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1.1 Introduction

1.1.1 Clay Concepts, Definitions, and Classification

Clay minerals represent a wide family of natural silicates that are essentially
related from the structural point of view with 2D solids, being arranged in
a layered stacking (phyllosilicates) and showing unique colloidal and surface
properties of crucial importance for the life in Earth [1]. They constitute a key
reference not only as structural models and other basic aspects but also regarding
their role in agronomy, industry, and environmental features influencing human
activities of global concern. Clay-sphere represents a vast domain belonging to
the Earth geosphere, mainly being associated with soil, which in turn can be
regarded as a sort of magic skin of our planet. According to Kutílek and Nielsen
[2], soil – and indeed clay minerals as one of its essential component – started
its critical role when macroscopic life moved from oceans to mainland, roughly
500 million years ago. The support of and the interaction with micro- and
macroorganisms is in a large extent deserved by clay mineral components that
represent one of the most ample group of inorganic solids that interact with the
biosphere. Even more, it has been invoked by diverse authors that clays have
played an essential role in the origin of life in close interaction with organic
precursors [3].

From the structural point of view, clay minerals appear mainly organized as
hydrous phyllosilicates whose elemental layers have one dimension (the thick-
ness) in the nanometer range, and therefore they can be considered as nanoma-
terials. According to the silicate layers nature, clay minerals can be classified as
1 : 1 (or TO) and 2 : 1 (or TOT) phyllosilicates representing the stacking of tetra-
hedral (T) and octahedral (O) layers, which can be considered as building blocks
that combined between them lead to a huge diversity of layered silicates. Typi-
cal examples of 1 : 1 phyllosilicates are kaolinite and serpentine with octahedral
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Figure 1.1 Schematic representation of clays structure with (a) layered habit
(montmorillonite) showing on the right column the cross section of the silicate layers and
(b) fibrous morphology (sepiolite) showing the organization of silicate fiber dimension.

layers composed of aluminum (dioctahedral silicate) and magnesium (trioctahe-
dral silicate), respectively. Typical examples of 2 : 1 phyllosilicates are pyrophyllite
and talc, with octahedral layers composed of aluminum (dioctahedral silicate)
and magnesium (trioctahedral silicate), respectively. In this case, the structure of
2 : 1 phyllosilicates is composed of two tetrahedral Si sheets sandwiching the Al
or Mg central octahedral sheet.

Clay minerals are often associated with smectites and particularly with
montmorillonites (MMT), the main component of bentonites of great interest
for diverse industrial applications. Smectites are dioctahedral aluminosilicates
belonging to the 2 : 1 phyllosilicate structure with isomorphous substitutions of
aluminum by magnesium ions, giving rise to negatively charged layers that are
compensated with cations in the interlayer space (Figure 1.1a). These cations,
named exchangeable cations, can be easily replaced by treatment with salt
solutions of metal or organic cations, leading to homoionic smectites. Many
other related structural 2 : 1 silicates such as beidellite, saponite, nontronite,
hectorite, and so on are known, where isomorphous substitutions could also
affect the cationic replacement in the tetrahedral layer (e.g., Si4+ by Al3+).
Vermiculites are a family of 2 : 1 phyllosilicates with an isomorphous substitution
degree higher than in smectites, therefore showing a more elevated net layer
charge per formula unit (0.6–0.9) than in smectites (0.2–0.6) [4].

MMT and related smectites exhibit significant characteristics/properties with
particles of colloidal size, high degree of layer stacking disorder, elevated specific
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surface area (SSA), large cation exchange capacity (CEC), and a variable interlayer
separation that depends on the nature of interlayer cation and relative humidity
[1]. However, the most interesting feature of these 2D solids is definitely their
capacity to intercalate many diverse species, neutral or charged, inorganic or
organic, and even macromolecules of relatively high molecular mass. As will be
discussed later, the nature of the interface at the interlayer space in these systems
is determinant for the intercalation processes, as well as for the arrangement and
stability of species in the resulting intercalation compounds.

Typical morphology of clay minerals corresponds to platelike crystallites of
micrometer size. However, in certain circumstances special structural arrange-
ments determine other conformations, as it is the case of halloysite that can
exhibit a nanotubular morphology due to the rolling of 1 : 1 aluminosilicates such
as kaolinite, leading to a multiwalled system. Halloysite nanotubes have charac-
teristic inner diameter in the order of 15 nm, their lumen facilitating the access
of organic species with the formation of hybrid organic–inorganic materials [5].
Certain 2 : 1 phyllosilicates such as sepiolite (Figure 1.1b) and palygorskite show
a fibrous habit with a continuous tetrahedral silica layer and a discontinuity of
the octahedral sheet due to the periodic inversion of the apical oxygen atoms of
the tetrahedra in every two (palygorskite) or three (sepiolite) silicate chains [1,
6]. As a consequence of this structural arrangement [7], both types of silicates
show an alternation of blocks and cavities named tunnels [8], which are oriented
along the c-axis, that is, in the fiber direction (Figure 1.1b). The fiber length
varies depending on the origin of the fibrous silicates, typically the fibers of
sepiolite from Vallecas-Vicálvaro deposits in Spain being between 1 and 5 μm.
The structural blocks are composed of two tetrahedral silica sheets sandwiching
a central sheet of magnesium oxide–hydroxide in the case of sepiolite and of
magnesium and aluminum oxide–hydroxide in the case of palygorskite. Due to
the periodic discontinuity of the silica sheets, silanol groups (≡Si–OH) are cov-
ering the “external surface” of the silicate fibers [8, 9]. The tunnel dimensions are
in the nanometer range (0.37 nm× 1.06 nm, in sepiolite and 0.37 nm× 0.64 nm
in palygorskite), allowing the entrance of small molecules such as N2, H2O, NH3,
CH3OH, and others to the interior of the silicates, that is, these molecules can
be adsorbed at the internal surface of sepiolite and palygorskite [8].

The surface and the interface chemistry of the different types of clay miner-
als – and indeed essential properties inherent to these silicates – are determined
by various factors such as:

1. The chemical composition and the nature of the surface (mainly oxygen atoms,
water molecules, and hydroxyl groups)

2. The type, extent, and localization of the electrical charge in the silicate
3. The nature and CEC in the external and intracrystalline regions
4. The extent (SSA) and reactivity of the planar external surface, the internal

surface (interlayer space), and the edge of the clay particles

In this way, the surface activity toward adsorption and other interactions of
diverse compounds with clay minerals can be modulated by the aforementioned
features.
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1.1.2 Clay–Organic Interactions: Clay–Organic Interfaces and
Functionalization of Clay Minerals

The history of well-defined organic–inorganic hybrid materials starts with the
assembling between organic compounds and clay minerals, which took place in
the intercalation of organic cations in smectite phyllosilicates by ion-exchange
processes replacing interlayer cations by alkylammonium species, as reported
by the first time by Gieseking [10]) and Hendricks [11]. Since these early reports,
many different types of organic cations, such as alkyl- and arylammonium
species, cationic dyes, amino acids, charged peptides and proteins, cationic
pesticides and surfactants, and so on, have been intercalated in smectites
and vermiculites [12]. Clearly, electrostatic bonding mechanisms between the
organic cations and the charged clay layers can be here invoked, although,
strictly speaking, non-coulombic attractions such as van der Waals forces must
be also considered. Nowadays, long-chain alkylammonium species belonging to
the cationic surfactants group represent from far the most remarkable organic
compound used for the preparation of so-called organoclays of great importance
in diverse applications. As initially reported by MacEwan, non-charged, that
is, neutral, molecules can also be accommodated in the interlayer region of
smectite and vermiculite layered silicates in interaction with interlayer cations
and oxygens belonging to the internal surface of these solids [13]. Since this last
discovery, a huge number of neutral compounds of different functionality have
been intercalated in layered clays involving diverse host–guest mechanisms in
those clay–organic interactions: amines by proton transfer reactions; hydroxyl
compounds such as alcohols, polyols, and phenols by H bonding; aromatic
compounds by electron transfer mechanisms; macrocyclic compounds such as
crown ethers by ion–dipole interactions; and so on [12].

Surface modifications by clay–organic interactions give rise to hybrid
organic–inorganic materials, where the introduced organic functionality leads to
complementary properties to those inherent to the silicate substrate. In this way,
combination of the exchangeable ability of the interlayer cations, the adsorption
capacity and certain colloidal characteristics of clays with the hydrophobic char-
acter, chemical reactivity, and specific functionality of the organic component
result in extraordinarily versatile organic–inorganic materials provided with
modulated physical and chemical predetermined behaviors.

Most of the resulting organic–inorganic systems are derivatives of layered
silicates belonging to smectite clays (e.g., MMT), more rarely to vermiculites,
and even in minor extent to kaolinite and related aluminosilicates [14]. X-ray
diffraction (XRD) technique is in these cases the determinant tool to show the
penetration of organic species in the interlayer space of the layered silicates, pro-
ducing an increase of the basal distances due to the expansion along the c-axis that
depends on the molecular size and disposition of the guest molecule. Only in few
cases the crystallinity of these hybrids allows approximations toward the partial
resolution of their crystal structure by means of one-dimensional X-ray Fourier
analysis. Dichroism studies of infrared (IR) absorption bands were applied to
ascertain the orientation of intercalated molecules with respect to the silicate
plane. A salient example of application of these two techniques corresponds to the
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determination of pyridinium ion orientation in layered silicates of different
charges, that is, MMT and vermiculite. In MMT (lower charge) the pyridinium
rings are arranged with their planes parallel to the silicate layers, whereas in
vermiculite (higher charge), the pyridinium ions are disposed perpendicular to
the layers [15, 16].

Increasing interest is currently being paid to clay–organic hybrids derived
from clays showing different structures and morphologies, such as the fibrous, or
rather expressed the needlelike, sepiolite and palygorskite silicates as well as the
nanotubular halloysite. The lumen of this last silicate allows the access to diverse
reactive compounds to the interior of the nanotubes whose internal surface is
covered by aluminol groups (=Al–OH). These groups are able to interact with
diverse compounds and, in some cases, could generate stable derivatives where
the organic component is attached to the clay through covalent bonds. Ionic
liquids can be grafted, forming stable Al–O–C bonds, the resulting species being
able to selectively support deposited palladium nanoparticles (NP) inside the
nanotubular halloysite lumens [17].

Sepiolite and palygorskite contain intracrystalline cavities extended along the
fiber axis (c*) but showing a reduced cross-sectional size (a- and b-axis), which
allows only the access of small molecules (vide supra) [8]. The internalized
molecules can be often stabilized inside the structural tunnels by hydrogen
bonding with the water molecules coordinated to Mg(II) ions at the edge of the
octahedral layer in the structural silicate blocks. This is, for instance, the case of
pyridine–sepiolite hybrids, in which H-bounded pyridine heated at 140 ∘C leads
to the elimination of water molecules, being directly coordinated to the Mg(II)
edge cations through unusual, but here stable, Mg–N bonds [18]. Contrarily to
the case of layer silicates, hybrids derived from fibrous and nanotubular clays
cannot be characterized by XRD patterns, but multinuclear nuclear magnetic
resonance (NMR) is here a powerful technique allowing to clarify clay–organic
interaction mechanisms of organic species located at the interior of the silicates
as well as at their external surfaces [18].

As indicated earlier, silanol groups are present at the external surface of sepio-
lite and palygorskite [8, 9]. They play an essential role in the interaction of fibrous
clay minerals with organic compounds that could result in organic derivatives of
those silicates through covalent bonds by reaction with organosilanes, epoxides,
and isocyanates [19–21]. The grafting reactions on sepiolite using alkylsilanes,
such as trimethylchlorosilane, produce hydrophobic organic–inorganic mate-
rials, whereas the use of silanes containing functional groups (benzyl, amino,
mercapto, etc.) modifies the inherent chemical reactivity of this silicate [12].
As an example, the use of aryl-containing organosilanes results in sepiolite
derivatives allowing further reactions of the aromatic rings, leading to functional
hybrid materials whose interphase can contain, for instance, sulfonic groups
provided with strong acidity [22, 23]. Many other types of organic compounds
interact with sepiolite mainly by physical adsorption at the exterior of the
silicate surface, producing a perturbation of IR bands assigned to Si–OH groups.
Cationic surfactants such as alkylammonium species interact with sepiolite in a
similar way than that reported for smectites but, in this case, only affecting the
external surface of the fibrous clay. The resulting organosepiolites can be easily
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dispersed in low-polar organic solvents [24], allowing diverse industrial applica-
tions. One of them is their use as nanofiller in the preparation of polymer–clay
nanocomposites, making the polarity of the polymer matrix and the modified
sepiolite compatible, enhancing their miscibility and improving therefore the
material characteristics [25].

Clay modifications to prepare conventional organoclays are based on electro-
static mechanisms, but they can be also driven by using a broad variety of organic
functional compounds involving diverse bonding mechanisms in their interac-
tion with the silicate surfaces, resulting in organic–inorganic materials of variable
stability. For instance, neutral polar molecules (alcohols, phenols, amines, etc.)
interact with clay surfaces through hydrogen bonding and water bridges (i.e.,
water molecules coordinated to interlayer cations in smectites and at the crystal
edges in sepiolite and palygorskite). Also, interaction mechanisms can be based
on ion–dipole and direct coordination of molecules acting as ligands, as it is the
case of intracrystalline complexation of interlayer cations with crown ethers and
cryptands [26, 27]. Finally other clay–organic interaction mechanisms are based
on the transfer of protons and electrons. Protonation of organic bases, as it is
the case of clay–amine interactions, has been ascribed when the clay surface
exhibits enough acidic character mainly correlated with the nature of interlayer
cations (e.g., Al3+ ions). Transition metal interlayer cations can induce the for-
mation of π-bonds in clay–aromatic compounds (e.g., benzene) interactions as
firstly reported by Doner and Mortland [28]).

1.1.3 Clay–Organic Materials and Interfaces: Design and Preparation
of Nanostructured Hybrids with Functional Properties

Interaction of clay minerals with organic compounds is the basis for the design
and fabrication of hybrid materials having incidence in critical areas such as
agriculture (e.g., interactions of soils and clays with pesticides and fertilizers),
environment (e.g., air, water, and soil protection and removal of pollutants),
health and hygiene (e.g., sequestering of mycotoxins, antimicrobial activity, drug
delivery systems (DDS), and carriers for vaccines and other bioactive species),
industry (e.g., adsorbents, separation, catalysis, and sensors), building and trans-
portation (e.g., polymer–clay nanocomposites and ultra-lightweight materials),
and energy (e.g., generation of carbon–clay materials of interest as elements for
batteries and supercapacitors). In general these interactions take place at the
nanometer level, and therefore the nanotechnology concepts can be applied to
clay minerals to develop advanced nanomaterials via functionalization, that is,
through the deliberated introduction of suitable properties giving rise to novel
functional nanoarchitectures.

The most extensively investigated, widely applied, and expansively commercial-
ized organic–inorganic hybrids derived from clay minerals are undoubtedly the
materials named as “organoclays,” in view of their importance to many applica-
tions [1, 12, 14, 29]. As mentioned earlier they result from the ion exchange of
the original interlayer cations in smectites for long-chain alkylammonium qua-
ternary ions. Therefore, organoclays exhibit an organophilic interface useful for
many diverse applications from removal of organic pollutants in water to fillers
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Figure 1.2 Distribution of application fields of organoclays elaborated with data from the ISI
Web of Science (Thomson Reuters) accessed on July 13, 2016.

in polymer–clay nanocomposites. In fact, this last topic represents about 38%
of articles dealing with organoclays, which corresponds to a total of 6864 arti-
cles, according to data accounted from the ISI Web of Science (Thomson Reuters)
accessed on July 13, 2016. Other important applications of organoclays are related
to adsorption technologies (12% of total articles), removal of pollutants, and envi-
ronmental remediation (11%) as well as rheological agents (10%) and in minor
extent as components of paints, cosmetics, pharmacy, pesticide carriers, delivery
of herbicides, inks formulations, and so on (Figure 1.2).

As the alkylammonium surfactants exhibit toxicity, in order to prepare benign
organoclays, the replacement of this type of organic cations for other nonhaz-
ardous ones should be investigated. In this way, phosphatidylcholine (PC), one of
the main constituents of the cell membranes, has been considered as a promising
alternative to alkylammonium compounds [29]. This last compound is a zwitte-
rion that, in a controlled manner, can be intercalated as a cation in MMT, leading
to organic–inorganic materials whose interfaces appear as “supported biological
membranes” [30]. These lipophilic interfaces are useful for certain applications,
for instance, in mycotoxin sequestration [31].

As already indicated, the main investigations on organoclays are addressed
to their use as fillers in polymer–clay nanocomposites (Figure 1.2) due to the
compatibility between the organically modified clays and the organophilic poly-
mers. Polymer–clay nanocomposites result from the interaction of clays – and
organoclays – with monomers followed by polymerization or directly with
polymers, which in the case of layered clays gives rise to delamination or
exfoliation phenomena, resulting in uniformly dispersed silicate nanolayers
within the polymer matrix. These systems investigated for the first time by the
Fukushima’s team at the Toyota Central Labs [32] exhibit unique properties, in
general improving considerably mechanical properties of the polymer matrix,
even involving a very low content of the clay component (<3 wt%). The topic
has received in the last two decades a huge dedication by many scientists and
engineers with an extensive number of publications and patents. Most of the
reviews on polymer–clay nanocomposites (see, for instance, Refs. [33–40])
deal with applications related to structural properties and, in minor extent,
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to functional materials. As the aim of this chapter is to focus on functional
hybrid materials, we will here emphasize on nanocomposites based on clays of
diverse characteristics and polymers, or biopolymers, whose assembly leads to
hybrids provided with functional properties. The main procedures of polymer
intercalations are experimentally conducted by direct adsorption of the polymer
from water – especially in the case of hydrogels – or from organic solvents, as it is
the case of soluble polymers – see, for instance, the intercalation of poly(ethylene
oxide) (PEO) in clay smectites [41, 42]. Alternatively, melt intercalation processes
can produce the intercalation/exfoliation of layered clays as firstly reported by
Vaia et al. [43]. This last procedure has been largely applied for low-polar polymer
matrices (e.g., polypropylene (PP) and polystyrene (PS)) in which many diverse
organoclays are delaminated and homogeneously distributed among the entire
matrix as a nanofiller that enhances mechanical and rheological properties [36].

