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Preface

The synthesis and study of clays and their polymer–clay nanocomposites are one of 
the widest fields of research in materials science and technology. Characterization 
followed by application of many derived clay materials with different polymers and 
organic and biological molecules is one of the major features in clay science and tech-
nology. Nowadays, novel bidimensional materials based on clays and clay minerals 
warrant further applications from environmental to industrial concerns. As exam-
ples, the applications include tissue engineering, environmental remediation, biosen-
sors, filtration, wound dressings, drug delivery, enzyme immobilization, geotechnical 
concerns, 3D printing, and so on. In this book, some chapters will bring new results 
concerning the state-of-the-art of synthesis, characterization, and applications. The 
main goal of this work is to contribute to the rationalization of some important results 
obtained in the clay science and technology area. The overall idea of the book is to 
provide the reader with a comprehensive and up-to-date evidence-based overview 
of the current literature in clay science and technology. This book discusses the main 
and emerging aspects of clay science and technology and is composed of an introduc-
tory section followed by two main parts: (1) Introduction, (2) “General Aspects of 
Clays and Polymer–Clay Nanocomposites”, and (3) “Environmental and Industrial 
Applications of Clays and Polymer–Clay Nanocomposites”.

The introductory chapter is focused on pillarized Montmorillonite clay as a possible 
host for new materials polymer-clay based materials.

Section 2: “General Aspects of Clays and Polymer–Clay Nanocomposites”

The second section of the book focuses on chapters dealing with fundamental proper-
ties and characterization of clays and their polymer-clay materials.

Chapter 2 brings a broad revision about the general properties of montmorillonite 
clays (such as structure, origin, chemical composition) and physical-chemical 
behavior (such as cation exchange, hydration and dehydration, absorption, surface 
capacity). These materials have a high potential to remediate the aqueous pollution 
from dyes, pharmaceutical derivatives, and many other applications.

Chapter 3 brings the characterization of polymer–clay nanocomposites mixed in 
polymeric blends. The main point is the preparation of the final material in a sequen-
tial mixture of the reagents. The organo-clay nanocomposites were characterized 
by instrumental techniques, such as TEM, XRD, TG, and rheological data, and their 
chemical and physical properties were determined. The enhancement of dispersion of 
clay particles in the polymeric blend improves the physical properties of the material 
and can be a prototype method for similar materials.

Section 3: “Environmental and Industrial applications of Clays and Polymer–Clay 
Nanocomposites”

XII



Preface

The synthesis and study of clays and their polymer–clay nanocomposites are one of 
the widest fields of research in materials science and technology. Characterization 
followed by application of many derived clay materials with different polymers and 
organic and biological molecules is one of the major features in clay science and tech-
nology. Nowadays, novel bidimensional materials based on clays and clay minerals 
warrant further applications from environmental to industrial concerns. As exam-
ples, the applications include tissue engineering, environmental remediation, biosen-
sors, filtration, wound dressings, drug delivery, enzyme immobilization, geotechnical 
concerns, 3D printing, and so on. In this book, some chapters will bring new results 
concerning the state-of-the-art of synthesis, characterization, and applications. The 
main goal of this work is to contribute to the rationalization of some important results 
obtained in the clay science and technology area. The overall idea of the book is to 
provide the reader with a comprehensive and up-to-date evidence-based overview 
of the current literature in clay science and technology. This book discusses the main 
and emerging aspects of clay science and technology and is composed of an introduc-
tory section followed by two main parts: (1) Introduction, (2) “General Aspects of 
Clays and Polymer–Clay Nanocomposites”, and (3) “Environmental and Industrial 
Applications of Clays and Polymer–Clay Nanocomposites”.

The introductory chapter is focused on pillarized Montmorillonite clay as a possible 
host for new materials polymer-clay based materials.

Section 2: “General Aspects of Clays and Polymer–Clay Nanocomposites”

The second section of the book focuses on chapters dealing with fundamental proper-
ties and characterization of clays and their polymer-clay materials.

Chapter 2 brings a broad revision about the general properties of montmorillonite 
clays (such as structure, origin, chemical composition) and physical-chemical 
behavior (such as cation exchange, hydration and dehydration, absorption, surface 
capacity). These materials have a high potential to remediate the aqueous pollution 
from dyes, pharmaceutical derivatives, and many other applications.

Chapter 3 brings the characterization of polymer–clay nanocomposites mixed in 
polymeric blends. The main point is the preparation of the final material in a sequen-
tial mixture of the reagents. The organo-clay nanocomposites were characterized 
by instrumental techniques, such as TEM, XRD, TG, and rheological data, and their 
chemical and physical properties were determined. The enhancement of dispersion of 
clay particles in the polymeric blend improves the physical properties of the material 
and can be a prototype method for similar materials.

Section 3: “Environmental and Industrial applications of Clays and Polymer–Clay 
Nanocomposites”



The third section of the book focuses on the chapters dealing mainly with applications 
of clays and their related materials on environmental and industrial concerns.

Chapter 4 brings a synthesis and characterization of the CTAB-modified bentonite 
clay. The authors used several instrumental techniques in the characterization 
of the material. The modified clay shows improved properties in environmental 
remediation.

Chapter 5 brings a broad revision about the swelling properties of common clays (such 
as montmorillonite type) and the impact of their properties in the micro and macro 
scale range and their potential geotechnical hazard. The chapter is well elaborated 
and could be very useful for a broad audience. In fact, the methodological procedure 
for swelling analysis of clays has a potential broad application in the geochemical and 
correlated fields

Chapter 6 brings some important records related to the use of bentonite clays com-
bined with organic polymer content to the processing of iron ores and pellets.  

The knowledge regarding the real impact of materials derived from clays on environ-
ment and industrial concerns is still limited, despite the growth of the field in last 
decades. Nevertheless, I hope that this book will provide a small brick on this large 
investigation wall. Finally, I would like to thank all the authors for their contributions 
and the editorial manager for supporting the whole process.

Dr. Gustavo Morari do Nascimento
Professor,

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

Santo André, Brazil
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Chapter 1

Introductory Chapter: Pillarized 
Montmorillonite Clay – A Possible 
Host for New Materials
Gustavo Morari do Nascimento

1.  Introduction: pillarized montmorillonite clay - Synthesis and 
characterization

In the last three decades, many efforts have been made to the synthesis of conduct-
ing polymers with improved thermal, mechanical, and electrical properties. A prom-
ising way to acquire this purpose is by using clays as hosts of formed polymers or place 
to be used for the intercalation of monomers followed by polymerization [1–3]. Mainly 
smectite clays have been used when the confinement of the polymeric chains is desir-
able. The smectite clays are structurally formed from MO4(OH)2 groups of octahedral 
symmetrically bound to two MO4 tetrahedral sheets producing layers designated 
T:O:T. The octahedral sites have ions such as aluminum, magnesium, and iron, while 
the tetrahedral centers accommodate silicon and aluminum. As a result, the layers 
have a negative charge with a parallel orientation, and the electric charge is neutral-
ized by exchangeable hydrated positive ions in the interlayer space. This interlayer 
space has a lot of water molecules, both interlayer ions and water can be exchangeable 
with simultaneous change of the interlayer distance. These layered crystalline silicates 
have a great capacity for surface adsorption and catalytic activity in organic reactions, 
also including stabilization of radicals formed during polymerization (see Figure 1).

Montmorillonite (MMT) is the most used smectite clay, its negative layer charge 
arising mainly from the substitution of octahedral aluminum by magnesium (II) ions. 
Our group has been preparing and characterizing polymer-clay nanocomposites at 
least the last two decades [4–10]. The materials have been studied mainly by Raman 
spectroscopy and X-ray absorption techniques. Raman spectroscopy uses a laser as a 
source to probe the matter, the radiation inelastic scattered by samples is the Raman 
signal (stokes and anti-stokes components, see Figure 2). By the scattering process, 
the data about the vibrational modes can be extracted. Additionally, depending on the 
electronic structure of the sample, the Raman signal can be amplified by resonance 
and the vibrational states from excited states can be studied. Hence, by changing the 
laser energy, it is possible to investigate different structures of the intercalated mono-
mer and polymer. Another powerful technique arises from a synchrotron radiation 
facility. In these machines, it is possible to tune the adequate photon energy values 
in relation to a specific element absorption edge. As a result, all possible atoms in the 
sample can be investigated separately in clay or its polymer-clay material by X-ray 
absorption techniques. An X-ray absorption spectrum (XAS) is a consequence of the 
core electron excitations to molecular unoccupied states (or extended states in the case 
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  Figure 1.
  Schematic representation of T:O:T structure of smectite clay group.          

  Figure 2.
  (a) Schematic representation of ground and excited electronic states and their respective vibrational levels (the 
levels are out of scale). The arrows indicated transitions among levels. For Raman scattering, the laser line (ν0 ) 
can be inelastically scattered by molecular vibrations and produce the Raman spectra (the scattered frequency is 
composed of stokes νs  and anti-stokes νas  components). If the laser line has energy like an electronic transition of 
material, the signal can be intensified by resonance process, this is the resonance Raman effect. (b) N K XANES 
experiments must be done in ultrahigh vacuum (the pressure inside the chamber is ca. 10 −7  mbar). The measured 
signal is proportional to the absorption intensity [ 10 ,  11 ]. The arrangement used in our experiments was fully 
explained elsewhere [ 10 ,  11 ]. Schematic representation of the transitions from 1 s to π* and σ* states of a molecular 
material (the energy values are related to polyaniline in its emeraldine base form) is also displayed.          
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of solid samples). The absorption process at the N K shell (see   Figure 2  ) can be visual-
ized when the photon energy is transferred to a core electron to the atom with sudden 
changes in the absorption coefficient. The spectra show a lot of information about the 
electronic states of monomer/polymer and also the clay or other kinds of host.  

 Polymer-clay nanocomposites can exhibit better physical properties than their 
macroscopic composites. The possibility to make a real technological impact is the main 
reason for preparing new nanocomposites with clays. The polymer confinement into 
clay layers turns the polymeric chains more organized into nanoscale, as a consequence, 
this new arrangement at the molecular level creates specific supramolecular arrange-
ments with an improvement of the polymer bulk properties. Several polymers have 
been synthesized into clay galleries, such as poly(ethylene oxide), poly-(styrene), and 
conducting polymers such as poly(aniline), poly(pyrrole), poly( o -methoxyaniline), 
and poly(2-ethynylpyridine) [ 12 – 16 ]. Although many efforts have been made to develop 
nanocomposites, nowadays is very difficult to predict and control their properties. 

 Pillarized clays are materials that have permanent porosity, obtained by the intro-
duction of chemical compounds that function as molecular pillars between the clay 
lamellae, keeping them apart and giving rise to micropores. The chemical compounds 
that function as supports, or molecular pillars, between the clay lamellae are called 
pillaring agents (see   Figure 3  ). The simple introduction of the pillaring agent by ion 
exchange gives rise to intercalated clays. In our study, the Keggin ion Al 13

7+  was used to 
pillarize the MMT clay (see   Figure 3  ). The study of pillarized clays began in the 1970s 
with the global oil crisis, due to the need to search for materials potentially applicable 
in oil cracking that had larger pores than those of the well-known zeolites [ 17 ,  18 ].  

  Figure 3.
  Schematic representation of pillarization process of MMT clay. First step: ion exchange, sodium or potassium ions 
are replaced by Keggin ions Al 13  polycations ([Al 13 O 4 (OH) 24 (H 2 O) 12 ] 7+  [ 4 ]. Typically, MMT-Al 13

7+  solution can 
be prepared by a mixture of a volume of 100.0 mL of an aqueous solution containing the Al 13

7+  cation (see Refs. 
[ 17 – 19 ] for preparation of solution containing Al 13

7+  ions) with 140.0 mL of an MMT clay aqueous suspension 
(see Refs. [ 4 ,  5 ] for preparation of MMT suspension) under stirring and heated at 50°C. Afterward, the resulting 
suspension was kept under stirring and heating for another 6 h. Then, the suspension was filtered (0.22 μm 
Millipore filter), and the solid material was washed with deionized water and dried in a vacuum desiccator with 
silica gel. Second step: After intercalation, the modified clay is calcinated and there is the formation of stable 
pillars between the layers.          
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 The objective of the pillarization process is to provide microporosity to the clay, 
creating materials containing pores with dimensions complementary to those of zeo-
lites, that is, larger than 7 and smaller than 20 Å. If the pillaring agents are distributed 
homogeneously over the surface of the lamellae, a two-dimensional channel system 
will be created. It is also necessary that the clay lamella is rigid and does not bend; that 
the adsorption of pillaring agents on the external surface is negligible, and that all clay 
lamellae are pillarized [ 19 ]. 

 The pillarization process can be characterized by two main techniques: X-ray dif-
fraction (XRD) and Thermogravimetric (Tg) analysis. For instance,   Figure 4   shows 
the X-ray diffraction patterns of the Na + -MMT clay before and after the pillarization 
procedure. It is clearly noted the shift of the d 001  peak (see Table inside   Figure 4  ) of 
MMT clay occurs after the pillaring method. This displacement corresponds to an 
increase in the interlayer space of 4.5 Å, confirming the success of the pillarization 

  Figure 5 .   
  TG curves of (a) Na + -MMT and (b) PIL-MMT powdered samples. The data were acquired in a Shimadzu 
TGA-50 by using 10 o C/min heating rate and synthetic air atmosphere.          

  Figure 4 .   
  XRD patterns of powdered samples of (a) Na + −MMT and (b) PIL-MMT. Inside the figure is placed a table 
with  d  001  values observed for both samples. XRD patterns of powdered samples were obtained on a Rigaku 
diffractometer model Miniflex using Cu Ka radiation (1.541 Å, 30 kV, 15 mA, step of 0.05 o ).          
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process. Thermogravimetry analysis (Tg) can also be used to confirm the pillariza-
tion. For Na+-MMT clay, there is a loss of water up to a temperature around 100°C, 
later stabilizing up to a temperature around 650°C, when dihydroxylations occur in 
its structure (see Figure 5). In pillarized clay, there is a loss of water up to a tempera-
ture of around 250°C, when successive dihydroxylations occur whereby the pillar is 
destroyed, proving pillarization in the clay (see Figure 5).

2.  Polyaniline-pillarized montmorillonite clay: an example  
for new material

Nowadays, the preparation of polymer-clay nanocomposites or materials is an 
exemplary case of novel bidimensional materials based on clays and clay minerals that 
will warrant further applications from environmental to industrial concerns. Here, 

Figure 6. 
FT-Raman spectra of powdered samples of PANI-ES, PANI-PIL-MMT, and PANI-EB. PANI has different 
oxidation and protonation states; the emeraldine base state (PANI-EB) is in which the number of reduced 
or benzenoid units is equal to oxidized or quinoid units. The conducting form of PANI as the emeraldine salt 
(PANI-ES) has benzenoid, radical cation, and dications segments (see Scheme) [20]. FT-Raman spectra 
(1064.0 nm laser line) were acquired from powdered samples in a Bruker RFS 100/S FT-Raman spectrometer at 
room temperature (near 20°C).
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we will show an example that has been studied in our lab and can be replicated for 
many other cases.

Aniline was added to the PIL-MMT aqueous and then a suspension of An+-PIL-
MMT was polymerized with potassium persulfate. The solid material (PANI-PIL-
MMT) was then characterized by spectroscopic techniques. The FT-Raman technique 
has been used in our group for systems where the fluorescence is very high. For 
some clays and materials derived from clays, there is the presence of high intrinsic 
fluorescence, this is the case for PIL-MMT samples and derived materials. FT-Raman 
uses exciting radiation close to the infrared region (1064.0 nm) and the problem of 
fluorescence is bypassed for a major part of cases.

For instance, Figure 6 shows that there is a shift in the bands of the polymer 
obtained in the pillared clay when compared to the Raman spectrum of polyaniline 
emeraldine-salt (PANI-ES)—both obtained with exciting radiation in 1064 nm. It is 
noted that the whole spectrum pattern of PANI-PIL-MMT is like the PANI-ES, the 
highly doped PANI form, spectrum. Thus, the bands at 1179, 1329, 1372, 1515, and 
1623 cm−1 can be associated to the similar bands from PANI-ES at 1172, 1324, 1354, 
1505, and 1620 cm−1. For PANI-ES, bands from 1324 to 1354 cm−1 can be assigned to 
νC–N modes of polarons, and these νC–N bands shift to 1326–1375 cm−1 when the 
PANI-ES is submitted to mild deprotonation [21], as a consequence of the formation 
of small conjugated polarons.

However, two bands at 1487 and 1580 cm−1 in the Raman spectrum of PANI-PIL-
MMT can be related to the PANI-EB sample (deprotonated form of PANI) at 1460 
and 1586 cm−1. These bands are attributed to νC=N and νC=C of quinoid groups [21]. 
Hence, the PANI was obtained into PIL-MMT probably in a form intermediated to 
the PANI-ES and PANI-EB forms. It is important to stress that the values of bands of 
inserted PANI into PIL-MMT can also be affected by the interaction between PANI 
chains and PIL-MMT walls [22–24]. In the UV-vis-NIR (not shown), it is not noted 
PANI bands, however, this behavior is due to two major factors: low stability of PANI-
PIL-MMT aqueous suspension and low formation of PANI into PIL-MMT (despite 
visual color change of sample before and after polymerization).

3.  Conclusion and future remarks

In this brief chapter, we give an introductory overview of the use of pillarized 
MMT clay as a host for the synthesis of polymer-clay nanocomposites. Considering 
this example and many other cases related to our group, there are two central ques-
tions that are possible to address: (i) the molecular structure of the polymer is 
drastically changed inside the interlayer cavity of clay and (ii) by using the appropri-
ate synthetic or heating route is possible to change the molecular structure of the 
confined polymer. X-ray diffraction and thermogravimetry can be used in combina-
tion to confirm the successful pillarization of the montmorillonite clay. Nowadays, 
we are changing the experimental conditions to maximize the PANI formation, but 
many other systems can be prepared following this suggestion. We really think that 
the polymer-clay area has much more to be investigated. In the last two decades, our 
group has deeply studied PANI-MMT materials and derivates. These studies have 
revealed the importance of the use of advanced and complementary spectroscopic 
techniques to give a more realistic view of the molecular structure formed into 
the clay layers. The chains formed inside the clay layers can present different seg-
ments and molecular arrangements compared to the free polymer. The new Raman 
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instruments can give better Raman imaging of the samples, and open the possibil-
ity to study inhomogeneity, chemical modifications and many other aspects of the 
polymer-clay materials. In addition, new Synchrotron light sources will permit 
to study changes in these complex materials by in situ measurements, resulting in 
spectral and imaging data. These new data are crucial for better application design 
and more vast use of materials derived from polymer-clays.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Montmorillonite (MMT) is a 2:1 dioctahedral clay mineral. Due to all the 
 environmental uses, it is an adaptable clay mineral that garnered much attention. In this 
chapter, we will highlight the distinctive properties and special qualities of MMT and 
its crucial function in environmental contexts. In this chapter, we will also explore its 
remarkable adsorption powers to remove contaminants from water and its contribution 
to erosion reduction and soil stabilization. This chapter reveals through an in-depth 
examination how MMT promotes eco-friendly practices and offers effective solutions 
for reducing pollution and preserving ecological balance. Then, we merged the wide 
range of characteristics of MMT with the vast array of properties of starch biopolymer 
to prepare a nanocomposite with a high adsorption capacity. Thus, we found a large 
adsorption capacity of 341.9 mg/g with a removal rate of 97.7%. Furthermore, we will 
explore its efficacy in removing ibuprofen drug by modifying it with CTAB/ZnO nps. 
Additionally, its potential application in the electrochemical detection of NiO2

− will be 
investigated through the incorporation of TiO2 and ZnO nps on MMT.

