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Abstract

A wide range of spectroscopic techniques employ higher-energy electromagnetic
radiation, ranging from vacuum UV (≈10−40 eV, 125−31 nm), including soft X-rays
(40−1500 eV, 31−0.8 nm), and going to hard X-rays (1500−105 eV, 0.8−0.01 nm) for
elucidating molecular structures of chemical and biological interest. A typical X-ray
absorption (XAS) spectrum has a large absorption near the edge followed by serial
oscillations that gradually fade away. This set of oscillations extends over a wide
energy range and can be divided into two regions: the absorption near the edge is
called XANES (X-ray absorption near-edge structure) and the second region is the
so-called EXAFS (extended X-ray absorption fine structure). The XAS data enables
the determination of crystallographic parameters and also the signal intensity con‐
tains information of the oxidation state and the chemical bond in the solid. For in‐
stance, theoretical calculations were essential to verify the differences between the
oxygen and silicon sites in clays. Experimental and theoretical EXAFS studies of
clays with Cu(II) show that Cu(II) has interchangeable octahedral, tetragonal, and
square planar coordinations in the clay interlayer, depending on Cu(II) loading and
degree of hydration. XANES data of intercalated poly(aniline) show new bands at
398.8 eV and 405−406 eV, which were assigned to new chromophoric segments
formed within the galleries of the Montmorillonite clay. Hence, in this chapter, this
amazing new area will be reviewed concerning the state-of-the-art results of charac‐
terization of their structural features. Previous and new results of the X-ray absorp‐
tion spectroscopy of clays and polymer–clay materials obtained by our group will
be considered. The main goal of this work is to contribute to the rationalization of
some important results obtained in the open area of clays and clay materials charac‐
terization.
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1. Introduction

1.1. Clays, clay minerals, and ceramics

The term clay can assume different meanings for different groups of people. For the farmer,
clays are the mechanical and chemical environment where most plants grow. For the ceramist,
it is the raw material of his works for over 4000 years. To the editor, it gives softness to the
paper’s surface in high-quality prints. In the medical area, it may be for the relief of diarrhea
and so on. In fact, there is no uniform nomenclature for clay and clay materials [1, 2]. Georgius
Agricola (1494–1555), the founder of geology, was apparently the first to propose a definition
for clay [3]. The last definition is that the term clay can be considered as natural fine-grained
minerals with plastic behavior at appropriate water contents that will harden when dried or
fired. Generally, in the area of geology, clays are considered as particles with a size dimension
of <4 μm, while in colloid science, a value of <1 μm is more acceptable [4, 5]. Likewise, the term
“clay mineral” is difficult to define. As a first approximation, the term signifies a class of
hydrate phyllosilicates making up the fine-grained fraction of rocks, sediments, and soils. The
definition that the JNCs have proposed is “...phyllosilicate minerals and minerals which impart
plasticity to clay and which harden upon drying or firing” [3] Since the origin of the mineral
is not part of the definition, clay mineral (unlike clay) may be synthetic.

Hence, clay minerals are extremely fine materials that can only be studied in detail by using
X-ray techniques or sophisticated microscopic techniques, such as the electron scanning
microscope [6]. They are primarily hydrated aluminosilicates in which the magnesium and
iron can replace the aluminum wholly or partly with alkaline or alkaline earth elements. Thus,
its chemical composition is variable, such as the nature of the interlayer cations and water
content. The different clay minerals have different dehydration properties, structural failure
limits, decomposition products, cation exchange capacity (CEC), and other useful properties
of economic interest.

Clays layers are formed from tetrahedral sheets in which a silicon atom is surrounded by four
oxygen atoms and octahedral sheets in which a metal such as aluminum or magnesium is
surrounded by eight oxygen atoms [1-3, 7]. The tetrahedral (T) and octahedral (O) sheets are
bonded by the oxygen atoms. Unshared oxygen atoms are present in hydroxyl form. Two main
arrangements of T and O layers are observed in major parts of clays. One tetrahedral fused to
one octahedral (1:1) is known as the kaolin group, with a general composition of
Al2Si2O5(OH)5 and a layer thickness of ~0.7 nm. Phyllosilicates are formed by one octahedral
sheet bonded between two tetrahedral sheets (2:1) with a total thickness of 0.94 nm. When the
aluminum cations in the octahedral layers are partially substituted by divalent magnesium or
iron cations, the smectite clay group is formed, whose structure consists of a central sheet
containing groups MO4(OH)2 of octahedral symmetry associated with two tetrahedral sheets
(MO4) producing layers designated as T:O:T (see Figure 1.) [7]. The octahedral sites are
occupied by ions of aluminum, iron and magnesium, while the centers accommodate tetra‐
hedrons of silicon and aluminum ions. The negative charges from the T:O:T lamellae are
neutralized by hydrated alkaline cations that can be exchanged with any other cationic species.
Mainly, smectite clays exhibit surface adsorption and catalytic activity in organic reactions.

