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1.1 Introduction

1.1.1 Clay Concepts, De nitions, and Classi cation

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]. ey constitute a key
reference not only as structural models and other basic aspects but also regarding
their role in agronomy, industry, and environmental features in uencing 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 Kut lek 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. e 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 classi ed 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) brous morphology (sepiolite) showing the organization of silicate ber 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).  ese 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
a ect the cationic replacement in the tetrahedral layer (e.g., Si** by AP*).
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 signi cant characteristics/properties with
particles of colloidal size, high degree of layer stacking disorder, elevated speci ¢
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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 de nitely 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 brous 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 ber direction (Figure 1.1b). e ber length
varies depending on the origin of the brous silicates, typically the bers of
sepiolite from Vallecas-Vicklvaro deposits in Spain being between 1 and 5 m.

e 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 bers[8,9]. e tunnel dimensions are
in the nanometer range (0.37nm 1.06 nm, in sepiolite and 0.37 nm 0.64nm
in palygorskite), allowing the entrance of small molecules such as N,, H,O, NH,,
CH,OH, and others to the interior of the silicates, that is, these molecules can
be adsorbed at the internal surface of sepiolite and palygorskite [8].

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

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

2. etype, extent, and localization of the electrical charge in the silicate

3. enature and CEC in the external and intracrystalline regions

4. e 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.

3
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1.1.2 Clay Organic Interactions: Clay Organic Interfaces and
Functionalization of Clay Minerals

e history of well-de ned 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 rst time by Gieseking [10]) and Hendricks [11]. Since these early reports,
many di erent 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 di erent 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 modi cations 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 speci c¢ 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
di raction (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 di erent
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 di erent structures and morphologies, such as the brous, or
rather expressed the needlelike, sepiolite and palygorskite silicates as well as the
nanotubular halloysite. e 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). ese 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. lonic
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

ber axis (c*) but showing a reduced cross-sectional size (a- and b-axis), which
allows only the access of small molecules (vide supra) [8]. e internalized
molecules can be often stabilized inside the structural tunnels by hydrogen
bonding with the water molecules coordinated to Mg(l1) ions at the edge of the
octahedral layer in the structural silicate blocks. s 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(ll)
edge cations through unusual, but here stable, Mg N bonds [18]. Contrarily to
the case of layer silicates, hybrids derived from brous 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]. ey play an essential role in the interaction of brous
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]. e 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.) modi es 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 a ecting the
external surface of the brous clay. e 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 nano ller in the preparation of polymer clay
nanocomposites, making the polarity of the polymer matrix and the modi ed
sepiolite compatible, enhancing their miscibility and improving therefore the
material characteristics [25].

Clay modi cations 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
onion 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., AI** ions). Transition metal interlayer cations can induce the for-
mation of -bonds in clay aromatic compounds (e.g., benzene) interactions as

rstly 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.

e 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.  erefore, organoclays exhibit an organophilic interface useful for
many diverse applications from removal of organic pollutants in water to llers
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Figure 1.2 Distribution of application elds 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 ( omson Reuters)
accessed onJuly 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].  is 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]. ese 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 llers in polymer clay nanocomposites (Figure 1.2) due to the
compatibility between the organically modi ed 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.  ese systems investigated for the rst time by the
Fukushimas 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 (<3wt%). e 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. e 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 rstly reported by
Vaiaetal.[43]. islast 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 nano ller that enhances mechanical and rheological properties [36].

