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SYNOPSIS 

A novel method for polyamide/clay bio-nanocomposites fabrication was developed in an 

attempt to facilitate “extensive delamination” of clay stacks in polyamide matrices. The 

method, the so-called “surfactant-free organo-modification approach” did not employ any 

surfactants for the matrix-clay compatibilisation. The idea was to exploit the use of dimer 

fatty acid polyamides with protonated amine end groups as clay surface modifiers of the clay 

previously dispersed in a liquid medium. The clays of choice in the study were the standard 

smectite clays commonly used to prepare polymer-clay nanocomposites and vermiculite. 

They were ultimately chosen on the basis of their ability to exfoliate into nano-thick sheets. 

Dimer fatty acid polyamide/clay bio-nanocomposites containing either montmorillonite or 

vermiculite were successfully prepared using the “surfactant-free organo-modification 

approach”. Bio-nanocomposites containing as much as 28 wt.% montmorillonite and 30 wt.% 

vermiculite were obtained. In both cases, the composites featured a mixed morphology 

containing some exfoliated clay sheets together with nano-sized clay tactoids. At these filler 

loadings, the melt viscosity, tensile strength and Young’s modulus increased. Dynamic 

mechanical analysis showed that the glass transition temperature of the polymer increased by 

as much as 5 °C when 27.5 wt.% montmorillonite was added and 10 °C when 30 wt.% 

vermiculite was added. This indicates that the high interfacial surface area, presented by the 

clay platelets dispersed in the matrix, significantly impaired the polymer chain mobility. 
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A further goal of the research was to extend the application of organo-modified vermiculite to 

the semi-crystalline polyamide-11. In this particular case, organomodified- and unmodified 

vermiculite and commercial sepiolite (Pangel S9) were considered. The clays were melt-

compounded into the polyamide-11 to form products that contained either no filler, i.e. neat 

polyamide-11 or 10 wt.% clay. The aspects that were addressed included the effect of 

vermiculite organomodification, the effect of the shape of the clays, the aspect ratio of the 

particles, and the degree of dispersion that was achieved on properties of the generated 

polyamide-11/bio-nanocomposites. The emphasis was given to the mechanical and flame 

retardant properties.  

Polyamide-11/clay bio-nanocomposites were successfully prepared. Tensile properties results 

showed improvements in tensile strength and Young’s modulus increased with the presence 

of the nano-fillers. Young’s modulus of the bio-nanocomposites was almost the double of 

that of the neat polymer. Thermo-mechanical results also showed improvements in storage 

modulus with the addition of all particles, especially in the temperature range corresponding 

to the rubbery plateau (above the glass transition temperature). Cone calorimeter test results 

showed that the peak heat release rate and smoke production rate values of the polyamide-

11/clays significantly decreased compared with those of neat polymer. This indicates that the 

addition of clays not only decreased the flammability of polyamide but also effectively 

reduced smoke production. 

The key findings of the thesis are: 

 The “surfactant-free organo-modification approach” offers an alternative to 

conventional clay modification routes based on cationic surfactants. It provides 

additives suitable for the improvement of the properties of amorphous polyamide 

matrices. 

 The solution casting route allows the preparation of amorphous polyamide/clay 

nanocomposites with a very high clay content, i.e. approaching 30 wt.%. 

 There are at least three stiffening mechanisms operating in amorphous polyamide/clay 

bio-nanocomposites. The reinforcing effect of the high stiffness inorganic flakes is the 

primary contributor. Together with the chain confinement effect, that expresses itself 

in an apparent increase in the glass transition temperature, this provided an adequate 

rationalisation of the stiffness variation below the glass transition temperature. 

However, an additional stiffening effect is indicated at temperatures above the glass 
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transition temperature. The mechanism may involve dynamic network formation 

based on fluctuating hydrogen bonding interactions between the matrix polymer 

chains and the filler particles. 

 From an engineering viewpoint, the good mechanical and fire retardant properties 

obtained with the vermiculite samples are very encouraging considering the 

inexpensive nature of this filler. 

 The organo-modification of vermiculite and sepiolite is not necessary for the 

preparation of polyamide-11/clay bio-nanocomposites with excellent mechanical and 

thermal properties.  

 

Keywords: Polyamide bio-nanocomposites, solution intercalation, exfoliation, thermo-

mechanical properties, fire retardancy 
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PREFACE 

___________________________________________________________________________ 

 

Polymer nanocomposites are high-performance materials promising to meet new application 

requirements and to replace existing materials. The addition of clay-based nanoparticles can 

significantly improve properties of polymers. However, the vast majority of matrices used for 

this purpose are oil-based polymers. But, environmental concerns and sustainability issues 

are driving the adoption of biopolymers. Biopolymers are either fully biodegradable polymers 

or polymers derived from renewable resources such as plant oils and agro-industrial waste.  

Biopolymers are already offering promising properties for a variety of industrial applications. 

However, compared to equivalent petroleum-based polymers, they tend to be more expensive 

and often feature relatively poor mechanical, physical or processing properties. These 

drawbacks make them less competitive and limit their straightforward use in many 

applications. Some of these problems can be alleviated by incorporation of suitable inorganic 

fillers. 

The extent of polymer property enhancement with clay-based fillers depends strongly on 

factors such as particle size and aspect ratio. This implies the need for extensive exfoliation 

(favoured by strong interfacial adhesion) together with homogeneous dispersion (achieved by 

an appropriate mixing process) in the matrix. Ideally, the dispersed particles should 

correspond to stacks comprising only a few clay mineral layers or individual fibres. 

Conventional polymer nanocomposites are prepared using cationic surfactant-modified clays. 

Unfortunately, the use of cationic surfactant molecules introduces two main problems. They 

need to be chosen very carefully. Interactions between the polymer chains and the matrix 

must be preferred above surfactant-clay and surfactant-surfactant interactions so that 

exfoliation will be favoured in the thermodynamic sense. They also have limitations with 

respect to thermal stability. The lower degradation onset temperatures of organoclays limit 

the processing temperatures of the polymer nanocomposites. Alkylammonium surfactants 

chemically degrade from about 180 °C, i.e. at temperatures well below conventional polymer 

processing temperatures. Therefore, the surfactant molecules may degrade even when melt 

intercalation is performed at temperatures in excess of 200 °C. 
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The present study exploited an alternative route for polyamide/clay bio-nanocomposites 

fabrication to the conventional polymer nanocomposites preparation route outlined above. 

The goal was to achieve high degrees of clay sheet delamination in the polyamide matrices. 

The method did not employ any surfactants for the matrix-clay compatibilisation. The idea 

was to exploit the use of dimer fatty acid based polyamides with protonated amine end 

groups as clay surface modifiers of the clay previously dispersed in a liquid medium. 

The first phase of the project involved the preparation and full characterization of clay 

(montmorillonite and vermiculite) nanoparticles as described in Chapter 3. This was followed 

by the preparation of polyamide nanocomposites by either a solution casting route or 

extrusion compounding. In the third phase of the study the morphology, thermal, rheological, 

flammability, and mechanical properties of the various bio-nanocomposite samples were 

investigated using techniques such as wide angle X-ray scattering, electron microscopic 

analysis, thermogravimetric analysis, dynamic mechanical analysis, tensile measurements, 

cone calorimeter, etc. 

Thesis outline 

In total, the thesis comprises five chapters and references. Appendices are also included. 

An introduction to the study, description of the novel method and methodology used in the 

present work are given in Chapter 1.  

Chapter 2 provides a review of clays and clay minerals (with emphasis to bentonite and 

vermiculite clays) and their use as additives in polymer matrices is given. The chapter 

introduces the reader to the conventional way for clay surface modification and polymer clay 

nanocomposites preparation methods. A description of the principle of the new route that was 

followed in the present study is presented. Definition of polymer and biopolymers and 

polymer composites and a distinction between nanocomposites and micro-composites is 

given. The chapter also reviews the properties observed for nanocomposites. An overview of 

the common analytical techniques that are used for the characterization of clays and PA-bio-

nanocomposites is also given. 

Chapter 3 outlines the experimental design and presents the raw materials and the 

instruments that were available for laboratory work. The methods and procedures followed in 

the laboratory are also described in this chapter.  
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The results of the investigation of dimer fatty acid based polyamide/(montmorillonite or 

vermiculite) bio-nanocomposites produced by solution casting method as well as polyamide-

11/(vermiculite or sepiolite) bio-nanocomposites are presented in Chapter 4. The chapter 

discusses the morphology, thermal, rheological, flammability, and mechanical properties of 

the generated bio-nanocomposite. The relationships between the structure and the physical 

properties of dimer fatty acid based polyamide and polyamide-11 bio-nanocomposites were 

studied. 

Chapter 5 summarises the study and the key findings. 

Additional and relevant information data are given in the appendices. 
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CHAPTER 1  

___________________________________________________________________________ 

 

1. GENERAL INTRODUCTION 

1.1. Background 

Polymer nanocomposites are high performance materials promising to meet new application 

requirements and to replace existing materials (Fu et al., 2008, Yeh et al., 2012, Mago et al., 

2011). Adding clay-based nanoparticles such as exfoliated clay sheets can significantly 

improve properties such as heat resistance, stiffness, strength, dimensional stability, adhesive 

strength, toughness, impact resistance, barrier properties, rheological properties, flame 

retardancy, UV stability, etc. (Kiliaris and Papaspyrides, 2010, de Sousa Rodrigues et al., 

2013, Arora and Padua, 2010, Utracki, 2008, de Paiva et al., 2008, LeBaron et al., 1999, 

Ahmadi et al., 2005, Alexandre and Dubois, 2000, Fischer, 2003, Lee and Lee, 2004, Ray and 

Okamoto, 2003, Wang et al., 2004).  

The vast majority of matrices used for this purpose are oil-based polymers. However, 

environmental concerns and sustainability issues are driving the development of bio-

polymers. When incinerated or degrade naturally oil-based polymers release the greenhouse 

gas CO2, thus contributing to global warming. Biopolymers are either fully biodegradable 

polymers or polymers derived from renewable resources such as plant oils and agro-industrial 

waste (Hablot et al., 2010a, de Espinosa and Meier, 2011, Matadi et al., 2011, Petersson and 

Oksman, 2006, Babu et al., 2013, Lunt, 1998, Mohanty et al., 2002, Satyanarayana et al., 

2009, Storz and Vorlop, 2013). 

Biopolymers are already offering promising properties for a variety of industrial applications. 

However, compared to equivalent petroleum-based polymers, they often feature relatively 

poor mechanical, physical and processing properties. These drawbacks make them less 

competitive and limit their straightforward use in most applications. Addition of inorganic 

fillers has been shown to improve significantly these properties, allowing these polymers to 

be used for a number of applications (Bhattacharya et al., 2008, de Espinosa and Meier, 2011, 

Fu et al., 2008, Hablot et al., 2010a, Matadi et al., 2011, Petersson and Oksman, 2006, 

Satyanarayana et al., 2009). 
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The extent of polymer property enhancement depends strongly on factors such as size and 

particle aspect ratio, extensive exfoliation (favoured by strong interfacial adhesion) together 

with a homogeneous dispersion (achieved by an appropriate mixing process). Ideally, the 

dispersed particles should correspond to stacks comprising only a few clay mineral layers or 

individual fibres (Pavlidou and Papaspyrides, 2008, Chaiko and Leyva, 2005, Gopakumar et 

al., 2002, LeBaron et al., 1999, Powell and Beall, 2007, Yang et al., 1999). 

Conventional polymer nanocomposites are prepared using surfactant-modified clays. The 

nature of the surfactant plays an important role as it determines the degree of clay exfoliation 

that can be achieved. Unfortunately, the use of cationic surfactant molecules introduces two 

main problems namely: (1) they need to be chosen very carefully such that interaction with 

the polymer chains in the matrix is favoured above surfactant-clay and surfactant-surfactant 

interactions (LeBaron et al., 1999, de Paiva et al., 2008); otherwise, exfoliation will not be 

favoured in the thermodynamic sense; (2) limitations with respect to thermal stability. The 

lower degradation onset temperatures of organoclays limit the processing temperatures of the 

polymer nanocomposites. Alkylammonium surfactants chemically degrade around 180 °C. 

When using melt intercalation, for example (a process commonly carried out in excess of 200 

°C), the surfactant molecules may degrade (Tjong, 2006). These observations imply that new 

or alternative routes to facilitate “extensive delamination” of clay stacks in polymer matrices 

need to be found. This was the main objective of the present research. 

Instead of conventional surfactants, the present study focused on a new way of clay surface 

modification, the so-called “surfactant-free organo-modification approach”. In essence, the 

goal was to use polyamides with protonated amine end groups as clay modifiers of the clay 

previously dispersed in the liquid medium. A primary objective of the study was to prepare 

polyamide (PA)/clay bio-nanocomposites with “extensive delamination” of clay stacks in PA 

matrices. This “novel” technique is of great interest because it allows organo-modification of 

the external surfaces of nano-sized clay sheets suspended in an acidic solution. This may 

facilitate clay dispersion and to prevent restacking when they are ultimately compounded into 

the polymer matrix. In addition, the solution route should enable the preparation of 

nanocomposites with relatively high clay contents (Macheca et al., 2016, Macheca et al., 

2014, Nicolosi et al., 2013). 

The principle was as follows: In some polyamides, it is possible for the polymer chains 

themselves to provide the required organo-modification when amine functional groups are 
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present e.g. at the chain ends. Dimer fatty acid-based polyamides (DAPA) (the polyamide of 

choice as clay surface modifiers in this study) are of this type and they are soluble in lower 

carboxylic acids, e.g. formic acid or acetic acid (Fan et al., 1997). When dissolved in these 

acidic solvents, the amine functional groups at the ends of some chains become protonated. 

Thus, it should be possible for these cationic molecules to ion exchange with the intercalated 

cations present in the clay galleries. In this case, exfoliation may be favoured owing to the 

strong hydrogen bonding interactions that occur in DAPA polymers. This means that organo-

modification of the clays should be possible via solution intercalation of the polymer chains 

per se provided that suitable exchangeable ions are present in the clay. The choice fell on 

ammonium ions as, after exchanging, they can be removed by volatilisation as ammonia gas. 

Therefore, it was proposed to first prepare ammonium-loaded clays by exhaustive ion 

exchange. Then to contact such ammonium-loaded clays dispersed in acetic acid with DAPA 

solutions in the same solvent. These clay surface modifier polyamides may be identical with 

the matrix PA or it may be a different PA. These are the ideas that were explored in the 

present work. 

The clay modification route outlined above was applied to vermiculite (VMT) and the 

standard smectite clays commonly used to prepare polymer clay nanocomposites. Keep in 

mind that a primary objective of the study was to achieve high degrees of clay sheet 

delamination in the PA matrices. Smectite clays swell and, with monovalent exchangeable 

cations, exfoliate spontaneously in water giving stable colloidal dispersions (Norrish, 1954, 

Walker, 1960). On the other hand, vermiculite exfoliates easily when heated or treated with 

hydrogen peroxide (H2O2) and further delamination can be effected by sonication using high 

power ultrasound (Walker and Garrett, 1967, Muiambo et al., 2010, Muiambo et al., 2015, 

Justo et al., 1989, Hillier et al., 2013, Kehal et al., 2010, Obut and Girgin, 2002, Wiewiora et 

al., 2003, Poyato et al., 2009, Pérez-Maqueda et al., 2001, Pérez-Rodríguez et al., 2002, Ali et 

al., 2014). Exploring these abilities was considered to be at least a good starting point in the 

preparation of polymer/clay nanocomposites with extensive delaminated clay stacks. 

Obviously, this assumes that “all” synergistic factors required are properly modulated in 

order to obtain the desired final properties of the polymer/clay nanocomposites. 

The polyamides of choice in the study to prepare PA-clay bio-nanocomposites were PA-11 

and DAPA. They are polyamides derived from renewable resources. Both polyamides 

already offer promising properties for a variety of industrial applications. PA-11 is 
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manufactured from castor or canola oil while DAPA are derived from plant oils such as 

soybean or sunflower oils (Hablot et al., 2010a, Türünç et al., 2012, Maisonneuve et al., 

2013, La Scala et al., 2004). Both polyamides are used in high technology applications. PA-

11is used as a barrier material in fuel lines (Zhang et al., 2001, Zhang et al., 2012, Hu et al., 

2006). DAPA find application as thermoplastic hot melt adhesives and as injection mouldable 

polymeric encapsulants for electronics packaging (Fan et al., 1997, Yao et al., 2015). These 

applications, however, may benefit from improvements in their properties. 

1.2. Research objectives 

As previously stated, the extent of polymer property enhancement depends strongly on 

factors such as size and particle aspect ratio, extensive exfoliation together with a 

homogeneous dispersion of clay mineral layers or fibres. The primary objective of the present 

work was to prepare and characterize PA/cay bio-nanocomposites with “extensive 

delamination” of clay stacks in PA matrices (with emphasis to DAPA and PA-11) via a novel 

approach. For this purpose the following specific objectives were set:  

 Prepare and characterize the modified clays using the new approach outlined above; 

 Prepare bio-nanocomposite samples by solution casting method and/or melt blending 

method varying both the types and the nature/concentration of the polymer matrix and 

the modified clays; 

 Characterize the morphology, thermal, rheological, flammability, and mechanical 

properties of the various bio-nanocomposite samples using techniques such as wide 

angle X-ray scattering (XRD), electron microscopic analysis (SEM, AFM and TEM), 

thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), tensile 

measurements, cone calorimeter, etc.; 

 Understand the relationships between the structure and the physical properties of 

DAPA and PA-11 bio-nanocomposites. Here the aspects that were addressed include 

the clay content, the effects of the nature of the clay, the aspect ratio of the platelets, 

and the degree of dispersion that is achieved; 

 Compare the functional properties of these clays and to seek scientific explanations 

for the observed behaviours. 
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1.3. Methodology 

Three main phases were followed in the present study: 

(1) Preparation and full characterization of clay nanoparticles. In one approach the clays 

modification was carried out by loading them with ammonium cations via exhaustive 

ion exchange. In the case of VMT clay, the submicron nanoflakes were obtained by 

ultrasound dispersion in the liquid phase of VMT that was first exfoliated by either 

thermal shock or chemical treatment with hydrogen peroxide. The ammonium-loaded 

clays (MMT or VMT dispersed in acetic) were then contacted with DAPA solutions 

in the same solvent; 

(2) Preparation of PA (DAPA and PA-11)-clay bio-nanocomposites. This particular phase 

was divided into three steps: 

(a) In this step, MMT clay was used to prepare the polymer clay nanocomposites. DAPA 

(amorphous PA) was used as a clay surface modifier and it also served as the 

polymeric matrix. The polymer nanocomposites were produced by solution casting 

method. The main focus here was to understand the relationships between the new 

processing method and structure as well as to understand the relationships between 

the structure and the properties of the generated nanocomposites; 

(b) Instead of smectite clay in the second step submicron VMT nanoflakes obtained by 

ultrasound dispersion in the liquid phase of VMT that was first exfoliated by either 

thermal shock or chemical treatment with hydrogen peroxide were used. Here again, 

DAPA was used as a clay surface modifier as well as a polymeric matrix. The study 

compared the effect of the two different exfoliated submicron VMT flakes on the 

mechanical properties of such DAPA/bio-nanocomposites. The primary objective was 

to gain an understanding of the stiffening mechanisms operating in amorphous 

DAPA–VMT bio-nanocomposites; 

(c) In the third step, a similar technique to the one was applied in the second step to 

exfoliate the VMT clay was used except that only the thermal exfoliation route was 

followed instead of the chemical exfoliation one. In this particular step part of the 

resulting thermally expanded and ultrasonicated VMT was used for the organic 

modification process outlined above while the remaining part was used as unmodified 

VMT (i.e. no organic modification). Here PA-11was used as a polymeric matrix while 

the DAPA was kept as a clay surface modifier. The organic modified (OVMT) and 

the unmodified one (UVMT) were melt compounded into the PA-11 to form products 
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that contained either no filler, i.e. neat PA-11 or 10 wt.% clay. The main goal was to 

compare the effect of the organic modification on properties of the generated PA-11 

bio-nanocomposites, with emphasis on the mechanical and flame retardant properties. 

The performance of OVMT and UVMT samples with the commercial sepiolite 

(PGS9) was also studied. In this particular case, the aspects that were addressed 

included the effect of the shape of the clay, the aspect ratio of the particles, and the 

degree of dispersion that was achieved. 

(3) Full characterization of the elaborated polymer bio-nanocomposites by SEM and 

TEM, TGA, XRD, DMA, rheological, cone calorimeter and tensile properties. 
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CHAPTER 2  

___________________________________________________________________________ 

2. LITERATURE SURVEY 

2.1. Clays and clay minerals 

The term “clay”, refers to naturally occurring materials (i.e., non-synthetic) composed of very 

fine-grained minerals that show some plasticity when mixed with appropriate amounts of 

water and that will harden with dried or fired (Guggenheim and Martin, 1995). It is, 

therefore, applicable to all small-sized particles, normally < 2 μm, found in soils, sediments 

or as alteration products of rocks, including, apart from the phyllosilicates, lesser quantities of 

other minerals and/or organic products such as quartz, feldspars, carbonates, sulphates, Fe 

and/or Al oxides, humus, etc. “Clay mineral” is a mineralogical term referring to the part of a 

family (the phyllosilicates) consisting of hydrated aluminosilicates containing considerable 

amounts of Mg, Ca, Na, K, and Fe and, occasionally, fewer communions such as Ti, Mn, or 

Li. Despite their varied chemical composition, they can be classified in just a few major 

groups - smectites, vermiculites, micas, kaolin, talcum, chlorites, fibrous and interstratified 

(López-Galindo et al., 2007). 

Clays and clay minerals find use in a wide range of applications and the diversity of uses is 

still increasing. Millions of tons are utilized annually in a large variety of applications. These 

applications include uses in geology, the process industries, agriculture, environmental 

remediation and construction. The reasons are simple, as native materials, clays and clay 

minerals are available in immense reserves all around the world and their processing or 

modification is neither difficult nor expensive. This is useful for applications in industry. On 

the other hand, their colloidal size and crystalline structure imparts peculiar properties which 

are translated into the high specific surface area, interesting rheological properties and/or 

excellent adsorptive capacity. This makes clays very useful for a wide range of applications 

(Murray, 1999, Murray, 2000, Bergaya and Lagaly, 2001, Del Hoyo, 2007). 

Nowadays an application of great interest for clays, which is also the interest of present 

study, is to disperse them as nanometer-sized particles in a polymer phase, forming novel 

nanocomposite materials with improved properties (Bergaya et al., 2006). Clays suitable for 

polymer nanocomposites technology include smectite, VMT, kaolin, mica, palygorskite and 

sepiolite. However, in the family of phyllosilicates, 2:1 type silicates are most popular among 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



8 

 

industries and academia (Kumar et al., 2009). The clays of choice in the present study were 

the standard smectite clays commonly used to prepare polymer clay nanocomposites and 

VMT. 

2.2. Smectites 

Smectite is a group name for platy phyllosilicates of 2:1 layer with a layer charge between 

0.2 and 0.6 per formula unit (pfu). The interlayer separation (d(001) spacing) will vary 

depending on H2O retention and interlayer occupancy, but generally for natural samples, the 

separation is approximately 14.4-15.6 Å. The smectite group consists of several clay minerals 

such as montmorillonite (MMT), saponite, hectorite, beidellite and nontronite. However, 

montmorillonite (Na-MMT and calcium Ca-MMT) are the two most important industrially. 

MMT it is a hydrated alumina-silicate layered clay mineral consisting of an edge-shared 

octahedral sheet of aluminium hydroxide between two silica tetrahedral layers. Na
+
 and Ca

2+
 

cations are the typically interchangeable cations giving the MMT a high ion exchange 

capacity. The most common occurrences of these two smectite minerals are in bentonite. 

Mineralogically, bentonite is a soft, plastic, light-coloured rock, which typically forms from 

chemical alteration of glassy volcanic ash deposits or tuff under marine or hydrothermal 

conditions. Bentonite may contain accessory crystal grains that were originally phenocrysts in 

the parent rock as well as secondary authigenic mineral phases such as K-rich feldspar 

(Alexandre and Dubois, 2000, Guggenheim et al. 2006, Weiss et al., 2006, Murray, 2002, 

Murray, 2000, Utracki, 2004, Inglethorpe et al., 1993, Bailey, 1980). 

MMT has a 2:1 layered structure with the inner layer composed of an octahedral sheet that 

shares oxygen atoms between two tetrahedral sheets located on either side. In smectites, the 

substitution of Al
3+

 for Si
4+

 in tetrahedral sheets and substitution of divalent cations such as 

Mg
2+

 and Fe
2+

 for trivalent cations such as Al
3+

 and Fe
3+

 in octahedral sheets lead to a 

negative charge at the basal surface. This charge is balanced by monovalent and divalent 

cations (usually Na
+
, K

+
, Ca

2+
 and Mg

2+
) present in the interlayers. Their amount is usually 

expressed as the cation exchange capacity (CEC) (Annabi-Bergaya, 2008, Daković et al., 

2008, LeBaron et al., 1999). 

The sheet (octahedral and tetrahedral) thickness of smectites is about 2.2-2.3 Å and the lateral 

dimensions (a and b parameters) are less greater than 5 and 9 Å, respectively. These layers 

organize themselves to form stacks with a regular van der Waals gap in between them called 
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the interlayer or the gallery. A model presentation of smectite clay mineral structure is shown 

in Figure 2.1. MMT has a generic chemical formula as shown below (Alexandre and Dubois, 

2000). 

Mx(Al4-xMgx)Si8O20(OH)4 

where  M = monovalent cation and x = degree of isomorphous substitution (between 0.5 and 

1.3). 

 
Figure 2.1. The structure of smectite (Adapted from Grim, 1962). 