Keywords: montmorillonite, properties, adsorption, environment, water purification, 
contaminants

1. Introduction

The MMT is a clay mineral composed of two silica tetrahedral sheets and one 
alumina octahedral sheet that make up this 2:1 layer phyllosilicate. It belongs to the 
dioctahedral smectite group. Because of its large specific area, high cationic exchange 
capacity, and indeed its high adsorption capacity and high porosity, MMT is thought 
to be as a suitable candidate for many applications. For instance, in drug delivery 
systems, MMT is employed as a pharmaceutical excipient. Its strong adsorption 
ability contributes to the improvement of drug entrapment and sustained release. In 
many formulations, MMT usually maintains medication release by firmly adhering 
to the drug molecule. Furthermore, MMT increases the rate of hydrophobic drug 
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dissolution and bioavailability [1]. It is found in various environmental applications, 
including soil remediation and water purification, and is a constituent of environ-
mentally friendly materials [2]. Thus, it is used to adsorb toxic compounds like heavy 
metals such as + + + + + + + + +2 3 2 2 2 2 2 2 2, , , , , , , ,Hg Cr Pb Cu Zn Ba Ni Mn Cd  and +Ag [3], syn-
thetic dye as methylene blue [4] and pharmaceutic compounds [5]. However, when 
compared to other adsorbent materials, MMT might have a comparatively low adsorp-
tion capability when used alone. This capability may differ based on several variables, 
such as specific surface area and capacity of cation exchange. MMT’s specific surface 
area, the ratio of its surface area to mass, has a major effect on how well it adsorbs 
different compounds. Increasing the specific surface area of MMT can significantly 
increase its adsorption capacity [6]. Furthermore, the many kinds of adsorption 
sites that are found on the surface of MMT are crucial in determining how well it can 
adsorb substances. Interestingly, certain adsorption sites in MMT draw different kinds 
of molecules, which increases the material’s capacity to adsorb organic and inorganic 
compounds [6]. Additionally, the adsorption capacity of MMT is influenced by its 
chemical composition. It is possible to significantly increase MMT’s adsorption capac-
ity through chemical changes, allowing for a wider variety of adsorbed compounds, 
as demonstrated in the context of chemical alteration [7].

It underwent an acidic treatment to enhance its specific area and then its adsorp-
tion capacity. For example, as indicated by Ravichandran and Sivasankar, MMT had 
an external specific surface area of 19.0 m2/g [6, 7]. However, after the HCl (0.7 M) 
treatment, its value dramatically increased to 188.3 m2/g [7, 8]. The treated MMT was 
then used to adsorb Pb(II), Cd(II), Cu(II), Co(II), and Ni (II) from water [8]. Adding 
nanoparticles to MMT can also enhance specific surface area by generating more 
adsorption sites and changing the structure of MMT [9]. It can be metallic nanopar-
ticles such as zinc oxide nanoparticles [10], TiO2 nanoparticles [11], etc. The modifi-
cation of MMT by organic products and polymers is another commonly used method 
for organic products, including solvents such as alcohols, ethers, and ethanol [12]. It 
can also be modified with plastic polymers such as polyethylene [13] and polystyrene 
[14] or biopolymers such as chitosan [15], starch [16], silane organic chains, alkyls, 
amines [16].

In this chapter, we will explore the diverse properties of MMT, rendering it 
indispensable across various fields. Emphasis will be placed on its intrinsic qualities, 
showcasing how this naturally occurring mineral is not only supportive of environ-
mentally friendly practices but also presents viable solutions for enhancing water 
quality, reducing pollution, and preserving nature. A detailed examination will be 
conducted, focusing on the adsorption of methyl orange dye using MMT modified 
by octadecylammonium and starch biopolymer [17], removal of ibuprofen by MMT-
CTAB/ZnO [18] np with photocatalysis methods, and electrochemical detection of 
NiO2

− by MMT-TiO2/ZnO [19], delving into the mechanisms and outcomes involved.

2. Structure of MMT clay mineral

The MMT mineral is a 2:1 phyllosilicate. It is composed of two SiO4 tetrahedral 
sheets sandwiching an octahedral sheet [20]. This mineral structure exhibits a dioc-
tahedral phyllosilicate composition wherein, among every three octahedral cavities, 
two are occupied by a trivalent cation (Al3+) [21]. Two planes of oxygen and hydrox-
ide ions organized in a compact assembly formed the octahedral sheet, delineating 
octahedral cavities—two-dimensional networks of tetrahedra form adjacent to this 
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center sheet. The assembly of octahedral and tetrahedral sheets forms a layer. The 
space between two layers is called interfoliar space. The thickness of the layer with 
interfoliar space forms the basal spacing d00l (Figure 1). MMT can be identified by a 
doubly periodic repeat of a planar lattice that is centered and has parameters ‘a’ and 
‘b’, where b = a√3. The structure has monoclinic symmetry (α = γ = 90°, β ≠  90°) 
due to the orientation of the two tetrahedral sheets and a space group C2/m [21]. 
Moreover, MMT exhibits stacking faults, including faults due to translations and 
random rotations [21]. Generally, all types of phyllosilicates have the same lattice 
parameters (a, b = a√3) and variable c parameter. This is why we always consider d001 
when referring to basal spacing.

Dioctahedral smectite is formed of an octahedral cavity layer around two SiO4 
tetrahedral layers [22]. By stacking oxygen planes, tetrahedral or octahedral cavities 
were created, resulting in tetrahedral or octahedral layers, respectively. The stability 
of the layer is maintained by the presence of cations within these cavities. MMT is a 
2:1 dioctahedral phyllosilicate in which a trivalent metal ion (Al3+) occupies two of 
the three octahedral cavities. In the tetrahedral layer (Si4+ → Al3+) or the octahedral 
layer (Al3+ → Mg2+, Mg2+ → Li+), isomorphic substitutions can occur [22]. The result-
ing layers are then negatively charged, and to maintain sheet’s electrical neutrality, 
compensating cations are placed in the distance between the layers (d00l).

The clay fraction is composed of three structural units (Figure 2): the layer (7–25 Å), 
the particle (200–1500 Å), and the aggregate (1.5–16 μm) [24]. This structuring deter-
mines two types of porosity: inter-aggregate porosity and intra-aggregate porosity.

MMT is studied and characterized at various scales using diverse methods. At the 
nanometric scale, powder X-ray diffraction (PXRD) and small angle X-ray scattering 
(SAXS) are employed to determine cation position, average of water layer, and stack-
ing modes, which can characterize MMT structure when modified with inorganic or 
organic compounds and to identify structural changes along c parameter [21].

Fourier transform infrared spectroscopy (FTIR) (500–4000 cm−1) is used to 
determine the exchange capacity ratio and the dioctahedral type of MMT. Inductively 

Figure 1. 
MMT crystal structure by VESTA software projected along (010).



Recent Advances in Montmorillonite

18

coupled plasma (ICP) is utilized to determine the chemical elements and the amount 
of oxides in MMT. Electronic microscopy is employed to identify and monitor the 
morphology of both raw and treated MMT. In fact, it enables the observation of MMT 
at the particle scale, allowing us to visualize the pores and layers [23].

3. Types of MMT

Multiple types of MMT were distinguished among them via numerous factors:

3.1 Chemical composition

The general formula for MMT is provided as follows [25]:

 ( ) ( ) ( ) +
4 2-y y 10 y 22Si Al Mg O OH , M .nH O  

The chemical composition of MMT varies slightly depending on where it comes 
from. Its characteristics may change depending on the elements or cations present 
and their concentration. Thus, when metal ions bind to the adsorption sites of MMT, 
they have the potential to replace some of the Al, Ca, or Mg cations within the MMT 
structure. This can lead to the formation of new minerals with different chemical 
compositions, subsequently influencing the color of MMT [26].

Figure 2. 
The various types of pore spaces in MMT at different scales [23].
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3.2 Geological origin

The physical and chemical properties of MMT might vary depending on the 
geological formations or mineral deposits. A naturally occurring mineral, montmo-
rillonite can be found all over the world. It was first discovered in France in 1847 at 
Montmorillon [25], hence its name. It is difficult to get a precise estimate of the total 
amount of MMT in the world. The amount of MMT in the earth is determined by a 
number of factors, such as the concentration of the mineral in the soil, the amount of 
soil that has been studied and examined, and the amount of MMT that is artificially 
produced. Furthermore, because MMT is a mineral that readily dissolves into soil, 
accurate assessment is frequently difficult. All these conditions lead to slight substitu-
tions in the tetrahedral sheet charge, with the charge varying e of 0 and 0.1. Based on 
their chemical formulae, the regions where MMT is found are listed in Table 1.

3.3 Purity and impurities

Impurities may affect texture, color, and intended uses of MMT clay minerals [27]. 
Such impurities like traces of heavy metals or other minerals like quartz and calcite, 
which are identified with XRD, could affect the MMT utilization.

4. Purification of MMT clay mineral

The purification process is very important to determine the structural formula 
before using the MMT clay mineral.

Generally, there are two stages for MMT purification: treatment with hydrochloric 
acid (HCl) and the use of NaCl (1 M). These protocols are used to ensure the removal 
of impurities completely.

The HCl titration method was used to remove CaCO3 from clay minerals, but the pH 
must not be lower than 5 as this could damage the structure of the MMT clay mineral. 
On the other hand, the NaCl purification method allows maximum dispersion of the 
mineral and removal of all impurities greater than 2 μm, as well as cationic exchange. The 
purification protocol involved dispersing 1 g of MMT in 10 ml of a 1 M NaCl solution. 
The mixture was stirred using a magnetic stirrer for 24 h and subsequently centrifuged at 
4000 rpm for 10 minutes. The cationic exchange reaction is represented as follows:

Place Chemical formula

Wyoming/USA [23] (Ca2+
0.07K+

0.01Na+
0.20)[Al3+

1.53Fe3+
0.18Mg2+

0.26Ti4+
0.01]

[Si4+
3.96Al3+

0.04]-O10(OH2)

France [26] (Ca0.14Na0.02)∑ = 0.16 (Al1.66Mg0.36Fe0.04) ∑ = 2.08 (Si3.90Al0.10) ∑ = 4.00O10 
(OH)2 1.02H2O

Choushan, Zhejiang Province 
(China) [27]

(Ca0.10Mg0.08)(Al1.51Fe3+
0.14Mg0.35)(Si4)O10(OH)2·nH2O

Gafsa (Tunisia) [24] (Si4)(Al1.1 Mg0.4 Fe0.5) O10 (OH)2 M+ (M is a compensating cation)

Grec-Ca [23] (Si3.923 Al0.077)(Al1.459 26Ti4+
0.018 Fe3+

0.039Fe2+
0.045Mg0.382) O10 (OH)2 

(Ca2+
0.18 Na+

0.03)

Table 1. 
MMT types according to geological formation.
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MMT type Basal distance d001 (Å) Ion radius (Å) Number of water layer References

MMT-Na ≃11.6–12.9 1.12 1 [9, 34]

MMT-Cs 12.35 1.17 1 [35, 36]

MMT-Cu 12.36 0.71 1 [36]

MMT-Li 14.62 0.63 2 [37]

MMT-Ni 15.08 0.72 2 [36]

MMT-Co 14.88 0.74 2 [36]

Table 2. 
Average water layer in various types of MMT.

 + +− + → − +MMT M NaCl MMT Na MCl  (1)

The recovered solid was then washed many times with distilled water to ensure the 
entire removal of chloride ions. Finally, it was dried at 60° C at 12 h.

5. Cationic exchange capacity

All or part of the compensating cations can be exchanged with those of a saline 
solution in contact with the clay mineral. This process, known as cation exchange 
capacity (CEC), can repetitively occur with various cations in the solution. In order 
to understand the characteristics of these minerals, particularly their hydration and 
dispersion properties, introducing the concept of cation exchange capacity becomes 
necessary. Thus, the unique feature of each 2:1 phyllosilicate lies in its cation exchange 
capacity, denoting the number of monovalent cations capable of substituting the 
compensating cations in a silicate to balance the electrical charge of 100 g of calcined 
mineral [23]. For soils (e.g.), the CEC represents the soil’s reservoir of fertility.

The CEC measurements are conducted using various protocols such as the titration 
method [28–30], employing ethylene diamine tetra-acetic acid (EDTA) on MMT-Na 
converted to its calcium form and subsequently reverted to its sodium form to 
measure the calcium ions that were liberated [30]. Additionally, the Hofman-Klemen 
test is employed to measure the CEC involving the loss of the entire cation exchange 
capacity of MMT saturated with a cation possessing a small ionic radius, such as 
Li (0.63 Å), after heating to 200°C due to the migration of Li cations to the vacant 
octahedral site [20, 31]. The CEC of MMT ranges between 80 and 150 meq/100 g [32].

6. Hydration and dehydration

6.1 Hydration

Investigating the hydration process in MMT is crucial to evaluate its ability to 
encapsulate pollutant molecules in its interlayer space. In fact, the hydration property 
is defined as the ability of MMT to swell in the presence of water.

The distribution of water in the MMT occurs either at the particle scale defining 
internal water that leads to the penetration of water into the layers of MMT (interlayer 
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hydration) or in the micropores (interparticle dispersion), or between particles and aggre-
gates, referred to as external water [33]. The interlayer hydration varied according to sev-
eral factors such as CEC, ionic radius of interlayer cations, pH, pressure, relative humidity 
(RH), and pH. The average number of water layer in MMT can be more than three layers 
under such conditions of RH, etc., leading to a change in basal distance [32] estimated 
through the X-ray diffraction method. In Table 2, some examples of the number of water 
layers in MMT are provided based on cation exchange and its ionic radius [32]. Meanwhile, 
the external water is estimated to have an average of 4.5 g in Wyoming-Ca [38].

6.2 Dehydration

MMT can undergo a dehydration process under specific conditions involving the 
removal of water molecules from the MMT structure through heating. The dehydra-
tion process was thoroughly examined using thermogravimetric analysis, revealing 
two distinct stages. The initial stage, occurring between 100°C and 140°C, is associ-
ated with the extraction of pore water (external water) due to the very low interaction 
energy between water molecules and the MMT structure. The second stage, observed 
in the temperature range of 500–600°C, corresponds to the dehydration of internal 
water, attributed to the high interaction energy between the water layer and cations 
[33]. Water distribution is generally conducted through the desiccation/humectation 
method. In a cycle of desiccation/humectation of MMT, the gain and loss of internal 
water molecules are quasi-reversible under certain conditions. However, it can be 
irreversible with smaller interlayer cations (such as lithium and magnesium) [37, 39]. 
The water content curve in relation to pressure exhibits hysteresis [37].

The concept of hydration and dehydration is necessary to understand the behavior of 
MMT and its application in various fields, such as water purification and soil remediation.

7. Adsorption capacity

Adsorption capacity of MMT depends on many factors such as surface area, 
swelling degree, capacity of cationic exchange, and surface charge. But sometimes, it 
must be modified to elevate adsorption properties. It can be modified with a cation by 
the addition of an ammonium or phosphonium-based surfactant to MMT, polymer 
chains, alkyl chains, amines [40, 41], grafting an organosilane [42], etc. The modifi-
cation of MMT with an organic compound results in an increase in surface area and 
facilitates the intercalation of various compounds, including nanoparticles, polymers, 
catalysis, etc. This modification enhances the potential applications of MMT in 
environmental contexts Table 3. Adsorption capacity is closely related to the surface 
area when estimating adsorption sites in MMT.

8. Surface area

Various methods have been employed to estimate and determine the surface area 
and porosity of MMT clay minerals. The absorption of methylene blue (MB) dye is 
a commonly utilized procedure [4, 49]. Surface area measurement is also conducted 
using the Brunauer-Emmett-Teller method, involving the adsorption/desorption of 
nitrogen at 77 K [50]. Furthermore, investigations into the adsorption of ethylene 
glycol are carried out. The total surface area value is estimated at 700–800 m2/g [51].
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9. Main characterization techniques of MMT clay mineral

Many techniques are used to identify and quantify MMT clay minerals. First, the 
use of powder X-ray diffraction (PXRD) is often considered the primary technique in 
an optimal strategy for MMT clay mineral identification. It relies on the application of 
X-rays to the powdered MMT clay mineral sample [25], following Bragg’s law:

 2dsin nθ λ=  (2)

where:
λ : X-ray wavelength.
n: diffraction order
d : interplanar spacing
θ : angle of X-ray incidence.
This method allows the identification of the clay mineral structure because the 

dimension of X-ray wavelength is on the order of atom dimensions (angustrum). 
It also permits the determination of the position of exchanged cations in the MMT 
structure and characterizes the stacking modes [25, 38]. Second, the identification of 
MMT clay minerals is followed by the utilization of electron microscopy techniques 
such as scanning electron microscopy (SEM) and transmission electron microscopy. 
These methods enable the visualization of MMT clay mineral morphology and track-
ing changes that occur after any modifications. They also allow the determination 
of its chemical composition with energy dispersion X-ray fluorescence (EDXRF), its 
lattice imaging with high-resolution transmission electron microscopy (HRTEM) 
in TEM, and its structure by selected area electron diffraction (SAED) in TEM. 
Additionally, Fourier transform infrared spectroscopy (FTIR) is commonly used, 
and it is based on the absorption of IR radiation by the MMT sample. This technique 
involves the vibrations of atoms that constitute the clay mineral structure. By analyz-
ing the positions of absorption bands, it is possible to detect functional groups and 
identify MMT clay minerals. With FTIR, it is easy to identify the dioctahedral type of 

Compound Method Contaminant Adsorption 
capacity

Ref.