Also sepiolite and palygorskite fibrous clays can offer organic–inorganic inter-
faces for assembling polymers, giving rise to polymer–clay nanocomposites.
This type of clay minerals has attracted increasing interest as nanofiller in the
preparation of diverse types of polymer–clay nanocomposites [1, 25, 44–46].
Interesting effects of these clays in the reinforcement of a large variety of poly-
mers have been reported, although as they are two-nanodimensional particles
usually show scarce efficiency for improving barrier properties compared with
2D clays such as smectites and vermiculites. The high hydrophilic character of
the external surface of sepiolite and palygorskite determines poor compatibility
with polyolefins and many other polymers (e.g., thermosetting resins such
as epoxy and polyurethane), disfavoring their homogeneous distribution and
interaction with the polymeric matrix. Therefore, in most cases a previous
modification of the clay is necessary to create compatible interfaces and to
improve their adhesion with the polymers. For this reason, organoclays prepared
by treatment of these clays with diverse cationic surfactants and specially
with coupling agents (organochlorosilanes and organoalkoxysilanes) through
reactions with the clay ≡Si–OH groups afford suitable interfaces to reach higher
compatible nanofillers [36]. The modification of the clay can be done prior to the
incorporation in the polymeric matrix, or the modifiers can be added during the
in situ formation of the polymer, for instance, polyethylene [47]. The nature of
the organic–inorganic interface stabilized by electrostatic interactions, as in the
case of cationic surfactants, or by covalent bonds, as occurs in the case of fibrous
clays treated with organosilanes, influences the characteristics of the nanofiller.
For instance, epoxy resins incorporating palygorskite modified by reaction with
aminopropyltrimethoxysilane show its maximum reinforcement effect at about
2 wt% loading, but the use of an organoclay prepared by ion exchange with hex-
adecyltrimethylammonium (HDTMA) ions allows the incorporation of higher
amounts of nanofiller without severe degradation of the mechanical properties
[48]. In another case, the modification of the clay with organosilanes bearing
reactive groups, for example, 3-methacryloxypropyltrimethoxysilane, creates a
reactive interface useful for further copolymerization with diverse unsaturated
monomers, for instance, acrylamide, leading to very stable polyacrylamide
(PAAm) nanocomposite hydrogels [49].
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Biopolymer–clay nanocomposites, called as bionanocomposites, are biohybrid
materials resulting from the assembly between natural polymers (polysaccha-
rides, proteins, nucleic acids, etc.) and layered or fibrous clays [50]. In the first
case, biopolymers such as positively charged chitosan can be intercalated in one
or various layers in smectites (e.g., MMT) [51] or assembled to the external sur-
face of fibrous clays [52], resulting in functional clay-based bionanocomposites.

The aforementioned considerations give us an idea of the importance of the
clay–organic interactions that will be discussed in detail in this chapter, high-
lighting the role and significance of the interfaces in organic–inorganic functional
materials based on clay minerals.

1.2 Analytical and Measuring Tools in Clay–Organic
Hybrid Interfaces

Analysis of hybrid clay–organic materials is in most cases complicated. Since
those materials are usually prepared in order to perform a specific task, there
are several stages that are required in order to fully elucidate the suitability of
the material prepared. In general such analysis can be divided in different cate-
gories, and the required analytical tools should be able to answer three different
questions:

1. Composition: What is the ratio between the organic compound(s) combined
and the clay mineral(s) used?

2. Structure: What is the physicochemical structure of the hybrid material
prepared?

3. Activity: Are the hybrid material prepared adapted to the task it is expected to
be used for?

It is obvious that any list of methods will be far from being complete, as the inge-
nuity of material scientists will always force them to discover and imply new tech-
niques to elucidate the influence of and changes caused while preparing hybrid
materials. However, in this section we will try to describe at least part of the
widely used analytical methods capable of answering the three questions stated
previously.

1.2.1 Composition

While combining organic compounds with clay minerals, the first question to
be answered is, “What is the ratio between the components?” In some cases the
hybrid material is prepared by introducing low amounts of clay to an organic
matrix: Toyota Research Lab [32, 53] developed a reinforced nylon-6 smectite
material by adding MMT or saponite at 2–8% wt to the polymeric matrix. In such
cases the clay–polymer ratio is determined a priori by the composition intro-
duced to the mixture. Another similar application of a priori determined com-
position is the preparation of clay–polymer nanocomposites for the removal of
suspended solids in water treatment, where polydiallyldimethylammonium chlo-
ride (poly-DADMAC) or chitosan is added to clay minerals at 0.04–4 g polymer
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per gram clay, according to the colloidal charge of the effluents to be treated
[54–56]. However in several other cases, the amount of organic material com-
bined with the clay mineral must be determined after performing the initial “mix-
ing”. Thus, the organic compound is prepared by the relevant technique in case,
and the amount of organic compound bound to the minerals is evaluated by
a specific analytical technique. Such techniques either measure the remaining
“nonreacting” organic participant, and might be considered as “indirect” meth-
ods, or can measure directly the amount of organic and/or mineral content in the
hybrid (“direct” methods).

1.2.1.1 Indirect Methods
In the indirect methods the measurement is performed on the remaining organic
compound in the preparation material. In all those cases the evaluation is per-
formed similarly, and the amount of organic compound adsorbed on the mineral
is determined from the expression below [57], in a procedure known as mass
balance:

[amount adsorbed] =
[added concentration] − [remaining concentration]

[mass of sorbent]
For example, when preparing dye–clay organocomplexes for the adsorption of

herbicides [58] or priority pollutants [59], the remaining amount of dye in the
preparation solution was used to evaluate the adsorbed amount of dye. Since
dyes can be measured with high sensitivity by ultraviolet–visible (UV–Vis) spec-
troscopy, this was the approach adopted by those studies. The same approach
and analytical technique might be used for the preparation of dye-based hybrid
materials used in controlled-release herbicide formulation [60]: prepared meto-
lachlor herbicide formulations, and the amount of berberine in the hybrid initial
based on berberine–MMT compound was determined in the same way. A simi-
lar approach might be taken, but using other analytical quantitative techniques:
for example, carbamate adsorbed on a berberine–bentonite organoclay was
quantified by measuring by high performance liquid chromatography (HPLC)
carbamate concentration in the supernatant [61]. Similarly, to prepare sulfosul-
furon formulations based on clay–octadecyltrimethylammonium (ODTMA) ion
micelles, the quantification was, again, performed in the supernatant by mass
balance – but in this case HPLC was used to measure the remaining non-bound
pesticide, whereas fluorescence measurements were used to evaluate the amount
of ODTMA that was not intercalated in the complex [62]. In a previous study by
the same research group on the preparation of a sulfometuron formulation on
ODTMA or HDTMA micelle–clay matrix, the amount of non-bound surfactants
(ODTMA, HDTMA) was evaluated by drying the supernatant by evaporation
and measuring the precipitate remains by C/N/H/S analysis [63].

Thus, “mass balance” is considered a very widely used approach. However,
one of the problems of such techniques is that several other processes that
reduce concentration in equilibrium solution might be wrongly ascribed as
“adsorption,” yielding an overestimate of the amount of organic component
in the hybrid material [64]. For example, Rytwo and coworkers [65] described
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Figure 1.3 Adsorption of the cationic pharmaceutical chlorpheniramine (CP) on SWy-2 clay
(triangles), SWy-2 with inefficient separation between the colloids and the supernatant due to
low centrifugal acceleration (squares), and CP adsorbed on a neutral organoclay based on
SWy-2 modified with TPP (full rhombus).

apparent “adsorption” of crystal violet (CV) on Texas vermiculite that after a
more detailed analysis happened to be degradation of the dye on the surface of
the mineral. Overestimated adsorbed amounts may also stem from precipitation
or evaporation of the adsorbate in case. For example, in early works with
berberine clay, adsorption of the dye was assumed to reach 150–175% of the
CEC [66], whereas later studies show that several commercial clays absorb
berberine at amounts that are directly related to the CEC of each clay [67].
The discrepancy is ascribed presumably to the fact that the previous study was
performed at concentrations 20-fold above the solubility of berberine [68], and
at such conditions precipitation is prone to occur. Other effects might yield
underestimate: for example, if separation between the clay–organic particles
and supernatant is ineffective, due to low centrifugation velocities and small
colloidal organoclay particles, analytical techniques might measure bound
organic component as “free,” yielding calculated organic compound/clay ratios
that are lower than the real values. Figure 1.3 (based on [69]) shows adsorption
of the cationic pharmaceutical chlorpheniramine (CP) on SWy-2 clay (triangles),
SWy-2 with inefficient separation between the colloids and the supernatant
due to low centrifugal acceleration (squares), and CP adsorbed on a neutral
organoclay based on SWy-2 modified with TPP (full rhombus), as described
in [59]. It can be seen that raw clay adsorbs CP at amounts considerably larger
than TPP–clay. This can be ascribed to the fact CP is a cationic compound with
large affinity to the negatively charged raw clay. On the other hand, inefficient
separation appears as higher remaining concentration in the supernatant,
erroneously leading to underestimates of the amounts adsorbed.
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Thus, even though indirect quantification is in most cases an accurate
approach, care should be taken, and in some cases other complementary evalua-
tions must be performed.

1.2.1.2 Direct Methods
Erroneous quantifications might be minimized by measuring the adsorbate
content not in the supernatant, but directly on the hybrid material prepared.
This approach can be performed by several analytical techniques, depending on
the adsorbed chemical and the type of mineral. The most widely used analytical
approach is based on the fact that clay minerals have very low contents of C, N,
and S, whereas those elements are main constituents of any organic compound.
Evaluation of the organic compound/mineral ratio can be done by means of
a CHNSO analyzer [30, 70, 71]. In cases where the sorbent contains some of
those elements, more cumbersome evaluations can be performed to take that
in consideration [60]. Another option, in cases where the adsorbed organic
compounds contain relatively large amounts of heavier elements that do not
appear in the lattice of the clay mineral (Fe, Ti, Cr, Zr, etc.), is to measure the
total dry material by X-ray fluorescence (XRF) [72]. It should be mentioned
that in several cases, large discrepancies between methods based on elemental
analysis and other techniques were reported: Aznar et al. [70] had shown
a 20% difference between CHNSO and mass balance by UV–Vis. Another
problem with measurements based on elemental analysis and not on the specific
structure of the bound organic compound is that element analysis will not detect
degradation on the surface, if the products remain bound to the clay [65].

As for methods able to describe the hybrid materials at a molecular level and
relate the measurements specifically to molecular structure of the compound
adsorbed, Fourier transform infrared spectroscopy (FTIR) [73] and NMR [74]
are the most notorious. NMR can be very useful for the elucidation of the spe-
cific interactions between organic molecules and the environment [75]. It can be
used in semiquantitative and in specific cases even quantitative evaluations of the
ratio between components in a hybrid material [76–78].

FTIR spectrum is used as a fingerprint technique for identification [79]. In clay
mineralogy it helps to derive information concerning their structure, composi-
tion, and structural changes upon chemical modification [80], due to the fact
that it is a rapid fast and cheap technique that yields unique information about
mineral configuration [81], including quantitative mineral analysis [82, 83], water
content and influence on the minerals [84, 85], interactions between adsorbed
organic molecules and clay sorbates [60, 86], and even in-plane or out-of-plane
organic orientation of molecules on the clay surface [16, 87]. In recent studies
[64], the use of attenuated total reflectance (ATR)-FTIR was used to quantify
the amount of several organic compounds adsorbed on clay minerals, compared
with other techniques (gravimetric, UV–Vis, CHNSO), yielding similar results
and even describing similar effects of saturation or desorption. Its main advan-
tage is that it allows the measurement of dispersions, gels, liquids, and pastes very
fast, with no extra preparation procedures [81].

As an example of the use of the last method, Figure 1.4 (based on [88]) shows
amounts of olive oil adsorbed on clays and organoclays when added at several
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Figure 1.4 Amount of olive oil adsorbed on clays and organoclays at several mass to mass
ratios: montmorillonite (MMT), poly-DADMAC-modified MMT (MMT+ PD), hectorite (SHCa1),
palygorskite (PFl-1), sepiolite (S9), and chitosan–sepiolite nanocomposite (NH9).

mass to mass ratios. Measurements were performed after removing excess of
oil by washing and centrifugation: the free oil “creams” up to the top of the
test tube, and the sediment contains the clay with the bound oil. ATR-FTIR
ratios between IR absorption bands of olive oil ascribed to absorption of the
symmetrical and asymmetrical methylene (CH2) stretches (2865 and 2925 cm−1,
respectively) and the C=O group at 1710 cm−1 to the clay peaks of the Si–O
stretch (1020–1100 cm−1, depending on the mineral) and the sharp band at
3570–3630 cm−1 ascribed to OH stretching structurally coordinated with Mg,
Al, or Si atoms in the lattice of the mineral allow detailed quantification.

Averaging the information of all those ratios yields adsorbed amounts of oil
(in gram oil per gram sorbent) shown in Figure 1.4, indicating that (a) smec-
tites like MMT or hectorite (SHCa-1) adsorb olive oil at very low amounts; (b)
fibrous clays as sepiolite (Pangel S9) or palygorskite (PFl-1) adsorb considerably
larger amounts (5–8-fold) of oil, which increase with the added amount; and (c)
montmorillonite poly-DADMAC (MMT-PD) yields similar results to the original
clay (MMT), whereas chitosan–sepiolite (NH9) nanocomposites adsorbs more
oil than MMT but considerably less than fibrous clays. All of these effects can
be explained by the fact that fibrous clays (unlike MMT and most other clays)
adsorb non-charged molecules in relatively large amounts on neutral silanol sites
[89]. Adsorption to such sites has been proven by changing a doublet ascribed to
the structural O—H at about 780 cm−1 to a single band and shifts of an absorp-
tion band at 3690 cm−1 batochromically to lower energies [90, 91]. Indeed, the
same effect was observed in this study, when olive oil adsorbs on sepiolite or
palygorskite, whereas in the nanocomposites, it seems that chitosan “covers” the
silanol sites. Thus, on the one hand, a more organophilic surface is formed by the
covering of chitosan. On the other hand, silanol sites are no longer available for
adsorption of the oil.



14 1 Clay–Organic Interfaces for Design of Functional Hybrid Materials

1.2.2 Structure

In this subsection we will describe shortly part of the methods used to deter-
mine the physicochemical structure of the hybrid material prepared. It should be
emphasized that even though in some cases a single method is used [92], in most
cases determination of the structure is done by combination of several techniques
(e.g., [93–97]).

1.2.2.1 Visualization Methods
Methods based on direct or indirect visualization of the obtained hybrid are
widely used: optical microscopy allows observing macroscopic arrangements
and formation of large aggregates [98]. When used with oriented films and
polarized light, anisotropic light properties (“birefringence”) might be observed
[95] or the formation and size of polymer crystallites in the nanocomposite
structure [99]. A direct visualization of labeled clays into polymer matrices can
be obtained by fluorescence imaging through a confocal microscope, providing
pictures with bright particles accounting the dispersion level of the platelets
[100]. Atomic force microscopy (AFM) allows to elucidate surface morphology
of hybrid materials in general [101] and clay–organic materials in particular:
when used in the “tapping mode,” the cantilever oscillates vertically close to its
resonance frequency and contacts the sample surface briefly in each cycle of
oscillation. As the tip approaches the surface, characteristics of the cantilever
oscillation are modified due to tip–sample interactions. Thus, the surface can
be imaged as “height” at the nanometric scale along the path of the cantilever
[95], yielding a visual three-dimensional (3D) picture of the general structure.
For example, AFM allowed differentiating architecture of monolayers of several
clay minerals interacting with rhodamine B octadecyl ester perchlorate: lath-like
structure for hectorite, plates for Wyoming bentonite, a mixture of laths and
plates for saponite, and aggregates of very small layers in Laponite® [92].

However it seems that from all visualization methods, electron microscopy is
by far the most widely used. The electron microscope uses a beam of electrons
to create an image of the sample. Visible light wavelength photons are in the
range of 350–700 nm, whereas wavelength of an electron can be several orders
of magnitude shorter than that. Thus, an electron microscope is capable of much
higher magnifications and has a greater resolving power than a light microscope,
allowing it to see much smaller objects in finer detail [102]. In transmission elec-
tron microscopy (TEM), the electron beam that has been partially transmitted
through a very thin sample carries information about the structure of the speci-
men. In scanning electron microscopy (SEM), the electron beam is scanned across
the surface of the sample in a raster pattern, with detectors building up an image
by mapping the secondary electrons that are emitted from the surface due to
excitation by the primary electron beam. TEM resolution is usually about an
order of magnitude better than the SEM resolution; however because the SEM
image does not rely on transmission, preparation is simpler and SEM is able to
image bulk samples with a greater depth of view, yielding a good representation
of the 3D structure [102]. Improvements in the technology allow the measure-
ment of wet samples (in environmental scanning electron microscopy – known
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(a) (b)

SWy-2 clay PM-DZ-clay

Figure 1.5 SEM images of the pristine SWy-2 clay (a) and a formulation of the herbicide
pendimethalin (PM) prepared on difenzoquat (DZ)/SWy-2 organoclay.

as ESEM) or increased resolution to magnifications that can reach 50× 106 times
in high-resolution transmission electron microscopy (HRTEM).

For example, the use of the latter technology allowed to obtain detailed
microstructural analysis of fluridone–organoclay nanocomposites [103]. In
some cases combining different techniques delivers complementary informa-
tion: in a study that addressed the role of natural clay–organic complexes in
cementing sand [104], SEM of the air-dried samples exhibited high porosity
even though TEM of the water suspensions showed a network texture. In
several cases electron microscopy is simply used to demonstrate the changes in
the microstructure imposed by the binding of an organic compound to a clay
mineral (e.g., [67, 105–108]. For example, Figure 1.5 (based on [109]) shows SEM
pictures of microstructure and microporosity scanning of different materials.
Whereas the crude MMT (SWy-2) clay (Figure 1.5a) shows an almost plane
surface, when a formulation of the herbicide pendimethalin (PM) is prepared on
an organoclay based on difenzoquat (DZ) adsorbed on SWy-2 up to the CEC of
the clay (PM/DZ/clay; Figure 1.5b), a flaky appearance with considerable larger
external surface and large micropores is observed.