The high layer charge, the very fine particle size, the thin flakes, the high cation exchange 

capacity, the high surface area and the large aspect ratio (50–1000) of MMT (specially the 

Na-MMT) result in the physical and chemical properties that make it the most preferred 

material for its intercalation in polymer as an effective reinforcement filler (Murray, 2000, De 

Azeredo, 2009). Other important applications of smectites are shown in Table 2.1. 

Table 2.1. Industrial uses of smectites (Adapted from Murray, 2000). 

Drilling mud Bleaching clay Emulsions stabilizers 

Foundry binder clay Agricultural carriers Desiccants 

Pelletizing iron ores Cat litter absorbents Catalysts 

Sealants Adhesives Cosmetics 

Animal feeds binders Pharmaceuticals Paint 
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2.2.1. Location and geology setting of Boane bentonite used in the study 

The main smectite bearing deposit investigated in this study is found in Boane District, 

Maputo Province, in the South of Mozambique. The deposit is located at about 40 km SW of 

Maputo (capital city of Mozambique) in the Boane area on the slope of the Montes Pequenos 

Libombos and about 9 km from the town of Boane district. 

 

Figure 2.2. Geological map of the bentonite deposit near Boane District (Adapted from Cílek 

and Duda, 1989). 

The study area is accessible by both the Maputo-Namaacha and Maputo-Ressano Garcia 

roads and by footpaths. The main river in the area is the Umbeluzi, fed mostly by perennial 

tributaries. During the rainy season, the phreatic water table rises considerably and floods the 

low-lying parts. Raw bentonite is extracted from an open pit. One of the well-studied 

deposits, with an area of about 40,000 m
2
 is called Depósito Cooperativa 1 and 2 (see Figure 

2.2). This bentonite occurs as a weathering product of rhyolites and rhyolitic tuffs of the 

Karoo volcanic distributed in the Pequenos Libombos range. The thickness of bentonite 

varies from a few metres to up to 20 m, depending on the intensity of weathering (Cílek and 

Duda, 1989, Lehto and Goncalves, 2008). Previous studies (Massinga et al., 2010, 
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Muchangos, 2000, Cílek and Duda, 1989, Grim and Guven, 1978) on Boane bentonites 

suggested that these bentonites are composed mainly of MMT, with cristobalite being the 

major impurity. Chemically, Boane bentonite is characterized by high silica (SiO2) and 

generally low contents in Al2O3 and MgO (Massinga et al., 2010, Macheca et al., 2014) 

features which are strictly related to the parent rocks of dominantly rhyolitic composition. 

2.3. Vermiculite 

As a traded commodity, the term “Vermiculite” is used to describe commercially exploited 

deposits of micaceous minerals which can be exfoliated when heated rapidly to high 

temperatures (Kogel, 2006). However, in the mineralogical sense, VMT is a 2:1 

phyllosilicate, in which the negatively charged aluminosilicate layer is composed of one 

central magnesium octahedral sheet sandwiched between two hydrated silica tetrahedral 

sheets. Magnesium and iron sites are also present within the sheets of typical vermiculites. 

VMT, like the well-known MMT clay is characterized by substitution in the tetrahedral sheet 

(Si
4+

 by Al
3+

 and Fe
3+

) and in the octahedral sheet (Mg
2+

 by Al
3+

, Fe
3+

 and Fe
2+

. The 

substitutions of Si
4+

 by trivalent cations in tetrahedral positions are responsible for the 

negative layer charge of vermiculites. This charge is compensated by exchangeable cations, 

mainly Mg
2+

 or Ca
2+

 (Maqueda et al., 2009, Ramírez-Valle et al., 2006, Xu et al., 2003, , 

Pérez-Rodríguez et al., 2002, Lagaly, 1982, Shirozu and Bailey, 1966, Walker and Garrett, 

1967). 

Vermiculites are generally trioctahedral clay minerals. They are termed on the basis of a 

negative layer charge, which is between 0.6 to 0.9 per Si4O10(OH)2 formula unity (pfu) (de 

Haro et al., 2005, Guggenheim et al., 2006, Bailey, 1980, Brindley and Pedro, 1975, 

Guggenheim et al., 1997). Vermiculites are mostly formed by weathering of micas, mainly 

from biotite, phlogopite or muscovite by the release of interlayer K
+
 and the oxidation of Fe

2+
 

(Bergaya and Lagaly, 2013, Martin et al., 1991, Norrish, 1972). That is why the VMT 

chemistry from this perspective is closely linked to that of mica (Valášková and Martynkova, 

2012, Brown, 1972, Grim, 1968). Vermiculites can also be obtained by the decomposition of 

the interlayer hydroxide sheet in chlorite (Bergaya and Lagaly, 2013). In reality, many 

existing vermiculites are a mixture of VMT, VMT/mica interstratification and mica (de Haro 

et al., 2005, Justo et al., 1993). The thickness of the structural unit (2:1 layer and interlayer 

space) is about 1.4 nm, depending on the water interlamellar layers and the interlayer cations 

(Valášková and Martynkova, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



12 

 

The characteristic properties of VMT, such as high cation exchange capacity (100-150 

cmol/Kg), the ability to form complexes with organic substances, and a variable interlamellar 

distance depending on the exchangeable cations present and the humidity of the sample are 

very similar to those of MMT (Walker, 1947, Walker, 1949, Walker, 1950, Walker, 1951, 

Barshad, 1948, Barshad, 1949, Barshad, 1952, Walker and Milne, 1950, Xu et al., 2005). The 

similarity of their structures which consist of complex silicate layers interleaved with layers 

of water molecules carrying exchangeable cations it is the main reason for the similarity in 

the properties (Mathieson and Walker, 1954). A model presentation of VMT clay mineral 

structure is shown in Figure 2.3. 

 

Figure 2.3. The structure of VMT (Adapted from Zhang et al., 2009). 

The structural formula of vermiculites is often reported on the basis of the structure unit (half 

unit-cell content). The general formula can be written as (Valášková and Martynkova, 2012): 

X4(Y2-3)O10(OH)2 M·nH2O 

where M is exchangeable (Mg
2+

, Ca
2+

, Ba
2+

, Na
+
, K

+
) cations positioned in the interlayer 

space, that compensates the negative layer charge, Y is octahedral Mg
2+

, Fe
2+

 or Fe
3+

, Al
3+

, 

and X is tetrahedral Si, Al. Valášková and Martynkova (2012) provide a summary of the half 

unit cell compositions of vermiculites from different countries for comparison and the list is 

given below: 

Llano: (Si2.86Al1.14)(Mg2.83Al0.15Fe
3+

0.02)O10(OH)2 Mg0.41·3.72H2O 

Kenya: (Si2.72Al1.28)(Mg2.36Al0.16Fe0.58)O10(OH)2Mg0.32·4.32H2O 

Santa Olalla, Spain: (Si2.72Al1.28)(Mg2.59Fe
2+

0.03Al0.06Fe
3+

0.24Ti0.08)O10(OH)2Mg0.39Ca0.02·4.7H2O 
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Ojen, Spain: (Si2.83Al1.17)(Mg2.01Al0.2Fe
2+

0.16Fe
3+

0.40Ti0.14)O10(OH)2Mg0.235 

Letovice, Czech Republic: (Si2.64Al1.36)(Mg2.38Fe
2+

0.02Al0.06 Fe
3+

0.51Ti0.03)O10(OH)2Mg0.35Ca0.01Na0.01·4.9H2O  

West China: (Si3.02Al0.98)(Mg2.27Al0.12Fe
3+

0.28Fe
2+

0.05Ti0.07)O10(OH)2Mg0.35Ca0.09Na0.21K0.50  

Palabora, South Africa : (Si3.02Al0.79Ti0.05Fe
3+

0.14)(Mg2.50Fe
2+

0.38Fe
3+

0.09)O10(OH,F)2Ba0.29Ca0.09K0.14Ca0.08 

Brazil: (Si3.43Al0.57)(Al0.26Fe0.32Mg2.34)O10(OH)2Ca0.64Na0.16K0.047  

2.3.1. Exfoliation and delamination of vermiculite 

Exfoliation and delamination of clay mineral particles are often confusing terms in the 

literature. However, clear definitions of them were most recently given by Bergaya et al. 

(2012). According to these authors, in aqueous dispersion, intercalated water molecules lead 

to increasing separation between two successive layers. As long as there is no significant 

interaction between the two successive layers with some crystallographic orientation 

maintained, this separation is called delamination. When at some point, no further interaction 

occurs between the two delaminated units (isolated layers or stacking of few layers) which 

become independently mobile in the liquid phase, this phenomenon is called exfoliation. 

In particular case of vermiculite, however, the term exfoliation can also be used to describe 

the process of separation of its layers when heated thermally or by chemical treatment. 

In fact, the “VMT” of commerce features the desirable property that it expands up to 20-30 

times in volume when heated rapidly to elevated temperatures (Walker and Garrett, 1967, 

Muiambo et al., 2010, Muiambo et al., 2015, Macheca et al., 2016, Justo et al., 1989, Hillier 

et al., 2013) or by treating it with H2O2 (Kehal et al., 2010, Obut and Girgin, 2002, Macheca 

et al., 2016). Exfoliation into submicronic and even nanoflakes can be accomplished by 

subsequent sonication using high power ultrasound (Kehal et al., 2010, Wiewiora et al., 2003, 

Poyato et al., 2009, Pérez-Maqueda et al., 2001, Pérez-Rodríguez et al., 2002, Ali et al., 2014, 

Macheca et al., 2016). 

Exfoliation of VMT involves a volume expansion with individual platey particles expanding 

perpendicular to the cleavage planes, bloating in an accordion- or concertina-like fashion 

(Macheca et al., 2016) to up to 20-30 times their original volume. When exfoliated the VMT 

accordions become curved, which together with their segmented appearance evokes the 

vermiform resemblance to worms. This explains the origin of the name “vermiculite” 

(Walker, 1951). 
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In its exfoliated state, VMT has the following important qualities (Hall, 2010): low density, 

moderately low thermal conductivity, high-temperature resistance, high absorbency, high 

specific surface area and cation exchange property. 

a) Exfoliation of vermiculite using thermal treatment 

The most well-known method of exfoliating VMT is by short-lived rapid so-called ‘shock’ or 

‘flash’ heating. Commercially, this is usually achieved by heating to temperatures of around 

900 ºC for a few minutes or more in a vertical or rotary furnace (Kogel, 2006). Heating 

rapidly a VMT flake to elevated temperatures (≈ 900 ºC), results in the rapid transformation 

of the interlayer water into steam. This generates high pressure that causes the flakes to 

separate and to expand in a worm-like manner. As a consequence, a highly porous expanded 

material, which is an efficient thermal insulator, is formed. This expansion, that can reach 30 

times the original flake thickness, is conventionally called as exfoliation although the 

individual sheets that make up the original flake remain attached to each other (Justo et al., 

1989, Kehal et al., 2010, Marwa et al., 2009, Walker, 1961). 

The exfoliation property of VMT is related to the explosive release of water molecules from 

between the silicate layers and causes the flakes to separate and to expand. Midgley and 

Midgley (1960), Couderc and Douillet (1973), Justo et al. (1989) and Hillier et al. (2013) 

found that samples that are poly-phase and/or rich in mica-VMT mixed layers exfoliate more 

readily compared to samples that are rich in true VMT. Couderc and Douillet (1973) 

attributed this phenomenon to the fact that during the thermal shock, the water molecules 

from the VMT layers hit the mica layers, producing the large gap between them. Later, Justo 

et al. (1989) suggested that the sudden release of interlayer water is not the only factor 

influencing the thermal expansion of VMT samples. The mechanism differs from one sample 

to another, depending on chemical composition, loss of OH groups, and mineralogical 

composition. 

Very recently, Hillier et al. (2013) offered what appears to be a satisfactory and convincing 

explanation for the exfoliation mechanism of thermal exfoliation of VMT. An intra-particle 

mosaic-like intergrowth of VMT, mica and mica-VMT mixed layers in most commercial 

vermiculites seems to be the key point to explain the mechanism of thermal exfoliation. 

According to authors, exfoliation is related to the mosaic distribution of the different mineral 

phases within the particles. Lateral phase boundaries between VMT and mica layers or VMT 
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and chlorite layers are postulated to prevent or impede the escape of gas from a particle, 

resulting in exfoliation when the pressure exceeds the interlayer bonding forces that hold the 

layers together. The model developed by these authors explains also the commonly observed 

particle size dependence of exfoliation and the tendency for poly-phase VMT samples to 

show the largest coefficients of expansion.  

At laboratory scale, the onset of exfoliation of some VMTs (e.g. the well known Palabora 

VMT from Phalaborwa, South Africa and the industrial interstratified VMT from China) can 

be observed at temperatures as low as 300 ºC. This can be achieved by cation exchange 

treatments with Na
+
, K

+
 or NH4

+
 (Muiambo and Focke, 2012, Huo et al., 2012). 

Another thermal exfoliation technique of VMT, but seldom used, is heating VMT with 

microwaves (Marcos and Rodríguez, 2010, Marcos and Rodríguez, 2011, Marcos and 

Rodríguez, 2014, Folorunso et al., 2012). It was shown recently by Marcos and Rodríguez 

(2011) that microwave irradiation reduced the time and energy required for the preparation of 

expanded VMT particles. However, the method is still not commercially popular because, to 

date, most of the published investigations of microwave exfoliation of VMT have been 

carried out on the laboratory scale using the domestic microwave. The disadvantages of using 

domestic microwave are first, the spatial non-uniform distribution of the electric field which 

causes uneven heating of materials, secondly, the creation of multiple hotspots within the 

cavity and the low power density (Meredith, 1998). These drawbacks make domestic 

microwave ovens unsuitable for scientific investigations as the distribution of the electric 

field may vary considerably between the discrete treatment of different samples and it is 

subsequently impossible to predict the distribution of the electric field in the workload 

(Folorunso et al., 2012). 

b) Exfoliation of vermiculite using chemical treatment with hydrogen peroxide  

In addition to thermal methods, VMT may also be exfoliated chemically. By far the most 

effective and most gentle chemical method known (to date used only in laboratory scale) is 

that of using hydrogen peroxide (H2O2) (Baumeister and Hahn, 1976, Obut and Girgin, 2002, 

Kehal et al., 2010, Hillier et al., 2013, Marcos and Rodríguez, 2011). The technique is based 

on the observation that the decomposition of H2O2, which obviously is catalysed by the 

interlayer cations of the clay and the concomitant evolution of oxygen, separates the layers. 

Oxygen atoms also attack the hydroxide groups of the silicate structure causing the vigorous 
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release of the hydroxides from the silicate structure. The interactions between H2O2 and 

hydroxide groups of the silicate structure and interlayer water molecules disrupt the 

electrostatic equilibrium between the layers and the interlayer cations, causing dissolution of 

the interlayer cations and separation of the layers (Groves, 1939, Obut and Girgin, 2002). 

Since exfoliation occurs due to the decomposition of H2O2 in the interlayers of the samples, it 

is reasonable to think that decomposition of H2O2 by the evolution of oxygen gas may be 

accelerated by the presence of fluoride and iron ions in the solution phase (Obut and Girgin, 

2002).  

The advantages of this method are first, the much better yield of very thin (2-3 nm) flakes, 

secondly, the maintenance of the full ion-exchange capacity (Baumeister and Hahn, 1976) 

and finally, the decomposition of H2O2 into gaseous oxygen and water, subsequent to its 

intercalation between the layers, generates a much greater expansion rate than that obtained 

by thermal exfoliation (Muromtsev et al., 1990, Obut and Girgin, 2002). 

The exfoliation mechanism postulated above for thermal exfoliation is also valid for chemical 

treatment with H2O2. The mechanisms of both thermal and H2O2 chemical exfoliation share 

one or more common factors. 

c) Exfoliation and delamination of vermiculite using high power ultrasound 

Particle size reduction of VMT can significantly affect the commercial interest of this 

material. The milling methods (wet or dry) represent one of the most popular approaches to 

produce the required clay particles by the mechanical way. The clay particles are normally 

carried out in the energy intensive grinding mills such as planetary ball mill, vibratory mill 

and jet mill (De Haro et al., 2004, Maqueda et al., 2009, Wang et al., 2011, Barabaszová and 

Valášková, 2013). Among the industrial mills currently employed for producing high-quality 

fine materials, the jet mill now occupies an important place (Palaniandy and Azizli, 2009). 

Milling in a jet mill seems to be the suitable technique for obtaining ultrafine materials with 

an average size of around a few microns. The disadvantage of using jet milling is relatively 

the high energy consumption (Palaniandy et al., 2008). On the other hand, when milling 

VMT for example the agglomeration of VMT particles takes place and the layered structure 

of the material is destroyed when the grinding time increases (Perez-Rodrlguez, 2003, Pérez-

Maqueda et al., 2004, Barabaszová and Valášková, 2013). Barabaszová and Valášková 

(2013) for instance, examined the influence of different milling techniques on the structure of 
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natural Mg-VMT from Brazil and its sodium form and obtained that the destruction of the 

layered structure of VMT took place after 15 min grinding in a vibration mill. This was 

confirmed by the disappearance of the basal reflections on the XRD patterns. 

Recently sonication was proposed as a feasible alternative to grinding for reducing the 

particle size of clays. Using ultrasonic treatment of VMT submicronic and nanometric 

particles were obtained (Pérez-Maqueda et al., 2001, Pérez-Rodríguez et al., 2002, Wiewiora 

et al., 2003, De Haro et al., 2004, Pérez-Maqueda et al., 2004, de Haro et al., 2005, Poyato et 

al., 2009, Kehal et al., 2010, Poyato et al., 2012, Reinholdt et al., 2013, Barabaszová and 

Valášková, 2013, Ali et al., 2014, Macheca et al., 2016, Nguyen et al., 2013). The method is 

preferred because it does not modify the crystal structure and prevents amorphisation when 

compared with grinding technique (Wiewiora et al., 2003, Pérez-Maqueda et al., 2004). 

During the ultrasound process, vapour cavities are formed which act as microjets. Their 

shockwaves impact and interact with the particles. The ultrasound process allows reduction 

of submicron and nanometric VMT particles with a relatively narrow particle size 

distribution. Ultrasound produces an increase of the surface area while the micropore surface 

area remains almost unchanged (Peters, 1996, Pérez-Maqueda et al., 2005, de Haro et al., 

2005). 

The higher charge density of the VMT sheets (a key parameter facilitating the incorporation 

of cationic organic modifiers to generate larger interlayer spacings), the formation of porous 

and highly fire resistant foams as a result of its spontaneous exfoliation at elevated 

temperatures (better fire retardancy effect to polymer composites), the formation of 

macroscopic crystals (that are potentially suitable for producing high-aspect-ratio 

nanofillers), the high absorbency and cation exchange property make VMT a great candidate 

to be used for polymer nanocomposites technology. On other hand, by exploring the great 

ability to exfoliate is, at least, a good starting point in the preparation of clay mineral-polymer 

composites with extensive delaminated clay stacks, assuming obviously that “all” synergistic 

factors needed are properly modulated in order to obtain the desired final properties of the 

polymer clay based nanocomposites. 

2.3.2. Location and geology setting of Palabora vermiculite 

The main deposit of VMT investigated in this work is located in Palabora Complex. This 

Proterozoic Complex lies in the Archaean of the north-eastern Transvaal. It resulted from 
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alkaline intrusive activity in which there was emplaced in successive stages pyroxenite, 

syenite and ultrabasic pegmatoid. 

 

Figure 2.4. Simplified geological map of the Palabora igneous complex, Limpopo, South 

Africa (Adapted from Evans, 1993): (1) Open pit operation of Foskor which produces 

phosphate; (2) The VMT open pit; (3) The Palabora open pit at, which produces mainly 

copper and magnetite. 

The Palabora VMT open pit mine (marked by 2 in Figure 2.4) is the second largest VMT 

mine in the world. The mining operations and concentration were started in 1946 by Dr Hans 

Merensky. In 1990, it has been calculated to contain 46 metric ton (Mt) of VMT, which 

makes it the world's largest ore body of this type (Schoeman, 1989). 

The Palabora VMT resulted from the hydration of phlogopite (and biotite) by the loss of 

alkali and the addition of water. VMT is therefore essentially a complex hydrous silicate of 

magnesium and aluminium with varying amounts of iron, possibly of isomorphous 
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replacement. The surface weathering, under the influence of percolating meteoric water, it is 

seen to be the main cause of the conversion of phlogopite to VMT (Schoeman, 1989). 

Palabora VMT is not a pure VMT, the mineral is a trioctahedral VMT intermediate between a 

mica (biotite) and a VMT. It is composed of sequences of mica layers, sequences of VMT 

layers and a seemingly regular interstratification between these two kinds of layers. However, 

the mica content is low compared to the content of VMT layers or the interstratified mica 

VMT layers (Le Dred, 1968, Muiambo et al., 2010). 

2.4. Sepiolite 

Sepiolite is a natural hydrated magnesium silicate clay mineral. Sepiolite structural formula 

can be written as Mg8Si12O30(OH)4(OH2)4.xH2O, (x=6-8). From the formula, (OH) indicates 

the hydroxyl group, (OH2) group denotes crystal water and H2O as zeolitic water. The unit 

cell parameters (a, b, c and β) determined for sepiolite are a=0.528 nm, b=2.695 nm, c=1.33 

nm and β=90°). Sepiolite shows a microfibrous morphology with channels running parallel to 

the fibre length and a particular texture that provides a high specific surface area (200–300 

m
2
/g) and porous volume (0.4 cm

3
/g) (Bergaya and Lagaly, 2013, Perraki and Orfanoudaki, 

2008, Preisinger, 1963, Galan, 1996, Aranda et al., 2007, Choudhury et al., 2010, Volle et al., 

2011, Bilotti et al., 2008, Nagata et al., 1974). 

Like MMT and VMT, sepiolite is a 2:1 phyllosilicate. Sepiolite structure is composed of 

blocks of two tetrahedral silica sheets sandwiching an octahedral sheet of magnesium oxide 

hydroxide. The tetrahedral sheets are extended to a considerable distance in the ‘‘a’’ and ‘‘b’’ 

directions. The blocks are linked by an inverted Si-O-Si bond forming an open channel (0.36 

nm x 1.1 nm) similar to that of zeolites. The periodic inversion of the SiO4 tetrahedral 

determines a regular discontinuity of the sheets, which is the origin of the structural cavities 

(tunnels) extending along the c-axis. Due to the discontinuity of the external silica sheet, a 

significant number of silanol (Si–OH) groups are present at the surface of the sepiolite, 

generating a microporous structure with a large surface area, which is responsible for its 

adsorption properties. In addition, the isomorphous substitution of Al
3+

 for Si
4+

 in the 

tetrahedral sheets of the lattice of sepiolite forms negatively charged adsorption sites. Such 

sites are occupied by exchangeable cations (Na
+
, Ca

2+
, etc.) that compensate for the electrical 

charge at the sepiolite surface, resulting hydrophilic environment at the surface (Choudhury 

et al., 2010, García-López et al., 2010, Brauner and Preisinger, 1956, Ahlrichs et al., 1975, 
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Casal et al., 2001, Rytwo et al., 2002, Grim, 1968, Özcan and Özcan, 2005). A schematic 

presentation of sepiolite clay mineral structure is shown in Figure 2.5. 

 

Figure 2.5. The structure of sepiolite (Adapted from Soheilmoghaddam et al., 2014). 

The essential features of the sepiolite are: (a) the continuous tetrahedral basal oxygen planes, 

(b) the inverted tetrahedral arrangement that forms ribbons of joined pyroxene-like chains, 

and (c) the discontinuous tetrahedral sheet (Bergaya and Lagaly, 2013). Compared with 

layered MMT for example, the morphology of fibre-like sepiolite provides a higher specific 

surface area and the smaller contact surface between the nanoclay particles. This is what also 

makes this interesting and attractive material for nanocomposites technology. With these 

characteristics, polymer chains have a better chance not only of interacting with the external 

surface of the sepiolite but also of penetrating into the structure, which facilitates a dispersion 

of the clay in the polymer matrix more uniformly than those plate-like clays. The better 

dispersion of the clay will further improve the mechanical and thermal properties of 

nanocomposites (Lu et al., 2005, García-López et al., 2010, Xie et al., 2007, Liu et al., 2012). 

The adsorption properties presented by these fibres, along with the elongate habit of the 

minerals, make them particularly useful in many industrial applications (Murray, 2000). 

Table 2.2 summarizes the important industrial uses of sepiolite. 

Table 2.1. Industrial uses of sepiolite (Adapted from Murray, 2000). 

Drilling mud Cat box absorbents Paper 

Paint Suspension fertilizers Pharmaceuticals  

Agricultural carriers Animal feeds bondants Anti-caking agent 

Industrial floor absorbents Catalyst supports Reinforcing fillers 

Tape joint compounds Adhesives Environmental absorbent 
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2.5. Clay surface modification 

Surface modification of clay minerals has become important for improving the practical 

applications of clays and clay minerals. Traditional applications of modified clays are 

numerous. Some of the more important applications include their use in polymer 

nanocomposite technology; as adsorbents of organic pollutants in soil, water and air; 

rheological control agents; paints; cosmetics; refractory varnish; thixotropic fluids, etc. 

(Carrado, 2000, Van Oss and Giese, 2003, de Paiva et al., 2008).  

The different approaches used to modify 2:1 clay minerals are listed by Bergaya and Lagaly 

(2001):  

 Adsorption; 

 ion exchange with inorganic cations and cationic complexes; 

 ion exchange with organic cations; 

 binding of inorganic and organic anions, mainly at the edges; 

 grafting of organic compounds; 

 reaction with acids; 

 pillaring by different types of poly(hydroxy metal) cations; 

 interlamellar or intraparticle and interparticle polymerization; 

 dehydroxylation and calcination; 

 delamination and reaggregation of smectitic clay minerals, and; 

 physical treatments such as lyophilisation, ultrasound, and plasma. 

2.5.1. Organomodified clays for polymer nanocomposite technology 

Most of the polymer/clay nanocomposites have been prepared using organomodified clays as 

raw materials. 