Also sepiolite and palygorskite brous clays can o er organic inorganic inter-
faces for assembling polymers, giving rise to polymer clay nanocomposites.

is type of clay minerals has attracted increasing interest as nano ller in the
preparation of diverse types of polymer clay nanocomposites [1, 25, 44 46].
Interesting e ects 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 e ciency for improving barrier properties compared with
2D clays such as smectites and vermiculites. e high hydrophilic character of
the external surface of sepiolite and palygorskite determines poor compatibility
with polyole ns and many other polymers (e.g., thermosetting resins such
as epoxy and polyurethane), disfavoring their homogeneous distribution and
interaction with the polymeric matrix.  erefore, in most cases a previous
modi cation 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 groupsa ord suitable interfaces to reach higher
compatible nano llers[36]. e modi cation of the clay can be done prior to the
incorporation in the polymeric matrix, or the modi ers can be added during the
in situ formation of the polymer, for instance, polyethylene [47]. e 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 brous
clays treated with organosilanes, in uences the characteristics of the nano ller.
For instance, epoxy resins incorporating palygorskite modi ed by reaction with
aminopropyltrimethoxysilane show its maximum reinforcement e ect at about
2wt% loading, but the use of an organoclay prepared by ion exchange with hex-
adecyltrimethylammonium (HDTMA) ions allows the incorporation of higher
amounts of nano ller without severe degradation of the mechanical properties
[48]. In another case, the modi cation 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
(PAAmM) 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 brous clays [50]. In the rst
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 brous clays [52], resulting in functional clay-based bionanocomposites.

e 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 signi cance 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 speci c 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 di erent cate-
gories, and the required analytical tools should be able to answer three di erent
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?

Itis 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 in uence 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 rst 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 at2 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 e uents 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. us, 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 speci c 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:

[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. e 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
quanti ed 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 quanti cation was, again, performed in the supernatant by mass
balance but in this case HPLC was used to measure the remaining non-bound
pesticide, whereas uorescence 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].

us, 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

[amount adsorbed] =
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Figure 1.3 Adsorption of the cationic pharmaceutical chlorpheniramine (CP) on SWy-2 clay
(triangles), SWy-2 with ine  cient separation between the colloids and the supernatant due to
low centrifugal acceleration (squares), and CP adsorbed on a neutral organoclay based on
SWy-2 modi ed 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].

e 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 e ects might yield
underestimate: for example, if separation between the clay organic particles
and supernatant is ine ective, 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 SWYy-2 clay (triangles),
SWy-2 with ine cient separation between the colloids and the supernatant
due to low centrifugal acceleration (squares), and CP adsorbed on a neutral
organoclay based on SWy-2 modi ed with TPP (full rhombus), as described
in [59]. It can be seen that raw clay adsorbs CP at amounts considerably larger
than TPP clay. is can be ascribed to the fact CP is a cationic compound with
large a nity to the negatively charged raw clay. On the other hand, ine cient
separation appears as higher remaining concentration in the supernatant,
erroneously leading to underestimates of the amounts adsorbed.
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us, even though indirect quanti cation 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 quanti cations might be minimized by measuring the adsorbate
content not in the supernatant, but directly on the hybrid material prepared.
is approach can be performed by several analytical techniques, depending on
the adsorbed chemical and the type of mineral. e 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 uorescence (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% di erence between CHNSO and mass balance by UV Vis. Another
problem with measurements based on elemental analysis and not on the speci ¢
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 speci cally 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-
ci cinteractions between organic molecules and the environment [75]. It can be
used in semiquantitative and in speci c cases even quantitative evaluations of the
ratio between components in a hybrid material [76 78].

FTIR spectrumisused asa ngerprint technique for identi cation [79]. In clay
mineralogy it helps to derive information concerning their structure, composi-
tion, and structural changes upon chemical modi cation [80], due to the fact
that it is a rapid fast and cheap technique that yields unique information about
mineral con guration [81], including quantitative mineral analysis [82, 83], water
content and in uence 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 re ectance (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 e ects 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-modi ed MMT (MMT + PD), hectorite (SHCal),
palygorskite (PFI-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 (CH,) stretches (2865 and 2925cm 1,
respectively) and the C=O group at 1710cm ? to the clay peaks of the Si O
stretch (1020 1100cm !, depending on the mineral) and the sharp band at
3570 3630cm * ascribed to OH stretching structurally coordinated with Mg,
Al, or Si atoms in the lattice of the mineral allow detailed quanti cation.