MMT/chitosan nanocomposite Adsorption Methyl orange 123.46 mg/g [43]

Kappa-carrageenan (Car)/
sodium alginate (Alg) 
biopolymers/Na-MMT

Adsorption Crystal violet 88.8 mg/g [44]

MMT/bean starch 
nanocomposite

Adsorption Heavy metals: 
Co, Ni

Co: (94%)
Ni: 78%

[45]

MMT/TiO2 nanoparticle Photocatalyse Rhodamine B [46]

Phenanthroline/MMT composite Electrochemical 
detection

Pb [47]

montmorillonite-ZnO Electrochemical 
detection

Diltiazem 
hydrochloride 
drug

[48]

Table 3. 
Various applications of MMT in water remediation.
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MMT. It can indicate exchanged cations and efficiently determines organic interca-
lated molecules [25]. There are many other complementary techniques such as X-ray 
photoelectron spectroscopy (XPS), X-ray Absorption Spectroscopy, etc.

10.  Montmorillonite modified with octadecylammonium/starch 
composite (PSA/OMMT) for effective removal of methyl orange

The use of MMT clays to reinforce starchy matrices for packaging and wastewater 
treatment has been investigated in earlier research [52, 53]. Adding MMT modified 
with octadecylammonium cation to the porous starch matrix (PSA/OMMT) improves 
its capacity to remove dyes from aqueous solutions. This improvement is brought 
about by an increase in the specific surface area, which is made possible by better 
interactions between the organoclay and polysaccharide. These interactions increase 
the surface functionality of the composite by resulting from the exfoliation of the 
organoclay and possible hydrogen bond connection of biopolymer chains [54, 55]. 
Figure 3 provides a graphical illustration of PSA/OMMT. Prior research has investi-
gated the use of MMT clays to strengthen starchy matrices for various purposes.

The adsorption capacity of the produced PSA/OMMT composite was evaluated 
using the anionic dye methyl orange (MO).

The adsorption experiments were conducted by studying kinetic adsorption, 
isotherm adsorption, and thermodynamic adsorption, but first, many parameters 
were optimized, which are pH effect, time effect, and adsorption dosage effect.

The removal percentage and adsorption capacity experienced a notable increase 
at pH 9 with 98.5% and 189.7 mg/g [17], respectively. Consequently, pH 9 was 

Figure 3. 
Graphical representation of PSA/OMMT in MO adsorption.
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determined as the most effective pH for subsequent experiments. Next, the investiga-
tion delved into the reaction time, spanning from 5 to 90 minutes, revealing a swift 
adsorption phase within 30 minutes with a removal rate of 99.2% and an adsorption 
capacity of 198.5 mg/g. Furthermore, the study of adsorbent dosage on MO adsorp-
tion showed a maximal removal efficiency of 197.7 mg/g (with 20 mg of adsorbent). 
At those optimized, the analysis of kinetic adsorption results indicated that the PSA/
OMMT composite’s adsorption of MO fitted well with the pseudo-second-order 
model. Then, the investigation of the adsorption isotherms results demonstrated a 
high fitting to the experimental data compared to the Freundlich model and a pre-
dicted adsorption capacity close to the experimental value (344.7 mg/g) [17]. This 
result suggests a preference for a uniform monolayer adsorption behavior for MO dye 
molecules. Finally, the study of the thermodynamic effect shows that the adsorption 
of MO on the PSA/MMT is an exothermic nature. Consequently, PSA/OMMT demon-
strates significant potential as an efficient and low cost adsorbent for the treatment of 
methyl-orange-containing wastewater [17]. Table 4 presents a comparative study of 
these works and other adsorbents for the adsorption of methyl orange.

11.  The efficacy of MMT modified with CTAB/ZnO nanocomposite for the 
removal of methylene blue dye by photocatalysis

The incorporation of nanoparticles into MMT broadens its range of applications, 
especially in fields like photocatalysis and electrochemical detection. In this study, 

Figure 4. 
Graphical illustration of MMT-CTAB/ZnO nanocomposite.

Adsorbent compound Adsorption capacity (mg/g) References

Zn/Al layered double hydroxide 276.55 [56]

Biochar from grape seeds 111.11 [57]

Mesoporous carbon CMK-3 294.1 [58]

PSA/OMMT (1:10) 344.7 [17]

Table 4. 
Adsorption of MO with various adsorbents mentioned in the literature.
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MMT was modified with CTAB to increase its interlayer distance. Subsequently, ZnO 
nanoparticles are incorporated onto the surface of MMT/CTAB. Analysis of XRD, 
TEM, SEM, and Brunauer Emmett Teller (BET) results revealed an exfoliated struc-
ture and an increase in surface area, offering more adsorption sites. The as-prepared 
material exhibited a notable degradation activity, resulting in a 62% yield in degrada-
tion of methylene blue [18]. In Figure 4, a graphical illustration of MMT-CTAB/ZnO 
nanocomposite.

12.  MMT/TiO2-ZnO nanocomposite for a sophisticated detection 
system for nanomolar level of the food preservative nitrite in sugar 
byproducts

An additional important application for MMT intercalated catalysis lies in the 
determination and surveillance of toxic elements. In this study, TiO2 is employed 
as a catalysis for NiO2

− detection, but it can be susceptible to the recombination of 
electron and hole, thereby affecting the electrochemical and conductivity properties 
of TiO2. To address this issue, the addition of ZnO nps is necessary to improve charge 
transfer and catalytic efficiency. Furthermore, to limit nps agglomeration, which 
would decrease surface area, the addition of MMT was crucial. MMT also provides 
an additional adsorption site. This modification serves to immobilize ZnO nps and 
prevent their agglomeration. Figure 5 displays a graphical representation of MMT-
TiO2/ZnO nanocomposite. The obtained sensor reveals a clear limit of detection at 
0.12 nM for NO2

− and it exhibited a sensitivity of 0.78 μM−1. The sensor reveals satis-
factory precision and strong selectivity in the detection of NO2

− in commercial sugar 
byproduct samples without interference from the product’s constituents [19]. Table 5 
presents previous studies that have been utilized for the detection of NO2

− exhibiting 
a low limit of detection (LOD) when compared to MMT-TiO2/ZnO.

13. Conclusions and outlook

To wrap up, MMT is an important clay mineral that has received a lot of interest 
for its utilization, especially in environmental fields. This chapter draws attention 
to the properties of MMT, its compatibility with organic compounds, such as octa-
decylammoinum cation and porous starch biopolymer, and their application in the 
adsorption of methyl orange. It is mentioned here that the structure of MMT is based 
on an aluminum octahedral situated between two silica tetrahedral layers. Then, it 
was pointed out that there are many types of MMT that are differentiated in terms of 
their chemical composition, geological origin, purity, and impurities. Subsequently, 
this chapter highlighted the interesting properties of MMT such as high isomorphic 
substitution and cationic exchange capacity, which are measured in the range of 
80–150 meq/100 g of MMT. After that, it was pointed out that the hydratation and 
dehydratation of MMT varied according to the cation exchange in the interlayer space. 
It was found that the number of water layers estimated more than three layers for 
the MMT-Na. Another important property of MMT is the high surface area of MMT 
for about 800 m2/g, which is initiated through three current methods: methylene 
blue adsorption, ethylene glycol adsorption, and N2 adsorption/desorption (BET). 
All these properties ensure that this clay mineral is highly adaptable for adsorption 
applications.
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Thus, we mentioned the application of the adsorption of the nanocomposite MMT 
modified with octadecylammonium/porous starch (PSA/OMMT). This work merged 
the high properties of MMT and the porous starch biopolymer, which decreased 
MMT’s hydrophilicity and enhanced its adsorption capacity. Indeed, it was found 
significant adsorption of methyl orange ability as high as 344.7 mg/g, which made 
that PSA/OMMT, which synthesis essentially by MMT clay mineral, is suitable as an 
economical and effective adsorbent for treating dyeing wastewater. Furthermore, we 
have studied its effectiveness in removing the ibuprofen drug by modifying it with 
CTAB/ZnO np. Then, we explored its potential application in the electrochemical 
detection of NiO2

− by incorporating TiO2 and ZnO nps onto MMT. Thus, we find an 
impressive limit of detection equal to 0.12 nM.

It is interesting to mention that MMT and some MMT-based nanocomposites can 
be influenced by various environmental conditions such as temperature, humidity, 
and acidity. Therefore, at high temperatures, they may cease to effectively adsorb or 
photodegrade contaminants in water. On the other hand, they can degrade over time, 
reducing their durability and potentially releasing contaminants into the environment 
upon degradation. To overcome these challenges, it is necessary to optimize their 

Figure 5. 
Graphical representation of MMT-TiO2/ZnO nanocomposite.

Sensor LOD References

Chitosan (CS)/carbon paste electrode (CPE) 0.187 μg/ml [59]

AgPs-(ionic liquid)IL/CPE 3 mM [60]

Ag/Cu/MWNTs 0.2 mM [61]

(Graphene oxide)GO/SDBS/GCPE 1.89 mM [62]

Table 5. 
Determination of NiO2

− with various sensors illustrated in the literature.



Montmorillonite: Properties, Characteristics, and Its Harnessing in Environmental Applications
DOI: http://dx.doi.org/10.5772/intechopen.1004763

27

Author details

Rihem Jemai*, Ramzi Chalghaf, Saber Boubakri, Mohamed Amine Djebbi, 
Sonia Naamen, Hafsia Ben Rhaiem and Abdesslem Ben Haj Amara
Faculty of Sciences of Bizerte, Laboratory of Ressources, Materials and Ecosystem 
(RME), University of Carthage, Zarzouna, Tunisia

*Address all correspondence to: rihemdjemi@hotmail.fr

performance. MMT can be modified with non-toxic compounds, such as biopoly-
mers, to enhance its thermal, mechanical, and durability properties, thereby prolong-
ing the duration of adsorption and photodegradation of contaminants and ensuring 
biodegradation without contaminating the soil over time. Additionally, research into 
efficient and low-cost materials for industrial-scale applications is essential.
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Chapter 3

Effects of Mixing Sequence on the 
Morphological and Rheological 
Properties of Polymer-Clay 
Nanocomposites of Poly(Butylene 
Adipate-co-Terephthalate)  
and Poly(Lactic Acid) Blend
Mahin Shahlari, Bahareh Baheri and Sunggyu Lee

Abstract

The effect of sequential mixing of poly(butylene adipate-co-terephthalate) 
(PBAT) and poly(lactic acid) (PLA) with organically modified silicate layers on 
the dispersion of the organoclay particles and its effect on the morphology of the 
blended polymer clay nanocomposite (BPCN) was examined. The dispersion of the 
organoclay platelets, morphology of the blend composite, and rheological and ther-
momechanical properties of these composites with 50/50 ratio of PLA to PBAT were 
investigated using X-Ray diffraction analysis, scanning and transmission electron 
microscopy, dynamic mechanical shear test, and thermogravimetric analysis. The 
morphology of blends with 70/30 ratio of PLA to PBAT was also examined and com-
pared. The sequential mixing of the organoclay with this BPCN enhanced the level 
of clay dispersion when compared to the simultaneously blended nanocomposites. 
Larger PLA domains and better clay dispersion in PLA phase were observed when 
clay was first mixed with PLA and then subsequently mixed with PBAT.

Keywords: nanocomposite, compatibilized blend, PBAT, PLA, BPCN, property 
characterization

1. Introduction

In response to the escalating global demand for sustainable alternatives and the 
imperative to reduce the environmental impact of traditional commodity plastics, 
there has been a pronounced surge in interest in biodegradable polymers. These 
polymers, designed to naturally break down over time, offer a promising solution to 
mitigate the persistent environmental issues associated with nondegradable plastics. 
As industries and consumers increasingly recognize the importance of eco-friendly 
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materials, there is a compelling need and motivation to further develop and refine 
the properties of existing biodegradable polymers. Traditional plastics, notorious 
for their prolonged persistence in the environment, have triggered a paradigm shift 
in consumer preferences and industry practices. Biodegradable polymers present a 
sustainable pathway forward, but for their widespread adoption, they must surpass 
the performance benchmarks set by conventional plastics [1, 2].

Among the extensively studied biodegradable polymers, poly(lactic acid) (PLA) 
has gained significant attention due to its production from renewable resources 
such as corn-starch, sugar, and wheat, along with its relatively high modulus [3–8]. 
However, PLA is hindered by brittleness and a lack of flexibility. To address these 
shortcomings, blending PLA with other biodegradable polymers has been explored as 
a viable solution [9–12].

Poly(butylene adipate-co-terephthalate) (PBAT), a biodegradable polymer 
with high elasticity, is one of the polymers whose blend with PLA has been studied 
by several researchers [13–16]. The resulting blends of PLA and PBAT exhibited 
an increased elongation at break compared to PLA alone. Nevertheless, the blends 
demonstrated lower values for both modulus and strength in comparison to pure 
PLA [14]. Blends of unmodified PLA and PBAT are poorly miscible without an aid of 
a compatibilizing effect, thus exhibiting a tendency of macro-separation. Properly 
functionalized nanoparticles such as organically modified nanoclay could provide a 
needed compatibilizing effect for blends of PLA and PBAT while rendering reinforce-
ments of polymeric matrix.

Incorporating functional nanoparticles, a well-documented method for fortifying 
the modulus and strength of polymers [3, 17–19], including PLA [20], emerges as a 
strategic intervention. Therefore, to regain a high modulus for the PLA composite 
despite the softening effect of PBAT addition, nanoparticles have been compounded 
with PLA and PBAT blends [21–24].

Numerous potential applications for PBAT could find advantages in utilizing 
PBAT and PLA blend, resulting in an enhanced modulus and renewable content. 
Introducing nanoparticles not only serves to increase the blend’s modulus but also has 
the potential to increase the heat deflection temperature, thermomechanical proper-
ties, and barrier properties of the blend. Organoclay has been found to be effective to 
improve these properties in PLA composites [25–29].

In composites of polymer blends, the location of the nanoparticles can impart a 
significant effect on the final properties, therefore controlling the location of these 
particles in a blend can be a great tool in tailoring polymers with desired properties.

Principally, the dispersed location of organoclay depends on the interaction 
between the two polymers as well as the interaction of each polymer with the organo-
clay particles. However, the high viscosity of the polymers does not allow the systems 
to always reach a thermodynamic equilibrium state, and the kinetic factors involved 
in the mixing process could influence and determine the location of the particles in 
the polymer. When the polymers and the particles are added simultaneously, regard-
less of the real affinity between the polymer and the organoclay, the polymer with a 
lower melting temperature typically exhibits better interaction with particles [30]. 
Therefore, the mixing sequence of the components could have a significant effect on 
how organoclay platelets are dispersed in the blend and ultimately affect the charac-
teristics of the blend [31].

The effects of the mixing sequence on the properties of blends have been dif-
ferent from case to case. Kim et al. showed an increased degree of exfoliation of 
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the clay when poly(ε-caprolactone) was initially mixed with clay and then blended 
with poly(styrene-co-acrylonitrile) [32]. Increased heat deflection temperature and 
flexural modulus were reported when ethylene vinyl acetate (EVA) was mixed with 
organoclay and Cloisite 20A and then mixed with propylene-(ethylene-propylene) 
copolymer (PP–EP) [33]. Dasari et al. observed that for a blend of Nylon66 and 
maleated styrene-ethylene/butylene-styrene block copolymer (SEBS-g-MA), the 
best impact strength was achieved when Cloisite 30B was mixed with Nylon66 first 
[34]. Tao et al. studied the migration behavior of carbon nanotubes (CNTs) within 
a co-continuous poly(lactic acid)/poly(ε-caprolactone) (PLA/PCL) blend when 
pre-compounding CNTs in one phase and controlling the mixing time. Enhanced 
viscosity compatibility between the two polymer phases led to a reduction in the size 
of the respective phases. Specifically, composites subjected to premixing of PCL/CNT 
followed by the introduction of PLA under low shear stress conditions demonstrated 
a reduction in the size of the individual phases [35].

On the other hand, some studies showed better properties were achieved by the 
simultaneously blended composites [36, 37]. Vo et al. reported the highest mechanical 
properties for Cloisite 30B simultaneously compounded with polyvinylidenefluoride 
(PVDF) and nylon 6 with Cloisite 30B mostly dispersed in Nylon 6 and some located 
at interface. The location of the particles was claimed to be responsible for inhibited 
coalescence of the dispersed phase [36]. In some studies, the mixing order did not 
cause a significant effect [38–40].

To investigate the interaction of the organically modified clays with the PBAT and 
PLA blends and to study the effect of the mixing sequence on the dispersed location 
of the nanoclay particles, a series of experiments were designed that considered the 
mixing sequence to be a main factor. Clay was first mixed with either PBAT or PLA; 
then, the second polymer was blended with the compound. In one set of samples, 
clay was dry-mixed with the two polymers prior to melt-mixing. The morphology 
and rheological properties of the blends were analyzed to determine any significant 
changes that may occur because of varying the mixing order. The transition of the 
particles from one polymer to the other was studied as well.

2. Experimental

2.1 Materials

The PLA used in this study was a product of NatureWorks LLC (United States), 
PLA 4042, with a density of 1.24 g/cm3, glass transition temperature of 52–58°C, and 
melting temperature of 150°C. The structure of this polymer is shown in Figure 1.

The PBAT was a BASF product marketed as Ecoflex® FBX 7011, with a mass 
density of 1.25–1.27 g/cm3, glass transition temperature of about −29°C, melting 
temperature of 115°C, and melt flow rate of 3.3–6.6 g/10 min at 190°C and 2.16 Kg 
[41]. The structure of this polymer is shown in Figure 2.

The organically modified nanoclay, Cloisite 30B, was supplied by Southern Clay 
Products Corporation. Cloisite 30B is montmorillonite (MMT)-type clay. Based on 
the technical data sheets of Southern Clay Products, Inc., Cloisite 30B was modified 
by methyl, tallow, bis-2-hydroxyethyl, and quaternary ammoniums. The amount of 
surfactant for Cloisite 30B is 90 meq/100 g. Tallow is a mixture of octadecyl, hexa-
decyl, and tetradecyl with octadecyl as the major component [42].
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2.2 Sample preparations

Both the polymer pellets and the organoclay particles were dried in a vacuum oven 
for 12 hours at 65°C to reduce the chance of hydrolytic degradation during processing. 
The compounds were prepared in a Rheomix batch mixer (Haake Inc.) at a constant 
speed of 30 rpm at 190°C.

For one set of samples, clay was mixed with PBAT or PLA for 5 minutes before the 
second polymer was added and melt-blended for an additional 5 minutes. Another set 
was prepared by mixing clay for 10 minutes with the melt of the two polymers, which 
had been dry-mixed prior to melt mixing. The PBAT/PLA ratios considered here 
were 50/50 and 70/30. This work carried out the sequential mixing in a batch system; 
however, the process is transferable to an extrusion system by first compounding each 
polymer separately with organoclay and then blending the pelletized composite with 
the neat blend in the extruder.