Clays, Clay Minerals and Ceramic Materials Based on Clay Minerals2



Figure 1. Schematic representation of montmorillonite clay (MMT)

Finally, the ceramics are defined [8-10] as the art and science of making products and articles
(a) chiefly or entirely from "earthy" raw materials, that is, from the so-called nonmetallics
excepting fuels and ores of metals; and (b) with a high-temperature treatment involved, either
in manufacturing or in service. The technology of clays in the field of ceramics includes
consideration of both the room-temperature properties and the behavior at elevated temper‐
atures. When clays are used in ceramics, one of several functions is generally served. Most
clays, alone or in mixtures, are used for their contribution to the working properties, drying
strength of the ceramic masses which they comprise or to which they have been added. Some
clays, however, are used more because they offer an inexpensive body constituent or filler of
the desired chemical composition, already subdivided by nature to a convenient grain size.

1.2. Polymer–clay materials

A polymer–clay material is made by the combination of a polymer and synthetic or natural
clay. The presence of clay can improve the mechanical, thermal, barrier and fire retardancy
properties of the polymer. If the polymer–clay material has at least one phase with organization
in the nanometer scale, the material is called a nanocomposite. It is important to emphasize
that the main characteristics of the polymer–clay materials are strongly related to the physical
and chemical peculiarities of each component and also due to the nano size aspect and
interfacial adhesion bettween the nanocomposite parts [11, 12].

Polymer nanocomposites are formed at least with one part in the nanometer scale (<100 nm).
Despite the term nanocomposite being very recent, in fact, has been possible to reconize in the
nature a diverse range of materials, such as bones, shells and wood that can be considered
nanocomposites because they are formed by carbohydrates, lipids and proteins organized in
the nanometer regime [13]. In recent years, the characterization and control of structures at the
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nanoscale level have been studied, investigated and exploited. Consequently, the nanocom‐
posite technology has emerged as an efficient and powerful strategy to upgrade the structural
and functional properties of synthetic polymers. Polymer nanocomposites have attracted great
attention due to the exhibition of superior properties such as strength, toughness and fire
barrier far from those of conventional microcomposites and comparable with those of metals.
The presence of one nanoscale phase leads to tremendous interfacial contacts between the
polymer and clay and, as a consequence, the improvement of the polymer bulk phase, such as
mechanical, thermal, barrier, durability, chemical stability, flame retardancy, scratch/wear
resistance, biodegradability as well as optical, magnetic and electrical properties [14-17]. The
increased performance of the mechanical properties of nanocomposites is related to the clay
content and the aspect ratio of the clay [18].

Polymerization

In situ Nanocomposite

Ex situ Nanocomposite

Figure 2. Schematic representation of two types of preparations of polymer–clay nanocomposites

Clays have been widely used for the preparation of polymer nanocomposites. Recently, there
has been a growing interest for the development of polymer–clay nanocomposites due to their
dramatically improved properties compared to conventional polymer composites in a very
low fraction [19, 20]. Polymer–clay nanocomposites can be prepared by direct mixture of two
aqueous solutions containing the monomer and the clay suspension (see Figure 2.); afterward,
the polymer can be formed by adding a polymerization agent, or induced by thermal or light
exposition. The resulting material is called an ex situ nanocomposite because the major part of
the polymer if found outside the interspaces of the clay. It is important to mention that the
initial clay concentration can be modulated and, in some cases, the clay layers are completly
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separated, as a consequence, the resulting material is known as exfoliated polymer–clay
nanocomposite. In a second method (see Figure 2.), the monomer is intercalated in the
interlayer space of the clays by charge exchange or by difusion inside the clay galleries
previously modified with an organic salt. Afterward, the intercalated polymer can be poly‐
merized and the resulting material is known as an in situ nanocomposite because the major
part of the polymeric content is inside the clay interspaces.

