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Preface

This book presents the state-of-the-art results of synthesis, characterization,
modification, and technological applications of clays, clay minerals, and materials
based on clay minerals, such as polymer-clay nanocomposites and clay hybrids.

The main goal of this work is to contribute to the rationalization of some important
results obtained in the broad area of clays and clay materials characterization.
Moreover, this book provides a comprehensive account of polymer and biopolymer—
clay nanocomposites, use of clay as an adsorption material for industrial pollutants,
the ceramics industry, and the physical-chemical aspects of aqueous dispersions of
clay and clay minerals. This book is beneficial for students, teachers, and researchers
who are interested in expanding their knowledge about the use of clays in a diverse
range of fields, including nanotechnology, biotechnology, environmental science,
industrial remediation, pharmaceuticals, and so on.

The overall idea of the book is to provide the reader with a comprehensive,
up-to-date, and evidence-based overview of the current literature in clay science
and technology. This book discusses the main and new aspects of clay science
and technology and is divided into two sections: “Properties and Materials” and
“Applications.”

Properties and Materials

Chapter 1 discusses the use of molecular and vibrational spectroscopies in the
characterization of polymer—clay nanocomposites. It presents and reviews the
main results collected in more than a decade. The screening of the electronic

and vibrational structures of polymer-clay nanocomposites through resonance
Raman and X-ray absorption spectroscopies has been decisive in determining
their structure and in the study of the interactions between clays and intercalated
polymers in a myriad of synthetic conditions.

Chapter 2 reviews clay hybrid materials for the most conventional and widely used
classes of polymers. It also discusses the general reasons for using clay in hybrid
materials. The green composite formed by clay polymer mixing has many improved
properties such as high glass transition temperature (Tg), high flame resistance,
high tensile strength, and improved barrier properties, all of which may be applied
in the textile and automobile industries as well as in the fields of environmental
science and polymer engineering.

Chapter 3 discusses the structural modifications of vermiculite clays after some
physical and chemical treatments. The vermiculite transformation by structural
water loss occurs with increasing temperature, vacuum, irradiation with microwaves
or ultraviolet, and with either alcohol or acidic treatment. On the contrary, the
transformation by water gain occurs in vermiculites treated with hydrogen peroxide
and in those subjected to ionic metal exchange.



Chapter 4 focuses on the treatment of contaminated slurries using different
materials. The objective of this study is to determine the effects of seepage flow to
the surface and groundwater from industrial discharge. In this study, important
investigations are made on the production of composite granules with Sirnak shale
and zeolite feed in order to activate microwave heavy metal sorption in the water
compost system.

Applications

Chapter 5 focuses on the use of calcareous clays in the ceramic industry. They

must be used with care in ceramics because the carbonate particles do not have

the main reductions, which can make recovery difficult during firing. In addition,
undesirable damage is possible when in contact with water. This chapter discusses
these potential issues, which may occur during the burning of clays with increasing
percentages of carbonates.

Chapter 6 broadly discusses the use of clays in the field of pharmaceuticals. The
understanding of surface chemistry and particle size distribution of clay minerals
has led the pharmaceutical field in many directions and future perspectives. Their
unique structure, which helps clays to absorb material onto their layered sheets, has
opened up a wide variety of applications in drug delivery. Their ability to control
and alter drug release profiles can be exploited in many ways to design effective
drug delivery systems. Further advancements in nanotechnology have helped to
synthesize and modify clay minerals to enhance their physiochemical properties
and their usage as excipients.

Chapter 7 examines the difficulties in the mining industry due to water scarcity and
the increased necessity of more sustainable processes. The use of seawater in this
industry could be a potential turning point; however, the impact on clay properties
under saline conditions must be better studied and analyzed. The rheological data
presented by the authors are very interesting and elucidative.

Even though the knowledge regarding the real impact of materials derived from clay
on the environment, industrial processes, and human health is still limited, I hope
that this book is a useful tool for understanding the broad and complex field of clay
science and technology. I would like to thank all the authors for their contributions.
I am also grateful to the editorial staff at IntechOpen for their support throughout
the process of publishing this book.

Dr. Gustavo Morari do Nascimento
Professor,

Centre for Natural Sciences and Humanities,
Federal University of ABC,

Santo André, Brazil
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Chapter1

Two Spectroscopies as Main
Source for Investigation of
Polymer-Clay Materials

Gustavo Morari do Nascimento

Abstract

In the recent years the synthesis and characterization of nanomaterials has
been one of the most efficacious way to produce new materials with improved or
completely new properties. The polymer-clay nanocomposites are one of the most
interesting nanomaterials with the possibility to create a myriad of new materials
with many applications. Lamellar materials are classified as two-dimensional (2D),
because there are formed by platelets piled up in one crystallographic direction,
as the graphite and clays. The synthesis of controlled dimensional nanostructures
as well as the characterization of the intrinsic and potentially peculiar properties
of these nanostructures are central themes in nanoscience. The study of different
nanostructures has great potential to test and understand fundamental concepts
about the role of particle dimensionality on their physicochemical properties.
Among the various materials studied in the literature, undoubtedly, polymer-clay
materials, especially conducting polymers with smectite clays, such as montmoril-
lonites (MMT) are of particular note. Our group have paid many efforts in the
characterization of nanomaterials by using powerful spectroscopic techniques to
study both the guest and host in case of inclusion compounds, nanofibers, carbon
allotropes or many phases present in polymer-clay nanocomposites. There are two
central questions that it was possible to address in this study: (i) the molecular
structure of the polymer is drastically changed inside the interlayer cavity of clay
and (ii) by using the appropriate synthetic or heating route is possible to change the
molecular structure of the confined polymer. In the follow lines, it is briefly told the
main aspects of resonance Raman and X-ray absorption spectroscopies in the study
of polymer-clay nanocomposites.

Keywords: clay, nanocomposites, raman, XANES

1. Introduction
1.1 Clay science

Probably the clay is one of the most ancient and important material used and
transformed by the humankind in order to produce a myriad of objects with many
purposes. In fact, the historical impact of clay can be weighted by their intense use
in many passages of one of the most influential book, the biblical text, as a synonym
of a material that can be forged and transformed, as follows:

3 IntechOpen
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“Then the Lord God formed the man of dust from the ground and breathed into
his nostrils the breath of life, and the man became a living creature” Genesis 2: 7 [1].

“But now, O Lord, you are our Father; we are the clay, and you are our potter; we
are all the work of your hand.” Isaiah 64: 8 [1].

In fact, farmers to produce plants explore the mechanical and chemical environ-
ment of clays, ceramists and artists continuously use clays to create extraordinary
objects. To the editor, give softness to the paper surface in high quality prints. In
medical area may be a relief for diarrhea and so on. In fact, there is no uniform
nomenclature for clay and clay materials [2-4]. Clay material is “..a naturally occur-
ring material composed primarily of fine-grained minerals, which is generally plastic
at appropriate water contents and will harden with dried or fired”. Naturally, this
definition is elastic, because in geology science is considered clay the particles with
size dimension of less than <4 pm, while in colloid science the value <1 pm is more
acceptable [5]. The term clay mineral signifies a class of “..phyllosilicate minerals and
minerals which impart plasticity to clay and which harden upon drying or firing” [6].
Since the origin of the mineral is not part of the definition, clay mineral (unlike clay)
may be synthetic.

Hence, clay minerals have layers ordered in nanoscale and many different
components can be present, as consequence, only by using advanced spectroscopic
techniques it is possible to study their structures in detail. X-ray diffraction tech-
niques are applied to determine the crystalline phases and basal distances d,. The
dyy, is an important parameter to follow in the intercalation process. Clays layers
have structures builded from tetrahedral sheets in which a silicon atom is sur-
rounded by four oxygen atoms and octahedral sheets in which a metal like aluminum
or magnesium is surrounded by eight oxygen atoms [7-10]. The tetrahedral (T) and
octahedral (O) sheets are bonded by the oxygen atoms. Unshared oxygen atoms are
present in hydroxyl form (see Figure 1). Two main arrangements of T and O layers
can be observed in the structures of clays. One tetrahedral fused to one octahedral
(1:1) is called as kaolin group with the general composition of Al,Si,05(OH)s and the
layer thickness of ~0.7 nm. The crystal lattice consisted of one octahedral sheet

(T) Tetrahedral Sheet
£
% (O) Octahedral Sheet
g | &
o
T
% (T) Tetrahedral Sheet
g o A Al, Fe or Mg
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%
3 @
v g v
— Sior Al
-0
Figure 1.

Schematic vepresentation of T:O:T structure of Smectite clay group.
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sandwiched between two tetrahedral sheets (2:1) with the total thickness of 0.94 nm
is well known as phyllosilicates. The 2:1 phyllosilicates those are electrostatically
neutral with no inter layer ion and no expansion in water are known as pyrophyllite.
However, when silicon in T sheets is substituted by aluminum, the 2:1 structure is
called mica. The negative charge induced by this change is balanced by the introduc-
tion of potassium cations between the layers. Potassium cation has similar size of the
hole created by Si/Al in tetrahedral sheets. Consequently, the 2:1 layers are held
together strongly and the swelling or exfoliation of layers is not possible. The
aluminum cations in the O layers can be partially substituted by divalent magnesium
or iron cations in neutral pyrophyllite and as result the smectite clay group is formed,
whose structure consists of a central sheet containing groups MO4(OH); of octahe-
dral symmetry associated with two tetrahedral sheets (MO,) producing layers
designated T:O:T (see Figure 1). The O sites are occupied by ions of aluminum, iron
and/or magnesium, while the centers accommodate tetrahedrons of silicon and
aluminum ions.

In the last decades, the synthesis and characterization of nanomaterials and
nanocomposites with improved or new properties has made the possibility of pro-
ducing intelligent materials real [11]. One group of interesting nanomaterials with
the possibility to create a myriad of new materials with many applications is the
polymer-clay nanocomposites. Lamellar materials are classified as two-dimensional
(2D), because there are formed by platelets piled up in one crystallographic direc-
tion, as the graphite and clays [12, 13]. The synthesis of controlled dimensional
nanostructures as well as the characterization of the intrinsic and potentially pecu-
liar properties of these nanostructures are central themes in nanoscience [14]. The
study of different nanostructures has great potential to test and understand funda-
mental concepts about the role of particle dimensionality on their physicochemical
properties. Among the various materials studied in the literature, undoubtedly,
polymer-clay materials, especially conducting polymers with smectite clays, such as
montmorillonites (MMT) are of particular note [15-25].

Our group have paid many efforts in the characterization of nanomaterials by
using powerful spectroscopic techniques to study both the guest and host in case of
inclusion compounds, [26] nanofibers, [27-29] carbon allotropes [30-38] or many
phases present in polymer-clay nanocomposites [15-25]. In this brief chapter, we
give an overview of some contribution of our studies of polymer-clay nanocompos-
ites by using resonance Raman and X-ray absorption spectroscopies as main tech-
niques of investigation. There are two central questions that was possible to address
in our studies: (i) the molecular structure of the polymer is drastically changed
inside the interlayer cavity of clay and (ii) by using the appropriate synthetic or
heating route is possible to change the molecular structure of the confined polymer.

1.2 Techniques
1.2.1 Resonance Raman spectroscopy

Since the foundation of modern basis of physical sciences in the end of XIX cen-
tury, the spectroscopies are essential to the investigation of the structure of the matter.
The molecular spectroscopy are grounded in the studies of the transitions between the
vibrational and/or rotational levels. Among the techniques that can be used to study
the molecular structure, infrared and Raman spectroscopies are in a pivotal position.
By using these techniques was possible the determination of structures from dyes [39],
metallic complexes [40-42], conducting polymers [43, 44], polymer-clay nanocom-
posites [15-25] to carbon allotropes [30-38]. In Raman spectroscopy, [45-47] the
physical phenomenon is very distinct from the infrared, which is a typical absorption
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between allowed states, in the case of Raman,; there is a scattering process of the
incident radiation. The radiation source has much more energy than the vibrational
transitions, but through the scattering process, it is possible to screen the vibrational
levels (see Figure 2).

Another possibility in Raman spectroscopy is the use of different laser lines (E, ),
as consequence there is the chance to probe electronic levels in addition to the
vibrational ones. When the E, is equal or near to an electronic transition there is an
increase of the Raman cross-section for at least 10° times and also the intensification
of the vibrational modes associated to the chromophore structure. The use of micros-
copies coupled to the Raman instrument permits the investigation of the sample at
microscopic level (or nanoscopic level if an electronic or probe microscopies were
used) in a non-destructive manner. The main advantage however is the ability to
focus the laser on a very small part of the sample (1 pm approximately or smaller).
The high lateral resolution and depth of field (the order of a few micrometers) are
very useful for the study of multilayered polymeric thin films or others complex
materials, such as polymer-clay nanocomposites. In fact, the major part of our studies
were conducted in a Raman instrument coupled with an optical microscopy.

1.2.2 X-ray absorption spectroscopy

There are many spectroscopic techniques employed routinely in clay science
research in order to investigate multiple aspects of the samples. X-ray spectroscopy
has a unique capability to obtain atom-specific information just by tune the cor-
rect incident energy of a synchrotron radiation ring. Hence, it is possible to study
different atoms and their environments in a clay material or any other complex
sample. An X-ray absorption spectrum (XAS) is a consequence of the excitations of
a core electron to molecular unoccupied states (or extended states in a case of solid

Raman Effect
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Figure 2.

Schematic vepresentation of Raman and IR phenomenon.
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a) the N K XANES measurements ave done in ultrahigh vacuum (the pressure inside the chamber is ca. 107 mbar).
The measured signal is the curvent of reposition of electrons from the sample (near 10 a), after the X-ray
absorption there are many emission effects (photoelectrons, electrons auger and secondary electrons) those are
proportional to the absorption intensity [25]. The arrangement used in our experiments is displayed above. A
grooved rod is placed over the main rod to delimit the avea (ca. 0.2 cm?®) and prevent the mixing of the samples, since
the measurements are made with the rod positioned vertically in the sample chamber. b) Schematic vepresentation
of the transitions from 1 s to n* and o™ states of a molecular material (PANI-EB), an the correspondent N

K-edge X-vay absorption spectrum is also displayed. c) N K XANES spectrum of powered sample of PANI-EB

is vepresented by the black top continuous line (—). The five Voigt bands used in the deconvolution of the
experimental spectrum ave shown below the experimental data (ved dashed lines, — — ). The sum spectrum of the
five Voigt bands is also displayed (ved pointed line, - - -). Scheme of PANI-EB is also shown at the top of the figure;
the main peaks assigned to 15 — n* transitions are also indicated. Deconvolution of the experimental N K XANES
spectrum was done using the (SPSS, 1995) with Voigt bands (Voigt area mode with varying widths) and linear
baseline (linear, D2 mode). N K XANES spectrum was obtained in a spherical grating Monochromator (SGM)
beam line (dipole magnetic field of 1.65 T and critical energy of 2.08 keV') at the Brazilian National Synchrotron
Light Laboratory (LNLS, electron energy of the stovage ring of 1.37 GeV). This line can operate in the energy range
from 250 eV to 1000 eV, which covers the K edges of carbon (277 eV), nitrogen (392.4 V), and oxygen (524.9 V).
The SGM beam line has a focused beam of roughly a 0.5 mm? spot size with spectral vesolution E/AE better than
3.000 and the spectra were recorded in the total electron yield (TEY) with the sample compartment pressure of
107° Pa. The TEY detection can be briefly described as follows: I(veplacement curvent of electrons) o I(emitted
electrons) o I(absorbed electrons).

samples). For instance, in Figure 3 is schematically represented the absorption of
an N K shell electrons (1 s level) of an atom bonded in a solid material. The absorp-
tion occurs if the incident photon energy is transferred to an electron strongly
bounded to the atom with sudden changes in the absorption coefficient. The X-ray
absorption spectra can be also used for analytical purposes, because the energy
edges are characteristic of each chemical element [48-50].

Our group has been used X-ray spectroscopy to investigated different conjugated
systems, [16, 17, 23, 25] such as polymers and dyes and their nanocomposites with
clays and other materials. The N K-edge XANES spectrum of PANTI in its emeral-
dine base form (EB) is dominated by 1 s — n* transitions whose energy values and
intensities are related to the oxidation and doping states of PANI (see Figure 3). The
use of multiple edges permit to probe the polymer or the clay structures such as in
the case of polymer-clay nanocomposites.

2. Example of recent investigated system

2.1 Polyaniline-clay materials under heating

Our group have been studied conducting polymer-clay nanocomposites a more
than a decade; the main reason is to correlate the electrical and thermal properties



Clay Science and Technology

of the material with the structural backbone and molecular arrangements of the
interlayer polymer. The bulk properties of a conjugated polymer is correlated to
the arrangement of its chains [51-53]. By intercalation into clays, it is possible to
increase the polymer properties by changing its molecular arranging, but there
is also an improvement of properties by interaction with the clay layers. The all
reasons for the polymer-clay synergism is not yet completely understood, however
many data was acquired in the literature for many polymer layered materials
[54-56]. Nanocomposites formed with inorganic host structures and polyaniline
and its derivatives have been one of the most studied systems. Among the inor-
ganic hosts employed to confine conducting polymers, clays are frequently used.
Our group, have been dedicate much effort to study such system by using mainly
resonance Raman and X-ray spectroscopies as the main technique.

Our studies of the structure of PANT intercalated into MMT layers obtained by
polymerization in aqueous suspension has modified-JGB-like units (72-JGB) in its
backbone (see Figure 4) [15, 16, 24]. This result was very important in the literature
because clearly shown that only using more conventional techniques, such as FTIR
and EPR, is not possible to infer conclusively the exact nature of the PANI structure.
In addition, our resonance Raman and X-ray absorption studies showed that inter-
calated PANT has a different chemical backbone than the conventional polymer (free
PANI in its emeraldine salt state). More recently, we are interested to investigate the
changes of the molecular structure of intercalated anilinium into montmorillonite
clay (An*-MMT) during heating treatment. Figure 5 shows the resonance Raman
spectra of An"-MMT (see ref. [15, 16] for the description of synthesis of An*-MMT)
under heating at 100°C as a function of time. It is possible to see that the relative
intensities of bands related to polaronic units of PANI at ca. 1180 and 1340 cm ™,
and also the bands related to cross-linked phenazinic segments at 580, 1380, and
1645 cm ™ increase as the time under heating also increases. These changes can be
associated to the polymerization of intercalated An" without the use of external
oxidant, like ammonium persulfate. After one day, there is no more changing.

() 0 ) O

9.6 A dy,

135A

v
modified-JGB units (m-JGB)
Clay laver

v
B
N\,
Oxazine-like units

- Clay layer N -, X
R PANIL - PANI QNL fﬁ N
| e | ' :

Figure 4.

chematic representation of intercalation of anilinium (an*) ion into MMT clay layers and their following
polymerization in two diffevent routes. XRD patterns and d,, values of powdered samples were obtained on a
Rigaku diffractometer model Miniflex using Cu Ka radiation (1.541 A, 30 kV, 15 mA, step of 0.05°). The
possible molecular structures of intercalated PANIs are also displayed.
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Refonance Raman spectra of PANI-MMT nanocomposite obtained by suspension route and the an'-MMT
material under different times (indicated in the figure) of heating at 100°C in air inside an oven. All
experiment was done at 100°C. the spectra weve acquired in a Renishaw Raman system 3000 equipped with a
CCD detector and an Olympus microscope. The laser beam was focused on sample by a 50x lens. Laser power
was always kept below 0.7 mW at the sample in ovder to avoid laser-induced sample degradation. The
experiments were performed under ambient conditions using a back-scattering geometry. The samples were
irvadiated with 632.8 nm (E, =1.96 eV ) line of a He—Ne laser.

Hence, it must to emphasize that the RR spectrum of PANI-MMT prepared by
heating treatment (spectrum at 24 h) is completely different to the PANI-MMT
prepared by in situ polymerization in aqueous suspension (spectrum in red). The
characteristics bands related to Janus green-like (JGB) units (1203, 1408, and
1632 cm™") are not observed in the spectrum of PANI-MMT prepared by heating,
Hence, the possibility to obtain a PANI only by heating is also very important,
however the results clearly show that the polymer obtained in this route is also
different from the PANI-MMT obtained from suspension route (see Figure 4). This
new result clearly demonstrated the great potential of the resonance Raman to the
elucidation of structures of intercalated polymers into clay nanocomposites.

We also have recently studied the thermal effects over the structure of PANI-
MMT nanocomposites. Figure 6 shows the resonance Raman spectra of PANI-MMT
nanocomposites obtained by suspension route and submitted to heating process
in air atmosphere at indicated temperatures. The samples were irradiated with
632.8 nm (E; = 1.96 eV) and 488.0 nm (E, = 2.54 eV) laser lines. The first thing to
be considered is that PANI-MMT nanocomposites showed signal up to 300°C (simi-
lar behavior was observed for iz situ Raman measurements during heating [24]).

The bands related to the m-JGB (see Figure 4 and Raman spectra at 632.8 nm in
Figure 6) groups are seen up to 200°C, at higher temperatures the bands at 1201,
1412 and 1630 cm™ (related to the 7-JGB segments) decrease, but at the same time,
the bands at 574, 1401, and 1620 cm™ assigned to Oxazine-like units (cross-linking
segments, see Figure 4) increase. At 488.0 nm, a similar behavior is observed;
however only the band at 1401 cm™ associated to Oxazine-like units is clearly seen.
This behavior can be rationalized considering that 7-JGB units are degraded at
higher temperatures and the cross-linked PANI-ES bands prevails, it shows that the
intercalated polymer has higher thermal resistance than observed in free PANI-ES
and PANI-MMT composites.
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Figure 6.

Resonance Raman spectra of PANI-MMT nanocomposite obtained by suspension route and submitted of heating at

indicated temperature in air inside an oven. The spectra were acquired in a Renishaw Raman system 3000 equipped

with a CCD detector and an Olympus microscope. The laser beam was focused on sample by a 50x lens. Laser power
was always kept below 0.7 mW at the sample in order to avoid laser-induced sample degradation. The experiments

were performed under ambient conditions using a back-scattering geometry. The samples were irradiated with

632.8 nm (E, =196 eV ) line of a He—Ne laser and 488.0 nm (E, =254 eV) line of an Ar" laser.
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Figure 7.

N %(' XANES spectra of powered samples of PANI-MMT nanocomposites. The black top continuous line
represents experimental spectra. The Voigt bands used in the deconvolution of the experimental spectrum are
shown below the experimental data (ved dashed lines, — — ). The sum spectrum of the Voigt bands is also
displayed (ved pointed line, - - -). The Si K XANES spectra of puwered samples of MMT and PANI-MMT are
also shown inside the figure. Sllzcon K-edge spectra were recorded using the total electron yield detection and
the samples chamber at ca. 10°° Pa. All enevgy values in the Si K-edge spectra were calibrated using the first
resonant peak in the Si K XANES spectra for monocrystalline silicon.

The X-ray absorption studies permit the study of polymer and clay at same
time just by selection of appropriate photon energy to probe a specific atomic edge.
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Our group have been studied a lot of nitrogen and silicon contend compounds in
order to understand to the influence of the chemical structures and its environ-
ments over the atomic edges values (mainly Nitrogen, Carbon and Silicon). For
instance, Figure 7 shows the XANES spectra at N and Si K edges of the PANI-MMT
nanocomposites. The N K edge gives many peaks related to the complex conjugated
structure of the PANI. However, at Si K edge the spectra are simpler due to the
regularity of silicon sites into clay layers and by the small influence of intercalated
polymer over the electronic properties of clays.

3. Conclusion and future remarks

The screening of the electronic and vibrational structure of polymer-clay
nanocomposite through resonance Raman and X-ray absorption spectroscopies has
been decisive in determination of their structure and in the study of the interactions
between the clays and intercalated polymers in a myriad of synthetic conditions. In
fact, by selecting the appropriate photon energies it is possible to study in particular
the specific segment of the polymer or clay. The new Raman instruments and new
synchrotron rings can give better spectroscopic data associated to a very higher
spatial resolution. This open the possibility to study localized inhomogeneity, specific
chemical modifications and many other aspects of these extraordinary materials
derived from clays.
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Clay Hybrid Materials

Tanushree Choudhury

Abstract

The modern trend is to prepare hybrid material using nano clay. Formation of
nano clay, an exfoliated clay, and proper dispersion in a polymer matrix remains
a challenge. The green composite so formed by clay polymer mixing has many
improved properties such as high Tg (glass transition temperature), high flame
resistance, high tensile strength, and improved barrier properties, which may find
application in textile industry, automobile industry, environmental and polymer
engineering field.

Keywords: nano clay, dispersion, CTAB, organic modifier, properties

1. Introduction

Hybrid Materials, in general, have enhanced properties to their components
alone. Some of the properties of these hybrid materials, which have been studied in
depth, are moduli, thermal expansion coefficients, gas permeability, ionic conduc-
tivity, etc. These hybrid materials are classified based on their interaction between
host and guest phases. Depending on the type of matrix and guest phase, hybrid
materials have been classified into three groups: (i) “OI” organic-inorganic or
molecular hybrids, “IO” inorganic-organic intercalation compounds, nanocompos-
ite materials, and solid-state hybrids exhibited by clay-calixarene derivatives [1].

One of such hybrid materials is clay-based hybrid material. Clay minerals are
aluminosilicates. Though different types of clay have been used, for making hybrid
materials, one of the most commonly used clay is montmorillonite. It belongs to 2:1
type of clay, two silicate layers and one octahedral brucite type of layer containing
a mostly aluminum-oxygen hydroxyl group. Isomorphous substitution of trivalent
AP ion by divalent/monovalent or tetrahedral Si with trivalent AI** ion leads to
charge imbalance in the crystal. This imbalance is compensated by the presence of
counter ions present at the surface of the sheet layer. The edge of each platelet hasa
hydroxide group allowing it to form water gels.

Clay particles are small in size <2 pm, have a large surface area-to-mass ratio.
The counter ions (at the exchangeable sites on clay) along with water molecules also
serve a bridge between the two layers keeping them inbound.

Exchangeable cations adsorbed on the surface layer can be replaced by other
materials. Inherently clay surfaces are hydrophilic attracting polar groups. However,
they can be made oleophilic by exchanging the cations with organic ions like cetyl
trimethyl ammonium bromide ions or cetyl trimethyl ammonium pyridinium ions
etc., producing organoclay composites or polymer clay nanocomposites (PCNs).
These composites are extremely investigated in material science and find wide-
spread applications as adsorbents for heavy metal ions [2-4], ceramics and thin
films [5], building materials [6], photocatalysts for wastewater treatment [7, 8],
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drug delivery vehicle [9], bio-inspired materials [10], optoelectronic devices [11],
ferrofluids [12], and hydrogel clay hybrids for pesticide and nutrient retention [13].

This review focuses on the properties of the different types of clay hybrid
materials that can be prepared by intercalation chemistry, in situ polymerization
and sol-gel techniques. It would also provide an insight into the application of these
hybrids for a sustainable environment.

2. Clay-based hybrid materials
2.1 How clay can be used in a hybrid material
2.1.1 Structure of clay

Clay minerals belong to phyllosilicates. The principal building elements of the
clay minerals are two-dimensional arrays of Si-O- tetrahedral and 2-D arrays of Al
or Mg-O-OH octahedral as shown in Figure 1. In most clay minerals, such sheets of
tetrahedral and octahedral are superimposed in different fashions [14].

a. Structure of tetrahedral sheet: In the Si-O sheets, the Si atoms are coordi-
nated with four oxygen atoms. The O atoms are located on the four corners
of aregular tetrahedron with the Si atom in the center. In the sheet, three of
the four oxygen atoms of each tetrahedron are shared by three neighboring
tetrahedral. The fourth oxygen atom of each tetrahedron is pointed downward.
This Si-O sheet is called a tetrahedral sheet or silica sheet.

b.Structure of octahedral sheet: In the Al, Mg-O-OH sheets, the Al or Mg
atoms are coordinated with six oxygen atoms or -OH groups, which are located
around the Al or Mg atom, with their centers on the corners of a regular
octahedron resulting in hexagonal close packing. This sheet is called alumina or
magnesia sheet. The fourth oxygen atom protruding from the tetrahedral sheet
is shared by the octahedral sheet. This sharing of atoms may occur between one
silica and one alumina sheet as 1:1 layer minerals.

In 2:1 layer minerals, one alumina or magnesia sheet shares oxygen atoms with
two silica sheets, one on each side. These layers in clay minerals are stacked parallel
to each other.