1.2.2.2 Structure Determination
An overlook on clay–organic hybrid publications will easily show that the most
broadly used method to determine the structure of minerals in general and clays
in particular is XRD, denoted also sometimes as “wide-angle X-ray diffraction
(WAXD).” Since the classic publication by George Brindley describing the tech-
niques and discussing applications and effects with other eminent clay scien-
tists as Mac Ewan and Bradley [110], the general idea of the method remained
even though the instruments improved and today “desktop” XRD are available
at affordable cost, allowing the use of such instruments for all scientists. The
principle is that a monochromatic and collimated beam of X-rays generated by
a cathode ray is directed toward the sample. When conditions satisfy Bragg’s law
(n𝜆= 2d sin 𝜃), there is an integer relationship between the wavelength of the
beam (𝜆), the lattice spacing (d) in a crystalline sample, and sinus of the inci-
dent angle (𝜃), and constructive interference occurs. These diffracted X-rays are
then detected, processed, and counted. By scanning the sample through a range
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of incident 2𝜃 angles, all possible diffraction directions of the lattice should be
attained due to the random orientation of the powdered material [111]. Angles
are then converted to spacing between lattice surfaces. Determination of such
spacings allows evaluating the distribution of the organic compound on the clay
when forming the hybrid material. Data on the raw clay minerals can be widely
found in literature (e.g., [112]), and the modifications on those original spacings
were reported in thousands of studies and summarized in dozens of review papers
[29, 35, 113–115]. The rationale is that the nanocomposite structure (“interca-
lated ”or “exfoliated”) may be identified: in an “exfoliated” nanocomposite, the
extensive layer separation associated with the delamination of the original silicate
layers in the polymer matrix results in the eventual disappearance of any coherent
XRD from the distributed silicate layers. In “intercalated” hybrid nanocompos-
ites, the finite layer expansion associated with the polymer intercalation results
in the appearance of a new basal reflection corresponding to the larger gallery
height [35].

Thermal analysis methods are also applied to determine stability and other
important properties related to the structure of the hybrid materials. The term
thermal analysis covers a range of techniques used to determine physical or
chemical properties of a substance as it is heated, cooled, or held at constant
temperature. Using this technique it was possible to determine, for example,
the marginal thermal stability of the quaternary ammonium organoclays [116]
compared with that of phosphonium [117] or dye-based [118] organoclays.

Differential thermal analysis (DTA) method for studying materials is based on
the suggestions made by Le Chatelier in 1887. The method consists of heating a
small amount of the substance at a constant rate as close to fusion as is possible
experimentally and recording the endothermic and exothermic effects that take
place in the material [119]. The technique uses a known substance, usually inert
over the temperature range of interest and with thermal properties similar to that
of the sample as reference material [120].

In thermogravimetric analysis or thermal gravimetric analysis (TGA), changes
in the mass of the sample are measured with an accurate balance as a function
of increasing temperature. The method can deliver details on phase transitions
(vaporization, sublimation), adsorption processes (desorption, chemisorp-
tions), desolvation (especially dehydration), decomposition, and solid–gas
reactions (e.g., oxidation or reduction) [121]. This method can also be per-
formed while comparing to a reference material (differential thermogravimetric
analysis (DTG)) with known properties.

The third widely used thermal method is differential scanning calorimetry
(DSC) in which the energy needed to establish a nearly zero temperature
difference between the sample and an inert reference material both subjected
to the same identical temperature regimes in an environment heated or cooled
at a controlled rate is monitored [122]. Monitoring can be performed by power
compensation where temperatures of the sample and reference equaled by
varying the power input to the two furnaces, and the energy required to do this
is a measure of the enthalpy or heat capacity changes in the sample relative to
the reference. Another method is based on measuring the heat flux between
the sample and reference that are connected by a metal disk and heated in a
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single furnace. Enthalpy or heat capacity changes between the sample and the
reference cause differences in temperature that are monitored and related to
enthalpy change in the sample using calibration experiments.

An interesting setup known as thermo-XRD analysis, combines the two
methods mentioned in this subsection. It is based on performing a series of XRD
measurements at different temperatures and monitor changes in the spacings
of the material [66]. Such combination allowed, for example, to determine
changes in the structure of tactoids of quaternary ammonium organoclays with
temperature [123].

There are of course several other methods that can deliver very important infor-
mation on the structure. As mentioned in the previous section, NMR can be
used to analyze the ratio between the organic compound and the mineral, but
some researchers also consider it as the most powerful tool for the determination
of complex structures and interactions, with the additional advantage that can
be performed on components with various physical phases (solids, gels, liquids,
and gases) [75]. Other common quantification techniques can yield important
structural information: metachromasy of organic dyes adsorbed on clays as mea-
sured by UV–Vis spectroscopy is in several cases ascribed to the configuration of
the dye molecules as those interact between themselves in the interlayers of the
minerals: whereas a bathochromic shift (absorption peak shifted to lower ener-
gies) is ascribed to “head-to-tail” aggregation (J-aggregates), hypsochromic shift
(absorption peak shifted to higher energies) is generally related to “sandwich”
𝜋–𝜋 aggregation (H-aggregates) [124–128]. However, there are studies that show
metachromasy when the dye–clay ratio is very low, and dye aggregates on the
surface does not appear to occur [109, 129]. In such cases 𝜋 interactions between
the oxygen plane of the silicate layer of the clay mineral and the aromatic parts
of the dye or local influences of surface acidity might be a more logical explana-
tion for the metachromasy effect [130–132]. IR spectroscopy can demonstrate
direct interaction between the organic adsorbate and the clay sorbate [60, 73,
86, 133], and in several studies it has even been used as a proof of modification
or degradation of the organic compound attached to the clay [65]. Combina-
tion with polarizers allowed to deduce the in-plane or out-of-plane orientation
of the organic molecule [16, 134–136], whereas mathematical deconvolutions of
the amide absorption peaks in proteins [137, 138] allow to evaluate the specific
structure of proteins adsorbed on clays [107, 139–141].

1.2.3 Activity

The last question to be answered is – “Are the hybrid material prepared adapted
to the task it is expected to be used for?” The answer to the question depends on
the expected role of the material. If the hybrid prepared is expected to act as a fire
retardant, for example, relevant experiments on such property are prepared, and
thermal analysis techniques and calorimetry methods are applied [142–144].
When influence on the electric conductivity is expected, the property is specif-
ically measured at different compositions or clay–organic contents [145, 146].
Influence on optical properties as the preparation of nonlinear optical hybrids
[147], photochromism (isomers exhibiting different absorption spectra) [148],
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optical anisotropy (different absorption spectra depending on the direction
and/or polarization of the light) [149], Förster or fluorescence resonance energy
transfer (FRET) effects (where energy passes from a donor to an acceptor in a
non-radiative form) [150], or similar effects are evaluated by light absorption,
emission, or dispersion using suitable spectrophotometers, fluorimeters, or
photometers. Influence on physiological properties such as adsorption of oil or
cholesterol can be measured by in vitro or in vivo experiments on mice [88].
Measurements of the influence on the charge particles can be made by several
ways [151], even though care has to be taken in differentiating the “intensity”
factor known as zeta potential from the “capacity factor,” that is, the actual
charge to be neutralized, usually measured by other methods such as titration
with a “streaming current detector” [152]. Similarly, other properties of the
method to be used strongly depend on the conditions of the preparation, and the
decision on the exact application to be made has to consider that, since in such
cases large discrepancies between the different methods might occur. Readers
should not expect that we will present conclusive remarks, but we will discuss
the polemic of the different methods for (i) particle size and (ii) surface area.

1.2.3.1 Particle Size of the Hybrids
Several publications have focused on the differences between particle-size-
determination techniques (e.g., [153, 154]), and it is clear that each of them has
its advantages and limitations. Even instrument manufacturers denote that the
only techniques that can fully describe particle size are microscopy or automated
image analysis [155].

When particles range from hundreds of nanometers up to several millimeters
in size, as it is the case in most clay–organic hybrids, laser diffraction is a widely
used method (e.g., [156, 157]). It measures the light scattered as a laser beam
passes through a dispersed particulate sample. Large particles scatter light at
small angles relative to the laser beam and small particles scatter light at large
angles. By performing analysis of the angular scattering intensity data, the size
of the particles responsible for creating the scattering pattern can be calculated
using the Mie theory of light scattering. Mie theory requires knowledge of the
optical properties (refractive index and imaginary component) of the sample
being measured, along with the refractive index of the dispersant [158]. Even
though large databases on those parameters can be found, it is not obvious that
a new hybrid material will fit parameters found in previous studies. Although
Fraunhofer’s approximation does not require exact knowledge on refractive
indexes for particles smaller than tens of microns, transparent materials are
prone to artifacts.

It should be emphasized that all particle-size-determination techniques make
a broad set of assumptions. A comparative study [159] between a laser blocking
instrument, a “time-of-flight” instrument, and three different laser diffraction
instruments based on Fraunhofer’s approximation showed that the results
obtained by the various methods are generally not in good agreement and that
the first two methods produce results that are consistent with one another and
with microscopy, while on the other hand the Fraunhofer diffraction instruments
yield particle size distributions that may vary significantly from each other and
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from that observed via image analysis. This study suggests that the investiga-
tor must carefully select the appropriate particle size equipment for a given
application and verify using another independent method to ensure against
the presence of instrumental artifacts. They also emphasize that as all methods
were highly reproducible, reproducibility of a given method is not a sufficient
criterion. They conclude that it does not appear to be possible to make particle
size measurements that are completely independent of the apparatus. Another
study performed 2 years later comparing microscopy with laser diffraction
using the more accurate Mie theory [153] led to similar conclusions: the laser
diffraction instruments gave results that were both dissimilar to the microscopy
measurements and to each other. The optical model employed affected the
calculated particle size distribution but in a non-predictable manner, and the
Mie optical model did not assure more accurate results. Similar conclusions
are given in another study that compared sedimentation techniques based on
“Stokes’ law” with laser diffraction measurements in 42 California soils [160]:
they conclude that the relationship between the sedimentation data and the laser
diffraction data for the different size fractions was less than satisfactory.

Even though there are other technological principles for particle size deter-
mination, we almost could not find such instruments in use in the research
of clay–organic hybrids. In a study on the preparation of organoclay-based
herbicide formulation, the differences in the particle sizes for dried or wet
berberine–MMT were reported based on an “EyeTech” laser obscuration time
instrument [60]. The method is based on the interaction of a rotating laser spot
with a particle, which creates the “obscuration time” pulse. Analysis of the pulse
duration yields the size of the particle. The obscuration time combined with
the known rotation velocity of the laser beam makes it possible to calculate
the particle diameter. The obtained images of shadows of the particles give a
clear description of the shape of the particles, enabling evaluation of the aspect
ratio (ratio of the length and width), distance between surface and boundaries,
and other important geometric parameters. Authors concluded that non-dried
hybrid particles have larger sizes, with a mean size of almost 62 μm, compared
with less than 30 μm for the dried particles. Thus, the non-dried organoclay
forms more aerated flocs allowing in that case to more herbicide to adsorb to
the compound.

Another instrument for the determination of the particle size distribution
in the range between hundreds of nanometers to hundreds of microns was
developed by LUM GmbH. It combines two different approaches and is based
on measuring light transmission at three different wavelengths, all along the test
tube while sedimentation by gravity occurs (“LUMiReader”). The differences in
the transmission of the three different wavelengths allow avoiding the need of
applying Mie theory and consequently refractive indexes for the determination
of volume weighted particle size distribution [161]. A similar instrument
(LUMiSizer) introduces centrifugal acceleration instead of gravity, allowing
monitoring of smaller particles. One of the advantages of the instrument is that
it can measure very concentrated suspensions, whereas the need for significant
dilutions is one of the handicaps of laser diffraction instruments that might
influence directly on the particle size, for example, in micelles, where dilution
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Figure 1.6 Particle size distribution of untreated and treated cowshed effluents.

can reduce concentration below critical micelle value. Figure 1.6 exhibits particle
size distribution of untreated and treated cowshed effluents, which contain
more than 10000 mg l−1 (1%) suspended particles (based on [98]) measured by
such instrument. Considering the high amount of suspended solids, it would
be impossible to perform non-diluted measurements of such effluents with
laser diffraction. Raw effluents consist of very small, negatively charged colloidal
particles, almost all of them <2 μm, which remain in a stable suspension, making
water treatment almost impossible. Addition of suitable clay–cationic polymer
nanocomposites changes completely the distribution. Cationic charges of the
nanocomposite neutralize and bind the negative colloids, forming flocs of
10–30 μm that sediment in minutes. Adding to that also a bridging polymer that
meshes the flocs together leads to formation of very large aggregates that can
reach more than 100 μm and might be easily filtered.

1.2.3.2 Specific Area of the Hybrids
The SSA is a very important and commonly used property to describe a powder
or porous solid [162]. As in particle sizing, discrepancies between methods are
also very common. The most widely used techniques is nitrogen adsorption at
77 K analyzed based on the Brunauer–Emmett–Teller (BET) theory and a stan-
dard cross-sectional area of a single molecule (0.162 nm2) to extract the desired
surface area [163]. The main disadvantage of this technique is the need to use dry
samples. For example, surface area of standard sodium MMT clay (SWy-1), when
measured with this technique, yield tens of square meters per gram, whereas
the theoretical values presented in the literature are several hundreds of square
meters per gram. These large values are generally confirmed by adsorption exper-
iments in solutions [164]. Such discrepancies lead to the conclusion that surface
area of swelling smectites such as MMT cannot be measured by gas adsorption
on powdered aggregates, because the drying processes forms tight tactoids, with
areas inaccessible to the nitrogen gas [165].
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Although performed on clays and not on hybrid materials, an interesting study
[166] compared the SSA as measured by AFM measurements of several particles,
N2 adsorption, and the relatively simple method based on adsorption of ethyl
glycol methyl ether (EGME) [167]. When compared with AFM, N2 adsorption
yielded underestimates (50% for illite and only 17% for MMT), whereas EGME
adsorption yielded a 35% overestimate for both minerals. Similar large discrep-
ancies were observed when comparing N2 to methylene blue adsorption [168].
However, in this latter study it can be seen that when measuring non-expandable
clays such as kaolinites, similar values were obtained by both methods. Thus,
discrepancies strongly depend on the general structure of the minerals: for the
fibrous clays sepiolite and palygorskite, N2, methylene blue, and EGME adsorp-
tion yielded less than 10% difference. Studies performed on hybrids based on
zeolite indicate also that in non-swelling minerals, N2 SSA measurement yield
similar hundreds of square meters per gram values, before and after modification
[169, 170].

An interesting new method to evaluate surface area in suspensions is based
on NMR relaxation time. The principles of the method for general colloids in
general [171] or clays in particular [172] had been published several years ago;
however, inexpensive low-resolution NMR instruments developed in the last few
years enable its application [173]. The rationale is that adsorbed water molecules
have shorter relaxation decay time than those in bulk fluid. Considering that the
fraction of adsorbed water is directly correlated to the area of the particles coming
into contact with the liquid (the wetted area), evaluation of relaxation times can
yield a direct evaluation of the wetted area. Obviously, calibration is needed for
the specific material and the liquid in case, and after making several assumptions,
measured relaxation time can be used to find the surface area of an unknown sam-
ple of the same material used for the calibration [174]. Thus, in the preparation of
new hybrid materials, the need for a known calibration sample is a limiting factor.
However, it can also be an advantage because changes in the surface properties
that influence the wetting area (e.g., increase in hydrophobicity) will yield changes
in relaxation times for the same solid-to-solvent ratios that might be ascribed to
a direct modification of the surface [152]. To summarize, for SSA, as in the case
of particle size measurements, it is strongly recommended to adapt the method
used to the need of each specific research and to apply a criticist observation
when reaching conclusions from the results measured.