In polymer nanocomposite technology the surface modification aims to make the surface of 

the clay compatible with a polymer of interest. Layered silicates in their pristine state exhibit 

a hydrophilic nature and are only miscible with hydrophilic polymers, such as poly(ethylene 

oxide) and poly(vinyl alcohol) (Aranda and Ruiz-Hitzky, 1992, Greenland, 1963). However, 

most polymers are hydrophobic. To allow them to be miscible with hydrophobic polymers, 

the surface layers should be modified through an ion exchange reaction with an inorganic or 

organic onium ion. The process of such substitution is called intercalation. It lowers the 
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surface energy of the clay layers and makes it possible for organic species to diffuse into the 

gallery between the clay sheets. The replacement of inorganic exchange cations by organic 

onium ions on the gallery surfaces of clays not only serves to match the clay surface polarity 

with the polarity of the polymer, but it also expands the clay galleries. This facilitates the 

penetration of the gallery space by either the polymer precursors or preformed polymer 

(Alexandre and Dubois, 2000, LeBaron et al., 1999). 

Ion exchange reaction with cationic surfactants including primary, secondary, tertiary, and 

quaternary alkylammonium or alkyl phosphonium cations (Ray and Okamoto, 2003) is well-

known and the preferential method to modify the surface of the clay. In this reaction (Figure 

2.6), the inorganic, relatively small (sodium) ions are exchanged against more voluminous 

organic onium cations. The ion-exchange reaction has two fundamental consequences: firstly, 

the gap between the single sheets is widened enabling polymer chains to move in between 

them and secondly, the surface properties of each single sheet are changed from being 

hydrophilic to hydrophobic (Fischer, 2003). 

The capability of the clay to exchange ions is quantified by a specific property known as the 

cation exchange capacity (CEC) and it is determined by the nature and extent of the 

isomorphous substitutions in the tetrahedral and octahedral layers and therefore on the nature 

of the soil where the clay was formed (Kornmann et al., 2001, Manias et al., 2001). A typical 

ion-exchange reaction is illustrated schematically in Figure 2.6. 

 

Figure 2.6. Surface modification of clay by ion exchange reaction (intercalation), where Na 

cations are replaced by cations of the surfactant (Adapted from Kaya, 2006). 

2.5.2. Organomodified clay structure 

In order to describe the structure of the interlayer in organoclays, it is believed that to counter 

the negative charge on the surface, the cationic head group of the alkylammonium molecule 
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preferentially resides at the layer surface, leaving the organic tail radiating away from the 

surface. Two parameters then define the equilibrium layer spacing in a given temperature 

range: the cation exchange capacity of the layered silicate driving the packing of the chains 

and the chain length of organic tails (Alexandre and Dubois, 2000, Zanetti et al., 2000). 

The orientation of the chains in the organic silicate was initially inferred from measurements 

of XRD and FTIR. Depending on the layer charge of the clay mineral and the chain length of 

the organic ion, different arrangements of organic molecules between the layers can be 

formed (Figure 2.7). The geometry of the surface and the degree of exchange can also 

influence. The organic ions may lie flat on the silicate surface as a monolayer or bilayer, or 

depending on the packing density and the chain length an inclined paraffin-type structure, 

with the chains radiating away from the silicate surface can be formed. In the 

pseudotrimolecular layers, some chain ends are shifted above one another, so that the spacing 

is determined by the thickness of three alkyl chains (Lagaly, 1981, Lagaly, 1986, Brown and 

Brindley, 1980, Weiss, 1963, Bergaya et al., 2006, Vaia et al., 1994). 

 

Figure 2.7. Orientations of alkylammonium ions in the galleries of layered silicates with 

different layer charge densities (Adapted from Lagaly, 1986). 

The distance between the layers is strongly dependent on two parameters namely, the 

surfactant chain length and charge density of the clay. In general, the longer the surfactant 

chain length, and the higher the charge density of the clay, the further apart the clay layers 

will be forced. This is expected since both of these parameters contribute to increasing the 

volume occupied by the intragallery surfactant (LeBaron et al., 1999). The interlayer spacing 

increases with the increase in the size of alkylamine chain length. However, the interlayer 
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distance also depends on the way the onium ion chains organize themselves in the organoclay 

(Pavlidou and Papaspyrides, 2008). 

The wet method, involving the contact of a dilute aqueous dispersion of layered silicates with 

ammonium salt solutions or melts of the guest compounds seems to be the best for preparing 

organophilic clays (Breakwell et al., 1995). The alkylammonium compounds may be 

adsorbed in excess of the cation exchange capacity of the clay implying the intercalation of 

ion pairs, although the extent to which this happens depends on factors such as alkyl chain 

length, layer charge and pH. Usually, the ion pairs are labile with respect to washing, 

although some material may be more tenaciously held. Alternatively the wet method, a “dry” 

method may be employed which involves the reaction of the clay and the surfactant at 60 °C 

in a high shear mixer. The “wet” process can aid the removal of non-clay impurities from the 

natural bentonites, but the product of the “dry” process will retain such material (Breakwell et 

al., 1995, Bergaya and Lagaly, 2001). Many organo-montmorillonites and vermiculites 

reported in the literature are produced using the above-described methods (Massinga and 

Focke, 2012, Merckel et al., 2012, Massinga et al., 2010, He et al., 2010, Breakwell et al., 

1995, Zhu et al., 2008, Xu et al., 2005, Pérez Rodríguez et al., 1988). 

The above-mentioned methods can also be applied successfully to the organophilization of 

sepiolite. However, some changes in methods should be introduced. For instance, if on the 

one hand the swelling capacity of bentonite is one of the determining factors for the success 

of the organophilization process, the same cannot be said for the sepiolite. The nano-rods of 

sepiolite are naturally aggregated together in raw minerals because of the presence of 

impurities such as carbonates, silicates, quartz, and so on. Unlike layered clays, sepiolite does 

not swell and exfoliate spontaneously in water. The sepiolite fibre dispersion requires 

mechanical mixing at the high shear rate for a relatively long time and at relatively high 

sepiolite concentrations as the higher density of fibre bundles produces an internal shear and 

friction that drags the individual particles from the bundles and produces an extensive 

disentanglement of fibres (García et al., 2011). 

The number of sorption/modification sites available for each of these clays is one of the 

characteristics that mark the difference between them. The structure of the sepiolite presents 

three sorption/modification sites: (a) oxygen ions on tetrahedral sheets, (b) a small amount of 

cation-exchange sites, and (c) Si–OH groups along the fibre axis. Neither large molecules nor 

those of low polarity can penetrate the channels though they can be adsorbed on the external 
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surface, which accounts for 40–50% of the total specific surface area (Galan, 1996). The 

specific organic modifier can be introduced onto the sepiolite based on the surface reactive 

silanol groups, which it is a fundamental difference between sepiolite and laminar silicates 

such as MMT (García-López et al., 2010). 

Although theoretically the organic modification of layered and fibre silicates can render them 

miscible with polymers, the process presents serious disadvantages. First of all, the use of 

cationic surfactants has limitations with respect to thermal stability. Alkylammonium 

surfactants chemically degrade around 180 °C. When using melt intercalation, for example (a 

process commonly carried out in excess of 200 °C), the surfactant molecules may degrade 

(Tjong, 2006). Another problem is that the surfactant molecules need to be chosen very 

carefully such that interaction with the polymer chains in the matrix is favoured above 

surfactant-clay and surfactant-surfactant interactions (LeBaron et al., 1999, de Paiva et al., 

2008); otherwise, exfoliation will not be favoured in the thermodynamic sense. These 

observations imply that new routes of clay surface modification must be found. This was the 

main objective of the present research. 

2.5.3. Characterization of modified clays 

The first piece of information obtained on every new synthetic sample is an XRD pattern. 

The technique allows monitoring the effective intercalation of quaternary ammonium salts 

between the layers of clay minerals, observing the increase of interplanar distance d(001), 

passing from values which are generally between 1.2 and 1.6 nm (depending on the humidity 

of the sample) to values located generally between 2.0 and 4.0 nm. The basal spacing value 

(determined from the Bragg's relation: λ=2d sinθ, where λ corresponds to the wave length of 

the X-ray radiation used in the diffraction experiment, d the spacing between diffractional 

lattice planes and θ is the measured diffraction angle or glancing angle) obtained varies 

according to the type, concentration and orientation of the surfactant used and preparation 

methodology. Changes in basal spacings are often an indication that organic has been 

incorporated within the interlayers during clay crystallization. However, to confirm the 

supposition based on basal spacings, more direct evidence of organic uptake is needed. This 

is done by TGA, microanalysis (CHN composition), and Fourier transform infrared (FTIR) 

spectroscopy. The FTIR spectrum of organoclays can provide detailed information on the 

interlayer structure and alkylammonium phase between the clay galleries. The results reveal 
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the frequency variations in strains and angular deformations of CH2 and CH3 groups of 

organic salts as a function of packing density, chain length and temperature. 

Thermogravimetric methods are used in order to study the thermal stability or behaviour of 

neat clay and their modified derivatives. Since weight loss between 200 and 600 °C is very 

low for the inorganic clay, any peak in a derivative plot of this region is indicative of the 

presence of organics (Carrado, 2000, Ray and Okamoto, 2003, Vaia et al., 1994, Breakwell et 

al., 1995). The other characterization techniques include scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). 

2.6. Generalities about polymers 

Polymers are made from organic, synthetic or natural macromolecules. Plastics and rubber 

are examples of synthetic polymers while the leather, silk, horn, cotton, wool, wood and 

natural rubber are made of natural organic macromolecules (Padilha, 1997). The polymers are 

organic compounds chemically based on carbon, hydrogen and the other non-metallic 

elements (such as oxygen, nitrogen and silicon). They are chemical compounds of high 

molecular weights, formed by the association of many small molecules (monomers), of the 

same or several different types, connected to each other by consecutive covalent bonds 

resulting from various addition reactions or condensation (Junior, 2002). The monomers are 

almost exclusively produced from fossil raw materials, especially oil, gas and coal 

occasionally (Piringer and Baner, 2008). Young and Lovell (2011) define a polymer as “a 

substance composed of molecules which have long sequences of one or more species of 

atoms or groups of atoms linked to each other by primary, usually covalent, bonds”. The 

emphasis upon substance in this definition is to highlight that although the words polymer 

and macromolecule are used interchangeably, the letter strictly defines de molecules of which 

the former is composed. 

2.6.1. Macromolecule polymer chains 

A polymer is prepared by stringing together a series of low molecular weight species (such as 

ethylene) into an extremely long chain (polyethylene) much as one would string together a 

series of beads to make a necklace. The chemical characteristics of the starting low molecular 

weight species will determine the properties of the final polymer (Barry et al., 2006). The 

formal definition of a homopolymer is a polymer derived from one species of monomer. 

However, the word homopolymer often is used more broadly to describe polymers whose 
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structure can be represented by multiple repletion of a single type of repeat unit which may 

contain one or more species of monomer unit. When a polymer is derived from more than 

one species of monomer the polymer is called copolymer. However, in accordance with the 

use of the word homopolymer, it is common practice to use a structure-based definition. 

Thus, the word copolymer more commonly is used to describe polymers whose molecules 

contain two or more different types of the repeat unit. The reaction for the formation of a 

homopolymer is called homopolymerization and the reaction for the formation of a copolymer 

is called copolymerization. The copolymers may have more than two types of chemical units 

in its chain. If the copolymer is formed by three different units, the resulting copolymer is 

called terpolymer. Acrylonitrile-butadiene-styrene is an example of a terpolymer (Young and 

Lovell, 2011, Junior, 2002). 

2.6.2. Skeletal structure of polymers 

The physical characteristics of a polymer depend not only on its molecular weight and form 

but also differences in the structure of the molecular chains. The modern techniques of 

synthesis of polymers allow considerable control over various structural possibilities. Several 

structures can be found, some of them are linear, branched, crosslinked and network 

structures. The linear polymers are those in which the repeating units are joined together at 

their ends into a single chain. In linear polymers, there may be large amounts of van der 

Waals bonds and hydrogen between the chains. Polymers, where branched side chains are 

linked to the main chain, can be synthesized; these polymers are called appropriately 

branched polymers. The branches, considered as part of the backbone molecule may result 

from parallel reactions occurring during the polymer synthesis. In crosslinked polymers, 

adjacent linear chains are joined to each other in various positions by means of covalent 

bonds. The process of crosslinking is achieved, or during the synthesis or by an irreversible 

chemical reaction. Often, this crosslinking reaction is obtained from atoms or molecules by 

covalent bonds into chains. The multifunctional monomers containing three or more active 

covalent bonds form three-dimensional networks and are called network polymers. Indeed, a 

polymer that possesses many crosslinkings can also be classified as a polymer network 

(Junior, 2002). 
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2.6.3. Classification of polymers 

The response of a polymer to the application of mechanical forces in temperatures is related 

to its molecular structure. A classification of these materials is made according to their 

behaviour with increasing temperature during processing. This is the basis for their 

classification in thermoplastics, thermosets and elastomers. Thermoplastics are composed of 

thread-like chain molecules tangled together. This group of plastics takes its name from the 

properties resulting from such structures. Thermoplastics soften with increasing temperature, 

which allows them to be formed and then becomes hard again as they cool. Thermosets 

normally are rigid materials and are network polymers in which chain motion is greatly 

restricted by a high degree of crosslinking. Thermosets have all chains linked by covalent 

bonds in a network. Once crosslinked, thermosets cannot be reprocessed. A crosslinked 

network of covalent bonds polymer chains leads to the formation of elastomers which is 

another class of polymers. Elastomers are crosslinked rubbery polymers (i.e. rubbery 

networks) that can be stretched easily to high extensions (e.g. 3x to 10x their original 

dimensions) and which rapidly recover their original dimensions when the applied stress is 

released. This extremely important property is a reflection of their molecular structure in 

which the network is of low crosslinking density (Junior, 2002, Young and Lovell, 2011, 

Padilha, 1997, Piringer and Baner, 2008, Barry et al., 2006). 

2.6.4. Biopolymers 

Polymeric materials are gradually replacing the traditional inorganic materials such as metals 

and ceramic. The massive use of polymers in everyday life is driven by its remarkable 

combination of properties, low weight and ease of processing. However, the vast majority of 

polymers are derived from oil but the diminishing fossil resources, environmental and 

economical concerns are driving the development of bioplastics. Oil-based polymers are 

associated with environmental concerns and sustainability issues. When incinerated or 

degrade naturally they release the greenhouse gas (GHG), thus contributing to global 

warming. Bioplastics are either fully biodegradable polymers or polymers derived from 

renewable resources such as plant oils and agro-industrial waste (Hablot et al., 2010a, de 

Espinosa and Meier, 2011, Matadi et al., 2011, Petersson and Oksman, 2006, Satyanarayana 

et al., 2009, Mohanty et al., 2002, Lunt, 1998, Patel et al., 2005, Storz and Vorlop, 2013, 

Babu et al., 2013). Although biodegradability is important in some niche applications, the 

prevailing view in European countries is that it is more important for materials to be bio-
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derived. PA-11 (manufactured from castor oil) and DAPA derived from other plant oils, e.g. 

sunflower oil are important examples (Hablot et al., 2010a). 

The key difference between bio-based polymers and biodegradable polymers is presented by 

Babu et al. (2013): Biodegradable polymers are defined as materials whose physical and 

chemical properties undergo deterioration and completely degrade when exposed to 

microorganisms, via carbon dioxide (aerobic) processes, methane (anaerobic processes), or 

water (aerobic and anaerobic processes). Bio-based polymers can be biodegradable (e.g., 

poly(lactic acid) or nondegradable (e.g., biopolyethylene). Similarly, while many bio-based 

polymers are biodegradable (e.g., starch and poly(hydroxyalkanoates)), not all biodegradable 

polymers are bio-based (e.g., polycaprolactone). 

2013 2018 

  

Figure 2.8. Evolution of the shares of bio-based polymers production capacities in different 

regions (Adapted from Aeschelmann and Carus, 2015). 

Today bioplastics are becoming increasingly popular and they are seen as an 

environmentally-friendly material, with terms such as “renewable”, “recyclable” and 

“sustainable” becoming buzzwords (Hablot et al., 2010a, de Espinosa and Meier, 2011, 

Matadi et al., 2011, Lunt, 1998, Satyanarayana et al., 2009). The global bioplastics 

production capacity (Figure 2.8) is set to grow 400% from 2013 to 2018 (Aeschelmann and 

Carus, 2015), showing a clear indication of the industry's interest in replacing step by step the 
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oil-based polymers. Among the various environmental benefits of bioplastics as a result of 

using renewable resources to produce them are: 

 Increasing resource efficiency: 

 - Resources can be (at least) annually cultivated; 

 - Principle of cascade use, (biomass first, then energy generation) 

 A reduction of the carbon footprint and green house gases (GHG) 

 Saving fossil resources, and for substituting them step by step 

 Efficient Waste management: 

- Biodegradable plastics offer an additional end-of-life solution (composting); 

- Non-biodegradable plastics can be recycled or used for energy recovery. 

 2.6.5. Dimer fatty acid-based polyamides - Preparation routes and main applications 

DAPA are a special class of biopolymers derived from plant oils (Hablot et al., 2010a, 

Türünç et al., 2012, Maisonneuve et al., 2013) such as soybean oil, which are composed of 

over 99% triglyceride molecules (La Scala et al., 2004). DAPA are made by a dimerisation 

process of unsaturated vegetable fatty acids. Such dimer acids together with other diacids and 

certain aliphatic diamines result in the desired polyamides by a polycondensation (Matadi et 

al., 2011). 

Dimers of fatty acids, issued from vegetable oils and shown in Figure 2.9, are well-known 

and commercially available. With two reactive functions per molecule, they are good 

candidates to elaborate thermoplastic polyamides by polycondensation. Dimers of fatty acids 

are obtained by condensation of two unsaturated fatty acids such as oleic and linoleic acids, 

for example. They are valuable renewable building blocks for the synthesis of designed 

monomers in the search for specific polymer properties that do not require extensive 

chemical modification prior to their application. The wide chemistry that can be applied to 

fatty acids is reflected in a large amount of publications dealing with the use of fatty acids in 

the synthesis of valuable derivatives. With regard to polymer science, recent contributions 

show a growing interest in the use of fatty acids as precursors of monomers; not only because 

of their renewability but also because of the properties they can provide to the final polymers. 

Dimers of fatty acids are environmentally friendly chemicals, liquid at room temperature, 

noncrystalline, and have high molecular weights. The fatty acids commonly used in polymer 

chemistry are as follows: (i) oleic acid, (ii) linoleic acid, (iii) linolenic acid, (iv) erucic acid, 
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(v) petroselinic acid, (vi) ricinoleic acid, (vii) vernolic acid, (viii) 10-undecenoic acid. 

Compared to conventional polyamides, DAPA are less crystalline, more flexible and they 

feature lower water uptake and ease of processing (owing to a lower melt viscosity). These 

characteristics make these materials find application in the wood, furniture, shoe, electrical, 

automotive, textile, packaging and other industries as adhesives or sealants for joining, 

sealing or fixing (Hablot et al., 2010a, de Espinosa and Meier, 2011). 

 

Figure 2.9. Dimer acid structure (Adapted from Hablot et al., 2010b). 

Several syntheses based on dimers of fatty acids have been reported in the literature. Reaction 

kinetics, properties and structure of condensation between rapeseed oil-based dimer acid and 

tree aliphatic diamines, 1,2-diaminoethane, 1,6-diaminohexane or 1,8-diaminooctane was 

investigated by Hablot et al. (2010a). The reaction was studied in the temperature range of 50 

to 180 °C. In a reactor equipped with mechanical stirrer, a thermometer, a nitrogen inlet and a 

Dean-Stark apparatus dimer acid and diamines were charged at 50 °C. For kinetics 

measurements, the aliphatic diamines (previously heated over its melting temperature) were 

added with a dropping funnel over a period of 3 min directly at 180 °C. After the addition of 

the diamine, samples were taken out of the reactor and then titrated for the analysis of acid 

and amine end groups. The reaction was carried out within 3 h (corresponding to the 

consumption of more than 99% of the acid groups). The final DAPA were found to be of 

yellowish colour, transparent and flexible at ambient temperature with a molecular weight of 

14000 g/mol, a glass transition temperature as low as -10 °C and a fusion temperature 

exceeding 81 °C. They are considered as “bio-polyamides” since they contain around 85% wt 

of renewable resources. An investigation of the chemical reaction kinetics, thermal, physical 

and mechanical properties of the corresponding products allowed the authors to conclude that 

the chain length of the diamine has a great influence on the final properties of the materials. 

Biopolymers with greater chain length showed better properties than those with smaller chain 

length. More details about the method, structure and characterization properties are given in 
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the respective work (Hablot et al., 2010a). A similar route was performed with success by 

Hablot et al. (2010b), Hablot et al. (2010c) and Matadi et al. (2011). 

2.6.6. Polyamide 11 - Preparation routes and main applications 

PA-11 [C11H21ON]n, one of the promising engineering plastics is a semicrystalline polymer 

that can be produced from renewable resources, such as castor oil or canola oil. Recently, 

although its impact properties, tensile strength, and thermal properties are somewhat poor 

PA-11 has attracted much attention due to its good oil and water resistance, as well as, 

excellent piezoelectric, cryogenic, electromechanical and ferroelectric properties (Hablot et 

al., 2010a, Wu et al., 1999, Takase et al., 1991, Yang et al., 2011, Spiccia et al., 2013). 

Because of the excellent properties mentioned above PA-11 is widely used in industrial fields 

from automotive to offshore oilfield applications. The excellent oil resistance property makes 

PA-11 a prime candidate to be used as a barrier material in fuel lines (Zhang et al., 2012, 

Zhang et al., 2001, Hu et al., 2006). 

PA-11 (Rilsan®), is synthesised by the condensation polymerization of the monomer 11-

aminoundecanoic acid, which in turn is products from chemical conversion of ricinoleic acid, 

the major fatty acid component of castor oil (Spiccia et al., 2013, Ogunniyi, 2006). In this 

process, castor oil is hydrolyzed to give ricinoleic acid and glycerol, which are separated. 

High temperature treatment of the methyl ester of ricinoleic acid produces 11-undecanelic 

acid and heptanal (Dubois, 2012). Bromination of the double bond of 11-undecalenic acid 

followed by reaction with ammonia gives 11-aminoundecanoic acid (Polymer Innovation 

Blog). All the steps involved in the process are shown in Figure 2.10. 

On the other hand, synthesis of nylon-11 monomer from an alternative renewable feedstock, 

namely canola oil is also reported (Spiccia et al., 2013). The main nylon-11 monomer in this 

process is the methyl 11-aminoundecanoate hydrochloride (11). This was generated by using 

a mild, multi-catalytic sequence, prepared in a three-step sequence from renewable, canola oil 

derived methyl undec-9-enoate (1) in 69% yield or 58% yield without the use of column 

chromatography. Canola oil is derived from rapeseed and possesses a high proportion of the 

mono-unsaturated C18 fatty acid oleic acid (Castor Oil Report, 2013). 
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Figure 2.10. PA-11production steps from castor oil (Adapted from Polymer Innovation Blog, 

http://polymerinnovationblog.com/bio-polyamides-where-do-they-come-from/) 

2.7. Polymer composites and nanocomposites 

2.7.1. Polymer composites 

Although polymers are being employed more and more as structural materials, their use is 

often limited by their relatively low levels of stiffness and strength compared, for example, 

with metals. Because of the need for light, stiff and strong materials for applications as 

diverse as aerospace structures and sporting goods, polymer composites with a specific 

combination of properties beyond those obtainable from a single material have been 

developed over recent years. Junior (2002) defines a composite as "a multiphase material 

made artificially in contrast with material that occurs or is formed naturally. In addition, the 

constituent phases must be chemically different and must be separated by a distinct 

interface". Also according to Junior (2002), in general, a composite may be considered as any 

multiphase material that exhibits a significant proportion of the properties of the constitute 

phases. 

Polymer composites can be obtained through the use of copolymers or blends, but the 

specific aspect that characterizes composite materials is that they are made up of distinct 

phases with very different physical properties. They are often, but not exclusively, found to 
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consist of a relatively soft flexible matrix reinforced by a stiffer component. Sometimes, 

however, a softer phase is used to improve impact properties. An example is the addition of 

rubber particles to a rigid polymer to yield a rubber-toughened material. In some cases, a 

second phase is added to a polymer to improve properties other than just mechanical 

behaviour. The need for property improvement is not the only reason for the development of 

composite materials. For instance, polymers are often employed in low-cost high-volume 

applications where the addition of an inexpensive inert mineral filler may reduce the quantity 

of relatively expensive of the polymer used with no sacrifice in mechanical properties. 

Historically, the first type of synthetic polymer composites developed were formaldehyde-

based resins filled with mineral particles or sawdust (Young and Lovell, 2011). 

The most well-known polymer composites in industry are those filled with synthetic or 

natural inorganic compounds (commonly called conventional fillers). Conventional fillers are 

materials in the form of particles (e.g. calcium carbonate), fibres (e.g. glass fibres) or plate-

shaped particles (e.g. mica). However, although conventionally filled or reinforced polymeric 

materials are widely used in various fields, it is often reported that the addition of these fillers 

imparts drawbacks to the resulting materials. The disadvantages include weight increase, 

brittleness and opacity. 

2.7.2. Polymer nanocomposites 

“A nanocomposite refers to every material that combines one or more separate components in 

order to improve performance properties, for which at least one dimension of the dispersed 

particles is in the nanometer range” (Kumar et al., 2009). Alexandre and Dubois (2000) 

defined it more narrowly stating that polymer nanocomposites are a new class of composites 

that are particle-filled polymers for which at least one dimension of the dispersed particles is 

in the nanometer range. 