The samples are named by the ratio of the first polymer mixed with organoclay fol-
lowed by the letter B representing Cloisite 30B and its weight percentage in the blend. 
Therefore, 50PLA/B3 would be a blend in which the ratio of PLA to PBAT is 50/50 and 
PLA is first mixed with 3 wt.% Cloisite 30B and 70PLA/B3 would be a blend with the 
ratio of PLA to PBAT of 70/30 with similar clay content and mixing procedure.

2.3 Characterization

The X-ray Diffraction (XRD) analyses were carried out using a Philips X-Pert 
diffractometer at ambient temperature with Cu Kα radiation with wavelength of 
0.154 nm, voltage of 45 kV, and current of 40 mA. The scanning step was 0.03 
degrees, and the time per step was 10 seconds. The samples used for XRD were 
molded using a hydraulic hot-press. The interlayer spacing (d-spacing) of each sample 
was determined from the angular location of the peaks caused by the basal reflection 
of the repetitive 22 structure of the silicate layers using the Bragg’s relationship [43]. 
In case of complete exfoliation of the silicate layers, no peak should be observed. 
However, the lack of a peak is not a certain indication of exfoliation. The shift of the 
characteristic peak to lower angles results in higher calculated d-spacing for the clay 
and is attributable to the intercalation of the silicate layers [43].

The thermomechanical properties of the molded compounds were tested using 
a Dynamic Mechanical Thermal Analyzer (DMTA) IV from Rheometric Scientific 

Figure 1. 
PLA structure.

Figure 2. 
PBAT structure.
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Inc., and Rheometric Orchestrator software was used to operate the instrument and 
analyze the data. A dynamic strain sweep test was conducted prior to these tests to 
ensure that the applied strain was within the linear viscoelastic region for the blends. 
Dynamic temperature ramp tests were then conducted using a three-point bending 
fixture at a frequency of 1 s−1 and a constant strain of 0.1%. The storage and loss 
moduli were acquired while the specimens were heated from 30–100°C at a rate of 
2°C/min. Five specimens were tested for each sample set.

Scanning Electron Microscopy (SEM) was performed using a Hitachi S4700 
FESEM. The samples were immersed in liquid nitrogen and then fractured. 
Subsequently, they were sputter-coated with gold-palladium. An accelerating voltage 
of 5 kV was used to avoid charging accumulation on the sample surface, and a short 
working distance of 3–5 mm at ultra-high resolution mode was adopted to ensure 
vivid images. The lack of a selective solvent for these two polymers prevented etching 
the samples prior to SEM imaging [42].

Transmission Electron Microscopy (TEM) analysis was performed using a JEOL 
JEM-1400 with an accelerating voltage of 120KV. Specimens were cryomicrotomed to an 
average thickness of 70 nm. The TEM pictures were taken using a Gatan 2K×2K digital 
camera. The images were analyzed using Image J software. TEM images make it possible 
to evaluate the dispersion of silicate layers in the blend and to identify their location.

The Thermogravimetric Analysis (TGA) was performed using Netzsch STA 409C/
CD with a nitrogen flow rate of 20 ml/min. The samples were heated to 500°C at a linear 
rate of 10°C/min. Approximately 100 mg of grinded compound was used as a sample.

3. Result and discussion

3.1 XRD analysis

An X-ray diffractometry (XRD) analysis was used to investigate the dispersion of 
the organoclay within the blends. The basal reflection of the repetitive structure of 
the silicate layers (if the latter are not completely exfoliated) creates low-angle peaks 
corresponding to the interlayer spacing of the silicate layers.

Figure 3 shows the XRD diffraction pattern of the sequentially mixed blends. The 
interlayer spacing of the samples is determined from the angular location of the peaks 
using the Bragg’s law. The XRD peak positions and interlayer spacing of 5050pre-
mixed/B3, 50PLA/B3, and 50PBAT/B3 samples are shown in Table 1. If the peaks 
are assumed to be related to (001) plane, n = 1, the spacings for all three compounds 
would be lower than 1.88 nm, the original d-spacing of the Cloisite 30B. This decrease 
in the space between the layers, although less likely, can be attributed to the degrada-
tion of some of the methyl, tallow, bis-2-hydroxyethyl, and quaternary ammonium 
present as the organic modifiers in Cloisite 30B.

Sample 2θ° Interlayer spacing(nm)

5050premixed/B3 5.271 3.35

50PLA/B3 5.167 3.42

50PBAT/B3 5.141 3.44

Table 1. 
XRD peak positions and interlayer spacing of 5050premixed/B3, 50PLA/B3, and 50PBAT/B3 samples.



Recent Advances in Montmorillonite

38

The interlayer spacing of the samples did not indicate a significant difference 
between the two sequentially mixed samples, but the premixed sample showed a 
smaller d-spacing compared to the other two samples. As will be explained later in the 
TEM analysis section, the premixed samples showed a higher content of organoclay 
tactoids and agglomerates. The agglomerates could locally concentrate the heat and 
expedite the degradation of the organic modification in the premixed blend.

3.2 Rheological analysis

The rheological behavior of a polymer system is directly affected by the microstruc-
ture and properties of the particles that compounded with the polymer. Due to this fact, 
it is possible to evaluate the particle’s relative dispersion state in the matrix [44, 45].

As shown in Figure 4, at low frequencies, the shear storage modulus (G’) and shear 
loss modulus (G”) of clay-containing blends showed a large increase compared to those 
of the neat blend. The lowest storage and loss moduli among clay-composites were 
observed for the premixed samples, as the storage modulus of 50PBAT/B3 and 50PLA/
B3 at lowest frequency were 205% and 123% higher than that of the premixed composite. 
The higher storage and loss modulus in the sequentially mixed blends could be due to the 
greater level of clay dispersion in this blend. The rheological properties are highly depen-
dent on the population (i.e., number) of particles dispersed per volume of the matrix.

In general, polymers in a melt state show a storage modulus larger than their loss 
modulus. As shown in Figure 4, unlike the neat blend, the loss moduli of the clay-
containing blends were lower than the storage moduli at low frequencies. In addition, 
at lower frequencies, the slopes of the storage moduli graphs were reduced signifi-
cantly, indicating less dependence on frequency. In nanocomposites, the storage 
modulus higher than loss modulus, in addition to a plateau for storage modulus at low 
frequencies, indicates solid-like behavior [46].

The storage modulus for both sequentially mixed samples had a higher value than the 
loss modulus at any frequency. The 5050premixed/B3 sample showed a G’/G” crossover 
point indicating transition to liquid-like behavior at higher frequencies for this melt. This 
observation in addition to larger dependence of the storage modulus on frequency (larger 
slope) for the premixed blend is an indication of the lower number of particles dispersed 
in this blend and higher level of agglomeration as mentioned above. At high frequencies, 
different samples showed similar moduli due to the short response time [45].

Figure 3. 
XRD patterns of (a) 5050premixed/B3, (b) 50PBAT/B3, and (c) 50PLA/B3.



39

Effects of Mixing Sequence on the Morphological and Rheological Properties of Polymer-Clay…
DOI: http://dx.doi.org/10.5772/intechopen.1004764

3.3 Organoclay dispersion

To determine the clay dispersion degree, and study the morphology of the blends, 
the TEM images of the samples were analyzed. In these images, PLA appears as the 
lighter phase and PBAT is the darker one (Figure 5). In all the blends with 50/50 ratio, 
exfoliated, intercalated, and agglomerated clay platelets were observed. However, in the 
premixed blend, large clay tactoids and agglomerates and fewer exfoliated/intercalated 
clay platelets were detected than the sequentially mixed samples.

The large clay tactoids observed in the premixed samples were mainly located 
in the PLA phase. This could be due to the low affinity of PLA to the organoclay 
[21]. On the other hand, since PBAT is being processed at a temperature more than 
50°C above its melting temperature, it has a lower viscosity than PLA in this blend. 
Therefore, PBAT forms the matrix in 50/50 ratio as is generally known for polymer 
blends with large viscosity differences [6]. Therefore, the shear applied is signifi-
cantly different for each phase. As the premixed polymers melt, some of the tactoids 
originally located in the PLA phase might not get exposed to a large enough shear. 
As PLA phase goes through successive breakups, some of the tactoids are broken 
and dispersed, but there is a chance that a few tactoids would be preserved in the 
PLA phase.

In the sequentially mixed samples, clay particles were located at the blend’s inter-
face as well as in both phases of the blend despite organoclay’s initial mixing solely 
with one of the phases. This indicates the transition of the particles from one phase to 
the other.

Due to the large contrast between the two phases in the TEM images, it is difficult 
to detect the clay platelets in the PBAT phase, and only agglomerates are detectable 
in PBAT matrix, which itself is an indication of the migration of the particles form 
PLA phase to PBAT. Due to this limitation in addition to the key role the organoclay 
particles can have on the PLA phase properties, the TEM study was focused on the 
dispersion of the clay platelets in the PLA.

Figure 4. 
Storage modulus (G’) and loss modulus (G”): 5050PBAT/PLA, 5050premixed/B3, 50PBAT/B3, and 50PLA/B3 
composites.
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Only few groups have studied the mechanisms of particles’ transition from one phase 
to another [30, 47]. The migration of particles from matrix to the droplets occurs through 
the collision of the particles with the droplets. The solidity and the small size of the 
particles help the drainage of the matrix polymer between the particle and the droplets. 
Also based on their studies, the transition of the particles from the droplets to the matrix 
is possible as the particles can be moved by the internal flow inside the dispersed phase 
to the boundary and pass through the interface if the interfacial forces are in favor for the 

Figure 5. 
TEM micrographs of the sequentially mixed blends, (a) and (b): 50PLA/B3, (c) and (d): 50PBAT/B3, and (e) 
and (f): 5050premixed/B3. (b), (d), and (f) images have higher magnification. The lighter phase is PLA and the 
darker phase is PBAT [42].
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transition. Another possibility for particles transfer is through coalescence of the dis-
persed phase droplets. However, this mechanism has not been studied specifically [47].

In considering the transition of the organoclay particles from PBAT to PLA drop-
lets in the 50PBAT/B3 composites, the uneven accumulation of particles in the PLA 
phase could be an indication of the coalescence as the main mechanism for migration 
of the particles from the PBAT phase to PLA (Figure 6). As the PLA droplets collide, 
the organoclay concentrated at the interface gets trapped between the droplets and 
locates inside the bigger droplet that is formed (Figure 6a). The schematic illustration 
of the organoclay transfer from PBAT matrix to the PLA phase is shown in Figure 7.

In 50PLA/B3, since clay was first mixed with PLA, the organoclay platelets were more 
evenly dispersed in the PLA phase compared to the 50PBAT/B3 blends (Figure 6(b)). 
However, organoclay aggregates were observed in both phases and at the interface.

The overall better dispersion of the silicate layers in the 50PLA/B3 and 50PBAT/
B3 than the premixed blend suggests that higher level of dispersion for clay can 
be achieved when it is mixed with a single polymer at a time than mixed with two 
polymers simultaneously.

Figure 6. 
Dispersion of the organoclay particles in the PLA phase. (a) 50PBAT/B3 and (b) 50PLA/B3. The lighter phase is 
PLA and the darker phase is PBAT [42].
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3.4 Morphology

To compare the dispersed phase sizes of the three samples, the area of the PLA 
domains was measured, and the measurements were divided into 4 ranges. The frac-
tion of area in each range was calculated in order to better illustrate the size distribu-
tion of the PLA domains in each sample. These data are reported in Table 2, and the 
size distribution of the PLA phase is illustrated in Figure 8. Among the three sets of 
samples, the largest PLA domains were observed in 50PLA/B3, whereas the smallest 
PLA phase sizes were observed for the premixed samples. The kinetic factors involved 
in the 50PLA/B3 system and the effect of the organoclay particles in hindering the 
breakup of the PLA phase resulted in large and partially continuous PLA domains. 
The organoclay platelets can obstruct the breakup process by creating a network 
structure inside the dispersed phase, which would resist breakup of the droplet [48]. 
The clay platelets can also reduce the mobility of the polymer chains [49].

The SEM images of the 70PLA/B3 and 30PBAT/B3 are shown in Figure 9. A semi-
continuous structure for PLA was observed for 70PLA/B3 blend unlike the 30PBAT/
B3 one. To further detect the level of co-continuity in the 70PLA/B3 blend, TEM 
images of the former blend were acquired, which showed the continuity of each phase 
to be considerable (Figure 10).

Since the numerical ratio of the two polymers was kept the same in the 70PLA/B3 
and 30PLA/B3 samples but the continuity was not observed in the latter samples, the 
ratio of the two polymers is not a significant factor in forming the semi-co-continuous 
morphology. The effect of organoclay’s presence on the morphology of the PLA 

Maximum PLA Domain (area) (μm2) Overall Average (μm2)

50PLA/B3 123.94 5.26

50PBAT/B3 13.24 1.59

5050premixed/B3 9.16 0.95

Table 2. 
Effect of mixing sequence on the PLA domain size. Maximum and overall average of the PLA phase area in the 
50PLA/B3, 50PBAT/B3, and 5050premixed/B3 (obtained from TEM images).

Figure 7. 
Schematic illustration of organoclay transfer from the PBAT matrix to the PLA dispersed phase.
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phase, as was explained for the 50PLA/B3 samples, and the effect of the particles in 
stabilizing the kinetic factors introduced through the mixing procedure are likely the 
reasons for the observed continuity. Figure 10b shows the TEM image of 70PLA/B3 
in a larger magnification, which makes it possible to observe some of the clay platelets 
forming a network structure in this phase. Several studies have shown formation of a 

Figure 8. 
Size distribution of PLA particles in the 50PLA/B3 (PLA), 50PBAT/B3 (PBAT), and 5050premixed/B3 
(premixed). The units for size ranges are μm2.

Figure 9. 
SEM images of blends with PLA/PBAT ratio of 70 to 30: (a) 70PLA/B3, (b) 30PBAT/B3 [42].
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co-continuous morphology with assistance of organoclay particles [48, 50]. A sche-
matic morphology of 70PLA/B3 blend and the effect of clay network on formation of 
co-continuous morphology has been illustrated in Figure 11.

3.5 Thermal analysis

Thermal stabilities of the samples with a 50/50 ratio were analyzed using TGA 
instrument. Figure 12 shows the weight loss of these samples when heated to 500°C 
as well as the degradation graphs of neat PLA and PBAT for comparison. As shown, 
the PLA degradation occurs prior to PBAT. Therefore, the temperatures reported for 
up to 10% weight loss in Table 3 should be explained with regard to PLA’s degra-
dation. A 1% weight loss did not occur till the temperature reached 272.53°C for 
50PLA/B3, 279.89°C for 50PBAT/B3, and 287.1°C for the 5050premixed/B3 sample. 

Figure 10. 
TEM images of 70PLA/B3 at two magnifications. (a): 1 μm and (b) 200 nm. The lighter phase is PLA and the 
darker phase is PBAT [42].

Figure 11. 
Schematic illustration of the effect of clay network on the morphology of 70PLA/B3 sample. Organoclay network 
enhances the continuity of the phase. The lighter phase is PLA and the darker phase is PBAT.
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A similar trend was observed in the 5 and 10% weight loss temperatures as the lowest 
stability was observed for the 50PLA/B3, and the 5050premixed/B3 blend showed 
the highest temperature for the onset of degradation.

The degradation trend of the samples relates directly to the level of clay disper-
sion in the PLA phase. As it was explained earlier, the premixed samples showed 
the lowest clay dispersion, which shows the highest temperature for the onset of the 
degradation. The PLA phase of the 50PLA/B3 sample contained the largest content of 
dispersed organoclay and showed the lowest thermal stability.

Paul et al. [51] evaluated the hydrolytic degradation of PLA nanocomposites and 
observed the presence of organoclay accelerated the degradation of PLA. The highest 
degradation was observed in samples containing unmodified clay, which could be 
explained by the higher hydrophilicity of the particles. This could lead to an overall 
conclusion that clay’s role in the acceleration of the degradation of PLA could be from 
the greater absorption of water by these particles [52, 53].

4. Conclusion and outlook

The increasing global demand for sustainable alternatives has led to a growing 
interest in biodegradable polymers as a solution to mitigate the environmental impact 
of traditional plastics. However, the field faces significant challenges, especially in 
enhancing the performance of biodegradable polymers to exceed conventional plastic 

Figure 12. 
Thermal degradation of PLA, PBAT, 50PBAT/B3, 50PLA/B3, and the 5050premixed/B3 samples.

Weight Loss %
Temperature (°C)

50PBAT/B3 50PLA/B3 5050Premixed/B3

1 279.89 272.53 287.10

5 334.46 331.74 338.73

10 346.19 345.63 348.89

Table 3. 
Thermal degradation of 50PBAT/B3, 50PLA/B3 and the 5050premixed/B3 samples.
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benchmarks. Among these, poly(lactic acid) (PLA) stands out for its renewable 
sourcing but is hindered by brittleness, prompting study into blending with other 
biodegradable polymers such as poly(butylene adipate-co-terephthalate) (PBAT). 
Despite promising results in increased elongation, challenges persist, with blends 
demonstrating lower modulus and strength than pure PLA. The incorporation of 
organically modified nanoclay as a compatibilizing agent suggests a practical solution 
to overcome these limitations. However, the dispersion of nanoparticles within the 
blend, influenced by polymer–polymer interactions and mixing sequences, poses a 
significant challenge. Achieving a thermodynamic equilibrium state becomes difficult 
due to the high viscosity of polymers, affecting the location of organoclay particles 
and, consequently, the final properties of the blend. Understanding the complicated 
dynamics of mixing sequences is crucial for tailoring polymers with desired proper-
ties, making this an important area for further research in the field.

This work investigated the effect of sequential mixing of organically modified 
silicate layers on the rheology, morphology, and thermal properties of PBAT and 
PLA blends. The TEM results exhibited partial dispersion of the silicate layers in the 
blend. The premixed samples achieved the lowest level of clay dispersion among the 
samples studied. Better dispersion of the silicate layers in the 50PLA/B3 and 50PBAT/
B3 indicates that a higher level of dispersion for clay can be achieved when it is mixed 
with a single polymer than when mixed with a blend of two polymers.

For blends with 50/50 ratio, solid-like behavior was observed in the melt state 
for the sequentially mixed composites but not for the premixed one. The rheological 
data are consistent with the quality of dispersion observed in the TEM images as the 
premixed blend showed the worst dispersion of the clay platelets and the lowest stor-
age and loss modulus with highest dependence on the frequency.