2.2 Origin of surface charge and modification of clay surface

In the tetrahedral sheet, tetravalent Si is sometimes partly replaced by trivalent
Al In the octahedral sheet, there may be replacement of trivalent Al by divalent Mg
without complete filling of the third vacant octahedral position. Al atoms may also
be replaced by Fe, Cr, Zn, Li, and other atoms. The small size of these atoms permits
them to take the place of small Si and Al atoms; therefore, the replacement is often
referred to as isomorphous substitution. When an atom of lower positive charge
replaces one of higher valence, a deficit of positive charge takes place or in other
words, excess of negative charge. This excess of negative charge is compensated
by the adsorption on the layer surfaces of cation, which are too large to be accom-
modated in the interior of the crystal. In the presence of water, the compensating
cations on the layer surfaces may be easily exchanged by other cations when avail-
able in solution, hence they are called exchangeable cations. Thus clay minerals bear
the potential of forming hybrid materials.
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Figure 1.
Structure of clay mineral.

Natural clay is hydrophilic. The surface of the clay needs to be modified so
that it can interact with hydrophobic polymers. The modification of clay surface
is generally done by the cation exchange process. The ability of clays to exchange
cations between each of their layers and retain them is a unique characteristic. The
intercalated cations can be exchanged by other cations by treatment of other cations
in solution. This cation exchange capacity can be defined as the maximum amount
of cations that a given amount of clay can take up and this is constant. The ability to
cation exchange in the interlayer space determines the adsorption ability of montmo-
rillonite [15]. The most exchangeable cations that can be adsorbed on the clay surface
by the cation-exchange process are inorganic ions (mostly Na*, Ca*, Mgz*, K",
amines, amino acids, cationic surfactants, and non-ionic surfactants. The surface of
the clay can also be rendered organophilic by the reaction of hybrid monolayers of
clay mineral and amphiphilic alkyl amino cation using Langmuir-Blodget method
[16]. When a solution of an amphiphilic alkyl ammonium cation is spread onto clay
suspension, negatively charged clay platelets in the suspension are adsorbed onto a
floating monolayer of the alkylammonium cation at an air-clay suspension interface.
The hybrid monolayers of clay platelets and alkylammonium cations formed at the
interface can be transferred onto a solid surface to fabricate a hybrid multilayer.

2.3 Types of clay hybrid materials
The common types of clay hybrid materials are:
1. Intercalation compounds
2. Exfoliated/delaminated compounds

3.Sol-gel hybrid materials

Intercalation compounds: These compounds result from the intracrystalline
insertion of organic compounds inside the layers of certain lamellar solids as shown
in Figure 2.
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Intercalation of ionic species: Clay minerals exhibit isomorphous substitu-
tion as a result of which Si is replaced by Al in a tetrahedral layer or Al by Mg
in octahedral layer leading to charge deficiency, which in turn is compen-
sated by exchangeable cations. Exchangeable metal ions located in the inter-
lamellar space of MMT may be replaced by different organic cations such as
alkylammonium ions in solution. Alkylammonium cations thus incorporated
in organosilicates lower the surface energy of inorganic hosts and improve
the wetting characteristic with polymer [17]. It provides a functional group
that can react with polymer or initiate polymerization of monomers to
improve interfacial strength between inorganic host and polymer. Layered
double hydroxides (LDH), for example, MgsAl,(OH),CO;. 4H,0, have a
positive charge on the Mg (OH); layers. They provide an opportunity for
intercalation with organic anions [18].

.Intercalation of neutral species: Formation of organic-inorganic compounds

by intercalation of neutral molecules in 2D solids, generally phyllosilicates
of clay minerals family and it is also observed for other inorganic layered
materials, for example, 2D transition metal halides, oxyhalides, dichalco-
genides, graphite, and graphite oxide, layered phosphates, phosphorous
trichalcogenides. Different mechanisms are proposed that come into play
during host-guest interactions in these intercalated materials. Van der Waals
forces mainly occur when long-chain alkylammonium ions are inserted

in the clay layers. When interlayer cations preserve the hydration shell, an
association of molecules takes place with water molecule acting as H bond
bridges, which on heating, eliminates water and produces direct coordina-
tion between guest species and involved transition metal [19]. Macrocyclic
compounds such as crown ether and cryptands penetrate the interlayer
space of phyllosilicates and other layered solids giving stable intracrystalline
complexes [20]. The interlayer environment of certain layered solids exhibits
acid character, which is typical of clay minerals group. Interaction with basic
species produces a proton transfer between the inorganic host and organic
guest molecule. The organic molecules being protonated gives rise to organic
cations balancing the electrical charge of the silicate [21]. Many redox reac-
tions occur during intercalation of organic and organometallic species into
various 2D solids. Clays containing interlayer cations like Cu (II) can interact
with aromatic compounds such as benzene giving intercalation compounds
characterized by the existence of ¢ or © bonds between the host solid and
guest molecule [22].

Exfoliated or delaminated compounds: These compounds are formed when

the layers of clay are delaminated and the resulting platelets are homogeneously dis-
persed throughout the polymer matrix as shown in Figure 3. The resulting materials

Polymer
Chains

Clay Layers

Figure 2.
Intercalated clay.
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Figure 3.
Exfoliated clay.

are considered as nanocomposites as the interaction takes place at the atomic level
between inorganic hosts and organic guest molecules.

Clay mineral is a potential candidate for the filler of these hybrid materials since
it is composed of layered silicates, 1 nm thick, which can undergo intercalation with
organic molecules [23]. The mechanism of interaction of clay with different poly-
mers is discussed below:.

i. Vinyl polymers: These include vinyl addition polymers derived from mono-
mers like methyl methacrylate [24-30], acrylic acid [31], vinyl ester [32], vinyl
polymer [33, 34], styrene [35-38], allyl ester resin [39], and acrylates [40].

Studying the mechanism of interaction of ethylene-vinyl acetate with clay, it
has been found that as VA (vinyl acetate) content increases, copolymer presents
increasing polarity but lower crystallinity with different mechanical behavior.
Increasing polarity with increasing VA content is useful in imparting a high degree
of polymer-clay surface interaction. Structure and mobility properties of EVA
polymer are influenced by VA content and this chain mobility in and around
clay galleries tend to modify the level of interaction in clay hybrid materials [41].
Polymer chains of PVA get adsorbed on individual inorganic lamellae in stages after
the exfoliation of the clay mineral leading to the formation of intercalated nano-
composites [42]. PVA forms a composite structure with sodium montmorillonite
and studies reveal the existence of both exfoliated and intercalated MMT layers
for low and moderate silicate loadings. Exfoliation of layers has been attributed to
water casting method used since the water suspended layers become kinetically
trapped by the polymer and cannot reaggregate [43]. Syndiotactic PS (thermo-
plastic polymer) differs from other PS (such as a-PS) in that phenyl rings regularly
alternate from side to side concerning polymer chain backbone. Two important
factors responsible for homogenous dispersion of clay layers in s-PS hybrids are: (a)
surfactant should be intercalated between silicate layers of clay by ionic bonding
and (b) the hydrophobic tail of the surfactant molecule should be partially compat-
ible or interacted with s-PS molecules [44].

Organophilic modification of clay and amine-terminated PS employing anionic
polymerization yielded completely exfoliated hybrids with aspect ratio exceeding
600 when such organoclays were melt compounded with PS. In contrast to this,
small molecular weight modifiers only promoted intercalation and failed to exfoli-
ate silicate particles during melt compounding. ABS (thermoplastic polymer) forms
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an intercalated-exfoliated composite with clay. HENA (hydroxyethyl isonicotin-
amide) is used as an anchor monomer for homogeneous dispersion of clay minerals
in PET (polyethene terephthalate) matrix [45].

Acrylonitrile co-monomer incorporated into poly (styrene-co-acrylonitrile)
copolymer accelerates intercalation of copolymers into the galleries of silicate
layers modified with an organic intercalant. The faster intercalation of a matrix
polymer leads to the better dispersion of silicate layers in the matrix polymer [46].
In the hybrids of SAN, clay particles or nanoscale building blocks are distrib-
uted uniformly and their sizes are strongly dependent on co-monomer content.
Acrylonitrile co-monomer incorporated into SAN facilitates the intercalation
of copolymers into the galleries of silicate layers modified with an intercalant.
H-bonding interaction between the nitrile groups of SAN and ~OH groups on
silicate layer makes a negative contribution to exchange energy of mixing so that the
intercalation of copolymers into the galleries of the silicate layer is accelerated. It is
also expected that the enhanced polarity of SAN due to incorporated acrylonitrile
co-monomer can destroy H-bondings of intercalant in the galleries. This might also
increase the rate of intercalation of SAN into the galleries of silicate layers modified
with intercalants. Synthesis of hybrid materials using natural clay and modified
PVC resulted in the removal of heavy metals (Fe, Cu, Pb, Zn, Cd, Co, and Mn)
from aqueous solution and also exhibited good adsorption capacity for Fe (III) [47].

ii. Condensation step polymers: Several important polycondensates have been
used in nanocomposites preparation with layered silicates. They are poly-
amides [48], polyimides [49], polyurethane urea [50], polyurethane [51],
poly (butylene terephthalate) [52], poly (ethylene terephthalate co-ethylene
naphthalate) [53], epoxy [54, 55], amino, sulfonic acid, and silyl functional-
ized groups [56-59], and surface-modified groups [60].

Polyamides and polyimides are polymers containing polar functional groups and
form homogenous and exfoliated dispersion of silicate layers as silicate layers of clay
have polar functional groups and are compatible only with polymers containing
polar functional groups. Polyamide-6 (PA6), Polyamide 66 (PA-66), and Nylon
form majority of commercial polyamides. PA-66 contains a mixture of chains (only
amines, acid groups, or a mixture of two). Differences in end group configuration
can lead to significant differences in morphology and properties of blends with
functionalized polymers. A lower degree of exfoliation in PA-66 nanocomposites,
the affinity of PA-66 for organoclay is less than PA-6 nanocomposites forming the
basic aspect of difference in the chemical structure of two polyamides [61]. Nylon-
6-clay hybrids (NCHs) have been prepared by using 10A° silicate layers of clay
minerals, which are dispersed homogeneously in the polymer matrices resulting in a
drastic change in properties (high strength, high modulus, high heat and distortion
temperature) and this has been achieved with only a few % of clay [62]. The com-
patibility of forming hybrids with clay and polymers containing amide and imide
groups increases as both contain polar functional groups. PBI (polybenzimidazole)
is a thermally stable thermoplastic polymer, contains 1,3-dinitrogen heterocycle.
When PBIl is added to clay suspensions in a polar environment, the mineral layers
will first adsorb the bulky macromolecule and the intercalation proceeds to comple-
tion via exchanged sites of the organically modified clay [63]. Polyurethane (PU)
elastomers are segmented polymers with soft segments derived from polyols and
hard segments from isocyanates and chain extenders. Linear PU is obtained by poly
condensate technique using a mixture of diols and diisocyanate. MMT nanolay-
ers are dispersed in PU matrix replacing hydrophilic organic exchange cations of
native mineral with more organophilic diethanolamine/triethanolamine. Presence
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of these groups in galleries of MMT renders them organophilic and promotes the
absorption of diol into the interlayer of MMT and improves the particle-matrix
interactions since di and triethanolamine contain functional groups, which react
with diisocyanate [64].

Pure PU exhibits an amorphous halo at 20° in 26. The gallery spacing of the
layered clay is 1.1 nm. The gallery spacing of the layered clay in the composites
increases to 1.6 nm for the PU/layered nanocomposites. This indicates that PU
chains were intercalated between the layers of clay [65]. A multilayered structure
consisting of alternate PU chains stacked with the layers of the silicate layers in the
microstructure of PU/OMT nanocomposites has been confirmed in literature [66].

With increasing and urgent market demand to produce higher performance
electronic devices with a smaller size, lighter weight, and better quality, develop-
ing PI films with low coefficient of thermal expansion (CTE) has increasingly
become one of the most important issues. The best way to lower the CTE of PI is to
introduce low CTE inorganic materials such as clay into PI matrix, yielding PI/clay
hybrid composites [67]. Polar aprotic solvents are used for the synthesis of these
hybrids, but due to solvent-solute interaction, are not easily removed from the PAA
film at temperatures used during thermal curing for PI. The residual solvent causes
the PAA (polyamic acid)/clay films to be plasticized during thermal imidization and
thus leads to PI/Clay hybrid films with relatively higher values in CTE, but lower
than pure film. To eliminate such negative effects of the aprotic solvents on CTE,
PAA solutions not containing them should be prepared. A novel Pl/clay hybrid film
prepared from PAA salt of triethylamine and organoclay in a mixed solvent of THF/
MeOH is described in the literature. It is expected that the hybrid will have a much
lower CTE than those obtained from PAA in an aprotic solvent.

Full separation of clay layers in the polymer matrix is also achieved by using
epoxy resin, which has high polarity and curing property [68]. The presence of
polar —~OH groups in clay layers impede nonpolar species from entering the galleries
and exfoliating the clay layers. The mechanism of clay exfoliation in epoxy clay sys-
tems have been studied and reported in the literature. According to it, the acidity of
alkylammonium ions catalyze homopolymerization of diglycidyl ether of bisphenol
A (DGEBA) molecules inside the clay galleries. CEC of clays determines the number
of alkylammonium ions present between clay layers and therefore controls the space
available for the diffusion of DGEBA molecules during mixing of organoclay with
epoxy resin.

iii. Polyolefins: These include polypropylene [69-74], polyethylene [75-77],
ethylene propylene diene methylene linkage rubber [78].

These polymers do not contain any polar groups and homogenous dispersion
in the silicate matrix is difficult. Homogenous dispersion of silicate layers in PP is
not realized even by using an MMT intercalated with di-stearyl ammonium ion
(DSDM-MT) in which polar surfaces of clay are covered with nonpolar long alkyl
groups. A novel method of preparing PP-clay hybrid has been developed. PP is
mixed with DSDM-MT and polyolefin oligomer with polar telechelic -OH groups
(PO-OH) as a compatibilizer. In this process, PO-OH oligomer intercalates between
the layers of clay through the strong H-bonding between —~OH groups of PO-OH
and oxygen groups of silicates. Interlayer spacing increases thus resulting in weak-
ening of interaction between layers.

Another method of preparing PP/clay nanocomposites is by improving the com-
patibility of PP with organoclay by functionalizing the backbones of PP with polar
monomers such as epoxy and maleic anhydride (MA) [79]. Compatibilizers pro-
mote compatibility of clay and polymer for good nano dispersion. Polyolefin-graft
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MA as compatibilizer is used to enhance the possibility of intercalation of polymer
between clay layers. The presence of MA increases the possibility of nanocomposite
formation for PS, but this does not appear to help PP. PP/clay nanocomposites
modified with the optimum level of compatibilizer yielded the greatest improve-
ment of composite properties [80].

PE (polyethene) is another widely used polyolefin polymers. Alkylammonium
ion facilitates interaction with polymer because it renders hydrophilic clay surface
organophilic. Organically modified clay is not well dispersed in nonpolar PE as
the nonpolar groups are too hydrophobic. Exfoliation and interaction behaviors
depended on the hydrophilicity of PE grafted with MA and chain length of the
organic modifier in the clay. When the number of methylene groups in alkyl amine
(organic modifier) was larger than 16, exfoliated nanocomposites were obtained
and the MA grafting levels was higher than about 0.1 wt% for the exfoliated nano-
composite with modified clay [81].

Rubber is another such polymer. Carbon blacks are excellent reinforcers due to
their strong interaction with rubbers, but they often decrease the processability
of rubber compounds because of high viscosity at high volume loading. MMT
exchanged with a liquid rubber (LR) is termed as LR-MMT for utilization of its
favorable shape. Co-vulcanization of nitrile rubber was done with LR-MMT for the
formation of the molecular composite. It has been studied that there exist strong
rubber-filler interactions as (comparable to those in carbon black filled system) in
LR MMT, in which negatively charged silicate layers are bonded to LR molecules
with positively charged terminal sites forming “bound rubber.”

Polymers grafted on silicate surfaces also helps in delamination of its layers. It
has been reported in the literature that PDMS (polydimethylsiloxane) grafted onto
MMT layer surface via condensation of hydroxyl groups of PDMS and those hydroxyl
groups on MMT layers prevents the nanolayers of MMT from reaggregating.

Intercalation of EPDM chains into OMMT galleries provided a strong interaction
between EPDM and OMMT sheets in exfoliated composites.

It has been observed that the photoluminescence quantum efficiency of con-
jugated polymer PE improves manifold in the presence of the inorganic phase like
montmorillonite clay [82]. Incorporation of montmorillonite clays into conjugate
polymers like PAni gives rise to hybrid/inorganic composites with special proper-
ties for application in organic light-emitting diodes (OLEDs), organic field-effect
(OFETs), organic solar cells (OSCs), and electrochromic devices (ECDs) [83].

iv. Fiber-reinforced polymers: Many fibers have been added as reinforcements
to the polymer matrix. They are PS-Sisal fiber composites [84]. Bamboo
polymer composites [85], short oxide fiber reinforced in kaolin [86], bamboo
glass-reinforced in PP [87], thermoplastic starch [88], switchgrass.

v. Biodegradable-polymers: These include biodegradable resin clay
composites [89].

Metal incorporated clay composites such as phosphorous clay composites show
improved fire performance [90].

Starch modified by grafting with vinyl monomers (e.g., methyl acrylate) onto
the starch backbone yielded thermoplastic materials. Kaolin, a natural mineral,
hydrated aluminosilicate, with high surface and presence of polar groups showed
very good compatibility with thermoplasticized starch.

Aliphatic polyesters, polylactide (PLA) comes under the area of environmentally
degradable polymer materials. These are well suited for the preparation of dispos-
able devices because of their biodegradability. The main characteristics of the PLA
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matrix are its easiness to degrade by the enzymatic or hydrolytic way. Hydrolytic
degradation of PLA is a well-known process. Hydrolytic chains cleavage proceeds
preferentially in amorphous regions, leading therefore to an increase of polymer
global crystallinity. The formation of lactic acid oligomers, which directly follows
from this chain scission, increases the -COOH end groups concentration in the
medium. These carboxylic functions are known to catalyze the degradation reac-
tion. Relative hydrophilicity of clay plays determining roles in the hydrolytic deg-
radation process. More hydrophilic the filler, more pronounced is the degradation.
Thermoplastic corn starch (TPS) clay hybrids showed enhanced biodegradation as
compared to TPS alone [91].

vi. Hyperbranched polymers: These polymers have a tree-like structure with a
large number of branch points radiating from a multifunctional core mole-
cule and hence a potentially high degree of end-group functionality per mol-
ecule. The ~OH end groups are assumed to be concentrated in the periphery
of the molecules in a hydrophilic environment. Polyester HBPs also show
excellent processing char and shrinkage control. Dispersion of HBPs with
various types of organically modified MMT in THF led to intercalation over
the whole range of MMT contents and the layer expansion correlated with
the polarity of organic modifier rather than the size of HBPs [91].

HBPs with highly branched, 3D structure and high concentration of end groups
have the promise of good internal bonding rubber phase due to the presence of
surface functional groups, in addition to low initial viscosity [92].

Sol-gel hybrid materials: This class of hybrids has received different names
such as ORMOSILS and ORMOCERS, referring to organically modified silicates or
ceramics, respectively.

The technological importance of the sol-gel process is due to the simplicity in
its preparation. Silicon alkoxides are the main precursors used in the synthesis of
glasses and ceramics and they are also being used in the preparation of new organic-
inorganic hybrid materials [93].

A solution of the molecular precursor is transformed into a sol or a gel by a
chemical reaction, resulting in a solid material upon evaporation. This transfor-
mation allows the production of materials with different possible compositions,
intercalated microstructures, and chemical homogeneity at temperatures less than
those used for fusion.

Typical sol-gel processing variables leading to different morphologies of the
materials are water to alkoxy and catalyst to alkoxy ratios and the type of solvent
and catalyst used [94].

3. Conclusion and outlook

Clay mineral poses a host of technical issues, such as dispersion of the inorganic
filler in the polymer/base matrix. Better is the dispersion, better is the hybrid. Clay
dispersed in natural dispersant renders the most thermally stable organoclay.

Functionalization of clay surface for better compatibility with polymers is
needed for the development of new synthetic layered materials with a wide range
of properties. PAni/clay hybrids have been widely studied due to many advantages
such as high optical contrast (%T), environmental stability, as well as compara-
tively low cost. However, the difficulties in processing PAni into films due to its very
low solubility in most of the available solvents and the relatively poor mechanical
properties decrease its performances and abilities in such applications. Green
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hybrids reinforced with natural fibers and macromolecules have pronounced biode-
gradable and recyclable properties and thus emerge as better packaging materials.
Current research focuses on the use of advanced nanotech catalysts and materi-
als for the purification/remediation of contaminated surface or groundwater and
municipal water or industrial wastewater. Though clay hybrids have been exten-
sively used as nano adsorbents for the removal of heavy metals, As, and dyes from
wastewater, its fabrication as inorganic membranes have received limited attention
in the literature. Titania pillared clay, an important class of layered materials,
exhibits unique surface charge characteristics that make them a good candidate
for removal of organics from wastewater by just adjusting the pH of the solution.
Development of such membrane reactors integrating the separation process with
photocatalysis would lead to an important new technological application that would
add economic value to the vast natural deposits of clay minerals located worldwide.
However, membrane fouling is still a critical problem that results in flux decline
with time, needs to be addressed. In a nutshell, the outlook is bright and sustainable
for clay hybrid materials.

Abbreviations

MMT montmorillonite

VA vinyl acetate

EVA ethyl vinyl acetate

PVA polyvinyl alcohol

ABS acrylonitrile butadiene styrene
PET poly (ethyl terephthalate)

HENA hydroxyethyl iso-nicotinamide
SAN styrene-co-acrylonitrile

PA polyamide

PU polyurethane

OMT organic montmorillonite

PI polyimide

CTE co-efficient of thermal expansion
PAA polyamic acid

DGEBA diglycidyl ether bisphenol A

CEC cation exchange capacity
DSDM-MT distearylammonium montmorillonite
PO polyolefin oligomer

PP polypropylene

MA maleic anhydride

PE polyethylene

LR liquid rubber

PDMS polydimethylsiloxane

EPDM ethylene propylene diene methylene linkage rubber
PLA polylactide

HBP hyperbranched polymer

mPE metallocene blended polyethylene
AN acrylonitrile

PMMA polymethyl methacrylate

PPCN polypropylene clay nanocomposites
OMS organomethylsilicate

PAM polyacrylamide

EVOH ethylvinylalcohol
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MAO methylaluminoxane

TMA trimethylalkoxide

PAni polyaniline

PCL polycaprolactum

PHA polyhydroxyalkanoate
PBS polybutylene succinate
DEP resin

PCN polymer clay nanocomposites
PS polystyrene

NCH nylon clay hybrid

PBI polybenzoimidazole
OMT organo montmorillonite
THF tetrahydrofuran

MeOH methanol

OLED organo light emitting diode
OFET organo field effect

OsC organic solar cell

ECD electrochromic device
TPS thermoplastic corn starch
ORMOSIL organo modified silicate
ORMOCERS  organo modified ceramics
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Chapter 3

Structural Changes in Vermiculites
Induced by Temperature, Pressure,
Irradiation, and Chemical
Treatments

Celia Marcos

Abstract

Depending on the treatment, the crystallinity increase of vermiculite may be
accompanied by the enhancement of the majority starting phase, and the crystal-
linity loss may be accompanied by the appearance or disappearance of interstrati-
fied phases. Starting vermiculites with high K* content in the interlayer have more
interstratified phases and lower water content and are less crystalline. The crystal-
linity loss of vermiculite and therefore the structural disorder increase are caused
by the structural water loss. On the contrary, the crystallinity increase is produced
by water gain. The vermiculite transformation by structural water loss occurs with
temperature increase, vacuum, irradiation with microwaves or ultraviolet, and alco-
hol or acidic treatment. On the contrary, the transformation by water gain occurs in
vermiculites treated with hydrogen peroxide and in those subjected to ionic metal
exchange. These treatments provide evaluable information on the relationship
between the structure of vermiculites and their industrial applications. The changes
suffered by vermiculites due to the treatments applied could give light to ambigui-
ties about their geological origin and hydrothermal and/or supergene processes.

Keywords: vermiculite, structural changes, physical and chemical treatments

1. Introduction

Vermiculite is a mineral that belongs to the phyllosilicate subclass of the silicate
class. It has an appearance similar to micas at macroscopic level (Figure 1), with
varied colors (green, yellow, to brown), leafy habit, hardness about 2, and a density
between 2.4 and 2.7 g/cm’.

Its structure (Figure 2) corresponds to that of the 2:1 group [1], which is com-
posed of two T-O-T layers joined by an interlayer. The T-O-T layer is composed of an
octahedral (O) sheet of Mg2+, located between two tetrahedral sheets (T) of Si**.
The interlayer is formed by an octahedral sheet of Mg** bound to oxygens or OH"
groups. In addition, it contains water.

In vermiculite, isomorphic substitutions, especially in the tetrahedral sheets of
Si** to AP’*, are very common. As a consequence of the positive charge difference,
compensation occurs with cations in the interlayer space, mainly Mg**, as men-
tioned before.
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Vermiculite structure.

This structure, with spatial group C2/c, is generally disordered [2], that is, it
shows stacking defects that alter the regular alternation of the layers parallel to
crystallographic axis b (Figure 3).

Due to the presence of water and OH™ groups, vermiculite can undergo hydra-
tion-dehydration processes that depend on various factors such as temperature,
pressure, particle size, relative humidity, and chemical composition [1, 3-10].

The hydration state of vermiculites is defined by the number of layers of water
in the interlayer space, with phases having zero, one, and two water layers. These
phases were named by [11] as 0-WLHS (state of hydration with 0 water layers),
1-WLHS (state of hydration with 1 water layer), and 2-WLHS (state of hydration
with 2 water layers), respectively. As an example, for Mg-vermiculite the basal dis-
tances are 9.02 A for 0-WLHS, 11.50 A for 1-WLHS, and 14.40 A for 2-WLHS [9-12].

The chemical formula of vermiculite is X,(Y,_3) O10(OH),M,nH,0, where X
represents the tetrahedral positions (Si** y AI’*), Y the octahedral positions (Mg**,
Fe**, Fe**, Cr**, Ti**, etc.), and M the cations located in the interlayer space (Mg2+,
Ca®, K*, Na’, etc.) to compensate the charges, as a consequence of the isomorphic
substitutions.

In addition to the described mineral that corresponds to vermiculite in the strict
sense, there are the so-called commercial vermiculites. These vermiculites consist
of various interstratified of mica/vermiculite, vermiculite with different states of
hydration, mixtures of mica and vermiculite, etc. The distribution of the different
phases would be mosaic-type (Figure 4).

The main characteristic of commercial vermiculites is their exfoliation and
expansion capacity when the vermiculite is abruptly heated, and that occurs due to
the loss of water molecules located between the silicate sheets (Figure 5).
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o

Figure 3.
Disordered layers in the vermiculite structure.

Figure 4.
Mosaic distribution of different phases in a commercial vermiculite (modified from Hillier et al. [15], with
permission,).

1000 °C

| minute

Figure 5.

Eagfoliation mechanism scheme of a commercial vermiculite when heated at 1000°C for 1 minute;

(a) commercial vermiculite; (b) exfoliated commercial vermiculite; (c) scheme of the arrangement in domains
of the different intergrowth phases in a particle of a commercial vermiculite; (d) diagram of the exfoliated
particle; (e) structure of an ideal vermiculite; (f) structure of the exfoliated ideal vermiculite. Note: Schemes
(c) and (d) modified from Hillier et al. [15] with permission.
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Authors such as [13] and later [14] found that the greatest exfoliation is achieved
in the case of regular mica-vermiculite interstratified. Couderc and Douillet [14]
associated this fact with the collision, during the “thermal shock,” of the water mol-
ecules of the vermiculite sheets with the mica sheets, producing a greater separation
between them; Hillier [15] related exfoliation with the mosaic distribution of the
different mineral phases within the vermiculite particles. Lateral phase boundaries
between vermiculite and other phases (mica, or vermiculite, and chlorite) would
prevent vapor from escaping from a particle, resulting in exfoliation when the pres-
sure exceeds the bonding forces that hold the layers together. This type of thermal
exfoliation is the oldest and the one that is still used today mostly in the industry.

Vermiculites can be modified by changes in temperature and pressure, chemical
treatments, and irradiation, causing physical and structural changes in the mineral
[16-24].

One of the most notable physical changes is exfoliation and expansion, which are
influenced by factors such as water content, type of cations of the interlayer, and
interstratifications of vermiculite [10, 17, 25].