Fillers with at least one nanoscale dimension (nanoparticles) have proportionally larger 

surface area than their microscale counterparts, which favours the filler–matrix interactions 

and the performance of the resulting material. A uniform dispersion of nanoparticles leads to 

a very large matrix/filler interfacial area, which changes the molecular mobility, the 

relaxation behaviour and the consequent thermal and mechanical properties of the material. 

The interest of scientists in applying nanoscale fillers with a high aspect ratio (i.e., high 

specific surface area) into polymer matrices is the attainment of potentially unique properties. 
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In addition, to the effects of the nano-reinforcements themselves, an interphase region of 

altered mobility surrounding each nanoparticle is induced by the well-dispersed 

nanoparticles. This results in a percolating interphase network in the composite that plays an 

important role in improving the polymer nanocomposite properties (Kumar et al., 2009, 

Tjong, 2006, De Azeredo, 2009). 

In fact, it is well established that dramatic improvements in physical properties, such as heat 

resistance, stiffness, strength, toughness, impact resistance, barrier properties, rheological 

properties, flame retardancy, etc., can be achieved by adding just a small fraction of clay 

nanoparticles to a polymer matrix, without impairing the optical homogeneity of the material. 

Since the weight fraction of the inorganic additive is typically well below 10%, the materials 

are also lighter than most conventional composites (Kiliaris and Papaspyrides, 2010, de 

Sousa Rodrigues et al., 2013, Arora and Padua, 2010, Utracki, 2008, de Paiva et al., 2008, 

LeBaron et al., 1999). The unique properties pointed out here make polymer nanocomposites 

ideal materials for products ranging from high-barrier packaging for food and electronics to 

strong, heat-resistant automotive components. 

Among the various applications of polymer nanocomposites, automotive parts, packaging and 

electronics are the main nanocomposite applications on a worldwide basis. In 2013 for 

example, the automotive industry absorbed 51.4%, packaging industry with 22.5% and 

finally electronics with 13.8% of the market. By 2019, automotive parts’ share is expected to 

drop to 40.6%, while electronics' share may drop to 8% (BCC Research). 

The question arises how polymer nanocomposites differ from traditional composites and how 

they improve the properties so drastically? The distinguishing characteristics between 

conventional fillers and nanoscale particles have been explained by Vaia and Wagner (2004). 

Over the conventional micro-composites, the nanoscopic dimensions and inherent extreme 

aspect ratios of the nanofillers result in six interrelated characteristics, which distinguish the 

obtained nanocomposites: 

 Low-percolation threshold; 

 Particle–particle correlation (orientation and position) arising at low-volume fractions; 

 Large number density of particles per particle volume; 

 Extensive interfacial area per volume of particles; 

 Short distances between particles; and 
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 Comparable size scales among the rigid nanoparticles inclusion, the distance between 

particles, and the relaxation volume of polymer chains. 

2.7.3. Polyamide bio-nanocomposites 

As previously stated, biopolymers originate from renewable resources such as plant oils and 

agro-industrial waste. However, compared to equivalent petroleum-based polymers, 

biopolymers often feature relatively poor properties. The brittle nature and a lack in 

toughness, poor thermal stability, and melt strength, for instance, are disadvantageous in 

practical processing especially in the film extrusion industry. These drawbacks plus higher 

costs make them less competitive and limit their use in most applications. The preparation of 

PA bio-nanocomposites by addition of inorganic fillers can significantly contribute towards 

improving biopolymer properties, allowing them to be used in a variety of applications. 

It is well known that the first successful and the most studied polyamide system is PA-6/clay 

nanocomposite which has been well documented in the literature (Fornes et al., 2004, Fornes 

and Paul, 2003a, Fornes and Paul, 2003b, Fornes et al., 2002, Fornes et al., 2001, Cho and 

Paul, 2001, Shah and Paul, 2004, Chavarria and Paul, 2004, Vlasveld et al., 2005a, Vlasveld 

et al., 2005b, Vlasveld et al., 2005c, Vlasveld et al., 2005d, Touchaleaume et al., 2011). Since 

the first studies on PA-6/MMT nanocomposites obtained via in situ intercalative 

polymerization (Usuki et al., 1993), and probably the most important study in pioneering the 

polymer/clay field, a considerable range of other polyamides has been studied as hosting 

matrices for fabrication of polyamide nanocomposites. This include polyamides such as PA-

66, PA-11, PA-12 and the emerging dimer fatty acid-based polyamides (Macheca et al., 2016, 

Gnanasekaran et al., 2015, Macheca et al., 2014, Zhang et al., 2012, Wang et al., 2012, 

Aldousiri et al., 2012, Mago et al., 2011, Yang et al., 2011, Lecouvet et al., 2011, Lao et al., 

2011, Lao et al., 2010, Li et al., 2010, Lao et al., 2009, Chung and Das, 2008, Alexandre et 

al., 2006, Yu et al., 2004, Matadi et al., 2011, Hablot et al., 2010b, Hablot et al., 2010c, Song 

et al., 2008, Tarameshlou et al., 2007, Kalkan and Goettler, 2009, Liu et al., 2002). 

Nevertheless, PA-6 remains a particularly successful choice for nanoclay nanocomposites 

preparation using either direct melt compounding or in situ polymerization or even solution 

casting method. The reason of the success of PA-6 lies essentially in the ease in obtaining 

efficient nanoclay dispersions due to the polarity of the matrix and the formation of strong 
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interactions (H-bonds) between polymer and nanofiller (Bilotti et al., 2009, Shen et al., 

2005). 

There is a vast array of both natural and synthetic layered crystalline fillers that are able, 

under specific conditions, to intercalate a polymer. Nanoparticles such as carbon nanotubes, 

carbon nanofibers and graphene have attracted enormous attention in recent years due to their 

remarkable physical characteristics, such as magnetic properties, extremely high Young’s 

modulus and rupture strength, conductivity, and thermal stability, low mass density, high 

aspect ratio and diameters in the nanometer range. These properties make them an ideal 

reinforcing agent for high strength polymer composites (Arash et al., 2014, Spitalsky et al., 

2010, Sahoo et al., 2010, Kuilla et al., 2010, Al-Saleh and Sundararaj, 2011, Coleman et al., 

2006). 

Presumably, incorporation of uniformly dispersed of carbon nanotubes, carbon nanofibers 

and graphene in polymer matrices can provide polymer nanocomposites with significantly 

improved strength and modulus, thermal, gas barrier, electrical and flame retardant properties 

compared to the neat polymer (Arash et al., 2014, Song et al., 2013, Liu and Kumar, 2014, 

Wang et al., 2008, Stankovich et al., 2006, Ansari and Giannelis, 2009, Ramanathan et al., 

2008, Lee et al., 2009, Xu et al., 2009, Quan et al., 2009, Eda and Chhowalla, 2009, Liang et 

al., 2009, Kim and Macosko, 2009, Iijima, 1991, Fu et al., 2008). 

However, significant agglomeration, difficult surface-modification, difficult processing and 

dispersion, inconvenience in large-scale syntheses and their relatively high cost obstruct their 

wide-ranging applications. Researchers in both academia and industry are looking for 

promising alternatives to take the place of such nanofillers in some applications (Gao et al., 

2012, Wang et al., 2008). Clay minerals based on phyllosilicates have extensively been 

researched for last few decades. Economic and environmental aspects can be among the 

reasons for the large interest in clays. As native materials, clays are not expensive materials 

and are widespread in all countries. Even after the adequate required treatments, their price is 

still acceptable in view of the vast improvement in the properties of the unfilled polymer 

nanocomposites or as compared to the polymer nanocomposites filled with other 

conventional materials (Wang et al., 2008). 

According to BCC Research, the global consumption of polymer nanocomposites has 

increased significantly, reaching 190,562 metric tons (Mt) in 2013. The global consumption 
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of polymer nanocomposites is expected to reach close to 585,000 Mt by 2019. The market 

share for the clay nanocomposite category is expected to increase to 60.2% by 2019 while the 

carbon nanotube nanocomposites' share should drop to 13.5%, and metal/metal oxide 

nanocomposites' share is expected to reach 7.7% of the market. The expected significant 

growth in the consumption of clay polymer nanocomposites clearly shows that the use of 

nanoparticulate clays for polymer nanocomposites technology is really a promising 

alternative to other nanofillers. 

Among all clay mineral phyllosilicates, 2:1 type layered silicates are most popular for 

polymer nanocomposites technology. The crystal structure of the 2:1 type layered silicates 

consists of stacked layers made of two silica tetrahedrons fused to an edge-shared octahedral 

sheet of alumina (Figures 2.1 and 2.3). The large aspect ratios of layered silicates are believed 

to be mainly responsible for the enhanced properties of particulate–polymer nanocomposites 

when compared with a virgin polymer or conventional micro and macro-composites. Two 

particular characteristics of layered silicates that are generally considered for polymer layered 

silicate nanocomposites are: (1) the ability of the silicate particles to disperse into individual 

layers and (2) the ability to fine-tune their surface chemistry through ion exchange reactions 

with organic and inorganic cations. These two characteristics are, of course, interrelated since 

the degree of dispersion of layered silicate in a particular polymer matrix depends on the 

interlayer cation (Kiliaris and Papaspyrides, 2010, Fu et al., 2008, Ray and Okamoto, 2003). 

MMT is the most commonly used layered silicate. Indeed, originally, the vast majority of the 

studies in polymer–clay nanocomposites concerned composites in which the inorganic 

component was an organically modified MMT (Lambert and Bergaya, 2013, Theng, 2012). 

As stated above, high particle aspect ratio is one of the most important parameters for the 

success in the preparation of clay-polymer composite. In the case of smectite, the aspect ratio 

is very high, close to 1000 (1 nm/µm). The BET specific surface area of a smectite powder 

lies between 30 and 130 m
2
/g. The total specific surface area reaches 700-850 m

2
/g when all 

the layers are accessible to interfacial contact with the polymer (Annabi-Bergaya, 2008). This 

can explain why smectites are the most preferred. 

Although less frequently used than MMT, VMT has also been proved to be a nice 

reinforcement for the preparation of nanocomposites (Ballard and Rideal, 1983, Liu et al., 

2003, Macheca et al., 2016, Nigam et al., 2012, Qian et al., 2011, Tjong and Meng, 2003a, 

Tjong and Meng, 2003b, Tjong et al., 2002, Xu et al., 2003, Valášková and Martynkova, 
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2012, Wang et al., 2009, Xu et al., 2003). As previously described, the higher charge density 

of the VMT sheets (a key parameter facilitating the incorporation of cationic organic 

modifiers to generate larger interlayer spacings), the formation of porous and highly fire 

resistant foams as a result of its spontaneous exfoliation at elevated temperatures (better fire 

retardancy effect to polymer composites), the formation of macroscopic crystals (that are 

potentially suitable for producing high-aspect-ratio nanofillers), the high absorbency and 

cation exchange property make VMT a great candidate to be used for polymer 

nanocomposites technology. 

On other hand, much research work on polymer nanocomposites has been done based on 

sepiolite clay using a variety of polymer matrices (including the bio-based biodegradable 

polymers) (Basurto et al., 2013, Basurto et al., 2012, Bilotti et al., 2009, Chen et al., 2012, 

Chen et al., 2011, Choudhury et al., 2010, Franchini et al., 2009, Fukushima et al., 2012, 

García-López et al., 2010, González et al., 2012, Huang et al., 2012, Lee et al., 2002, Liu et 

al., 2012, Roy and Bhowmick, 2010, Soheilmoghaddam et al., 2014, Tartaglione et al., 2008, 

Torró-Palau et al., 1997, Xie et al., 2007, Yu et al., 2011). Improvements in mechanical and 

dynamic mechanical, fire retardancy, biodegradation, rheological, crystallization, 

viscoelastic, adhesion, thermal and barrier properties have been achieved by incorporation of 

fibrous sepiolite nanoparticles in polymer matrices. These improvements are even more than 

conventional macro- and micro-scale composites due to the strong interaction between the 

inorganic particles and organic polymer matrix, which plays an important role in improving 

the compatibility between polymer matrix and fillers. The strong interaction between the 

inorganic particles and the organic polymer matrix is mainly attributed to the large 

concentration of surface silanols (present as a result of discontinuity of the silica sheets) that 

are easily available for coupling reactions with local polarity on polymer chains. 

The present section will highlight (where applicable) the major developments of PA-11 and 

DAPA/clay (or other fillers) nanocomposites. Because MMT and VMT are the two main 

chosen clays for the study, the content of the section will be based mainly on these two clays. 

However, sepiolite based polyamide bio-nanocomposites or composites will be briefly 

discussed where appropriate. The different prepared PA-11 and DAPA/clay (or other fillers) 

nanocomposites and their properties will be discussed. However, given that developments on 

nanocomposites of VMT and sepiolite using PA-11 and DAPA as host matrices are limited or 

almost non-existent, the discussions will be made based on other polymer matrices. This will 
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also include other polyamides and/or other biopolymers. On other hand, other fillers-based 

polyamide bio-nanocomposites or composites will be briefly discussed where appropriate. 

a) Dimer fatty acid-based polyamide bio-(nano)composites 

As previously stated, DAPA are a special class of biopolymers derived from plant oils. 

Compared to other polyamides, they are less crystalline, more flexible and they feature lower 

water uptake and ease of processing they feature lower water uptake and ease of processing 

(owing to a lower melt viscosity). These characteristics make these materials find application 

in the wood, furniture, shoe, electrical, automotive, textile, packaging and other industries as 

adhesives or sealants for joining, sealing or fixing. These properties can be enhanced by 

adding clay nanoparticles. 

However, almost all the DAPA/composites reported so far were prepared using cellulose 

fibres. For instance, Hablot et al. (2010b) and Hablot et al. (2010c) have reported the 

synthesis of bio-composites of DAPA with cellulose fibres using melt processing method. 

Morphological observations of the corresponding bio-composites revealed a moderate 

interfacial adhesion between the fibres and the matrix. Dynamic mechanical spectra of these 

bio-composites showed an increase in the stiffness and higher thermal–mechanical stability. 

With the increase of the fibre content, tensile tests showed a high increase in Young modulus 

and yield stress, and a decrease in elongation at break. The resulting material exhibited a high 

increase in Tg and a decrease in the crystallization temperature and crystallinity degree. 

Biocomposites based on DAPA with pure cellulose short fibres were also synthesized by 

Matadi et al. (2011) via melt processing method. The dynamic property results showed an 

enhancement of the Young’s modulus, the yield stress, and the flow stress with increasing 

cellulose fibres content. It was also found that both systems, neat polymer and its composites 

were highly thermo-dependent and mechanically sensitive. According to the authors, the 

increase in strain rate led to the increase of polymer flow, with a very significant increase of 

strain hardening, indicating that the addition of cellulose fibres did not change the ability of 

the neat polymer to plastically deform. The addition of cellulose fibres showed no remarkable 

effect on the strain rate sensitivity. 

The structure-gas transport properties in DAPA/Polyhedral oligomeric silsesquiloxane 

(POSS) nanocomposite were studied by Gnanasekaran and co-workers (2015). The 

DAPA/POSS nanocomposites were prepared by solution casting method. TEM images 
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revealed good dispersion of POSS into the membranes. The POSS particles were found to be 

in the range of 10 to 20 nm in size. Considerable influence of POSS on the Tg of the bio-

nanocomposite membranes was observed. The free volume and density of the membranes 

decreased and increased, respectively with increasing POSS content. 

The very first study on bio-nanocomposites based on DAPA with MMT as nanofiller was 

reported by Macheca and co-workers (2014). The bio-nanocomposites were prepared using a 

surfactant-free approach described in this work. DMA results showed an enhancement of the 

Young’s modulus and a high increase in Tg. 

Most recently, bio-nanocomposites based on DAPA with VMT (presumably the first report 

for DAPA/VMT nanocomposites) were also successfully prepared using a surfactant-free 

approach (Macheca et al., 2016). The content of VMT was varied from 5 to 30 wt %. At the 

loading level of 30 wt%, the tensile strength doubled, the modulus increased five-fold but the 

elongation-at-break decreased by a factor of ten. Dynamic mechanical analysis suggests three 

stiffening mechanisms namely, the reinforcing effect of the high stiffness inorganic flakes 

(found as the primary contributor), the chain confinement effect (that expresses itself in an 

apparent increase in the Tg), and the dynamic network formation based on fluctuating 

hydrogen bonding interactions between the matrix polymer chains and the filler particles. 

These two pioneering studies (Macheca et al., 2014 and Macheca et al., 2016) were published 

as a result of the present PhD work. More details can be found in sections 4.3 and 4.4. 

b) Polyamide-11 bio-nanocomposites 

PA-11 possesses excellent piezoelectric behaviour, plus good cryogenic, oil resistance, and 

water resistance properties, although its impact properties, tensile strength, and thermal 

properties are somewhat poor. PA-11 is an important commercial PA used in a large range of 

industrial fields from automotive to offshore applications. These properties, however, can 

benefit from intercalation of clay nanoparticles. The pioneering work on PA-11 based clay 

nanocomposites obtained via melt-compounding was first developed by Liu and co-workers 

(2003). The results showed that the clay sheets were completely exfoliated at low clay 

loading (4 wt%). Thermal stability recorded by TGA of the nanocomposites was improved by 

about 20 °C when the clay loading was lower than 4 wt%. At higher clay concentrations the 

thermal stability significantly decreases. This behaviour was related to the relatively poor 

clay dispersion. With the clay loading of 8 wt% the storage modulus was increased by about 
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100% in comparison to PA-11. Tg steadily decreases by more than 10 °C as a function of clay 

loading and according to the authors, this was due to a plasticizing effect from the presence 

of organic surfactants within organoclay. Compared with neat polymer, the elastic modulus 

and yield strength of PA-11/organoclay nanocomposites were significantly enhanced. 

Since this first work on PA-11/organoclay nanocomposites, a wide range of works on PA-

11/clay nanocomposites has been carried out. Hu and co-workers (2006) have successfully 

employed nanoindentation technique to study mechanical properties (i.e. hardness and elastic 

modulus) of PA-11 and its nanocomposites with different clay loadings. The nanocomposite 

samples, with clay loading of 0, 1, 2 and 5 wt% were prepared by melt compounding using a 

Brabender twin-screw extruder at 220 °C with a screw speed of 80 rpm. Amorphous thin 

sheets with thickness of 1 mm for nanoindentation tests were prepared by compression 

molding in a press at a temperature of 220 °C with a pressure of 150 bar, quickly followed by 

quenching in an ice/water bath. The results revealed that the hardness and modulus of the 

nanocomposites steadily increased with increasing clay content. At clay loading level of 

5wt%, both the hardness and elastic modulus were improved by about 30% in comparison to 

PA-11. PA-11/organoclay nanocomposites with improved mechanical and thermal stability 

properties have also been successfully prepared by melt-compounding or via in-situ 

intercalative polymerization (Fornes and Paul, 2004, Yu et al., 2004).  

The presence of dispersed MMT clay in PA-11 matrix was also reported to increase the 

storage modulus and loss modulus and show stronger shear thinning behaviour than neat PA-

11 (He et al., 2006, Zhang et al., 2006a). For instance, Zhang et al. (2006b) studied the 

rheology and morphology of PA-11/layered silicate nanocomposites. PA-11/organoclay 

nanocomposites samples were prepared via in situ polymerization. The results show that the 

clay was uniformly distributed in nylon-11 matrix during in situ polymerization of clay with 

4 wt % or less. The presence of clay in nylon-11 matrix increased the crystallization 

temperature and the thermal stability of the nanocomposites. Rheological properties such as 

storage modulus, loss modulus, and relative viscosity have close relationship with the 

dispersion favorably compatible with the organically modified clay. Comparing with neat 

nylon-11, the nanocomposites showed much higher dynamic modulus and stronger shear 

thinning behaviour. 

Zhang et al. (2004b) on other hand investigated the crystal morphology and crystallization 

kinetics of PA-11/MMT nanocomposites using polarized light microscopy, small-angle laser 
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scattering, and differential scanning calorimetry. The authors reported an increased 

crystallization rate with the addition of clay, while the Avrami exponent showed a reverse 

tendency to the increase in clay. The changes in crystal morphology and crystallization 

kinetics were attributed to the supernucleating effect of the nanodispersed clay layers.  

The polymorphism behaviour in PA-11/MMT nanocomposites was studied by Zhang et al. 

(2004a) using a wide-angle X-ray diffraction (WAXD) and variable-temperature infrared 

spectroscopy. The PA-11/MMT nanocomposites were prepared by intercalating 

polymerization. First, 11-amin-oundecanoic acid was mixed with MMT modified by 11-

aminoundecanoic acid, and then the mixture was polymerized by melt polycondensation. The 

content of MMT was 5 wt %. The results of WAXD and IR confirmed the presence of the γ-

crystalline form of PA-11, which is induced and stabilized by MMT. However, the hydrogen 

bonds of PA-11 were found to be weak. This was attributed to the addition of MMT that 

restricts the formation of hydrogen bonding sheets by forcing the amide groups of nylon out 

of the hydrogen-bonding sheet. 

In some applications require PA-11 grades with better fire performance, higher strength and 

improved heat resistance. The introduction of organomodified MMT clay, combined with 

conventional intumescent flame retardant additives has resulted in partial achievement of 

these requirements (Lao et al., 2011, Lao et al., 2010, Lao et al., 2009). 

Most recently, Jariyavidyanont et al. (2016) studied the effect of sepiolite nanofiller on the 

crystallization kinetics of PA-11 nanocomposites. They found that at low cooling rates the 

presence of sepiolite has no effect on crystallization temperature of PA-11/sepiolite 

nanocomposites. However, at rapid cooling rates a distinct nucleating effect of sepiolite was 

detected. The critical cooling rate to suppress crystallization was found to increase from 600 

K s
-1

 to about 1000 K s
-1

. The crystallinity of PA-11/sepiolite nanocomposites was 5-10 % 

higher than in neat PA-11 when the cooling rate of solidification of the melt was applied. All 

measurement proved a saturation of the nucleation efficiency at the nanofiller loading of 2.5 

wt%. 

c) Other polymer nanocomposites based on vermiculite and sepiolite 

VMT-based polymer nanocomposite coatings with improved gas barrier properties are 

reported in the literature (Mittal, 2013, Priolo et al., 2012, Qian et al., 2011, Takahashi et al., 

2006, Ward et al., 1991). The gas permeability of the nanocomposite materials was decreased 
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remarkably by the presence of VMT. The permeability mechanism can be explained in terms 

of the tortuosity effect caused by the fact that diffusing species must migrate around the clay 

platelets (Nielsen, 1967). This forces the gas permeant to travel a longer path to diffuse 

through the film. The increase in path length is a function of the aspect ratio of the clay filler 

and the volume fraction filler in the composite. 

VMT exfoliates spontaneously at elevated temperatures to form porous and highly fire 

resistant foams. Suitable inorganic and organic modification can even lower the onset 

temperature to fit polymer degradation temperatures (Muiambo et al., 2010). The fire 

retardancy effect arises from the exfoliating VMT forming a heat shield on the surface of a 

plastic part that is exposed to high temperature. With these heat-resistant characteristics, 

VMT has been proven to be an effective flame-retardant material (Chen et al., 2013, Cheong 

et al., 2015, Kozlowski et al., 1999). 

Fukushima et al. (2010) studied the effect of sepiolite on the biodegradation of poly(lactic 

acid) (PLA) nanocomposites. They found that PLA and PLA/sepiolite nanocomposites seem 

to be mainly degraded by a bulk mechanism, showing a significant level of polymer 

degradation. The presence of sepiolite particles partially delayed the degradation. This 

behaviour was attributed to the preventing effect of sepiolite particles on polymer chain 

mobility and/or PLA/enzymes miscibility. 

Two years latter Fukushima and co-workers (2012) again evaluated the effect of nature and 

content of clay on morphology, thermal and thermo-mechanical properties of PLA. 

Nanocomposites were prepared by melt blending at 5 and 7 wt% loading of an organically 

modified MMT or an organically modified magnesium sodium fluoro-hectorite or 

unmodified sepiolite. All nanocomposites showed good level of clay dispersion into the 

polymer matrix as well as a considerable thermal and thermo-mechanical properties 

improvement. According to thermal analysis, the clays seem to act as nucleating agents 

inducing a higher degree of crystallinity of the polymer and rate of crystallization. Similar 

increases in the thermal stability of PLA were obtained for all clays. However, needle like 

sepiolite shows thermo-mechanical improvements comparable to the layered silicates and an 

interesting ability to maintain high storage modulus values at increasing temperatures, due to 

its good dispersion within the polymer without the need of organic modifiers as instead 

necessary for layered clays used in that study. 
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Unmodified sepiolite was also used by Liu et al. (2012) to evaluate the structure and thermal 

properties of PLA-based nanocomposites that were prepared through a solution casting 

method. However, PLA-based nanocomposites containing organic modified sepiolite were 

also prepared using same conditions. Results showed that the bundles of sepiolite were 

dispersed into small aggregates containing several nanorods without destroying the crystal 

structure. Sepiolite nanofibers were well dispersed in the PLA matrix, exhibiting a randomly 

orientation with the contact among them in all cases. However, the thermal stability of 

nanocomposites was found to be improved more by introducing unmodified sepiolite than 

that with organic modified sepiolite. Molecular dynamics simulation results revealed that 

hydrophobic parts of organic modifiers seem to prevent the interaction between PLA 

molecules and sepiolite surface. 

The structure and thermo-mechanical properties of PA-6 nanocomposites with lamella-type 

and fiber-type sepiolite were studied by Xie et al. (2007). The nanocomposite samples were 

prepared by the simple melt-compounding approach and compared with the common PA-

6/MMT nanocomposites. The results suggested that sepiolite facilitates the formation of a-

phase crystals of PA-6, which was quite different from the case observed in MMT-filled 

nanocomposites. Thermo-mechanical tests showed that heat distortion temperature and 

Young’s modulus of sepiolite-filled nanocomposites were obviously improved compared 

with neat PA-6. Interestingly, sepiolite-filled nanocomposites exhibited the highest level of 

reinforcement on the Young’s modulus, which may stem from the more efficient interfacial 

stress transfer. Bilotti et al. (2009) working on PA-6/sepiolite clay nanocomposites, that were 

obtained by melt compounding demonstrated that sepiolite has a higher reinforcing efficiency 

(higher effective aspect ratio) than MMT in PA-6 and a good filler-matrix interface, due to 

strong hydrogen bonds between silanol groups on the sepiolite surface and amide groups of 

PA-6. 