1.3 Nanoarchitectures from Organic–Clay Interfaces

Among other uses, organic–clay interfaces have been employed for developing
diverse type of porous nanoarchitectures based on clays of exceptional relevance
in adsorption and catalytic applications. Essentially, “nanoarchitectures” or
“nanoarchitectonics” [175] are nanostructured materials that result from the
assembly of structural units organized at the nanometer scale in which the
resulting “nano-organization” procures specific functionality. Typical clay-based
nanoarchitectures come from the organization of clay platelets in view of procur-
ing materials of regular and predetermined porosity, being the most classical
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Figure 1.7 Schematic representation of the use of organoclay interfaces in the formation of
diverse clay-based nanoarchitectures: (a) use of PEO-based surfactants to produce PILC, (b) use
of organoclays incorporating amines to prepare PCHs, and (c) use of organoclays as interfaces
for controlling hydrolysis–polycondensation of silicon and metal alkoxides in the formation of
delaminated clay heterostructured materials.

example the so-called pillared clays (PILC) group [176–178]. Classical methods
used in the preparation of PILC did not involve the use of organoclays but just
the direct intercalation of the metal oxide precursors in the interlayer space of
layered clays, and their further thermal transformation to consolidate metal
oxide NP that maintained separated the silicate layers, giving rise to a gallery of
interconnected tunnels at the nanometer scale. However, the necessity to control
this porosity and to direct the formation of diverse type of pillars, as well as the
possibility of introducing specific functionalities, drove to a research in which
the incorporation of specific organic species, either in the reactive medium
or the previous organic modification of the clay, gave rise to various original
routes for obtaining new type of clay-based nanostructured clay materials [29,
177–180]. In this section of the chapter, it will be shortly revised the most
relevant achievements related to the use of organic–clay interfaces in the for-
mation of the most relevant types of clay-based nanoarchitectures (Figure 1.7),
introducing information on the synthetic methodologies, main characteristics
of the resulting materials, and some examples and perspectives related to their
applications. Moreover, it will be also shown how organic–inorganic interfaces
in fibrous clays, such as sepiolite and palygorskite, can be profited to produce the
assembly of NP of diverse nature on the surface of the silicate fibers [179–181],
which may be of interest in the application to other types of nanoparticulated
inorganic solids provided as well of abundant external –OH groups.
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1.3.1 Organic–Inorganic Interfaces in PILC and Other Related Clay
Nanoarchitectures

Typical method for PILC preparation consists in the incorporation of metallic
polyoxocations (e.g., the so-called “Al13” Keggin cage ([Al13–O4(OH)24(H2O)12]7+)
by ion-exchange reactions. As these polyoxocations are bigger and with larger
charge than common interlayer cations of clays (e.g., Na+ or Ca2+), once inter-
calated, they produce a larger separation between the silicate layers and are also
placed much more far away one to other. After a convenient thermal treatment,
the polyoxocations are transformed in metal oxide NP that become attached
to the silicate layers acting as pillars that produce the permanent separation
between them. In general, this methodology does not allow a good control of the
type of galleries that can be produced as this is slightly controlled on one side
by the nature of the precursor for a given type of final metal oxide NP, which
usually grow till a specific maximum size in the interlayer region, and from
the other side by the silicate charge, which determines the separation between
pillars. In this way, the final porous size in the resulting PILC varies always in the
micropore range. To go further, Michot and Pinnavaia [182] applied a different
strategy that implies the use of nonionic surfactants (e.g., PEO-based surfactants
such as commercial Tergitol 15s-5) in the pillaring solution. In this case the
presence of the surfactant enhanced the stability of the Al13 polyoxocations
in the interlayer region, giving rise to PILC with a more uniform micropore
distribution in the final structure, which is relevant in view of producing more
shape-selective catalysts and adsorption materials (Figure 1.7a). The explanation
of this behavior has been addressed to a surfactant effect that facilitates the clay
platelet flocculation, reducing also the amount of water needed in the process,
which results very convenient in view of scaling up the synthesis process. In fact,
when applying this methodology, the presence of alkyl polyether surfactants in
different concentration affects the way it is associated with the polyoxocations,
affecting the textural properties of the resulting PILC [183]. Thus, for instance,
at low surfactant loadings, it bonds the polyoxocations in the interlayer region
as they both intercalate simultaneously, but for surfactant loading of around
0.67 molecule per unit, the cell part of the surfactant species binds also the inter-
layer gallery surfaces; this also acts as a pillaring agent, provoking the increase
in basal spacing from 1.9 to 2.3 nm, while for higher surfactant contents, part
of it is adsorbed on the external surface of the clay [183]. The direct use of PEO
of different molecular weights allowed to produce PILC of different specific
surfaces after calcination that may reach clay nanoarchitectures with SSA even
higher than 400 m2 g−1 [184]. Hence, other PILC systems using PEO related
species, such as poly(ethylene glycol) (PEG) and tetraethyl orthosilicate (TEOS),
have been produced by using ultrasonication treatments of the pre-intercalated
clay with either hydrolyzed TEOS or PEG or with mixtures of both components,
observing the formation of hybrid nanoarchitectures that show basal space
distances of 3–4 nm [185]. Interestingly, not only the nanoarchitectures resulting
after the thermal calcinations but also those with the presence of the organic
species show interesting properties for their application in the removal of



24 1 Clay–Organic Interfaces for Design of Functional Hybrid Materials

organic pollutants such as dyes, volatile organic compounds (VOCs), and certain
petroleum products.

Alternatively, surfactant species have been used with the aim to produce
organic–inorganic interfaces that can be used for the convenient reorganization
of intercalated polyoxometalates and other intercalated pre-pillar species and
the tuning of final textural properties in the resulting materials. In this way,
silica–iron oxide PILC heterostructures based on MMT with SSA as higher
as 750 m2 g−1 and pore sizes of 2 nm have been reported using alkylammo-
nium species (e.g., octadecylammonium chloride, trimethylstearylammonium
chloride) for the treatment of freshly intercalated clay with mixed polycations
containing silica and Fe3+ species prepared from prehydrolyzed TEOS sol and
Fe3+ aqueous solutions [186]. Alternatively, clays previously modified with a
surfactant (e.g., HDTMA bromide also known as cetyltrimethylammonium
bromide (CTAB)) have been later treated with H3PW12O40⋅6H2O and TEOS to
produce under hydrothermal conditions the formation of mixed PILC systems
with interlayer basal spacing increases between 3 and 4 nm, materials that
present interest for application as catalysts in oxidation of diesel oil [187].
Vermiculite modified with long-chain alkylammonium ions have been treated
with tetramethyl orthosilicate (TMOS) solved in supercritical CO2, the alkoxide
being hydrolyzed by water molecules still remaining at the organic–inorganic
interface. This methodology gives rise to the formation of regular silica pillars
with a layer separation of about 3.5 nm and SSA of around 350 m2 g−1 [188].
Regular formation of mixed silica–titanium oxide pillars are achieved using
adequate sol precursors incorporating a surfactant, for instance, CTAB, TEOS,
and titanium tetrabutoxide mixed with suspensions of the Na+-exchanged clay
[189]. As the alkylammonium ions intercalate into the clay by ion exchange, the
organic precursors become also intercalated, and when ammonia is added, the
hydrolysis–polycondensation of the alkoxides in the interlayer region of the clay
produces the formation of pillars of around 3 nm [189]. A similar approach has
been employed to produce regular titanium oxide pillars of different height, from
2 to 3.5 nm, using alkylammonium-based surfactants of different long-chain
alkyl size (e.g., dodecyldimethylbenzylammonium chloride, tetradecyldimethyl-
benzylammonium chloride, HDTMA chloride, and octadecyldimethylbenzyl
ammonium chloride) and titanium tetrabutoxide ammonium chloride solved in
ethanol and slowly added to suspension of the clay also in this alcohol [190]. The
use of organoclays and titanium alkoxide sols in supercritical CO2 gives rise to
mesoporous TiO2–MMT nanoarchitectures as anatase NP of 5–20 nm diameter
are in situ formed and keep the clay layers separated [191].

Organoclay derivatives have been also used to favor the assembly of differ-
ent types of NP in the interlayer region of the clay, giving rise to diverse types
of PILC-related materials of interest in diverse applications. In this way, MMT
treated with a poly(oxypropylene)amine salt [192] or with cetylpyridinium chlo-
ride [193] has been used to favor the assembly of preformed magnetite NP. The
way the organic–inorganic interface is prepared strongly affects the characteris-
tics of the final materials. Thus, for instance, magnetite NP mixed in water with
Na+-exchanged MMT and further intercalated with cetylpyridinium ions results
in materials containing more galleries and showing higher magnetism than those
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Figure 1.8 TEM images of Fe3O4-smectite (a) and of ZnO–smectite (b) heterostructures
prepared by assembly of Fe3O4–oleic acid NP and ZnO NP to an organo-smectite. (González
et al. 2011 [196] and Akkari et al. 2016 [197]. Reproduced with permission of John Wiley and
Sons and Elsevier.)

prepared by assembling Fe3O4 NP to a cetylpyridinium-exchanged MMT dis-
persed in a mixture of ethanol in water 90% [193]. Surface modification of alu-
mina pillared MMT with magnetic iron oxide NP has been also attained using
as precursor a colloidal solution of magnetite in poly(vinyl alcohol) [194]. Alter-
native methodologies to produce heterostructured clay materials provided with
magnetic properties can use magnetite NP modified with oleic acid. In this case,
the organically modified NP shows an adequate interface to be incorporated in an
organic solvent forming ferrofluids that can interact with both Na-exchanged and
organically modified smectites, giving rise to magnetite–clay materials in which
it is possible to control the amount of assembled NP [195]. This methodology
allows the preparation, for instance, of novel superparamagnetic clay compounds
(Figure 1.8a) that preserve their adsorption properties and can be easily removed
from the aqueous medium with the help of a magnet once the pollutant has been
adsorbed in the clay [196]. Besides magnetite, other types of metal oxide NP, for
instance, ZnO, have been assembled to clays and organoclays to procure het-
erostructured materials of interest in photocatalysis. This can be reached either
by formation of the NP in the presence of the organoclay [198, 199] or by using
already preformed ZnO NP [197]. In all these cases, the use of organoclays favors
the assembly of the ZnO NP, but XRD patterns do not show the presence of the
particles in the interlayer region. Actually, ZnO NP remains mainly associated
with the clay at its external surface (Figure 1.8b), which is very useful in view of
developing active photocatalysts [197].

PILC have been also modified in post-synthesis treatments with the aim
to introduce specific organic–inorganic interfaces in view of their further
application in desired applications. In this way, for instance, Al-PILC has been
impregnated with p-toluenesulfonic acid in view of incorporating specific
functionalities for application as acid catalysts in bisphenol A preparation or
in methyl tert-butyl ether (MTBE) synthesis [200]. Another modification to
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procure organic–inorganic interfaces implies the grafting of organosilanes (e.g.,
trimethylchlorosilane or octadecyltrichlorosilane) to the previously formed
Al-PILC to produce adsorbents for removal of VOC [201].

1.3.2 Organic–Inorganic Interfaces and Porous Clay Heterostructures (PCH)

Organoclays based on long-chain alkylammonium ions, typically smectites
exchanged with CTAB, are used as organic–inorganic interfaces in which
alkylamines are incorporated to produce interlaminar micelles that template
the growth of the silica NP from alkoxysilanes (e.g., TEOS), giving rise to
mesoporous materials after removal of the organic matter (Figure 1.7b). These
materials known as porous clay heterostructures (PCH) were firstly described by
Pinnavaia’s group [202], and their synthesis is based on sol–gel methodologies
combined with structure-directing agents; this is the approach usually employed
in the preparation of periodically ordered mesoporous solids of the mobile
composition of matter material (MCM) and Santa Barbara Amorphous type
material (SBA), but here applied in the interlayer region of clays. Actually, that
picture is not completely real, but the resulting PCH show the formation of silica
NP that maintain the silicate layers about 3 nm in very well-ordered patterns
separated, and their surface areas reach about 700 m2 g−1 after calcination in
the case of nanoarchitectures based on smectites [203]. The porosity together
with the acid character of the incorporated silica NP can be of interest in acid
catalysis, for instance, in the selective dehydration of 2-methylbut-3-yn-2-ol to
2-methylbut-3-yn-1-ene [203]. The general synthetic method of PCH implies
first the preparation of an organoclay by intercalation of alkylammonium species
in a layered clay and its further treatment with a cosurfactant, typically a neutral
alkylamine, whose interaction allows the organization of specific regions in the
interlayer region of the clay to procure the formation of the silica pillars once
the alkoxysilane is hydrolyzed in that environment. As already pointed out in
their first publication [202], the porosity and interlayer distances in the resulting
PCH are strongly influenced by the nature of the two surfactants employed in
the synthesis, observing that hexadecylammonium and decylamine gave rise
to materials with the highest porosity. In fact, most of the further materials
developed following this synthetic approach have used those surfactants to
produce the organic–inorganic interfaces. In this way, the methodology has
become very popular and has been largely applied to develop porous materials
from diverse smectites, such as MMT [204–206], hectorites [207], and saponites
of natural origin [189, 208] or synthetic ones [209, 210], as well as other layered
silicates, such as magadiite and kenyaite [211], and highly charged synthetic
mica-type aluminosilicates [212] in view of producing diverse porous materials
of interest mainly in catalysis.

In general, PCH are based on TEOS as the use of other metal alkoxides has
proved to be less efficient to stabilize stable and organized pillared structured
materials. Thus, common procedures to prepare Al-based PCH materials implies
the preparation of silica-based PCH that are further treated to incorporate Al,
which remain grafted to the silica via Al–O–Si bonds. In this way, post-synthesis
treatment of PCH with aluminum acetylacetonate [204], AlCl3, and NaAlNO2
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[213] produces Al-doped PCH materials provided with Brönsted acid sites
whose stability and specific characteristics depend on the nature and amount
of the employed reagent [178]. Although post-synthesis treatment reduces the
SSA of the resulting PCH, the presence of Al species may improve their catalytic
activity as proven when comparing Al-PCH and PCH saponite-based catalysts
in the cumene cracking reaction [213]. Zhou et al. show the possibility to
reach the formation of mixed Al-Si-PCH using octadecylammonium MMT and
dodecylamine as cosurfactant interface for the co-hydrolysis and condensation
of mixtures of TEOS and aluminum isopropoxide [214]. The resulting PCH
shows quite different textural properties than silica-based PCH with lower
basal spacing increase and open slit-shaped pores instead of tubular pores, but
the presence of Al procures Lewis acid characteristics that can be profited in
catalysis, for instance, alkylation of catechol with tert-butyl alcohol to produce
4-tert-butylcatechol [214]. Incorporation of Zr into silica-based PCH has been
also achieved by using mixtures of TEOS and zirconium(IV) propoxide of
variable composition to react with an MMT exchanged with CTAB and treated
with hexadecylamine, giving rise to heterostructures with basal spacing increase
of around 4.5 nm provided with high SSA; micro-, meso-, and macroporos-
ity; and acid properties [215]. Mixed Zr-Si-PCH have been also prepared in
octadecylammonium MMT interfaces using decylamine as cosurfactant in
the co-hydrolysis and condensation of TEOS and zirconium(IV) ethoxide or
ZrOCl2⋅8H2O salt [216]. Here again, textural properties deteriorate in compari-
son with the silica PCH, but several of the resulting heterostructures containing
Zr show better properties in the separation of hydrocarbon mixtures. Similarly,
the formation of the silica pillars in an HDTMA-exchanged MMT using TEOS
in the presence of Co2+ ions (e.g., CoCl2⋅6H2O salt) and n-dodecylamine as
cosurfactant has been proved effective in the development of CoO-SiO2-MMT
PCH that is active as catalyst in NOx conversion [217]. Magnetite NP have
been formed in the presence of PCH using water solutions of ferric and ferrous
chloride salts and aqueous ammonium as precipitating agent [218]. The resulting
PCH shows enhanced magnetic and dielectric properties in the high frequency
range, for which it has been postulated as an interesting material for electronic
devices in radio-frequency identification labels [218].

The presence of silica pillars in PCH materials is particularly attractive in view
of developing new organic–inorganic interfaces by their further functionalization
via grafting reactions with organosilanes. Thus, for instance, aminopropy-
ltrimethoxysilane (APTMS) has been used to incorporate amine groups in the
silica pillars, which can be further used to immobilize reactive coordination metal
complexes [219]. Thus, for instance, chiral Mn(III) salen complexes that contains
a carboxylic group are able to react with the grafted amino functionalities,
producing enantioselective heterogeneous catalysts that are active and highly
selective in the epoxidation reaction of styrene and α-methylstyrene [219]. PCH
can be also modified with phenyltriethoxysilane, mercaptopropyltrimethoxysi-
lane, or ethoxytrimethylsilane to further immobilize diverse chiral manganese
catalysts using the presence of vinyl groups in the complex to react with phenol
and mercapto groups present in the functionalized PCH [220]. Depending
on the experimental conditions, it is possible to tune this modification at the
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external and/or internal surfaces of the PCH, which affect reactivity of the
resulting nanoarchitectures as catalyst in the asymmetric epoxidation of olefins
[220]. The presence of amino groups in PCH has been also used to immobilize
vanadium(IV) and copper(II) acetylacetonates by refluxing these complexes with
the functionalized PCH in chloroform [221]. FTIR proves the stabilization of
the metal acetylacetonates through Schiff condensation of the carbonyl group in
the ligand and the amino groups in the PCH, resulting in C=N bond formation.
The resulting PCH containing V and Cu complexes act as heterogeneous cata-
lysts in epoxidation reactions (e.g., geraniol) and in the aziridination of styrene,
respectively [221]. Alternatively, it is possible to use organosilanes together with
simple alkoxysilanes to produce directly silica pillars provided with organic
functionalities. In this way, mixtures of TEOS and 1,4-bis(triethoxysilyl)benzene
have been co-hydrolyzed in the interface of a smectite exchanged with HDTMA
ions in the presence of octylamine or decylamine as cosurfactant [222]. The
resulting functionalized PCH show different textural properties depending on
the time used in the polymerization reaction; as the reaction time increases, it is
incorporated with higher number of functionalities and decreases the SSA in the
resulting materials. In all the cases the presence of the aromatic functionalities
introduces hydrophobicity that seems useful for applications in the removal of
VOCs [222]. The same methodology has been used to produce in a one-step
process functionalized PCH from mixtures of TEOS and phenyltriethoxysilane
using alcohol and HCl in a solvent extraction process to remove the template
species [223, 224].

1.3.3 Organic–Inorganic Interfaces to Produce Delaminated Porous Clay
Heterostructures (DPCH)

The modification of layered clays with long-chain alkylammonium ions procures
to the resulting organoclays convenient properties for being dispersed in
diverse organic media. These organoclays dispersed in certain alcohols, such
as n-butanol, may suffer a sufficient expansion between the silicate layers for
allowing the incorporation of certain alkoxysilanes (e.g., TMOS or TEOS) in
the organophilic interface. Interestingly, Letaief and Ruiz-Hitzky [225] demon-
strated that under such conditions, it is possible to produce the hydrolysis and
polycondensation of the silane, prompted by the addition of small amounts of
water and HCl, in a spontaneous sol–gel transition that gives rise to the forma-
tion of a polysiloxane network between the silicate layers (Figure 1.7c). In fact,
the materials formed after calcination of the organic matter can be described
as inorganic–inorganic nanocomposites in which the generated silica matrix
provokes the delamination of the silicate as occurs in common polymer–clay
nanocomposites. The nature of the starting organoclay, the involved alkoxysilane
and the solvent, and other variables (temperature, amount of water, presence
or not of HCl catalyst) strongly affect the sol–gel transition and in some
cases impeded it, as observed, for instance, when using ethyltriethoxysilane
as precursor and smectites exchanged with HDTMA ions [225]. Actually, the
organic–inorganic interface plays a key role in the process as the amount and
disposition of the organocations in the interlayer region may allow the more or
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less efficient incorporation of the alkoxysilane and the water molecules required
to produce hydrolysis for initiating the polycondensation reaction [226].