1.2.1. Nonconducting polymer–clay materials

In this chapter, we will only provide a summary of the main characteristics found in the
polymer–clay nanocomposites. Here, we divide the section between polymer–clay nanocom‐
posites formed by intrinsic nonconducting polymers or by conducting polymers. Tradition‐
ally, the clay layers must be previously treated with an organic agent (this point was not
explicitly discussed in Figure 2.) to ensure good dispersion of clay layers within the polymer
matrix. The dispersion of clay plates into the polymeric matrix is very difficult, mainly by
stacking forces between the clay layers and its hydrophilic character. Hence, it is necessary to
modify the clay layers in order to increase the chemical compatibility with hydrophobic
polymer chains. Only a few hydrophilic polymers such as polyethylene oxide and polyvinyl
alcohol can be miscible with clay layers [21].

The origin of polymer–clay hybrids starts with the creation of nylon-6-clay hybrid (NCH)
developed in 1986 under Toyota Central Research and Development Laboratories. Afterward,
the use of modified clays as precursors to nanocomposite formation was extended into various
polymer systems including epoxies, polyurethanes, polyimides, nitrile rubber, polyesters,
polypropylene, polystyrene and polysiloxanes, among others. For true nanocomposites, the
clay nanolayers must be uniformly dispersed and exfoliated in the polymer matrix. The
presence of aggregated tactoids in conventional polymer–clay composites improves rigidity
but sacrifices strength, elongation and toughness. However, exfoliated clay nanocomposites,
such as NCH, show enhancement in all aspects of their mechanical performance.

1.2.2. Conducting polymer–clay materials

The intrinsically conducting polymers (ICPs), or simply synthetic metals, form one of the
largest classes of molecular conductors [22]. The preparation of stable poly(acetylene) (PA)
films was achieved in the 1970s by Shirakawa and Ikeda [23, 24]. However, it was only in 1977
that the possibility of doping PA using Lewis’s acid (or base) was discovered [25]. During the
process of doping [26, 27], the conductivity typically ranges from 10–10 to 10–5 S cm–1, and the
polymer is converted into a "metallic" regime. The addition of nonstoichiometric chemical
species in quantities that are commonly low (≤10%) results in dramatic changes in the elec‐
tronic, electrical, magnetic, optical and structural properties of the polymer. The doping is
reversible, and the polymer can return to its original state without major changes in its
structure. In the doped state, the presence of counterions stabilizes the doped state. All
conductive polymers, for example, poly(para-phenylene) (a), poly(p-phenylene-vinylene) (b),
poly(pyrrole) (c), poly(thiophene) (d), poly(furan) (e), poly(heteroaromatic vinylene) (f),
(where Y = NH, NR, S, O), poly(aniline) (g), poly(para-phenylenediamine) (h), poly(benzidine)
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(i), poly(ortho-phenylenediamine) (j), among others (see Figure 3.), may be doped by p
(oxidation) or n (reduction) through chemical and/or electrochemical process.
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Figure 3. Schematic representation of the chemical structures of the most common conducting polymers

In this chapter, we will give special attention to the polymer–clay nanocomposites formed by
polyaniline (PANI) and its derivates. Among the different types of hosts used in the formation
of nanocomposites with PANI, lamelar materials are undoubtedly the most widely employed.
The main reason is that the distance between the layers can be modified, facilitating the
intercalation of various chemical species. Hosts, such as MoO3 [28], V2O5 [29, 30], α-
Zr(HPO4)2H2O [31], HUO2PO4.4H2O [32], FeOCl [33], layered double hydroxide (LDH) [34]
and MoS2 [35], and most frequently, clays were used for intercalation of PANI [36-50].

The adsorption of aniline on MMT clay has been studied a long time ago, and since then, it has
been well-known that clays have a property to generate colored species by the adsorption of
aromatic amines. The best known case is the blue color generated by the adsorption of
benzidine (4, 4′-diaminobiphenyl) in clay [37]. Among the earlier studies [38-40], it was
reported that films of MMT containing metal ions become black after immersion in aniline; the
authors suggest that this is due to the polymerization of monomers. Soma and Soma [41, 42]
and Soma et al. [43-45] used resonance Raman spectroscopy (RR) in the study of oxidation of
aromatic compounds (benzene and derivatives) adsorbed on clay, and showed that when the
adsorption of aniline on Cu2+ or Fe3+-MMT is made in the liquid phase, polymer formation
occurs. Soma and Soma proposed that the polymer formed was equal to that generated
electrochemically (PANI-ES), but with the presence of azo linkages (─N=N─). Also, Mehrotra
and Giannelis [46] synthesized PANI intercalated in a synthetic hectorite containing Cu2+ ions,
the UV-vis-NIR spectrum was very similar to that observed for PANI-EB, and the polymer
was converted to conductive PANI-ES form, simply by exposing the material to HCl vapors.
Other work done by Chang et al. [47] reported the polymerization of PANI into MMT clay
galleries. The intercalation was confirmed by measures of X-ray diffraction, and the interlayer
distance obtained was changed from 1.47 to 0.36 nm after the polymerization of aniline.
Absorption bands of the PANI-ES form were observed at 420 and 800 nm in the UV-vis-NIR
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spectrum of the material. In addition, the IR bands at 1568, 1505, 1311 and 1246 cm–1 were
upshifted in comparison to the free polymer, probably due to intercalation.