Larger PLA domain sizes were detected in the 50PLA/B3 sample among the 50/50 
ratio blends due to its partial continuity of the PLA phase dispersed in the PBAT 
matrix. Both phases were partially continuous in the 70PLA/B3 sample.
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Pentachlorophenol) by Adsorption 
Using a Bentonite-CTAB
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Mohammed Mansori, Mourabit Fouad, Amin Salhi 
and Hassan Amhamdi

Abstract

Bentonite clay modified with cetyltrimethylammonium bromide (CTAB) has 
been investigated as an effective adsorbent for the removal of bisphenol A (BPA) 
and pentachlorophenol (PCP) from aqueous solutions. The adsorption performance 
of Bentonite-CTAB was evaluated by conducting batch adsorption experiments 
under different conditions. The adsorption isotherms of BPA and PCP on Bentonite-
CTAB (BT-CTAB) were analyzed using the Langmuir and Freundlich models. The 
Langmuir model provided a better fit to the experimental data, suggesting the 
presence of monolayer adsorption. The adsorption kinetics of BPA and PCP on 
Bentonite-CTAB were studied using pseudo-first-order and pseudo-second-order 
models. The results indicate that the adsorption process follows pseudo-second-
order kinetics, suggesting that the adsorption is controlled principally by chemisorp-
tion. Equilibrium time for both pollutants was achieved within 30–40 min. The 
results of adsorption studies indicated that Bentonite-CTAB exhibited excellent 
adsorption capacity for bisphenol A and pentachlorophenol. The high surface area 
and presence of active sites on Bentonite-CTAB favored adsorption of pollutants 
from aqueous solution. The adsorption process adopted pseudo-second-order 
kinetics, indicating the involvement of chemisorption. the adsorption isotherms 
of BPA and PCP on Bentonite-CTAB were analyzed using the Langmuir and 
Freundlich models. The Langmuir model provided a better fit to the data, suggesting 
monolayer adsorption.

Keywords: bisphenol A, pentachlorophenol, bentonite, BT-CTAB, adsorption
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1. Introduction

Adsorption, a technique commonly used to remove pollutants from contaminated 
water sources, including phenolic compounds, has gained in popularity. Bentonite, 
a clay mineral known for its high surface area and adsorption capacity, has been 
widely studied for its potential in adsorption processes. However, the pure form of 
Bentonite may have limitations in effectively adsorbing phenolic compounds, lead-
ing researchers to explore modifications to its surface properties using surfactants. 
Cetyltrimethylammonium bromide (CTAB), a cationic surfactant commonly used to 
modify clay minerals, showed promise in improving the adsorption performance of 
Bentonite. By enhancing hydrophobic interactions and increasing surface area, the 
addition of CTAB has improved the adsorption of phenolic compounds.

Recent studies have focused on the use of the Bentonite-CTAB composite for the 
adsorption of phenolic compounds. For example, Khenifi et al (2009) investigated 
removal of 2,4-dichlorophenol (2,4-DCP) from aqueous solutions by Bentonite CTAB 
and observed a significantly higher adsorption capacity. The improved performance 
was attributed to enhanced hydrophobic interactions and increased accessibility of 
phenolic compounds to the surface of the modified clay [1]. Similarly, Noufel et al. 
(2020) examined the adsorption of bisphenol A with a Bentonite-CTAB composite, 
reporting a substantial improvement in removal efficiency over pure Bentonite [2].

The use of modified Moroccan bentonite is highly effective in removing pollutants 
and improving water quality [3, 4], Bentonite used as a coagulant has a basic pH prob-
ably due to the presence of potassium feldspar and calco-sodium. Coagulant/benton-
ite mixtures in surface water clarification have very important consequences [5–7].

This study aims to evaluate the removal efficiency of phenolic compounds such as 
bisphenol A and pentachlorophenol using a Bentonite-CTAB composite. By manipu-
lating experimental conditions and conducting batch adsorption experiments, 
various factors influencing the adsorption process, as well as adsorption capacity 
and kinetics, will be evaluated. Isothermal and kinetic models will be used to better 
understand the adsorption mechanism and identify the steps that control the rate. 
This study will provide valuable information on the performance and optimization of 
the Bentonite-CTAB composite for the removal of phenolic compounds.

2. Methodology

2.1 Bentonite-CTAB preparation

The synthesis procedure for the Bentonite-CTAB modification:

• Activation of Bentonite: Add 50 g of bentonite sample and 12% hydrochloric acid 
solution (HCl) to the beaker to completely cover the bentonite and stir the mix-
ture at 60°C for 4 h to activate. Centrifuge the mixture to separate the activated 
bentonite from the supernatant, discard and save the supernatant. Neutralize the 
activated bentonite, add 10% sodium hydroxide solution (2.5 mol/L) (NaOH) to 
neutralize, stir the mixture and repeat the neutralization step until the bentonite 
is neutral. The neutralized bentonite is washed 4–5 times alternately with deion-
ized water and neutralized with ethanol. dry the final sample at 80°C and store it 
for later use.
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• Preparation of CTAB solution: 10 g of CTAB add it to a volume of deionized 
water to dissolve the CTAB while stirring, continue stirring until a homogeneous 
solution is obtained.

• Modification of Bentonite with CTAB: Take 20 g of the activated Bentonite, 
add 700 mL of distilled water and stir the mixture at 25°C for 4 h to completely 
hydrated the bentonite, Defined volume (500 mL) of 6 g/L CTAB solution was 
slowly added to the above mixture at 60°C continue stirring for 4 h, wash the 
sample with distilled water three times to remove residual CTAB, repeat the 
washing step until a 0.1 mol/L silver nitrate solution,used to detect precipitation, 
shows no precipitation in the washing solution, dry the final modified sample at 
80°C, store the modified Bentonite-CTAB for later use.

2.2 Bisphenol A (BPA) and Pentachlorophenol (PCP)

See Table 1

2.3 Determination of contaminant concentrations in waste water

A 10 ml sample of the pollutant was placed in a quartz cuvette and analyzed using 
a UV-VIS spectrophotometer. To determine the concentrations of bisphenol A (BPA) 
and pentachlorophenol (PCP) after each experiment, calibration curves for BPA 
and PCP were first set up. Six different concentrations of pure BPA and PCP were 
prepared, and their absorbance values were measured using a UV-Vis spectrometer at 
their respective wavelengths of maximum absorption (λ max = 276 nm for BPA and 
320 nm for PCP). The maximum absorbance values obtained were plotted against 
each concentration of BPA and PCP. Based on this plot, the concentrations of BPA and 
PCP present in the wastewater sample were calculated.

2.4 Batch adsorption study

Batch experiments were conducted to assess the adsorption efficiency of 
Bentonite-CTAB for the removal of Bisphenol A (BPA) and Pentachlorophenol 
(PCP). A BPA and PCP solution was prepared by dissolving a specific quantity of 
solid in deionized water at a concentration of 1 g/L.

Proprieties BPA PCP

Chemical formula C15H16O2 C6HCl5O

Molar mass 228,28 g/mol 266.35 g/mol

Water solubility 120–300 mg/l at pH 7 0.020 g/L at 30°C

Melting point 158°C 190°C

Boiling point 250–252°C 310°C

Vapor pressure 5 × 10−6 Pa (25°C) 0.0001 mmHg (25°C)

Table 1. 
Properties of BPA and PCP.
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Adsorption experiments were performed by adding a fixed amount of 0.1 g of 
Bentonite-CTAB adsorbent to a series of 100 ml Erlenmeyer flasks containing 50 ml 
of the BPA and PCP solutions. The flasks were then stirred until equilibrium was 
attained. At specified time intervals, 10 ml samples were collected and filtered to 
eliminate any residual adsorbent present in the solution. The concentrations of the 
liquid samples were subsequently analyzed using a UV spectrophotometer (Rayleigh, 
UV-1800) at the maximum wavelength of BPA and PCP.

Several parameters were considered to study their influence on the adsorption 
capacity. These parameters included contact time (ranging from 10 to 120 min), 
initial concentration of the BPA and PCP solution (ranging from 10 to 100 ppm), pH 
values (ranging from 3 to 11), and temperature (ranging from 25 to 65°C).

To determine the adsorption capacity of Bentonite-CTAB for BPA and PCP, batch 
adsorption experiments were conducted. The concentration of BPA and PCP were 
determined using ultraviolet-visible spectrophotometry. The adsorption capacity (qe) 
of BPA and PCP on Bentonite-CTAB were calculated using equations (1):

 
( )i f

e

C -C
q =V ×

w
 (1)

Eq. (1) determines the equilibrium adsorption capacity (qe) of Bentonite-CTAB 
for the BPA and PCP solution based on the volume (V), initial and final concentra-
tions (Ci and Cf), and the mass of the adsorbent (m).

These equations allow for the quantification of the adsorption performance of 
Bentonite-CTAB for BPA and PCP and facilitate the assessment of different experi-
mental conditions on the adsorption process.

3. Discussion

3.1 Adsorption studies of Bentonite-CTAB

3.1.1 Adsorption kinetics experiments

Adsorption kinetics is an important parameter for understanding the mechanism 
of BPA and PCP adsorption onto the adsorbent surface. Batch adsorption versus time 
data using a fixed dose of adsorbent 0.1 g at 25°C were used for kinetic modeling of 
BPA and PCP with an initial concentration of 1000 mg/L.

Therefore, 30 min for BPA and 40 min for PCP, a contact time sufficient to 
reach adsorption equilibrium, was chosen for further adsorption studies. To study 
the adsorption kinetics, pseudo-first-order and pseudo-second-order models were 
applied to the experimental data in Figure 1. Correlation coefficients and adsorp-
tion kinetic parameters are summarized in Table 2. These results indicated that the 
adsorption of BPA and PCP on BT-CTAB can be explained by pseudo-second-order 
kinetics.

Contact time is an important parameter in the adsorption process. As shown in 
Figure 2, the adsorption of BPA and PCP on Bentonite-CTAB changes with increas-
ing contact time. The results show that the rate of adsorption is initially high and 
then gradually slows down until equilibrium is reached. The adsorption capacities of 
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BPA and PCP are very high, about 248 mg/g and 233 mg/g respectively. Adsorption 
equilibrium is reached in 30 min for BPA and 40 min for PCP, a study conducted by 
Ahari et al. in 2020 demonstrated that equilibrium sorption of chlorophenols onto 
geosynthetic clay liners’ geotextile was achieved after 72 h [8].

Figure 1. 
Pseudo first order (a), Pseudo second order (b).

Model Equation Value of parameters

BPA PCP

Pseudo-first-
order

( )− = − ∗1ln lne t eq q q k t qe,cal (mg/g)
k1 (min−1)

R2

56.36
0.0002

0.74

qe, cal (mg/g)
k1 (min−1)

R2

79.73
0.0003

0.83

Pseudo-second-
order

= + ∗
× 2

2

1 1
e e e

t t
q k q q

qe,cal (mg/g)
k2 (g/mg/min)

R2

256.41
0.0022

0.99

qe, cal (mg/g)
k2(g/mg/min)

R2

243.90
0.0014

0.99

Table 2. 
Kinetic model parameters for the adsorption process.

Figure 2. 
Influence of contact time on adsorption of BPA and PCP.
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Table 2 shows the experimental and calculated parameters for the pseudo-first-order 
and pseudo-second-order equations. The R2 values of the pseudo-first-order model 
showed no consistent trend, and the experimental qe values (qe, exp) did not agree well 
with the calculated values (qe, cal) obtained from the linear plots. This indicates that the 
resulting adsorption of the two contaminants on all adsorbents does not follow a pseudo-
first-order kinetic model. However, all R2 values obtained from the pseudo-second-order 
model are close to 1, and the experimental q-values and the calculated values obtained 
from the linear plots are in good agreement. These results suggest that the second pseudo-
order model better describes the experimental data. According to previous studies, the 
second pseudo-order model assumes that the rate-limiting step is the chemical bonding 
process in which electrons are shared or exchanged between adsorbent and adsorbate.

3.1.2 Adsorption isotherm experiments

Experimental equilibrium adsorption data for BPA and PCP on Bentonite-CTAB 
were modeled using Langmuir and Freundlich isotherms. A comparison of the 
experimental BPA and PCP adsorption data with the theoretical Langmuir and 
Freundlich isotherm plots is shown in Figure 3. Table 3 shows the optimal parameters 
for each model.

The experimental adsorption isotherms were compared with the theoretical mod-
els of Langmuir and Freundlich. Batch experiments were performed using 0.1 g of the 
adsorbent with different initial concentrations of PCP (10–1000 mg/L) under con-
tinuous stirring for a contact time of 40 min and at pH = 7. The Langmuir isotherm 
model is one of the most common adsorption models. It assumes monolayer coverage 
of the adsorbate on a homogeneous adsorbent surface; at equilibrium, a saturation 
point is reached where no further adsorption can occur. The essential characteristics 
and feasibility of the Langmuir isotherm are described in terms of a dimensionless 
constant separation factor (RL), which is defined as follows:

 
1

1L
e L

R =
+C * K  

(2)

Figure 3. 
Influence of initial concentration on the adsorption of BPA and PCP.
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The Langmuir model was in better agreement with the experimental data than the 
Freundlich model for both contaminants, with R2 = 0.91 for BPA and R2 = 0.80 for 
PCP. Moreover, the RL is greater than zero, indicating good adsorption for both pollut-
ants studied. This result means that pollutants can be homogeneously adsorbed by the 
active receptor sites on the surface of the Bentonite-CTAB adsorbent and a saturated 
adsorption capacity is expected due to the limited number of adsorbent sites on the 
surface [9]. This indicates that monolayer adsorption of the BPA and PCP occurred on 
surfaces that were uniform in terms of adsorption affinity. In this study, the maxi-
mum adsorption capacities for BPA and PCP resulting from the initial concentration 
effects were found to be 251.05 mg/g and 235.85 mg/g, respectively. Djebri et al. 
(2017) also studied the adsorption of an endocrine disruptor onto modified Bentonite 
clay. The authors identified that the Langmuir isotherm adequately fitted the adsorp-
tion data and that the maximum adsorption capacity was 127.7 mg/g for bisphenol A 
(Figure 4) [10].

3.1.3 Effect of temperature and thermodynamics studies

As shown in Figure 5 The adsorption capacity of BPA and PCP decreases with 
increasing temperature in the range of 25–65°C. Thus, the adsorption capacity of BPA 
and PCP is high at low temperatures. However, at higher temperatures, a decrease 
in the adsorption capacity of BPA and PCP is observed. This behavior, in agreement 

Isotherm Equation Value of parameters

BPA PCP

Langmuir = ∗ +
max max

1 1 1 1
e L eq k q C q

qm(mg/g)
KL(L/mg)

RL

R2

15.22
0.016
0.066
0.91

qm(mg/g)
KL(L/mg)

RL

R2

36.63
0.029
0.032
0.80

Freundlich = +
1log log loge F eq k C
n

KF (mg/g)
n
R2

0.014
0.247
0.85

KF (mg/g)
n
R2

18.32
0.879
0.39

Table 3. 
Langmuir and Freundlich constants for the adsorption of BPA and PCP onto BT-CTAB at temperature of 25°.

Figure 4. 
Langmuir Isotherm (a); Freundlich Isotherm (b).



Recent Advances in Montmorillonite

62

with Arrhenius’ law, suggests that the BPA and PCP adsorption reaction, occurring on 
the Bentonite-CTAB surface, is exothermic, and indicates that with each increase in 
temperature.

Table 4 shows the calculated values of the adsorption amounts 𝞓𝞓𝞓G°, 𝞓𝞓𝞓H°, and 
𝞓𝞓𝞓S° of BPA and PCP on bentonite CTAB. A negative value of 𝞓𝞓𝞓H° indicates that the 
adsorption process is exothermic in nature. In general, the enthalpy of adsorption for 
physisorption is typically between 0 and −42 kJ/mol, whereas for chemisorption it 
is between −42 and −125 kJ/mol [11]. Therefore, the adsorption of BPA and PCP in 
this study can also be considered as physisorption. Negative 𝞓𝞓𝞓S° values indicate the 
affinity of Bentonite-CTAB for BPA and PCP in aqueous solutions and may indicate 
structural changes of the adsorbates and adsorbents during the adsorption process 
[11]. The 𝞓𝞓𝞓G° values for BPA and PCP were negative, suggesting that the process 
was spontaneous in nature and that the spontaneity decreased as the temperature 
increased from 25°C to 65°C (Figure 6).

3.1.4 Effect of solution pH

The initial pH of the solution plays a special role on adsorption because of its effect 
on the solution chemistry and the degree of ionization of the adsorbent surface. BPA 
and PCP removal was studied by varying the pH of the aqueous solution from 3 to 11 
at 25°C with a fixed BPA and PCP concentration of 1000 mg/L and an adsorbent mass 
of 0.1 mg. The Figure 7 shows the adsorption capacity of BPA and PCP by Bentonite-
CTAB at different pH values. As can be seen from the graph, the removal of BPA and 
PCP increased significantly as the pH of the starting solution was increased from 1 to 

System 𝞓𝞓𝞓𝞓° (kJ/mol/K) 𝞓𝞓𝞓𝞓° (lJ/mol/K) 𝞓𝞓𝞓𝞓° (kJ/mol)

298 308 318 328 338

BPA −40.14 −116.36 −5.8 −4.19 −2.59 −1.89 −1.23

PCP −16.16 −43.23 −3.54 −2.57 −2.22 −2.08 −1.66

Table 4. 
Thermodynamic parameters for adsorption of BPA and PCP.

Figure 5. 
Influence of temperature on the adsorption of BPA and PCP.
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7, and then decreased from 7 to 11 as the pH increased. In this study, maximal removal 
of BPA and PCP was achieved at pH 7, with maximal removal of 200 mg/g for BPA 
and 250 mg/g for PCP.

The strong adsorption of BPA and PCP observed at pH (1–7) is due in part to the 
electrostatic interaction between several positively charged surface functional groups 
and negatively charged chlorophenolate ions for the process. BPA and PCP adsorp-
tion. As the pH moved into the more basic range, The adsorption capacity of bisphe-
nol A (BPA) and pentachlorophenol (PCP) decreases significantly at pH values above 
7. This phenomenon is due to the simultaneous decrease of negative surface charge 
and carbon content with increasing pH. As ionization increases and the surface 
becomes negatively charged, the electrostatic affinity between the adsorbent and the 
pollutant weakens. As a result, the electrostatic interaction weakens and the adsorp-
tion efficiency decreases. Adjustment of pH value has been proven to be a strategic 
regulator that influences the special physicochemical properties of pollutants and 
adsorbents [12].

Figure 6. 
Thermodynamic fitting curve of the adsorbed BPA and PCP.

Figure 7. 
Influence of pH on the adsorption of BPA and PCP.
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Figure 8. 
Adsorption mechanism of Bentonite-CTAB on the removal of BPA and PCP.