Conversely to classical polymer–clay nanocomposites, the consolidated
silica–clay nanocomposites developed by this methodology exhibit enhanced
SSA and porosity compared with that of the pristine layered silicates, and they
have been later also named as delaminated porous clay heterostructures (DPCH)
due to their certain resemblance with PCH [177, 178]. In fact, after calcination,
some SiO2-vermiculite DPCH may reach SSA and total pore volume above 20
and 100 times to those of the parent clay, respectively [226]. As described in
PCH, the presence of silica in these DPCH can be used for further functionaliza-
tion of the material by reaction with organosilanes. In this way, treatment with
APTMS produces hybrid DPCH provided with dual cation- and anion-exchange
properties, associated with the cation-exchanged capacity of the clay and the
presence of anionic species neutralizing the protonated amino groups created
during the grafting reaction [226]. Thus, the presence of porosity and possibility
of functionalization make this type of clay-based materials very attractive in view
of their possible application as adsorbents, support of catalysts, and nanofillers
of polymers.

Besides the interest of final DPCH, the intermediate phase obtained before
calcination can be also used as organic–inorganic interface in view of diverse
applications. In this way, hybrid heterostructures created by polycondensa-
tion of TMOS in the interlayer region of MMT treated with CTAB or with
octadecylamine were further used as convenient organic–inorganic interfaces
to stabilize a metallocene catalyst (i.e., bis(n-butylcyclopentadienyl)zirconium
dichloride) commonly used as initiator in the polymerization of ethylene. The
organic–inorganic hybrid material was then employed to in situ polymerize
polyethylene that results in reinforced nanocomposites with the clay remaining
well dispersed and partially exfoliated in the generated polymeric matrix [227].
More recently, hybrid heterostructures based also on smectites exchanged
with CTAB have been used to produce the assembly of ZnO NP in view of
developing large surface area clay-based photocatalysts [228]. In this case, the
formation of the polysiloxane network exfoliates the clay, and the presence of the
organocations attached to those elemental layers of the silicate favors the further
assembly of freshly prepared ZnO NP. The further calcination of the material
consolidates the ZnO NP within the delaminated clay and the generated SiO2
matrix, resulting in materials of larger SSA and photocatalytic activity than
those prepared by direct assembly of ZnO analogous to organoclays [197, 228].

The preparation of DPCH using other metal alkoxide precursors such as tita-
nium and aluminum has also been explored [179]. In general the process implies
three general steps (Figure 1.7c): (i) preparation of the organoclay exchanged
with long-chain quaternary ammonium ions, typically by treatment with CTAB
although even commercial organoclays have been tested as well; (ii) dispersion
of the organoclay in an alcohol (e.g., n-butanol, isopropanol), incorporation of
the alkoxide precursor (e.g., titanium tetraisopropoxide), and controlled addition
of water to provoke the spontaneous heterocoagulation (sol–gel transition) of
the organoclay/alkoxide mixture (usually this step is carried out at a controlled
moderate temperature, about 50 ∘C); and (iii) calcination of the organic matter
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by a thermal treatment in the presence of oxygen to produce the removal of
surfactant species and condensation of the metal oxide, which could be varied in
view of optimizing textural properties or to stabilize specific metal oxide phases
[180].

Various authors have reported the preparation of DPCH based on layered
silicates (e.g., smectites, such as MMT or beidellite, and vermiculites) and TiO2
using the aforementioned methodology with the aim to develop active photo-
catalysts for removal of organic pollutants in water [229–234] or for production
of hydrogen from methanol, in this last case incorporating also Pd or Pt NP
[235]. The methodology allows also the generation of mixed titanium–silicon
oxides just by using mixtures of alkoxides (e.g., titanium tetraisopropoxide and
TMOS) in the synthetic process [229]. The presence of the silica precursor
favors delamination of the clays, showing the DPCH obtained after calcination
enhanced textural properties compared with those incorporating only titanium
oxide but impedes the crystallization of TiO2 anatase. In spite of this, both
TiO2– and TiO2/SiO2–clay DPCH show quite similar photocatalytic activity in
the degradation of 2,4-dichlorophenol under UV–Vis irradiation, just slightly
below that of commercial P25® TiO2 catalyst [229]. In fact, delamination of
the clay is affected by both the length of the long alkyl chain and the amount
of the surfactant incorporated in the organoclay, with the silicate expansion
necessary for the incorporation of the alkoxide precursor by surfactants with a
long alkyl chain of at least 16 carbons being easier to produce [231]. Moreover,
the amount of surfactant may affect to the activity of the photocatalyst, with
the presence of excess of surfactant species at the external surface of silicate
particles being critical as it can produce a sintering of the TiO2 NP that reduces
DPCH photoactivity [232]. In fact, photocatalytic activity seems to be controlled
by a balance between the TiO2–clay ratio and the available surface area [233],
and it can be enhanced upon doping of the anatase, for instance, with Ce, just
by adding a metal salt (e.g., Ce(NO3)4) to the sol phase [234]. Interestingly, the
general methodology used to produce DPCH allows also the incorporation in
the sol phase of other organometallic precursors, for instance, acetylacetonate
of palladium or platinum, which become also integrated within the organophilic
interface and result in the formation of DPCH that contain simultaneously
TiO2 and Pd or Pt NP [235]. In fact, this procedure allows the preparation
of DPCH with higher content in noble metal NP than the standard photode-
position method, resulting in materials that show higher photoactivity in the
photoreforming of methanol to produce hydrogen [235].

The preparation of DPCH from aluminum alkoxides as only precursors
showed difficulties due to the usually high reactivity of most of these reagents
that results in their rapid hydrolysis even before they may reach the organophilic
surfactant–clay interface [179]. However, it is possible to produce DPCH using
mixtures of aluminum and silicon precursors (e.g., aluminum tri-sec-butoxide
and TMOS) at different ratios at the interface of commercial organoclay (e.g.,
Cloisite®30B organophilic MMT) swollen in 2-propanol [236]. XRD patterns
show that when the Si/Al content is 2 : 3 or lower, delamination does not occur
but as the Si content increases, there is possibility to reach exfoliation of the clay
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layers. The resulting materials after calcination contain silica-alumina mixed
oxides with the presence of Si–O–Al bonds as revealed by 27Al NMR spec-
troscopy, which shows the presence of aluminum in tetrahedral coordination
with an environment of SiO2 units in the heterostructured materials [236].
Textural properties of silica-alumina-based DPCH strongly vary with the Si
content as well as with the drying treatment applied to the produced gels before
calcination. Thus, when the intermediate phases are submitted to freeze-drying
before calcination, the resulting silica/alumina/clay nanoarchitectures show
higher SSA and higher mesoporosity volumes with low microporosity contents
than those DPCH prepared from the same gels dried at 50 ∘C in air [237]. These
differences in textural properties and the possibility to change Al content, and
so the acid character of the final DPCH, could be relevant in view of the use of
these porous materials in catalytic applications such as conversion of limonene
to p-cymene or the glycerol recovery reaction [238, 239].

1.3.4 Assembly of Nanoparticles to Fibrous Clays Using Organic–Inorganic
Interfaces

As previously mentioned, organic–inorganic interfaces of sepiolite and
palygorskite can be prepared by grafting of organosilanes (e.g., chloro- and
alkoxy-organosilanes) to the silanol groups (≡Si–OH) at the external surface
of the fibers or by treatment with cationic surfactants (e.g., CTAB) that can be
stabilized via cation-exchange reaction considering that these silicates usually
present cation-exchange properties (typical CEC< 20 mEq/100 g). Both types of
organic–inorganic interfaces have been used to develop diverse types of nanoar-
chitectures incorporating bonded inorganic NP either by direct assembly or by
in situ formation [179–181]. Alternatively, the presence of organic–inorganic
interfaces in the NP can be used to generate diverse inorganic–inorganic
nanoarchitectures [181]. In this section, various examples showing the most
common methodologies that can be used to reach this purpose as well as typical
fields of application for the developed materials are introduced.

The previously mentioned sol–gel methodology can be also applied to
generate diverse types of NP (e.g., SiO2, TiO2, Al2O3, mixed SiO2/TiO2, and
SiO2/Al2O3) in the presence of organosepiolite and organopalygorskite, mainly
prepared by treatment of the clay with CTAB (Figure 1.9a). The use of this
type of organic–inorganic interfaces was firstly applied to produce TiO2 NP on
the surface of organosepiolites, the heating step being observed to be crucial
to produce final nanoarchitectures with convenient textural properties and
stabilization of anatase phase [241]. Actually, the addition of thiourea in the
reaction medium allowed the incorporation of sulfur atoms in the generated
TiO2 NP that resulted in stabilization of anatase NP chemically bonded to
the silicate through the silanol groups. The same methodology has been also
applied to produce diverse TiO2–palygorskite heterostructured materials in
which anatase was stabilized without using any additive in the reaction mixture
[242, 243]. The presence of the surfactant clearly favors the organized growing
of individual and less aggregate NP on the external surface of the clay in
contrast to other methodologies that use the neat clay [180]. Both types of TiO2
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Figure 1.9 (a) Schematic representation of use of organo-fibrous clay interfaces for in situ
formation of NP from alkoxides and FE-SEM images of diverse SiO2–sepiolite
nanoarchitectures prepared by in situ growing of SiO2 NP from TMOS on organic–inorganic
interfaces of sepiolite modified with propylammonium (b), hexadecyltrimethylammonium (c),
didodecyldimethylammonium (d), and stadistic methylbenzyl-bis-(hydrogenated tallow
alkyl)quaternary ammonium ions (e) described in Ref. [240].

nanoarchitectures were tested as photocatalysts showing good properties in
the decomposition of aromatic hydrocarbons and dye species [241–243]. As
aforementioned, the sol–gel route allows the incorporation of mixtures of alkoxy
precursors with the aim to produce NP of mixed oxides. Thus, for instance,
tetraisopropoxide of titanium and TMOS mixtures have been co-hydrolyzed to
produce the formation of NP with mixed titanium–silicon oxides in different
ratios, although the resulting materials show inferior photocatalytic properties
than the systems incorporating pure TiO2 NP [241]. During synthesis precursors
of other NP, such as Pd- or Pt-acetylacetonate, can be also added, although it has
been observed that the resulting Pd/Pt-doped TiO2–sepiolite nanoarchitectures
are less effective catalysts in the photoreforming of methanol compared with
those prepared by photodeposition of Pd or Pt NP in the previously consolidated
TiO2–sepiolite materials [235].

In contrast to that observed in DPCH, organosepiolites treated just with alu-
minum alkoxides stabilize nanoarchitectures incorporating pure Al2O3 NP. This
difference could be explained considering that as the alkoxide has to reach the
organic–inorganic interfaces before hydrolysis–polycondensation reactions take
place, it is easier in this case than when the interface is located in the interlamel-
lar region. Actually, the use of mixtures of silicon and aluminum alkoxides allows
the formation of diverse nanoarchitectures where the generated SiO2–Al2O3 NP
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may present a Si/Al content ranging from 0 to 1 [244]. The resulting NP remain
bonded to the external surface of sepiolite and develop interesting textural prop-
erties as the materials show relatively high SSA and mesoporosity. As the Si/Al
ratio can be varied, it is possible to obtain materials with tuned acidity of inter-
est in catalysis, as it has been proved in dehydration reactions of alcohols to
olefins [244]. Actually, these materials can be regarded as alternative catalysts
to silica-alumina, PILC, and other related materials, as they show larger SSA and
mesoporosity, offering the possibility of easily tuning their acidity.

In organoclays prepared from fibrous clays, the surfactant is located at the
external surface of the clay, that is, the organocations surround the fibers and
procure the adequate interface where hydrolysis–polycondensation reactions of
the alkoxides take place. The nature of this organic–inorganic interface clearly
affects the way the NP grow as it has been shown in SiO2–sepiolite nanoarchi-
tectures prepared from organosepiolites containing different ammonium-based
organocations (e.g., propylammonium, HDTMA, didodecyldimethylammo-
nium, and stadistic methylbenzyl-bis-(hydrogenated tallow alkyl)quaternary
ammonium ions) and TMOS as silica precursor [240]. The presence of dido-
decyldimethylammonium ions with branched long alkyl chains provokes the
formation of thicker coatings of silica NP than HDTMA ions with only one long
alkyl chain, but this last one produces nanoarchitectures that show mesoporos-
ity with practically no microporosity. The different aspects of the generated
SiO2 NP (Figure 1.9b–e) clearly indicate a key role of the interface where the
organocations somehow can act as “templates” of the growing polysiloxane
matrix in a similar way than surfactant micelles in the template formation of
silica mesoporous materials.

Moreover, it has been also shown that by varying the clay/silica precursor
ratio as well as the nature of that precursor, it is possible to obtain materials
with diverse textural properties [240]. Both nanoarchitectures prepared after
removal of the organic matter and those in which the organocations are still
present could be of interest for diverse applications, for instance, nanofillers of
polymeric matrix. In certain cases the presence of the organic compound may
favor the compatibility with the polymer and so the improvement of mechanical
properties as it has been observed in nanocomposites based on epoxy resins
[240].

Organoclays can be also used to favor the regular assembly of already formed
inorganic NP. In this way, for instance, ZnO NP have been bonded to sepiolite
fibers treated with CTAB, giving rise to photocatalysts that are more active
than those prepared from related organoclays based on layered silicates [197].
This behavior may be related to higher availability of the ZnO NP placed on
fibrous clay supports than those associated with layered clays, even if these
are partially delaminated. Alternatively, metal oxide NP can be modified with
a surfactant to facilitate their assembly to the silicate fibers. In this way, the
formation of TiO2 NP in the presence of a neutral surfactant (e.g., Triton X-100)
favors their organization on the surface of palygorskite fibers [245]. In the
same way, preformed Fe3O4 NP surrounded with oleic acid can be dispersed
in an organic solvent, for example, heptane, and the resulting ferrofluid used
to facilitate the assembly of the NP to fibrous clays such as sepiolite [195]. The
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resulting heterostructured materials preserve the adsorption properties of the
clay and show superparamagnetic behavior afforded by the metal oxide NP as
being of interest as superparamagnetic sorbents for the removal of pollutants
in water [196]. Moreover, the presence of oleic acid molecules in the nanoar-
chitectures procures organic–inorganic interfaces that can be further used for
the assembly of other organic species. In this way, PC has been associated with
the production of biomimetic lipid membranes that were further stabilized by
certain enzymes (e.g., cholesterol oxidase) to produce a new type of superpara-
magnetic bioreactors [196]. The hybrid organic–inorganic interface of these
oleic acid–magnetite/sepiolite nanoarchitectures also facilitates their assembly
to multiwalled carbon nanotubes (MWCNTs), producing multifunctional
materials provided with electronic conductivity (∼1.5 S cm−1 for hybrids with
5% of MWCNTs) and superparamagnetism [196].

Organoclays prepared by grafting reaction of organosilanes to fibrous clays
offer also convenient organic–inorganic interfaces that can be used for the
assembly of diverse types of NP. Thus, for instance, sepiolite modified with vinyl
functionalities [19] shows surfaces reactive to OsO4 in which it is possible to
regularly grow osmiate NP [246]. The resulting materials show interesting prop-
erties as photocatalysts in the photodecomposition of water [247]. The treatment
of sepiolite with AMPTS introduces amino groups that become protonated after
treatment with an acid. These amino protonated groups are regularly distributed
along the sepiolite fibers and favor the further assembly of gold NP to produce
catalysts of interest in the acetylation of phenol derivatives [248].

1.4 Clay-Supported Biointerfaces and Biomedical
Applications

For many practical uses it is of great advantage to support biomimetic layers
and functional biological molecules on inorganic solids including natural or
synthetic clays. These materials offer a robust support for handling of the delicate
layers and their functional guest species, thermal and structural protection,
and a large SSA, which can serve as a reservoir for uptake and release of large
amounts of actives. Additionally, clays are excellent carriers and vectors that can
transport the biomimetic layer and other cargo molecules to specific sites[249].
This opened the door for a large variety of biomedical applications of clays and
clay–(bio)organic hybrids as detailed later.

1.4.1 Clay-Supported Biointerfaces

Biological interfaces have innumerable functions in the living world [250–252].
A paradigmatic interface per se is the cell membrane that facilitates the exchange
of mass, the transformation of energy, and the transduction of signals [253–255].
Many functional proteins like receptors, transporters, or enzymes reside on the
lipid membranes of cells, microorganisms, or viruses. The exploitation of their
biological function is of great technological and medical interest, which has
driven the biomimetic and bioinspired fabrication of membranes and interfaces
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[252, 256]. Lipid membranes and other biomimetic interfaces can serve as com-
patibilizer between the inorganic support and immobilized biological species.
This way, enzymes, proteins, viral particles, or nucleic acids can be adsorbed on
clays and preserve their biological activity and thus can be employed as active
phases in biosensors, biocatalysts, vaccines, transfection agents, and more.

Processes to obtain biomimetic interfaces are generally based on self-assembly
approaches like the molecular self-assembly of dissolved molecules including
supramolecular chemistry [257, 258] and self-assembly of preformed aggregates
such as vesicles and liposomes [259, 260] or the use of Langmuir–Blodgett
methods [252, 261, 262].

Self-assembled membranes are easily formed from synthetic or natural
surfactants by cooperative interaction of the polar head group and the apolar
tail [263–265]. Biosurfactants, produced by microorganism or extracted from
biological tissue, receive special attention as they offer unparalleled advantages
like inherent biocompatibility, biodegradability, and nontoxicity besides their
vast structural and functional variability [252, 266, 267]. Naturally occurring bio-
surfactants are, for example, glycolipids, fatty acids, phospholipids, lipopeptides,
and polymeric biosurfactants [268, 269].