2.8. Clay-polymer composite - Preparation methods 

Property improvement of the clay nanocomposites are achieved through conventional 

processing techniques. There are three main methods used for this purpose according to the 

starting materials and processing techniques: (i) in situ polymerization; (ii) melt intercalation 

process; and (iii) solvent intercalation. 
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2.8.1. In situ polymerization process 

In situ polymerization was the first method used to synthesize polymer-silicate 

nanocomposites based on PA-6 layers produced by the research group of Toyota. In this 

method, the layered silicates are swollen within the liquid monomer or a monomer solution 

so the polymer formation can occur between the intercalated sheets. Polymerization can be 

initiated either by heat or radiation, by the diffusion of a suitable initiator, or by an organic 

initiator or catalyst fixed through cation exchange inside the interlayer before the swelling 

step by the monomer. Polymerization produces long-chain polymers within the clay galleries. 

Under conditions in which intra- and extra-gallery polymerization rates are properly 

balanced, the clay layers are delaminated and the resulting material possesses a disordered 

structure. Under conditions where rates of intra-and extra-gallery polymerization are properly 

balanced the macromolecules molecular weight increases, leading to a d(001) increase and 

sometimes the clay layers are delaminated and the material acquires a disordered structure 

(Alexandre and Dubois, 2000, Beyer, 2002, Oriakhi, 1998, Pavlidou and Papaspyrides, 2008, 

Ray and Okamoto, 2003, Solomon et al., 2001). 

It is believed that the polymerization is the indirect driving force for exfoliation. The clay, 

due to its high surface energy, attracts polar monomer molecules to their galleries until 

equilibrium is reached. The polymerization reactions occur between the layers of the lower 

polarity of intercalated molecules and shift the equilibrium. This allows new polar species to 

diffuse between the layers to gradually exfoliate the clay (Souza et al., 2006). 

However, it is important to point out that although in situ polymerisation has proven success 

in the preparation of various layered-silicate nanocomposites disadvantages of this method 

have been reported: (1) the preparation route is very time consuming (a polymerization 

reaction may take more than 24 h); (2) exfoliation is not always thermodynamically stable, 

and platelets can reassemble during subsequent processing steps; (3) the process is only 

available to the manufactures of resin which are able to devote a production line to this 

purpose (Sepehr et al., 2005). The other disadvantage is that the method cannot be used to 

prepare nanocomposites based on biopolymers matrices such as polysaccharides (Chivrac et 

al., 2009). Despite the disadvantages outlined above in relation to in situ polymerization, this 

is the only viable technique for the preparation of nanocomposites based on thermosetting 

polymers. 
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2.8.2. Melt intercalation process 

The preparation of nanocomposites via melt intercalation processes involves annealing, 

typically under shear of a mixture of polymers and layered silicates above the softening point 

of the polymer. During the annealing, the polymer chains diffuse from the polymer melt in 

the galleries between the layers of the silicate. And, if the surfaces of the layers are 

sufficiently compatible with the chosen polymer, or an intercalated nanocomposites or 

exfoliated nanocomposites can be formed. The driving force involved in this process is the 

enthalpic contribution of interactions between polymer and organoclay (Souza et al., 2006). 

The process of intercalation of the polymer in the molten state is a flexible cost-effective 

commercial process. It is capable of generating a variety of products on a large scale because 

of its compatibility with the existing polymer processes such as extrusion. The melt 

processing is the most versatile and environmentally friendly among all the methods of 

preparation of polymer/layered-silicate nanocomposites since no solvents are needed and 

using this method it is possible to modify the nanocomposite structure by playing around with 

the melt-blending conditions. The melt intercalation method allows the use of polymers 

which were previously not suitable for in situ polymerization or solution intercalation 

(Alexandre et al., 2009, Giannelis, 1996, Liu and Wu, 2002, Pavlidou and Papaspyrides, 

2008, Ray and Okamoto, 2003, Tjong, 2006). 

However, with the melt blending method it generally becomes very difficult to obtain a good 

dispersion/complete exfoliated structures. The difficulty in dispersing the clay platelets 

comes from the facts that the silicate layers have lateral dimensions ranging from 100 to 1000 

nm, and the incompatibility between silicate layers and polymer matrix, that even when 

delaminated cannot be placed completely randomly in the polymer (Baniasadi et al., 2010). 

Moreover, it is hard for polymer long chains to crawl into the interlayer space even after 

modification of layers surface. Other disadvantages of melt intercalation are related to a low 

thermal stability of the onium modifiers and sometimes of the matrix (Chivrac et al., 2009, 

Xie et al., 2001). The high residence times needed to enhance the clay exfoliation process 

favour the matrix degradation. In addition and as stated previously, alkylammonium 

surfactants chemically degraded around 180 °C. Melt intercalation process commonly occurs 

above 200 °C, leading to the degradation of organic surfactants. 
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2.8.3. Solvent intercalation process 

Solution-blending is a two-stage process and is based on a solvent system in which the 

polymer is soluble and the clay (with van der Waals forces) is swellable, such as water or N, 

N-dimethylformamide, acetone, benzene, or toluene for pristine clay or organoclay. The clay 

is first swollen in a solvent, and then the polymer is added to the clay solution, and the 

polymer chains diffuse, intercalate, and displace the solvent molecules previously 

accommodated within the galleries. The second and final step is the removal of the solvent. 

This can be done or by vaporization, usually under vacuum, or by precipitation. After 

removal of the solvent, sheets return to join, compressing the polymer to form a 

nanocomposite structure. The structure of the nanocomposites obtained depends on molecular 

factors such as surface energy and interactions between the intermolecular and kinetic 

factors, including the solvent evaporation rate and shear mixing (Alexandre and Dubois, 

2000, Pavlidou and Papaspyrides, 2008). 

For the occurrence of the two steps, a negative change in Gibbs free energy is required. It is 

thought that the diminished entropy due to the confinement of the polymer is compensated by 

an increase due to desorption of intercalated solvent molecules. In other words, the entropy 

gained by desorption of solvent molecules is the driving force for polymer intercalation from 

solution (Aranda and Ruiz-Hitzky, 1992, Fischer et al., 1999, Ruiz‐Hitzky and Aranda, 1990, 

Souza et al., 2006, Theng, 2012, Tunney and Detellier, 1996, Vaia and Giannelis, 1997). 

Many polymer-layered silicate nanocomposites have been prepared using this technique. 

According to Pavlidou and Papaspyrides (2008), the first attempts involved the dissolution of 

the polymer in hot chloroform, in the presence of organomodified bentonites. But TEM and 

WAXS analysis did not show any intercalated morphology and much less an exfoliated 

structure. In the case of polymeric materials which are infusible and insoluble, even in 

organic solvents, the only possible route to produce nanocomposites with this method is the 

use of precursor polymers that can be intercalated into layered silicates and then thermally or 

chemically converted to the desired polymer. 

However, despite a large number of nanocomposites have been produced by intercalation of 

the polymer in solution, the method has its disadvantages. For a given polymer a perfect 

combination of clay, the organic modifier and solvents are the key issue; otherwise, 

exfoliation will not be favoured in the thermodynamic sense. It is clear however that to 
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achieve the desired exfoliation of clays in the polymer the correct selection of the solvent is 

the first and important criterion. Furthermore, in the industrial point of view, this method can 

involve the use of large amounts of organic solvents, which are usually environmentally 

unfriendly, and economically prohibitive (Alexandre and Dubois, 2000, Ho and Glinka, 2003, 

Ray and Bousmina, 2005, Zanetti et al., 2000). The biggest advantage of this method is that 

intercalated nanocomposites based on polymers, with low or no polarity, may be synthesized. 

2.9. Clay-polymer nanocomposite structure 

For true nanocomposites, the clay nanolayers must be uniformly exfoliated and dispersed in 

the polymer matrix, as opposed to being aggregated as tactoids or simply intercalated. 

Depending on the nature of the components used (layered silicate, organic cation and 

polymer matrix) and the method of preparation, four types of composites may be obtained 

when a layered clay is associated with a polymer (Figure 2.11). When the polymer is unable 

to intercalate between the silicate layers, a phase separated composite, with the filler 

assuming a so-called tactoid structure (Figure 2.11A) is obtained. In this case, the properties 

fall in the same range as traditional microcomposites. The clay interlayer spacing is fixed in 

an intercalated nanocomposite (Figure 2.11B). The term intercalation describes the 

movement of atoms, ions or molecules into a layered host structure, often causing the 

swelling clay mineral. On the other hand, in an exfoliated nanocomposites, the average 

gallery height is determined by clay silicate loading. The difference between ordered (Figure 

2.11C) and disordered (Figure 2.11D) exfoliated nanocomposites is that the former can be 

detected by X-ray diffraction and the latter is X-ray amorphous. Once nanolayer exfoliation 

has been achieved, the improvement in properties can be manifested as an increase in tensile 

properties, as well as enhanced barrier properties, decreased solvent uptake, increased 

thermal stability and flame retardancy (Alexandre and Dubois, 2000, LeBaron et al., 1999, 

Tjong, 2006). 

Exfoliation involves a degree of separation of the layers of a host structure where individual 

layers or stacking of several layers, are dispersed in a solvent or polymer matrix. Exfoliation 

implies that the orientation between the layers of the host structure is lost and that interlayer 

cohesive forces are overcome (Bergaya and Lagaly, 2011, Bergaya and Lagaly, 2013). 
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Figure 2.11. Scheme of different types of structures resulting from the interaction of layered 

silicates and polymers (Adapted from LeBaron et al., 1999). 

A more realistic description of requirements that the system must satisfy in order to be 

qualified as a nanocomposite, which exhibits the useful properties describe previously has 

been proposed by Bhattacharya et al. (2008): 

 The final state of the polymer/clay system must represent a thermodynamic 

equilibrium state. Otherwise, if it is not an equilibrium state, any change during a 

possible transition to an equilibrium or more probable state should not have a 

significant negative influence on the performance of the material during application in 

the field; 

 In both intercalated and exfoliated nanocomposites, there must be sufficient adhesive 

or other interaction forces between the clay or organoclay and the matrix, so that the 

product can withstand the stresses and strain encountered under application 

conditions; 

 The clay agglomerates, tactoids, or platelets must be distributed uniformly within the 

polymer matrix. This is achieved by distributive mixing. In exfoliated systems, the 

clay agglomerates must be separated into individual clay platelets distributed 

uniformly in the system; 

 In intercalated systems, the polymer matrix must diffuse into the gallery space 

between the clay platelets. The rate of intercalation or exfoliation should be such that 

the process could be completed within the range of the acceptable overall processing 

time; 

 While the matrix and/or the clay might undergo some changes during the 

nanocomposite synthesis process, these changes must not compromise the integrity of 
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the nanocomposites. Various chemical and physical changes normally occur during 

nanocomposite synthesis. This includes, for example, chemical degradation of the 

polymer and/or surfactant crystallization, phase and morphological changes, etc. 

All of the above factors should be taken into consideration in nanocomposite synthesis and 

product and process design while taking into account the relevant fundamental principles of 

physics, chemistry, thermodynamics, kinetics, and mechanics. 

2.10. Clay-polymer composite - Properties and characterization 

Property improvements of the polymers in which layered silicate nanofillers are dispersed 

have been reported. This includes a large increase in Young's modulus of nanocomposites, 

their increased thermal stability, their unique ability to promote flame retardancy through the 

formation of insulating and incombustible char and their superior barrier properties against 

gas and vapour transmission have drawn attention (Alexandre and Dubois, 2000). Some of 

the properties discussed in the following sections are those that were also investigated in the 

present study. 

There is a vast array of characterization techniques available for the analysis of polymer 

nanocomposite properties. X-Ray diffraction (XRD), transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Fourier 

transforms infrared (FTIR) represent the most used techniques to characterize the physical 

properties of nanocomposites. Mechanical properties are frequently investigated by tensile 

and impact testing and dynamic mechanical analysis (DMA). Chemical properties of the 

polymer nanocomposites are examined through rheology, infrared (IR) and UV spectroscopy, 

gel permeation chromatography among others. 

2.10.1. Physical properties 

a) Morphology 

WAXS analysis and TEM observation are the two techniques commonly used to characterize 

the structures of the nanocomposites and occasionally to study the kinetics of intercalation of 

the polymer melt. WAXS analysis allows the determination of the spaces between the 

structural layer silicates using Bragg's law, represented mathematically by nλ = 2d sinθ where 

λ corresponds to the wavelength of the radiation used in XRD experiment, d is the spacing 
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between the planes of diffractional network, θ is the diffraction measured angle and n is the 

order of diffraction (Pavlidou and Papaspyrides, 2008, Ray and Okamoto, 2003). By 

monitoring the position, shape and intensity of the basal reflections from the distributed 

silicate layers, the structure of nanocomposites can be identified. For an intercalated 

structure, the characteristic peak (001) tends to a regime of lower angle due to increased basal 

spacing. Although the spacing between silicate layers increases, there is an attractive force 

between them to stack them in an ordered structure. In contrast, there are no diffraction peaks 

observed in an exfoliated polymer nanocomposite structure due to loss of the layer silicate 

structure. The absence of Bragg diffraction peaks in nanocomposite may indicate that the clay 

has been completely delaminated or exfoliated (Tjong, 2006). 

Although WAXS offers a convenient method for determining the interlayer spacing of the 

silicate layers in the original layered silicates and in the intercalated nanocomposites (within 

1-4 nm), little can be said about the spatial distribution of the silicate layers or structural 

heterogeneities in nanocomposites. Clay dilution, preferred orientation, peak broadening, and 

mixed-layered morphology are factors that complicate the interpretation of the XRD patterns. 

When mixed structures of the composite are obtained, the pattern of the basal reflexions 

observed are more complicated and there will be uncertainties about the interlayer distance 

measured. In addition, some layered silicates initially do not exhibit well-defined basal 

reflections. Thus, owing to the peak broadening and the decrease in intensity the diffraction 

patterns become very difficult to study systematically. Some intercalated nanocomposites 

may even show a decrease in the interlayer spacing. Also, the absence of a characteristic peak 

does not necessarily mean that an exfoliated nanocomposite structure was obtained. 

Therefore, conclusions about the mechanism of formation of nanocomposites and structure 

based solely on WAXS diffraction are provisional at best (Ray and Okamoto, 2003, Samyn et 

al., 2008). Furthermore, TEM allows a qualitative understanding of the internal structure and 

can directly provide information in real space in a localized area on the morphology, structure 

and spatial distribution of the dispersed phase of the nanocomposite. Thus, WAXS and TEM 

techniques are considered to be complementary techniques for structural characterization of 

nanocomposite materials (Baniasadi et al., 2010, Horrocks and Price, 2001, Pavlidou and 

Papaspyrides, 2008, Tjong, 2006). 
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b) Thermal stability 

Under normal conditions, thermal degradation derives from random chain scission events 

initiated by UV light and thermal energy and leads to oxidative degradation (Tyler, 2004). 

The thermal stability of polymers is usually studied by TGA, although DSC can also be used 

for this purpose. The sample mass loss due to volatilization of degraded by-products at high 

temperature is monitored as a function of temperature ramp (and/or time). When heating 

occurs under an inert gas flow, a non-oxidative degradation occurs, i.e. simple pyrolysis, 

while the use of air or oxygen allows one to follow the oxidative degradation of the samples 

(Bhattacharya et al., 2008). 

The incorporation of clay into the polymer matrix was found to significantly affect the 

thermal stability of polymers including altering the structure and concentration of 

decomposition products both in the evolved gases and in the condensed phase (Baniasadi et 

al., 2010, Liu et al., 2003, Macheca et al., 2014, Macheca et al., 2016, Thellen et al., 2005, 

Wang et al., 2012, Zhao et al., 2005, Wu et al., 2010). The advantageous influence of clay on 

thermal stability of polymers clearly depends on the degree of intercalation/exfoliation of 

clay layers - the better dispersion of nanofiller is achieved, the more significant the 

enhancement of thermal resistance could be expected (Leszczyńska et al., 2007b, Liu et al., 

2003). The layered silicates are thought to act as superior insulators and mass transport 

barrier to the volatile products generated during decomposition. This means that both 

intercalated and exfoliated structure create a labyrinth for gas penetrating the polymer bulk. 

This limits the oxygen diffusion into the nanocomposite sample. The increased thermal 

stability is particularly linked with flame retardancy properties. When nanocomposite 

samples are exposed to heat they exhibit more intensive char formation on the surface of the 

sample. The char protects the bulk of sample from heat and decreases the rate of mass loss 

during thermal decomposition of polymeric nanocomposite materials (Alexandre and Dubois, 

2000, Leszczyńska et al., 2007a). 

As mentioned before, the advantageous influence of clay on thermal stability of polymers 

clearly depends on the degree of exfoliation of clay layers in the polymer matrix, but in turn, 

the degree of exfoliation is related to the clay content. Several studies suggest that only 

exfoliated polymer nanocomposites exhibit improved thermal stability and lower clay 

loadings seem to favour the dispersion/exfoliation of clay since high clay loadings tend to 

lead to agglomerate formation within the polymer matrix. For instance, Liu et al. (2003) 
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studied the thermal stability of PA-11/organoclay nanocomposites. The thermal stability of 

the nanocomposites measured by TGA was found to be improved by about 20 °C when the 

clay loading was lower than 4 wt.%. However, the stabilization significantly decreased at 

higher clay concentrations (such as 8 wt.%). 

Thermal degradation behaviour of PA-6/clay nanocomposites was studied by Pramoda et al. 

(2003). The onset temperature for degradation was found to be 12 °C higher for 

nanocomposite with 2.5 wt.% clay compared to the neat PA-6, indicating that the 

nanocomposite had a greater thermal stability than pure PA-6. However, the onset 

temperature for degradation remained almost unchanged for samples with loadings of 5, 7.5 

and 10 wt.%. The findings were related to morphological observations that showed exfoliated 

structure only for 2.5 wt.% clay, and distinct clay agglomeration in nanocomposites with 

higher clay loadings. 

c) Heat distortion temperature 

Distortion or heat deflection temperature is the temperature at which a polymer sample 

deforms under a specific load. Thus, heat resistance is an index of a polymeric material to the 

applied load and is evaluated by the method described in ASTM D-648. In general, the 

improvements in heat distortion temperature are reported when clay-polymer nanocomposites 

are formed (Liu and Wu, 2002, Ray and Okamoto, 2003). 

d) Barrier properties 

In many applications such as food packaging industry the gas barrier properties of polymers 

are critical since the oxygen ingress determines the shelf life of the food in the package 

(Powell and Beall, 2007). Compared to metallic materials, polymers are quite stable in liquid 

media such as water, inorganic acidic or basic solutions, as well as in aggressive 

atmospheres. However, most polymers (thermoplastics and thermosets) absorb small amounts 

of water. On the other hand, many polymers are attacked and even dissolved by some organic 

solvents. Sometimes, the polymer does not become fully dissolved, but the penetration or 

diffusion of liquid to regions of the solute between the chains increases the separation 

between them and cause swelling. Furthermore, the material becomes softer and more ductile 

(Padilha, 1997). 
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Piringer and Baner (2008) described the process of diffusion or permeation of a substance 

through a polymer matrix in four basic steps: 

 Adsorption of the substance on the surface of the polymeric substrate, in larger 

amounts on the liquid side where the concentration of the substance in the vicinity of 

the environment is highest; 

 A solution of the substance in the first region near the surface;  

 Diffusion trough the bulk of the polymeric substrate under the effect of a 

concentration gradient;  

 Desorption of the polymeric substrate, in larger amounts from the side where the 

concentration of the substance in the vicinity environment is lower. 

The permeability can be measured directly using a permeation cell, or indirectly in 

sorption/desorption experiments. More details about the procedures for the measurement of 

the permeability and the diffusivity, as well as the dominant mechanisms for the transport of 

small molecules in polymers and polymer nanocomposites, are given by Choudalakis and 

Gotsis (2009). 

The barrier properties of polymers can be significantly altered by inclusion of inorganic 

platelets (clay layers). They alter the diffusion path of the penetrant molecules (Paul and 

Robeson, 2008). Since clay layers constitute a barrier to gases and water, this forces them to 

follow a tortuous path (Bharadwaj et al., 2002, Cabedo et al., 2004, Koh et al., 2008, Lagaron 

et al., 2005, Lotti et al., 2008, Mittal, 2013, Petersson and Oksman, 2006, Priolo et al., 2012, 

Qian et al., 2011, Takahashi et al., 2006, Ward et al., 1991). The improvement in the barrier 

properties is good news for biopolymer films since this minimizes one of their main 

limitations (Adame and Beall, 2009, De Azeredo, 2009). Through polymer films, for 

example, gas permeability can be reduced by 50–500 times even with low loadings of 

nanoclays (Choudalakis and Gotsis, 2009). The high aspect ratio characteristic of silicate 

nanolayers (obtained by an effective dispersion and exfoliation of the platelets into the 

polymer matrix) has been pointed out as the key factor for highly reduced gas permeability in 

films prepared from such nanomaterials (Alexandre and Dubois, 2000, Powell and Beall, 

2007). 

The improvement of barrier properties can be explained based on a theory developed by 

Nielsen (1967). It is commonly referred to as the tortuous path model. That is, when 
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impermeable nanoparticles are incorporated into a polymer, the permeating molecules are 

forced to wiggle around them in a random walk (Figure 2.12), and hence, diffuse by a 

tortuous pathway (Alexandre and Dubois, 2000, Pavlidou and Papaspyrides, 2008, Powell 

and Beall, 2007). 

 

Figure 2.12. Tortuous path of a permeant in a clay nanocomposite (Adapted from 

Choudalakis and Gotsis, 2009). 

On the other hand, there is a belief that improvement in the mechanical properties of 

composites automatically leads to enhancement in the barrier performance of the polymers. 

But this is not always true because barrier properties are more strongly affected by the 

changes at the organic-inorganic interface and by the increase in path length, which in turn 

the latter is a function of the high aspect ratio of the clay filler and the volume% of the filler 

in the composite. According to observations from studies of barrier properties, they appear to 

be most favoured by lower clay loadings (owing to the ease of exfoliation/dispersion of clay) 

than higher clay loadings (due to its tendency to agglomerate within the polymer matrix). For 

instance, Nielsen’s model allows predicting permeability of systems at clay loading rates of 

less than 1%, but experimental data deviates significantly from predicted values at higher 

loading rates (and even more extensively in certain polymers) (De Azeredo, 2009, Mittal, 

2009). Therefore, looking for the factors mentioned above is a clear indication that separate 

studies are required to completely understand the barrier performance of the systems. 

However, although barrier properties of the polymer–clay nanocomposites are of immense 

importance for a number of applications, the relevant research concerns mostly oxygen, 

carbon dioxide and nitrogen barrier films for food packaging and carbonated drinks. Other 

applications include gas tanks and coatings (Choudalakis and Gotsis, 2009). 
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e) Flame Retardancy properties 

Fire resistance of a material defines the ability of the material or structure to retard the spread 

of fire and maintain its mechanical integrity. In other words, fire resistance defines the ability 

of a construction to decrease the rate of a fire spreading from one room to adjacent rooms. 

Fire-resistance also describes the ability of a construction to retain the structural integrity 

(i.e., its shape and its load bearing properties) in a fire (Mouritz and Gibson, 2006). 

f) Flame retardant systems 

Polymeric matrices have been increasingly used in applications where flame retardancy 

behaviour is of fundamental importance. Flame retardant systems are designed to inhibit or 

interrupt the polymers combustion process described in the sections below. Depending on its 

nature, the flame retardant systems can act physically (for cooling, forming a protective layer 

or dilution of the fuel) or chemically (reaction in the condensed or gas phase). They can 

interfere with different processes involved in combustion polymers (heating, pyrolysis, 

ignition, propagation of thermal degradation) (Laoutid et al., 2009). 

Flame retardants are classified as active or reactive compounds. Additive compounds are 

intimately mixed with the polymer during processing but do not chemically react with the 

polymer. The chemical composition of many of these compounds is based on the following 

elements: antimony, aluminium, boron, phosphorus, bromine or chlorine, where all confer a 

high level of flame retardants. It is estimated that about 90% of all additives are compounds 

based on these elements, and are used in the form of antimony oxide, alumina trihydrate 

oxides and boron oxides. Many additives exist as hydrated metal salts which endothermically 

decompose into a flame, and thus reduces the overall rate of heat release of the polymer. 

Some additive compounds also release water vapour during the decomposition which dilutes 

the concentration of combustible gases released in the flame. Reactive compounds are 

polymerized with a resin during processing to become integrated into the molecular network 

structure. Reactive flame retardants are mostly based on halogens (bromine and chlorine), 

inorganic phosphorus and melamine compounds. Until very recently, bromine and chlorine 

were the most common retarders because of its capacity to eliminate flame. Halogenated 

compounds flammability resistance conferred by the release of reactive bromine or chlorine 

species to which interfere with the free radical combustion reactions in the flame (Mouritz 

and Gibson, 2006). 
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g) Fundamentals of polymer combustion 

When exposed to sufficient heat, polymer decomposes generating flammable gases that mix 

with the ambient air oxygen to form a flammable mixture. Ignition can occur both due to the 

presence of an external source or impulse, or if the temperature is suitable for self-ignition. 