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)

brous clays as sepiolite (Pangel S9) or palygorskite (PFI-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 brous clays. All of these e ects can
be explained by the fact that brous 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 ! to a single band and shifts of an absorp-
tion band at 3690 cm ! batochromically to lower energies [90, 91]. Indeed, the
same e ect 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.  us, 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.
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1.5 Clay Interfaces for Environmental Protection

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.

e 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 cuto 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 land lls. 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 land II.

15.1.1 Clay-Based Hybrid Materials as Adsorbents of Pollutants

As mentioned earlier, clays minerals are generally ine ective in the adsorption
of anionic and hydrophobic organic species.  us, they are usually transformed
into organoclays by modi cation 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. e substrate: Clay mineral that due to its special mineralogical structure
o ers several binding sites available to di erent types of molecules. It can
be compared with biological macromolecules with several kinds of active
sites [369], each of them predominant in di erent 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. e modi er : 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 a nity of the hybrid
nanomaterial obtained to the additional component (pesticide, pollutant, etc.)
of interest. Figure 1.13 presents an example of such modi cation. e 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 modi cations 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. emolecule of interest: Depending on the case it can be aspeci ¢ 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.

e organically modi ed 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 e uents [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 %I long-lived radioiodide by hexadecylpyridinium
(HDPy)-modi ed vermiculite [373]. e HDPy modi er is incorporated in
high amount into vermiculite, exceeding the CEC of the clay mineral, and part
of HDPy is present as HDPyCI 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 251 [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.  is fact was observed, for instance, after intercalation
of chitosan into MMT at higher amounts exceeding the CEC of the clay [51,
374].  us, the resulting bionanocomposite showed an anion-exchange capacity
(AEC) close to 57 mEg/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 puri cation as described in Section 1.5.3.1.
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1.5.1.2 Environmental Applications of Hybrid Materials

e 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 e uents
as well as to the preparation of more e cient and less hazardous formulations
of pest management compounds. Both types of application are reviewed in this
section.

1.5.1.3 Water Puri cation and Treatment of E uents
Organically modi ed clay materials are being widely employed in the removal
of pollutants from water and e uents, 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 e ciency than
activated carbon in the removal of trichlorophenol (TCP), reaching values close
to 63 gkg !, with the advantage of a rate of sorption (780 10 “kgg *min 1)
about two orders of magnitude higher than that of activated carbon [381]. is
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 tri uralin on TMA-based organoclays and other geosorbents
reveals considerable di erences between adsorption capacities from surface
water and groundwater [377]. is fact can be related to the in uence 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 modi cation 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 125mgg *
(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. e
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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Figure 1.14 Adsorption capacity of a chitosan vermiculite bionanocomposite foam toward
cadmium ions (Il).

stability in water, were applied in the removal of copper and lead ions [385]. e
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. e recently discovered polysaccharide sacran is also used in environmen-
tal remediation. is 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 occulation 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 brous clays like sepiolite or platelike clays like MMT
for clari cation of winery or olive mill wastewater [56] or to remove blooms of
harmful cyanobacteria, which was successfully carried out ina eld enclosure of
Lake Taihu [387].

Other modi ers of biological origin such as PC are suitable to prepare
eco-friendly alternatives to conventional alkylammonium-based organoclays.

us, biohybrids based on PC and sepiolite or MMT were successfully applied
in the uptake of a atoxin B, a mycotoxin considered to be among the most
carcinogenic substances known [30]. Another biohybrid material based on
modi cation of the vermiculite surface with a microbial bio Im 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]. e
biohybrid barrier showed the best results in the removal of zinc, while natural
vermiculite o ered 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 e uent 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 e ective 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)-modi ed clays. is 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. s 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 e ective (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. 4H of p-nitrophenol (PNP) adsorbed onto a CV-modi ed
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
e ciency. e 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 modi ed clays
showing hydrophobic interfaces are required for developing these formulations
due to the organophilic nature of most pest management compounds. e
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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 e cacy 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 e cient 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 rst clay-based hybrids developed for CRFs included toxic chem-
icals as modi ers, which limited their commercial application.  us, the cur-
rent trend envisages the use of less hazardous or eco-friendly modi ers, 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 cana ord 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.  iswas
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]. e 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 e ect 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