As pointed out earlier, for practical and technological reasons, biomimetic
layers are often supported on inorganic solids like clays. Clays display a variety of
interaction mechanisms to form biomimetic interfaces based on (bio)surfactants
and biopolymers. Such mechanism include ion exchange and intercalation into
the interlayer galleries of smectic clays or layered double hydroxides (LDH),
Coulombic attraction, hydrogen bonding, water bridges, or ion–dipole interac-
tions that may also apply on the external surface of the clay particles [133, 270].
Thus, internal and external biomimetic interfaces can be designed.

The adsorption of phospholipid molecules from a methanol solution on
MMT is an example of the first case, where PC intercalates into the clay driven
by a cation-exchange process [30]. The acidic interlayer space of homoionic
sodium-exchanged MMT was proposed to protonate the phosphate group of
the lipid head group, which renders PC cationic due to the remaining positively
charged choline group. The buildup of an intercalated bilayer lipid membrane
could be followed by XRD showing the expansion of the interlayer region
with increasing PC concentration. The basal (001) spacing is 4.2 nm, which is
compatible with the typical thickness of bilayer lipid membranes.

Adsorption of lipid molecules on non-swelling clays such as the microfibrous
sepiolite clay leads to the formation of external lipid membranes [30, 271].
PC molecules were adsorbed either from ethanol or from aqueous media as
preformed liposomes. Both methods followed Langmuir adsorption isotherms,
resulting in similar lipid membranes with the only difference that the adsorption
of liposomes is far more effective in building up supported lipid bilayers.
While 1.2 mM liposomes are needed for bilayer formation, a PC equilibrium
concentration of 13 mM is required in ethanol. Moreover, depending on the
lipid concentration, mono- or bilayer membranes are obtained with more
hydrophobic (monolayer) or more hydrophilic (bilayer) properties. NMR and IR
investigations suggested hydrogen bonding between the lipid head group and
the sepiolite silanol groups as the main interaction mechanisms [30].
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Yeast cell

Halloysite

(a) (b)

500 nm 1 μm

Figure 1.10 TEM image of a yeast cell coated with halloysite clay nanotubes (a) and an SEM
image of the calcinated halloysite shell replicating yeast cell morphology (b). (Konnova et al.
2013 [272]. Reproduced with permission of Royal Society of Chemistry.)

An inverse approach is reported by Konnova et al. [272], where no clay
particles are coated with a membrane but yeast cells were coated with a shell
of clay nanotubes. In a first step yeast cells were covered with a cationic
(poly)allylamine hydrochloride (PAH) layer onto which anionic halloysite clay
nanotubes were adsorbed. After removal of the cells by calcination, stable and
hollow microcapsules were obtained, which resemble the original yeast cell
morphology (Figure 1.10). These yeast-mimicking capsules were proposed for
diverse catalysis and delivery/release applications owing to the hierarchical pore
system made up of the micrometric capsule interior and the nanometric hal-
loysite lumen. A further interest is the coating of living cells with clay nanotubes,
which may provide the cells with nutrients. The authors could demonstrate high
viability of living yeast cells bearing a halloysite shell, which may pave the route
to more sophisticated clay/cell “cyborgs” [273].

The clay-supported lipid monolayer can be used as platform for the construc-
tion of mixed or asymmetric membranes, where both membrane leaflets consist
of different lipids. For instance, the adsorption of a sugar-based surfactant like
octyl galactoside onto a sepiolite-supported lipid monolayer resulted in a hybrid
bilayer membrane with sugar groups on the external surface [271]. Such mixed
bilayers could be used as models for cell membranes of, for instance, erythrocytes,
which contain glycolipids or glycoproteins. Another interest in such interfaces
displaying sugar-based surfactants is related to the antifouling properties of this
type of surfactant [274, 275] or the ability to stabilize proteins [276–278].

An interesting type of solids is LDH, which are often called anionic clays
and are typically synthesized by precipitation of di- and/or trivalent metal
cations [279]. Guest molecules can easily be incorporated, for instance, by
anion exchange or coprecipitation of the LDH structure around the molecule or
polymer [280, 281]. Following the latter strategy, Wicklein et al. prepared lipid
membranes on 2 : 1 Mg/Al LDH by coprecipitation of Mg2+ and Al3+ at pH 9.2
in the presence of a 0.5 mM liposome solution [282]. Contrary to the adsorption
on MMT, the lipid membrane was not intercalated in the LDH, but XRD and IR
spectroscopy suggested that the membrane was formed on the external surface.
Based on IR analysis, it was speculated that the surface of the liposomes serves
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as nucleation site for Mg/Al LDH crystallites. Hydrogen bonding between the
metal hydroxides and the lipid head group may favor the growth of LDH lamellae
on the liposomes, which eventually rupture and envelope the LDH platelets.

Mucous membranes are another type of biological interfaces that have
attracted great attention in the area of drug delivery and tissue engineering due
to their hemocompatibility and stealth effects [283, 284]. The major component
of mucous membranes besides water is mucin, a high molecular weight and
heavily glycosylated protein. Polysaccharides like chitosan or xanthan have
now come into focus for mimicking the glycosylated structure of mucin [285,
286]. In this context the surface of sepiolite fibers was modified with the
anionic polysaccharide xanthan gum [287] in order to build up an interface that
mimics the ability of mucous membranes to retain viral particles [288]. Coating
of the sepiolite fibers with xanthan is driven by hydrogen bonding between
the hydroxyl groups of the polysaccharide and the silanol groups located at
the external surface of the silicate. The resultant biohybrid shows high water
retention capacity and presents a favorable environment for biological species.
The negative charges originating from xanthan can interact electrostatically with
the positively charged surface of the influenza viral particles. Thus, the resulting
biointerface would mimic the interaction of natural mucosa with virions during
infection processes.

Clays presenting biomimetic or bioinspired interfaces are frequently used
to immobilize functional proteins because many proteins rapidly degenerate
outside their natural environment. Biocompatible coated clays have been
explored as supports of, for instance, redox proteins and to study and explore
direct electron transfer processes and bioelectrocatalysis [289]. Exfoliated clay
platelets of MMT were coated with biomembrane-like films of surfactants (dido-
decyldimethylammonium bromide) onto which heme proteins are immobilized
[290]. Under preservation of their native conformation in this microenvi-
ronment, the heme FeIII/FeII redox couple can be explored for biosensor and
biocatalysis applications.

Another high-interest protein is hemagglutinin (HA), a surface protein of the
influenza virus. Its antigenic properties make this protein interesting for the
development of influenza subunit vaccines. Recombinant HA was immobilized
on sepiolite–lipid biohybrids in order to mimic the viral surface of influenza
A virions [282]. It could be shown that HA supported on these lipid interfaces
shows similar agglutination activity as HA present in the lipid envelope of the
native virus particle. This strongly suggests that influenza vaccine doses formu-
lated on the basis of HA alone could be equally immunogenic as conventional
whole virus vaccines.

The sepiolite-supported lipid interface was also shown to be well suited for the
immobilization of enzymes. In a comparative study the cytoplasmic enzyme ure-
ase and the membrane-associated enzyme cholesterol oxidase were adsorbed on
PC membranes and maintained their enzymatic activity over months. Contrarily,
when the enzymes were adsorbed on the pristine sepiolite surface, their catalytic
activity was immediately lost due to strong ionic interactions with the clay sur-
face. The supported enzymes were also successfully implemented as the active
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phase in an urease biosensor and a cholesterol batch bioreactor [271]. Alterna-
tively, sepiolite/lipid/urease hybrids were incorporated into carbon black-doped
polyvinyl alcohol foams. These nanocomposite foams show simultaneous enzy-
matic and conductive properties, which make them attractive candidates for
bioelectrocatalysis [291].

1.4.2 Biomedical Applications of Clays

1.4.2.1 Natural Clays in Pharmaceutical Applications
The use of clay minerals for biomedical purposes is known for centuries and
continues nowadays in diverse applications including pharmaceutics, cosmetics,
biomaterials, and biosensors [292]. Natural clays can be used in pharmaceutical
applications as active agents or excipients. In the first case, the application can
be based on their beneficial effects as antimicrobial and antifungal, antidiarrheal,
and anti-inflammatory agents, as well as for skin protection [293]. Due to their
nontoxicity, rheological properties, sorptive capacity, and ion exchange capacity,
natural clays have been commonly used as excipients, acting as drug diluents and
carriers. They can provide an emulsifying and stabilizing effect in drug formula-
tions and also allow a controlled release of the drugs adsorbed on the silicates
[294–296].

The main mechanism of interaction between drugs and natural clays resulting
in hybrid materials is based on ion exchange, with the intercalation of the organic
compounds in the interlamellar space of the silicates. Then, the release takes place
by a similar process, with the exchange of the intercalated drug by ions present
in biological fluids [294, 297–299]. For this purpose, usually smectites of high
CEC like MMT and saponite are used. Some examples include the intercalation of
5-fluorouracil, a drug for treatment of colon cancer, into MMT in order to reduce
its side effects [300] or the intercalation of the anti-Alzheimer drug donepezil
into MMT, saponite, and the synthetic silicate Laponite® aiming to improve the
thermal stability of the drug, as well as to provide a controlled release [301].

In other cases, hydrophobic interaction or hydrogen bonding can take place
between the drug and the natural clay. For instance, fibrous silicates show a low
CEC, but they offer a large external surface with high density of silanol groups,
which can interact with the organic molecules by hydrogen bonding, as reported
for timolol and 5-aminosalicylic acid (5ASA) [294]. Due to its high adsorption
capacity, sepiolite is also very effective as odor adsorbent and exudates from
wounds [302]. Some studies have reported the role of sepiolite in the lysis of
erythrocytes [303], but the toxicity of fibrous clay minerals seems to be related
to the fiber length, which depends on their geological origin [304]. In fact, other
studies carried out on sepiolite from Taxus basin deposits in Spain confirmed its
lack of toxicity [305].

1.4.2.2 Clay-Based Hybrids for Drug Delivery Applications
Besides the use of natural clays in the preparation of drug–silicate hybrids,
diverse types of organically modified clays can be used for drug delivery pur-
poses. Such modification is usually carried out in order to enhance the surface
reactivity of the clay, to increase hydrophobicity, or to profit from the properties
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of the resulting nanocomposites when clays are combined with polymers [292].
Hydrophobic organoclays can help to stabilize certain drugs and bioactive
compounds of organophilic nature. An example for this approach that reveals
the very specific clay–organic interactions depending on the sorbate and the
sorbent is demonstrated by the rate of evaporation of different components in
rosemary oil [306]. Rosemary essential oil is extracted from the flowering tips of
the rosemary plant and has been used since ancient times due to its therapeutic
properties. The volatile composition of the essential oil of rosemary has been
the subject of considerable research in recent years. Several studies [307–309]
mention a mixture that includes among other compounds α-pinene (vapor
pressure 3 mm Hg), 1,8-cineole (eucalyptus oil, v.p. 1.9 mm Hg), p-cymene
(v.p. 1.5 mm Hg), and camphene (v.p. 2.4 mm Hg). Evaporation of the different
components from the rosemary oil mixture can be monitored by measuring the
ATR-FTIR spectrum and quantifying the remaining amount from the relevant
absorption bands of each component, related to the strength of the initial band
as mentioned in Section 1.2.1.2, and calculating the half time life from the
measurements as described in the appendix in [64]. It can be seen (Table 1.1)
that half-life time of the different components in free oil are between 190 and
300 s. Adsorbing rosemary oil on SWy-1 MMT doubles and even triples half
life times for part of the components, but does not have influence, for example,
on α-pinene. On the other hand, adsorption on an hydrophobic organoclay
prepared from MMT with berberine adsorbed up to the CEC (Berb-SWy-1)
changes the interaction for α-pinene and slows more the release of 1,8-cineole
and even more significantly that of camphene, but does not exhibit improvement
on p-cymene when compared with raw MMT. Sepiolite, which offers neutral
adsorption silanol sites, interacts relatively strongly with all the components,
and half life times are increased 4–5 times as compared with free oil. But the
most significant slow-release effect is observed on a hydrophobic organoclay
prepared from MMT with CV adsorbed up to the CEC (CV-SWy-1), with
half life times 6–8 times larger than in free oil. Results show that interaction
of the different components of rosemary oil on clays and organoclays is very
specific and not always fully understood. Thus, when preparing slow-release
or controlled-release formulations (CRFs), optimization must be performed
specifically on the compound of interest.

Organoclays have been typically used to improve the interaction of the
clay with synthetic polymers. This is the case of the commercial organoclay
Cloisite® 30B combined with poly(dimethylsiloxane), which was applied in the
controlled delivery of metronidazole [310]. However, surfactants like quaternary
ammonium compounds should be avoided in biomedical applications due
to their reported cytotoxicity [311]. Biopolymer-based materials appear as a
better alternative for drug delivery and other biomedical applications due to
their biocompatible character [44]. Bionanocomposites can be used as carriers
in DDS, allowing a gradual release of the drug in order to avoid periods of
overdosing or underdosing during treatment [295]. The biopolymers can also
prevent or reduce the tendency of unmodified clays to flocculate when the DDS
is dispersed in physiological media [312].
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Figure 1.11 Schematic illustration of the preparation of the pectin@chitosan/LDH-5ASA
system, showing the pectin coating in the FE-SEM image of a bead cross section. (Ribeiro et al.
2014 [314]. Reproduced with permission of Elsevier.)

Most of the applications of bionanocomposites as DDS are based on layered sil-
icates and related solids like the anionic clays known as LDH. In some cases the
DDS is prepared by intercalation of the drug into the smectite clay, followed by
encapsulation in a polymer or a blend of polymers. This is the case mentioned ear-
lier of donepezil intercalated in smectites, which were then coated by the cationic
polymer Eudragit® E-100 in order to improve the drug release rate [301]. A sim-
ilar example is the coating of hybrid materials based on LDH and intercalated
ibuprofen by a blend of alginate and zein, a hydrophobic protein extracted from
corn [313]. In this case, zein reduces the swelling ability of the nanocomposite
material, increasing the control in the release of entrapped ibuprofen. The coat-
ing of the hybrid material can be tailored in order to tune the delivery along
the gastrointestinal tract. Thus, 5ASA intercalated in LDH was first embedded
in chitosan, with mucoadhesive properties to afford a targeted delivery at the
intestine, and then coated by a pectin layer to protect the DDS during its pas-
sage through the stomach (Figure 1.11) [314]. Similarly, the alginate coating of
the hybrid based on the anticancer drug doxorubicin and Laponite® facilitated
the transport through the cell membrane, releasing the drug due to the acidic
environment of the endolysosomes [315].

In other cases, a bionanocomposite is formed by intercalation of the biopoly-
mer in the interlamellar space of the silicate, and then the system is used as a
carrier of the drug, as shown for carboxymethyl chitosan–MMT bionanocom-
posites loaded with isoniazid, an antibiotic used in the treatment of latent and
active tuberculosis [316]. Cross-linkers like glutaraldehyde were also used in this
case in order to enhance the control in swelling and the release rate. Similarly,
chitosan–MMT nanocomposites were loaded with silver sulfadiazine and applied
in wound healing [317].
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In addition to layered solids, tubular and fibrous silicates have been also
applied for drug delivery purposes. Chitosan-palygorskite bionanocomposites
were loaded with the nonsteroidal anti-inflammatory drug diclofenac sodium
(DS), and the resulting DDS showed an enhanced control in the release of DS at
the intestinal fluid due to the presence of the fibrous silicate [318]. Analogous
nanocomposites involving a second polymer component are prepared by addi-
tion of polyacrylic acid (PAA) or PAAm and are also widely studied as DDS. An
illustrative example of these hydrogel materials with superabsorbent properties
is the palygorskite–carboxymethyl cellulose–g-PAA material combined with
alginate for the controlled release of DS at the intestinal tract, in which the
presence of palygorskite reduces swelling, leading to a slower release rate [319].

As extensively reviewed by Lvov and Abdullayev [320], the nanotubular clay
halloysite is also suitable as a container for entrapping drugs and many other
active compounds (cosmetic additives, antiseptics, antibacterials, proteins,
and DNA). The halloysite drug hybrid can be dispersed in polymers, giving
rise to nanocomposites with slower release of the entrapped drug due to the
polymer coating at both nanotube endings. Some examples are the use of
a gentamicin-loaded halloysite–PMMA nanocomposite as bone cement in
order to prepare implants with antibacterial effect [320] or the preparation
of a halloysite–chitosan–poloxamer composite loaded with the antibiotic
tetracycline for the treatment of animal periodontitis, which shows an extremely
slow release of the antibiotic for up to 2.5 months [321]. Biopolymers like starch
have been also used in DDS involving halloysite, as reported for the system
loaded with 5ASA that was prepared by melt extrusion [322]. Given that starch
is not pH dependent, the resulting DDS is resistant to acidic environment and
would be able to protect the drugs during its passage through the stomach and
transport them to the colon. Halloysite–chitosan nanocomposites have been
proposed as nanocarriers for the anticancer drug curcumin, as they show good
hemocompatibility and an enhanced anticancer efficacy in comparison with free
curcumin [323].

Besides drug delivery, clay-based hybrids can be also applied as nonviral
vectors for gene transfection. Hybrid materials based on intercalation of DNA
in LDH were reported by Choy and coworkers [324], emphasizing the role of
the LDH as a shield to minimize the repulsive interaction between DNA and the
cell membranes, both negatively charged, and allowing the hybrid to penetrate
into cells through endocytosis. The size of the LDH NP should be around
100–200 nm in order to allow cellular uptake, and after DNA or drug release, the
LDH can be externalized through exocytosis, producing no harm on the cells
[299]. The adsorption of DNA in layered silicates increases its stability against
degradation by DNase I [325]. Studies carried out with plasmid and short linear
amplified DNA adsorbed on MMT confirmed that although protection was not
complete, the DNA was still able to transform Escherichia coli cells. Similarly,
fibrous clays like sepiolite are being also applied in gene transfection, as DNA
shows great affinity toward silicate, establishing hydrogen-bonding interactions
with the silanol groups located at its surface [326]. When a mixture of the
DNA–sepiolite hybrid and bacteria on agarose or gellan gum plates is stimulated
through sliding friction on surface of the hydrogel, it may lead to the uptake
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of the fibers by bacteria, allowing the transfection of the adsorbed DNA in the
so-called Yoshida effect [327]. Recently, other studies are being carried out in
order to extend the use of DNA–sepiolite hybrids for gene transfection into
eukaryotic cells [328].