3.1.5 Mechanism for BPA and PCP on Bentonite-CTAB

The adsorption mechanism for BPA and PCP on Bentonite-CTAB involved multi-
ple interactions, including electrostatic attraction, and hydrogen bonding. The CTAB 
cations on the surface of Bentonite-CTAB provided positive charges that interacted 
with the negatively charged pollutants, facilitating their adsorption. Additionally, the 
presence of hydroxyl groups in the pollutant molecules enabled hydrogen bonding 
with the functional groups on the Bentonite-CTAB surface.

Initially, the active sites on the Bentonite-CTAB surface facilitate adsorption, with 
hydrophobic interactions likely playing a role in the initial binding of organic com-
ponents from BPA and PCP. Electrostatic forces come into play as positively charged 
CTAB ions on the Bentonite surface interact with negatively charged functional 
groups on the pollutants, promoting electrostatic adsorption. Additionally, hydrogen 
bond formation between specific functional groups in BPA and PCP and active sites 
on Bentonite-CTAB enhances the adsorption process. Molecular rearrangement 
may occur as contaminants adjust to the surface, optimizing adsorption efficiency. 
Ultimately, as the active sites become saturated, adsorption reaches an equilibrium 
point, signaling a balance between the fixation of contaminants and their release. It’s 
important to recognize that this proposed mechanism simplifies a complex process, 
and experimental validation would be crucial to refining and confirming these 
interactions (Figure 8).

3.1.6 Comparison of adsorption capacity

Adsorption capacity and removal efficiency of contaminants in water Bisphenol 
A (BPA) and pentachlorophenol (PCP) are important factors in evaluating the 
effectiveness of various water treatment methods. BPA is an endocrine-disrupting 
compound commonly found in spring water, and PCP is a toxic chlorine compound 
commonly resulting from industrial activities. Several studies have investigated 
the adsorption performance of different materials for the removal of BPA and PCP. 
Adsorption processes involve the attraction of contaminants to solid surfaces. Studies 
show that the adsorption capacity of BPA is often higher than that of PCP due to their 
different molecular properties and interactions with adsorbents. However, specific 
results depend on factors such as sorbent type, pH, and initial concentration.
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Table 5 presents the results of various studies comparing the adsorption capacities of 
his BPA and PCP using different adsorbent materials. The results show that BPA generally 
has a higher adsorption capacity than PCP under similar conditions, although specific 
values may vary depending on the sorbent used and initial contaminant concentration.

4. Conclusion

The study investigated the use of Bentonite clay modified with cetyltrimethylammo-
nium bromide (CTAB) as an effective adsorbent for the removal of bisphenol A (BPA) 
and pentachlorophenol (PCP) from aqueous solutions. The modified clay, Bentonite-
CTAB, demonstrated high adsorption potential for both pollutants, the adsorption 
isotherms of BPA and PCP on Bentonite-CTAB were analyzed using the Langmuir and 
Freundlich models. The Langmuir model provided a better fit to the data, suggesting 
monolayer adsorption. The maximum adsorption capacities were determined to be 
243,90 mg/g for PCP and 256,41 mg/g for BPA, indicating the significant adsorption 
capabilities of Bentonite-CTAB for these contaminants.

The adsorption kinetics of BPA and PCP on Bentonite-CTAB were studied using 
pseudo-first-order and pseudo-second-order models. The results indicated that the 
adsorption process followed pseudo-second-order kinetics, indicating chemisorption 
as the principal mechanism. Equilibrium was reached within 30 min for BPA and 
40 min for PCP.

The study demonstrated that Bentonite-CTAB exhibited excellent adsorption 
capacity for BPA and PCP due to its high surface area and presence of active sites. 
The adsorption process was found to be pH-dependent, with higher adsorption 
capacity observed at lower pH values, attributed to increased positive charge on the 
surface of Bentonite-CTAB, facilitating electrostatic interactions with the pollutants. 
Temperature also influenced the adsorption process, with lower temperatures favor-
ing higher adsorption capacities.

Adsorbate Adsorbent qmax (mg/g) Reference

PCP Bentonite-CTAB 243.90 This study

Bentonite 10,63 [13]

Magnetic recoverable carbon 120.48 [14]

Carbon nanotube hybrid polymer adsorbents 20–100 [15]

22-2-10 modified vermiculite 85 [16]

modified chitosan 24.37 [17]

BPA Bentonite-CTAB 256,41 This study

Organobentonite 127.7 [10]

Calcium alginate/organo activated bentonite (A-OAB) 252.9 [2]

Fe3O4-polyaniline 28.1 [18]

sulfur-doped titanium dioxide on magnetic bentonite 
(CST/γ-Fe2O3-BT)

77.36 [19]

Synthesized Chitosan (SC) 34.48 [20]

Table 5. 
Comparison of adsorption capacity.
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The adsorption mechanism for BPA and PCP on Bentonite-CTAB involved mul-
tiple interactions, including electrostatic attraction and hydrogen bonding. The CTAB 
cations on the surface of Bentonite-CTAB provided positive charges that interacted 
with the negatively charged pollutants, facilitating their adsorption. Additionally, the 
presence of hydroxyl groups in the pollutant molecules enabled hydrogen bonding 
with the functional groups on the Bentonite-CTAB surface.

Overall, the study highlights the effectiveness of Bentonite-CTAB as an adsorbent 
for the removal of BPA and PCP from aqueous solutions. The findings contribute to 
the understanding of the adsorption process and provide valuable insights for the 
development of efficient water treatment methods targeting these pollutants.
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Chapter 5

Geotechnical Hazards Induced  
by Montmorillonite Presence
Mihaela Stãnciucu and Iuliana Dogaru

Abstract

Often referred to as expansive soils in international literature, soils with large 
swelling and shrinking potential, are defined as natural materials that exhibit volume 
variations related to variations of moisture. Most professionals consider that the 
expansive manifestations are related to the mineralogic composition, especially with 
the presence of the smectite class of minerals, more specifically with the montmoril-
lonite. Despite sustained worldwide studies over decades, the direct and firm correla-
tion between the number of clayey minerals and expansive properties has not reached 
a conclusive form, and the behavior of expansive soils remains still unrevealed and 
exhibits unexpected features under moistening or drying conditions in natural 
habit, or in relation with infrastructure works. This chapter presents the results of an 
extended and complex geotechnical investigation of expansive soils which concludes 
with the validation of a simple procedure of identification of the areas where the 
swelling behavior of soils may exceed the equilibrium of the geological structure and 
produce a variety of effects such as lumps or landslides in areas with sloping terrain.

Keywords: expansive, swelling, shrinkage, volume change, smectite

1. Introduction

Expansive soils are implicitly pointed out associated with large damage to onshore 
or offshore, over, or underground infrastructures projects in more than 60 countries, 
on all continents except the Antarctic one, often after long periods of drought, heavy 
rains, freezing, or unfreezing.

The broadening of expansive soils is usually incompletely presented in geologic 
or pedologic maps, only for the superficial parts of the ground associated with highly 
over-consolidated claystone and clay shale [1].

Despite worldwide efforts to depict, understand, and predict these peculiarities, 
annual damages related to geomechanical processes produced by variations of water 
content in expansive soils are reported all over the world.

For instance, in UK-£400 million, [2], or in the USA- $15 billion, [3]. In the UK, 
or in China where expansive soil covers more than one hundred thousand square 
kilometers, expansive soil behavior is stated as one of the most dangerous geological 
hazards that affect large and diverse engineering projects [4–6].



Recent Advances in Montmorillonite

70

Even if the specific influence of these soils is not yet quantified in Romania, large 
areas and important infrastructures are also affected mainly by landslides.

This generally unfavorable situation is the result of the cumulation of various 
factors related to (i) incomplete knowledge of these soils in the various conditions 
of occurrence, both as mineralogical nature and sedimentologic structure; (ii) poor 
understanding of geotechnical behavior and its limits; (iii) insufficient sampling 
and specific testing in large projects which may put in evidence the presence and the 
specific properties of these soils, and finally (iv) the inconsistence bond between 
geotechnical and hydrogeological investigations.

2. Characterization of expansive soils

2.1 The mineralogical nature

The swelling processes are always associated with the presence of clay minerals. 
Also named hydrous phyllosilicate, the clay minerals are divided into several classes 
based on the specific structure composed of silica, alumina, and water with variable 
content of inorganic ions like Mg2+, Na+, and Ca2+, [7].

There are four major groups of clay minerals that are present in soils. Among, them 
the layer group is the most important one which comprises: type 1:1 (kaolinite, halloy-
site, serpentine); type 2:1 (smectite, vermiculite, illite, mica), and type 2:1:1 (chlorite).

The largest swelling potentials are related to the presence of minerals from the 
smectite family, which contains saponites, montmorillonite, and bentonite, and 
absorb the largest quantities of water between clay sheets [7, 8].

Physico-chemical characteristics of minerals that dictate the amplitude of swell-
ing potential are in order of impact: average specific surface area, particle thickness, 
interlayer space, and cation exchange capacity. Table 1 presents these characteristics 
specific to some usually encountered clay minerals.

Every particular soil layer is a mixture of clay minerals with other particles of 
inert mineral type (quartz, feldspar, etc.), a fact that triggers a unique swelling and 
shrinking behavior. It is considered that clays which are geological materials of great 
mineralogical variety, may exhibit swelling properties if containing mineral particles 
more than 50% with less than 2-micron size.

Type Clay mineral Particle 
thickness

Basal 
spacing

Cation exchange 
capacity at pH 7

Specific
area

Swelling 
potential

(nm) (Å) (milliequivalent 
/100 g)

(m2/g)

2:1 Smectite-
Montmorillonite

2 9.8–20 80–120 40–800 High

2:1 Vermiculite — 10–15 100–150 760 High

2:1 Illite 10 10–13 10–10 80–120 High

1:1 Kaolinite 100 7.2 3–15 5–40 Almost 
none

2:1:1 Chlorite — 14 10–40 10–55 None

Table 1. 
Physico-chemical characteristics of minerals [7, 9].
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It is concluded [9] that usually, the presence of montmorillonite indicates large 
probabilities of producing reversible processes, swelling or shrinking, under moisture 
variation, while soils with a predominance of kaolinite or illite exhibit at drying, in 
the first instance, an initial large volume decrease and subsequently limited swelling 
on rewetting.

2.2 Micro and macroscale “symptoms” of expansive soils

In the microscale register, swelling and shrinkage mechanisms of expansive soils 
may be explained by two major theories: crystal swelling of clay mineralogy in which 
the water molecules get combined with the cations associated with mineral flakes to 
form hydrated ones and a diffuse double layer of colloidal chemistry in which around 
negatively charged clay minerals hydrated ions and polar water molecules are firmly 
adsorbed and form a fixed layer and a thick diffusion layer thus widening the spacing 
between mineral particles [10]. During the swelling process, the inter-clay bonds 
are weakened or broken, the layer structure of clay minerals is deformed, and in the 
macroscopic field, the strength of the soil decreases.

The magnitude of the swelling-shrinking potential is strictly dependent on the 
types and the percents of clay minerals and is also directly related to the initial satura-
tion degree, the initial void ratio, or the geologic vertical stress [11].

Over decades, the specific geomechanical behavior of expansive soils has been 
characterized as dramatic either by:

i. the total collapse of soil structure after a single swell/shrink cycle [12, 13];

ii. the decrease of shear strength from 3 to 5.5 times [14];

iii. the decline with 70–90% of shear resistance, mostly by the reduction of effec-
tive cohesion, sometimes very close to or equal to zero [15, 16].

Moreover, the shrinking processes should not be considered reversible, since 
cracks created after shrinkage may not always completely close up after rewetting, 
often only deepening the watering front together with the sediment deposition [17].

The area of manifestation of these processes is predominately located at the sur-
face of the terrains, wherever is taking place the seasonal variation of underground 
water [4], on depths less than 5–6 m [6], according to climate particularities, drying/
rehydration regime and mostly to variation of temperature.

Usually, swelling of expansive soils is considered only in the vertical direction, but 
it has been proved that lateral swelling pressure develops additional stress to the lateral 
earth pressure on retaining walls which may increase at the bottom of the wall equal to 
1.3–4 times the overburden [18], and reduce the bearing capacity of piles [1, 19].

Nonetheless, similar processes may be present at larger depths, by the water flow 
through more permeable layers (in contact with expansive soils) charged from distant 
front-loading sections [20].

2.3 Geotechnical identification tests

Various procedures for the identification of expansive soils may be established 
 following the international literature, national codes, or professional guides, which 
are based on a large variety of parameters, indices, or techniques, however, none of 
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those are comprehensive and worldwide accepted. Thus, in countries with predomi-
nantly arid climates, the geotechnical methodology for expansive soil characterization 
is based on shrinkage tests, while in temperate climates swelling tests prevail.

Jones and Jefferson, [4] differentiate the following laboratory testing classes: (i) 
swelling tests, which may be divided into swelling strain and swelling pressure tests; 
(ii) index tests based on basic parameters such as liquid limit, plastic limit, plasticity 
index (usual or modified); (iii) oedometer-based methods, which may be free swell 
tests or constant volume tests; (iv) suction-based tests which use soil-water charac-
teristic curves; (v) mineralogical tests.

Nelson et al. [1], define three classes of identification methods: (i) based on 
physical properties – plasticity, free swell test, potential volume change, expansion 
index, linear extensibility, and standard absorption of moisture content; (ii) based 
on mineralogical composition–X-ray diffraction, differential thermal analysis, and 
electron microscopy; (iii) based on chemical analyses – cation exchange capacity, 
specific surface area, and total potassium content.

Based on the above-defined tests, various schemes of characterization and clas-
sification have been developed worldwide, which may be generally categorized into four 
groups [4]: free swell, heave potential, degree of expansiveness, and shrinkage potential.

Romanian normative [21] propose a scheme of characterization based on a 
particular collection of parameters: colloidal fraction (A2μ), plasticity index (Ip), 
activity index (IA), plasticity criterion (Cp), free swelling (UL), shrinkage limit (ws), 
volumetric shrinkage (Cv), maximum wetting heat (qmax), moisture content at 15 bar 
suction (w15), and swelling pressure (pu).

3. Geotechnical hazard induced by montmorillonite presence

3.1 Geologic and hydrogeologic regional frame

As we underline above, swelling processes may be active at larger depths, by the 
water flow through more permeable layers (in contact with expansive soils) charged 
from distant front-loading sections.

This is the case of a large structure attributed to the Upper Pliocene-Lower 
Pleistocene named “Cândeşti Layers”, in which expansive soil strata are inconsistently 
wetted at large and variable pressures.

The geological unit we refer to is deposed over the Getic Depression and Moesian 
Platform units, on the outer side of the Carpathian Arch (Oriental, Curvature, and 
Meridional) [22].

It has a thickness that may exceed 250 m and an irregular shape with widths 
starting from 6 to 8 km in the Curvature area, to more than 80 km in the western 
Meridional Carpathian as it is presented in Figure 1 [23].

The “Cândeşti Layers” is considered a multilayer-aquifer (with terms from Jurassic 
to Upper Pleistocene) with a feeding front in the North end at the contact with the 
Carpathian Chain.

The main underground flowing directions are from Nord to South, and the hydro-
geological characteristics are hydraulic conductivities in the order of about 100 m/day 
and transmissivity of less than 1000 m2/day.

The hydrodynamic regime is defined by high pressures (up to 40 Bars), gener-
ated by deeper regional aquifers, with which it is in connection. Often in places, the 
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package of multilayer-aquifer, defined also as an “Artesian Dacic Basin”, may function 
under a pressure regime that surpasses the surface of the terrain, causing the watering 
from the bottom up of the clayey aquitard layers [23].

In this geological and hydrogeological context, the swelling hazard emerges from 
the rhythmic sedimentation regime which is materialized in alternant sequential 
layers separated in two main terms: the course one (gravels and sands) and the fine 
one (expansive clays and fine sand), disposed in the peculiar geologic structure which 
is presented in Figure 2.

3.2 Geotechnical and mineralogical characterization of “Cândeşti layers”

3.2.1 Geotechnical identification

The most common identification tests performed worldwide are grain size 
 distribution and plasticity (Atterberg) limits, which have been executed on the entire 
set of samples with expansive behavior.

The results of identification tests, presented in Table 2, have been divided into 
three classes according to the plasticity index: class C1- of medium plasticity; class 
C2- of high plasticity, and C3 of very high plasticity.

3.2.2 Expansive properties

Among the many geotechnical properties supposed to characterize the expansivity 
of soils, we chose to analyze the most representative ones: free swelling (UL) and swell-
ing pressure (pu) in relation to colloidal fraction (A2μ) and plasticity index (Ip).

Figure 1. 
Extent of the Artesian Dacic Basin [23].
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3.2.2.1 Free swelling (UL)

It is defined as the increase in the volume of a soil sample, without any external 
constraints, when submerged in water, the range of values of this parameter may 
point to soils less active (UL < 70%), with medium activity (70% < UL < 100%), active 
(100% < UL < 140%), or very active (UL > 140%), in relation with water, according to 
Romanian normative [21].

In Figure 3 the values of UL are plotted in different colors, according to the class 
of plasticity to which they are attributed. It presents the variation in depth of UL and 
reveals that according to this criterion, 35% of samples have medium activity, 28% are 
active and 24% are very active. Concerning the last category of very active samples, 
we mention that most part of those (79%) have UL < 300%, and the highest recorded 
value is UL = 603%.

Figure 2. 
Exemplification of the mechanism of ascensional watering of expansive soils. Specific geologic cross section of 
Artesian Dacic Basin [24].

Class of 
plasti-city

C1 (Ip < 20%) C2 (20%  ≤ Ip < 35%) C3 (Ip ≥ 35%) Total 
no of 

samples

[%]

No of samples [%] No of samples [%] No of samples [%]

Cl — — 5 2 311 75 316 48

si Cl 1 4 91 41 65 16 157 24

sasi Cl 21 75 73 33 4 1 98 15

sa Cl 3 11 50 22 32 8 85 13

cl Si — — 4 2 — — 4 <1

cl Sa 3 11 — — — — 3 <1

Total 28 100 223 100 412 100 663 100

Table 2. 
Results of geotechnical identification of soils.
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Figure 4a and c reveals poor correlations between UL and Ip or A2μ unfulfilled 
by unexpected great values of UL registered in all plasticity classes. After excluding 
the highest values of free swelling, (UL > 190%), from both ranges, the variabilities 
UL = UL(Ip) and UL = UL(A2μ) have settled in good linear correspondences.

Figure 3. 
Variation of UL in-depth.