e synthesis and uses of organic inorganic interfaces based on both layered
and brous clays have been discussed in this chapter. e surface properties of
these clay minerals o er many opportunities to prepare organic inorganic inter-
faces based on ionic, molecular, and polymeric species of diverse origin including
biological components. e 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. e 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 eld is the increasing use of organoclays based on sepiolite
and palygorskite brous clays as nano ller of diverse types of polymers. In this
case, modi cation of the clay is of critical importance in producing convenient
organic inorganic interfaces, as their highly hydrophilic external surface makes
di cult their distribution within most of the polymeric matrices. It is worthy to
mention also the relevance of clay modi cation 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.

e 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 eld.

e 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 e ective way the characterization, structure,
and properties of the new hybrid material they engineered.

e organic inorganic interface of organoclays, both based on layered and

brous 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 brous clays, the
characteristics of the organic modi er at the hybrid interfaces control the growth
of polycondensated species at the external surface of brous clays, resulting in
materials with diverse textural properties. Most of these porous nanoarchitec-
tures are used as catalysts and/or sorbents, but other elds of applications may
be related to their use as nano ller in polymer clay nanocomposites.

Other important applications of hybrid materials are related to the biomed-
ical and environmental elds. In the rst 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. e 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 sca olds, 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 modi cation with molecular or polymeric organic species.

e resulting organoclays and nanocomposite materials have found application
in water puri cation and remediation of polluted areas, as well as carriers of
pest management compounds in CRFs. e current trend is the development
of less hazardous organoclay-based pesticide formulations by using eco-friendly
modi ers 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 re ectance

BET Brunauer Emmett Teller

CEC cation-exchange capacity

CP chlorpheniramine

CRF controlled-release formulations

CTAB cetyltrimethylammonium (or
hexadecyltrimethylammonium) bromide

CcVv crystal violet

DPCH delaminated porous clay heterostructures

DDS drug delivery systems

DOC dissolved organic carbon

DS diclofenac sodium

DSC di erential scanning calorimetry

DTA di erential thermal analysis

DTG di erential thermogravimetric analysis

Dz difenzoquat

ECM extracellular matrix

EGME ethyl glycol methyl ether

ESEM environmental scanning electron microscopy

FRET Forster or uorescence resonance energy transfer

FTIR Fourier transform infrared spectroscopy

HA hemagglutinin

HAP hydroxyapatite

HDPy hexadecylpyridinium
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hexadecyltrimethylammonium
high-performance liquid chromatography
high-resolution transmission electron microscopy
infrared

layered double hydroxides

mobile composition of matter material
4-chloro-2-methylphenoxyacetic acid
methyl tert-butyl ether

multi-walled carbon nanotubes

nuclear magnetic resonance
nanoparticles

octahedral
octadecyltrimethylammonium
polyacrylic acid

polyacrylamide

(poly)allylamine hydrochloride
poly(butylene adipate-co-terephthalate)
phosphatidylcholine

poly( -caprolactone)

porous clay heterostructures
poly(ethylene glycol)

poly(ethylene oxide)

pillared clays

poly(lactic acid)

poly(lactic-co-glycolic acid)
pendimethalin

p-nitrophenol
polydiallyldimethylammonium chloride
polypropylene

polystyrene

Santa Barbara Amorphous type material
scanning electron microscopy

speci c surface area

tetrahedral

trichlorophenol

transmission electron microscopy
tetramethylammonium

tetramethyl orthosilicate

tetraethyl orthosilicate

thermal gravimetric analysis
tetraphenylphosphonium chloride
volatile organic compounds

vapor pressure

wide-angle X-ray di raction

X-ray di raction

X-ray uorescence
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