Unmodified and modified commercial vermiculites are characterized by their
industrial and technological applications [26-35]. These applications are a function of
its physical and chemical properties and the treatment it has undergone, for example,
thermal and acoustic insulation, adsorbent of substances, refractories, fire protection,
support for hydroponic crops, light concretes, etc. The synthesis of advanced materials
such as new glasses of great technological interest constitutes an example of the uses
based on chemical applications. Numerous studies on the intercalation of polar organic
molecules by clay minerals have been carried out. In addition to water, inorganic or
organic substances can be adsorbed in the expandable interlayer space [36, 37].

The objective of this research has been to show the structural changes in commercial
vermiculites induced by temperature, pressure, irradiation and chemical treatments,
the relationship between these treatments, and crystallinity and the possible causes.

2. Methodology
2.1 Materials

The investigated vermiculite samples come from Cataldo (Goids, Brazil),
Paulistana (Piaui, Brazil), China, Libby (Montana, USA), Benahavis (Malaga,
Spain), and Sta. Olalla (Huelva, Spain) to compare. Vermiculite from Cataldo
(hereinafter Goids) is associated with an ultramafic complex; Paulistana’s vermicu-
lite (hereinafter Piauf) is found in a hybrid basic rock, probably a lamprophyre [38].
The origin of China’s vermiculites is unknown. The origin and mineralogy of the
vermiculite of Sta. Olalla have been extensively studied [39-42]. This vermiculite is
formed from phlogopite as a result of the alteration of pyroxenites. Vermiculite
from Benahavis occurs in elongated veins, and the host rock is mainly serpentine
[43, 44] and can be considered formed by alteration of phlogopite [45].

The weight percent of element oxides of the vermiculites considered in this
chapter [10, 46] is in Table 1 and their water content (%) in Table 2.

2.2 Vermiculite treatments
2.2.1 Heat treatment

For the experiments with heat [10, 23], two diffractometers were used: Seifert
XRD 3000 diffractometer (Scientific-Technical Services of the University of
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Sample Sta. Benahavis' Piaui' Goids' ChinaW' ChinaG' Palabora’ Libby’

Olalla’
Sio, 35.9 37.0 399 40.7 432 356 411 387
TiO, 0.3 2.5 11 0.8 1.0 12 12 1.2
ALO; 15.8 141 9.3 11.5 119 11.0 10.0 13.0
Cr,0; 0.0 0.0 01 0.0 0.2 04 0.0 1.0
FeO 33 76 6.7 9.6 43 4.6 79 8.6
MnO 01 01 0.0 0.1 0.0 0.0 0.0 0.1
MgO 241 219 25.5 18.0 243 21.8 233 20.6
CaO 0.3 0.1 0.2 0.0 0.4 09 0.2 0.0
Na,O 01 01 0.0 01 0.7 35 01 0.3
NiO 0.0 01 0.0 0.0 0.0 0.1 01 0.0
K0 0.0 0.0 35 11 75 56 6.0 9.7

IMarcos et al. [9].
2Marcos and Rodriguez [46].

Table 1.
Weight percent of element oxides.

‘Water content (%)
Sta. Olalla* 25.6
Piauf! 14.0
Goias' 136
China O' 176
China G' 123
Palabora’ 134
Libby 103

Marcos et al. [9].
°Marcos and Rodriguez [46].

Table 2.
Water content (%).

Oviedo) at 30 mA and 40 kV; Cu-K, radiation, A = 1.5418 A; 20 range of 3-20°; 2°
scans of 0.02° per step; and a count time of 20 s per step and Bruker AXS diffrac-
tometer (Plasma Physics Laboratory, National University, Manizales headquarters)
at 30 mA and 40 kV (Cu-Ka radiation; A = 1.5418 A), 20 range of 3-40°, 26 scans of
0.1°, and a count time of 20 s per step.

With an increase of T, the behavior of the vermiculites was different depending
on the composition of the vermiculite and the type of heating (ex situ or in situ).

The result with heating ex situ at 1000°C for 1 minute was an expanded and
exfoliated light product composed of enstatite in the purest vermiculites (with Mg**
or Mg®* and K in the interlayer) Sta. Olalla and Benahavis and mica and enstatite in
the commercial vermiculites (with K* and/or Na* and/or Ca?* in the interlayer). The
exfoliation of the latter was much greater than that of the former.

The diffraction patterns made with temperature increase (40-140°C) in
situ using the Seifert XRD 3000 equipment, and a powder sample showed the
coexistence of the 2-WLHS phases with two layers and one layer of water, and
the 1-WLHS phase was revealed. In the patterns made with the Bruker AXS
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diffractometer, the last phase did not appear, and it was observed that the structure
practically collapsed at 100°C, phase 1-WLHS reappearing as temperature increases.
With gradual increase in T in situ, dehydration of the vermiculites could be
observed until practically reaching collapse, although the behavior was different
depending on whether the samples contained Mg** or Mg** and K* in the interlayer
or K* and/or Na* and/or Ca*". In the former dehydration appears to be restricted to
1-WLHS, and dehydroxylation begins at lower temperatures and is faster than in the
latter, in which already dehydrated vermiculite coexists with a similar structure to mica.

2.2.2 Pressure treatment

The experiments at atmospheric pressure P = 1.4-10 "> mbar and P = 2.4-10™* mbar
were carried out on both powder samples and exfoliation flakes of three vermiculites
from Sta. Olalla (Huelva, Spain), Paulistana (Piaui, Brazil), and Western China [9].
A Seifert XRD 3000 diffractometer from the Scientific-Technical Services of the
University of Oviedo was used. The conditions of use were 30 mA and 40 kV (Cu-
Ka radiation, A = 1.5418 A), range 20 between 2 and 70°26, speed 0.02°26/20 s. Two
commercial Leybold pumps (Trivac D 2.5 E (up to 10-2 mbar) and Turbovac TMP
50 (up to 10-4 mbar)) were used for the vacuum experiments.

The effect of vacuum, like that of temperature, causes dehydration of vermicu-
lite but with a different evolution through the different states of hydration. In fact,
under vacuum, the process appears to inhibit itself to a state of hydration with one
layer of water (1-WLHS). The role of T is inhibited against that of pressure. The Sta.
Olalla vermiculite gave rise to the formation of three different interstratified phases:
two phases characterized by an interstratification with interplanar distances,

d =11.5-13.8 A and d = 9.6-11.5 A, respectively, and another phase withd = 13.8 A.

Under vacuum, P = 1.4-1072 mbar, in the Sta. Olalla, vermiculite phase 2-WLHS
was observed with two layers of water coexisting with phase 2-WLHS but with a
layer of water. In Piauf vermiculite, the evolution of the most characteristic reflec-
tion was more remarkable since it disappears, appearing in phase 1-WLHS.

The effect was faster with powder samples, and phase 2-WLHS quickly trans-
forms to phase 1-WLHS.

2.2.3 Irradiation treatment
2.2.3.1 Microwave irradiation

The transformations undergone by the vermiculites subjected to microwave
irradiation (at 800 W and exposure times from 10 to 20 s) were characterized by
X-ray diffraction [24]. A PHILIPS X’PERT PRO X-ray diffractometer was used, at
40 mA and 45 kV, Cu-Ka radiation (A = 1.5418 A), range of 3-70°20, steps of 0.02°,
and a count time 1 s per step.

Microwave irradiation of vermiculite samples caused much less water loss than
they do when subjected to sudden high-temperature heating; it also caused exfoliation
of the material. From a structural point of view, the X-ray diffraction patterns of the
vermiculites of Sta. Olalla, China, and Libby showed loss of crystallinity and disorder.

2.2.3.2 Ultraviolet irradiation
The changes induced by ultraviolet (UV), short wave (254 nm), and long
(356 nm) radiation at different times (1 hour, 1 day, and 1 week) in vermiculites

from Sta. Olalla, Libby, and China were studied by using X-ray diffraction [46].
A PHILIPS X’PERT PRO X-ray diffractometer was used, at 40 mA and 45 kV,
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Cu-Ka radiation () = 1.5418 A), range of 3-10°20, steps of 0.007°, and a count
time 1 s per step. Crystallite size and structural deformation were evaluated using
PANalytical software (X’Pert Plus).

In the powder samples of Sta. Olalla, Libby, and China, a decrease in the inten-
sity of the most characteristic reflections was observed as well as a decrease in the
size of the crystallite and an increase in deformation. The results were more signifi-
cant for powder vermiculite from China than for Sta. Olalla and Libby vermiculites,
probably due to the coexistence of different hydration states, interstratifications,
and superstructures in the initial vermiculite in China. The water loss in these long
and short UV irradiated samples for 168 hours was 4 and 4.5% for the Sta. Olalla
sample, 0.9 and 1% for the Chinese sample, and 6.4 and 7% for the Libby sample. In
the exfoliation flake samples, an increase in the intensity of the most characteristic
reflection is observed, in addition to a larger crystallite size and a lower percentage
of deformation, so that the crystallinity increased.

2.2.4 Chemical treatment

By ion exchange of metals (Ni*', Fe**, Fe’*) for the Mg”* of the interlayer in the
vermiculite-Mg of Sta. Olalla (Huelva, Spain).

In the case of nickel [35], an aqueous solution of Ni?* acetate was used, and in
the case of iron [47], FeCl, and FeCl; solutions were used. The crystal structures
of the nickel and iron vermiculites were refined using the DIFFaX+ program [48]
(and a later version). The characterization was carried out with X-ray diffraction
by transmission using an InEL XRD RG3000 cobalt tube vertical diffractometer
(A = 1.7890 A) (40 kV, 35 mA) and an InEL CPS 120 detector, in the 20 range of
4-70° (step 0.03°, total acquisition time of 5400 s). Refinement confirmed the
similarity of the Ni**-, Fe**-, and Fe**-vermiculites with the Mg-vermiculite. In the
Fe’*-vermiculite reflections corresponding to the akaganeite (8-FeOOH) (JCPDS
card 01-075-1594), a phase that was corroborated by Mossbauer spectroscopy
(16%) was observed, a technique that also allowed showing the presence of said
phase (3%) in the Fe**-vermiculite. Only vermiculite was detected in the Ni*'-
vermiculites obtained from the starting vermiculite, while in the one obtained from
the homoionized starting vermiculite (with brucite -Mg (OH)?), a brucite phase
with magnesium and nickel was also detected. In this refinement it was found that
Ni** and Fe’* also enter the octahedral layer, although there was no evidence for Fe**.

2.2.4.1 Acid activation with HNO;

Nitric acid treatment at 4 and 8 M was used at room temperature and different
treatment times on the purest vermiculite from Sta. Olalla and two commercial
vermiculites from Goids and China, respectively [49]. To quantify potential loss of
mass or water, 1 mL of each sample was weighed pre- and post-acidic treatment,
and their volume post-treatment was measured. To identify any structural change,
X-ray diffraction patterns were taken with a PANalytical X’pertPro diffractometer
using 40 mA and 45 kV (Cu-Ka radiation; A = 1.5418 A), 20 scans 5-350, 20 step
scans of 0.007°, and a counting time of 1 s per step. TEM high-resolution micro-
scope with a resolution of 1.9 A between points and 1.0 A between lines was used
to obtain TEM and selected area electron diffraction (SAED) micrographs with its
accompanied CCD camera (Gatan).

Vermiculites treated with acid suffered (a) slight delamination and color
(Figure 6); (b) weight loss (Table 3) due to the mass and water loss; (c) inhomoge-
neous cation leaching, probably achieved to transfer iron from those octahedral sheets
to clusters deposited on vermiculite layers (Figure 7) [50-53] (and in the samples with
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Figure 6.
Color of treated vermiculite from Sta. Olalla.

Samples HNO; molarity Time Weight loss (%)
Sta. Olalla 4 1 70
7 75
8 1 72
7 70
Goids 4 1 12
7 14
8 1 47
7 47
China 4 1 22
7 27
8 1 53
7 52

Marcos et al. [49].

Table 3.
Weight loss (%) in the treated samples.

high iron content, this element would have prevented further leaching of cations but
not water loss); and (d) structural transformation that resulted in the formation of
lamellar products with low crystallinity and order, composed by amorphous silica and
other phases whose identity and percentage varied depending on the vermiculite type.

2.2.5 Thermal and chemical treatment

2.2.5.1 Thermal treatment and subsequent reaction with metal ions solution
(Cr* y Ni*")

For the experiments with Cr** [54] and Cr® [55], commercial vermiculite from
China thermo-exfoliated at 900°C for 1 minute was used. With Ni**, commercial
from Piaui (Brazil) and China, vermiculites thermo-exfoliated at 1000°C for
1 minute were used [35].

40



Structural Changes in Vermiculites Induced by Temperature, Pressure, Irvadiation...
DOI: http://dx.doi.org/10.5772/intechopen.92436

Figure7.
TEM and SAED micrograph of polycrystalline goethite in Goids vermiculite .

Vermiculite characterization after Cr’* adsorption was performed with X-ray
diffraction using a Bruker AXS D8 Advance diffractometer with an Anton Paar
HTK1200 oven at room temperature and 900°C for 1 minute. The equipment condi-
tions were 30 mA and 40 kV, Cu-Ka radiation (A = 1.5418 A), range of 3-40°26, 0.1°
steps, and a count time of 20 s per step.

The X-ray spectra of Chinese vermiculite after having been in contact with a
solution of synthetic seawater and dissolved Cr’* with concentrations of 0.75 and
2.0 ppm suggested that the mica-like phase of the exfoliated vermiculite would have
been transformed back into a vermiculite-like structure, similar to that of the origi-
nal sample. In contrast, in the X-ray spectrum of Chinese vermiculite after having
been in contact with distilled water solution and dissolved Cr® with concentrations
of 1 ppm (Figure 8), no change is observed.

2.2.5.2 Hydrogen peroxide

Several experiments with vermiculite samples from Sta. Olalla (Huelva, Spain),
Libby (Montana, USA), and Goids (Brazil), in both powder and flakes forms, were
carried out [56]: (a) treatment with 30% and 50% hydrogen peroxide solution, at
different times for each sample; (b) irradiation with microwaves for 20 s of Libby
and Goias samples; and (c) treatment with 30% and 50% hydrogen peroxide solution
in the microwave oven for 20 s of vermiculite samples from Goias. X-ray diffraction
was used to identify structural changes. For the powder samples, a PHILIPS X’PERT
PRO diffractometer was used at 40 mA and 45 kV, Cu-K, radiation (A = 1.5418 A),
range of 3-70°20, steps of 0.02°, and a count time 1 s per step. For the flake samples, a
Seifert XDR 3000 T/T diffractometer was used at 30 mA and 40 kV, Cu-K, radiation
(A = 1.5418 A), range of 2-10°26, steps of 0.02°, and a time of 20 s count per step. The
results showed that the vermiculites hardly underwent changes at the structure level,
despite the change in appearance and textural (color, exfoliation, corrugation, undu-
lations) (Figure 6). The three vermiculites—Sta. Olalla, Goids, and Libby—showed
a slight increase in the intensity of the main reflection. The change was slower in
powder form than in flake samples, at least in Libby vermiculite.

Alcohol (methanol, ethanol, propanol, butanol).

The structural changes of commercial vermiculites treated with alcohol and
alcohol for 1 month and subsequent microwave irradiation for 20 seconds were
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Figure 8.

X-ray diffraction of the starting Chinese vermiculite and abruptly heated at 900°C for 1 minute (a) and after
having been in contact with 1 ppm Cr® in distilled water (b).

analyzed using X-ray diffraction [57, 58]. The equipment used was a PHILIPS
X’PERT PRO diffractometer, at 40 mA and 45 kV, Cu-Ka radiation (A = 1.5418 A),
range of 3-12°26, steps of 0.007°, and a count time of 1 s per step. Changes in the
intensity and position of the basal reflections were used to indicate changes in the
structural order and in the hydration states. In Sta. Olalla vermiculite, the intensity
of the most characteristic reflection decreased with all the alcohols and times inves-
tigated. In the Chinese and Libby vermiculites, the intensity of the most character-
istic reflections with methanol and ethanol also decreased, while with propanol and
butanol, as a function of time, there was an increase in intensity and optimization
of the profile of the aforementioned reflections and incipient appearance of phases
with different hydration states (in Chinese vermiculite).
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Figure 9.

X-ray diffraction of the samples from China (a) and Libby (b) treated with alcohol for 1 month and
subsequent microwave irvadiation for 20 seconds (Marcos et al. [59] ). Note: m = methanol, e = ethanol,
b = butanol, p = propanol, ex = exfoliated, no = no exfoliated.

The diffraction spectra for the vermiculite particles from China and Libby
treated with alcohol for 1 month and subsequent microwave irradiation for 20 sec-
onds, exfoliated and non-exfoliated, are shown in Figure 9 [59]. In these vermicu-
lites treated with butanol or propanol and subsequent microwave irradiation, it
should be noted that the crystallinity and the order of phases 2- and 2-1-WLHS of
the exfoliated and non-exfoliated particles improved in relation to the untreated
ones, except in Chinese exfoliated particles after butanol treatment and subsequent
microwave irradiation. The opposite occurred with methanol or ethanol treatment
and subsequent microwave irradiation, except in the Chinese exfoliated particles
after methanol treatment and subsequent microwave irradiation.

3. Discussion

The structural modifications of the investigated vermiculites treated thermally,
with vacuum, or irradiation or chemically, consist of the phase transformation
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and the increase or loss of crystallinity and, therefore, the increase or decrease of
the structural order. Depending on the treatment, the increase in crystallinity may
be accompanied by the appearance of the majority starting phase, and the loss of
crystallinity may be accompanied by the appearance or disappearance of interstrati-
fied phases.

Vermiculite responds to an increase of T by transforming its structure, which
affects its applications. It is a dynamic process that depends on the composition,
size, and shape of the particle, relative humidity, and process conditions (in situ
or ex situ heating). With T increase, the transformations occur due to dehydra-
tion, greater in the purest vermiculites and less in the most micaceous ones. With
abrupt ex situ heating, at 1000°C, with powder samples, the purest vermiculites
are transformed into enstatite and the least pure into mica and enstatite; in both
cases they appear expanded and exfoliated. With gradual heating in situ, at 1000°C
and in flake samples, the structure practically collapses in the purest and the
most micaceous vermiculites; although it fails to do so, its crystallinity is very low.
Dehydration would occur by the escape of water in the form of steam. This escape
would occur when the vapor pressure exceeds the bonding forces that hold the
layers together, causing exfoliation and expansion [15]. The process occurs faster in
powder samples than in flake samples.

The effect of the vacuum is similar to that of the temperature increase; the
transformation also occurs by dehydration, although the process seems to be
inhibited to a state of hydration with a layer of water (1-WLHS), without addi-
tional dehydration of the samples up to a state of hydration of zero layers of water
(0-WLHS). The loss of water was less than with an increase in T. The process is
slower than with an increase in temperature in situ since the pressure does not
imply an increase in the activation energy as with the first. In addition, it was
shown that the dehydration process occurs through different interstratified states
in vermiculite. This result has been related to the content of Mg”* cations in the
interlayer, due to its affinity with water molecules. The purest vermiculite of Sta.
Olalla showed the most complex dehydration process due to its higher magnesium
content in the interlayer. Due to its affinity for water, the higher the content of the
cation, the greater the difficulty in eliminating water molecules. When the tem-
perature and the vacuum are acting simultaneously, the sample is dehydrated just
after the vacuum is established, and the temperature has no additional effect. The
process, as with temperature increase, occurs more quickly in powder samples than
in sheet samples.

Microwave irradiation of vermiculite samples caused a loss of water much
lower than what they suffer when subjected to sudden heating at high temperature.
The said dehydration was slower than with vacuum or with sudden heating at
1000°C. As a consequence, the phase withd = 13.8 A in Sta. Olalla, for example,
could not be observed. The crystallinity loss and structural disorder is attributable
to the water loss. There was no collapse of the structure or formation of new phases,
probably because this loss was much lower than that produced at a temperature
higher than that produced by microwave radiation. The expansion process began in
the flake center and advanced toward the edges. The alignment and reorientation
of the water dipoles with the applied field generated internal friction that caused
the heating of the vermiculite and the vaporization of many of the water molecules.
The explanation of steam escape and exfoliation would be the same as when the
temperature rises.

The decrease in crystallinity and structural order in vermiculite powder samples
irradiated with long and short UV is also attributable to the water loss. On the
contrary, in crystalline samples the crystallinity and structural order increased. In
this case there was surely rehydration by ambient humidity adsorption.
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In the chemical treatment by ion exchange of Ni** or Fe** or Fe’* metals by the
Mg of the interlayer in the Mg- vermiculite of Sta. Olalla, the decrease in the
interplanar distance dyg, has been interpreted as due to the interaction of the cation
and a possible modification of the interactions between the exchanged cation and
the TOT sheets, due to both the nature of the new cation and the variations in the
quantity and distribution of the H,O molecules that it induces. The formation of
brucite in the homoionized starting vermiculite could be due to the homoionization
process itself, consisting of introducing the vermiculite in a solution of MgCl, in
order to eliminate possible impurities such as Na*, Ca™*, etc., coexisting with Mg**.
In the vermiculite intercalated with nickel from this homoionized vermiculite, a
brucitic phase with magnesium and nickel was also detected.

According to Ravichandran and Sivasankar [50], the reaction with nitric acid
first caused the replacement of the exchangeable cations (Mg2+, Ca**, K*, Na*) by
protons, which will subsequently attacked the layers. Secondly, partial leaching of
Al**, Mg”, and Fe** and Fe** from the tetrahedral and octahedral layers occurred.
The silicon remained in the form of amorphous silica and quartz; this lasts in a very
low percentage, which disappeared with the increase of the acid concentration in
any of the samples. The Sta. Olalla sample suffered greater leaching of cations and
water loss than the Goids and China samples, whose high iron content would have
prevented further leaching of other cations.

The heat treatment of the vermiculites and subsequent reaction with synthetic
seawater solutions with Cr’* and Ni** would have caused the reappearance of the
starting vermiculite, by rehydration. Probably, its union with the water trapped in
the thermo-exfoliated structure may have made this structure closer to the original,
that is, the mica-like structure would have moved back to that of the vermiculite. In
aqueous solution Cr** would be in the form [Cr(H,0)¢] ** and Ni** as [Ni(H,0)¢]*; in
both cases its adsorption in thermally expanded vermiculites would be controlled by
different cooperative mechanisms: (1) cation exchange and (2) surface complexation
reactions [60—63]. It is important to note that a very low percentage of Ni** could
have precipitated in the pores or on the surface of vermiculite such as magnesium
and nickel hydroxide, according to the findings in unheated Ni?*-, Fe*'-, and Fe**-
vermiculites [35, 47]. The cation exchange process would be favored by the fact that Cr**
and Ni** have an ionic radius (0.69 and 0.78 A, respectively), similar to that of Mg**
(0.72 A). This ion exchange process would have taken place considering that the prod-
uct resulting from the heating of vermiculite would constitute a heterogeneous system
formed by one or more disordered crystalline phases (mica type) with hydroxyl
groups and some cations between layers of the original phase and molecules of water.

This transformation would have occurred due to the rehydration of the sample
in the adsorption process, which should be directly related to the characteristics
of the cation involved [64]. The transformation in both cases would be consistent
with the investigations carried out by Derkowski and McCarty [65] on the rehy-
dration of dehydroxylated smectite in an environment of low water vapor. The
equilibrium occurs in the solid/liquid interface, where the available centers located
on the surface could be exchanged with the species in the solution. This adsorption
process would be the opposite of what happens to vermiculite when it expands
to 900°C.

The transformation could have occurred due to two aspects: on the one hand,
the ionic exchange of ions of the interlayer with Na* and other ions of the saline
solution and on the other hand the lower force of attraction with the water of the
interlayer which has Na* in relation to Mg** or Ca®* [66]. In the case of no transfor-
mation because there was no hydration or dehydration, since there was no change in
weight before and after the adsorption of the ion by expanded vermiculite, probably
due to the characteristics of the cation involved [64].
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In the case of the adsorption of Ni** by vermiculite, the behavior would have
been similar to that of the adsorption of Cr’* [54], although it would have to be
confirmed experimentally.

The reaction with hydrogen peroxide showed textural rather than structural
changes. The water content (Table 4) was practically the same in both the Goids
and Libby samples treated with H,O, and untreated. The absence of hydration-
dehydration is the cause of no phase transformation.

The leached cations, in greater quantity those of the interlayer (Na‘, K*, etc.)
than those of the tetrahedral and octahedral layers, would be replaced by the H"
ions of the solution [21]. These ions gave rise to two effects: (1) increase of the pH
of the solution and (2) corrosion of the vermiculite particles.

The structural changes of commercial vermiculites treated with alcohol,
dehydration-hydration, and disorder-order would be related to the replacement
of water by alcohol in a very low percentage, with weight loss and, depending on
the type of vermiculite, appearance of phases with state of hydration of less layers
of water. The structural changes of commercial vermiculites treated with alcohol
and subsequent irradiation with microwaves consist of an increase or decrease in
crystallinity and order. The results indicated dehydration-hydration and structural
order-disorder that would be related to the entry of alcohol into vermiculites by
water replacement, that is, by loss of water. The changes occurred in a manner
similar to those produced with temperature and vacuum and were less pronounced
for the purest vermiculite.

Structural changes of vermiculites induced by the above mentioned treat-
ments provide evaluable information on the relationship between the structure of
vermiculite and their industrial applications. In vermiculite applications as intu-
mescent fire barriers [67-69] where exfoliation at low temperatures is required,
the treatment type, in this case microwave irradiation, is more important than the
structural change suffered by vermiculite. In the case of vacuum, not only the type
of treatment but also the structural changes suffered by the vermiculite influ-
ence, since under pressure the vermiculite could act as a deposit mineral and host
contaminating elements. Vermiculite irradiated with ultraviolet radiation could be
used as material for optoelectronic devices because this radiation is less penetrat-
ing and easier and cheaper to obtain than gamma radiation [70]. Fe**- and Fe®*-
vermiculites maintain its paramagnetic character; and Ni*'- vermiculite behaves
as a two-dimensional spin-glass system in which planar ferro- and antiferro-
magnetic interactions compete, responsible for the complex magnetic behavior
found. Ni**- vermiculites are interesting materials to study experimentally or

Samples Treatment
— Microwave 1000°C H,0,
irradiation 30% 50%
Sta. Olalla 256 249 49° H,0 wt (%)
Goias 121 12.2 5.6 121 121
12.7° 129
Libby 10.3 111 34 109 114

“Marcos et al. [10].
bSamples treated with alcohol and irradiated simultaneously with microwaves.

Table 4.
Water content (%) obtained by thermogravimetry of untveated and treated samples of Sta. Olalla, Goids,
and Libby.
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in simulations, with applications to physics, chemistry, materials science, and
artificial neural networks in computing [71]. Alcohol treatment and subsequent
microwave irradiation may be the procedure for obtaining purest vermiculite from
a less pure sample. Nitric acid treatment of vermiculites with high iron content
resulted in a lamellar products with high porosity, important in many applica-
tions such as low cost and efficient and sustainable adsorbent for dyes and metals
[60, 72-74]. It is important to highlight how exfoliated vermiculites can remain
unchanged depending on the valence of the adsorbed ion and the salinity and pH
of the medium.

Consequently, the relationship between structural changes of vermiculite and
the chemical and physical treatments could contribute to predicting the structural
order—disorder of the vermiculite; the obtaining of purest vermiculite; the envi-
ronmental fate of toxic metals, such as cesium (radioactive metal) in contaminated
areas; and developing methods to extract these metals from contaminated soils or
waters [75].

Further, the changes suffered by vermiculites due to the treatments applied
could give light to ambiguities about their geological origin due to hydrothermal
and/or supergene processes. However, most and possibly all macroscopic vermicu-
lite and interstratifications of vermiculite and other phases (mica, chlorite) are
believed to be of supergene origin [76, 77]. The changes suffered by vermiculites
due to hydrogen peroxide treatment and ionic metal exchange, with water gain,
could point to this origin, corroborating both the field and laboratory evidence in
early times [76]. Regarding the treatments that involve water loss in vermiculites, it
is not discarded that a more detailed study helps to reveal data related to the hydro-
thermal origin. Some aspects observed in the transformations caused by treatments
with water loss could coincide with field observations [78, 79].

4, Conclusions

Starting vermiculites with high K* content in the interlayer have more inter-
stratified phases and lower water content and are less crystalline.

The crystallinity loss and therefore the structural disorder increase are caused by
the structural water loss. On the contrary, the crystallinity increase is produced by
water gain.

The vermiculite transformation by structural water loss occurs with temperature
increasing, vacuum, irradiation with microwaves or ultraviolet, and both alcohol
and acidic treatment. On the contrary, the transformation by water gain occurs in
vermiculites treated with hydrogen peroxide and in those subjected to ionic metal
exchange.