Figure 4. 
(a and b) Variability between UL and Ip. (c and d) Variability between UL and A2μ.
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3.2.2.2 Swelling pressure

It is defined as the external pressure required to consolidate a sample to its initial 
void ratio, after the expansion due to water submersion, or the pressure required to 
hold the soil at constant volume when water is added, the swelling pressure may be 
tested by two [1] or three methods [25].

The most common are the conventional consolidation test which usually provides 
upper bound values and the constant volume method. Less used is the method of 
equilibrium of void ratios which gives lower values. In this research, the conventional 
consolidation test has been used.

Class of swelling pressures C1 C2 C3 Total no of 
samples [%]

No [%] No [%] No [%]

(I) pu < 200 kPa 28 100 203 91 254 62 485 73

(II) 200 ≤ pu < 400 kPa — — 16 7 114 28 130 20

(III) pu ≥400 kPa — — 4 2 44 11 48 7

Table 3. 
Classification system according to swelling pressure results.

Figure 5. 
Variation of pu in depth.
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For smooth processing of the data, an additional classification of samples has been 
made according to the range of values of this important parameter. The new system 
overlaps the precedent one and is presented in Table 3.

As one can visually observe from Figure 5, about three-quarters of the total 
amount of samples (73%) present swelling pressures under 200 kPa (class I). Samples 
of medium and high plasticity (C1-C2) are entirely enclosed in this pressure class 
(100–91%), while samples of very high plasticity (C3) present this range of swelling 
pressures at 62%.

The highest values of swelling pressure grouped in class (III) represent 7% of the 
samples, which belongs mainly to class (C3). Concerning the class (III) of swelling 
pressure, we underline that most part of these samples (80%) have pu < 600 kPa, and 
the highest value recorded exceeds 1000 kPa.

Figure 6a and c presents the correspondence between pu and Ip, respectively pu 
and A2μ, depicted according to both systems of classification. Once again unpredict-
able, high values of swelling pressure, encountered in classes C2-II, C2-III, and C3-III 
make the correlations weak, and it still remains poor even after excluding some 
unusual values (pu > 400 kPa).

Finally, for some of the samples that have been tested both for free swelling and 
for swelling pressure (Figure 7a), a medium-strong correlation has been established 
after excluding values with pu > 400 kPa (Figure 7b).

3.2.3 Mineralogical identification

As part of the specific characterization of Cândeşti Layers, several mineralogical 
analyses have been executed which specified that the swelling minerals prevailed in 
all tested samples as is presented in Table 4.

Figure 6. 
(a and b) Correspondence between pu and Ip. (c and d) Correspondence between pu and A2μ.
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The result of these mineralogical analyses confirms the presumption of the pres-
ence of hydrous phyllosilicate in expansive soils (pressure classes II and III). More 
than that, the fact that smectite class of clay minerals – which includes the montmo-
rillonite - prevails in all tested samples explains the unusual values of geotechnical 
parameters UL and pu recorded in this geologic unit.

3.3 Quantification of geotechnical hazard of “Cândeşti Layers”

Starting from the hydrodynamic characterization of the multi-layer aquifer “Cândeşti 
Layers” exposed above (in §3.1.), the assessment of the geotechnical risk of swelling of 
aquitards expansive terms submitted to pressures of underground waters raised at the 
regional scale, up to 40 Bars, conducted to postulate that risk of moistening by vertical 
ascendant drainage is high and affects the whole area of expansion of this unit.

By considering the wetting zone in acceptance of [26], as the zone in which water 
contents may increase by supply from external sources, including by capillarity rise, 
the peculiar sedimentologic and hydrogeologic architecture described above, conduct 
in geotechnical terms to the extension in depth of it, up to the thickness of Cândeşti 
Aquifer.

In consequence, we began to evaluate the depth of the potential heave as the maxi-
mum depth at which the swelling pressure of the soil equals or exceeds overburden 
vertical stress [26], a quantity that we will note sw∆ , according to (Eq. 1).

 sw g upσ −∆ =   (1)

Figure 8a presents the repartition in depth of the values of ( )sw∆ , which allows us 
to observe that for a large part of tested samples, this difference is positive ( )0sw∆ > ,  

Class Swelling pressure 
classes pu (kPa)

Samples (10) Percents of minerals (%) X-ray diffraction

Number Smectite Illit Kaolinit Chlorit

II 200 < pu < 400 4 70–77 18–25 4–6 —

III pu > 400 6 63–79 17–32 2–4 3–8

Table 4. 
Mineralogic characterization of Cândeşti Layers samples.

Figure 7. 
Correspondence between pu and UL.
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and thus, the presence of expansive soils in foundation terrains of shallow or 
deep foundations is outside of this geotechnical hazard. Nevertheless, 9% of C2 
and 25% of C3 (summing up 19% of all expansive samples, regardless of swelling 
pressure class), reveal negative values of ( )0sw∆ < , which are presented in detail in 
Figure 8b.

Figure 8. 
(a) Variation in depth of the potential heave of Cândeşti Layers. (b) Detail of negative values of the potential 
heave.
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One can observe that the main part of these negative differences (77%) are less 
than -200 kPa while 9% of samples present values between -800 kPa and -400 kPa 
and are located in the first 10 m depth from the surface of the terrain. The whole 
range of negative values is extended in depth up to almost 29 m, which is in conse-
quence the thickness of the potential heave.

In cases of special interest and limited extension, a detailed design must be based 
furthermore on more specific laboratory trials of every expansive layer situated in the 
active zone, such as consolidation-swell tests and constant volume tests, which will 
allow a proper settlement calculation [1, 20].

In cases of broad infrastructure projects that run through geological structures 
exposed to swelling hazards on large depths, such as the one presented above, the 
calculations of ( )sw∆  values must be considered as a qualitative evaluation and 
a fundamental first step in the process of assessment of this geotechnical risk. 
The assessment process once triggered in specified areas, must be continued with 
denser and specific tests in order to reveal the precise extension of these types of 
soils.

This simple procedure based on the most common geotechnical tests, executed 
in the preliminary stages of investigations, may point not only to the extension of 
expansive soils but also to the areas where the swelling behavior of soils may exceed 
the equilibrium of the geological structure and produce a variety of effects such as 
lumps or even landslides in areas with sloping terrain.

As an exemplification of this procedure, Figure 9a presents a vertical section 
alongside an infrastructure route that crosses a zone located in the Artesian Dacic 
Basin, with the distribution of isobars of swelling pressures recorded at different 
depths. Details represented in Figure 9b, allow the visualization of the specific 
extension in depth of zones of potential heave, and consequently the extension of the 
swelling geotechnical risk.

Figure 9. 
(a) Chart of the distribution of zones of potential heave alongside an infrastructure route. (b) Detail with 
extension in depth of zone of potential heave.
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4. Conclusions and outlook

In the worldwide context of poor mineralogical testing associated with 
 geotechnical investigations required for large infrastructure objectives, the random 
presence of montmorillonite inside sedimentary layers represents a strong geotechni-
cal hazard, that may produce large damages of shallow or deep foundations.

The paper presents such a study case in which exceptional swelling pressures 
have been revealed by numerous specific geotechnical investigations (663 expansive 
soil samples) to whom they have added only several mineralogical analyses by X-ray 
diffraction.

In order to characterize the swelling properties of soils, two specific parameters have 
been analyzed (UL and pu) in correlations with two general parameters (Ip and A2μ), in 
the frames of two classification systems. The main results may be synthesized as follows:

• concerning the free swelling parameter:

○ the highest recorded value is UL = 603%;

○ the most part of samples (76%) presented values UL < 140%;

○ variabilities UL = UL(Ip) and UL = UL(A2μ) reveal weak correlations due to 
unexpectedly great values of UL registered in all plasticity classes, which have 
settled in good linear correspondences (R2 = 0.71–0.75) after excluding from 
both ranges the highest values of free swelling (UL > 190%);

• concerning the swelling pressure parameter:

○ the highest value recorded is pu = 1080 kPa, followed by 7% of samples with 
pu > 400 kPa;

○ variabilities pu = pu (Ip) and pu = pu (A2μ) reveal weak correlations due 
to unexpected great values of pu, which remains in poor correspondences 
(R2 = 0.28–0.31) even after excluding from both ranges the highest values of 
swelling pressures (pu > 400 kPa);

• for some of the samples that have been tested both for free swelling and for 
swelling pressure (133 samples), a medium-strong correlation pu = pu (UL) with 
R2 = 0.57, has been established after excluding values with pu > 400 kPa;

• the lack of strong and “natural” correspondence between swelling parameters 
(UL, pu) and general parameters (Ip, A2μ) is due to the randomness presence 
of hydrous phyllosilicate minerals, namely smectite class which includes the 
montmorillonite, a well-known responsible for the expansion of clayey soils;

• for nine samples collected from swelling pressure classes II and III the percentual 
amount of smectite class was in great amount, between 63% and 79%;

• given the fact that the distribution of montmorillonite across the entire sedimen-
tary structure of various thicknesses is randomly, and in the context of peculiar 
hydrogeologic architecture of Cândeşti Aquifer (multistate-aquifer with high 
pressiometric regime), the probability of wetting of expansive soils at various 
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depth is high; all these findings drive to a general characterization of these soils 
in natural conditions or in relation with great infrastructure projects, as having a 
hazardous geotechnical behavior;

• finally, the evaluation of the depth of the potential heave according to [26], 
offers quantitative spatial indications regarding the active zone in which the 
terrains may be affected by swelling/shrinking processes.

Based on the previous conclusions we suggest several directions to conduct proper 
investigations in the area of occurrence of this particular swelling formation, in order 
to reduce the degree of uncertainty of knowledge, and thus to reduce the geotechnical 
hazard related to the presence of montmorillonite in geological structures by:

• intensive boosting the research activities of swelling potential mapping at the 
level of every country involved in large infrastructure projects, regardless of the 
source of funding;

• the swelling potential mapping activities should:

○ be executed by interdisciplinary teams composed of geologists specialized in 
clay mineralogy, engineering geologists, hydrogeologists, and civil engineers;

○ start from an up-to-date geologic map, combined with a regional hydrogeo-
logic map containing the regional underground water corps at convenient 
scales (1: 50000 to 1:15000) in order to be of practical use, not just scientific;

○ be based on geological and geotechnical investigation reports executed in the 
concern area, which must be accessed based on the principle of public interest;

○ be focused not only on the extent of expansive soils in 3D directions but also 
on the limits of variation of superficial underground water table levels and of 
piezometric regime of deeper aquifers in hydraulic contact with expansive layers;

○ be accompanied either by a digital 3D model with the extent of expansive soil 
layers combined with upper and lower limits of water table/piezometric levels, 
or by a dense grid of cross and longitudinal sections extended in depth up to 
the level of the deeper potential heave reported in the area;

○ contain also delimitations of the areas of landslides (regardless of the stage 
of evolution) and superficial damages to buildings (civil, industrial, or 
infrastructures);

• community standardization of types, numbers, and depth of geological and 
geotechnical investigations regardless of the purpose, in areas of expansive clay 
occurrences;

• community standardization of types, numbers, and density of laboratory 
geotechnical and mineralogical analyses that must lead to a correct and complete 
characterization of expansive layers, according to the stage of further investiga-
tions (preliminary, design, detail, or monitoring).
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Chapter 6

Research for Industrial Application
of Bentonite-Polymer Material
in Ferrous Metallurgy
Daniil Vetyugov and Tamara Matveeva

Abstract

Ferrous metallurgy, in particular the process of pelletizing iron ore concentrates, is
one of the main consumers of bentonite clays. The problem with the bentonite binder
is well known, and is the increase in silica content (the main harmful impurity) in the
roasted pellets as a result of its use. This predetermines long-term interest in the
development of new binders that have lower consumption, or do not contain silicon
dioxide at all. Increasing the quality characteristics of the binder makes it possible to
reduce its consumption, thereby optimizing the chemical composition of the roasted
pellets. The results of experimental studies on the palletization of magnetite concen-
trate from several iron ore plants, different enrichment depths (Fe content = 65–71%),
and basicity (CaO)/(SiO2) = 0.3–1.0 are presented. It has been shown that using the
effect of mixing bentonite and a polymer additive on the binding properties of their
compound makes it possible to increase the strength characteristics of pellets relative
to those in current production (without polymer) and more significantly than when
excluding bentonite in the case of its complete replacement with an organic binder.
Much attention is paid to studying the influence of the use BPC (Bentonite Polymer
Composition) on the metallurgical properties of finished pellets.

Keywords: iron ore concentrate, pelletizing, roasting, bentonite binder, polymer
additives, bentonite-polymer composite, iron ore pellets

1. Introduction

The purpose of agglomeration of iron ore concentrates (pelletizing, agglomeration,
and briquetting) is to create a product of the same size and shape, intensifying the
recovery process. Most iron ore raw materials are processed into cast iron using a blast
furnace, which requires raw materials with high reduceability and strength to increase
the economic efficiency of operation. Achieving these conditions is ensured by loading
the pellets inside the blast furnace without compromising the permeability of the
material layer with an upward flow of reducing gas (corresponding porosity) and
appropriate porosity of the pellets for the complete access of the reducing gas to the
entire volume of the pellet.
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A minority of pellets are created for the direct reduction process, which requires
easily reducible feedstock with minimal silica content. The strength of such pellets is
also important for their transportation and handling and is included in the list of
requirements for the production of strong pellets. The strength of roasted pellets
affects the amount of material lost due to destruction. In addition, the material is lost
in the form of dust due to the abrasion of the pellets (Figure 1).

The use of bentonite provides guaranteed strength characteristics of pellets that
meet the requirements of transportation, blast furnace process, or metallization [1].
The significant advantage of bentonite is confirmed by the extensive accumulated
experience of its use, as well as an extensive array of literary sources and reference
data. At pelletizing plants in the Russian Federation, the dosage of bentonite is
0.5–0.8% by weight [2]. Bentonite is a traditional binder for the production of iron ore
pellets and consists of fine clays, represented by at least 70% minerals of the smectite
group (mainly montmorillonite), which belongs to the subclass of layered silicates and
consists, %: 48–56 SiO2; 11–22 Al2O3; 0–5 or more Fe2O3; 4–9 MgO; 0.8–3.5 or more
CaO; 12–24 H2O [3]. Among the properties of montmorillonite that determine the
industrial value of bentonite: submicron crystal size, layered structure, large surface
area (up to 800 M2/g), significant negative charge of the layer (≈120 mEq/100 g), and
associated balancing exchangeable cations located on the surface [4]. These structural
features of montmorillonite determine its specific properties, such as binding and
sorption capacity and heat resistance.

In terms of volume of consumption, the most important areas of use of bentonite
clay in the world are metallurgy, foundry, and drilling. Also, bentonite clays and

Figure 1.
Parameters depend on the binder used in the production of iron ore pellets.
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materials based on them are used in other industries, including waterproofing mate-
rials, agriculture, rubber, polymer, paper industries, pharmacology, etc. [5, 6].

The main disadvantage of bentonite is the addition of silica to the pellets [7, 8]. In
addition to optimizing the chemical contents (increasing the Fetotal% content in the
finished pellets), reducing the silica content leads to a decrease in the amount of flux
that must be added to achieve certain levels of pellet basicity, which ultimately leads
to a decrease in slag volumes in blast furnaces and other units in the production of cast
iron. The situation is aggravated, including for calcium bentonites, which are more
accessible but less effective and require a higher dosage to achieve equivalent pellet
strength [9]. Bentonite clays are divided according to the nature of the exchangeable
cations in the interlayer complex of montmorillonite into alkaline (sodium) and alka-
line earth (calcium and magnesium) types. Alkaline bentonites have higher techno-
logical properties compared to alkaline earth ones due to the fact that alkali metal ions,
primarily sodium, have a higher hydration potential [10]. Considering that the swell-
ing of Na-montmorillonites is significantly higher than that of Ca-montmorillonites,
to improve the quality indicators, Ca-montmorillonites are converted into sodium
form by activation with soda ash [11].

Despite the extensive volume of literature [12–14], the analytical study of the
question of how the mechanism of operation of the pelletizing binder is implemented
seems insufficient. This is especially true for composite binders consisting of two or
more different materials. Research into minimizing binder consumption is clearly
necessary to insure a better product and lower operating costs. A rational approach to
the choice of binder to obtain strong pellets is also necessary. Even in the worst case,
in which the test binder does not have any effect on the heat-strengthening process,
having a thorough understanding of the process will allow you to avoid research on
initially unpromising binders [15].

A material that is not dispersed throughout the pellet will not be effective as a
binder. There are many examples of materials that have been tested as binders but
have been ineffective in improving dry pellet strength, which is especially true for
non-swelling clays (e.g., attapulgite and kaolinite). For the same reason, insoluble
organic substances (e.g., oils) are, in most cases, unpromising as a binder. A material
that cannot form bonds with the concentrate particles is also clearly unsuitable for use
as a binder. Most industrially used binder bonds through hydroxyl of carboxyl groups,
sometimes based on an inorganic base such as SidOH in bentonites or metasilicates.

It is generally accepted that the successful replacement of bentonite with another
inorganic, organic, or composite material will ultimately solve the binder problem
[16]. At the same time, it is necessary to distinguish between the binding and
strengthening properties of the material used. The uniqueness of bentonite for the
production of pellets is largely due to the combination of its binding properties at the
stage of raw palletization and its strengthening properties at the sintering stage.
Studies conducted with various mono-materials have shown that, most often, mate-
rials with excellent binding ability (organic) do not participate in thermal strengthen-
ing in any way. And vice versa—inorganic materials (e.g., colemanite, which, due to
its property of reducing the sintering temperature, has found popularity among
researchers [17]) practically do not contribute to the clumping of raw pellets but
significantly intensify the sintering process. This reasoning in itself suggests that the
most rational approach to solving the binder problem can be the study of combina-
tions of binders and strengthening materials and, in the best case, achieving a syner-
gistic effect from the interaction of the inorganic and organic parts of the composite
material.
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The typical mechanism of action of an organic binder is similar to that of bentonite
clay, which is water-dispersible and forms bridges between concentrated particles.
Inorganic binders exhibit a variety of mechanisms of interaction with concentrated
particles and with each other. In addition to regulating the strength of the pellets
(crushing strength), the choice of binder affects their dust formation (abrasion
strength).

During the roasting of pellets, pyrolytic volatilization of organic binders occurs,
while inorganic binders remain dispersed in the pellet volume and affect the sintering
stage. Sintering is the main method of strengthening pellets for the blast furnace
process [18]. The energy costs for roasting are the highest at a mining and processing
plant, and in this respect, they exceed the grinding process. The approximate energy
intensity of roasting magnetite pellets is 320–475 MJ/t [19], subject to the use of the
best available technologies in the field of process energy efficiency, heat recovery
[20], and intensification of thermal strengthening using various additives.