Wu et al. [48, 49] also obtained PANI-MMT using ammonium persulphate as an oxidizing
agent, the electronic spectrum of the material obtained was very similar to that obtained for
secondarily doped PANI-CSA, suggesting that the PANI was obtained in an extended
conformation. The formation of PANI-ES was confirmed by the presence of bands at 1489, 1562
and 1311 cm–1 in the FTIR spectrum of the material. Despite the high organization level of PANI
chains into the MMT clay, the conductivity of the material, ca. 10–3 S.cm–1, was not much higher
than those obtained previously. The justification of the authors is that there are few polymeric
connections between the particles of clay, which significantly reduces the conductivity
observed for the material. Later, other authors reported the synthesis of PANI into MMT clay
by the intercalation of anilinium ions into MMT followed by oxidation with ammonium
persulphate as a standard method to obtain PANI-MMT nanocomposites [50-62].

Some studies were performed by varying the aniline/clay ratio during intercalation, and it was
possible to show the increase of interlayer space and the amount of intercalated PANI as well
as the increase of the conductivity of the material [63]. The synthesis of PANI with clay in a
medium containing surfactants (dodecylbenzenesulfonic acid, DBSA, and camphorsulfonic
acid, HCSA) was also used [56-58]. Intercalation was confirmed by X-ray diffraction data, with
interlayer distances of ~1.5 nm and ~1.6 nm being obtained for composites of PANI-DBSA-
MMT and PANI-CSA-MMT, respectively. DC conductivity values for PANI-DBSA-MMT and
PANI-CSA-MMT at room temperature were near 0.3 S.cm–1 and 1.0 S.cm–1, respectively. The
intercalated PANI was also obtained by electrochemical polymerization of aniline, using
modified clay electrodes [59], graphite electrode–modified clay [60], Pt electrode–modified
clay [61] and electrode stainless steel [62]. Inoue and Yoneyama [59] used a clay-modified
electrode and intercalation was performed by immersing the electrode in an aniline solution.
An interlayer distance value of 0.54 nm was obtained for MMT clay after immersion. Another
work using graphite or Pt electrode modified with clay also reported the formation of PANI,
as confirmed by the voltammogram profile curves. The oxidation of a suspension of aniline
containing MMT clay intercalated with stainless steel electrodes produced a polymer-MMT–
valued interlayer distance of 0.51 nm. The FTIR spectrum of the material presented bands at
1579, 1490 and 1311 cm–1, similar to that obtained by Wu et al. [48] in the chemical polymeri‐
zation of aniline with ammonium persulphate.

Using resonance Raman (RR) and X-ray absorption spectroscopy, it was possible to show that
the structure of intercalated PANI was different from the free PANI structure [64-71]. At early
polymerization stages, the presence of radical cations, dications and benzidine dications were
observed in the RR spectra by head-to-tail and tail-to-tail coupling of aniline monomers.
However, at the final stages, the RR spectra showed different bands, this indicates coupling
between the initial segments with the formation of new chromophoric segments. In order to
elucidate the structure of the intercalated polymer, the use of XANES spectroscopy was
decisive. The XANES spectroscopy opens the possibility of investigating the chemical envi‐
ronments of both clays and polymers.
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1.3. X-ray absorption process

A large number of spectroscopic techniques are routinely used in clay and clay materials
science research in order to  identify elemental,  molecular,  and crystalline aspects  of  the
samples. Among them, X-ray spectroscopy has a unique capability to obtain atom-specific
information  as  it  measures  the  excitation  of  core  electrons  of  selected  atoms.  An X-ray
absorption spectrum (XAS) reflects the excitation of a core electron to unoccupied states.
As a consequence, it reflects the electronic structure of unoccupied states of a specific atom
in the sample; in fact, it is sensitive to the local environment of the selected element. The
X-ray intensity (I) is attenuated when it penetrates into a solid material. This decrease is
analogous to the Beer–Lambert law [72], i.e.,  showing that I(x) = Ioe

(−∝x)  the light intensity
decreases due to its penetration into the material (x), since the argument (–αx) is a negative
function. The decrease is higher when the magnitude of the absorption coefficient (α)  is
higher. The value of α  is a function of the material structure and also the wavelength of
the electromagnetic field [73].