Structural changes of vermiculites induced by the abovementioned treat-
ments provide evaluable information on the relationship between the structure of
vermiculite and their industrial applications. The said relationship would allow
predicting the structural order-disorder of the vermiculite, the obtaining of purest
vermiculite, or the environmental fate of toxic metals.

The changes suffered by vermiculites due to the treatments applied could
give light to ambiguities about their geological origin and hydrothermal and/or
supergene processes. Early field and laboratory evidence and current experiments
showing changes in vermiculites caused by treatment with hydrogen peroxide and
ion-metal exchange, with water gain, could point to a supergenic origin. Regarding
the treatments that involve water loss in vermiculites, it is not discarded that a more
detailed study helps to reveal data related to the hydrothermal origin.
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Chapter 4

Adsorption of Heavy Metals

by Microwave Activated Shale/
Asphaltite Char/Zeolite

Granule Composts from
Hazardous Sludges and Industrial
Waste Slurries

Yildirim Ismail Tosun

Abstract

There is a great concern about surface water pollution with high level mercury,
lead (Pb) over 10 mg/l, 30 mg/1 to the fishing lakes and streams in $irnak Province
even contaminating fresh water fishing and poisonening of human by merury and
lead in thr region. The chromium over 50 mg/] from industrial seepages was dis-
posed to lakes and streams in our country. There is a great green concern prompting
land in order to control acidic mine waters so that the research study controlled and
avoided hazardous metal limits of residual stream contaminants of heavy metals by
sorption local clay and zeolite compost. The contamination rate changes to those
based on seepage concentrations and wetness. The stream amendments, such as
shale char carbonized from $irnak asphaltite containing 52-60% shale activated by
acid washing under microwave radiation as geo material composted for waste water
treatment should control contaminated effluents concentration. The field studies to
evaluate the stability of heavy metal concentrations and salts were scarce. The initial
objective of this study was to determine the effects of seepage flow to surface and
groundwater from the industrial discharge. In this study, important investigations
have been made on composite granules production with Sirnak shale char and
zeolite feed in order to activated in microwave oven 2 M HCl dissolution. The
compost sorbent for high level heavy metal sorption in laboratory water packed bed
column adsorption compost system. However, the results of filled packed bed
zeolite yield high metal transfer to compost. Due to the complex chemistry of shale
pores, and high porosity, heat conduction improved in the microwave sorption
depended on granule size decreased. The other heavy metal sorption distribution
was changed in the activation dependent on the microwave heating power.

Keywords: zeolite, microwave radiation, salt slurries, metal sorption, energy toxic
risk assessment, stochastic cost estimation, treatmen sorbent simulation, hybrid
sorbent, waste sludge, salt slurries, microwave activation waste water treatment,
heavy metal, zeolite composts, shale
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1. Introduction

This investigation of water treatment firstly proposed to control mud in acidic
manner even dissolving hazardous coal mine cadmium, lead and mercury can be
extremely hazardous in fresh water source contamination even industrial waste
water management. The contamination research by soil remediation was existing in
water logged areas. The strategical problems of water contamination and treatment
by different type clay composts and the quality of them mostly exist in the irrigated
areas like in South Eastern rocky plains of Sirnak and Batman, Turkey. The climate
change and ground water changes generally resulted in over irrigation, seepage
losses through channel and distributions, contaminated water control, management
practices and inadequate control of drainage system. Analysis of high water table in
water logged areas and drainage of irrigated areas have not been paid adequate
attention in the planning and management of water resources, partly due to lack of
requisite data and partly due to flood and rainfall in the country. In order to develop
suitable water management strategies and controlling the extent of water logging in
the area. GIS may facilitate the reconstruction of the ecological environment but
also to accommodate the sustainable development of the water resources and waste
water. In this study, the control of lakes and streams by hydrological characteristics
of the Batman city were explained and the effect of soil characteristics on the the
city was examined. In the investigation, hydrological features and the urbanization
with new settlements need modeling regarding available water source. The hydro-
logical property of settlement areas with dense populated areas in the model was
determined by Geographic Information Systems (GIS) techniques. The main pur-
pose of this study is to investigate the effect of settlement on the basic hydrological
structure by studying the characteristics of the ground topography, ground water
elevation, slope and viewing. GIS techniques were used in the creation of the
thematic maps and in the analysis of the parameters. Finally, the GIS study models
created, the available water source change and a stream contamination model was
provided sufficient source control at the Batman province. The presence of this
stream and lake contamination, soil structure in the Batman province reveals the
contamination by acidic mine waters and potential flood scale and flood risk. This
study produced more hazardous contamination data with hydrological streams
dicharged to lakes and streams with GIS. GIS has made it possible to obtain more
qualified data by enabling the use of waste water treatment by mobil units in this
research (Figure 1a and b) [1, 2].

The hydrological studies carried out by Water Association showed that high
level Tigris river stream flows from 650 m level attitude through 610 m—600 m
levels laguuns in Batman province with hig risk of flood (Figure 2).

The chalky limestone layers of Batman province reveals high amount of water
suddenly at the stream below levels to 2 m high over agricultural wheat land and the
potential flood risk line [2] (Figure 3) [1-3].

1.1 Accumulation of contaminating acidic waters, heavy metals and
distribution in floods and laguuns near dams

The oxygen content and and electroopotantial of waters adequately accounted in
stream flows causing animal feed contamination n the pastoral fields by soil and
growing grass near by this contaminated stream laguuns.

In the hot streams and acidic mine waters the ferric iron and sulfate tend to be
highly common as AMD seepage, alkali resulting from the reduction of these two
species, a weak base (bicarbonate) and producing astrong base (hydroxyl ions), also
generate net alkalinity (Eq. (8)). The indirect acid production was relatively high
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Figure 1.
(a) Groundwater Flows and Hydrological Stream Discharges in Batman Province at scale of 1/20000
(b) 1/50000.

Figure 2.
(a) Satellite view of Batman City and province reveals the potential flood scale 1/20000 and (b) earth view
with flood risk water lines of Batman City and province 1/20000.

rate at higher pH levels over 5 with dissolution of heavy metals in sulphide minerals
and neutralization by alkali matters govern the dissolution by the reactions as given
below [4-6];

Bicarbonate sulphate hot streams reduce aciditiy as below Eq. (1).

S04~ + 2HCO;~ + H,0 + 2H" — H,S + 3CO, + 2H,0 1)

The sulfide produced is strongly reactive towards heavy metals as given Egs. (2)

and (3):

Fe’* + H,S — FeS + 2H™, )
Zn?* 4+ H,S — ZnS + 2H, (3)
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Figure 3.
Batman province some set reveals the potential flood ban and flood risk.

which form very insoluble sulfide compounds. FeS is unstable relative to pyrite
and the further reaction, which is an oxidation of >~ to S™, as given in Eq. (4);

FeS+ S — FeS, (4)

generated in the late muds close to the settled mud - water interface. ZnS and PbS,
in the sulphide complex structure are much stable and retain S in the —2 state.
However, the sulfate part of reaction Eq. (5) [7, 8] may cause redox effect an oxida-
tion. Then.

H,S + 4H,0 — SO4%~ + 10H" + 8e™. (5)

The aerated and oxygen rich waters oxidizing sulphidic character metal pre-
cipitates to sulphate and chloride dissolution by unstable forms, but over ph 9 as
shown in Figure electropotantial matter of waste waters provides hydroxide pre-
cipitates in soil mud. Even jarosite form precipitates occuuring in hot water streams
area with redish brownish precipitates, however those type residuals stuck over
sand may become sweet salty alg fish feed even causing higher heavy metal con-
tamination for fish farming and stream fishing. Batman province copper and lead
sulphide deposits and hot streams of high sulphate come out high potential con-
tamination [7-13] of fresh waters soueces at pH Eh diagram stability as given in
Figure 4a and b folowing flood.

T g T T

T T T
Fa=10-4(10-2, 10-5)
103

Cub i,

Cus0 3CulOHE e,

Custs SCu(OHE

o5

Figure 4.
(a) Eh-pH diagrams for metal Fe and (b) Eh-pH diagrams for metal Cu stability.
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The dissolution kinetics of soil mud particle for Pb heavy metal is followed by
equation

depy __ 1, —tic
7 = ke ™ dc (6)

Where cPb Lead contamination mg/l, k the rate of dissolution of lead, i is the
reaction style, t is time,

The dissolution concentration of accumulated metal in aliquate of lake streams
as regarding Pb heavy metal contamination is followed by equation, where n is
kinetic order type

depy __ 1, tin
0 = k;c™dc @)

The dissolution concentration of accumulated metal in aliquate of sulfurous hot
water streams as regarding Pb heavy metal contamination is followed by equation,
where SO, ? sulphate concentration in effluent. f; is concentration rate of sulphate

d ; j

% = ki"™ de.f,(SO;2)™ (8)
The dissolution concentration of accumulated metal in aliquate of limestone

rocks dissolution by hot water streams in subground lakes with high CO2 gas

dissolved streams as regarding Pb heavy metal contamination is followed by equa-

tion, where HCO3 2 bicarbonate concentration in effluent

dc ; _2\tin

— = k™ de.f,(HCO3?)' 9)
The dissolution concentration of accumulated metal in aliquate of high fertilizer

dissolution by wrong amount of fertilizer use in theagricultural fields discharged to

streams as regarding Pb heavy metal contamination is followed by equation, where

HNO;? nitrate concentration in effluent

dcpy in N
—= = kic™ dc.f ;(HNO3?) (10)

The dissolution rates of heavy metals in acidic mine waters and sulfurous hot
streams occurred in the region of Ilisu Dam, Giiglitkonak, $irnak and Batman
Province sites. Fish farming require below 1 mg/l Pb Cu and Cd and Zn in which
basaltic rocks and copper ore deposites contained highly around %1-2Pb and 200
mgCu at high attitude deposits in Siirt and Sirnak. The contamination of some
accumulated heavy metal contents of hot streams and soils in the region are given in
Table 1.

Urbanization and economic growth in the high populated Batman city evolved
along with the management of natural resources. In this process, provision of
drinking water supply and distribution service for urban areas also developed on the
same plane. The effective role of the public was felt in meeting the water resources
management and service. Infrastructure investments are centrally located, water
resources are found, structured, stored, distributed and refined. Large investments
have been made in order to meet the fresh water need. The use of water resources
(water withdrawal and level shift) and evaluation for development and community
needs have been studied. However, the amount and quality of water that the
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Effluent, Smrnak coal Swrnak, Giiglilkonak Batman Swrnak  Ihsudam Ihisu Dam
mg/1 mine pool hezil hot stream hot kasrik laguunl Laguun2
stream stream laguun

Hg 8,11 4,71 12,3 14,11 4,71 4,71 4,71
Pb 10,58 14,53 23,2 12,58 11,53 5,7 52
Fe 40,33 70,62 59 93,3 56,2 60,62 67,62
K + Na 7,52 8,46 8,7 8,52 8,6 >70 >50
Cd 24,72 19,56 14,1 14,72 19,56 16 15
Mn 33,3 24,1 24,2 43,3 24,1 <25 <25
Cu 27,2 30,2 15,7 7,2 10,2 <15 <15
As 1,10 2,44 2,8 2,10 2,44 <5 <5
SO, 0,57 0,37 1,9 0,67 0,55 <15 <15
Soil,ppm
Hg 34,11 48,71 52,3 54,11 40,71
Pb 10,58 24,53 23,2 20,58 11,53
Fe 4,33 7,62 5,9 9,33 5,62
K+ Na 74,52 81,46 81,7 84,52 88,6 >70 >50
Cd 24,72 9,56 10,1 4,72 19,56
Mn 2,72 3,02 1,5 0,72 1,02 <5 <5
Cu 3,33 2,41 2,4 4,33 2,41 <5 <5
As 1,10 2,44 2,8 2,10 2,44
SO4 0,57 0,37 1,9 0,67 0,55

Table 1.

Sitrnak and Batman province reveals the potential contamination scale and high contamination risk of fresh
water source with flood.

ecology need is not addressed. Everything is built on the theme of “develop-supply-
use”. Parameters considered in the planning of water resources were population
estimate, per capita water demand, fish farming, agricultural production, economic
productivity level.

1.2 Fish farming in water lakes and streams

The hazardous high level contaminants occurred in the such acidic seepages or
acidified chelate mixing to streams should be neutralized by oxidizing reagents such
as ozone or neutralizing alkaline washing so that resulted effluent contamination by
Hg, Pb, Cr, Cd, Cu, Zn, Fe, SO, rates were so low. The oxidation recycling of
residual contaminants was not a serious threat using these parameters, future water
demand forecasts are used and these estimated values are used when designing the
systems to meet the demand. In this approach, the demand for water has been
determined independently of the specific needs of fish farming, agricultural irriga-
tion, and human needs, the amount of water a healthy ecosystem will need, or
actual regional water availability. The next step in traditional planning is to identify
projects that will reduce the gap between estimated water supply and demand. In
every scale, the planning action (region, basin, city) is used for the regular and
healthy spatial development uses (housing, commerce, industry, recreation, other
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social) in the metropolitan cities which are especially migrating in our country and
in medium size settlements Such as equipment as directed by location decisions; It
also determines the water demand of the city at the same time with its population
and density of buildings and its quality and quantity of usage. While city plans
shape the socio-economic and physical structure of the city, with the proposed land
use, employment, population and density decisions, the city’s daily water demand is
also shaped. Therefore, any kind of urban development outside the plan creates an
unhealthy environment that affects the quality of life of the city, as well as poses a
serious threat to the water resources (increased water consumption pressure and
pollution) (Urban Planning Chamber Water Commission, 2006). Survey, planning
(feasibility) and Project work will be given efficiency. The quality of the water
quality will be preserved, improved and monitored. Heavy metal contamination
hazard maps will be prepared and an early warning system will be established.

Nowadays, oil, grease and other pollutants as absorbent material in cleaned,
bleach mud in food industry, in pharmacy adsorbant, as a catalyst carrier in the
chemical industry and in many other industries it is used for various purposes. Clay
bentonite, which is used as industrial absorbant, sepiolite, atapulgite and kaoline.
This clay is good absorbant or active bentonite or montmorillonite. it is highly
demand for absorbant substrate for fresh fruit drinks and brewery, water
tretmennts in Europe. The consumption has increased to around 5 million tonnes/
year in the 2020s while in 1994 it exceeded 2 million tons/year. In terms of benton-
ite and sepiolite, it is known that it has large beds and it is enough on these beds
until recently research work was arried out for heavy metalcontamination. In this
study, bentonite and other clays, shale and marly shale of Sirnak and absorbance
properties, areas of use, production and market conditions. The bulk density of
absorbant clay bentonite and atapulgite, the amount of moisture and the absorbant
capacity. Bentonite and atapulgite absorbance by passing through certain processes
was performed and the absorbance was measured at the mechanical strength
change has been studied.

In general, a grainy and fine grained the raw materials described as the shale,
kaoline, illite, marly chlorite and smectite alteration coverings of rich rock abrasion
and carry over fresh water occurs in the basins. Kaolinite, montmorillonite, illite,
chlorite, sepiolite and atapulgiteone or several quartz, cristobalite, amphibole,
feldspar, calcite, magnesite, dolomite, gypsum, alunite, and natural clay containing
one or more minerals heterogeneous mixtures [7]. Mineral depending on their
content and chemical composition As the color of the killer, white, pink, gray,
green, in various shades of yellow, blue and brown [8]. The chemical analyzes
indicate that the killer is mainly silica, alumina and water can be distinguished in
most cases iron, alkali and alkaline earth in quantities. In this study, montmorillon-
ite group bentonite and chain clay atapulgite used.

DTA curve and the water away from the cation between the layers. In addition,
endothermic DTA peaks originating from the removal of H-bound shale in the
samples were observed at approximately 200°C, and endothermic peaks of hydrate
bound to the Bransted centers were observed at approximately 300°C.

The fact that clay and clay minerals, which constitute a significant part of the
ground and underground resources of our country, are not processed sufficiently is
an important issue that causes serious economic losses for our country. In order to
produce clay minerals in high quality and desired properties, some processes such as
acid activation, organo-clay preparation, microwave dissolution, calcination and
cation exchange are used [12-15]. Acid-activated clay, known as bleaching earth, is
used in scientific research as a selective retainer, catalyst, catalyst support and in the
differentiation of the killer [16]. Bentonite with desired surface properties, porosity
and hence retention capacity is mainly produced by dry or wet acid activation using
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mineral acids such as H,SO4 and HCI [17]. The main purpose in acid activation is to
reach the desired structure without disrupting the layered crystal structure of the
clay. For this reason, the acid/clay ratio, temperature, acidity, acid concentration,
type and duration of activation, kiln type and physical properties and amount of
washing water are important considerations to be taken into account when
performing the appropriate activation.

1.3 Zeolite - clay compost with brensted and lewis acid centers

The Brensted acid centers are mainly associated with the inner layer zone and
the Lewis acid centers with clay marginal surfaces. The water molecules in the
spheres surrounding the exchangeable cations are protonic depending on the degree
of polarization of the metal cation and behave as Brensted acid. In addition, the
surface silanol groups (Si-OH) resulting from the breakage of the Si-O-Si bonds in
the tetrahedral layer in the killer contribute to the Bronsted acid centers. Lewis acid
centers are also associated with the co-shaped exchange of the AI** and Mg”* cations
in the octahedral layer and the Si** and AI’* and Fe’* cations in the tetrahedral
layer, albit associated (Figure 5) [18] with metal atoms on the crystal edges. The
oxygen planes in the space between the plates act as a pair of electrons, ie Lewis
bases. The Hammett acid indicator technique, the n-butyl amine back titration
technique and the investigation of the attachment geometry of the species such as
cyclohexylamine, n-butylamine and pyridine can be used to determine the species
and amount of acid centers in clay minerals rapidly [18, 19].

The increasing demand of bentonite utilization for advanced material technol-
ogy and the limited reserves of high quality bentonites push the reserachers and the
operators/producers to evaluate the lower quality calcium and mixed bentonites for
the replacement of Na-bentonites in use. The technological properties of bentonites,
however, can be upgraded by the application of concentrating and alkali activation.
Mostly, wet concentration methods such as decantation, hyrocycloning and
centrifuging have been applying and water quality and ion type/amount which the
water carries becomes more important to controll the further activation process

= Nalons

weWater

& Exchange Cation
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Figure 5.
Clay structure welling manner prompts adsorption of heavy metals.
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since bentonites carry the releasable and exchangable cations on interlayers which
interact with ions in water.

In this study, the effect of water quality (ion type and amount in water) was
subjected to the concentration and further alkali activation tests with mixed type
bentonite received from Resadiye/Tokat bentonite deposit. Deionized, filtered and
tap water and syntetic water including different salts namely CaCl,.2H,0, NaCl,
MgCl,, KCl, FeCl;. 6H,0 were used as separation media in concentration by settling
and decantation. The effect of water quality on concentration and alkali activation
were declared based on the pH, CEC (Cation exchange capacity), viscosity, swelling
index and filtration loss.

Bentonite, the commercial name of montmorillonite from the clay minerals of
the smectite group, shows colloidal properties when mixed with water, and its
properties such as water swelling, high plasticity and ion exchange capacity are due
to the three-layered crystal structure [21-28].

2. Sorption matter

The large surface used for industrial purposesnatural materials [7]. Absorbents
and adsorbents generally used bentonite; Simectite, Atapulgite, Sepiolite. It can be
classified as montmorillonite. The smectite group is one of clay minerals orkill more
with more or less called bentonite. Bentonite base mineralmontmorillonite is com-
mon for the killer and is a commercially used term, at least soft, containing 85%
montmorillonite, is an aluminum hydrosilicate with a colloidal property. When
mixed with water, density of a few solid swelling bentonite about 2.5 g/ cm’. mont-
morillonite is calcium in many countries. Bentonite is a given name and the main
contentwhich is montmorillonite and can change mainlycation can be defined as
clay with Ca; Atapulgite, 2MgSi8020 (H20)4. The palygorskite expressed by the
formula 4H20 an aqueous magnesium, aluminum silicate. Sepiolite is 6 Mg 9 Si12 O
30(OH) 4 6H20 group is aqueous Mg silicate. In these mineralschannel-shaped
poreswater bound to crystal structure with molecules. The clay in this group is
micropore and channels and large surface areadue to the possession of various
substancesabsorbers and adsorbing capacitieslt is high.

2.1 Absorbent of bentonite and shale/clay features-waste water soil absorbent

Clay minerals in various industrial processes use, compositions and composi-
tions are closely related. Grain size, grain shape, surface chemistry, surface
ceramics, color, etching, viscosity, plasticity, absorption, adsorption v.b properties
of clay minerals significantly impact on the use of. Absorption can be carried out in
the presence of water or other liquid. Absorbents material is water and other liquids
is a sponge as material containing zeolite and shale pores and the pores of the mass
(solid material) such as shown in Figures 6 and 7.

The main use of clay as an absorbent areas, ground absorbtion and cat litter, is
the carrier of the drug. The high absorption capacity, the material large surface area,
large pore volume, with sufficient pore size and distribution caused in developed
matter of mass transfer and diffusion. In addition, its mechanical strength must
increase when it gets wet. Bentonite, known as an absorbent clay, shale, sepiolite
and atapulgite features have a large size absorbent material. Bentonite clay absor-
bance capacity, porosity, specific surface area, specific pore volume, and the pore
size distribution of the acid, base and salt as well as chemical processes such as can
also be increased by heat treatment [11-14]. Different absorption depending on clay
type processes, for example, montmorillonite to the outer surface of the swollen
hair water between the inner layers causing swelling which sorp waste water
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Figure 6.
The composite sorbent use, zeolite distribution in pellet.

Figure 7.
The micro pictures Surnak marly shale char shale as sorbent.

contamination. Sepiolite and atapulgite water absorption in a chain structure outer
surfaces and zeolitic channels. In this type of structure of caged crystals there are no
swelling between. The feature of the absorptive fluid is that the clay granules affect
the absorption capacity. Liquid density, viscosity and surface capillary absorption of
tensile clay granules are important factors affecting.

The absorbant clay bentonite was sorptive, colloidal, catalytic and rheological
properties as given in Table 2 [15]. Work in industrial waste watercleaning areas,
non-burning, slippery to create a safe working environment absorbant killer is used
[16-18, 28]. In the amount of clay used for hazardous waste water treatment
increased over more than 180,000 tons/year.

2.2 Zeolite/asphaltite shale char composite

This area is especially montmorillonite, bentonite type clay used waste water
treatmnent. The floor of the bentonite granules use as absorbant in 2020s started,
but until the 2nd world war did not show improvement. The industrial waste

Unye bentonite 800-980 kg/cm?

Sepiolite 400-700

Zolite 700
Table 2.

Shale and Marly shale bentonite properties.
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waters: soma factory, airplane hangars, ship buildingbenches, other production
facilities andIn the workshops, grease, oil, water, chemicals and other undesirable
substances absorbed and cleaned.

Zeoite as filler material is commonly used as cat litter, granule powder do not
build up, do not spread bad smell, granule grain size, basic as absorption capacity by
the cat should be accepted. High absorption capacity having clay, only to absorb the
urea not ventilated, but bad reduce smell and bacteria should avoid. The grain size
distribution of clay granules it is important that it is usually between 1 and 6 mm is
required. The beads are in the cat’s claws. and its flanks and rounded surfaces
should be. Cat litter, transport and use so as not to create dust during must have
mechanical stamina [21].

2.3 Microwave treated briqutting of biomass char/zeolite composite

Washing of hazardous waste waters by microwave action efficiencies exceeding
the total Fe Pb and Hg contents of sludges increased fast on coal char and wood char
were also reported by Tosun [13].

2.3.1 Physical surface properties of char

BET specific surface areas, total surface activity, oxygen functional groups, total
surface impurities, metal concentrations, dielectric value, free radical concentration
and reactivity were related to the stimulation of oxidation reactivity. However, in
some investigations, the pore size distribution of activated carbon is alsa likely to
affect desorption kinetics [22-26].

3. Material and methods

3.1 Zeolite/carbon compost washing technology - sorbent applications
The chemical compositions of used local rock materials in waste sludge

treatment (Table 3) [23].

During the experimental studies bentonite and zeolite samples, Unye region,
was investigated with intermediate type bentonite; pure, purified, tap water and

% Sorbent Sirnak Simak marly Sirnak Sirnak Expanded
limestone shalestone marl claystone clay/zeolite

SiO, 3,53 9.42 24,14 48,53 48,53
Al203 2,23 6,53 12,61 24,61 24,61
Fe203 0,59 4.48 7,34 7,59 7,59
Ca0 49,48 39,23 29,18 9.48 9,48
MgO 2,20 2,28 4,68 3,28 9,28
K0 0,41 0,53 3,32 2,51 2,51
Na,O 0,35 0,24 1,11 0,35 0,35
Ignition 46,19 26,11 21.43 6,09 0,09
Loss
S03 0,32 0,21 0,20 0,32

Table 3.

The chemical analvsis values of limestone, marly shale stone and clavstone of Sirnak province.
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CaCl,.2H,0, NaCl, MgCl,, KCl, AICl; at concentrations ranging from 31,125 to
1000 ppm. Bentonite suspensions prepared by adding synthetic waters such as
6H,0 and bentonite suspensions were decanted by sedimentation method for
30 minutes in a 2 It scale and bentonite concentrates were obtained and then
necessary test and characterization procedures were applied afterwards.

Decantation was carried out in 2000 ml mills by adding 75 gr bentonite to
1900 ml of water. For a homogeneous suspension mortar, the bentonite water
mixture was first subjected to scrub treatment in a Denver flotation cell for
5 minutes.

After the scurvy, the suspension was allowed to stand for 30 minutes after being
agitated so that the impurities were precipitated. At the end of the period, suspended
bentonite concentrate was removed by titration method and etch was dried.

The same procedure was repeated with synthetic waters prepared by adding
salts at concentrations ranging from 31,125 ppm to 1000 ppm, until the bentonite
concentrates were obtained in sufficient quantities with pure water, tap water and
purified water.

The layout of the washing cycle is somewhat simpler than that of the lime slurry:
there was no water—compost washing column towers connected to the waste sludge,
and the washing unit contained one single microwave radiation column can be used
to perform the three decantation washing phases: roughing, scraping and cleaning.
The variation of the third cycle washing was also more limited recycled by
microwave act.

The simple production presented as adapted and optimized depending on the
target application. The main applications are briefly described in the following
sections. Although this review only focuses on state-of-the art commercially
available pellet plants, it should be noted that some prospective advanced applica-
tions for heat melting of binder are currently being studied, mainly in the form of
prototypes or proof-of-concepts. These innovative applications include:

* Compost systems, in which the extrusion mold system takes advantage of
temperature gradients in wet gradient.

* Compression press systems, where the high load press is used to drive the
forming sludge in plant.

» Continous conversion systems, utilizing the high temperature binding
gradients and amounts (of at least 20°C) in slurries to drive a recycle.

* Hot production, where the scraping power of the load system is used to drive
the compressive form of hot system.

4. Results and discussions
4.1 Langmuir absorption model

For an overview of these more innovative and prospective applications, the
general common method can be given in Tables 4 and 5.

The first order sorption concentration at three stage cycling counted bt the
eqution below:

kit kit?  kat?
lnch:1+1—1'+% %,3ppm<x<300ppm (11)
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Run C, mg/l ky a b

1 28 0,3 0,15 1,2

2 20 0,24 0,22 1,7

3 12 0,21 0,27 2,4
Table 4.

The activated bentonite compostwith char shale of Surnak materials.

Run C, mg/l ky a b

1 28 0,3 0,15 1,2

2 20 0,24 0,22 1,7

3 12 0,21 0,27 2,4
Table 5.

The activated zeolite compost with char shale of Swrnak materials.

It has been found that the amounts of CaO and Na20 decrease due to the
replacement of the Na* and Ca” releasable cations between the inde layers with the
H" ions. Mg and Fe atoms in the octahedral crystal grains and the Al atoms in the
octahedral centers, as well as the Al atoms in the tetrahedral layer, as well as Al203,
MgO and Fe203. Make octahedral after bentonite from X-rays data elemental
analysis data suggests that even lower coordination Al atoms are present in benton-
ite and less in the activated clay. The activated bentonite suspensions captured high
level heavy metals such as Pb and Hg in the sludge (Figure 8).

Samples for this heat treated at different temperatures certain properties of the
zeolite material (high absorbance capacity and not dispersed in the wet state)
possibility of research and results as given in Figure 9.
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Figure 8.
The change in metal sorption depending on the metal concentration incorporated in the bentonite suspensions.