1.4.2.3 Clay-Based Hybrids for Vaccine Applications
Recently, clays have been recognized as alternative immunogen support in
vaccine formulations due to their large SSA, vector behavior, and inherent
biocompatibility [107, 288]. One important aspect to increase the efficacy of
vaccines is the stabilization of immunogens, that is, inactivated or live attenuated
virus particles, viral vectors, proteins, or plasmids, on particulate carriers that
can enable easy administration and protection from proteolysis and improved
thermal storage performance [329]. However, it was observed in several studies
that adsorption of antigens on the pristine clay surface can alter their protein
structure possibly through strong electrostatic interactions with highly charged
clay surfaces [107]. This resulted in decayed immunogenicity of the antigen
and eventually compromised the vaccination efficacy [107, 288, 330]. Therefore,
Rytwo et al.[107] explored the possibility of using clays with organo interfaces
(MMT–berberine hybrids) in order to accommodate antigens while preventing
adsorption-induced protein alterations. In that study, it could be shown that the
organic modification of the clay permitted the co-adsorption of two antigenic
proteins, heat-labile enterotoxin and viral protein 2, without conformational
protein alterations, as evidenced from IR spectroscopy. The retained bioactivity
of these organoclay-associated proteins enabled efficacious binding to cellular
GM1 receptors, an important step in the stimulation of an immune response
to the infectious bursal disease virus. An alternative approach was followed by
using xanthan–sepiolite biohybrids to design an influenza vaccine [288]. Here,
the governing idea was to provide a tissue-like environment for the adsorbed
influenza virus similar to the nasal mucous membrane, the natural location of
influenza virus entry into a body. Inactivated influenza A virus was adsorbed
on sepiolite–xanthan, and immunization of mice and posterior challenge with
infectious influenza A virus demonstrated high level of seroprotection elicited
by this vaccine.

An important challenge in vaccination is the thermostability of vaccines, which
becomes critical in stockpiling of pre-pandemic vaccines and in discontinuous
cold chains, for example, in low-income countries [331]. The stability against
accidental freezing during transportation and storage can also compromise vac-
cine efficacy (about 30% of all vaccines are freeze sensitive) [332]. Both scenar-
ios represent economic and healthcare threats in the multimillion-dollar range
[332]. Therefore, the Ruiz-Hitzky group explored sepiolite–lipid hybrids as novel
adjuvants in thermostable influenza A vaccines [282]. Functional studies showed
improved thermal stability at elevated temperatures up to 48 ∘C together with
enhanced resistance against lyophilization-induced antigen denaturation as often
seen for alum-stabilized antigens [333, 334]. This improvement in thermal stabil-
ity was suggested to be related to the creation of a chemical microenvironment
[334, 335] by the sepiolite–lipid biohybrid forming a kind of thermally protective
scaffold for the adsorbed influenza virions.
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A similar example of the thermo-protecting effect of organoclays toward sen-
sitive biological species was reported by Fujimori et al. who fabricated multilayer
films of organically (dimethyldioctadecylammonium) modified MMT platelets
and lysozyme by a modified Langmuir–Blodgett method [336]. Mono- and bilay-
ers of the enzyme were assembled onto the organoclay sheets or sandwiched
in between them. This confinement of the enzyme results in surprisingly high
thermal stability of lysozyme showing enzymatic activity until 160 ∘C.

The versatility of clay–lipid hybrids also allows for the immobilization of other
biological molecules such as plasmid DNA vectors for genetic immunization.
Layered double hydroxide-phosphatidylcholine (LDH-PC) hybrids were stud-
ied as nanocarrier of the plasmid pMAX-GFP (4.7 kb), which expresses the
Leishmania infantum LACK antigen [337]. This antigen has shown to elicit
protection against the tropical disease leishmaniasis [338]. The results suggested
increased cytokine secretion of the DNA vaccine adjuvanted by the LDH-PC
biohybrid as compared with the LDH-adjuvanted or non-adjuvanted DNA vac-
cine. LDH-PC also demonstrated high transfection efficacy of the pMAX-GFP
plasmid into 293 T cells, which was even superior to the commercial transfection
agent Lipofectamine®. Combined, these results suggest the expediency of the
LDH-PC biohybrid to improve the efficacy of DNA vaccines.

1.4.2.4 Clay-Based Hybrids in Regenerative Medicine
The use of clay minerals in regenerative medicine is generally related to reinforce-
ment of natural or synthetic biodegradable polymers, but clays can also act as
carriers of biomolecules in implants, can contribute to increase cell adhesion, or
even can have influence on differentiation of stem cells (Figure 1.12), as recently
reviewed by Ghadiri et al. [292]. For bone repair purposes, clay-based nanocom-
posites are commonly processed as cellular solids trying to mimic bone, which is
in fact a natural porous bionanocomposite composed of type I collagen reinforced
by hydroxyapatite (HAP) crystals as thin platelets. Although the first attempts to
produce scaffolds or implants for hard biological tissue applications were focused
on those materials present in the native bone composition [339], clays and a great
variety of biocompatible and biodegradable polymers appear also as good com-
ponents for bionanocomposite materials that reproduce the main characteristics
of bone [292, 340, 341]. Collagen, gelatin, alginate, and chitosan among natural
polymers and synthetic biodegradable polymers like PEG, poly(lactic acid) (PLA),
poly(𝜀-caprolactone) (PCL), PEO, and poly(lactic-co-glycolic acid) (PLGA) are
the most used polymer components in scaffolds for regenerative medicine.

3D supports with suitable porosity are required for tissue engineering appli-
cations. Usually, the preparation of bionanocomposite scaffolds proceeds by
lyophilization or supercritical CO2 foaming of the intermediate biopolymer–clay
hydrogel. The result is a cellular material with highly interconnected pores of
adequate size to accommodate cells, allowing the passage of nutrients and
removal of metabolic wastes and leading to new tissue growth and vascular-
ization. In this type of materials, clays play a crucial role acting as fillers of the
polymer matrix in order to enhance compressive strength and stiffness of these
highly porous scaffolds, which is of particular importance in bone repair [341].
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MMT and Laponite® are widely used in this type of applications. The dis-
persion of about 5% of MMT modified with dimethyl dihydrogenated tallow
ammonium cations into PLA revealed the effect of the silicate NP on the
biomaterial stiffness, leading to values of tensile modulus about 40% higher than
that obtained for unmodified PLA [342]. A similar effect was observed in a 3D
gelatin/MMT/chitosan nanocomposite scaffold with high porosity, in which
the MMT layers acting as physical cross-linkers led to the improvement in
mechanical stability, affording a good adhesion and proliferation of stem cells on
the biohybrid scaffold [343]. Bioactive implants for bone repair were prepared
by assembling chitosan to a PEO–laponite nanocomposite, where the Laponite®
layers worked as cross-linkers bridging the PEO chains and chitosan increase cell
adhesion and provided the nanocomposite with antimicrobial properties [344].

Several reports confirm that clays not only enhance the stiffness of the
material but also can have a strong influence on the biodegradation rate. In
the study of the biodegradability of a gelatin/MMT/chitosan bionanocomposite,
this behavior was attributed to the protection exerted by the clay platelets on
the biopolymers against the action of lysozyme present in body fluids [345].
Similarly, biodegradation of materials involving PCL and chitosan-modified
MMT was carried out at simulated physiological conditions over a period
of 4 weeks, and the study confirmed the biodegradation of these scaffolds by
hydrolysis at a slow rate [346].

Aiming to mimic the bone composition, HAP is sometimes incorporated in the
preparation of scaffolds. Chitosan–MMT materials combined with HAP gave
rise to better mechanical properties than the binary system, together with higher
cell proliferation rate, as promising candidates for application in bone repair
[347]. HAP was also incorporated in the interlayer space of nanoclays mimicking
biomineralization process, and the resulting HA–clay hybrid was used in the
preparation of PCL scaffolds [348]. The HA–clay hybrid provide the composite
scaffolds with osteoinductive and osteoconductive properties that allowed
the formation of bone nodules and mineralized extracellular matrix (ECM)
by stem cells attached to the scaffold, confirming in this way the influence of
nanoclays on stem cell differentiation.

The nanoclays forming part of a bionanocomposite scaffold can be loaded
with a bioactive compound that can be slowly released during the permanence
of the scaffold in the body. This is the case of a nanocomposite based on the
co-intercalation of chitosan and the antibiotic vancomycin into the interlayer
space of Laponite® [349]. This bionanocomposite was used as a coating of
titanium implants for potential orthopedic applications, showing an improved
cell attachment and proliferation together with slow release of the entrapped
antibiotic to inhibit bacterial growth.

Besides layered clays, silicates with fibrous and tubular morphology are
also involved in the development of nanocomposites for tissue repair. For
instance, the study on sepiolite-reinforced collagen was initiated in the 1980s
by Perez-Castells et al. [350]. Biomaterials based on the assembly of both
components were tested in vitro, showing the lack of cytotoxicity together with
good adhesion and proliferation of fibroblasts [351], as well as in in vivo tests
in surgically created rat calvarial defects, where the biomaterial did not induce
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inflammation or necrosis and promoted bone regeneration [352]. Biodegradation
was tuned by cross-linking of the collagen-sepiolite scaffolds with glutaraldehyde
in order to avoid resorption within the first days and extend the permanence of
the scaffolds for several months, allowing the healing of the bone defect [353].
More recent studies have been carried out in order to understand the interaction
established between collagen and gelatin with fibrous silicates [354, 355] and can
be a starting point to address the development of bionanocomposite scaffolds
for biomedical applications. Similarly, other biocompatible and biodegradable
polymers like poly(butylene adipate-co-terephthalate) (PBAT) reinforced with
sepiolite appear as promising candidates for tissue repair, as they show higher
thermomechanical properties than analogous materials based on layered clays,
together with good biological safety and almost non-cytotoxicity [356].

Bionanocomposites based on the nanotubular clay halloysite also offer poten-
tial application in tissue engineering. A recent example is the macroporous
alginate/halloysite foam, which shows improved mechanical properties and
decrease in the water swelling in comparison with pristine alginate [357]. These
scaffolds showed good cytocompatibility, allowing the attachment and prolifera-
tion of mouse fibroblast cells, most likely due to the biocompatibility of halloysite
nanotubes and the increase in the surface roughness in the bionanocomposite
material. In a recent work, the biocompatibility and biodegradability of porous
scaffolds produced by freeze-drying from chitosan/gelatin/agarose hydrogels
doped with halloysite were tested in vitro and in vivo [358]. The evaluation in
rats of these halloysite-doped scaffolds confirmed their capability to promote the
formation of new connective tissue near the scaffold together with novel blood
vessels, allowing the complete restoration of blood flow around the implantation
sites, as well as full resorption of the scaffold within 6 weeks after implantation.

1.5 Clay Interfaces for Environmental Protection

Since ancient times, clays and derived hybrid materials have found application
in environmental protection. The so-called environmental applications of
clay–organic interactions may be traced since dawn of history: removal of
polluting oil from wool, fining and purification of oils and wine, preparation
of stable artisanal pigments, and even direct use as cheap and efficient construc-
tion materials or useful waste containment barriers. Several advantages endorse
the direct use of natural clays in environmental remediation: their cationic
exchange capacity and adsorption ability that make possible the removal of a
great number of pollutants, mainly of cationic type, their abundance and low
cost, and their lack of toxicity. In addition, the possibility of developing a wide
variety of hybrid materials, in which the adsorption properties of natural clays
are tuned by modification with molecular or polymeric organic species, enlarges
considerably the number of potential applications in the environmental field.
Thus, organoclays are commonly used for removal of anionic and hydrophobic
pollutants, overcoming the limitations of natural clays. Water purification and
treatment of polluted effluents and the preparation of better and less hazardous
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formulations of pest management compounds are two important applications
of clays and clay-derived hybrids within the topic of environmental remediation
that will be revised in this section.

1.5.1 Natural Clays as Adsorbents of Organic Pollutants

Currently, the use of natural clays for removal of hazardous chemicals continues
to be a widely explored research topic due to the important implications of reme-
diation, mainly on health issues. For this purpose, silicates of layered morphology
with ability to swell and accommodate organic species in the interlamellar space,
as well as fibrous silicates provided with high porosity and SSA, tubular shape
minerals (as halloysite) that might act as nanotubes, or specifically designed PILC
that may act as molecular sieves due to the variable framework charge and porous
structure have been widely used for removal of hazardous chemicals, includ-
ing dyes and emerging pollutants like pharmaceuticals or biocides [359, 360]. As
described in Section 1.2, due to the CEC of smectites, the exchangeable cations in
their interlayer space can be easily replaced not only by other hazardous cations
like heavy metal ions but also by positively charged organic molecules, forming
hybrid interfaces and following an ion-exchange mechanism, mainly driven by
electrostatic interaction [10, 11]. These silicates show also the ability to interca-
late neutral organic species forming coordination compounds with exchangeable
metal ions and surface oxygens of the tetrahedral sheets, which can act as proton
acceptors for the formation of H bonds with adsorbates bearing –OH or –NH
groups [14].

As mentioned earlier, dyes are typical pollutants that need to be removed from
wastewater, mostly in the textile industry. Some of them can pose a considerable
risk for the environment as well as for human health due to their very high toxi-
city. Thus, natural clay minerals have been used as geosorbents for certain dyes,
mainly with cationic charge, since long time ago, as they offer a high adsorption
capacity comparable to activated carbons [360]. MMT is one of the most com-
monly employed clays for this purpose. For instance, it has been applied in the
removal of the cationic dye rhodamine B used in printing, textile, and photo-
graphic industries [361]. The maximum adsorption at an optimal pH of 4 was
close to 182 mg g−1, much higher than that obtained using kaolinite as adsor-
bent (22 mg g−1), and did not improve by acid activation of the clay before the
adsorption step.

Similarly, MMT has been applied in the removal of a great number of emerg-
ing pollutants like antibiotics and many other pharmaceuticals. An illustrative
example is the case of ciprofloxacin, an antibiotic frequently used in human and
veterinary medicine, which was removed by MMT mainly by intercalation mech-
anism under acid pH or by complexation with the interlayer cations when the
molecule is negatively charged at higher pH values [362]. In both cases, the clay
is able to retain high amounts of ciprofloxacin, showing adsorption capacities of
400 mg g−1 at pH 3 and 520 mg g−1 at pH 11. In contrast, other antibiotics like
nalidixic acid do not show a similar complexation ability, and thus the adsorp-
tion capacity of MMT for this compound is strongly reduced at pH higher than
its pK a [363]. Several examples of the application of clays in the removal of other
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hazardous chemicals like VOCs released in industrial operations or pest man-
agement compounds can be found in the literature, for instance, the application
of beidellite to eliminate the herbicide simazine from aqueous solution [364]. In
this case, the adsorption of simazine most likely takes place as protonated species,
with protonation occurring by surface and interlayer hydrated protons.

The adsorption ability of clays like bentonites to remove organic and inorganic
pollutants is the basis of their application as sealing systems, including horizontal
technical base liners and cutoff walls, together with their ion-exchange capacity
and swelling behavior as well as the low permeability of the bentonite-containing
walls [365]. Studies are carried out in order to determine the best silicates for
this type of application as geologic barriers in landfills. For instance, diverse
clays from several locations in Spain were evaluated regarding their adsorption
of organic pollutants like atrazine, benzamide, methomyl, paraquat, and toluene
[366], and part of them showed promising results for application as multibarriers
in controlled urban landfill.

1.5.1.1 Clay-Based Hybrid Materials as Adsorbents of Pollutants
As mentioned earlier, clays minerals are generally ineffective in the adsorption
of anionic and hydrophobic organic species. Thus, they are usually transformed
into organoclays by modification with molecular or polymeric organic species in
order to overcome these limitations and enlarge their applications in environ-
mental protection [367, 368]. As described in previous reviews [29], organoclay
formulations aiming to be used for environmental applications are based usually
on three components:
1. The substrate: Clay mineral that due to its special mineralogical structure

offers several binding sites available to different types of molecules. It can
be compared with biological macromolecules with several kinds of active
sites [369], each of them predominant in different clay–organic interactions,
yielding overall unique results: (i) aluminol and silanol groups; (ii) isomorphic
substitutions, yielding “lack” of positive charge; (iii) exchangeable cations
that compensate the lack mentioned previously; (iv) hydrophobic siloxane
surfaces; (v) hydration shell surrounding exchangeable cations mentioned in
(iii); and (vi) hydrophobic sites on organic molecules adsorbed on clays.

2. The “modifier”: An organic molecule bound to the clay mineral. In several
cases an organic cation with a hydrophobic moiety or a cationic polymer.
In all cases the purpose is to exchange the originally bounded exchangeable
inorganic cations attached to the surface due to the lack of positive charge
in order to modify the substrate surface. In several cases the purpose is to
form a hydrophobic non-charged surface to increase the affinity of the hybrid
nanomaterial obtained to the additional component (pesticide, pollutant, etc.)
of interest. Figure 1.13 presents an example of such modification. The added
amounts of the organocation thiamin (vitamin B1) to SWy-2 MMT on the
adsorbed amounts (triangles, left vertical axis) and the charge as measured
by titration with a streaming current detector (squares, right vertical axis)
exhibits a tight relationship between the amount of B1 adsorbed and the
charge of the hybrid material. Such modifications aim to adapt the surface of
the hybrid in order to optimize interactions with the molecule of interest.
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Figure 1.13 Relationship between the amount of the organocation thiamin (vitamin B1)
adsorbed on SWy-2 montmorillonite and the charge of the resulting hybrid material.

3. The molecule of interest: Depending on the case it can be a specific pollutant to
be removed by the hybrid (e.g., [370]), a pesticide that is attached to the hybrid
to avoid its leaching or decomposition (e.g., [371]) or any other environmental
application of interest.