X-ray absorption occurs if the incident photon energy is transferred to an electron strongly
bounded to the atom. Figure 4 schematically represents the absorption of a K shell electron (1s
level) of an atom bonded in a solid material. The absorption coefficient decreases with
increasing incident photon energy, but there are sudden changes. These variations correspond
to different absorption edges present in the material.

Considering photons with energy lower than the ionization threshold (hν1), they are poorly
absorbed by the material since there are no unoccupied states below this energy. However,
when the energy of the photon reaches the hν2 value, there is a sharp increase in the absorption,
corresponding to the K edge absorption, this energy is called the ionization threshold for the
1s electron. If the photon energy increases (hν3), the atom can be ionized; as a consequence, the
absorption coefficient has the same magnitude as the cross-section of the photoelectric effect.
If the value of the photon energy continues to increase, absorption begins to degrade, but there
may be new sudden jumps, since there are other edges in the absorption material [74-76].

The detection of a chemical element in a material is only the simplest information that is
available from the X-ray absorption spectra. In fact, the phenomenon of X-ray absorption is
much more complex, and therefore carries much more information. Generally, the absorption
spectra are complex; possessing a set of variations that extend over a wide range of energies
(tens of units of eV). Figure 5 represents a typical X-ray absorption spectrum, which has a large
absorption near the edge and a series of oscillations that will lose intensity as it moves away
from the absorption edge. The region near the edge is called XANES (X-ray absorption near-
edge structure) and the second one is known as EXAFS (near-edge X-ray absorption fine
structure). The XANES region includes a range of energies before the absorption edge up to
the beginning of the EXAFS region. The definition of the boundary between these two regions
is arbitrary, but there is some consensus that the XANES region extends to 50 eV after the
absorption edge. The EXAFS region can be defined as the point where the wavelength of ejected
electrons is equal to the distance between the absorber atom and its neighbor atoms, this region
can extend up to 1000 eV after the edge [77].
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The EXAFS spectrum originates from interference effects between the excited atoms [77-79].
The wave function of the excited electron propagates beyond the atom and is partially reflected
by neighboring atoms. The interference between the wave that spreads and reflected by
neighboring atoms causes ripples in the absorption spectrum [78, 79]. The interference can be
constructive or destructive, depending on the wavelength associated with the electron and
with the interatomic distance. Figure 5 schematically illustrates the origin of the X-ray
absorption spectrum. The process can also be visualized as an electronic transition from a core
orbital to an unoccupied level with the formation of a core-hole configuration. Photoabsorption
coefficient, μ, or photoabsorption cross-section can be generally described by Fermi’s “Golden
Rule” as

( ) ( )m y y d wµ S À × × ´ - +h
2

expf f i f ii r e P E E (1)

where ψf  and ψi are multielectron wave functions at the final and initial states, respectively.
The Ef  and Ei are the total energy values of the corresponding states. The terms ℏ, ω, ℵ, e, and
r are energy, wave number vector, the unit vector for the polarization direction of the X-ray
and the position of the excited electron, respectively. P is the sum of the linear momentum
operators of electrons. In the XAS, the equation can be approximated using one electron wave
functions of the core state ϕi, and that of the excited electron, ϕr  as

( )m f f f f d wæ öµ S × + × À× ´ - +ç ÷
è ø

h
2

1 4 ( )( )f f i f i f ie r e r r E E (2)

The core-hole configuration must be included in the one-electron approximation. The elec‐
tronic relaxation associated with the presence of the core-hole and excited electron need to be
accounted for if one wants to reproduce the experimental spectra by first principles calcula‐
tions using Eq. (2). Under the dipole approximation, where ℵr≪1 and exp(iℵr)≈1, Eq. (2) can
be further simplified to

( )m f f d wµ S × ´ - +h
2

f f i f ie r E E (3)

There are two different methods to resolve Eq. (2). The first way is called multiple scattering
methods, and the second way is by band-structure methods under periodic boundary
conditions.