67



Clay Science and Technology

70
y=111.133In(x) - }47216
60
Total Fe
Pb
£ 50 Hg v =70692/n{x}+1.3229
a
]
@
2 40
L=
wy
=
= A.3300n(x) + 2.3647
£ 30
=
ol
-
m
QD
T 20

10

1 10 100 1000

Time,min

Figure 9.
Thgellcthge in metal sorption depending on the metal concentration incorporated in the zeolite suspensions.

Cation exchange ability was so effective in metal sorption manner. The pH was
efficient criteria in the washin column sorption.

It can be seen in the above graph, the pH decreases inversely proportional to the
amount of salt added to bentonite suspension, which is much more noticeable when
FeCl3 is used.

Bentonite is known to have a considerable dependence on the layer charge and
edge charge pH. Therefore, a decrease in the cation exchange capacity should be
expected in parallel with the decrease in pH.

The FeCl3 20 mg added bentonite solutions showed the change in cation
exchange capacity (CEC, milliequivalent gram/100 gr) found in the bentonite con-
centrates and suspensions obtained using the precipitation-siphoning technique,
depending on the salt concentration added.

4.2 Activation by HCl washing following methanol decay treatment under
microwave radiation

The bentonite sample used in the study was obtained from Unye Madencilik
from the Unye region of Tavkutlu mine. The bentonite sample was sieved and a
small part of 45 pm was used for the operation. Bentonite samples were activated
with 1 and 2 M HCI solutions for 2 h at 90° C using the Batch method (using 100 ml
acid solution for 5 g sample). The acid-treated samples were washed with hot
deionized water to remove Cl-ions and dried in room condition.

The microwave activated bentonite used in the experimental work was provided
from the district of Unye in Ordu province. For the first time, Unye region benton-
ite 0.1 M 100 ml CaCl2 solutions were mixed in the beaker at room temperature for
24 hours and the filtrate was converted to the ion-exchange by applying the AgNO3
test. Acid/clay suspensions were then prepared with bentonite, which was made to
be ionized, to give H2SO4/clay ratios of 2 M, These were named -bentonite. These
suspensions were dried at 150 oC for 3.5 hours. 50 ml of distilled water was added to
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the hot dry samples. The filtrate was filtered and dried at 80°C. Finally, 5 ml of
chlorite was added to the acid activated bentonite samples, each of which was

0.01 g, and the shale was retained by exposure to methanol vapor at 60° C for

4 hours. In addition, these samples were further dried at the same temperature for
1 hour to remove weak chlorite species [22]. X-ray powder diffraction patterns of
amorphous and acid activated bentonite samples were A = 1.54050 A wavelength Cu
Ko/40 kV/40 mA RIGAKU 2200 diffractometer. Elemental analysis of the samples
was performed using the ZSX 100e wavelength-separated X-ray fluorescence spec-
trometer (WDXRF) system with the Rigaku brand Rh anodic x-ray tube and the
Rigaku SQX software package program. The specimens were stimulated with Rh
anodic x-ray tube at 50 kV and 50 mA in order to reduce the damage that could
occur in the samples during the measurement. PRIS Diamond brand TG/DTA
thermal analyzer was used to obtain the thermal analysis curves of bentonite sam-
ples attached to pyridine. The thermal analysis curves of the samples were placed at
a heating rate of 10°C/min, 5-10 mg of sample was placed in Pt crucible and taken
against a-Al203 reference sintered at 20-700°C in air atmosphere. Again ATR
spectra of the chlorite-bentonite samples were recorded in the absence of disc
preparation with KBr under vacuum at a Bruker Vertex 80 V spectrometer at
1700-1350 cm . The surface areas of raw, activated and shale clay samples were
measured with a Quanta Chromosorb surface analyzer. The surface area was deter-
mined by measuring the thermal conductivity using a gas mixture prepared in 30%
N2 and 70% He composition and taking into account the BET equation.

Thermal Properties were determined PRIS Diamond brand TG/DTA thermal
analyzer. Thermogravimetric (TG) and Differential Thermal (DTA) analyzes of the
samples used in the experimentation were carried out for dehydratation and
activitation ability in sorption as seen in Figures 10 and 11.

4.3 Sorbent preparation for heavy metal absorption

The absorbance capacity of the microwave heated shale samples according to
output zeolite, char shale and Ca-Bentonite experiments, the absorbance capacities
were high, but high clay samples in water muddy have efficiently sorped Fe cations
much. The results show that Na-Bentonite for this purpose seems unsuitable; from
Breakup heat at high temperatures it must be processed but this the temperature of
the absorbance has been detected. For this purpose the best result is about 400°C
for Ca-Bentonite; the result is obtained at 200°C.

100
_\
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80 Sirnak[Asphaltite-Char Shale
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Figure 10.

TGA analyzes of the samples were carried out for dehydratation and activitation ability in sorption.
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Figure 11.
DT analyzes of the samples were carried out for dehydratation and activitation ability in sorption.

The current use of absorbent clay and new areas of use increase in demand due to
outflow. Especially absorbent clay market, the cat and cat market A significant
improvement in America It was. For absorbent clay deposits our wealthy country,
too, to have a significant share of there is no reason why. This absorbent is limited to
meet clay consumption. The number of welding to, Turkey clays alternative can
create resources. For this purpose, existing in Turkey absorbant clay beds must be
fully identified, potential sources should be determined, absorbant purposefulness
should be investigated and suitable properties absorbent clay production. Detailed
studies to improve processesIt should be done. This study result, Turkey
absorbanceon the samples taken from the By applying the processes, Afnor
standardssuitable industrial absorbant clay productionIt was possible. Turkey’s eval-
uating the existing potential to take part in this market, the country economywill
provide significant benefits in terms of Compliance with environmental norms.

4.4 Compost of zeolite/shale/carbon pellets for heavy metal controls in waste
waters

Bentonite is one of the clay minerals containing montmorillonite. Structurally,
montmorillonite has a 2:1 layer of alumina octahedral (O) layer between two silica
tetrahedral (T) layers [18]. The negatively charged excess coming from the isomor-
phic shifts is compensated by the interchangeable cations in the layers [18, 19, 28].

The acid activation process is widely used to improve the adsorption and cata-
lytic properties of natural bentonites. The impurities, such as calcite and dolomite,
are removed from the structure by the treatment of montmorillonite with inorganic
acids, the interchangeable cations are replaced by hydrogen ions, and some of the
Al ions in the tetrahedral layer dissolve certain cations of Fe, Al and Mg in the
octahedral layer [19].

As a result, acid activation increases the pore diameters of the bentonite surface
and the surface area and adsorption capacity up to a certain amount of this applica-
tion [20]. If the amount of acid used during the acid activation process is exces-
sively high, the Al ions found in the octahedral layer dissolve more and as a result,
the mineral structure collapses, leaving a skeleton structure composed of silica
solids. This reduces the adsorption capacity of the clay and disrupts its selectivity.

Pb is a colorless and Hg. The main sources are fossil fuels such as Pb, acidic mine
waters and toxic metal sludges, which are industrial plants and industrial steel
washings. [21] during the metal smelting processes and other industrial processes.
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Pb compounds, one of the most common Hg pollutants, combine with water
droplets within sulfuric acid aliquates or acid rain. Acidic mibe waters such as acidic
rainfalls affect the chemical structure and biological conditions of the lakes and soil
[22]. In addition, Pb Hg emissions are extremely harmful to health and directly
affect the eyes, throat and respiratory tract [23].

Although the changes in the structural properties of bentonites after acid acti-
vation have been studied extensively in the literature, the studies on Pb adsorption
of these samples are rather limited [24]. For this reason, the aim of this study is to
investigate the thermal Pb and Hg washed adsorption properties of bentonites after
acid modification and microwave activation.

The compost clays has substantial oxidation resistance and forming way service.
This zero-pressure fluid provides precise, uniform temperature control to 500°C in
closed-loop microwave systems where the heat transfer fluid is more than occa-
sionally exposed to air. The fluid is comprised of a unique high-stability base plus
high-performance oxidation inhibitor/stabilizer.

4.5 Carbon surface activation

In the sorbent size distrsbution, 80% of weights of samples were under 3 mm.
The lignite samples were mainly distributed between 1 mm and 3 mm size fractions.
The effect of particle size of solid sorbents were investigated over the combustion of
Sirnak Asphaltite char shale and bentonite carried out well on acidic mine water of
copper mine in Siirt substance subjected to reaction with bentonite clay in sorption,
as shown in Figure 12.

Although metal diffusion on sorbent from waste sludge was befieved to be the
primary mass transport process in the absorption chamber, complex reactions pro-
liferated the alkali clusters below 1-2 mm size and exothermic oxidation reactions
increased toxic substances in the effluent form, a relatively porous structure of
bentonite clay interstitial spaces and cracks reduced below 1 mm size. The hazard-
ous heavy metal concentrations reacted adsorbate then adsorbs to the sorbent in an
certain amount that is equal to the amount of previous adsorbate that was partially
degraded on the surface of the bentonite clay and stuck covered toxins, along with
avoiding chelating organic matter related carbonil and amine.

4.6 Washing sorption by clay compost control

The waste water washing provide the main support to the clean water produc-
tion. The commercial successes in clay mud mentioned in washed bed and its

Cold Washer Washing Column
- Reactor
== Water

Microwave Sorption

Centrifuge
)
, Cycling
,-' Waste
Clean Washed cg4rpon Hazardous Sludge
Fiftrate Filter Waste Sludge

Figure 12.
Schematic view of an washing with microwave recycled by microwave sorption technique.
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Figure 13.
The washing decantation by sorbent use, leaching in microwave activation as sorbent compost.

sedimentation ability were described some of the emerging applications in lime use
like clean water neutralization, aeration [26]. The figures of statistical potential of
washing control with different techniques in waste water cleaning are classified as
seen in Figure 13 regarding cycling decantation time.

Some cost evaluations covering security of supply and environmental impacts,
climate change evaluations, and technical and economic analysis, may be disussed
in cycling cost and activities [29-32].

Initially, most of the toxin removal occurs through chemical adsorption of the
toxins to the expanded clay where the combustion temperature was in the combus-
tion phase below 750°C that lasts approximately 2-3 mins. The removal efficiency
of 40-90% were reported during this temperature range. Total organic toxin sub-
stances were completely slightly at efficiencies of 75-90% in the late combustion
phase. The pictures of zeolite fines soaked in char shale/clay were illustrated in
Figures 9 and 10. Following the combustion at 800°C adsorbed film of emissions
over expanded clay was shown in Figure 13.

A common industrial combustion to control the emissions pro combustion stage
lime washing involves backwashing with air and hydrated lime water rinse. Process
variables include the control backwash rate, surface wash rate/duration, time
sequence and duration of backwash. Clean filtrate is pumped back into the bottom
of the column during backwashing.

5. Waste water treatment

The required test and characterization procedures such as pH viscosity mea-
surement, filtration loss and swelling index were applied to all bentonite concen-
trates obtained and then to products activated with 0.5% soda.

These sorbents need to be accurately mixed with combustion matter and to
optimize the combustion process. Reliable models, based on the above results, need
ta be combustion chamber construction far the estimation of kinetic parameters for
toxic stream control. Such toxic stream circulation models would aid in the micro-
wave activated shale clay sorbent use in waste water treatment systems as shown in
Figure 8.

The country needs the cleanest fuel to be produced providing the essential oils
and gases. For this reason, acidic mine waters as heavy metal contamination to
control fish farming were mixed with expanded clay at 1-2 mm size soaked with
slurries of different alkali sorbents such as bentonite, shale fine, NaCl, CaCl2 and
KCl were tested in the packed bed column washing and the test results were
illustrated in Figure 10.
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A decantation bed thickner was used in compost sorption process was tested at a
scale of 2-3 kg/h; collecting operational and design data to build an industrial
installation. A technological diagram of the compost washing at three stage process
developed unit was made. Activated shale destruction almost observed at third
cycled end. Heavy metal concentration change increased from 2nd cycle with per-
formance of 60-70% and also simultaneous dilution of waste mud products by
sedimented. it is necessary to optimize the cycling stages on metal circulation
without the metal concentration change.

5.1 Sorbent composite char/salt method

These cheap alkali sorbent fines may be so feasible at the side of cost and sorbent
production. The high amount toxicity of hazardous waste slurries of cyanide in
recovery of Au and hot water streams might be reduced by massive alkali sorbent
use [13]. Advanced column washing by char of Turkish lignite and wood char may
be feasible. However, the washing with solid expanded clay soaked alkali fine char
of Turkish lignites can be utilized [14]. The heavy metal and toxic contaminants of
waste waters, nitrates nitrites pesticides and Hg with clay soaked at high elimina-
tion rates ranging 52-64%.

The approach of sorption kinetics assumed basically that the process exponen-
tially was developed itself, as seen in Figure 8 with specific features. The elimina-
tion of Pb and Hg in waste waters with clay compost sorbent was a decisive sorbent
for the reaction path on the kinetics of washing acidic mine waters. Therefore a
static model of washing decantation was developed at 1 mm of coal sand size.
Lnstead of fluid bed combustion, packed bed column of coarse size composts and
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Figure 14.
Thermal stability of raw and activated bentonites with chlorite of char shale.
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Figure 15.
Thermal sorption quality and activated zeolite with chlovite of char shale.

packages wass highly governed by slow washing, sufficiently sorbtion of toxic
sludges.

As seen in Figure 13, the activated clay - zeolite examined was more efficient as
an absorbent for a conversion of waste waters to friendly watres. It can be a
promising waste contaminated waters, municipal wastes because of high activity in
the collection and leaching in the toxic solutions in the mine waters and lakes. The
sorption rates reached to 74% with $1mak asphaltite shale and zeolite compost.

However, due to the presence of salt in the environment, the bentonite particles
which have become dispersed and suspended must coagulate and collapse along
with other large nasties, as the surface loads decrease to absolute value and
approach zero load point. The high decreases in the separation efficiency in the
FeCl3 medium observed in Figure 14.

The activation decreased in ambient pH. So, the most important ions in the
bentonites are H + and OH. Therefore, the changes that may occur in pH especially
at low pH H + ion adsorbed the bentonite particles to the surface and makes the
surface neutral to facilitate coagulation, so the bentonite particles which are to be
suspended in the precipitation conditions are also collapsed and the separation
efficiency is degraded at low pH. It has been reflected as seen in Figures 14 and 15.

The ability of the Na* ion to hydrate and especially the Ca*? cation to take its
place easily is an important consideration.

6. Conclusions

The corresponding increase in surface area can iéprove the removal of impuri-
ties in the sample due to the microwave dissolved acid treatment over zeolite/
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asphaltite char shale and bentonite applied and by the replacement of the inter-
changeable cations by the H+ cation. The increase in the surface area of the ben-
tonite type after acid modification heay metal sorption 54%.

As the acid molarity increased, it was determined that the acid-modified Ben-
tonite (0.84 ppm) and Zeolite (0.69 ppm) samples adsorbed more Pb than the
natural form B (0.66 ppm).

Due to the removal of octahedral cations after acid activation, the formation of
new acid sites in the clay lamella structure increased the specific surface area and
porosity. Therefore, the structure of bentonite showed more Pb and Fe adsorption
properties. In this study, the Pb adsorption capacity of bentonite samples prepared
with 100 min circulation was found to be the sufficient washing.

Analyzes were performed using approximately 30 mg of sample at a tempera-
ture range of 30-1000°C at a heating rate of 10°C/min. The temperature ranges and
mass loss values obtained from the TG analysis are given in Table 6. The endother-
mic peaks observed in the DTA curves of the natural Bentonite, char shale and
zeolite samples at 105, 299 and 98°C, respectively. There are due to the removal of
physically adsorbed water.

The shift of endothermic peak temperatures to lower values with increasing acid
concentration was also observed. TGA analysis of natural bentonite, coal char shale
and zeolite samples revealed that the total mass losses at 1000°C were 9.19%,
47.75% and 8.15%, respectively.

This high divergence was the endothermic peak at 150°C in DTA. In addition, in
the TGA curve, a mass loss of 4.3% at 200-320° C is the endothermic peak at 270°C
in DTA. This mass loss is due to the removal of hydrate and sulphate bound to
Bronsted acid centers. In addition, mass loss of 4.9% in the range of 390-650°C due
to dehydroxylation of the crystal lamella layers is in the form swelling easily on an
endothermic peak of 621°C centered on DTA.

In the pH measurements made, the pH value of 7,3 in washing hazardous waste
water finally at the last washing column decreased to 5, depending on the concen-
tration of salt content of sorbents in the water.

In the thre stage microwave activated washing test measurements made with tap
water, it was found that 73 mg/l (ppm) in bentonite/asphaltite char shale decreased
to 53 mg/l (ppm)/in last column output. Likewise, the washed waste waters
obtained after 100 min washing by microwave activaty using sodium salts softed
flow with 1 mm sorbent packages showed reductions in Pb, Hg and Fe at 47%
performance.

In clean water aliquate had the 24 ppm Pb,5 ppm Hg and 57 Fe values, which Pb
reduction rates of sorption at Langmuir model with nitrate washed, was 0,73 ppm/
min.], Hg and total Fe reduction rate has decreased to 0,43 ppm/min.l and
0,23 ppm/min.], respectively.

Si0, ALO, Fe,0, MgO K,0 CaO0 TiO, LOI

Kaolin (%) 47.85 37.60 0.83 0.17 0.97 0.57 0.74 11.27

Sirnak Asphaltite Char Shale ~ 47.85 37.60 0.83 0.17 0.97 0.57 0.74 11.27

Bentonite 47.85 37.60 0.83 0.17 0.97 0.57 0.74 11.27
Marly Shale 47.85 37.60 0.83 0.17 0.97 0.57 0.74 11.27
Zeolite 47.85 37.60 0.83 0.17 0.97 0.57 0.74 11.27

"LOI: Loss on Ignition at 1000°.

Table 6.
Sorbent Clay Types for waste water treatment.

75



Clay Science and Technology

The swelling index and viscosity studies of compost bentonite and zeolite did
not changed in packed columns washing filtered through steel meshed packages
during microwave act washing.

The pH increased at washing was efficient in heavy metal sorption, the swelling
index decreased, the loss of filtration increased negatively, and viscosity decreased
by the addition of sodium.

In the obtained data, it was observed that sorption manner of bentonite has
negatively effected by foreign ions in washing water for the activation especially
total iron ion.

This result also indicated that the properties of the irrigation and fish farming
water to be used during wet soil amendment of of agricultural organic soil and lake
muds with wet bentonites, on waste water treatment units which friendly mud
should be controlled, otherwise the contamination after discharge would be harm
human health, toxicology of animal and fish feed.

Abbreviations
Greek symbols
a affinity parameter of the Langmuir isotherm (L mg ")
b stoichiometric constant defined by
B reactant solid defined
Bi,, Biot number for mass transfer
C; concentration of manganese in the bulk external phase of stage i
(mg L™
Co feed concentration of manganese in the column (mg L")
of effective diffusion coefficient (m?s™ ')

D

F objective function

h fixed bed height (m)

k., mass transfer coefficient in the bulk external phase (m s h

k, reaction rate constant for heterogeneous systems (m s ')

N number of stages

Q volumetric flowrate (m>s™?)

qi concentration of immobilized manganese within the adsorbent
particle at stage i (mg g~ ")

Gm theoretical maximum adsorption capacity of the Langmuir
isotherm (mg g ")

r radial distance from the center of the particle, 0 < » < R, (m)

R radius of column (m)

R’j radius of adsorbent particle (m)

R determination coefficient (—)

Ve unreacted core radius at stage i (m)

t time (s)

V; volume of stage i (L)

o backmixing coefficient (—)

0} column hold-up (—)

p density of adsorbent particle (g m?)

T mean residence time of fluid in the column (s)
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Chapter 5

Limestone Clays for Ceramic
Industry

Herbet Alves de Oliveira and Cochivan Pereirva dos Santos

Abstract

Limestone clays are used in the ceramic segment in the manufacture of bricks,
ceramic tiles, and in the production of cement, among others. Limestone can be
present in soils in pure form or as a contaminant, but always from marine environ-
ments. The limestone after burning can present a high loss of mass (35-45%), which
can cause serious problems with the sintering of ceramic products such as bricks,
tiles. The calcium or magnesium carbonate once dissociated forms calcium oxide
(Ca0) and releases carbon dioxide (CO,). CaO in contact with water subsequently
experiences very high expansions that can cause cracks in the materials. Researchers
have studied procedures to inhibit limestone action on clays as well as to set the
correct temperature for firing. In this chapter, examples of clays with different
percentages of calcium carbonate (CaCO3) that are used in the ceramic segment and
their characteristics will be given.

Keywords: clays, ceramic, limestone clays, calcium carbonate

1. Introduction

Clays are inorganic, natural, earthy, and fine-grained materials that acquire
plasticity when mixed with water [1]. For sedimentologists, a clay is a raw material
whose grain size is less than 2 pm. Like clays, in turn, there are rocks made up of
clay minerals and may contain other minerals such as quartz, feldspar, mica, calcite,
hematite, and organic matter as accessories [2]. A clay, once ground and mixed with
water, in addition to presenting excellent workability in the fresh state, after dry-
ing, becomes extremely rigid. After burning normally above 800°C, it acquires
great resistance [3]. Clays are used worldwide in the ceramic industry, especially in
bricks, coatings, and others. However, clays are formed from the weathering of
explosion and can be contaminated with several minerals among them or carbonate,
which can alter the shape that causes the following burns. Limestone may be
present in colloidal form, or coarse particles. However, in all cases it is impossible to
separate or calculate this. Some researchers have tried to reduce the size of the
variations to improve the chemical changes. According to Barba et al. [4], calcium
carbonate and magnesium carbonate are the main constituents of carbonate sedi-
mentary rocks. Anionic carbonate groups are strongly activated units and share
oxygen with each other. They are responsible for the properties of these minerals.
The most important anhydrous carbonates belong to three isostructural groups: the
calcite group, the aragonite group, and the dolomite group. Among these, the
minerals most used in the ceramic industry are calcite and dolomite, as they are
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low-cost raw materials, in addition to having favorable physical and chemical
properties and available deposits. Second, Padoa [5] adds that when CaCOj3 is small,
a decomposition can be complete and the calcium oxide reaches later with other
mass components forming calcium silicates and silicon aluminates (wollastonite,
anortite, gehlenite etc.) during sintering. Barba et al. [4] mentioned that the raw
materials of clay when burned at high temperatures produce crystal phases that
influence the properties of ceramic products. Calcite exerts a bleaching action on
burnt products when added to a formulated mass of clays (in proportions above 5%
and less than 30%) and at the same time decreases its expansion by legislation, as it
forms crystalline and liquid phases, including cycles temperature and firing adopted.
Calcite and dolomite are the most important representatives of carbonates in the
ceramic industry. They are used as main components in the manufacture of ceramic
tiles with high water absorption. These coatings include “porous coatings” or “tiles.”
These products are designed or used on walls and are not suitable for application on
floors, as they have undesirable technical characteristics, such as mechanical resis-
tance, incompatibility with use. According to Amorés [6], properties of parts of a
ceramic product are registered by crystalline phases formed based on calcium and
magnesium as ghelenite (SiO,-Al,03-2Ca0) and anortite (2Si0,-AL05-Ca0). To
achieve these phases, use the dolomite calcium oxide and/or magnesium reaction with
a remaining clay structure proven by its thermal decomposition.

The calculation in general can affect the ceramic product in two ways: low
percentages (up to 3%) and high temperature (above 1180°C) result in flow agents,
that is, materials that contribute to reduce water absorption and increase the resis-
tance of ceramic products. Above 3%, they can act as a foundation at temperatures
above 1170°C [7].

In this chapter, we will highlight properties of limestone clays and their applica-
tion in the ceramic industry.

2. Clays

Clays are hydrated aluminum silicates with crystalline structure arranged in
layers, consisting of continuous sheets of SiO4 tetrahedrons, ordered in a hexagonal
shape, condensed with octahedral sheets of di and trivalent metal hydroxides,
usually below 2 pm. They are materials that in contact with water become plastic, a
fundamental characteristic for conformation of ceramic products because it pro-
vides mechanical resistance in the pressing, extrusion, or gluing process. Clays are
mixtures of various clay minerals such as kaolinite, illite, and montmorillonite,
which may or may not contain impurities [3, 8].

2.1 Kaolinite

The kaolinite with structural formula Al,05-2Si0,-2H,0 has a dioctahedral
structure, which consists of a tetrahedral layer linked by an octahedral layer. Pure
kaolinites usually have low plasticity, see Figure 1.

2.2 Montmorillonite

Montmorillonites are a set of family of clay minerals, composed of dioctahedral
and trioctahedral silicate sheets, see Figure 2(a) and (b). The most outstanding
feature of these minerals is their ability to absorb water molecules [8, 9]. It has 80%
of exchangeable cations in the galleries and 20% on the lateral surfaces. The modi-
fication of montmorillonite clays has aroused scientific and technological interest
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Figure 1.
Kaolinite structure. (a) Si—O tetrahedra on the bottom half of the layer and Al—O,OH octahedra on the top
half. (b) Dioctahedral structure.
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Figure 2.
Crystalline structure of a montmorillonite. (a) Montmorillonite structure, composed of Si, Al, and O.
(b) Sheets of dioctahedral and trioctahedral silicates.

for providing significant improvements when incorporated into pure polymeric
materials and conventional composites. The clay modification process occurs pref-
erably through the ionic exchange of the exchangeable cations of its crystalline
structure.

2.3 Illite

The basic structural unit of the illites is the same as that of the montmorillonites
except that in illites, the silicon atoms in the silica layers are partially replaced by
aluminum. Therefore, there are free valences in the boundary layers of the struc-
tural units, which are neutralized by K cations, arranged between the overlapping
units. The structural scheme of the illites is shown in Figure 3. The K cation is the
one that best adapts to the hexagonal meshes of the oxygen planes of the layers of
silica tetrahedron and is not displaced by other cations. The water adsorption and
cation exchange capacity is due only to the broken connections at the ends of the
layers. The average diameter of the illites varies between 0.1 and 0.3 pm. When the
replacement of silicon in the tetrahedron layers by aluminum in the illites is small,
the connections between the structural units provided by the K cations may be
deficient and will allow water to enter. When this occurs, the properties of the illites
are close to the properties of montmorillonites [3].

2.4 Chlorite

Chlorites are minerals made up of four hydrated aluminum and magnesium
silicate layers, containing Fe (II) and Fe (III) as shown in Figure 4.
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Figure 3.
Crystalline structure of an illite. (a) Silicon atoms in the silica layers partially veplaced by aluminum in the
illites. (b) Structuval scheme of illites.
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Figure 4.
Crystalline structure of chlorite [9].

The most common clay minerals are interstratified, characteristic of mixtures of
clay minerals, classified by subgroup and mineralogical species, see most common
classification in Table 1. Clay minerals are divided into several classes. A large
majority of clays do not have in just one crystalline phase. Two or more chemical
species may be present.

3. Clays used in the ceramic manufacturing process
The clays used in the ceramic manufacturing process can be classified into:

* Carbonitic clays: they are formed by associations of illitic-chloritic and
eventually illitic-kaolinite clay minerals. The amount of calcium carbonate
present can be variable. These clays give the dough plasticity. Generally, after
burning they have colors ranging from beige to orange [4].

* Non-carbonitic clays: they are characterized by the almost total absence of
carbonates. The clay minerals present are of the illitic-chloritic type. It has the
function of giving plasticity to the dough, and generally after firing they give
rise to well-sintered materials.
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Subgroup Chemical Minerals

species
Kaolin Kaolinites Nacrite (Aly(Si;Os) (OH),4)
Xn(Y205)(OH) 4 Dikite (Al (Si,Os) (OH).,)

Livesite (Al,(Si,0s) (OH),)
Halloysite (Al,(Si,0s) (OH).4)

Talc Montmorillonites Montmorillonites
Xp(Y,05) (Aly 51Feq,07Mgo,60) (Alo 28Si3,72) O10(OH),Nag 33
(OH),Z,H,0

Beidellite (Aly 46Feo,50Mgo,08) (Al 36513,64) O10(OH)2Nag 4

Nontronite (Fe; 6;Mgo,33) (Si4010) (OH),Nag 33 and
Fez,zz(A15i3010) (OH),Nag 33

Hectorite (Mg, ¢7Lio,33) (Si4010) (F,OH),Nag 33

Saponite Mg3 (Al 33Si3,67) O10(OH),Nag 33

Ilites Wide variety of minerals
Chlorite Chlorites Chlorite
XZn(Yzos)z(OH)z [Mgz(Al,Fe(IH) )(OH)¢] [Mga(AISie.Ow) (OH),]

Source: Barba et al. [4].

Table 1.
Subgroups of clay minerals.

