled

manner. In this way, these systems result in nanoarchitec-

tures consisting in NPs assembled to the layers or fibres of

the involved clay, which at the same time becomes delami-

nated. Delamination of layered silicates in the sol–gel pro-

cess involving alkoxides offers the possibility to develop

silica-based porous heterostuctures (inorganic–inorganic

nanocomposites) provided of functions that could be intro-

duced directly or in a post-synthesis step. The present results

open a way to develop other new porous nanoarchitectures,

using as precursors different metal alkoxydes (e.g., Ti, Al,

Zr, Sn, Ge,…) as well as diverse type of layered solids

(alkaline silicates, titanates, phosphates, chalcogenides,…).

On the other hand, fibrous clays, specially sepiolite, offers a

good opportunity for the assembly of particles of different

nature due to the presence of silanol groups in their external

surface. In this way, many opportunities related to both the

preparation of new nanoarchitectures with functional prop-

erties and the exploration of applications by using principles

of the proposed route, for instance for optic and magnetic

applications by assembling quantum dots or iron oxide NPs.

In fact, recently other authors have applied this same route to

the preparation of diverse nanoarchitectures based on the use

of beidellite instead of montmorillonite [52] or palygorskite

instead of sepiolite for incorporation of TiO2 NPs [53] or to
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explore the incorporation of other type of NPs as for instance

Au by previous modification of sepiolite by grafting of an

organosilane that act as bonding sites for the growing of the

NPs [54]. Anyway, it is expected that, the nature of the

lamellar or fibrous precursor, as well as the associated

materials, is decisive with respect to the properties and

therefore their application in practical uses. Subsequently,

the impact and prospect of application of these materials is

large with possible incidence in areas as diverse as adsorp-

tion (e.g., gas separation and purification at industrial scale,

catalysis (e.g., photocatalysis, wet hydrogen peroxide cata-

lytic oxidation, etc.), nanofillers of polymers, membranes,

photoactive materials, for instance by incorporation of

quantum dots, etc., where the characteristics of involved

clays, non-polluting and cost reduced may be an additional

advantage.
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