Hence, through treatment with XANES/EXAFS data, it is possible to determine the interatomic
distances between the atoms that have suffered excitation and its neighbor atoms [80-82]. The
XANES spectrum contains information similar to the EXAFS spectrum, but the information is
more difficult to extract from the math standpoint [80, 83, 84]. This is largely due to the different
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possibilities of transitions that may occur in the solids in the XANES region, which in the
language of scattering theory means that there is multiple scattering in the XANES region. The
intensity of absorption is influenced by the number of electrons that occupy the initial state
and may therefore participate in absorption, and it also depends on the density of the unoc‐
cupied states and the transition momentum. The unoccupied energy levels depend on the
oxidation state and the nature of the chemical bond so that this atom, with its neighbors, makes
it possible through the XANES spectra, to distinguish the different states of oxidation of this
element. The observed modulations into the XANES spectra are also influenced by the
oxidation state and nature of chemical bonds of the materials under study. In the following
paragraphs, the focus will be on the analysis of XANES spectra at different edges in order to
investigate the structure of clays and clay derivate materials. The absorption measurements
are only possible in conditions of ultrahigh vacuum (the pressure inside the chamber is ca.
10–7 mbar). What is measured is a signal that is directly proportional to the amount of photons
absorbed [85]. Upon absorption, emissions occur from the electrons (photoelectrons, electrons
Auger and secondary electrons) whose intensities are proportional to the amount of photons
absorbed; to keep the sample electrically neutral, it grounds the sample compartment so that
the current replacement of the electrons in the sample (typically, the current is of the order of
10–12 A) is proportional to the intensity of photons absorbed. It can be described as:

( ) ( ) ( )µ µcurrent of replacement of the electrons electrons emitted photons absorbedI I A

Another concern is about the number of samples that can be placed at one time in the com‐
partment because it takes between 3 and 5 h to reach the required pressure inside the chamber.
The arrangement used in our experiments is displayed in Figure 6. Another grooved rod is
placed over the main rod to delimit the area (ca. 0.2 cm2) and prevent the mixing of the samples,
since the measurements are made with the rod positioned vertically in the sample chamber.

2. Results and discussion

2.1. XANES data

XANES spectroscopy has been widely used for the investigation of clay structures, metal sites
in the clays and also for polymer–clay nanocomposites. By selecting the appropriate energy in
the X-ray source, it is possible to investigate the silicon, oxygen and aluminum sites in the clay
layers; the metal ions incorporated into the clay layers; as well as the carbon, nitrogen, oxygen
and other atoms in the polymer chains. In addition, it is possible to measure the absorption,
emission and photoejection signals from the clay materials.

The XANES data supported by DFT calculations were essential to verify the differences into
the oxygen sites observed for montmorillonite (MMT) and muscovite mica (MT) clays. The
hydroxyl groups localized in these cavities and van der Waals forces contributed significantly
to adsorption processes. In both clays, the oxygen surface sites are directly affected by the
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intralayer interaction through hydroxyl groups. The chemical environment of the hydroxyl
groups is distinct in the MMT and MT structures. In fact, the oxygen atoms in the apical position
in MT layers are less influenced by van der Waals forces. In addition, the silicon surfaces in
MT are more sensitive to the Si-O apical-Al changes and have no disturbance on hydroxyl
groups than in MMT clay (86). In another very recent work, the XAS data associated with DFT
calculations were used to the study of the electronic structure of synthetic and natural kaolinite
clay. This can serve as a model system for engineered and natural clay materials. It was possible
to correlate the XANES features with the structural defects present in the clay layers. In both
synthetic and natural kaolinite, oxygen replaces hydrogen in the Al (001)-hydroxyl groups on
the kaolinite clay sheets. The energy levels associated with these defects are situated in the
band gap, and its value decreases by about 3.2 eV as this defect is formed [87].