The organically modified substrates can facilitate the binding of hydrophobic
organic compounds, either in the original preparation (in order to avoid leach-
ing or degradation of pesticides) [60, 62] or by adsorbing organic unwanted
compounds of pollutants that should be removed from effluents [58, 372].
Preparation of hybrid compounds exhibiting a net positive charge might
also allow the binding of anionic pollutant. An example of such application
is the removal of the 125I− long-lived radioiodide by hexadecylpyridinium
(HDPy)-modified vermiculite [373]. The HDPy modifier is incorporated in
high amount into vermiculite, exceeding the CEC of the clay mineral, and part
of HDPy is present as HDPyCl ion pairs, allowing the radioiodide adsorption
through an anion-exchange mechanism. In contrast, intercalation of short-chain
alkylammoniun cations such as tetramethylammonium (TMA+) cannot exceed
the CEC, and they are unable to form similar micellar systems with an excess
of positive charge in the clay interlayer space, not allowing the adsorption
of 125I− [12]. Similarly, polymers can be adsorbed on the surface of silicates
or intercalated in their interlayer space, producing a change in their original
ion-exchange capacity. This fact was observed, for instance, after intercalation
of chitosan into MMT at higher amounts exceeding the CEC of the clay [51,
374]. Thus, the resulting bionanocomposite showed an anion-exchange capacity
(AEC) close to 57 mEq/100 g, due to the free protonated amino groups, which
allowed its use as active phase in potentiometric sensors for determination of
anions, as well as adsorbent of anionic organic pollutants like tannic acid [375]
or anionic As(V) and Cr(VI) species [376]. Such charged nanocomposites can
also be used for water purification as described in Section 1.5.3.1.



1.5 Clay Interfaces for Environmental Protection 51

1.5.1.2 Environmental Applications of Hybrid Materials
The use of organoclays in diverse environmental applications like remediation
of groundwater [377], encapsulation of solid wastes [378], or development of
sensors for environmental control [379, 380] has been reported in the last years.
Among all the possible applications, the main use of these clay-based hybrids
seems to be related to removal of pollutants from drinking water and effluents
as well as to the preparation of more efficient and less hazardous formulations
of pest management compounds. Both types of application are reviewed in this
section.

1.5.1.3 Water Purification and Treatment of Effluents
Organically modified clay materials are being widely employed in the removal
of pollutants from water and effluents, not only for neutral or positively charged
pollutants but also for anionic and hydrophobic organic compounds as men-
tioned in the previous section. For instance, organoclays resulting from the
adsorption of certain dyes (CV and rhodamine B) were successfully applied
to remove atrazine, phenol, and naphthalene [58]. A CV–MMT organoclay
in which the CEC is saturated with the dye showed a similar efficiency than
activated carbon in the removal of trichlorophenol (TCP), reaching values close
to 63 g kg−1, with the advantage of a rate of sorption (780× 10−4 kg g−1 min−1)
about two orders of magnitude higher than that of activated carbon [381]. This
type of clay-based organoclays were also proved as better adsorbents of oils from
water and can be used as a pretreatment step before adsorption with activated
carbon [382]. A recent work reporting the adsorption of the herbicides atrazine,
alachlor, and trifluralin on TMA-based organoclays and other geosorbents
reveals considerable differences between adsorption capacities from surface
water and groundwater [377]. This fact can be related to the influence of the type
and the content of dissolved organic carbon (DOC) in each water phase, which
seems to be an important parameter in view of remediation of polluted areas.

Bionanocomposites prepared by modification of clays with biopolymers have
been also evaluated as adsorbents in water treatment and environmental remedi-
ation. Among them, chitosan-based materials have been widely employed for the
removal of anionic species like highly toxic species of As(V) and Cr(VI) [376],
organic compounds like tannic acid [375], or certain dyes like reactive black 5
[383]. Chitosan–clay bionanocomposites can be also applied in the removal of
hazardous cations. A recent example is the intercalation of chitosan in the inter-
layer space of vermiculite by means of ultrasounds, and the application of this
material conformed as a macroporous foam in the removal of cadmium ions
from aqueous solution, showing a maximum adsorption capacity of 125 mg g−1

(Figure 1.14) [384]. Although vermiculite shows also certain ability to adsorb
cadmium and other heavy metal ions, in this case the adsorption mechanism
is also due to the complexation of cadmium ions by the chitosan chains. The
clay layers also contribute to enhance the mechanical stability of the foam in the
aqueous medium, facilitating its easy recovery from solution after the adsorption
step. Similarly, bionanocomposites based on sepiolite and the polysaccharides
chitosan, alginate, and starch, which showed good mechanical properties and
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stability in water, were applied in the removal of copper and lead ions [385]. The
best results in the removal of lead were obtained for alginate-based systems, while
the chitosan-based material was the best adsorbent in the removal of copper
ions. The recently discovered polysaccharide sacran is also used in environmen-
tal remediation. This anionic megamolecule extracted from the cyanobacterium
Aphanothece sacrum was assembled to sepiolite, and those bionanocomposites
with a sepiolite content around 27% showed an enhanced and selective retention
of neodymium ions [386].

Other environmental applications of organoclays and nanocomposites are
related to the treatment of wastewater by coagulation–flocculation processes.
For instance, the brine wastewater from pickle industry, with low pH and high
content in salt and organic matter, can be successfully pretreated with clays
and berberine-based organoclays to remove the suspended solids and reduce
the turbidity [90]. Some examples illustrating the use of bionanocomposites for
this purpose are related to the application of highly charged nanocomposites
based on commercial polymers as poly-DADMAC or biopolymers as chitosan
combined with either fibrous clays like sepiolite or platelike clays like MMT
for clarification of winery or olive mill wastewater [56] or to remove blooms of
harmful cyanobacteria, which was successfully carried out in a field enclosure of
Lake Taihu [387].

Other modifiers of biological origin such as PC are suitable to prepare
eco-friendly alternatives to conventional alkylammonium-based organoclays.
Thus, biohybrids based on PC and sepiolite or MMT were successfully applied
in the uptake of aflatoxin B, a mycotoxin considered to be among the most
carcinogenic substances known [30]. Another biohybrid material based on
modification of the vermiculite surface with a microbial biofilm of Pseudomonas
putida was applied as a barrier at the interface between water and sediments in
order to prevent the adsorption of heavy metal ions on the sediments [388]. The
biohybrid barrier showed the best results in the removal of zinc, while natural
vermiculite offered the best behavior in the removal of copper ions.
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An important issue in the study of organoclays in environmental remediation
concerns the regeneration of the pollutant-loaded sorbents. In some cases the
organoclay or nanocomposite can be used several times to interact with the
polluted effluent before its activity is exhausted [56, 59, 389]. However, even
in those cases in the end, a polluted sludge remains and requires additional
considerations. Recent studies have addressed the regeneration process by
diverse methods, including chemical extraction/desorption, thermal desorption,
photoassisted oxidation, supercritical extraction, or biological degradation [390].
Extraction with suitable solvents is a common method to remove the pollutant
from the adsorbent, allowing its use in a new adsorption cycle. For instance,
cationic starch–MMT bionanocomposites used in the removal of hexavalent
chromium were submitted to regeneration by extraction with solvents like
sodium bicarbonate [391]. Such regeneration was effective and allowed the use
of the hybrid material in several consecutive adsorption/regeneration cycles.

In contrast to alkylammonium-based organoclays, which show a low regenera-
tion capability due to the low thermal stability of these organocations [116, 392],
other organoclays involving dyes [393] or phosphonium species [394] can be sub-
mitted to thermal desorption of the pollutants as they show considerably higher
thermal stability, with thermal decomposition starting at 400 ∘C in the case of
tetraphenylphosphonium (TPP)-modified clays. This behavior allows preserv-
ing the hybrid material while the pollutant is thermally destroyed. Nevertheless,
it is important to control the temperature for thermal degradation in order to
preserve the adsorption capacity of the organoclay. This fact is well illustrated
with a CV–organoclay used for removal of TCP, which showed similar adsorp-
tion capacities after heating to 120 or 200 ∘C, while the adsorption capability was
completely lost at temperatures higher than 350 ∘C due to the transformation
of CV.

Another method for regeneration of the organoclays is based on the biodegra-
dation of the retained pollutant by microorganisms. An illustrative example is the
rapid and effective (about 82% within 24 h) biodegradation of the organophos-
phorous pesticide fenamiphos adsorbed on cetyltrimethylammonium-based
organoclay using the bacterium Brevibacterium [395], which takes place by
extracellular enzymes released by bacteria that hydrolyze the sorbed pesticide.
More recently, another work has reported the biodegradation by the bacterium
Arthrobacter sp. 4H𝛽 of p-nitrophenol (PNP) adsorbed onto a CV-modified
MMT, in which the toxicity of CV to bacteria is minimized due to the dye–silicate
interaction [396].

1.5.1.4 Formulations of Pest Management Compounds
Pest management compounds are usually applied as part of formulations
aiming to reduce the leaching of these compounds to minimize environmental
problems, ensuring their physical and chemical stability and improving their
efficiency. The use of CRFs was proposed as a way to avoid overdosing and keep
a constant release of the diverse pesticides [397], and clay-based systems have
been widely studied for this purpose [371]. Typically, organically modified clays
showing hydrophobic interfaces are required for developing these formulations
due to the organophilic nature of most pest management compounds. The



54 1 Clay–Organic Interfaces for Design of Functional Hybrid Materials

interactions established between organoclays and pesticides contribute to
reduce their leaching, providing a constant release, and also to minimize decom-
position of the entrapped pesticides by photodegradation or volatilization. For
example, [109] showed that the efficacy of a PM herbicide formulation based on
the binding of PM to MMT particles pre-adsorbed with the organocation DZ
was considerably increased and an efficient herbicide control was obtained with
30% less active ingredient. An additional approach is the release of biological
pesticides with high vapor pressure to avoid, for example, development of fungi
or other pests in packaged agricultural. For example, evaporation of tea tree
or mustard oil from organoclays has been shown to be 4–40 times slower than
from free applications [64].

Most of the first clay-based hybrids developed for CRFs included toxic chem-
icals as modifiers, which limited their commercial application. Thus, the cur-
rent trend envisages the use of less hazardous or eco-friendly modifiers, such as
the agriculturally allowed cationic pesticides mepiquat or DZ [109], food-grade
cationic compounds like berberine [60], surfactants of biological origin like PC,
or a great variety of biopolymers. In PC-based formulations, the pest manage-
ment compound was incorporated in the PC vesicles adsorbed on the external
surface of MMT, as is the case of a formulation for slow release of the herbicide
diuron [398]. In the last decades, polymers began to be evaluated for CRF prepa-
ration, as they can afford certain advantages such as increase of the water holding
capacity of soil or their biodegradable character in the case of natural polymers
[399]. Nanocomposites based on smectites and cationic polymers were used in
CRFs as the charge reversal allowed the retention of anionic herbicides. This was
the case of CRFs involving polydiallyldimethylammonium, which were used for
the controlled release of imazapyr [400]. Similarly, proteins like gelatin are useful
for this purpose due to the presence of positively charged protein side groups that
can form complexes with anionic herbicides as in the case of gelatin–MMT mate-
rials used for the slow release of 4-chloro-2-methylphenoxyacetic acid (MCPA)
[401]. The anionic herbicide imazamox was adsorbed on chitosan-based CRFs
mainly by ionic interactions at pH values where chitosan is partially protonated,
but also some hydrophobic interactions could be established due to the pres-
ence of uncharged amino groups [402]. An additional advantage of polymer–clay
nanocomposites is the protective effect they can provide to the entrapped her-
bicide. An illustrative example is the use of starch–MMT composites in CRFs to
reduce the UV-induced degradation and the volatilization of ametryne [403].

1.6 Concluding Remarks

The synthesis and uses of organic–inorganic interfaces based on both layered
and fibrous clays have been discussed in this chapter. The surface properties of
these clay minerals offer many opportunities to prepare organic–inorganic inter-
faces based on ionic, molecular, and polymeric species of diverse origin including
biological components. The interaction mechanism in these interfaces is deter-
mined by the features of the silicate substrate and the involved organic species,
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leading to diverse properties in the resulting hybrid materials. The main group
among these materials is the so-called organoclays, mainly employed as com-
patible interfaces in the development of reinforced polymer nanocomposites. A
novelty within this field is the increasing use of organoclays based on sepiolite
and palygorskite fibrous clays as nanofiller of diverse types of polymers. In this
case, modification of the clay is of critical importance in producing convenient
organic–inorganic interfaces, as their highly hydrophilic external surface makes
difficult their distribution within most of the polymeric matrices. It is worthy to
mention also the relevance of clay modification with species of biological origin
as could be certain amphiphilic molecules (e.g., PC) to produce more ecological
organoclays, also called by some authors as bio-organoclays, and biocompatible
interfaces of interest in biomedicine and other applications.

The analysis of hybrid nanostructures formed by the organic compounds and
clay minerals is a key point to elucidate the exact composition as for amounts
of constituents, spatial structure, chemical binding, physical properties, and so
on. In order to do that, a series of analytical methods is used, most of them con-
ventional and widely adopted in other disciplines, but some of them resulting
from the ingenuity of the researchers in this inter- and multidisciplinary field.
The most widely used methods have been reviewed in this chapter, and a short
review on some less common analytical approaches has been also introduced. To
that we must add the fact that ingenious material scientists will all the time seek
for better methods that will be more accurate, less expensive and/or time/work
consuming and elucidate in a more effective way the characterization, structure,
and properties of the new hybrid material they engineered.

The organic–inorganic interface of organoclays, both based on layered and
fibrous clays, are prone to associate and stabilize alkoxysilanes and other metal
alkoxides that could be further hydrolyzed and polycondensated to produce
diverse type of porous clay nanoarchitectures. When using layered clays,
the nature of the hybrid interface and the methodology employed to produce
the controlled hydrolysis and polycondensation of the alkoxide determine the
generation of organized pillars separating the silicate layers, as in PCH, or
the delamination of the silicate platelets within the polycondensated matrix, as
in the so-called DPCH. In the case of organoclays based on fibrous clays, the
characteristics of the organic modifier at the hybrid interfaces control the growth
of polycondensated species at the external surface of fibrous clays, resulting in
materials with diverse textural properties. Most of these porous nanoarchitec-
tures are used as catalysts and/or sorbents, but other fields of applications may
be related to their use as nanofiller in polymer–clay nanocomposites.

Other important applications of hybrid materials are related to the biomed-
ical and environmental fields. In the first case, the possibility of developing
biointerfaces by supporting biomimetic layers on clay minerals gives rise to
biocompatible environments for immobilization of functional guest species,
providing them with thermal and structural protection and preserving their
bioactivity, which is of great interest in biocatalysis. The application of these
biocompatible hybrid systems as carriers of drugs, DNA, or viral particles
for controlled release, gene therapy, or vaccination purposes has been also
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reviewed in this chapter, together with the application of hybrid systems pro-
cessed as scaffolds, mainly those derived from bionanocomposite hydrogels,
in regenerative medicine. Finally, clay–organic interfaces are of great interest
in environmental protection due to the possibility of tuning the adsorption
properties of clays by modification with molecular or polymeric organic species.
The resulting organoclays and nanocomposite materials have found application
in water purification and remediation of polluted areas, as well as carriers of
pest management compounds in CRFs. The current trend is the development
of less hazardous organoclay-based pesticide formulations by using eco-friendly
modifiers like phospholipids or biopolymers, which can minimize environmental
pollution resulting from conventional formulations.

List of Abbreviations

2D two-dimensional
3D three-dimensional
5ASA 5-aminosalicylic acid
AEC anion-exchange capacity
AFM atomic force microscopy
APTMS aminopropyltrimethoxysilane
ATR attenuated total reflectance
BET Brunauer–Emmett–Teller
CEC cation-exchange capacity
CP chlorpheniramine
CRF controlled-release formulations
CTAB cetyltrimethylammonium (or

hexadecyltrimethylammonium) bromide
CV crystal violet
DPCH delaminated porous clay heterostructures
DDS drug delivery systems
DOC dissolved organic carbon
DS diclofenac sodium
DSC differential scanning calorimetry
DTA differential thermal analysis
DTG differential thermogravimetric analysis
DZ difenzoquat
ECM extracellular matrix
EGME ethyl glycol methyl ether
ESEM environmental scanning electron microscopy
FRET Forster or fluorescence resonance energy transfer
FTIR Fourier transform infrared spectroscopy
HA hemagglutinin
HAP hydroxyapatite
HDPy hexadecylpyridinium
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HDTMA hexadecyltrimethylammonium
HPLC high-performance liquid chromatography
HRTEM high-resolution transmission electron microscopy
IR infrared
LDH layered double hydroxides
MCM mobile composition of matter material
MCPA 4-chloro-2-methylphenoxyacetic acid
MTBE methyl tert-butyl ether
MWCNTs multi-walled carbon nanotubes
NMR nuclear magnetic resonance
NP nanoparticles
O octahedral
ODTMA octadecyltrimethylammonium
PAA polyacrylic acid
PAAm polyacrylamide
PAH (poly)allylamine hydrochloride
PBAT poly(butylene adipate-co-terephthalate)
PC phosphatidylcholine
PCL poly(𝜀-caprolactone)
PCH porous clay heterostructures
PEG poly(ethylene glycol)
PEO poly(ethylene oxide)
PILC pillared clays
PLA poly(lactic acid)
PLGA poly(lactic-co-glycolic acid)
PM pendimethalin
PNP p-nitrophenol
Poly-DADMAC polydiallyldimethylammonium chloride
PP polypropylene
PS polystyrene
SBA Santa Barbara Amorphous type material
SEM scanning electron microscopy
SSA specific surface area
T tetrahedral
TCP trichlorophenol
TEM transmission electron microscopy
TMA tetramethylammonium
TMOS tetramethyl orthosilicate
TEOS tetraethyl orthosilicate
TGA thermal gravimetric analysis
TPP tetraphenylphosphonium chloride
VOCs volatile organic compounds
v.p. vapor pressure
WAXD wide-angle X-ray diffraction
XRD X-ray diffraction
XRF X-ray fluorescence
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