After ignition heat is released, which in part is fed to the pyrolysis region causing additional 

substrate decomposition. If the heat evolution is sufficient to keep the decomposition rate of 

the polymer higher than necessary to keep the concentration of volatiles within the 

flammability limits, then a cycle of self-sustaining combustion is established. The lifetime of 

the combustion cycle depends on the amount of heat released during the combustion of the 

fuel. That is, when the amount of heat released reaches a certain level, new decomposition 

reactions are induced in the solid phase and, therefore, more fuels are produced. The 

combustion cycle is well maintained, and called a fire triangle (Figure 2.13). Therefore, it is 

clear that the development of self-sustaining fire, three elements are essential: the fuel, heat 

and oxygen. 

 

Figure 2.13. The principle of the combustion cycle (Adapted from Laoutid et al., 2009). 

The nature of the combustion products is highly dependent on the chemical composition of 

the polymer and the conditions under which the burning process will occur. Smoke, in 

particular, is a combination of complete combustion species (CO2, H2O and acid gases) and 

incomplete (CO, soot and partially oxidized fuel gases), while the solid residue is mainly 

carbon and ash (oxidized metals) (Kiliaris and Papaspyrides, 2010, Laoutid et al., 2009). 
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h) Flame retardancy in clay-polymer nanocomposites 

Plastics find many uses and contribute greatly to the quality of modern life. However, a major 

problem arises because many polymers in which plastics are based are organic and, therefore, 

inflammable. Most deaths in building fires are caused by inhalation of smoke and toxic 

combustion gases with CO the most common cause. Injuries typically result from exposure to 

the heat involved in these fires. In addition, the annual cost of damage to buildings and 

property loss are very high. Thus, there is great economic, sociological and legislative 

pressure on polymer industries for the production of materials with greatly reduced fire risk, 

i.e. materials with high fire resistance level (Horrocks and Price, 2001). 

Traditionally, the flame retardancy has been achieved by using inherently flame retardant 

polymers, such as fluoropolymers or PVC, or by incorporation into the polymer flame 

retardants as mentioned above. However, these retardants have significant disadvantages. For 

example, for aluminium trihydrate (Al2O3·3H2O) and magnesium hydroxide (Mg(OH)2) the 

application of very high loadings to be effective it is necessary. This results in high density 

and low flexibility of the end products as well as low mechanical properties and problems in 

the composition. On the other hand, the health concerns and the environmental impact caused 

by the compounds of bromine and chlorine released in vapour form made the halogenated 

additive unpopular in many countries. Furthermore, the addition of many flame retardants 

increases the production of soot and CO during combustion. Finally, the intumescent systems 

are relatively expensive and electrical needs may restrict their application (Pavlidou and 

Papaspyrides, 2008). 

However, contrary to traditional flame retardants, the incorporation of layered silicates (e.g. 

MMT) in the polymer matrix produces nanocomposites with excellent fire resistance 

performance. The clearest evidence for the fire resistant character of the layered silicate-

polymer nanocomposites was obtained from cone calorimetry experiments (Kiliaris and 

Papaspyrides, 2010). 

i) Nanocomposite structure and fire retardant 

There is strong evidence that the fire retardant properties do not depend on the 

nanocomposite structure, i.e., exfoliated or intercalated. The cone calorimetry technique is 

used to determine the fire retardancy of a material by evaluating the peak heat release. 

Through the peak heat release, it is also possible to assess whether or not there was a 
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dispersion of clay nanoparticles throughout the polymer matrix, which is only valid if the 

magnitude of the expected reduction is known. This is because the reduction in the peak heat 

release is different for each polymer. However, an interesting observation is that although the 

clay should be nanodispersed to affect the flammability of the polymer nanocomposites, it is 

not necessary that the clay layers are completely delaminated (exfoliated). In fact, excellent 

performance was observed in a nanocomposite material in which the clay layers were 

separated by only about 3 nm, which is regarded as being in the intercalation zone (Mouritz 

and Gibson, 2006, Pavlidou and Papaspyrides, 2008). 

A qualitative interpretation of the effect of clay minerals is based on a very rapid formation of 

a durable carbon-silicate char layer at the surface as observed in the burn tests. Protective 

flocs are formed at the sample surface and as a consequence of the degradation of the resin to 

the sample surface (Galimberti et al., 2013). 

2.10.2. Chemical properties 

a) Rheology 

In polymer research rheology has become a powerful tool, being envisaged as a technique 

that is complementary to traditional methods of materials characterization (e.g., XRD, SEM 

and TEM) and also considered as an important link in correlation chain from the catalyst over 

polymerization and chain structure to processing behaviour and final properties. Rheological 

properties are used to evaluate polymer resins properties for their suitability in processing 

operations. Rheological properties can also be used to gauge and predict the product quality 

during polymer converting processes (by injection moulding, extrusion, spinning, blowing, 

etc.) and the molecular orientations that are formed in these materials while in the molten 

stage during processing and when frozen to final products. In the thermoplastic polymers, for 

instance, the knowledge and moreover the design of flow behaviour is essential for all forms 

of production and processing, as big parts of this occur in the molten state (Gahleitner, 2001, 

He et al., 2006, Ramkumar and Bhattacharya, 1998, Wang et al., 2012). 

With respect to polymer/layered silicate nanocomposites, the measurements of rheological 

properties are not only important to understand the knowledge of the processability of these 

materials, but is also helpful to determine the strength of polymer-layered silicate interactions 

and the structure–property relationship in nanocomposites (Ray and Okamoto, 2003). 

Viscoelastic properties in the molten state are generally useful to determine the structure and 
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properties relationships of these materials. The inter-particle and polymer-filler interactions 

can strongly influence both linear and nonlinear viscoelastic responses. Consequently, 

rheology appears to be a unique technique for the study of polymer nanocomposites 

(Cassagnau, 2008). 

Pavlidou and Papaspyrides (2008) cited two reasons why, in the case of polymer–layered 

silicate nanocomposites, the study of rheological properties is instructive and why rheology 

can be envisaged as a tool that is complementary to traditional methods of materials 

characterization: 

 These properties are indicative of melt processing behaviour in unit operations, such 

as injection moulding. 

 Since the rheological properties of particle-filled materials are sensitive to the 

structure, particle size, shape and surface characteristics of the dispersed phase, 

rheology potentially offers a means to assess the state of dispersion in 

nanocomposites, directly in the melt state. 

The rheological properties of composites provide important information on processing 

parameters, such as the viscosity and possible effects of deformation on the microstructure, 

including the extent to which the reinforcement has been distributed in the matrix 

(Satyanarayana et al., 2009). The rheological behaviour of nanocomposites depends on the 

degree of dispersion of organoclay aggregates, which in turn depends on the degree of 

compatibility between the polymer matrix and layered silicate, as is the case for polymer 

applications (Zhang et al., 2006b). 

The extent of clay exfoliation can be estimated from the shear thinning behaviour of polymer 

composites (Szép et al., 2006). Steady shear viscosities for nanocomposites at low shear rates 

have been found to diverge from Newtonian plateau. The higher the filler concentration the 

larger is the divergence. At the low shear rate, the nanocomposites with very low amounts of 

silicates result in a high zero-shear viscosity value. However, above the percolation threshold, 

the zero-shear viscosity is not observed. Yield stress can be expected in the presence of small 

sized mesoscopic structures and also due to a decrease in the interparticle distance. The high 

viscosity at low shear rates points to strong interactions between the delaminated clay 

platelets and the polymer chains or, alternatively, the formation of network structures by clay 
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particle interactions. Pronounced shear thinning indicates extensive clay exfoliation in a 

given system. The nanocomposites internal structure is retained at low shear rates but at high 

shear rates the clay network structures break down and the platelets tend to orient in the flow 

direction. The resulting platelet alignment decreases the apparent viscosity so that it 

approaches that of the neat polymer melt. This ability to re-orient the silicates layers or 

tactoids in response to externally applied flows also controls the viscoelastic properties of the 

composites (Bhattacharya et al., 2008, Galimberti et al., 2013, Gupta et al., 2005, Szép et al., 

2006, Wagener and Reisinger, 2003, Wang et al., 2012). 

The measurement of the rheological properties of any polymeric material is usually 

conducted by dynamic oscillatory shear, steady shear and extensional flow measurements 

(Pavlidou and Papaspyrides, 2008). However, dynamic oscillatory shear and steady shear 

measurements as a function of the nanofiller concentrations (mainly between 0 and 10 wt.%) 

are the most commonly used. Steady shear measurements provide information such as 

apparent viscosity, shear thinning properties and first normal stress behaviour. Functions such 

as storage modulus (G'), the loss modulus (G'') and dynamic viscosity (η
*
) are estimated by 

dynamic oscillatory measurements (Bhattacharya et al., 2008). 

Most of the steady shear measurements for nanocomposites are carried out using the 

rotational parallel plate and cone and plate geometries. Viscometric flow is assumed to have 

been generated in the fluid layer of an applied rate of shear. Most of the measurements are 

performed at or near the melting point of the matrix polymer and so, temperature control is 

necessary to avoid the effect of viscous heating. Rotational rheometers are suitable for low to 

medium range shear rate measurements of nanocomposites. In a rotational plate rheometer 

measurements above a shear rate range of approximately 10 s
-1

 are not appropriate since the 

material tends to extrude from the small gaps of the installed plate assembly, leading an 

inaccurate reading. The information regarding the extent and dynamics of a structure formed 

by particles in viscoelastic fluids is generated by dynamic measurements. When tested in the 

molten state, a parallel plate or a cone and plate assembly is normally used. Most dynamic 

tests are performed in the linear viscoelastic range of the material. In this range, the structure 

of the viscoelastic material remains unbroken throughout the measurements. The viscoelastic 

range is frequently tested by (i) dynamic strain sweep test (at different frequencies ranging 

from 0.1-100 rad/s); (ii) dynamic time sweep test; and (iii) dynamic frequency sweep test 

(Bhattacharya et al., 2008, Mezger, 2006). 
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b) Mechanical properties 

Mechanical properties include all properties that determine the responses of polymers to 

external mechanical influences. They are manifested by the ability of these materials to 

develop reversible and irreversible deformations when subjected to these external mechanical 

influences (Lima, 2007). As mentioned before, mechanical properties are investigated by 

tensile testing, impact testing and dynamic mechanical analysis (DMA). In the tensile test, a 

specimen with standardized forms and dimensions is subjected to a uniaxial tensile force that 

tends to stretch it (Padilha, 1997). The tensile tests for polymers are based on ISO 527 or 

ASTM D-638, consisting of the application of a force in a longitudinal direction, stretching 

the material until the breakup of the same. Using this technique important information 

regarding the mechanical properties of a material is obtained. This includes maximum force 

of rupture, plastic and elastic deformation, modulus, cold flow, etc. DMA measures the 

response of the material to cyclic deformation (usually shear, tension or bending) as a 

function of temperature. When cyclical variations in stress and strain are involved, DMA 

properties are taken into account. It is a very useful technique for the characterization of the 

viscoelastic nature of polymers. There are three important parameters for the DMA 

(Bhattacharya et al., 2008, Khan et al., 2009), (i) the dynamic storage modulus - a measure of 

the energy stored in elastic deformation, (ii) loss modulus - a measure of damping material 

under dynamic loading, and (iii) tan δ - which is the ratio of the dynamic storage modulus 

and the loss modulus, useful to determine the occurrence of molecular mobility transitions, 

such as Tg. 

Mechanical properties of polymer–clay nanocomposites are highly related to their 

microstructure which in turn is directly related to the exfoliation and dispersion of clay 

minerals consisting of layered silicates in the polymer matrix. Dramatic improvements in 

stiffness or Young’s modulus can be achieved by adding either micro- or nano-particles since 

rigid inorganic particles generally have a much higher stiffness than polymer matrices. The 

large aspect ratios of layered silicates are thought to be mainly responsible for the enhanced 

mechanical properties of particulate–polymer nanocomposites (Fu et al., 2008, Tjong, 2006). 

In fact, the addition of layered silicates in the polymer matrix, assuming of course that the 

phases are compatible results in significant improvements in the modulus and tensile strength 

and impact when compared to the pure polymer material. In addition, the modulus tends to 
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increase as the particle size decreases because particles of small size have a higher possibility 

of dispersion in the polymer matrix (Khan et al., 2009). 

DMA has also been extensively used for the polymer nanocomposites. The main conclusion 

derived from dynamic mechanical studies for nanocomposites is that the storage modulus and 

Tg increase upon dispersion of a layered silicate of high aspect ratio in a polymer. Tg 

improvement is generally attributed to restricted segmental motions near the organic-

inorganic interface. The storage modulus increase is generally larger above the Tg, and for 

exfoliated polymer layered silicate nanocomposite structures is probably due to the creation 

of a three-dimensional network of interconnected long silicate layers, strengthening the 

material through mechanical percolation. Above the Tg, when materials become soft, the 

reinforcement effect of the clay particles becomes more prominent, due to the restricted 

movement of the polymer chains. This results in the observed enhancement of storage 

modulus (Alexandre and Dubois, 2000, Mittal, 2009, Pavlidou and Papaspyrides, 2008). 

c) The reinforcing mechanism of layered silicates 

Rigid fillers such as layered silicates are naturally resistant to straining due to their high 

moduli. Therefore, when a relatively softer matrix is reinforced with such fillers, the polymer, 

particularly that adjacent to the filler particles, becomes highly restrained mechanically. This 

enables a significant portion of an applied load to be carried by the filler, assuming, of 

course, that the bonding between the two phases is adequate. From this mechanism, it 

becomes obvious that the larger the surface of the filler in contact with the polymer, the 

greater the reinforcing effect will be. This could partly explain why layered silicates, having 

an extremely high specific surface area (on the order of 800 m
2
/g) impart dramatic 

improvements of modulus even when present in very small amounts in a polymer (Affdl and 

Kardos, 1976, Pavlidou and Papaspyrides, 2008, Ray and Okamoto, 2003, Százdi et al., 

2007). 

d) Composite mechanics theories of conventional reinforcements 

Composite mechanics theories of conventional reinforcements, such as flakes and fibres can 

be applied to explain the mechanical and fracture toughness properties of polymer–clay 

nanocomposites. For polymer manufacturing processes such as injection moulding, 

compression moulding, etc., many micromechanical models have been developed to predict 

the tensile moduli and tensile strengths of the particulate reinforced polymers. Table 2.3 
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provides a summary of the different theoretical models developed to predict the Young’s 

modulus and tensile strengths of the particulate reinforced polymers. 

Table 2.2. Summary of the different theoretical models developed to predict the Young’s 

modulus and tensile strengths of the particulate reinforced polymers (Adapted from Yan et 

al., 2006). 

Name Models Nomenclature 

Guth model 

For spherical particles 

 21.141 ffEPc VVKEE   

For non-spherical particles 

 262.167.01 ffPc VVEE    

Ec = Tensile modulus of the reinforced 

polymer 

Ep = Tensile modulus of the matrix 

KE = Einstein coefficient 

Vf = Reinforcement volume fraction 

α = Reinforcement aspect ratio 

A = A constant which takes into 

account such factors as geometry of the 

reinforcing phase and Poisson’s ratio of 

the matrix 

B = A constant which takes into 

account the relative modulus of the 

reinforcing and matrix phases 

Em = Tensile modulus of the 

reinforcement 

φ = A factor which depends on the 

maximum packing fraction m of the 

reinforcement 

m  =Maximum packing fraction of 

reinforcement 

1 = Poisson’s ratio of matrix 

  = Void content of composite 

Vp = Volume fraction of polymeric 

matrix (associated with zero void) 

  Modified void content (void 

relative to polymer phase) 

MRF = Modulus reduction factor 

pG = Shear modulus of the polymer 

 c = Tensile strength of the composite 

Halpin–Tsai–

Nielsen model 
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Nielsen model KV fPc 




  3

2

1  p = Shear strength of the polymer 

K3 = Correction factor 

MPF = Strength reduction factor 

p = Tensile strength of the polymer 

K = Stress concentration factor 

Nicolais–

Narkis model 





  3

2

21.11 fPc V  

 

e) Modelling the Young’s modulus of polymer composites 

One of the important utilization properties of any solid material is the Young’s modulus. 

Young’s modulus is the stiffness (the ratio between stress and strain) of a material at the 

elastic stage of a tensile test. It is markedly improved by adding micro- and nanoparticles to a 

polymer matrix since hard particles have much higher stiffness values than the matrix. For 

polymer composites, the stiffness depends significantly on particle loading, not 

particle/matrix adhesion, since the fillers have much larger modulus than the matrix. There is 

also a critical particle size, usually in nanoscale, below which the composite stiffness is 

greatly enhanced due to the significant effect of the particle size, probably caused by the 

much larger surface areas imparting a ‘‘nano”-effect (Fu et al., 2008). 

The Halpin–Tsai model (Equation 2.1) is the most widely used to predict the modulus of 

composites. The models generally include parameters such as the aspect ratio, volume 

fraction and the orientation of the reinforcement. However, the direct use of such 

micromechanical models for polymer–clay nanocomposites without taking into account the 

intrinsic hierarchical morphology of intercalated nanoclay with large surface area and 

expanded gallery spacing it appears to be inappropriate (Fornes and Paul, 2003b, Tjong, 

2006, Tucker III and Liang, 1999). 

The Halpin-Tsai equation mentioned above has the form: 

  
)1(

)1(

f

f

p V

V

E

E








          (2.1) 

where E is the composite tensile modulus in the longitudinal or transverse direction with 

respect to the alignment of particles, Ep is the tensile modulus of the matrix, Vf is the volume 

fraction filler and ξ is a shape factor that depends on the geometry of the filler particles and 

their relative orientation with respect to the load direction. The parameter η is given by  
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pf

pf

EE

EE
         (2.2) 

where Ef is the tensile modulus of the filler. Van Es (2001) proposed corrected shape factor 

for platelet reinforcements for the longitudinal ECL and transverse ECT composite modulus as 

t

w
L

3

2
  and ξT = 2 respectively. Van Es (2001) also approximated the composite modulus 

of a matrix containing randomly oriented platelets using an averaging scheme as follow 

  CTCLC EEE 51.049.0          (2.3) 

where EC is the composite modulus, ECL and ECT are evaluated from Halpin-Tsai equations 

using the respective shape factor ξL and ξT. 

Halpin-Tsai equation was successfully used by Hablot et al. (2010b) and Macheca et al. 

(2016) to predict or correlate the modulus of DAPA/cellulose fibres composites and 

DAPA/VMT bio-nanocomposites respectively. For cellulose fibres, the model provided a 

good fit to experimental data for ξ value given by the fibre dimensions. However, the best fit 

of experimental results suggested that the enhancement of the Young’s modulus was more 

related to good fibres dispersion than to strong interactions between the fibres and DAPA 

matrix since in such study a perfect adhesion was not achieved. The analysis of the variation 

in Young’s modulus with VMT content supported the high aspect ratio nature of the flake 

reinforcement. 
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CHAPTER 3  

___________________________________________________________________________ 

3. EXPERIMENTAL 

3.1. Materials 

3.1.1. Clay samples 

G & W Base and Industrial Minerals supplied Boane bentonite in purified form as a soda ash-

activated dispersion. The pH of the bentonite slurry was 7.4, and the solids content was 19.2 

wt.%. The cation exchange capacity (CEC) of this clay was 0.70 mEq/g. Vermiculite grade 

Superfine (1 mm) from Palabora mining (South Africa) was obtained from Mandoval 

Vermiculite. Commercial sepiolite (Pangel S9) was supplied by Tolsa, S.A, Madrid, Spain. 

3.1.2. Chemicals 

Acetic acid 100% (glacial), ammonium chloride, silver nitrate, acetone and deionized water 

were obtained from Merck Chemicals and used as received.  

3.1.3. Polymer matrices 

The amorphous co-polyamide (Euremelt 2138) was supplied by Huntsman Advanced 

Materials. According to the supplier, this grade of DAPA has a softening point in the range of 

138–148 °C and an amine value of ca. 4 mg KOH g
-1

 polymer. The semi-crystalline 

polyamides (PA-11), Rilsan
®
 Atofina BESNO TL and Rilsan

®
 Atofina BESNO P20 TL were 

supplied by Arkema, France. The latter is a plasticized natural grade of PA-11containing 20 

wt.% plasticizer and it was used to lower the viscosity of the former one. 

3.2. Methods 

3.2.1. General description of the “novel method” used in the present study 

The main and “novel” point of the study is to get a “very” good compatibilization of the clay 

and the polymer matrix by organo-modifying the clay, “not” by surfactants, but by protonated 

polymer chains via solution route. This is what was called the “surfactant-free 

organomodification approach”. The preparation procedure begins with the step of clay 

surface modification schematically represented in Figure 3.1. This clay surface modification 

route is basically an ion-exchange process. The composites are made by mixing an acetic acid 
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dispersion of partially delaminated clay particles with a solution of the polyamide in the same 

solvent. 

The underlying principle for the success of the method is based on the following: bio-based 

polyamides are of low molecular mass and are soluble in a variety of organic solvents. They 

have amine end groups that are protonated when these polymers are dissolved in suitable 

carboxylic acids, e.g. acetic acid. This means that organomodification of the clays should be 

possible via solution intercalation of the polymer chains per se (Macheca et al., 2016, 

Macheca et al., 2014). The composites can be recovered via precipitation by adding water. 

More details about the preparation route are given in section 3.3.4. 

 

Figure 3.1. Schematic representation of the route to clay organomodification via solution 

intercalation of the polymer chains. 

The clays of choice in the study were the standard smectite clays commonly used to prepare 

polymer-clay nanocomposites and vermiculite. They were ultimately chosen on the basis of 
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their ability to exfoliate into nano-thick sheets. The polyamides of choice as clay modifiers 

are DAPA. They were chosen for the reasons pointed out in Chapter 1.  

As has been stated, this “novel” technique is of interest because it also allows organo-

modification of the external surfaces of nano-sized clay sheets suspended in an acidic 

solution. This may facilitate clay dispersion and to prevent restacking when they are 

ultimately compounded into the polymer matrix. In addition, the solution route should enable 

the preparation of nanocomposites with relatively high clay contents (Macheca et al., 2016, 

Macheca et al., 2014, Nicolosi et al., 2013). 

3.3. Samples preparation 

3.3.1. Ammonium modification of clays 

The ammonium exchanged MMT was prepared as follows: about 200 g of the bentonite 

slurry was suspended in 500 mL of a 1 M solution of NH4Cl at a pH = 5. The suspension was 

stirred for 2 h at room temperature (RT) and centrifuged for 1 h. The supernatant was 

decanted and replaced with fresh ammonium chloride solution. This procedure was repeated 

four times. The ammonium exchanged MMT was washed with a large volume of deionized
 

water until all Cl
-
 was removed (checked with AgNO3 solution). 

A similar procedure was used to prepare the ammonium exchanged VMT that was first 

washed with de-ionized water. The washing of VMT was carried out in order to remove 

soluble compounds and organic impurities by flotation. After the ammonium modification 

process, the flakes were dried in an air circulating oven at 60 °C for 48 h. The resulting 

product was then exfoliated using either thermal shock or by suspension in an 30% H2O2 

aqueous solution and finally delaminated by sonication. 

3.3.2. Exfoliation and delamination of vermiculite using thermal shock, chemical 

treatment with H2O2 and high power ultrasound. 

Thermal exfoliation was achieved by exposing the material for 5 min to a temperature of 700 

°C in a convection oven. The thermally exfoliated VMT flakes were then delaminated using a 

high power ultrasound. This was carried out at 20 kHz and 375W using an ultrasound probe 

(Sonics & Materials Inc., Model Vibracell VC375, 12.15 mm probe diameter). Typically, 2 g 

of clay were suspended in 300 mL of deionized water and sonicated for 2 h. The slurry was 
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allowed to settle for 2 h. Thereafter the supernatant was decanted. Water was added to the 

residue and the sonication proceeded for another 2 h. This process was repeated for a third 

time at which stage the remaining residue was discarded. Afterwards, all samples obtained in 

this way were combined to obtain the sonicated thermally-exfoliated VMT filler. 

A similar procedure was used to prepare the sonicated H2O2-exfoliated VMT filler. However, 

instead of de-ionized water, 30% H2O2 solution was initially used as a medium. The chemical 

exfoliation was first performed by suspending 100 g amounts in 500 mL of 30% H2O2 

solution at RT for 48 h. After the first sonication, the process used for the thermal-exfoliated 

VMT was followed. The combined H2O2 exfoliated and sonicated VMT samples were then 

washed with a large amount of de-ionized water to remove any residual H2O2. 

3.3.3. Dispersion of clays using acetic acid as medium 

The ammonium exchanged MMT and the sonicated VMT flakes were recovered by filtration 

and heated at 150 °C for 48 h to remove residual water. The filler powders were then re-

dispersed in acetic acid at a solids content of 5 wt.%. Part of these dispersions was used to 

prepare DAPA based polyamide bio-nanocomposites via solution route. All the remaining 

dispersions were again washed several times with de-ionized water, dried in an air circulating 

oven set at 60 °C for 24 h and then crushed by milling to a powder for further analysis. 

3.3.4. Preparation of MMT and VMT/bio-nanocomposites based on DAPA via solution 

route 

In this step, DAPA was used as a clay surface modifier as well as a polymeric matrix. A 

typical preparation procedure for the DAPA clay composites was as follows: A weighed 

amount of the DAPA was first dissolved in acetic acid, corresponding to 10 wt.% of DAPA 

solution. In an 800-mL stainless steel container, a predetermined amount of 10 wt.% NH4
+
-

MMT or NH4
+
-VMT (exfoliated by thermal shock and H2O2 treatment and/or sonication) 

dispersion in acetic acid was mixed at RT in a high shear mixer for 2 min. Then, 10 wt.% of 

DAPA solution was added drop by drop. After completion, mixing was continued for another 

10 min. Then, deionized water was added during the mixing process in order to precipitate 

the polymer bio-nanocomposites. The precipitate was separated from the solution by 

decantation. The generated composites corresponded to targeted loads of ca. 7.5, 15 and 30 

wt.% clay for NH4
+
-MMT and 5, 10, 20 and 30 wt.% clay for NH4

+
-VMT. The precipitates 
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were washed with deionized water. They were then immersed in a large amount of deionized 

water for 6 days. The deionized water was replaced with fresh water on a daily basis. 