The presence of metals in clays has also been investigated. Many soils around the globe are
contaminated with metals due to inputs from anthropogenic activities; however, the long-term
processes that retain these metals in soils remain unclear. Changes in Mn K-edge XANES with
soil depth were consistent with a mixing of different pools of Mn. In particular, the proportions
of Mn(II)/Mn(III) present in the mineral soil increased relative to Mn(IV) with increasing depth.
Mn can be preferentially retained in soils relative to other elements due to this process of uptake
and immobilization. The Mn that is taken up into the plant’s biomass exists mostly as aqueous
and organic Mn(II) compounds that are immobilized as Mn(III)/(IV) oxides during decompo‐
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Figure 6. Experimental setup used for XANES measurements.
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sition [88]. Another work studied the interaction of CO2 and O2 gases in volcanic soils con‐
taining different minerals and clays having Fe(II/III) ions, which was investigated by using the
XANES spectroscopy at Fe K-edge. The authors also measured the Fe K-XANES spectra for a
great number of reference materials, thus permitting the determination of Fe species during
the cycle of CO2 and O2 interactions [89].
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Figure 7. Top: N K XANES spectra of powered samples of PANI-MMT nanocomposites. Experimental spectra are rep‐
resented by the black continuous line (─). The Voigt bands used in the deconvolution of the experimental spectrum
are shown below the experimental data (dashed red line, – – –). The sum spectrum of the Voigt bands is also displayed
(dotted red line, ⋯). Deconvolution of the experimental N K XANES spectra was done using SPSS (1995) with Voigt
bands (Voigt area mode with varying widths) and linear baseline (linear, D2 mode). The Si K XANES spectra of pow‐
ered samples of MMT and PANI-MMT are also shown inside the figure. Scheme of PANI-MMT nanocomposites and
the intercalated PANI structure are also shown at the top of the figure. Bottom: Tentative assignments of bands ob‐
served in N K XANES of PANI-MMT, PBZ-MMT and PpPD-MMT nanocomposites. The band positions were calibrat‐
ed using the first resonance band value for KNO3 salt (the beam line has a resolution of 0.1 eV; the N K XANES were
calibrated considering the value 405.5 eV, according to ref. [91]).

XANES permits the investigation of the confined polymer into clay galleries, differently from
surface techniques, such as X-ray photoelectron spectroscopy. The N K XANES spectrum of
polyaniline-montmorillonite prepared by in situ polymerization within the cavities of the
MMT clay is displayed in Figure 7. The spectrum of PANI-MMT nanocomposites contains
bands with different patterns than the spectra of “free” PANI forms [90]. It is interesting to
observe that the structure of MMT clay is not changed because there is no modification of the
XANES spectra of MMT at the Si K-edge after PANI formation (see Figure 7). Comparing the
set of N K XANES spectra obtained for several organic molecules with nitrogen atoms in
different electronic environments [67-69] it was possible to assign the observed bands. Table
1 summarizes the data obtained for PANI-MMT and displays the tentative assignments for
the various transitions observed.
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Samples

Tentative assignmentsPANI-MMT PBZ-MMT PpPD-MMT

bands/cm–1 (linewidths of the bands/cm–1)

398.99 ± 0.05 (0.32) 398.8 ± 0.1 (1.3) 398.8 ± 0.1 (1.5) 1s → π*
—N= of phenazine-like rings and/or —

N=N— of azo bonds

399.46 ± 0.05 (0.47) − 399.64 ± 0.05 (0.88) 1s → π*
—H2N+= or = N+= of phenazine-like rings

and/or dications of PANI

400.57 ± 0.05 (0.75) 400.18 ± 0.05 (1.4) 400.26 ± 0.05 (0.56) 1s → π* π-Conjugated nitrogen

401.74 ± 0.05 (0.54) 401.75 ± 0.05 (0.66) − 1s → π* Amine nitrogen

402.7 ± 0.1 (1.4) − 402.2 ± 0.1 (1.1) 1s → π* Amine nitrogen

406.0 ± 0.1 (1.4) 405.1 ± 0.1 (1.0) 406.0 ± 0.1 (2.0) 1s → π* —H2N+—+NH2—

408.8 ± 0.1 (1.4) 408.7 ± 0.1 (2.4) − 1s → σ* —N=N—

410.1 ± 0.1 (1.6) 410.9 ± 0.1 (2.7) 409.2 ± 0.1 (4.8) 1s → σ* —H2N+—+NH2—

412.2 ± 0.1 (2.4) − 412.7 ± 0.1 (2.7) 1s → σ* −

414.8 ± 0.1 (2.4) − − 1s → σ* −

Table 1. Data obtained for PANI-MMT and their tentative assignments

It should be mentioned that all N K XANES bands (for 1s → π* and 1s → σ* transitions) observed
for intercalated PANI have lower linewidths than those observed for “free” PANI. Structural
limitations of the polymer lead to an electronic reorganization and shorter electronic bands;
as a consequence, the absorption bands are narrower than those for “free” PANI. The same
behavior was observed for polybenzidine (PBZ) and poly(p-phenylediamine) (PpPD) interca‐
lated in the MMT clay. Hence, the N K XANES bands for intercalated PANI can be related to
nitrogen atoms bonded in the phenazine-like rings and azo bonds; a similar behavior was also
observed for intercalated PpPD. In the case of intercalated PBZ, the bands related to the azo
bonds were more intense. The most intense band observed for all spectra of the nanocompo‐
sites is near 405−406 eV and can be assigned to protonated azo bonds (hydrazinium bonds); it
also confirms the presence of new segments in the intercalated polymers. Finally, it was
observed that the structure of confined polymers contains new segments in comparison to that
observed for “free” polymers.