* White plastic clays: the clay matrix is kaolinitic, with little illite. They give
plasticity to the dough, and after burning they have a white color.

* Kaolinitic clays: clays of low plasticity and normally free of fluxing oxides such
as K,0 and Na,O, therefore, with refractory characteristics.

3.1 Heat action on clays

According to Mackenzie [10], when a ceramic raw material is subjected to the
action of heat, it experiences volumetric variations, usually permanent and irre-
versible, which can be classified as:

¢ Oxidation of organic matter

* Decomposition of compounds containing oxygen, such as sulfates, carbonates,
etc.

* Dehydroxylation of the clayey mineral
* Crystallization by increasing the temperature
* Vitreous phase formation

* Solid solutions: adjacent crystals of two different materials but of similar
structure can react with each other, forming a solid solution.

Kaolinitic clay: the scheme according to Figure 5 shows an endothermic peak

between 560 and 590°C referring to the elimination of hydroxyls from the
constitution water present in the clays, and an exothermic peak between 980 and
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Figure 5.
Differential thermal analysis of a kaolinitic clay [10].
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Figure 6.
Differential thermal analysis of a montmorillonite clay [10].

1000°C, due to the formation of mullite, which can be represented by the reactions
1land 2 [8].

, 550-600 - (1)
Ale;QSlO:QHzO S Alex.QSIOz +2 HQO
—_
3(ALO;.2510y) PRO-T000 3A1,05.2810; +485i10: @

Montmorillonite: montmorillonites have water that lodges in the mineral struc-
ture, that is, hydration water of adsorbed ions. The elimination of hydroxyl groups
occurs at 700°C. At 850°C, a small endothermic peak may occur due to the loss of
montmorillonite crystallinity. Illites can present loss of adsorbed water between 100
and 200°C and water loss in the constitution between 550 and 600°C, see Figure 6.

3.2 Most common impurities present in clays

Quartz: it appears in clays in colored or colorless round grains, whose percentage
ranges from 0 to 60%. For high levels of quartz, the clay is called sandy and has low
plasticity [11].

Hematite: iron can be present in the forms of hematite (a-Fe,03), goethite
(a-FeO-OH), and lemonade (a mixture of iron oxides and hydroxides of a weakly
crystalline nature), or simply as Fe®" ions in the clay structure. In the illite group,
Fe** jons can replace APP* ions in the octahedral structure [11]. Fe,05 is formed
during sintering under oxidation conditions and from minerals in the clays, giving a
reddish color to ceramic materials.

Feldspar: feldspars refer to a group of aluminum silicate minerals. The feldspar
contained in the clays is a source of sodium and potassium oxides and plays an
important role in ceramic materials with quality of flow agents, temperatures such
as sintering temperatures, porosity after firing and facilitating phase formation [6].
The most representative are the orthoclase (KAlSi3Og) and albite (NaAlSizOg).
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Carbonates: calcium or magnesium carbonates can appear as coarse or small
grains. If they are presented as large grains (>125 pm), they may not react
completely and the resulting oxides may rehydrate causing expansion according to
reactions [12, 13].

—_
CaCOs A Ca0 + CO»

_—
CaO + O Ca(OH):

3.3 Use of calcite in the ceramic and chemical industry

Ceramic enamels and frits: can be used in matte enamels as a source of CaO to
form crystals such as wollastonite, anorthite, gehlenite or in transparent enamels
giving shine.

Masses for ceramic coating: as a source of CaO up to the limit of 3%, CaCO;
assists in the formation of the vitreous phase. CaO levels that vary from 8 to 14%
favor the formation of crystalline phases such as gehlenite, wollastonite, pseudo
wollastonite, and anortite.

Putties for limestone porcelain: calcium carbonates provide the CaO that are
used as a flux in limestone porcelain masses.

Ceramic pigments: the calcium carbonate provides calcium oxide, which
together with SnO, produces pink pigments.

Glasses: glasses based on NaOH and CaO use CaCOj in their composition.

Obtaining settlement mortars: as a plasticizing agent for water retention and
aggregate incorporation.

Steel: CaCOjs acts as a flux and pH regulator in water treatment and as lubricant
for drawing steel rebars.

3.4 Specifications of raw materials for ceramic tiles

Sanchez et al. [14] defined some specification parameters for choosing raw
materials for formulations of coating masses, as shown in Table 2 below.

Calcium or magnesium carbonates can appear as coarse or small grains. If they
are presented as large grains (>125 pm), they may not react completely, and the
resulting oxides may rehydrate causing expansion.

In compositions of ceramic floor covering with low water absorption, CaCO;
acts as a flux until the limit of 3%; above this value, CaCOj3 increases porosity and
can be accepted up to 40% in porous coatings.

Product (%) of Max. particle size of Organic Sulfate content P
carbonates CaCO;3 (um) matter (%) max. (%) (%)

Stoned <3 <125 <0.3 0.2 20-40

Porous <40 <125 <0.3 0.2 20-40

IP: index of plasticity.

Table 2.
Specifications for choosing raw materials.
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Enrique [15] recommends that the CaCOj particle size should be less than
125 pm, because particles of larger sizes, the CaO resulting from the dissociation of
carbonates when calcined at 900°C, do not react with the SiO, present in the clays
and feldspars that should form the pseudo-wollastonite and wollastonite phases,
which can give rise to Ca(OH), formed by the hydration of CaO, when the part
comes into contact with the humidity of the air, generating problems of expansion
by humidity, with consequent cracking.

The ceramic tile and brick industry have grown enormously in recent years in
Brazil. The clays must have sufficient plasticity to provide mechanical resistance
when forming by pressing, in order to guarantee the integrity of the piece in the
path between the press and the oven. The feldspar contained in the clays are sources
of sodium and potassium oxides, acting as fluxes at temperatures above 800°C for
bricks and above 1100°C for ceramic tiles, which facilitates the formation of a
vitreous phase and reduces porosity [16, 17].

Quartz is mixed with clay during geological formation. If it is present in a
smaller proportion, it helps in the formation of the vitreous phase, in the degassing
of organic matter and water. However, large proportions of quartz lead to a drastic
reduction in mechanical strength after firing [18]. Iron oxide is present in ceramic
raw materials in the form of hematite or goethite, giving the finished product a red
color.

Calcite, which appears in most clays used in the production process of ceramic
tiles of type BIIb, is a mineral that needs special care in its use due to its high loss to
fire. When present in a proportion equal to or less than 3%, this mineral acts as a
flux. However, in higher proportions, calcite can cause an increase in the final
porosity of the product. In addition, the size of the calcite particle for processing
ceramics must be less than 125 pm. For larger sizes, it is observed that the CaO
resulting from the dissociation of carbonates can hydrate after burning, promoting
variations in the dimension of the piece. Therefore, the use of limestone clays is a
challenge, requiring care in processing and control in the formulation and burning
of coatings. To ensure the correct sintering of the product, proper grinding and
pressing of the raw material are necessary, in addition to efficient, fast burning with
the lowest possible energy consumption.

4, Characterization of raw materials
4.1 Chemical analysis

Table 3 shows the chemical compositions of a typical Brazilian limestone clay
used in ceramics [19]. The chemical compositions of the raw materials were deter-
mined by X-ray fluorescence spectroscopy by wavelength dispersion (WDFRX), in
a Bruker S8 Tiger equipment, in which the percentages of constituent oxides were
estimated by the method semi-quantitatively. For these measurements, samples
with a mass of 10.0 g were pressed as discs with 40.0 mm diameter and 4.0 mm
thickness. During measurements, the samples were kept in a vacuum of 10° bar.
A mixture of P-10 (90% argon and 10% methane) was used in the proportional
counter.

The results show that all clays are composed mainly of SiO, and AL, Os. These
elements are associated with clay minerals, quartz, and feldspar structures [17]. The
highest amount of SiO, was determined for sample C1. This component is impor-
tant for the manufacture of ceramic tiles, as it improves workability and favors
compaction. However, SiO; can also cause low mechanical strength of sintered
ceramic bodies, in addition to reducing shrinkage during firing.
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Oxide (%) C1 Cc2 C3 Cc4
SiO, 63.0 52.1 50.2 45.3
AlLO; 16.7 18.6 15.5 14.1
Fe,05 4.7 6.8 6.2 71
Cao 0.9 21 7.2 12.7
K0 3.8 4.7 3.2 3.2
Na,O 0.6 0.4 0.5 0.7
MgO 15 2.3 22 2.3
TiO, 0.6 0.8 0.7 0.8
LOlI 8.2 12.1 14.3 13.8

Source: Santos [19].

Table 3.
Chemical compositions of raw materials by X-vay fluorescence (XRF).

The amount of Fe,0; detected in the samples was between 4.7 and 7.1%. These
values are acceptable for use in ceramic tiles, such as bricks and tiles, this element
being responsible for the reddish color of the sintered pieces as well as being a
powerful flux [20]. The high content of calcium oxide in C4 (12%) and C3 (7%)
stands out, characterizing these clays as limestone [21]. C4 clay was previously
studied in Alcintara [16], which reports the formation of stains on the ceramic bodies
produced with this material, after sintering at 1120°C. This behavior was associated
with a high content of CaO, estimated at 10%, which during the burning phase, the
dissociation of CaCOs, promotes a high mass loss. C4 (13%) generates many pores,
reducing water absorption and resistance of the final product. Thus, the higher the
CaO content, the higher the CaCOj3 content and in addition, the higher the mass loss.

Analyzing the levels of alkaline oxides, it is observed that the sample C2 has the
highest concentration of K,O, while the concentration of Na,O is approximately the
same in the four samples studied. Alkaline and alkaline earth compounds have a
melting effect, which facilitates the formation of liquid phase and linear shrinkage
during burning [13].

Table 4 was arranged according to the increasing amount of CaO present in the
clays. Note that C1 and C2 have CaO content below 3%. According to Enrique [15],
CaO acts as a flux until the limit of 3% in masses of ceramic coating. The percentage
of alkali oxides (Na,O and K,0), also presented in Table 3, is another major factor
for the densification process, due to the great tendency of liquid phase formation
during burning. Considering the sum of the percentages of CaO and alkali oxides in
samples C3 and C2, it can be concluded that C2 has a higher proportion of fluxing
oxides, suggesting that this sample is the most promising. On the other hand, clays

Clay CaO (%) Na,O0 + K,0 (%)
c1 0.9 4.4
c2 2.1 51
C3 7.2 3.7
C4 12.7 3.9

Source: Santos [19].

Table 4.
Percentage of fluxing oxides in clays determined via XRF measurement.
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with a high limestone content, such as C3 and C4, tend to have greater porosity and
less mechanical resistance after firing. Additionally, these two raw materials have
lower alkaline oxide ratios than those observed for C3 and C2.

4.2 X-ray diffractometry

The X-ray diffraction patterns of the clays are shown in Figure 7 and correlate
positively with the results observed by X-ray fluorescence. The X-ray diffractome-
try (XRD) technique was used to determine the crystalline phases. The samples
were dried in an oven at 110 °C for 24 h, ground, and passed through a 150-pm
mesh sieve. The diffraction patterns were obtained in a Rigaku D-MAX 100
equipment, using Cu Kal radiation (A = 1.5418 A). All measurements were carried
out in the continuous scanning mode with speed of 1°/min, in the range of 5 to 65°
and in the range of 2 to 15° in samples saturated with ethylene glycol for 1 h to
identify montmorillonite by displacing the diffraction peaks at smaller angles com-
pared to dry sample testing. The crystalline phases were identified through Match!
(Phase Identification by Powder Diffraction) in the demo version, according to the
ICSD (Inorganic Crystal Structure Database).

The main phases identified were quartz, kaolinite, muscovite, montmorillonite,
calcite, feldspar, and hematite. Minerals from kaolinite and montmorillonite clay were
identified in all analyzed clays. According to Celik [20], these clay minerals provide
the necessary plasticity to guarantee conformation through the pressing process. The
percentage of each crystalline phase present in the samples was estimated from the
relative intensity of the main peaks in each phase. The values are shown in Table 5.
The percentage of carbonates increases from 0.9% in C1 to 12.4% in C4.

4.3 Dilatometric tests

To verify the dimensional changes of expansion and thermal retraction of the
samples, dilatometry tests were performed on a Netzsch dilatometer, model DIL

Q Q: quartz

C: calcite

K: kaolinite

M: montmorillonite
F: feldspar

H: hematite

M: muscovite
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Figure 7.
X-ray diffraction patterns of the clays [19].
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Minerals (%) C1 Cc2 C3 C4
Quartz 55.7 51.8 65.1 57.1
Kaolinite 6.3 10.7 7.4 5.5
Muscovite 11.8 14.0 11.2 121
Montmorillonite 5.6 4.9 4.6 6.7
Calcite 8.6 2.8 11 13.7
Feldspar 6.3 9.9 6.2 3.2
Hematite 5.7 5.9 4.4 17
Table 5.

Mineralogical compositions of clays determined by XRD.

402PC, under synthetic air flow at 130 ml/min. For these analyses, the samples were
compacted in a cylindrical shape, 12.0 mm in length and 6.0 mm in diameter. Under a
constant heating rate of 10°C/min, the length of the compacted body is measured as a
function of time and temperature, which varied from room temperature to 1150°C.

In Figure 8 we can observe a slight expansion in all curves up to approximately
850°C, and at 573°C, the expansion was more pronounced due to the transformation
of a quartz to p [22, 23], except for C2, which presents a lower percentage of free
quartz. From 573°C, there was a gradual reduction in the expansion rate, occurring
or starting with sintering, followed by an exponential retraction [22].

The results shown in Table 5 with the percentages of CaO, Na,0, and K,0
recommended by XRF measurements point out that sample C2 has a greater
amount of funds (calcium carbonate up to a limit of 3% and alkaline oxides), or
what is known as a greater linear shrinkage. Despite its advantages over the other
samples, the C2 clay underwent deformation during firing up to 1150°C. This effect,
known as pyroplastic deformation, may be due to the large proportion of funds in
the sample, a high content of Fe,O3, and, even, the amount of organic matter [24].
One of the ways to control deformation during firing is to adjust the thermal cycle

R
R, Ba Py

L 1 i 1 1 1 L 1 " 1 "

200 400 600 800 1000
Temperature (°C)

Figure 8.
Dilatometric curves of clays at a heating rate of 10°C/min [19].
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through the dilatometric curves, so that the plate remains within the required
standards [25].

4.4 Firing clays with limestone

Clays containing limestone when subjected to burning, CaCOj after heating, in
the temperature range between 850 and 920°C, form CaO and release CO,. An

Figure 9.
Ternary diagram of CaO, SiO,, and Al,O;.
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Figure 10.
Ceramic coating mass with incorpovated calcite waste.
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intense endothermic peak of approximately 35-44% of the mass loss can be
observed in differential thermal analysis. In ternary diagrams, it is observed that
there is a eutectic point (above 1170°C), which reduces the dimensional stability in
ceramic products, which can melt quickly (Figure 9).

Clays when mixed with limestone can behave differently, as shown by Sanchez
[25]. Figure 10 shows a standard clay with 5 and 10% of incorporated limestone. It
was observed that as the limestone and temperature increase, respectively, the
dimensional instability increases. In other words, the retraction increases con-
stantly, when it undergoes an exponential increase, reaching the melting point.

This phenomenon can be explained as follows: when exhibiting CaO up to the
limit of 3%, this, associated with SiO, and AL, O3 present in clays and feldspars,
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Figure 11.
Firing curve of a calcite clay.
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Figure 12.
Scanning electron microscopy of a ceramic with 10% of CaO.
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helps in the formation of eutectic systems at 1170°C, with consequent formation of
liquid phase and contributing to obtain the desired mechanical strength and poros-
ity. When introduced in percentages above 4%, CaCO3 levels are increased, and the
composition moves from the eutectic line, forming crystalline phases such as
CaSiO; (pseudo-wollastonite) and 2Ca0-Al,03-SiO; (gehlenite). So, a larger num-
ber of pores is left by the eliminated CO,. In this way, the porosity of the final
product is increased, as shown in Figure 11. In Figure 12 is shown a photo of a clay
mass with 10% calibration in which the porosity exerted can be observed.

5. Conclusions and perspectives

Limestone is a contaminant for clay that above 125 pm can cause expansion and
consequently cracks.

Rapid tests that mix clay with HCI can promote effervescence due to the release
of CO, and contribute to decrease the amount of limestone.

In the ceramic industry, wet grinding of components is carried out in ball mills
and grinding will be more efficient if the sieves are 150 to 325 pm. In ceramic mass
formulations, the amount of CaO up to 3% contributes to the formation of the

vitreous phase, however, between 8 and 14%, it favors the formation of crystalline
phases, reducing the absorption of water and increasing the mechanical resistance.
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Abstract

Clay has its widespread applications in pharmaceuticals from ancient world to
modern era. It is one of the excellent excipients present in the commercially avail-
able pharmaceuticals. Its use in many of dosage forms viz. in suspension, emulsion,
ointments, gels, tablet and as drug delivery carrier as suspending agent, emulsify-
ing agent, stiffening agent, binder, diluent, opacifier, and as release retardant have
been explored in many studies. Variety of minerals is used as both excipient and as
an active ingredient; among that kaolinite, talc, and gypsum are important. Their
inertness, low toxicity, versatile physiochemical properties and cost effectiveness
has increased its usage in pharma industries. Many minerals have its own pharma-
cological action as antacid, anti-bacterial, anti-emetic, anti- diarrheal agent and
as skin protectant etc. Their unique structure which helps them to absorb material
onto their layered sheets has opened a wide variety of applications in drug delivery.
The understanding of surface chemistry and particle size distribution of clay min-
erals has led the pharmaceutical field in many directions and future perspectives.

Keywords: pharmaceutics, active pharmaceutical ingredient, excipients, inherent
medicinal properties, drug delivery carrier, synergistic effect

1. Introduction

Usage of clay in medicine dates back to prehistorian era. Their evidences are
present throughout the history from the clay pots of Nippur, Mesopotamia which
gave the evidence of using clay against hemorrhages, the book “papyrus ebers” dat-
ing back in 1600 BC provided the details of using clay-based medicine for certain
diseases. Many vital information on medical clay is mentioned in “On Airs, Waters
and Places” written by Hippocrates (460-377 BC). One of the notable healing clay
used in medicine during early days is known as Armenian bole (bolus armenus).
They are pharmacologically used for the treatment of diarrhea, dysentery, hemor-
rhage, even as an astringent in few cases. Avicena in his book “El Canon” classified
various types of clay and their internal and external applications. He also men-
tioned their role in anti-poison treatment and rheumatic disorders. Even though
their consumption has been subjected to lot of questions the practice of using
medicinal and edible clay prevails till date for their curative and beneficial effects.
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Their usage in pharmaceutical industry is invariable due to their versatile property;
they are used in almost every formulation like tropical to oral and also as an excipi-
ent. As the scientific community grows, there have been many papers published to
support the medicinal and curative benefits of clay minerals [1-8].

The important component of clay is the clay minerals but it also comprises of
associated minerals, organic, and inorganic materials. Clay can be grouped based on
the geological aspects such as

* Primary or residual clay

* Secondary or sedimentary clay
* Special clay

* Common clay

* Refractory clay

* Nano clay

Modified clay

Each clay has their own properties to distinguish themselves from the other. The
classification also extends based on their geometrical shape, arrangement, and their
usage. The classifications are given below.

Based on the geometry of the clay, it has been classified into four major groups
and the subgroups are specified in Table 1.

1. Kaolinite
2.Smectite
3. Illite

4, Chlorite

The variation is due to the arrangement of tetrahedral and octahedral sheets,
where kaolinite group has one tetrahedral sheet arranged over one octahedral sheet

S.No General formula Group Layer type

1 ALSi,05(OH) Kaolinite-Serpentine 11

2 ALLSi4049(OH),Mg5Si, 040 (OH), Pyrophyllitetalc 21

3 Montmorillonate (Al; ;Mg 33) Smectite 21
Sis010(OH)am + 033

Saponite:Mg;(Siz67Al0 33) O10 (OH) 2u 4 0.33
Hectorite(MgLi)3(SiAl) 4010 (OH)

4 (Mg,Fe,Al)3(ALSi) 4010(OH), sH,0 Vermiculite 21
5 KAL(Si3Al1)O40(OH), Mica/Illite 21
6 Al,[SigO,] (OH),AL,(OH)1, Chlorite 2:1:1
7 (Mg,AL,Fe3 *)5(Si,Al)0,0(OH),(OH,) 4 ,H,O Palygorskite-
MggSit,030(OH) 4(OH,) 4 sH,O sepiolite group
Table 1.
Subgroups of the clay.
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Figure 1.
Classification and usage of clay minerals.

whereas two tetrahedral sheets arranged over one octahedral sheet in smectite group.
In case of chlorite group, octahedral sheet is arranged adjacent to 2:1 layer. The clay
minerals exhibit versatile properties such as high adsorption capacity, chemical inert-
ness, thixotropy, specific surface area, ion exchange capacity, less toxicity for oral
administration, swelling property justifying their wide applications in pharmaceuti-
cal industries as excipient to enhance the physiochemical and organoleptic charac-
teristics of a drug. It also helps in aiding drug conservation, elaboration, liberation of
drug into the organism. These are achieved by incorporating the clay minerals such
as disintegrates, lubricants, opacifiers, binders, diluents, isotonic agent, anti-caking
agents, emulsifying agent, desiccant, thickening agent, and flavor modulators. Apart
from the pharmaceutical applications, clay minerals also possess a lot of pharma-
cological properties like anti-bacterial, anti-viral, anti-diarrheal, gastro-intestinal
protector, skin protection, and a potent detoxifier. The future trend holds for the
MDDS using nano-clay minerals due to their inertness and biocompatibility. More
details about the pharmaceutical and pharmacological uses of clay minerals and their
advancement in drug delivery system have been discussed in the following sections.
Further the classification and usage of clay minerals is illustrated in Figure 1.

2. Use of clay as excipients

An excipient is an inert additive ingredient formulated along with active compound
to enhance its organoleptic, physiochemical properties. Clay has been used for almost
every type of excipients (Table 2). Though several investigations showed that clay
interacts with the drug molecule conversely to the nature of excipients, the interaction
may hinder the drug bioavailability inside the body. The co-administration of mont-
morillonite leads to the degradation of certain cardiovascular tonic [9], anti-inflam-
matory drug [10]. Similarly, palygorskite and sepiolite degraded hydrocortisone and
dexamethasone [11, 12]. Certain clay also affects the chemical stability of diazepam.
Drugs such as phenobarbital sodium, diazepam solution, and lansoprazole show inter-
action with magnesite. Bioavailabity of tetracycline, indomethacin, aspirin, aspartame,
ampicillin, cephalexin, and erythromycin has been drastically affected by calcium
rich minerals. Clay minerals has also shown tendency to affect the drug liberation by
interacting with the drugs through various mechanisms. They have shown to affect
the liberation of amphetamines, analgesics, antibiotics, anxiolytics, solar protectors,
and anti-histamines [13-16]. The adsorption of anti-histamines, antibiotics, atropine
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Type of Excipient Clay minerals Drugused
As Diluent Kaolin, talc, sepiolite, Slim well tablet, Quantrim, Riclasip, Riboflavin
smectite, Magnesite hard gelatine capsule
As Binder Gypsum, hydroxyapatite, Kaolin-Eudragit 30 in many tablets
kaolin
As Disintegrant Palygorskite, kaolin, Hydrochlorothiazide
sepiolite
As Granulating Kaolin, anhydrite, Granules of NaCl and kaolin in Tablets preparation
agent periclase
As Emulsifying Kaolin, palygorskite, Sulfur ointments.

and wetting agent

smectites, sylvite, halite

As Suspending Kaolin, palygorskite, Toxiban, morphine suspensions
agent smectites, sylvite, halite
As Drug delivery Natural MMT Diclofenac sodium, chlorhexidine, gallic acid,
carrier Modified MMT promethazine
Acid treated MMT Ciprofloxacin, Ag-Nanoparticles of Tetracycline,
MMT-Saponite gentamycin, theophylline, nitric oxide, acetyl
Kaolinite pillared MMT salicylic acid, Ibuprofen
Functionalized kaolinite Mesalazine, oxytetracycline
Natural MMT-Biopolymer Venlafaxine, olanzapine
MMT-Chitosan Ibuprofen
MMT-Alginate Dexamethasone, atenolol
MMT-Guar gum 6-mercaptopurin
MMT-PLGA Gemcitabine
MMT-PLLA Naproxen, curcumin
MMT-PLLA-PEG-PLLA Nicotine
Modified 5-flurouracil
MMT-Biopolymer Chlorhexidine
Organomodified 5-amino salicylic acid, binase, tetracycline,
MMT-PVP/PCL amoxicillin, paclifaxel
MMT-Saponite-Chitosan Ofloxacin, isoniazid
Kaolinite-PVP-Sodium Carvacrol, praziquantel
laural sulphate Doxorubicin, aspirin, curcumin,
Natural HNT Vancomycin, 5-flurouracil, hydrocortisone
Natural Palygorskite Atorvastatin
Natural sepiolite
HNT-Biopolymer
HNT-Chitosan
HNT-Alginate
HNT-PEG
HNT-PVA
Sepiolite-Chitosan
Table 2.

Application of clay minerals as excipient.

sulfate, salicylate, hyoscyamine, hydrobromide, paracetamol, and chloroquine into
periclase and brucite has been showed by Khalil et al. [15]. These interactions have

been proven useful since they are used to retard drug release. So they aid in controlled
drug release and improve the Tmax considerably.

2.1 Clay in biphasic liquid formulation

2.1.1 In suspension
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hydrophobicity of the drug and to aid in dispersion, clay minerals are added to

the suspension as wetting agent. Sulfur ointment is prepared by blending kaolin
with sulfur dispersed in oil phase [17]. The usage of bentonite as a wetting agent

in foundation creams is also documented [18]. The clay also helps to maintain the
stability by acting as suspending and anti-caking agent. They prevent sedimenta-
tion, changes in dispersion property, and flocculation. The criteria of selection of
suitable suspending agent depend on compatibility, appearance, source, cost, and
pH tolerance. The properties of the suspending agent including high viscosity at low
shear rate, temperature, and storage tolerance, should not be affected by electrolyte
or pH and be non-toxic. The formation of aggregates which in turn leads to the
caking of solids would be the problem of suspension at the higher concentration.
Reduction in the particle size or viscosity could not prevent caking. Caking can be
prevented by flocculation and electrostatic stabilization [19, 20]. Kibbe showed
that the increase in the stability of suspension using kaolin and talc as suspending
and anti-caking agent. A suspension of pectin containing MAS dispersed in water
along with kaolin under constant agitation at 70°C to which pectin was added, CMC
was used to modify viscosity [17]. The usage of MAS and its four types (IA, IB, IC,
and ITA) as a suspending agent has been commercialized and recognized by phar-
macopeias, as they do not affect the pourability or spreadibility of the suspension.
Sarfaraz [17] reported the usage of magnabrite S (10 mg/ml) and magnabrite K

(15 mg/ml) in bismuth sub-salicylate suspension in which smooth gel was obtained
as a final product. The usage of MAS (veegum HV) as gelling agent was studied by
Sarfaraz [17] and Vanderbilt report [21]. Vanderbilt report also suggested that the
gelling property of veegum HV was affected by acids and improved by alkalies. An
antacid suspension with veegum HV was prepared by Sarfaraz [17] using xanthan
gum to modify viscosity. Schott [22] optimize the concentration of bentonite as
suspending agent and concluded that the concentration between 0.5-5% w/v was
suitable for formulations. Bismuth subnitrate suspension produces good floccula-
tion at 1.7% w/v of bentonite.

Many semisolid formulations use phyllosilicate as suspending agent due to
their good adsorptive capacity which can be further improved by heating [23]. In
many semisolid topical formulations, surface activated kaolin is added to enhance
the stability and water miscibility of hydrophobic drug. Pharmaceutical prepara-
tion such as kaolin and morphine oral suspension BP, Toxiban suspension use
kaolin as suspending anti-caking agent. The effect of crystallinity of kaolin on
aqueous suspensions was studied by Ndlovu et al. Due to their dominant negative
charge and ability to create permanent electrostatic repulsion justify kaolin use in
suspension. The effect of non-ionic surfactant noigen RN10 (polyethylene alkyl
phenyl ether) on kaolin wettability and stability was also studied. Clay can also
help in stabilizing the suspension by having the effect on its rheological property
since viscosity determines the rate of sedimentation according to stokes law. The
different types and amount of clay are used to determine the final rheological
property of the suspension. Dispersions showing dilant behavior contains 1:1 clay
minerals and the pseudoplastic behavior is exhibited by 2:1 clay minerals. The
commercialized MAS is a fibrous 2:1 clay containing blends of montmorellonite
and seponite [6, 24, 25]. A combination of polyethylene glycol with hectorite
improved the suspension stability [26, 27]. The modified hectorote such as qua-
ternary C18 hectorite, Steralkonium hectorite is used in organic media to control
viscosity [28].