Following these steps, the composites were allowed to dry at ambient conditions. Finally, 

they were dried in a convection oven at 60 °C for 24 h. Neat DAPA polymer was also 

subjected to the same procedure to prepare the sample used for property comparisons. 

Finally, thin polymer test sheets were made by hot pressing at temperatures between 160 and 

180 °C for 15 min. 

3.3.5. Preparation of VMT and PGS9/bio-nanocomposites based on PA-11 via melt 

compounding 

In this step, PA-11 was used as a polymeric matrix while DAPA was kept as a clay surface 

modifier. Here again, the clay polymer bio-nanocomposites preparation begins with the step 

of clay surface modification and, this was done according to the procedures described in 

sections 3.3.1, 3.3.2 and 3.3.3. However, this was done only for vermiculite sample that was 

previously exfoliated by thermal shock and/or sonication. The resulting organomodified 

vermiculite (OVMT) corresponded to a load of ca. 74.6 wt.% DAPA. This sample was finally 

dried at RT for 6 days and then milled to a powder. Part of this powder was used to prepare 

PA-11 bio-nanocomposites via melt compounding process and the remaining one was kept 

for further analysis. 

A typical preparation procedure for the final PA-11/Clay bio-nanocomposites was as follows: 

The OVMT and PGS9 (used as received) were melt compounded into the PA-11 to form 

products that contained either no filler, i.e. neat PA-11or 10% clay. The neat PA-11 

considered in this study was a mixture of Rilsan
®
 Atofina BESNO TL and Rilsan

®
 Atofina 

BESNO P20 TL in the proportion, respectively of 25 and 75 wt.%.  The Rilsan
®
 Atofina 

BESNO P20 TL is a plasticized grade containing 20 wt.% plasticizer. This means that the 

mixture contained 15 wt.% plasticizer. Unmodified vermiculite (UVMT) that was also 

previously exfoliated by thermal shock and/or sonication was also melt compounded into the 

PA-11 for property comparisons. 

The compounding process was carried out using a Nanjing Only Extrusion Machinery Co., 

Ltd (Model TE-30/600-11-40) co-rotating twin-screw laboratory extruder (diameter = 30 

mm, L/D = 40:1) operating at a feed rate of 2 kg/h. The barrel temperature profile ranged 

from 70 to 230 °C and the screw speed was set at 27 rpm. The extrudate passed through a 
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cooling water bath system, palletized, and finally dried in a convection oven at 40 °C for 4 

days. 

3.4. Samples characterization 

Elemental composition of clays was determined using X-Ray fluorescence (XRF) 

spectroscopy. The major elemental analysis was executed on fused beads using an 

ARL9400XP+X-ray fluorescence spectrometer. The samples were milled in a tungsten-

carbide milling pot to achieve particle sizes <75 m and dried at 100 °C and roasted at 1000 

°C to determine the LOI values. Then 1 g sample was mixed with 6 g of lithium tetraborate 

flux and fused at 1050 °C to make a stable fused glass bead. The Thermo Fisher ARL 

Perform’X Sequential XRF with OXSAS software was used for analyses. 

X-ray diffraction (XRD) was conducted on a PANalytical X’Pert Pro powder diffractometer 

with a X’Celerator detector and variable divergence and receiving slits with Fe-filtered Co 

Ka radiation (k = 0.17901 nm) in the 2θ range of 2 - 60° at a scan rate of 1.0°/min. 

Fourier transform infrared (FTIR) measurements were done on Perkin-Elmer Spectrum RX I 

FT-IR spectrometer. Thin polymer test sheets were placed between two KBr crystal windows.  

The reported spectra represent averages of 32 scans in the wave number range of 4000–550 

cm
1

, at a resolution of 2 cm
-1

. The averaged data was background-corrected using a pure 

KBr pellet. 

Thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris 4000TGA 

instrument using the dynamic method. About 15 mg of the sample (clays or polymer 

composites) were placed in open 150 µL alumina pans. The temperature was scanned from 

25 to 950 °C at a rate of 10 °C min
-1

 with air flowing at a rate of 50 mL min
-1

. 

Particle size distribution of the VMT samples, in the range 0.01 μm to 10 mm, was 

determined using the low angle laser light scattering (LALLS) method on a Malvern 

Mastersizer 3000 instrument. The refractive indices used were 1.520 (for VMT) and 1.330 

(for water). Specific surface area (measured only for VMT samples) was determined using 

nitrogen and the BET method at liquid nitrogen temperatures with a Micrometrics Tristar II 

BET instrument. Prior to measurements, samples were degassed under vacuum (10
-3

 mbar) at 

100 °C for 24 h. On the other hand, the particle size distribution by wet sieving (residue on 

44 μm was 0.1%, residue on 10 μm was 2%, and residue on 5 μm was 97.9%) and the surface 
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area BET (320 m
2
/g) of the sepiolite were taken from the technical data sheet provided by the 

clay manufacturer. 

A Zeiss Ultra 55 FESEM Field emission scanning electron microscope (FESEM) was used to 

study the morphology of the clay samples and the fracture surface morphology of the 

composites at 1 kV. The composite injection moulded specimens were frozen in liquid 

nitrogen, cryo-fractured and vacuum dried. The clay samples and the fractured surface of the 

composite samples were coated with carbon using an EMITECH K950X sputter coater prior 

to analysis. Surface morphology of the polymers (measured only for DAPA/MMT 

bionanocomposites) was studied by atomic force microscopy (AFM) using a Nanoscope III 

AFM instrument and the imaging was done in contact mode at room temperature in air. The 

membranes were cut into small pieces and placed on a grid. The grid was covered using the 

commercial tip of Si3N4 provided by digital instruments. Cantilever length was kept at 200 

m with a spring constant of 0.12 N/m. The scan heads with a maximum range of 250 nm  

250 nm and Z scale: 250 nm. AFM images given in this work were reproducibly obtained 

over at least three points on the sample surface. A transmission electron microscope (TEM) 

(JEM 1200EX, JEOL, Tokyo, Japan) (acceleration voltage100 kV) was used to study the 

morphological structure of bio-nanocomposites. The samples were cry-sectioned using a 

diamond knife. 

Melt viscosities were determined at 160 ºC in the steady shear, rotational mode. An Anton 

Paar Physica MCR301 rheometer with a CTD 600a convection hood and fitted with a 50 mm 

cone-and-plate measuring system was used. The gap was set at 51 µm and the shear rate was 

varied from 0.1 s
-1

 to 100 s
-1

. 

Dynamic mechanical analysis (DMA) were carried out using a PerkinElmer DMA 8000 

instrument in the single cantilever bending mode using a displacement of the amplitude of 

0.05 m at frequencies 1, 10 and 100 Hz. The sample dimensions were as follows: length = 

7.35 mm, width = 5.1 mm and thickness = 2.0 mm. The temperature was scanned from −40 

to 100 °C for DAPA/bio-nanocomposites and from -150 to 140 °C for PA-11/bio-

nanocomposites, at a scan rate of 1 °C/min. 

Tensile test specimens were placed in the closed plastic container and maintained for 

moisture equilibrium at 25 °C and 50%RH for a week before the testing day. Saturated 

magnesium nitrate solution was used to meet required relative humidity. Mechanical 
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properties of the specimens were performed on a Lloyds Instruments LRX Plus machine 

fitted with a 5 kN load cell (ASTM D638). Initial grip separation and crosshead speed were 

set at 45 mm and 20 mm/min, respectively. Tensile strength, elongation-at-break and 

Young’s modulus were measured and the results reported as averages of at least 7 specimens 

per sample. 

The cone-calorimeter tests (measured only for PA-11/bio-nanocomposites) were performed 

on a Dual Cone Calorimeter (Fire Testing Technology, U.K.) according to ISO 5660-1. Three 

specimens of each sample were tested. The dimensions of the samples were 100 x100 x 3 

mm. Each specimen was wrapped in aluminium foil and exposed horizontally to a 35 kW m
-2

 

external heat flux. A hold-down frame was used to minimize the swelling of the samples. The 

exhaust gas flow rate was set at 24 L/s. The heat released was calculated from the oxygen 

consumption. The time to ignition was manually set from the computer’s keyboard. The mass 

loss rate, and the heat release rate and its peak value were obtained from the Fire Testing 

Technology “ConeCalc” software. FESEM was also used to observe the morphologies of the 

residue samples (char) obtained from the cone-calorimeter tests. The samples were coated 

five times with a conductive layer of carbon prior to imaging using an EMITECH K950X 

sputter coater. 
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CHAPTER 4  

___________________________________________________________________________ 

4. RESULTS AND DISCUSSIONS  

4.1. Clay characterization 

4.1.1. Scanning electron microscopy (SEM) 

SEM image with a magnification of 1000 times of the raw bentonite is shown in Figure 4.1. 

The clay featured some crystalline pseudo-hexagonal edges and semi-rounded micro-sized 

particles on the surface of the clay mineral particles. However, some irregularly shaped 

aggregates are also observed. Similar results were observed by Massinga et al. (2010). Most 

of the particles were much smaller than 10 µm in size and are arranged in face-to-face 

patterns. 

 

Figure 4.1. SEM image of Boane bentonite sample 

SEM micrographs of the neat and ammonium VMT flakes are shown in Figure 4.2. Figure 

4.2(a) and (b) and Figure 4.2(c) and (d) show edge-view SEM micrographs of the neat and 

ammonium-exchanged VMT flakes respectively, with flakes characteristics of a VMT 

material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



77 

 

  

  
Figure 4.2. SEM micrographs of VMT samples: (a) and (b) Raw; (c) and (d) NH4

+
-

exchanged. 

SEM micrographs of the expanded VMT flakes are shown in Figure 4.3. Figure 4.3(a), (b), 

(c) and (d) shows the concertina-like expansion caused by a 700 °C temperature shock and 

chemical treatment with H2O2. From the figure, it is possible to see that after the thermal 

shock at 700 °C (Figure 4.3 (b)) and chemical treatment with H2O2 (Figure 4.3(a)) the 

expanded VMT particles formed “accordions”, however, the individual sheets that make up 

the original flake remain attached to each other. Clearly the separation of the stacks is 

imperfect and the thicknesses of the flake lamellae formed are in the micrometre range, i.e. 

several orders of magnitude thicker than single VMT sheets (Macheca et al., 2016). 
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Figure 4.3. SEM micrographs of VMT samples: (a) and (c) H2O2-exfoliated; (b) and (d) 

thermal-exfoliated 

SEM micrographs of sonicated VMT flakes are shown in Figure 4.4. The three samples 

reveal an exfoliated structure with similar morphologies. However when compared to those 

of sonicated thermally-exfoliated and sonicated H2O2-exfoliated clay particles the sonicated 

organomodified clay particles (OVMT) (Figure 4.4(c)) appear agglomerated. In some cases, a 

compact layer covering is observed. This can indicate that the protonated amine functional 

groups at the ends of the polymer chains have definitely compensated the negative charge of 

clay and thus, the repulsive electrostatic forces were eliminated (Praus et al., 2006). 

Figure 4.4 shows also that sonication led to a significant decrease of the particle sizes as 

observed by others (Ali et al., 2014, Kehal et al., 2010). Although the particle sizes were 

decreased, the fracture of the VMT layers created irregular shapes for the majority of the 

particles, but on the whole, they were convex shaped two-dimensional flakes. 
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Figure 4.4. SEM micrographs of sonicated VMT flakes: (a) sonicated thermally-exfoliated; 

(b) sonicated H2O2-exfoliated, and (c) sonicated thermally-exfoliated and organomodified.  

Figure 4.5 shows the SEM picture of the sepiolite sample. As can be seen, the sepiolite 

sample has a fibrous and needle-like morphology. 
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Figure 4.5. SEM micrographs of sepiolite samples (PGS9). 

4.1.2. Particle size distribution and BET surface area of VMT samples 

The particle size distributions reported in Table 4.1 and in Figure 4.6 confirm that ammonium 

exchange did not materially affect the particle size distribution. However, sonication caused a 

significant reduction in size. All particle size distributions showed a bimodal dispersion with 

a large peak at larger size values and a much smaller peak located at lower particle sizes. 

Since the material consists essentially of high aspect ratio flakes, the lower humps are 

indicative of the variations in the flake thicknesses. In both cases, the peak position is located 

in the sub-micron range. Table 4.1 indicates that the d50 particle size of the NH4
+
-exchanged 

VMT was 879 µm. This was reduced to 12.4 and 20.9 µm in the sonicated forms of the 

thermal- and H2O2-exfoliated samples, respectively. This corresponds to d50 size reductions 

of by factors of 71 and 42 for the two types. Thus, for the same conditions of sonication 

(frequency, power, time and temperature), size reduction was more extensive for the 

thermally expanded VMT sample than the chemically expanded sample. Note that part of the 

resulting sonicated thermally-exfoliated VMT was used for the organomodification process. 

However, the organomodification led to an increase of the particle sizes from 12.4 to 139 μm.  

Table 4.1 also reports the BET specific surface areas for the VMT samples. Again, there was 

very little difference in the values for the raw VMT and the ammonium-modified version 

(1.49 m
2
/g versus 1.58 m

2
/g). However, sonication produced a significant increase in the 
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specific surface area to 10.5, 12.4 and 8.78 m
2
/g respectively for the sonicated H2O2-

exfoliated, sonicated thermally-exfoliated and sonicated organomodified VMT. The lower 

BET specific surface area exhibited by the OVMT sample when compared with UVMT is in 

agreement with the SEM analysis (Figure 4.4) where it was found that the organomodified 

clay particles appeared more gathered together with a compact layer covering them. 

 

Figure 4.6. Particle size distribution plots of NH4
+
-exchanged vermiculites in neat pre-

expanded form together with the sonicated samples that were either thermally or chemically 

exfoliated. 

Since the surface area contributed by the edges of large aspect ratio flakes can be neglected, 

this implies that the latter flakes were relatively thinner. The BET specific surface area is 

given by ABET ≈ 2/ρt where ρ is the density and t the thickness of the flakes. The average 

flake thickness can then be estimated from the BET surface area and the density of the VMT. 

Assuming ρ = 2.55 g cm
-3

 yields flake thickness estimates of t = 63, t = 74 and t = 89 nm for 

the sonicated thermal- and H2O2-exfoliated forms and for the sonicated organomodified form, 

respectively. This suggests that the flakes may include nano-scale particles as at least one 

dimension was less than 100 nm. Furthermore, crude estimates of the flake aspect ratios are 

obtained by considering the ratio d50/t. These values are also plotted in Table 4.1. However, 

these analyses did not take into account that the flakes might include lateral splits, i.e. 

extensive planar cracks. This means that the actual flakes could be thicker and feature lower 

aspect ratio values than indicated in Table 4.1. 
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Table 4.1. Particle sizes (m) and BET surface areas of VMT samples. 

Sample d10 d50 d90 BET, m
2
/g t

a
, nm λ

b
(-) 

Neat VMT 423 890 1760 1.49 525 1695 

NH4
+
-exchanged 421 879 1750 1.58 496 1772 

H2O2-exfoliated
c 

5.62 20.9 54.0 10.5 74 282 

Thermally exfoliated
c 

2.91 12.4 39.2 12.4 63 197 

Organomodified VMT
c 

46.8 139 481 8.78 89 1562 
a
Average flake thickness estimated from BET specific surface area. 

b
Apparent aspect ratio estimated from d50/t. 

c
Sonicated samples 

4.1.3. X-ray fluorescence (XRF) chemical composition 

The XRF chemical composition of the MMT, VMT and PGS9 samples is presented in Table 

4.2. Both MMT samples exhibited a high silica content that is attributed to the presence of ca. 

35.7 wt.% cristobalite as a major impurity (Massinga et al., 2010).  

Table 4.2. Chemical composition (dry basis expressed as mass) of the clay samples with the 

corresponding loss of ignition. 

Sample SiO2 MgO Al2O3 Fe2O3 K2O CaO P2O5 TiO2 LOI 

Neat MMT 81.09 2.34 11.09 2.29 0.19 0.47 0.02 0.21 4.75 

NH4
+
-exchanged MMT 84.58 1.58 10.79 2.21 0.20 0.06 0.02 0.22 4.82 

Neat VMT 42.55 24.39 10.06 9.49 6.21 4.61 1.13 1.16 8.70 

NH4
+
-exchanged VMT 43.42 24.18 10.26 9.60 6.23 3.69 1.25 1.16 9.97 

H2O2-exfoliated VMT
c 

45.67 23.02 8.67 8.62 5.34 3.95 3.48 1.02 16.3 

Thermally-exfoliated VMT
c 

43.22 23.96 9.86 9.27 5.97 4.79 1.57 1.13 19.8 

Organomodified VMT
c 

43.33 27.63 11.26 8.71 7.33 0.51 0.02 1.22 36.2 

Sepiolite (PGS9) 66.04 29.17 2.35 1.06 0.83 0.39 0.03 0.12 12.1 
c
Sonicated samples 

The values for the neat vermiculite are consistent with those previously found (Muiambo et 

al., 2015, Muiambo et al., 2010). Previous analyses established that Palabora ‘‘VMT” is not 

pure VMT but rather a randomly-interstratified mixed-layer VMT–biotite containing less 

than 50% VMT (Bassett, 1961, Kehal et al., 2010, Muiambo et al., 2010, Schoeman, 1989, 

Schwellnus, 1938). The structural formula for this mineral consistent with composition data 

is given in Scheme 4.I (Muiambo et al., 2010). The differences observed in the XRF analyses 

evident in Table 4.2 reflect natural variations rather than composition changes caused by the 

processing of the samples. 
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2+ 3+ +

2.60 0.60 3.2 0.78 0.02 10 2 0.49

2+ 3+ 2+

2.60 0.60 3.2 0.78 0.02 10 2 0.20 2

0.60(Mg Fe )[Si Al Fe ]O (OH) K

+0.40(Mg Fe )[Si Al Fe ]O (OH) Mg . H On  
 

Scheme 4.I. The structural formula for Palabora VMT consistent with XRF data. 

4.1.4. X-ray diffraction (XRD) 

Figure 4.7 shows the XRD patterns of the pristine MMT and the ammonium exchanged 

MMT. The pristine clay showed a strong reflection at 2θ = 8.164°, corresponding to a basal 

spacing of 1.257 nm of the (001) planes. In NH4
+
-MMT, the (001) plane reflection shifted to 

7.144°, corresponding to a basal spacing of 1.437 nm. This slight increase in the interlayer 

spacing of the NH4
+
-MMT sample suggests the ammonium treatment has created a greater 

disorder of the clay particles when compared to the neat MMT. However, the basal reflection 

enlargement probably suggests that not all interlayer sites were NH4
+
-exchanged.  

 

Figure 4.7. XRD patterns for the neat and NH4
+
-MMT. 

Figure 4.8 shows the XRD patterns of VMT samples. The neat VMT features multiple 

reflections, suggesting a mixture of different minerals as reported in the literature (Folorunso 

et al., 2012, Muiambo et al., 2010). It features a strong broad peak at 2θ = 8.66° (1.19 nm) 

and weaker reflections at 2 = 7.20 (1.43 nm) and 2 = 10.24 (1.00 nm). The 1.43 nm 

reflection is consistent with a VMT phase with two water layers in the galleries forming 

hydration shells around the exchangeable cations (Mathieson, 1958). The 1.00 nm reflection 

is from the mica (biotite/phlogopite). Perfectly alternating 50/50 mixed layered VMT, i.e. 
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‘‘mica-VMT mixed layers”, features reflections at 2.441 nm (001) and 1.221 nm (002) (Amil 

et al., 1992, Newman and Brown, 1987). In the present sample, the main peak is located at 

higher 2θ angles. This and the extensive line broadening are indicative of a random 

distribution of the VMT and biotite layers. 

Two XRD diffractogram sample sets corresponding to the two different exfoliation 

procedures were obtained. The corresponding pairs were identical indicating that similar 

products were obtained irrespective of whether the exfoliation was achieved through a 

thermal shock or hydrogen peroxide treatment. This means that the two procedures delivered 

similar end products as far as phase composition is concerned. 

A broadening of the ‘‘mica-VMT mixed layers” reflections, as well as the disappearance of 

some of them, were observed in ammonium-exchanged VMT sample as well in the 

diffractograms of all the sonicated VMT samples. The broadening is attributed to the 

delamination of VMT sheets together with particle size reductions induced by sonication. 

 

Figure 4.8. X-ray diffraction (XRD) patterns of the various VMT samples. Key:  = VMT; 

 = “mica-VMT mixed layers”; and  = mica (biotite/phlogopite). 

Figure 4.9 shows the XRD patterns of the clay samples that were used to prepare DAPA-

11/bio-nanocomposites namely the sonicated thermally-exfoliated, sonicated organomodified 

VMT and PGS9. PGS9 shows a strong diffraction peak at 2θ = 8.468°. According to Bragg’s 

equation, the basal spacing is 1.212 nm. As discussed above, a broadening of the ‘‘mica-

VMT mixed layers” reflections was observed in the diffractograms of both UVMT and 
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OVMT, clearly indicating the delamination of vermiculite sheets and a particle size reduction 

due to sonication. 

 
Figure 4.9. XRD patterns for the sonicated thermally-exfoliated, sonicated organomodified 

VMT and PGS9. 

4.1.5. Thermogravimetric analysis (TGA) 

Figure 4.10 shows the TGA curves in air environment of neat MMT and NH4
+
-MMT. The 

TGA results indicate that mass loss proceeded stepwise in all samples. The neat MMT 

sample showed a higher mass loss compared to the NH4
+
-MMT sample. The DTA signal (not 

shown) indicated endothermic peaks just below 100 °C for both samples that were attributed 

to the loss of interlayer water. The endothermic peak was more intense in the neat clay, 

suggesting that the water content was higher. This was expected as the Ca
2+

 and Na
+
 ions 

have a stronger tendency for hydration than the NH4
+
-MMT ion. 
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Figure 4.10. TGA curves for the neat clay and NH4

+
-MMT. 

Figure 4.11 shows the TGA curves in air environment of pristine VMT and the modified ones 

(NH4
+
-exchanged, sonicated H2O2-exfoliated, sonicated thermal-exfoliated, sonicated 

organomodified VMT samples) and sepiolite. From this figure, it can be seen that mass loss 

proceeds stepwise in all samples in the range of temperatures from 50 °C to 900 ºC. 

The free water content (water physically absorbed on the surface of the clay and in the 

interlayer spacing) is present in both samples and these were totally removed at about 150 °C 

for the neat VMT and for the expanded and sonicated VMT samples. On the other hand, for 

the NH4
+
-VMT the free water content was only totally released at about 300 °C. 

In general, the mass losses from 150 °C to about 300 °C and between 300 and 650 °C in 

VMT samples are due respectively to the releasing of the interlayer water and to the releasing 

of some remaining water and to the beginning of dehydroxylation (MacKenzie, 1970). At a 

temperature higher than 850 °C the mass loss is attributed to the collapse of the crystal 

structure octahedral sheet. Contrary to that observed for the neat VMT, ammonium VMT 

exhibited a lower mass loss (regarding the interlayer water and dehydroxylation) in the entire 

temperature range evaluated, indicating the presence of ammonium ions in the interlayer 

space of the clay. However, the oganomodified VMT sample showed a higher mass loss in 

the temperature range between 300 and 950 ºC, as expected. The higher mass loss could be 

attributed to the thermal decomposition of the dimer fatty acid polyamide used as VMT clay 

organomodifier. 
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Figure 4.11. TGA curves in air environment of the various clay samples. 

On other hand, sepiolite sample also showed a higher mass loss, suggesting the presence of 

high content of hygroscopic and zeolitic water even though, the clay sample was dried at 60 

°C for 24 hours before testing. The main events of mass loss of pristine sepiolite resulting 

from heating can be basically divided into four regions located at 25 ~150 °C, 150 ~350 °C, 

350 ~650 °C and 650-850 °C. Heating sepiolite from room temperature to about 150 °C 

selectively removes water physically bonded to the clay on the external surface and the 

zeolitic water from the structural channels. The weight loss observed in the second and third 

region is respectively related to the dehydration of the first structural water (also called 

coordinated or bonded water) and of the second structural water. The final region corresponds 

to the dehydroxylation of internal Mg–OH indicating the structure loss of the sepiolite. 

4.2. Composites characterization 

The composites characterization section was structured in such a way that the results, 

discussions and conclusions of each polyamide-clay bio-nanocomposites type (i.e. MMT or 

VMT bio-nanocomposites based on DAPA and VMT or PGS9 bio-nanocomposites based on 

PA-11) are presented separately. 
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4.3. NH4
+
-MMT/bio-nanocomposites based on DAPA 

 

The main focus here was to understand the relationships between the new processing method 

and structure as well as to understand the relationships between the structure and the 

properties of the generated nanocomposites. 

4.3.1. Electron microscopy (SEM, TEM and AFM) 

The SEM micrographs in Figure 4.12 revealed significant changes in the morphologies of the 

fracture surfaces as the clay content increased (Lee et al., 2007). Distinct clay agglomerates 

were not visible in the SEM, even at high magnification. However, dispersed clay tactoids 

were observed in all the clay containing samples. These results indicate that the processing 

conditions were not effective enough to facilitate complete exfoliation or even intercalation 

of the clay particles. The fracture surface of the neat DAPA (not shown) was relatively 

smooth. Those for the bio-nanocomposites had a rough surface appearance. The roughness 

increased with clay content similar to previous observations (Tjong, 2006). Figure 4.12 also 

shows the outside surface texture of the sheet prepared using the composite containing 27.5 

% clay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



89 

 

 

Figure 4.12. SEM images of the fracture surfaces of the DAPA bio-nanocomposites with 7.9, 

14.6 and 27.5 wt.% clay. The micrograph at the bottom right shows the surface texture of the 

pressed sheet for the composite containing 27.5 wt.% clay. 