2.2. EXAFS data

Much fewer works deal with EXAFS of clays and its derivate materials compared to XANES
data. However, it is possible to find studies on the experimental and theoretical determination
of Cu(II) sites in clay surfaces and interlayer. Cu(II) in the fully hydrated, Cu-saturated MMT
has a singlet 1st derivative XANES spectrum. FEFF calculations show that this singlet feature
originates from a quasi-regular octahedral coordination of water molecules around the
interlayer Cu(II) atom. All other samples and models have doublet 1st derivative XANES
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spectra. FEFF calculations suggest that the doublet features arise from an axially elongated
octahedral coordination under the Jahn–Teller effect or square planar coordination. FEFF
calculations of the EXAFS spectra as a function of the axial oxygen bond length demonstrate
that a destructive interference between backscattering from equatorial oxygen (O-eq) and that
from axial oxygen (O-ax) atoms leads to an apparent coordination number (CN) less than six
expected for the tetragonal coordination, with the farther, loosely bound axial oxygen atoms
making a minor, yet negative, contribution to the CN determined by the EXAFS analysis. This
study shows that Cu(II) has interchangeable octahedral, tetragonal and square planar coordi‐
nation in the MMT interlayer, depending on Cu(II) loading and degree of hydration. The quasi-
regular octahedral coordination of the interlayer Cu(II) in MMT is a new finding of this study
[92]. In another work [93], the authors studied the sorption mechanism of Cu(II) on hectorite
clay. The XAS spectra show an angular dependence between the Cu-O-eq atomic pair and the
direction perpendicular to the clay layer plane. Based on the number of Mg/Al and Si nearest
neighbors, the Cu(O-eq)4(O-ax)1–2 polyhedron is attached to the clay surface by sharing one to
three edges with the structural Al/Mg octahedral and zero to three corners with the Si/Al
tetrahedral. Copper has an unusually high coordination on the two dioctahedral aluminous
clays, as explained by the presence of distorted empty cavities at their surface, which can
accommodate irregular coordination polyhedrals. The steric match between the distorted
empty octahedral cavities and the Jahn–Teller distorted Cu polyhedral provides a rationale to
explain the higher affinity of Cu(II) for Al octahedral sheets.

3. Perspectives

X-ray absorption spectroscopy is now a powerful tool for the investigation of clays and its
derivates. However, their use in clay science is still in its infancy. In fact, there are plenty of
investigation possibilities in clay science, since the studies of surface aspects about the Si, Fe,
Al and O sites, where the specificity of the XAS signal can give atomic information around the
absorbing atom and up to the characterization of intercalated metals, molecules, biomolecules,
and polymers and so on. The XANES data, supported by DFT calculations, were essential to
verify the differences in the oxygen sites observed in clays. The hydroxyl groups localized in
these cavities and van der Waals forces contribute significantly to adsorption processes. The
oxygen surface sites are directly affected by the interlayer interaction through hydroxyl
groups. Experimental and theoretical EXAFS studies of clays with Cu(II) show that Cu(II) has
interchangeable octahedral, tetragonal and square planar coordination in the clay interlayer,
depending on Cu(II) loading and degree of hydration. The angular dependence between the
Cu-O-eq atomic pair and the direction perpendicular to the clay layer plane was also observed
and the consequences of different coordination sites where the Cu ions can be found. XANES
data of intercalated PANI show new bands at 398.8 eV and 405−406 eV. These new bands were
assigned to phenazine-like rings and azo bonds in the structure of the polymers (polyaniline,
polybenzidine and poly(p-phenylediamine) within the galleries of Montmorillonite clay. The
investigation of the electronic structure of the conducting polymer–clay nanocomposites
through XANES spectroscopy has been decisive in the determination of their structure and
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also in the study of the interactions between the polymeric chains and the clay layers. The force
of these interactions is responsible for guidance in the formation of a polymeric backbone with
a distinct structure to that observed in the free polymer. We believe that the XANES/EXAFS
studies of the structural pattern of the metal–clay, molecules–clay and polymer–clay nano‐
composites will be decisive for their applications.
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