The use of clay along with polymers has shown beneficial effect on their rheo-
logical properties, which has been demonstrated in griseofulvin suspension with
MAS and sodium alginate by Dechow et al. [29] in sulfamethoxazole/trimethoprim
suspension. The synergistic effect of CMC on properties of MAS such as viscosity,
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electrolyte tolerance, smooth flow property has led to the development of Veegum
PLUS [30]. A similar synergism has also found in xanthan gum [31, 32].

2.1.2 In emulsion

Clay minerals are also added to pharmaceutical emulsion to prevent coalescence,
creaming, phase inversion, breaking, and flocculation. This is due to their ability to
wetted by the two liquid phases and be present as a barrier to prevent phase separa-
tion. Flocculation can be prevented by clay material due to their zeta potential. The
stability of the emulsion is improved with increase in contact angle. They also used
in the mechanical production of emulsion by acting as a surface acting agent which
can bind in the interfacial layer but do not reduce the interfacial tension and inter-
face. Due to its higher surface area, talc has been used as a emulgent in the cosmetic
preparation [18]. The use of bentonite as emulsifying agent is familiar throughout
the cosmetic industry. A nail enamel cream contains bentonite as an emulsifier was
prepared by Carter [33]. He also proposed specific method of the cream prepara-
tion. Vanishing creams and skin protectants also use bentonite in a concentration
of 2.5% w/v as emulgent [34]. In order to aid in easy application and adherent
effect on the skin surface, clay minerals are added in corn and callus emulsion [34].
They are also added to hand creams as a thickening agent to retain better moisture
control. The viscosity of the liquid eye liner formulation is maintained by addition
of veegum [34]. Purified bentonite (Polargel NF) has been used as an emulsifying
agent in cleansing lotion with HPMC and benzoyl peroxide. This has also been
prepared as a cream by the addition of viscosity building agent (Carbomer) [17]. An
anti-acne cream emulsion is prepared by using MAS [17]. MAS is also incorporated
in cream emulsions for burns, methyl salicylate (analgesic effect), astringent zinc
oxide, zirconium oxide and in zinc undecylenate lotions as a emulsifying agent
[17]. Certain vitamins enriched skin creams also use MAS as emulsifier [30]. The
synergic effect of xanthan gum along with MAS has been seen in zirconium oxide
lotion [17]. Wenninger et al. [35] showed the usage of palygorskite as an emulgent
(2-5% w/v). The presence of Na" and K" ions in halite and slyvite and their ability
to control micelle size enumerate their use as emulsifying, thickening and anti-
caking agent [36]. The long-term stability of pickering emulsions (where dodecane
is used as oil phase) is improved by addition of kaolin (15% w/v) without any other
additives [37].

2.2 Use of clay as an excipient in solid dosage forms
2.2.1 As diluent

Pharmaceutical oral preparations contain excipients such as diluent, flavorant,
binder, disintegrant, pelletizing agent, granulating agent, sweetening agents, film
coating agent, lubricant, and desiccants. Each excipient has its own influence on
the formulation without interfering with active drug. It enhances the organoleptic
and physiochemical property of the formulation. Diluents are selected based on
the water solubility and bioavailability of active drug. Formulations with less
water soluble drugs are incorporated with water soluble diluents and vice versa.
Kaolin exhibit non-hygroscopic nature and low moisture content which deter-
mines its effectiveness as a diluent, as high moisture content may affect com-
pressibility, physical and chemical stability of the formulation. Physiochemical
parameters of kaolin have a direct impact over compressibility of the formula-
tion [38]. The usage of kaolin as excipient for their adsorbent capacity has to be
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properly maintained since high adsorbent capacity can lead to less bioavailability
of the drug [38-40]. Diluents are mainly added to the formulation to bulk up the
volume and to facilitate easy compression. Diluents account for the 90% in low
dose formulation. Product such as slim-well and quantrim use kaolin as bulking
agent whereas mecysteine hydrochloride (Gastro resistant tablet) has heavy grade
kaolin. Riclasip and co-amoxyclav DST grunenthal uses kaolin as adjuvant [41].
The use of kaolin with metronidazole (antibiotic and antifungal drug, Riazole)
reduces its bioavailability, release characteristic and diffusion of drug inside the
body [42]. The absorption of D, L-phenylalanine (analgesic and anti-depressant)
onto the slurry of colloidal kaolin was showed by Bonner and Flores [43] through
in vitro gross adsorption chromatographic study. Kaolin also affect the bioavail-
ability of drugs like phenytoin (anti-seizure drug), promethazine-HCI (sedative
and antiallergic drug), chloroquine (anti-malarial), propranolol (vasodilator),
quinidine sulphate (cardiac antiarrhythmic drug), phenothiazines (trifluopera-
zine, fluphenazine, perphenazine, and thioridazine), guanethidine and hydrala-
zine (antihypertensive drugs), procainamide and verapamil (antiarrhythmic
drugs) with antidiarrheal Kaopectate® drug [44-49]. It has been reported that
Langmuir isotherm was followed in drug absorption by kaopectate which extent
the bioavailability but the rate of drug availability is retarded. The double layered
adsorption pattern of mebeverine hydrochloride (antispasmodic drug) with
kaolin and added electrolytes again follows Langmuir isotherm was studied by Al
Gohary. These types of interactions of kaolin can be prevented by increasing the
ionic strength of the drug solution and with the presence of -NH,, ~O-, and ben-
zene ring, as chelating ligands led to the interaction. The presence of di-aromatic
ring in naproxen (anti-inflammatory drug) and siloxane surface of kaolin are
responsible for their interaction [50]. On other hand, the absorption of ampicil-
lin and warfarin (anticoagulant) with antidiarrheal kaolin-pectin is shown to be
unaffected by kaolin [51, 52], which was again conformed by Khalil et al. [53]. In
fact, the use of kaolin as diluent in water soluble cationic riboflavin (vitamin B2)
has improved the release rate of drug from hard gelatin capsule than any other
diluents used. The rate of drug release is pH dependent [54]. The sustained release
formulation of pyridoxine hydrochloride (vitamin B6) was prepared by using
kaolin as diluent [55]. Vitamin drugs degrade easily in the presence of high mois-
ture content since kaolin exhibit low moisture content the formulation containing
vitamin B1 (thiamine) and Vitamin C (ascorbic acid) is more stable on addition of
kaolin than other additives [56, 57].

2.2.2 As binders

Binders help to maintain the physical integrity of the solid dosage form owing
to their mechanical strength. They also play a vital role in granulation, tablet-
ing, encapsulation by acting as a homogeneous dispersed matrix for adhesion of
all material in the formulation. On this context, the mixture of kaolin-Eudragit
(8% w/w) has been one of the good binders for tableting process. Eudragit is a
poly ester based resin which exhibit hydrophilicity and does not get affected by
varying pH and also the presence of kaolin help to obtain a uniform polymeric
dispersion by differentiating water insoluble and hydrophilic particle within the
system. Irrespective of their physiochemical properties, hydrophilic drugs are
also blended with low water soluble drug in the kaolin-Eudragit formulation due
to their larger permeability. Based on kaolin concentration they can also be used
as film coating agent [58, 59]. Minerals like periclase, calcite, and magnesite are
added as binders to increase the stomach pH [60].
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2.2.3 As disintegrant

The release of drug from the formulation once it reaches inside the body mainly
depends on the nature of the disintegrant used during formulation. Disintegrant
facilitate breakdown of solid dosage form into smaller particulates. Poor solubility,
poor gel forming capacity, good hydration capacity, good molding, flow property,
and should not form complex are the required criteria for disintegrants. Both
swelling property and ability to decompose at acidic environment of smectite made
its use as a disintegrating agent. The presence of negative charge and ability to
produce permanent negative surface charges helps kaolin as a disintegrant [61, 62].
A mixture of kaolin with surfactant and cellulose when added to formulation which
already has starch as a disintegrant increased its shelf life over a long period of time
[63]. Later, the use of kaolin as a positive effect than starch as a disintegrant has
been proved [64].

2.2.4 As pelletizing agent

Kaolin proved its efficiency over bentonite by forming pellets which show faster
disintegration while the pellets formed by bentonite was only erodible not disin-
tegrable [65]. Kaolin along with biopolymer increase the drug dissolution rate of
hydrochlorothiazide by forming pellets that rapidly disintegrated into the dissolu-
tion medium [66]. The primary aim of pelletizing agent is to form microspheres
of uniform size which can be compressed into tablets or filled into capsules that
rapidly disintegrates inside gastrointestinal drug where each pellet act as sustain
formulation [67, 68]. Kaolin as a pelletizing agent in comparison with bentonite,
talc, veegum and bentonite produce pellets with maximum yield, desirable size and
smooth pellets on addition of SLS (5%) over the others [69]. The beneficial effect
of crospovidone (5% w/w) and kaolin (25% w/w) with lactose as pelletizing agent
for enhancing roundness and sphericity of pellets was demonstrated by Kristensen
et al. [65]. The drug dissolution rate of riboflavin was higher with kaolin than
microcrystalline cellulose and lactose [66]. Desirable size range and sphericity can
be obtained by incorporating high kaolin content. Aerosil 200 (5%) along with
kaolin (45%) has huge positive impact on sphericity of pellets [70]. The granulating
agent is added to the formulation to improve flow property, density, appearance
and uniform drug content, they also aid in compressibility of oral formulation.
Wet and dry granulations are most commonly used method of granule preparation.
Wet granulation involves wetting, nucleation, coalescence, breakage, and attrition
process whereas dry granulation involves direct compression or slugging [71, 72].
Granules of desirable strength, size, cohesion, and uniformity can be produced
by mixture of kaolin and sodium chloride (10% w/w) in wet granulation process.
The comparative study of kaolin with polyethylene glycol and polyvinyl alcohol as
a binder in calcium chloride showed kaolin PVA mixture gave larger yield and size
than PGA kaolin mixture [73].

2.2.5 Aid in solubility, dissolution, and lubrication

Kaolin also helps to convert drugs form their crystalline to amorphous state to
improve their solubility, dissolution rate, and bioavailability [74-76]. Kaolin was
added to ibuprofen in order to convert it to amorphous salt from its crystalline form
to facilitate higher dissolution and bioavailability in comparison with standard. Halite
can be used to control osmolarity of the solution due to their high solubility in water
[77]. Amorphization is inversely proportional to the kaolin concentration [74]. Clays
are also used as desiccants due to their hygroscopic nature. Talc is used as lubricant and
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to prevent adhesion of powder to the compression pistons due to their soft and unctu-
ous nature [78]. They are also used as flavorant to mask the taste of the formulation.

2.2.6 As coating agent

The use of film coating additive enhance the organoleptic characters of solid
dosage form, helps in maintaining stability and control drug release profile [79, 80].
The decrease in the rate of drug release of diphenhydramine chloride, theophylline,
and pseudoephedrine hydrochloride pellets coated with Eudragit on addition of
kaolin (3:1 of resin) was studied by Ghebre-Sellassie et al. [58]. Kaolin is also added
to the film coating of hypericon and kollicoat IR. Kaolin incorporated on the outer
shell of triple pressed dyphylline coated tablets showed control release [81].

2.2.7 Enhancer of organoleptic properties

The organoleptic property of a drug can be modified on addition of excipients
like pigments and opacifiers into tablets, capsules, syrups, and topical creams.
These are necessary to avoid confusion while administering multiple medications
and for easy identification of different dosages and help to protect the drugs from
photo-oxidative damage. Clay minerals (calcite, rutile, hematite, and magnesite)
possess a wide range of color from red, green, black, yellow, and white. Coloring
E171 is most used pigment which is a synthetic analogue of white zincite. Synthetic
rutile is used on sunscreen lotion as opacifier.

3. Use of clay as an active ingredient

Clay minerals also has its application as active ingredient in pharmaceutical prepa-
ration due to their ability to act as antacids, antianemics, mineral supplements, gastric
protectors, laxative, antidiarrhoeaics, antibiotics, antiviral agents, wound dressing
agent, detoxifier, antitumor agent, anti-inflammatory, and tropical analgesic.

3.1 Antacid

Acidity is caused by excess secretion of HCI in the stomach due to various
conditions. Clay minerals overcome acidity either by neutralizing hydrochloric
acid or by decomposition of minerals by absorbing H* ion on to their surface. Thus,
restoring the stomach pH to 7 from 1.5 to 2.5. An effective antacid must increase the
pH by three to four units and decrease the free acidity, which is seen in clay minerals
like calcite, magnesite, periclase, brucite, and hydrotalcite. Whereas palygorskite,
sepioite, montmorillonite, and saponite neutralize acidity by absorbing H" ion
onto their surface. Their usage also can lead to certain side effects such as renal
silica calculi, constipation in case of over accumulation of Ca** since they form
insoluble hydrate phosphate and Mg”* ion produces laxative effect but these effects
can be avoided by using different mineral compositions. This combination has also
an advantage of sustaining the drug release for example the co-administration of
gibbsite with brusite prolonged its antacid action since brusite is fast acting and
gibbsite is slow acting antacid [82].

3.2 Wound dressing agent

Wounds characterized by skin abrasion and vascular damage can lead to micro-
bial invasion, toxicity, and even hemorrhagic shock due to uncontrolled bleeding.
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This is countered by our body homeostatic response through coagulation of blood
which prevents bleeding. Hemostasis follows sequential steps like: (1) thrombin
formation is initiated, (2) activation and platelet aggregation (amplification), and
(3) fibrin formation to stabilize the platelet clot (propagation). Hemostatic agents
provide a physical mesh-like layer which aid in amplification and propagation steps
of hemostasis thus leading to platelet aggregation and coagulation. The negative
surface charge of kaolin at blood and plasma pH has a drastic effect on its blood
clotting potential. The activation of blood coagulation factor XII to its active is
done by kaolin on contact with blood and plasma. The active form of factor XII

in turn activates factor XI and pre-kallikrein which helps in preventing bleeding.
Therefore, many wound dressing products contain kaolin as topical hemostatic
agents (Quickclot combat GauzeXL, Quickclotinterventional™) [83-87].

3.3 Peptic ulcer

Peptic ulcer is characterized by thinning of mucosal layer of the stomach due
to the mucolytic activity of stomach enzymes, in order to reduce gastric irritation
and provide a barrier for mucosal layer several clay minerals are used for their
high sorption capacity and non-toxicity. These clay minerals absorb all the gases,
toxins, bacteria and even viruses and reduce gastric secretions. They also act as
protectants decreasing the glycoprotein degradation in the stomach. But their non-
specific action has led to their minimal usage. Even though smectites prevent the
pepsin damaging activity over the mucosal layer, their very less time of action and
tendency to get degraded in the acidic medium has been a disadvantage but kaolin
can be stable and show very low dissolution even at very less pH. They are taken as
tablets, suspensions, or powders orally. They dissolve easily in the acidic medium
aiding in their easy elimination and absorption [82, 88-90]. Kaolin due to their
higher sorptive capacity delay gastric emptying and intestinal transit by enhancing
triacylglycerol hydrolysis and promoting the intestinal uptake of non-esterified
fatty acid and glucose [91].

3.4 Anti-diarrheal agent and anti-emetics

Kaolin has been used as an API in formulations for gastrointestinal like ASDA
stomach upset tablets, Entroclam, or Boots kaolin [92, 93]. Diarrhea is caused by
various factors like allergy, bacterial infection, intoxication, and low efficiency of
intestinal sorption. It is characterized by increase in fluidity and frequency of evac-
uation. Anti-diarrhoeaics agents must have very good absorption capacity of excess
water as well as gases in the digestive tracts. Activated clay minerals like kaolinite,
palygorskite, sepiolite, and montmorillonite can be used against diarrhea for their
high sorption capacity. They also prevent diarrhea by forming in soluble salts
through release of Ca** (calcite) and AP (gibbsite) ions [94-97]. Pharmaceutical
products such as kaolin/pectin (Kaopectate®) and Kaomix® suspensions, kaolin
Antacil®, Sainsbury’s Diarrhea relief® and Treda® tablets contain kaolin as active
ingredient against diarrhea due to hydrophilicity, surface area, microporosity,
water osmotic and retention property as well as its antibacterial and antiviral effect
(e.g., Norwalk and rotavirus, salmonella, Shigella and Escherichia coli bacteria)
[98-101]. Minerals rich in Mg2+ or Na* ion (mirabilite, epsomite, brucite, periclase,
and magnesite) can act as laxative by increasing the osmatic pressure of the intes-
tinal content which induces water level increase in the intestine and finally produc-
ing liquid feces. They are given as solutions, granules, and suspensions, and these
ions are mostly excreted through fecal matter and a small amount through kidney
or bile duct. Halite and sylvite are administered as saline through oral or parental
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route for the purpose of electrolyte replenishment (Na" and K*). They are excreted
through urine. Minerals rich in Cu?" and Zn?** (chalcocite, goslarite, and zincosite)
can irritate gastric mucosa and trigger vomiting so they are used as direct emetic
agents. When they reach intestine from stomach, they cause diarrhea. They are
given orally as solutions. It can also be used to treat metal poisoning by removing
them through vomit.

3.5In anemia and inflammation

The use of clay minerals extents till its usage in disease like anemia. Anemia is
caused due to less production red blood cells which may be due to less availability
of Fe’*. This can be treated with melanterite which is rich in Fe** ion and read-
ily soluble in water. They are given as oral solution; these ions on reaching blood
plasma convert into ferric ion by binding with a transferrin and globulin . The
excession is stored in liver, spleen, and bone marrow. Some are excreted through
urine, gall bladder, and bile duct. Orally administered halite, epsomite, brucite,
periclase, calcite, hydroxyapatite, magnesite, sylvite, melanterite as tablets provide
ions such as Ca?*, Na*, Ca%*, Fe**, K*, PO,*>", and Mg2+ which are very much essential
to our body [82]. Inflammatory response in our body is triggered to produce white
blood cells and their mobility towards the injured site from infection through
antigens or other harmful micro-organisms. Swelling, redness, pain, and heat are
the main symptoms of inflammatory response. Lopez-Galindo and Viseras [102]
presented the use of kaolinite poultices as anti-inflammatory drug, since they can
absorb the excess fluid content near the infected tissue, which reduces pain and
congestion considerably. They also aid in skin cooling by acting as a heat retention
agent. Proper care of temperature must be taken while administering these dosages
since it can have an effect over its therapeutic action [103-108].

3.6 Anti-bacterial

Minerals like sulfur, goslarite, borax, zincosite, chalcanthite, zincite, and alum
are highly corrosive and toxic to pathogens in higher concentration hence they
can be used as an antiseptic or disinfectant. They are also used as an astringent
(chalcanthite), bacteriostatic agent (borax), fungicide, hemostatic agent (alum),
and for skin damage. The bactericidal activity of clay extents to many drug resis-
tant bacteria like Pseudomonas aeruginosa, E. coli, and Staphylococcus aureus due to
their physical and chemical properties that help them to envelope bacterial cells
and interrupting their nutrient uptake, this is due to their high surface attraction
towards the bacterial cell wall. Ions present in clay minerals also play an important
role in their bactericidal property. Divalent cations like Cu”* and Fe** are easily
transferred and oxidized inside the bacterial cell to produce intercellular hydroxyl
radicle which are lethal to them. The tri- or tetravalent cations show their activity
inhibiting the influx or efflux pumps. Many modified clays have been reported to
have good bactericidal activity, for example the photocatalytic activity of zinc oxide
and Ti make TiO, (ZnO)/kaolinite make the effective against Enterococcus faecalis, E.
coli, and Pseudomonas aeruginosa. Moreover, Pseudomonas aeruginosa is also suscep-
tible to kaolin modified with CTAB and Cu. Oral pathogens like E. coli, Bacillus sub-
tilis, and klebsiella pneumonia are effectively killed by kaolin/iron-porphyrin hybrid.
Nano-composite of silver-kaolinite also demonstrated to have antibacterial property
[109]. They use clay as an adsorbate to remove pathogenic viruses and certain
phages are under investigation since the twentieth century. First it is thought that
viruses by electrostatic interaction are adsorbed onto the clay surface due to their
valency associated cations and cation exchange capacity but later studies showed
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that amino acid and carboxylic residue present on the outer shell viral protein coat
is responsible for the net charge and their adsorption into clay minerals depends on
pH, ionic strength, and isoelectric points of the clay and virus. Further studies show
that hydrophobic interactions of crystallized kaolin show greater affinity for certain
bacteriophages. In vitro studies of kaolin against hepatitis C virus, human enteric
pathogenic adenoviruses (hAdVs) and adenovirus (HAdV-5) proved kaolin to be

an effective material that could be used against certain viral infections [110]. Many
substances like heavy metals, toxins, mycotoxins, and overdosed drug compounds
can be removed from the gastrointestinal tract by administering kaolin as a detoxi-
fying agent.

3.7 Miscellaneous

Kaolin is found to influence superoxide radicle generation by immunocompetent
carcinoma blood cells of Lewis lung in mice this opens a huge area of application
for kaolin usage in restorative cancer treatment. Their antitumor property has
made it a potential candidate under investigation [92, 100, 110-112]. Minerals like
zincite, talc, rutile, hydrozincite, smithsonite, kaolinite, and smectites are used
as an protective agent in skin to prevent against certain external environmental
condition and pathogens. They have suitable properties like high sorption, non-
cytotoxic, little antiseptic and bactericidal as discussed above. They are used as
creams, powders, and ointments (REINOL drygard, DP1, kerodex 51, etc.). They
are also incorporated in sunscreen formulation to prevent against harmful UV-A
and UV-B. Minerals like rutile and zincite absorb, reflect, and scatter the radiation
but they may cause skin damage by photocatalytic action this can be overcome by
using kaolin as protectant since it shows higher UV protection capacity due to the
high Fe,O; content. Kaolin also used to absorb excess moisture, oily secretion, sur-
face lipids, and superficial toxin from the skin surface to prevent acne, blackheads,

bacterial, and fungal infections. Even they are used for insect bites to give relieving
effect [109].

3.8 Skin protectant

Sulfur containing minerals are extensively used as keratolytic reducers as they
are effective against dermatitis, eczemas, and psoriasis. Sulfur reacts with cysteine
in the presence of keratinocyte producing hydrogen sulphide which breaks down
keratin. Dandruff is treated with cadmium sulphide shampoo. The less common
adverse effect of sulfur applied as topical cream is an added advantage [82]. Isotonic
collyrium contains dissolved halite which is used as decongestive eye drops for
treating eye dryness, irritation, and other ocular discomforts.

4. Use of clay as a drug delivery system

An effective drug delivery system is essential for achieving proper bioavailability
of the drug administered. Recent studies have paved way for many new modified
drug delivery system that has led to sustained drug deliver, controlled drug deliv-
ery, and site-specific drug delivery (Table 2). Each has its own mode of release
and application in the body. The modification can be made only through excipients
employed. The proposed excipients must possess good delivery efficiency at the
same time have inertness, easy availability, cost effective, and low toxicity. Thus,
all these are readily available in clay minerals and their physiochemical properties
make them a potential candidate for design of MDDS. Clay minerals either in their
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native form or modified in certain way to improve their physiochemical properties
to aid their use as a drug carrier for delivering system.

4.1 Asrelease retardant

Kaolin (1:1) and smectite (1:2) are the most common used clay groups in the
design of MDDS due to their geometrical structure. The side effects like short
half-life and requirement of frequent dosage in diclofenac sodium (NSAID) can
overcome by intercalating it with MMT that prolong drug release. The toxicity
of topically administered chlorhexidine (antibiotic) can be prevented by using
Na-MMT as a drug delivery carrier. The photolytic damage of promethazine
(antihistamine) when administered topically is reduced by intercalation of drug
with Na-MMT. The in vitro activity and controlled release of paclitaxel (anti-
cancer) is increased by intercalation with Na-MMT and coating with chitosan
(biopolymer). Gallic acid has various properties like poor solubility, permeability,
and faster metabolism which make it difficult for dose administration and drug
release. The idea of Gallic acid with MMT was suggested and carried to and char-
acterized the drug release profile which showed promising results. A dermal patch
prepared using MMT-Na loaded with silver (antimicrobial agent), lidocaine (mild
analgesic), and betaine hydrochloride showed a controlled release of lidocaine.
The controlled drug release of metformin with Na-MMT was studied in order to
reduce the side effect and dosage of drug. But the study concluded that the drug
release was highly pH dependent and needed further analysis. MMT enhanced the
antibacterial activity with TiO, coated with alginate against both gram positive and
negative bacteria. Mesalazine (5-Aminosalicylic acid) must reach colon to show
its therapeutic action against Crohn’s disease but mesalazine is highly absorbed
in the acidic environment of stomach. This can be altered and slow drug dissolu-
tion in stomach was achieved using MMT-Na encapsulated into alginate beads.
Acidification improves clay surface area and increases pores for sorption. These
acidified clays was used as a carrier to deliver ciprofloxacin, the acid treatment
retarded the drug release due to the changes in the interlayer charges, this also
provided insight on the usage of interlayer charge modifications of the clays can be
a useful phenomenon for drug delivery. Silver nanoparticles are also loaded with
modified clay and their antibacterial activity is characterized and a comparative
study between modified and unmodified clay hybrid for their loading capacity and
antibacterial activity against S. aureus and E. coli was done. The results showed that
both the loading capacity and antibacterial activity was higher for acidified clay
when compared to its native form. Periodontal extended release of tetracycline was
achieved by intercalation of drug with MMT hybrid (Veegum HV) and chitosan as
mucoadhesive base, the formulation required only once per week. Optimization of
gentamycin loaded with another clay hybrid (Veegum F) was done and its antibac-
terial activity was evaluated, the formulation a delayed drug release up until 8 days.
Theophylline was loaded onto MMT hybrid (Veegum F) to prevent the premature
gastric drug absorption and to give a sustained release in intestine. Electrostatic
interaction with clay hybrid prevents theophylline absorption at the stomach pH
and facilitates slower absorption on the intestinal pH. The in vitro antibacterial
activity of ciprofloxacin was determined by the type of interaction it forms with the
clay hybrid, a weak interaction ensures easier release of drug into the desired site.
Another modification of clay minerals which is used in MDDS is functionalization
of the interlayers. One such functionalized clay is pillared clay which have large
specific surface area and larger porosity due to the cationic exchange with inor-
ganic compounds (4-(dimethylamino)-1-(4-vinylbenzyl) pyridiniumchloride and
1-methyl-3-(4-vinylbenzyl) imidazolium chloride). Ibuprofen loaded into MMT

111



Clay Science and Technology

hybrid pillarized with Fe** and Fe’* showed a delay in drug release under various
physiological conditions. Doxorubicin (anticancer) was loaded into functionalized
kaolin showed good drug loading efficiency and therapeutic action.