The traditional scheme for producing iron ore pellets by pelletizing the concentrate
and further roasting the pellets has fundamental disadvantages. The desire to increase
the unit power of units with the principle of palletization of charge materials under-
lying the production of cast iron has led to the bulkiness and energy inefficiency of the
multi-link technological scheme. The idea of pelletizing a charge conflicts with the
principle of global energy saving (entropy) since the huge reaction surface of ore
materials crushed at the enrichment stage is subsequently reduced by at least a thou-
sand times (Figure 2), at the cost of large material and energy costs of sintering and
coke production. Heating and melting of agglomerated materials requires a long
residence time and, consequently, a large volume of aggregates. In this case, the
processes occur close to the state of thermodynamic equilibrium [21].

Large resources are invested in the search and development of a method for the
cost-effective production of pellets strengthened without the use of high-temperature
firing because, in theory, pellets produced using non-roasting technology will have a
lower production cost and a higher final price, given their suitability for carbon-
neutral steelmaking technologies. Of the binder options known today, the following
are used: Portland cement, glue, sodium metasilicate, and organic compounds. Among
the chemical-catalytic methods of hardening are known: carbonization of lime at 100–
105°C, hardening of magnesium chloride, and hydrothermal treatment under pres-
sure. Since bentonite is the carrier of the strength of dry pellets in current production,

Figure 2.
The path of iron from the bowels of the earth to the blast furnace.
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it can be assumed that in non-roasting technology, bentonite will be represented by a
larger or smaller part of the strengthening mixture.

The paper presents the results of experimental studies of the pelletizing process
using bentopolymer compositions (BPCs). Since the strength of fired pellets necessary
and sufficient for the blast furnace process is successfully achieved in most industries,
the key task of the research was, in addition to finding ways to reduce bentonite
consumption, to improve the metallurgical properties of the pellets. It is taken into
account that the strength of roasted pellets characterizes the completeness of the
oxidation process—solid-phase sintering. In cases where the strength of pellets from
the use of BPC at the same consumption decreased significantly, no further studies of
such a binder were carried out. The nature of the relationship between metallurgical
properties (provided mainly by total porosity, pore morphology, and, accordingly,
reducibility) and the strength of pellets is still of interest, since practically obtained
data often differ from theoretical assumptions. This is largely due to the fact that the
size of recrystallized hematite grains and the temperature limits for the formation of
the ore binder at the stage of solid-phase hardening are not the same for iron ore
concentrates from different deposits.

2. Research methods and objects

This paper presents the summary results of several studies conducted in 2021–2023
on charge material from various iron ore enterprises in the Russian Federation and
Kazakhstan.

The main component of bentopolymer composition was alkali-activated bentonite
clay from the 10th Khutor deposit (Republic of Khakassia) [22], a key supplier of
bentonite for the production of iron ore pellets in the Russian Federation. For the use
of bentonite clay in the production of pellets at iron ore mining and processing plants,
there are a number of regulated indicators that characterize the quality of the clay. For
example, regulated indicators may include, in addition to the swelling index and
effective viscosity, the content of montmorillonite (Table 1). The rheological proper-
ties and swelling of bentonite raw materials, in addition to the mineral composition,
are influenced by the crystal-chemical (octahedral lamellar composition, type of
counterion, and layer charge) and morphological (size and shape) parameters of
montmorillonite.

The content of montmorillonite was determined using the method of determining
the cation exchange capacity by adsorption of the methylene blue dye (MB),
described both in Russian standards [23] and in foreign literature [24].

The content of montmorillonite directly correlates with the degree of swelling and
effective viscosity. Analysis of clay mineral content is a non-trivial task and requires
specialized equipment and the work of experienced analysts. The micron and

The name of indicators Measure Value, no less “10th Khutor” 5th layer center

Effective viscosity mPa s 28 41.44

Swelling index ml/2 g 30 33

Content montmorillonite % 53 62.4

Table 1.
Regulated quality indicators of bentonite clay for iron ore pelletizing.
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submicron sizes of aggregates of clay particles, the complex structure of crystallites,
the presence of mixed-layer formations, and numerous impurities make clay diagnos-
tics difficult. The main methods for determining the content of montmorillonite are
related to the calculation of the adsorption value of organic dyes [25].

For use as the polymer part of the composite binder, a variety of substances were
tested and selected from the following considerations: priority was given to organic
compounds that demonstrate the effect of increasing rheological properties and regu-
lating filtration when interacting with bentonite. We are talking about polymers that
are successfully used to improve bentonite drilling fluids. Among them are polyacryl-
amides, carboxymethylcellulose, and xanthan gum.

Possible schemes for producing composite binders involve dry mixing of the poly-
mer and bentonite parts in one or a combination of several different ways, ranging
from joint extrusion under pressure and joint grinding, to simple mixing. Considering
the opinion that mechanical activation of charge components during the production of
pellets in terms of resource-saving is unacceptable [26], pilot batches of composite
binders were obtained by mixing. Mixing is an important production stage in prepar-
ing the charge for palletization. Many works are devoted to improving the strength of
pellets by increasing the efficiency of charge mixers [27].

The dosage of the polymer part in the BPC for each of the experiments did not
exceed 0.5% of the bentonite mass. In each BPC, the polymer part is a single organic
substance and not a mixture of them. This approach somewhat simplifies the descrip-
tion of the processes occurring during the interaction of BPC particles with water of
iron ore concentrate and the surface of its particles and makes it possible to identify
direct dependencies and the most promising polymer substances.

The green pellet technique used in all experimental laboratory studies is
included in detail in [28] and is methodologically consistent with the method
proposed by Eisel and Kawatra [29] and is still used at Michigan Technological
University [30].

Before roasting, green pellets with a particle size of �12.5 + 10 mm were placed in
trays and dried in an oven at a temperature of 105°C. Then, the dried pellets (sample
weighing mp = 300 g) were placed in a basket made of nichrome wire. The pellets
were fired in a laboratory high-temperature furnace VSP-220-1350 designed by NPVP
“TOREX”.

The furnace is a vertical cylinder, the interior of which is lined with refractory and
heat-insulating material. The heating elements are silicon carbide rods (15 pcs.),
installed vertically around the circumference of the furnace. An alundum glass is
inserted into the furnace to protect the split heaters from destruction and average the
temperature field in the working space. An oxidizing atmosphere is provided in the
furnace (it is possible to supply both an inert gas to maintain a neutral atmosphere and
oxygen or air through an opening in the bottom cover). A compressor is provided to
pump air. The maximum temperature achieved in the furnace is 1300°C.

The hardware design of the furnace makes it possible to successfully carry out
laboratory roasting under conditions of the process of thermal strengthening of pellets
in existing roasting machines.

3. Research results and discussion

The following results from two experimental studies share the following charac-
teristics:
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• The produced pellets are non-fluxed.

• The polymer part of the bentopolymer composition is represented by high-
viscosity polyanionic cellulose (PAC HV), a universal drilling additive with a
high degree of polymerization and high molecular weight, which serves as a
viscosity regulator to control fluid loss and inhibit clays in drilling fluids.

Results of experimental studies of the influence of BPC on the strength of roasted
non-fluxed pellets of Stoilensky GOK:

During experimental studies of the effectiveness of the process of laboratory heat-
strengthening roasting of iron ore pellets of the Stoilensky GOK using a bentopolymer
composition, two samples of roasted pellets were obtained, produced in a laboratory with a
bentonite binder of current production and with a bentopolymer composition (BPC) [28].

First of all, the strength characteristics of the resulting pellets were assessed,
namely, the compressive strength of the roasted pellets, which was 392 and 350 kg/
pellet for basic and bentopolymer pellets (with a 30% reduction in consumption),
respectively. In the process of thermal strengthening of pellets, their necessary metal-
lurgical characteristics are achieved both due to solid-phase sintering or ore phases
and due to the formation of a melt during roasting at maximum temperature, which
solidifies during cooling in the form of iron silicate glass and forms the structure of
pellets of the required strength in the initial state and during the reduction process in
blast furnace smelting. Moreover, if in the production of fluxed pellets, obtaining such
an amount of melt (2–6%) does not cause difficulties, then in the case of non-fluxed
pellets, obtaining such an amount of melt can be problematic [31].

The results of the study showed that a reduction in the consumption of the binder
(represented by low-melting silicates) by 30% had a critical impact on the strength of
the roasted pellets.

Thus, it has been established that the optimal dosage of BPC, which ensures an
improvement in all qualitative and technological indicators of raw pelletization, does
not provide an increase in the efficiency of heat-strengthening roasting for non-fluxed
pellets from regrinded concentrate. However, the use of BPC had a positive effect on
the chemical composition of the finished pellets, the mass fraction of Fetotal increased
by 0.2%, and in turn, SiO2 decreased by 0.19% (Table 2).

Reducing bentonite consumption seems necessary to optimize the chemical com-
position of finished pellets, which is especially important for high-quality pellets
produced from re-enriched concentrates.

The results of chemical analysis showed that a significant reduction in bentonite
consumption (by 30%) led to a decrease in silicon dioxide content by 0.2%, while the
permissible error of chemical analysis (GOST 23581.15), depending on the technique, can
range from 0.1 to 0.2%, i.e., the silica reduction values are within the acceptable error
range. This suggests that a reduction in bentonite dosage by 1–2 kg/t can be practically

Name of binder Mass component, %

Fetotal FeO SiO2 CaO

Basic bentonite binder 65.9 0.29 4.94 0.22

BPC-1 66.1 0.22 4.75 0.20

Table 2.
Chemical composition of pellets produced with different binders.
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undetected in the results of chemical analysis. Taking this into account, reducing the
consumption of bentonite in the pelletizing process without losing the quality character-
istics of the pellets remains an important task both from the point of view of reducing the
cost of finished pellets by reducing the volume of purchased binder and from the point of
view of the rational development of scarce and exhaustible high-quality bentonite.

Results of experimental studies of roasting non-fluxed pellets from high-quality iron ore
concentrate from Sokolovsko-Sarbaiskiy mining and processing production association
(GPO) in a laboratory furnace:

In this study, the qualitative characteristics of pellets produced using BPC were
compared with the characteristics of pellets produced not with the binder additive
used at the Sokolovsko-Sarbaiskiy mining and processing production association
(SSGPO) pelletizing plant (variegated clay contained in overburdened rocks) but with
the best and most promising bentonite clay of the commonwealth of independent
states (CIS) known today—Taganskoe field, Kazakhstan. The unique rheological
properties of bentonite clays from this deposit are due to the high content of the main
mineral. According to X-ray diffraction and thermal analyses, the content of mont-
morillonite in the bentonite horizons of this deposit reaches 90–98% [32].

Thus, the effect of using BPC in the process of pelletizing and roasting was com-
pared with the effect of using a bentonite binder, which was close to the reference one
in its rheological parameters.

For both the bentopolymer composition and the bentonite binder, based on the
results of green pelletization tests, the optimal consumption was determined to be
0.4% for each binder (Table 3). A further increase in binder consumption is imprac-
tical since, at the established consumption, the strength properties of the green and
dried pellets met the technical requirements.

Thanks to the use of high-quality binders, iron ore pellets with high compressive
strength and low abrasion resistance (B-0.5) were obtained (Table 4).

When using BPC, the porosity of the pellets increased by 1.1%,which led to an increase
in the recoverability index according to ISO 4695 dR/dT, %/min, amounting to 0.70 for
pellets produced with BPC and 0.66 for pellets produced with bentonite Taganskoye
deposits. High rheological properties of binders make it possible to obtain high-quality
green, dry, and roasted pellets. Thanks to the use of a bentopolymer composition, it is
possible to optimize the chemical composition of the pellets with optimal binder con-
sumption. The results of this study demonstrated that when using a bentopolymer com-
position and high-quality bentonite while reducing binder consumption, it is possible to
obtain comparable quality characteristics of pellets. Thus, replacing a bentonite binder
with a higher quality one or one with a bentopolymer composition should be considered as
an equal option for implementing the idea of reducing binder consumption.

Results of pilot tests on the use of three different BPC compositions during pelletizing and
roasting of DR pellets from re-enriched concentrate.

Binder Compressive strength of
green pellets, kg/pellet

Compressive strength of
dry pellets, kg/pellet

Drop strength,
n times

H = 500 mm

BPC consumption 0.4% 1.29 5.71 2.5

Bentonite (Taganskoe)
consumption 0.4%

1.27 6.31 2.6

Table 3.
Strength of green and dry pellets.
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The level of negative impact is an important resource aspect of the functioning of
metallurgy. Emissions from metallurgical production constitute a significant share of
gross national emissions from stationary sources and manufacturing in the Russian
Federation.

Parameters such as the quality of iron ore raw materials, the level of environmental
pollution by emissions of carbon-containing gases, and the energy efficiency of the
pyrometallurgical process are interrelated. Improving the quality of the agglomerated
product (primarily its strength) ensures a reduction in the recirculation load during
processing. It is accompanied by a reduction in energy costs for production and a
decrease in dust emissions [26].

According to some estimates [33], the market demand for steel produced using an
alternative reducing agent (carbon-free method) in DR pellets by 2030 will be 15 times
higher than the current production volume (2.25 million tons versus 147 thousand tons in
2019). For example, there is evidence in the literature that the use of hydrogen gas as a
reducing agent for the direct reduction of iron ore materials will make it possible to obtain
a carbon-free iron product with the prospect of reducing emissions of harmful gases,
regardless of the type of reduction or smelting reactor used [34]. In addition to minimiz-
ing the negative impact on the environment, including risks associated with the global
greenhouse effect problem, the interest of metallurgists in the processes of direct reduc-
tion of iron is caused by the limited and rapid depletion of coking coal reserves [35].

This study was conducted on high-quality concentrate intended for the production
of DR pellets. Compared to ordinary pellets, DR pellets have a higher iron content and
a low level of harmful impurities – silicon and sulfur. The idea of using BPC when
working with super-concentrates is especially relevant because it is primarily aimed at
reducing bentonite consumption. Since the purpose of iron ore processing is to
remove silicate minerals, adding silicate as a binder is counterproductive.

The formulation of the studied binders differed both in the type of polymer
additive used and slightly in the dosage of soda ash Na2CO3 into the original clay until
a sufficient level of rheological properties of activated bentonite was achieved
(Table 5). The dosage of the polymer additive is the same in each of the three binders.
The basis of each of the studied binders is bentonite clay from the central part of the
fifth layer of the 10th Khutor deposit (Republic of Khakassia).

For experimental samples of pellets, the metallurgical properties of direct reduc-
tion furnaces were determined (ISO 11257 and ISO 11258).

As can be seen from Table 6, with the use of BPC-7, it was possible to achieve an
increase in all parameters recorded according to ISO 11257 and ISO 11258. It is

Name of binder Swelling index,
ml/2 g

Effective viscosity,
mPa s

Swelling,
times

Polymer additive type

Bentonite binder 30.7 40 15.2 None

BPC-4 30.04 73.5 14.4 Xanthan gum

BPC-6 34.4 99.0 14.9 High-viscosity polyanionic
cellulose А

BPC-7 31.6 74.0 14.2 High-viscosity polyanionic
cellulose В

Table 5.
Qualitative and rheological parameters of the studied binders.
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interesting to compare the two extreme compositions because the polymer additive in
BPC-6 and BPC-6 is represented by highly viscous polyanionic cellulose but from
different manufacturers.

Of the negative consequences of using BPC-6:

• The reduction-grinding index at low temperature increases significantly from
1.03 to 1.76.

• The metallization rate also decreased from 92.55 to 91.43%.

At the same time, the reducibility index, the final degree of reduction, and
the degree of metallization significantly increased relative to the basic values.
However, during reduction, the strength of iron ore pellets decreases significantly. A
sharp softening on the pellets during reduction can lead to their destruction in
the furnace. The main factor influencing the behavior of pellets during reduction
is the structure, which determines the rate of reduction of the pellets. The higher
the specific surface area and the average pore size, the more likely the reduction
process is to occur throughout the entire volume of the pellet, and the higher the
reduction rate, the lower the strength and the higher the destructibility of the pellets.

Thus, it has been established that by using BPC as part of the charge for pelletizing, it
is possible to influence the metallurgical properties of pellets for direct reduction iron
(DRI), but even such parameters as the recovery rate have their optimal limits, since, on
the one hand, increasing the rate of recovery of raw materials will increase the produc-
tivity of the DRI unit, but on the other hand, an excessive reduction rate leads to
destruction of the pellets during reduction and subsequent problems in the operation of
the furnace.

4. Conclusions and outlook

The mechanical and metallurgical properties of pellets are determined by many
factors: the mineral composition of the feedstock, the amount and composition of
fluxes, the structure of the pellets, the heat treatment regime, the size of the pellets,

Binder used ISO 11257 ISO 11258

Determination of reduction-grinding index at low
temperature and metallization index

Determination of the
reducibility index, final
degree of reduction and
degree of metallization, %

Defined
parameter

RDIDR (<3.15мм) М dR/dt
(40)

MR R
(90)

With base
bentonite binder

1.03 92.55 1.25 83.1 8.2

With BPC-4 0.84 92.86 1.15 80.8 86.6

With BPC-6 1.76 91.43 1.39 88.7 92.1

With BPC-7 0.71 93.2 1.24 84.4 89.1

Table 6.
Results of the analysis of metallurgical characteristics of pellets for direct reduction.
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uneven firing across the layer and the nature of porosity. Controlling these factors at a
pelletizing factory is possible if technical solutions are used aimed at modifying the
macrostructure and preventing its defects.

The use of bentopolymer compositions as part of the charge is a promising direc-
tion for the production of iron ore pellets in order to improve the technical and
economic performance of roasting machines.

An increase in the rheological parameters of the binders at all stages of the research
made it possible to obtain high-quality green, dry, and roasted pellets. Thanks to the
use of a bentopolymer composition, it is possible to optimize the chemical composi-
tion of the pellets with optimal binder consumption.

As a result of laboratory and semi-industrial research, it was revealed that it is possible
to influence and quality characteristics of pellets using a bentopolymer binder. It should
be especially noted that the dosage of the polymer substance to bentonite, which signifi-
cantly increased the quality indicators of the pellets, was negligibly small.

The main scientific and technical achievements in the palletization of iron ore raw
materials in recent years are somehow related to the optimization of the composition
of the charge. The results of the studies also demonstrated that there is indeed a
reserve for increasing the technological parameters of the pelletizing process. With
this in mind, we expect continued academic and industrial research around the world
to overcome the bentonite binder problem in a variety of ways.

The combination of properties of bentonite has ensured its practical irreplaceabil-
ity in the pelletizing process over the past 60 years. The development of the science of
clays and nanocomposites, which has been rapidly developing in recent decades, will
inevitably lead to new discoveries, which will most likely ultimately lead to a revision
of traditional approaches to the use of such a unique material as bentonite.
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