4.2 Clay-biopolymer combination

Biopolymers can also influence drug delivery by encapsulation or by surface
coating over the formulation and help in controlled drug delivery. Hence, clay
hybrids are coated with biopolymers to enhance their action. Clay hybrid and bio-
polymer (chitosan) showed synergistic effect on loading efficiency and drug release
of 5-aminosalicylic acid. The oral bioavailability of oxytetracycline (broad spec-
trum antibiotic) was improved by loading over chitosan-MMT carrier. The cyto-
toxicity of chlorohexine to fibroblast was reduced by preparing a film carrier made
of MMT-chitosan complex. The prepared topical formulation showed a controlled
release of drug and reduction of cytotoxicity was also reported. MMT-chitosan
glutamate composites also reduced the cytotoxic effects of silver sulfadiazine
(skin burns). The result show that electrostatic interaction of MMT with polymer
helps improving the drug absorption and the increase an antibacterial activity of
formulation was also noted. Apart from chitosan, other biopolymers have been
used to prepare drug carriers. A combination of guar gum-MMT hybrid was used to
prepare a controlled release formulation of ibuprofen to reduce their side effects on
intestinal tracts. The need of frequent dosage of venlafaxine (anti-depressive drug)
was reduced by preparing beads with crosslinking of sodium ALG with drug-MMT
in CaCl,. Olanzapine (schizophrenia and bipolar disorder) was incorporated into
different polymer composition and their drug release at different pH was studied
and the results were in comparison with the marked drug and an effective con-
trolled release was obtained by cloisite-drug with a blend of polymers (Alginate
and xanthan gum). The solubility of curcumin (anticancer, anti-inflammatory
and antibacterial agent) can be increased by dispersing the drug with CMC and
loading into MMT, the role of MMT here is to improve the drug release in the acidic
environment. A transdermal DDS was prepared from MMT nanocomposite, pectin,
and methyl cellulose which is used to load ketorolac (NSAID). The formulations
showed immediate release of drug from the nanocomposite layer but the increase in
MMT showed controlled drug release. The PLA microspheres of 6-mercaptopurine
(anticancer drug) with MMT showed a faster release rate and increased the drug
solubility. The presence MMT also helps to control the drug release. The perfor-
mance of a pH dependent swelling polymer (poly acrylamide-co-maleic acid) was
improved by the addition of MMT hybrid, it exerted a control over the caffeine drug
release even during sudden pH transitions. A prolonged oral DDS was prepared
for 1,3,4-oxa(thia)diazole (antifungal, antibiotic, analgesic and anti-inflammatory
agent) by preparing nanocomposite using MMT hybrid. A site specific DDS was
developed using MMT-polymer hybrid for anticancer treatment by co administra-
tion of doxorubicin and methotrexate with ciprofloxacin (antibiotic). Specificity of
the DDS depends on the pH of the tumor cells. The results showed that the entire
three drugs exhibit delayed drug release, where the anticancer drugs showed similar
release profile and ciprofloxacin showed a different release profile at pH 5.8 and 4.
PLGA is another biopolymer which is extensively used as carrier for drug adminis-
tration. A double emulsion of atenolol with PLGA and MMT was prepared by Lal
and Datta to increase the half-life and dissolution rate of the drug. The result sug-
gested a controlled drug release in both acidic as well as basic medium with mark-
ing changes in the acidic medium. The hydrophobic drug (dexamethasone) was
also intercalated with PLGA and MMT by Jain and Datta to lower the risk of side
effects and achieve effective plasma concentration at minimal dosage. PLGS-MMT
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nanocomposite is used as a carrier for insulin. In vitro studies by Lal et al. suggested
the protective nature of MMT even in acidic conditions and also they do not affect
the HEK-293 cells growth. A triblock (PCLA-PEG-PCLA) copolymer hydrogel of
MMT-gemcitabine (anticancer) was prepared for the intravenous administration
of drug since the drug is metabolized rapidly and require high dose. In vitro drug
release studies suggested that MMT significantly reduced the drug release and

the side effects. Nanocomposite of MMT hybrid with HEMA was used to modify
the dissolution profile of paracetamol by Bounabi et al. The inclusion of MMT
improved the drug encapsulation of paracetamol in the PLA-drug nanocomposite.
A site specific DDS was prepared for doxorubicin was prepared using MMT hybrid
with PE-5000/PEG750 polymer. Organoclay (MMT-PVP hybrid) nanocomposite
was used to encapsulate copaiba oleoresin a natural derivative used against endo-
metriosis. The nanocomposite showed effective controlled drug release at acidic
pH. A polymeric composite (PVA, CS and MMT) was prepared to encapsulate
5-flurouracil (anticancer) in order to compensate its poor oral absorption and rapid
metabolism. The results also indicate that the drug loading efficiency and drug
release depends on the MMT concentration. Clay minerals like halosite and fibrous
phyllosilicates have MMDS application due to their tubular and ribbon shaped
structure. For example, the Hal nanotubes can adapt to any morphology making
them used for wide variety of applications in MDDS. Various antibiotic like cipro-
floxacin, chlorpheniramine, tetracycline, diphenhydramine has been loaded on to
the hal nanotubes and investigated. Cationic exchange capacity and pH determines
the drug loading capacity on to the hal nanotubes. Thermodynamic equilibrium
also affect the drug loading in hal nanotubes as in the case of isoniazid (antitu-
berculosis drug). The immobilization of binase (RNase enzyme) which is used in
the genetic treatment of cancer was done and an enhanced anticancer property
was reported. Vancomycin and breviscapine has been loaded on to hal nanotubes
by vacuum cycle and the resultant complex showed a sustained release of drugs.
Amoxicillin loaded onto Hal nanotubes are combined with biopolymers (PLGA and
Chitosan) and the drug release was studied the results suggest a sustained release
is obtained on both formulations with and without biopolymers than biopolymer-
drug complex. PMMA was coated onto paclitaxel-hal nanotube complex to improve
the anticancer activity of the drug. Volatile drugs are also adsorbed onto the clay
minerals which help in preventing the evaporation of those drugs and retaining
their therapeutic action. The volatile drug absorption of MMT, hal nanotubes and
palygorskite was evaluated by loading carvacrol (treat skin lesions). Good adsorp-
tion was seen in palygorskite. Veegum HS and sepiolite improved the solubility and
dissolution rate of praziquantel (treatment of schistosomiasis) in both acidic and
basic environment. Higher dissolution was achieved by oxaprozin (Non-steroidal
anti-inflammatory agent) on mixing it with clay hybrid of palygorskite and sepio-
lite modified with cyclodextrin. Curcumin was loaded with both functionalized
clay and cellulose-MMT complex to improve its site specific action and synergic
effect on wound healing. A phospholipid nanocomposite of hal nanotubes was
prepared to achieve a sustained release of doxorubicin. The electrostatic interac-
tion and intermolecular hydrogen bonding between palygorskite and chitosan was
studied for its usage as a drug carrier for 5-aminosalicylic acid. Sepiolite is also used
with chitosan as drug carrier for tetracycline and cefazolin. In vitro studies show
the swelling of gel is facilitated by chitosan whereas the drug release id controlled
by crosslinking of polyvinylacryalate (PVA). The synergistic effect of hydroxypro-
pylmethylcellouse acetate succinate along with atorvastatin and celecoxib for colon
cancer is due to their effective solubility in basic pH. The controlled release of drug
in colon is achieved by the preparing microspheres of hal nanotubes and HPMCAS
loaded with anticancer drugs.
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5. Pharmaceutical clay in share market

The clay minerals are exported worldwide for their various applications in
construction and pharmaceutical preparations. Based of the application the clay
mineral export is classified as tableware, sanitary ware, medicinal applications. The
key minerals are bentonite and kaolin which accounts for major export. Bentonite
is exported as sodium, calcium and sulfur bentonite. The global market demand of
bentonite (Figure 2a and b) was 22.68 million metric ton by 2016 and estimated
to be 25.15 Million metric ton by 2021 with a CAGR increase of 2.12%. The global
market share of bentonite by 2017 was 1.43 billion and estimated to be increasing
scale due to the market demand and increase in the applications of clay minerals.
The major region of export is classified as Asia Pacific, North America, Europe and
Rest of the world with Asia and North America accounting for most. The major
companies exporting clay minerals are Ashapura groups (India’s major exporter),
Imerys(sandB), Taiko group, Huawei Bentonite, Theile kaolin company, Kaolin
A.D, ].M.Huber, Daleco resources.

® Foundry Sands

m Cat Litter

= jron Ore Pelletizing
Refining

® Drilling Muds

m Absorbent/Adsorbent

m Binder

m Sealant

m Civil Engineering

m Others

® Sodium * Calcium ® Others

(a) (b)

Figure 2.
(a) Bentonite classification based on minerals. (b) Bentonite usage on global demand scale.

6. Conclusion and outlook

From the moment of discovery clay minerals have been immensely useful to
human life in both ceramic and health. Their usage in health care has made ita
essential compound in many pharmaceutical preparations. Their inertness, low
toxicity, versatile physiochemical properties and cost effectiveness has increased
its usage in pharma industries. At the same time precautions must be taken while
incorporating higher doses of clay and while co-administering clay with drug. Since
some clay has been reported to reduce the efficacy and bioavailability of certain
classes of drugs like antacid and in higher doses it might cause tissue toxicity. The
understanding of surface chemistry and particle size distribution of clay minerals
has led the pharmaceutical field in many directions and future perspectives. Their
unique structure which helps them to absorb material onto their layered sheets
has opened a wide variety of applications in drug delivery. Their ability to control
and alter drug release profile can been exploited in many ways to design a effective
drug delivery system. Further advancements in nanotechnology have helped to
synthesize and modify this clay mineral to enhance their physiochemical properties
and their usage as excipient. Though clay and their minerals are used in its natural
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state for drug delivery, some require additional modification for their usage and this
modification plays a key role in determining the economical aspect of drug design-
ing. The development of machinery which helps us to understand better about

various unknown properties of clay minerals which were not understood before will
aid us to utilize clay minerals in various other applications.
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Chapter7

Rheological Perspectives of
Clay-Based Tailings in the Mining
Industry

Ricardo 1. Jeldres and Matias Jeldres

Abstract

The mining industry faces a significant problem in regions with water scarcity
and has had to put in place new strategies to preserve its environmental and eco-
nomic sustainability. An attractive option in recent years has been the direct use
of seawater, avoiding the construction of reverse osmosis plants to desalinate. But,
some operational complexities are the subject of discussion and research for engi-
neers; for example, the difficulties by the high presence of complex gangues like
clays and the location of the plants, far from the coast and at high altitude. The latter
requires high investments in pumping, the only option in some cases. In this sce-
nario, it is imperative to improve the efficiency of water use and advance to effective
closures of water circuits. A critical stage is the thickening that allows water to be
recovered from the tailings, reusing it in upstream operations. However, the perfor-
mance of the tailings management is usually limited by the rheological properties
of the thickened slurries, which impact on the discharge from the underflow of the
thickeners, pumping energy costs, disposal on the tailings storage facilities (TSFs).
This text describes the consequences caused by a saline medium on the rheologi-
cal properties of clay-based tailings, analysing scenarios that allow tackling this
operation.

Keywords: rheology, clays, seawater, thickening, tailings, water recovery

1. Introduction

On a global scale, mining is a relatively small consumer of water compared to
the agricultural or forestry industry, however, it can generate a significant social
and environmental impact, mainly in those companies located in arid regions as
occurs in numerous operations in Chile, Australia, and South Africa [1, 2]. The
industry has made great efforts to optimise the use of water where the proper
tailings management is crucial towards advance to the effective closure of water
circuits. Essential aspects are the quantity and quality of water recovered in
thickeners, solid concentration of the thickened slurries, drainage capacity of
the underflow in the lower cone of thickeners, the energy and water required for
transport, and the disposal strategies in the tailings storages facilities (TSFs).
The rheological properties largely determine the performance of all the aspects
previously mentioned and in many cases, it defines the success that the design of a
concentrator plant will have [3-5].
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2. Tailings management

The different types of thickening technologies mostly establish the amount of
water that can be extracted from the tailings, and hence the characteristics of the
pulps that are transported to the TSFs. In the copper industry, conventional and
high rate thickeners generate pulps between 50 and 60 wt% that have low yield
stress (<40 Pa), while high-density and paste thickeners can make pulps over
65 wt% with yield stresses over 100 Pa [6, 7]. The thickened pulps are subsequently
transported, usually by pumping to the tailings storage facilities (TSFs) [7].

The design of a tailings circuit should adequately consider the three stages
involved (see Figure1).

i. Performance in water recovery in solid-liquid separation stages (thickening
mainly);

—_.

ii. Pumping of thickened tailings, whose costs fluctuate depending on the
characteristics of both the pulps (rheological properties) and geography of
the plants. In some instances the thickeners are located at a higher altitude
than the TSFs, and gravity might assist the pumping. In contrast, on other
cases the cost per transport may be decisive, especially when the distances
are too long, the tailings have high density, or there are no gravitational
advantages;

iii. Disposal methods and dewatering in TSFs, which primarily depend on the
rheological behaviour of the slurries that consequently are a result of the
thickening technologies.

Among the most advanced technologies to promote tailings dewatering are paste
thickeners (Figure 2(a)). These equipment have a much higher lateral height than
the other types of thickeners, a higher inclination of the discharge cone (30-45%),
and the product is a tailing with a maximum concentration of solids. The pulps can

Thickener

Centrifugal

Deposal Pumping bq

+ Tailings Dam (Bhlghkzheal’

+ Thickened tailings Pipe Flow reakdown)

¥ iy dicking (low shear breackdown)

* Paste [ l I i
PO pumping
(low shear
Breakdown)

DESING SEQUENCE >

1. Choice of disposal method 2. Rheologicalrequirements 3, Thickener filter
Depositionalrequirements for pipeline transport design

Figure 1.
Schematic representation of the stages involved in tailings management.
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Figure 2.
(a) Paste thickener, (b) depositing of a tailing from a paste thickener.

reach solids concentrations near to 70 wt%, maximising the tailings dewatering,
and facilitating their disposal in the TSFs (Figure 2(b)). Here comes the impor-
tance of the rheological properties of the slurries, since their pumping could incur
excessive energy costs.

3. Rheological characterisation

The traditional method to characterise the rheological behaviour of tailings
is through flow curves that are fitted to viscoplastic models such as Bingham or
Herschel-Bulkley. Then, the yield stress is derived, which is widely used to describe,
design, and control tailings processes in pipelines and beds. The accuracy of such
measurements is controversial, and great care must be taken in some systems where
precise equilibrium data is challenging to obtain (that is common for mining tail-
ings). Nguyen and Boger [8] adopted the static yield stress vane measurement that
is simple and has become widely used. Fisher et al. [9] later concluded that while
the rough surfaces of the cup and bob geometries can be used successfully, infinite
cup vane geometry alleviates all wall effects and it is a suitable method of determin-
ing yield stress and flow at steady-state behaviour of strongly aggregated particle
suspensions.

Reograms are graphical representations of the response of the shear stress to
variations in the angular strain rate, considering a material (suspension, in this
case) between two parallel planes where one is moved, and the other remains
immobile. The resolution of the Navier-Stokes equations, which describe the move-
ment of the fluid, is simplified to an analytical form, taking care that the inertial
forces are small compared to the viscous forces. Consequently, the viscometric flow
is characterised by simple configurations in which the only relevant component of
the stress tensor is the pure shear. Therefore the inverse problem for the viscosity
can be solved directly by fitting the experimental measurements of some physical
magnitude, as the torque M.

For the accurate description of the empirically obtained rheograms, it is neces-
sary to consider the boundary conditions that are used to solve the Navier-Stokes
equations in their simplified form. This means that particle sedimentation, the
appearance of secondary flows (e.g. Taylor vortices) and phenomena such as wall
slip should be avoided.
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Figure 3.
Representation of Taylor vortices in a Couette geometry.

3.1 Taylor’s vortices

Some low-viscosity slurries may involve a secondary flow driven by the inertia
of the sample, forming a phenomenon called Taylor vortices (see Figure 3). When
this happens, it is common for rheograms to observe a false increase in rheological
properties or even shear thickening (dilatant) behaviours.

The appearance of the vortices is anticipated by the Taylor number (T'), which
in the case of concentric cylinders with internal cylinder rotation is described by
the Eq. (1):

reafa] [0 |0}
1
Where:

e 4, inner radius

4, outer radius

* p liquid density

* o rotational speed of the inner cylinder in rad/s
* 7 fluid viscosity

3.2 Wall-slip

The obtaining of rheological parameters is based on the Navier-Stokes equation,
whose expression is given by the Eq. (2):

n{g(ig(m} )ﬂ =0 )

Obtaining an analytical solution to the expression requires a series of assump-
tions, for example, that the fluid moves in laminar flow, with streamlines moving in
aradial direction, around the inner cylinder as shown in Figure 3. In particular, the
fluid layer located in the contours is assumed to move at the same speed as the walls
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of the inner and outer cups. However, it is common for a wall slip phenomenon to
occur, which is defined as the difference between the speeds of the wall relative to
that of the fluid in the wall.

This phenomenon is caused by a thin layer of solution that forms on the walls
and creates a wrong decrease in rheological properties. Obtaining the right rheo-
logical behaviour needs performing a rheogram correction, based on measurements
made with geometries of different dimensions and shapes.

A method proposed by Yoshimura and Prud’homme [10], expects only two
measurements, using geometries with different gaps but with the same ratio
between the radii of the cup and the internal cylinder. According to this method,
the slip velocity which corresponds to the stress 7* from two angular velocity can be

described as:

N x| U,
I e ey 3)
R R,

Where:

° u, (r* ), slip velocity at the cup or bob surface
* «,cup/bobratio =R, /R,

+ U, angular velocity

Figure 4 shows the typical result of preparing measurements with different U
ranges on each device. Yoshimura and Prud’homme [10] validated the proposed
method with 1.9 wt% clay suspensions, measuring on different Couette devices.
Figure 4 also shows the experimental measurements and the corrected rheo-
gram value.

Commonly, concentrated tailings show a non-Newtonian behaviour where
they have an elastic limit. The yield stress, ty, is the critical shear stress that must
be overcome before irreversible deformation and flow can occur. The yield stress
is an engineering reality, although the rheology community debates hard about its
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Figure 4.
Angular velocity (Q2) vs. bob stress for a 1.9 wt% clay suspension measured on different Couette devices.
Also shown is the angular velocity corvected for wall slip (y) vs. bob stress (adapted from Yoshimura and

Prud’homme [10]).
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real existence [11, 12]. The truth is that its estimation is a routine practice to define
control strategies for the management of mine tailings [13-15].

Yield stress depends on chemical interactions between particles, size distribu-
tion, and pulp density. This last aspect is critical in the search to maximise water
recovery; however, the relationship between density and yield stress follows an
exponential law where small changes in the percentage of solids lead to a significant
rise in the value of yield stress. A schematic representation of the implications
of thickening technology on the density and rheological behaviour of the pulps
is shown in Figure 5. For example, when the underflow is thickened to too high con-
centration, the energy cost per pumping can reach prohibitive values, and operators
may be required to dilute the thickened tailings, which means sacrificing water that
could have been recirculated to upstream operations.

In the last time, some studies have integrated additional parameters in the
discussion, especially analysing the viscoelastic behaviour of the pulps. Although to
date there are no publications that directly use of viscoelastic parameters for the
design of tailings circuits, their knowledge has allowed obtaining more information
on the strength of the particle networks that make up the mineral slurries [16-18].
The behaviour of the sample is described through a viscous component, represented
by the storage modulus (G'), and an elastic part, represented by the loss modulus
(G") [19]. The viscoelastic modulus can be obtained using dynamic oscillatory
rheology methods, which are carried out by subjecting the sample to an oscillatory
deformation y(t)=y,sin(at) , obtaining the resulting stress as a function of time
7(¢)=7,(G'()sin(wt)+G"(w)cos(wt)) . G'is a measure of the material’s stored
energy and is therefore related to molecular events of an elastic nature, while G"
indicates the energy dissipated as heat, associated with viscous molecular events.

Lin et al. [18] analysed the structural changes of kaolinite particle junctions
concerning the pH and concentration of solids in the pulp. Using small-amplitude
oscillatory shear (SAOS) tests, the authors concluded that the gelation by attractive
interactions in low-mass fractions changes to gelation by face-to-face interactions
by increasing the particle mass fraction. Gelation by face-to-face interactions is
stabilised by the repulsive electrostatic force between the faces of the disk-shaped
particles. Based on a DLVO theory that is based on attractive forces between
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Figures.
Relationship between the type of thickener and properties of the underflows (solid concentration and yield
stress).
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particles, a modified model has been developed based on the repulsive electrostatic
force between the faces of the platelets.

4. Rheological behaviour in saline environments

The current tailings dewatering challenges within the mining industry are
the upstream use of low-quality water (like seawater) in processing and complex
gangues like clays [20-22]. In the first case, the behaviour of the pulps in a highly
saline environment must be faced, which is complex from a scientific point of view,
since salinity significantly alters the interactions between the particle’s surfaces,
bringing important consequences in the rheological properties. They are strongly
related to salinity and the type of salt [23]. For example, Reyes et al. [24] studied the
rheological behaviour of magnetite tailings without flocculation, using mixtures
of freshwater with seawater in different proportions. The authors were able to
explain their findings in terms of electrostatic interactions, since they related the
value of yield stress with the magnitude of the zeta potential, following the recom-
mendation proposed two decades ago by Johnson et al. [25]. However, it should be
noted that in complex saline systems, like seawater, there are many ions of different
nature interacting simultaneously. In this case, the divalent cation speciation and
the maker/breaker type may have an important role. For example, the formation
of solid magnesium complexes at high pH (pH < 10.5) can cause the rheological
properties of a quartz suspension to be reduced [26].

Jeldres et al. [27] analysed the viscoelastic behaviour of quartz suspensions
prepared in monovalent brines. As seen in Figure 6(a), there is a direct relation-
ship between the size of the cations and the yield stress. The authors explained that
silica has a more significant trend to agglomerate in the presence of larger ions like
K*, forming stronger particle networks compared to smaller salts like Na* and Li*.
According to fundamental studies, the surface of the silica would present a breaker-
like behaviour [28], having a higher affinity with species of the same nature as is
observed in Figure 6(b), where the amount of adsorbed cation increases for larger
sizes, following the order Li* < Na* < Cs". In the case of clays, the surface would
have a higher affinity for water molecules, exhibiting a maker-like behaviour [29].

Clays are a consistent focus of research because they negatively impact almost
all processes in the mining sector, including leaching, flotation, pulp transport,
thickening, etc. [16, 30, 31]. These phyllosilicates can be classified according to their
swelling (e.g. sodium montmorillonite) and non-swelling (e.g. kaolinite) character.
This classification is made according to the response of the particles when they
come into contact with water, being able to preserve their structure or increase their
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Figure 6.
Effect of the type of salt on (a) yield stress of quartz suspensions; (b) adsorption of the monovalent cation on
the quartz surface (adapted from Jeldres et al. [27]).
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apparent volume in solution. Kaolinite (Al,Si,05(OH),) (Figure 7) is composed of
an octahedral sheet of aluminium hydroxide and a tetrahedral sheet of silica which
are joined to form a basic 1:1 repeating unit. This clay has two crystallographically
different surfaces: the faces that are negatively charged, and the edges, which vary
their charge (anionic or cationic) depending on the pH that arises from the proton-
ation or deprotonation of the aluminium (Al-OH) and silanol groups (Si—OH) in
the exposed planes with hydroxyl termination. Due to their anisotropic structure
and charge properties, clay sheets can form different types of interactions: face-to-
face (FF), edge-to-edge (EE) and edge-to-face (EF).

Montmorillonite (Figure 8) is composed of an octahedral alumina sheet and two
tetrahedral silica sheets that join to form a basic unit of repeating layers in a 2:1 ratio
[32]. The central layer contains octahedral coordinated Al and Mg in the form of
oxides and hydroxides and is surrounded by two external layers formed by tetrahe-
dral coordinated silicon oxides. This clay has high chemical stability, a large surface

~200nm->1pm

Figure7.
Representation of the kaolinite structure. The green sheet indicates the tetrahedral layer of silicon (T) and the
yellow sheet corresponds to the octahedral layer of alumina (O).

Figure 8.
Representation of the sodium montmorillonite structure. The green sheet indicates the tetrahedral layer of
silicon (T) and the yellow sheet corresponds to the octahedral layer of alumina (O).
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area and a top ion exchange capacity as a result of its weakly bound octahedral
sheets. Unlike kaolinite, montmorillonite has a high capacity to swell in the presence
of freshwater as a result of water molecules entering the middle of the layers [33].
In freshwater, the swelling effect of montmorillonite is more significant than in
saline medium. This is because the cations being in saline water helps to neutralise
the negative charges of the interlayer layers of the clay, reducing its electrostatic
repulsion and therefore its separation distance [34-36]. This prevents the entrance
of water molecules into the clay, notably impacting its swelling [37]. The high level
of particles’ swelling in freshwater implies an increase in the apparent volume con-
centration, which generates a considerable increase in the rheological properties of
the slurries [38]. However, this characteristic is strongly influenced by the chemical
nature of the water and the presence of ions in solution [39].

The chemical differences in the surface cause significant changes in the rheo-
logical properties of the pulps. For this reason, clay suspensions are exposed to
dramatic changes concerning the pH of the suspension, mainly due to changes in
electrostatic forces on surfaces. At low pH, there are anionic (faces) and cationic
(edges) zones that generate attractive strong bonds between the particles, which
clump together to form a “house of cards” structure. However, increasing the pH
intensifies a greater electrostatic repulsion, causing the particles to disperse and the
suspension to be more stable. The rheological consequences regarding pH have been
widely addressed in the literature. Clays of 1:1 structure such as kaolinite generally
show a behaviour that is decreasing concerning pH (Figure 9). In contrast, swelling
clays such as montmorillonite have demonstrated the marked presence of a maxi-
mum at pH around 4 (Figure 10).

The electrostatic attraction between the faces and edges is the primary mecha-
nism that gives strength to the bonds between clay particles. For this reason, the
presence of salt causes a reduction in electrical charges, resulting in lower viscosity
and yield stress. Figure 11 shows the impact of adding 0.1 M of electrolytes to the
suspension. The rheogram curve shifts downwards when salt is present, however,
the values strongly depends on the type of cation, where divalent cations generate
a greater impact as they are more efficient in compressing the double electrical
layer. The effect at alkaline conditions is different. The slurries in freshwater have
low rheological parameters but the compression of the double-layer may favour the
particles’ aggregation, forming both hydrogen and cationic bonds. The result is that
the rheological properties increase in a saline medium like seawater; therefore, the
management of clay-based tailings may involve higher energy costs. In this sense, it
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Relationship between pH and yield stress for crown kaolin slurries at varied solid concentration (adapted from
Au and Leong [40]).
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Comparison between the effects of monovalent and divalent electrolytes on the flow curves of bentonite 1.
Suspension: 8% bentonite in 0.1 M electrolyte solution (adapted from Abu-Jdayil [41]).

is necessary to find strategies to obtain pulps with rheological properties that sim-
plify their transport. Contreras et al. [38] studied the effect of NaCl concentration
on the rheological properties of synthetic tailings composed of mixtures of quartz
and clays. Considering that the pulps were prepared at natural pH, it was found that
salinity lowered the yield stress, as shown in Figure 12.

5. Chemical reagents

The permanent challenge for tailings management is to be able to manipulate their
rheological properties, according to the plant bases. When seeking to facilitate the dis-
charge of the tailings from the thickeners and to reduce the water and energy consump-
tion involved in their transport by pumping, it is needed to find methods to reduce
the values of yield stress and viscosity. Li et al. [42] used polycarboxylate copolymers
synthesised in the treatment of kaolin suspensions. The results revealed the high capac-
ity of the polymers to reduce the viscosity, due to the dispersion of the particles caused
by steric and electrostatic effects, by increasing the anionic charge of the particles.

Du etal. [43] enlarged the electrostatic repulsion between bentonite particles by
adding multiple charged phosphate-based reagents. The authors could reduce the
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yield stress to zero when it was a tetravalent or higher valence (see Figure 13). The
results were explained by the changes in the electrostatic interactions, where
the salts with higher valence were more pragmatic in reducing the negative zeta
potential (Table1).
However, when interactions occur in a highly saline medium, such as seawater,
it is challenging to suggest strategies that drive an electrostatic repulsion since the
high concentration of counter ions reduces the electrical double layer, making elec-
trostatic changes less significant. For this reason, Robles et al. [44] recommended
that the most efficient reagents are those that cause steric stabilisation of the
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Effect of the salinity on the yield stvess of clay suspensions: (a) pure kaolin; (b) kaolin/Na-bentonite, 50/50;
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None POY POY PO P03 (NapO,)
Z (mV) -44 -48 -464 644 -64.9 -66.1
pH 9.0 84 77 9.9 9.0 73

Table 1.
The effect of 10 dwb% phosphate-based additives on the zeta potential and pH of 7 wt% bentonite slurries

(adapted from Du et al. [43]).
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Herschel-Bulkley parameters (yield stress and flow index) of kaolin pulp in seawater at pH 8 with varied
sodium polyacrylate concentrations (Robles et al. [44]).

particles. The authors studied the influence of sodium polyacrylate of low molecu-
lar weight on the performance and viscoelasticity of kaolin pulps in seawater. It was
shown that the reagent could reduce the strength of the bonds between the particles
through steric stabilisation, considerably lowering the yield stress (Figure 14).

It was interesting that this polymer of low molecular weight provides promising
results in a highly saline medium since the main reports in the literature have given
its efficiency to the induction of higher anionic charges on the surfaces [45, 46].

6. Outlook

Tailings management in saline environments continues to be a challenging issue
for plant design and operation, especially when significant clay content appears.
Numerous factors enter the discussion, such as water quality, mineralogy (the type
of clay), legal regulations, availability of water resources, etc. The need to improve
the efficiency of this operation has increased in recent years, which has attracted
greater scientific interest. Notable improvements have emerged from a technologi-
cal point of view, in which the market offers increasingly robust equipment. That
allows significant amounts of water to be extracted from the tailings and recycle
them to upstream operations, with economic, environmental, and social benefits
considering that many industries compete with neighbouring communities for
disposing of the water resource. So reducing the water make-up means that more
water would be available to the population.
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