In order to explore the three-dimensional surface morphology of the bio-nanocomposites, the 

atomic force microscope (AFM) was implemented. The AFM height (topographic) and the 

phase (elastic) images were simultaneously obtained under tapping conditions on the surface 

of the bio-nanocomposites as shown in Figure 4.13, indicating high protuberant and clearly 

visible flakes with a thickness of 50–100 nm in nanoscale. 

 

Figure 4.13. AFM images of DAPA bio-composites with different NH4
+
-MMT contents. 
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Illustrative TEM results for the present bio-nanocomposites are shown in Figure 4.14. The 

dark lines represent delaminated clay layers dispersed in the polymer matrix. The bio-

nanocomposite with 7.9 wt.% clay showed a significant number of individual exfoliated clay 

sheets dispersed together with thicker tactoids. In the bio-nanocomposite with 27.5 wt.% 

clay, fewer exfoliated platelets were visible in the bulk and more clay tactoids were observed. 

Thus, as the clay content increased, the degree of dispersion decreased and the clay was 

present primarily as tactoids. A similar result was previously reported by Anilkumar et al. 

(2008). High particle aspect ratios are key for increasing the moduli of filled polymer 

composites (Mondragón et al., 2009). The TEM micrographs show that even the tactoids 

featured very high aspect ratios as their thickness corresponded to a few nanometers while 

their lengths reached 1 μm. 

 

Figure 4.14. TEM images of selected MMT DAPA bio-nanocomposites. 

4.3.2. X-ray diffraction (XRD) 

The XRD diffractograms of the PA/NH4
+
-MMT bio-nanocomposites, shown in Figure 4.15, 

featured poorly defined reflections. The (001) plane reflections were broader and less intense 

but were located at approximately the same angle as for the NH4
+
-MMT clay. 
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Figure 4.15. XRD patterns of the DAPA bio-nanocomposites compared to the neat NH4
+
-

MMT. 

The lower intensity is consistent with a certain degree of disorder or even some clay 

exfoliation. Nevertheless, the presence of (001) reflections is indicative of the retention of 

neat NH4
+
-MMT clay structure rather than the formation of intercalated microstructures 

(Pavlidou and Papaspyrides, 2008). Intercalated structures form when the protonated polymer 

chains enter into the clay galleries causing expansions of up to 3 nm. Thus, intercalated 

structures form a more or less ordered multilayer structure of alternating polymeric and 

inorganic layers (Ray and Okamoto, 2003). The present XRD patterns are not consistent with 

such a situation as the reflections did not shift to lower angles. 

4.3.3. Thermogravimetric analysis (TGA) 

Mass loss curves vs. temperature of neat DAPA (as received but dried at 60 °C for 24 h) and 

its clay composites are shown in Figure 4.16. The actual clay content levels of the bio-

nanocomposites were determined from the relative mass loss values measured at 1,000 °C for 

the modified clay and the bio-nanocomposites. 
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Figure 4.16. TGA curves for the neat DAPA and its bio-nanocomposites. 

The mass loss up to 150 °C is often associated with the moisture content of polyamides. This 

value was 0.15 wt.% for the neat polymer and less than this for the composites. Up to 320 °C, 

the measured mass loss values for the clay composites were lower than that of the neat 

DAPA, i.e. 2.7 wt.%. In addition, they followed a similar trend in this temperature range. 

These observations indicate that the composites were free of residual acetic acid. 

Only two major thermal events were observed in the TGA curves of the composites and the 

neat DAPA. The first stage of degradation involved major mass loss, commencing at 398, 

408, 411 and 420 °C for neat polymer and the bio-nanocomposites with a clay content of 7.9, 

14.6 and 27.5 wt.%, respectively.  

Figure 4.16 also shows that the composite samples were more stable than the neat DAPA 

under thermo-oxidative degradation conditions. Above 350 °C, the neat polymer showed a 

rapid mass loss, leaving a 10.5 wt.% residue at 483 °C. This was completely oxidized to 

volatile products between 520 and 1,000 °C. Above 400 °C, the residues of the polymer 

composites were higher than that observed for the neat DAPA, indicating that the presence of 

clay apparently enhanced thermal stability. This can be attributed to barrier effects preventing 

oxygen diffusion into the matrix and the release to the atmosphere of small molecule 

fragments generated during the thermal decomposition process (Liu et al., 2004). In addition, 
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it is clear from Figure 4.16 that the degradation onset temperature was slightly higher for the 

clay composites. The DTG peaks (Figure 4.17) indicate the temperature corresponding to the 

maximum degradation. These occurred at about the same temperature for the neat polymer 

and its composites, i.e. 463 °C. 

 

Figure 4.17. The derivative mass loss for the neat DAPA and its bio-nanocomposites. 

4.3.4. Viscosity 

The rheological behaviour of molten bio-nanocomposites complements XRD and TEM 

information on the degree of exfoliation of clay platelets in a polymer matrix (Gupta et al., 

2005). Figure 4.18 shows the effect of clay content and shear rate on the melt viscosity of 

DAPA–clay bio-nanocomposites. The high viscosity at low shear rates points to strong 

interactions between the delaminated clay platelets and the polymer chains or, alternatively, 

the formation of network structures by clay particle interactions. 

Pronounced shear thinning indicates extensive clay exfoliation in a given system (Gupta et 

al., 2005, Szép et al., 2006, Wagener and Reisinger, 2003). The nanocomposites’ internal 

structure is retained at low shear rates, but at high shear rates, the clay network structures 

break down and the platelets tend to orient in the flow direction. The resulting platelet 

alignment decreases the apparent viscosity so that it approaches that of the neat polymer melt 

(Szép et al., 2006, Wagener and Reisinger, 2003). This ability to reorient the silicate layers or 
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tactoids in response to externally applied flows also controls the viscoelastic properties of the 

composites (Wang et al., 2012). 

 

Figure 4.18. Viscosity vs. shear rate for DAPA and its bio-nanocomposite at 160 °C. 

4.3.5. Dynamic mechanical analysis (DMA) 

Figure 4.19 reveals the effect of the clay on the loss factor (tan δ) for the composites. The 

glass transition temperature (Tg) values were associated with the peak temperatures of the tan 

δ–temperature curves. At a frequency of 100 Hz, the Tg shifted from 9.8 °C for the neat 

polymer to 14.5, 16.0 and 20.2 °C for composites with a clay contents of 7.9, 14.6 and 27.5 

wt.%, respectively. In addition, the tan δ peaks became broader and weaker as the clay 

content increased. These increases in the apparent glass transition temperature Tg indicate that 

the presence of the clay significantly affected the mobility of the DAPA chain segments. 

Figure 4.20 shows the temperature dependence of the storage modulus at 100 Hz for the neat 

PA and its composites. All the compounds exhibited similar trends with the storage modulus 

decreasing with increasing temperature. This behaviour can be attributed to the increase in 

segmental polymer chain motions with temperature as the thermal energy overcomes the 

interchain hydrogen bonding interactions along the DAPA chains. As expected, the storage 

modulus values for the composites are higher than that of the neat DAPA in the range of 

evaluated temperatures. The upward shift indicates that the incorporation of clay remarkably 

enhanced stiffness, providing a good reinforcing effect. 
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Figure 4.19. Temperature dependence of tan δ at 100 Hz of the DAPA and its bio-

nanocomposites. 

The storage modulus values for the composites improved as the clay content increased. At -

30 °C, i.e. well below the Tg of the neat PA (Tg equals 10 °C, refer to Figure 4.19), the 

storage modulus values of the composites with clay contents of 7.9, 14.6 and 27.5wt.%were 

respectively 1.23 (6.27 GPa), 1.74 (8.92 GPa) and 2.5 (12.8 GPa) times higher than that of 

pure PA (5.12 GPa). At 70 °C, the corresponding ratio and modulus values were 1.99 (69 

MPa), 4.97 (172 MPa) and 9.1 (315 MPa), respectively, with the modulus value for the neat 

PA equal to 35 MPa. These values and Figure 4.19 in general, show that the stiffness 

enhancement was less pronounced at temperatures below Tg. This behaviour is related to the 

fact that, below Tg, the polymer is in a glassy state where segmental chain motions are frozen. 

However, above Tg, when the matrix polymer has a lower stiffness, the reinforcement effect 

of the clay particles was more prominent. This is attributed to the high surface area of the 

rigid clay that hampers segmental motions of adjacent polymer chains. This mechanism was 

previously used to explain the reinforcing action of rigid fillers with high moduli such as 

layered silicates (Pavlidou and Papaspyrides, 2008). The observed shift in the Tg, as the clay 

content is increased (Figure 4.19), supports this contention. 
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Figure 4.20. Storage modulus at 100 Hz of the DAPA and its bio-nanocomposites. 

4.3.6. Discussion 

The present data are consistent with a mixed microstructure of exfoliated clay sheets and 

tactoids with a thickness of less than 50 nm. These thickness dimensions are most likely 

determined by the conditions the clay experienced in the acetic acid dispersion. According to 

Yariv (2002), clay tactoids may be regarded as associated colloids. The number of associated 

sheets present in the clay dispersion is determined by the balance between entropic effects 

that direct for complete exfoliation and electrostatic forces that direct for larger tactoids. Even 

in a water medium, NH4
+
-MMT forms tactoids comprising several unit layers (Banin and 

Lahav, 1968, Edwards et al., 1965). Much larger tactoids are expected in the acetic acid 

medium as it has a lower dielectric constant than water. Thus, it is likely that the protonated 

amine end groups on the DAPA chains only displaced the surface charges on the clay tactoids 

present in the acetic acid dispersion. This is supported by the fact that no evidence of polymer 

intercalation was found in the present study. 

4.3.7. Conclusions 

Ammonium ion exchanged MMT bio-nanocomposites, based on a DAPA, were successfully 

prepared using a surfactant-free approach. This new method did not employ any surfactants. 

In other words, the matrix MMT compatibilisation did not employ any surfactants. The 

composites were made by mixing an acetic acid dispersion of partially delaminated clay 
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particles with a solution of the PA in the same solvent. The composite was recovered via 

precipitation by adding water. 

It is evident from the TEM and XRD results that the composites featured a mixed 

morphology containing some exfoliated clay sheets together with nano-sized clay tactoids. 

No evidence of polymer intercalation into the clay galleries was found as indicated in XRD 

results, suggesting that the clay morphology was fixed at the acetic acid dispersion stage. At 

best, the protonated amine end groups of the polymer chains only replaced the ammonium 

ions on the surface of the clay particles originally present in the acetic acid dispersion. This 

stabilized the clay platelets and compatibilized them with the DAPA matrix. 

MMT clay exhibited a reinforcing effect on DAPA as both the modulus and the Tg increased. 

Addition of 27.5 wt.% clay increased the modulus of the parent polymer by up to a factor of 

2.5 in the glassy region and by almost an order of magnitude in the rubbery region. The Tg of 

the polymer increased by about 5 °C when 27.5 wt.% clay was added. This indicates that the 

high contact surface area presented by the dispersed clay platelets dispersed in the composites 

inhibited segmental polymer chain mobility. This implies an effective stiffening of the 

polymer matrix at temperatures above Tg. 

4.4. VMT (exfoliated by thermal shock and H2O2 treatment and/or sonication)/bio-

nanocomposites based on DAPA 

The study compared the effect of the two different exfoliated submicron vermiculite flakes on 

the mechanical properties of such polyamide/bio-nanocomposites. The primary objective was 

to gain an understanding of the stiffening mechanisms operating in amorphous polyamide–

vermiculite bio-nanocomposites. 

4.4.1. Electron microscopy (SEM and TEM) 

Representative images of the morphology and orientation of the VMT flakes in the DAPA 

composites are illustrated in Figures 4.21–4.23. The VMT flakes assumed random 

orientations within the polymer matrix as clearly indicated in Figure 4.21 (c), (d), (f) and 

Figure 4.22 (d), (f). However, twisted and folded platelets were also observed. 
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Figure 4.21. Cross sectional SEM images of the DAPA bio-nanocomposites containing (a) 5, 

(b) 10, (c) 20, (d) 30, (e) 10 and (f) 20 wt.% sonicated H2O2 exfoliated VMT. 

TEM micrographs taken of microtome of cross-sections (Figure 4.23) show flake thickness in 

the sub 100 nm range. However, platelets with thickness up to about one micrometre are 

observed in SEM micrographs (Figures 4.21 and 4.22). The thicker sheets were expected. 

The VMT used in this work consists of flakes that correspond to randomly interstratified 

VMT biotite layers (Muiambo et al., 2010). The material basically derives from incomplete 
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weathering of the biotite part. So the thicker sheets are derived from thick biotite layers. The 

presence of mica impurities with higher charge densities makes also this VMT harder that 

would not exfoliate under the conditions we applied. In other words, the shear forces 

developed during the higher mixing process were not sufficient to break the VMT stacks 

completely, even though that the exfoliation of the starting VMT was previously helped by 

thermal shock and H2O2 treatment and accomplished with ultrasound. 

  

  

  
Figure 4.22. Cross sectional SEM images of the DAPA bio-nanocomposites containing (a) 5, (b) 10, (c) 20, (d) 

30, (e) 5 and (f) 20 wt.% sonicated thermally exfoliated VMT. 
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From SEM images (Figures 4.21 (b), (e) and 4.22 (a), (b), (c)) is clearly visible that the 

DAPA appears to have covered the external surfaces of VMT platelets. This suggests good 

wetting and a strong interaction between the outer surface of VMT layers and the DAPA 

matrix. This is supported by the cohesive rather than adhesive failure of the matrix. From 

Figures 4.21 (f) and 4.22 (f) is clearly visible the presence of ropey polymer structures 

connecting two flakes. 

  

  

Figure 4.23. TEM images of the DAPA bio-nanocomposites containing (a) 10 and (b) 20 

wt.% sonicated H2O2-exfoliated VMT and (c) 10 and (d) 20 wt.% sonicated thermally-

exfoliated VMT. 
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From Figures 4.21 and 4.22, it is also possible to see VMT flakes featuring partial 

delamination, i.e. lateral internal cracks that appear to be devoid of the polymer. It is 

considered likely that these cavities were not present initially but that they were created 

during the cryofracturing of the sections containing the rigid VMT sheets. The micrographs 

evidence for the composites is consistent with a filler morphology comprising a combination 

of nanoplatelets and micro-flakes. A similar morphology was previously observed for VMT 

reinforced polyurethane (Qian et al., 2011). 

4.4.2. X-ray diffraction 

Figure 4.24(a) and (b) show the XRD patterns of PA-sonicated H2O2-exfoliated and sonicated 

thermally-exfoliated VMT composites, respectively. It is clear from the figures that the 

diffractograms for all composites were quite independent of the concentration of the VMT 

incorporated and exfoliation method (thermal shock or hydrogen peroxide treatment) used. 

This was expected as the composite preparation method and the sample preparation 

procedure did not involve high shear forces that could have caused further delamination of 

the VMT. 

  

Figure 4.24. XRD patterns of (a) DAPA-sonicated H2O2-exfoliated and (b) sonicated 

thermally-exfoliated VMT bio-nanocomposites as a function of filler content. 

As discussed previously for all the sonicated VMT samples, a broadening of the ‘‘mica-VMT 

mixed layers” reflections as well as the disappearance of some of them were observed in the 
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PA/VMT composites. This broadening is attributed to the delamination of VMT sheets 

together with particle size reductions induced by sonication. 

4.4.3. Infrared spectroscopy 

Figure 4.25 shows the FTIR spectra of the (a) PA-sonicated H2O2-exfoliated and (b) 

sonicated thermally-exfoliated VMT bio-nanocomposites as a function of filler content. The 

two spectra showed identical behaviour, indicating that similar materials were generated 

independently of whether the exfoliation was achieved through a thermal shock or hydrogen 

peroxide treatment. This means that the two procedures delivered similar end products as far 

as phase composition is concerned. It is evident from the figure that the two spectra were also 

independent of the concentration of the VMT incorporated. The carbonyl stretching band for 

the neat polymer appears at around 1645 cm
-1

 and similar bands can be seen in the all 

composite spectrum. However, the carbonyl stretching band at 1645 cm
-1

 seems to be at 

lower wave number than the normal carbonyl stretching (1710 cm
-1

), this may indicate a 

strong H-bond formation/present in the polymer matrix. 

  

Figure 4.25. FTIR spectra of (a) DAPA-sonicated H2O2-exfoliated and (b) sonicated 

thermally-exfoliated VMT bio-nanocomposites. 

4.4.4. Thermogravimetric analysis (TGA) 

The variation of weight loss with temperature recorded in an air atmosphere for sonicated 

H2O2- and sonicated thermally-exfoliated DAPA/VMT composites is respectively presented 

in Figure 4.26 (a) and (b). The corresponding curves exhibited a similar trend irrespective of 
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whether the exfoliation was achieved through a thermal shock or hydrogen peroxide 

treatment. The TGA curves for the neat polymer and the composites display two major mass 

loss steps. Most of the mass loss occurs in the first step in the temperature range 300 °C to 

500 °C. The DAPA leaves a char residue of about 10 wt.% at 500 °C and mass loss is 

complete at ca. 600 °C. Above this temperature, the composites show plateau values 

corresponding to the inorganic residue derived from the decomposition of the VMT. These 

were used to confirm filler content of the composites. The first mass loss event commences at 

higher temperatures in the composites. This reflects the effect of the flake-shaped filler 

particles that inhibit the mass transfer to the atmosphere of the volatile degradation 

fragments. However, a radical trapping effect may also play a role (Carvalho et al., 2013). In 

addition, it is clear from the figure that above 500 °C in both cases (for sonicated H2O2- and 

sonicated thermally-exfoliated DAPA/VMT composites) the residues of the polymer 

composites were higher than that observed for the neat DAPA in thermo-oxidative 

degradation conditions used. This indicates that the presence of clay enhanced the thermal 

stability. 

  

Figure 4.26. TGA curves for sonicated H2O2- and sonicated thermally-exfoliated VMT and 

its DAPA bio-nanocomposites. 

4.4.5 Mechanical properties 

Figure 4.27(a) shows that the tensile strength increased with filler loading while the 

elongation at break decreased precipitously. At a loading of 30 wt.% VMT, the tensile 
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strength was about double of that of the neat DAPA. However, the elongation-at-break was 

only one tenth of the original value. 

a) Modelling the Young’s modulus 

Figure 4.27(b) shows least square fits of the Halpin-Tsai equations for platelets to Young’s 

modulus data of the present VMT-based composites assuming random platelet alignment. 

The tensile modulus for the VMT flakes was taken as 175  16 GPa (Suk et al., 2013). The 

tensile moduli of the PA was taken as the measured value of 33  4 MPa. By considering the 

random orientation of the platelets and using Equation 2.3 with Tξ  fixed at 2=Tξ , good fits 

were obtained using Lξ = 29.0 and Lξ = 36.4, for the composites based on H2O2-exfoliated 

and thermal-exfoliated VMT fillers respectively. These values correspond to aspect ratios of 

the platelets of 43.5 and 54.5. The aspect ratios were calculated using the corrected shape 

factors equation for platelet reinforcements proposed for the longitudinal (ECL) and transverse 

(ECT) composite modulus given as L  (2w/3t) for 2=Tξ (see heading e)) of the section 

2.10.2. In this equation, the ratio w/t represents the aspect ratios, where w and t are the width 

and thickness of the flakes, respectively. 

  

Figure 4.27. Effect of VMT content on (a) the tensile strength and elongation-at-break, and 

(b) the Young’s modulus of DAPA bio-nanocomposites. Green filled symbols: Sonicated 

thermally-exfoliated VMT. Red filled symbols: Sonicated H2O2-exfoliated VMT. 
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4.4.6 Viscosity 

The melt viscosity of filled polymer compounds is important as it relates to the processability 

by conventional plastic conversion technologies such as extrusion and injection moulding. 

The melt viscosity is sensitive to the structure, particle size and shape as well as the interface 

characteristics of the dispersed phase (Ray and Okamoto, 2003). In some suitable instances, 

rheology can even be used to quantify the shear thinning effect for polymer–clay 

nanocomposites and thereby to compare the extent of delamination of platelet stacks 

(Wagener and Reisinger, 2003). 

Figure 4.28(a) and (b) show the effect of clay content and shear rate on the melt viscosity of 

sonicated H2O2-exfoliated VMT and sonicated thermally-exfoliated VMT composites, 

respectively. From the figures, it can be seen that the addition of clay was responsible for a 

more significant increase of melt viscosity. At low shear rates the composites samples 

exhibited high viscosity when compared with the neat polymer, and as expected, the viscosity 

increases with increasing the amount of clay. 

  

Figure 4.28. Effect of the VMT type, content and shear rate on the viscosity of DAPA bio-

nanocomposites at 160 °C. (a) sonicated H2O2-exfoliated VMT and (b) sonicated thermally-

exfoliated VMT. 

For the sonicated H2O2-exfoliated VMT, at a loading of 30 wt.%, the viscosity was more than 

an order of magnitude higher than that of the neat DAPA. This can indicate the strong 

interactions between the clay particles and the polymer matrix. In fact, the dispersion and 
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interaction of clay particles in the polymer matrix provide resistance to flow at low shear 

rates, indicating the presence of yield stress. In other words, at low shear rates, the network 

structures formed by clay particle interactions remains unaffected by the imposed flow. On 

the other hand, at high shear rates, the clay loading has only a relatively small influence on 

the viscosity. 

At relatively high shear rates, the neat DAPA and its VMT composites all showed weak shear 

thinning behaviour. The shear thinning behaviour of the composites is such that their 

viscosities are comparable with those of neat polymer at high shear rates and can be 

explained as a result of the reorientation of the silicate layers or tactoids parallel to the flow 

direction. This ability to re-orient the silicates layers or tactoids in response to externally 

applied flows also appears to control the viscoelastic properties of the composites 

(Bhattacharya et al., 2008). 

4.4.7 Dynamic mechanical analysis 

Typical DMA results of the neat DAPA and its composites are illustrated in Figures 4.29 – 

4.34. Figure 4.29(a) and (b) depicts the storage modulus (bending mode) as a function of 

temperature at a frequency of 100 Hz of the neat DAPA and its VMT composites. From the 

figure is clearly evident that the addition of VMT to the polymer results in improved storage 

modulus over the entire temperature range compared to the pure matrix. This indicates that 

VMT clay was able to affect the chain mobility of polymer matrix. 

  
Figure 4.29. Effect of filler loading on storage modulus (bending mode) at a frequency of 100 Hz for (a) 

sonicate H2O2-exfoliated VMT and (b) sonicated thermally-exfoliated VMT DAPA/bio-nanocomposites. 
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All composite samples showed similar trends with storage modulus decreasing with 

increasing temperature, indicating the increase in segmental polymer chain motion with 

temperature. However, the increase of the storage modulus for the composites is in the order 

of increasing the amount of the clay. At 10 °C, i.e., exactly at the Tg of the neat polymer 

(refer to Figure 4.30), the sonicated H2O2-exfoliated VMT polymer composites with clay 

contents of 5, 10, 20 and 30 wt.% were respectively 97% (1.40 GPa), 338% (3.11 GPa), 

544% (4.57 GPa) and 828% (6.59 GPa) whereas for the sonicated thermally-exfoliated VMT 

polymer composites with the same clay contents the increase in storage modulus was 

respectively 295% (2.81 GPa), 623% (5.13 GPa), 1023% (7.97 GPa) and 1185% (9.12 GPa) 

increase in storage modulus compared to pure polymer (0.71 GPa). At room temperature, i.e., 

25 °C, the corresponding increases in storage modulus were respectively, 274% (1.01 GPa), 

467% (1.53 GPa), 874% (2.63 GPa) and 893% (1.39 GPa) for sonicated H2O2-exfoliated 

VMT polymer composites and 233% (0.90 GPa), 470% (1.54 GPa), 1030% (3.05 GPa) and 

1333% (3.87 GPa) for sonicated thermally-exfoliated VMT polymer composites, respectively 

with the modulus value for the neat DAPA equal to 0.27 GPa. 

As evidenced by Figure 4.29 (a) and (b), although the storage modulus for the composites 

increases with increasing VMT content, the stiffness enhancement is relatively limited at low 

temperatures (below Tg). This behaviour can be related to the fact that the polymer is in the 

glassy state. However, above the Tg, where the polymer matrix softens the reinforcement 

effect of the two nano-reinforcements increases due to their ability to restrict the motions of 

the polymer chains. 

  

Figure 4.30. Effect of filler loading on tan  at a frequency of 100 Hz for (a) sonicate H2O2-exfoliated VMT and 

(b) sonicated thermally-exfoliated VMT DAPA/bio-nanocomposites. 
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The glass transition temperature of each material was estimated from the position of the tan  

peak. The values are reported in Figure 4.30 as a function of filler loading and measurement 

frequency. For all composites, the presence of the VMT filler caused a large upward shift of 

up to 10 C in the Tg. This shift in the glass transition temperature suggests that the presence 

of the filler constrained polymer chain mobility. 

  

Figure 4.31. Effect of filler loading on the glass transition temperature (from tan  plots): (a) 

sonicate H2O2-exfoliated VMT and (b) sonicated thermally-exfoliated VMT DAPA/bio-

nanocomposites. 

As evidenced by Figure 4.30 and Figure 4.31, although Tg increases with increasing VMT 

content, the composition dependence is weak. The bending modulus for the neat DAPA 

shows a plateau value at temperatures well below Tg. It decreases rapidly towards much 

lower values as Tg is approached and passed. The modulus curves for the filled compounds 

show a similar shape. In essence, they appear shifted upward and towards higher 

temperatures when compared to the curve for the neat DAPA. 

Figure 4.32 shows the effect of filler content and measurement frequency on the modulus 

plateau values in the glassy region. The modulus does increase slightly with frequency but 

filler content has a much greater effect. The reinforcing action of the stiff inorganic flakes is 

the primary reason for the increase in the bending modulus. However, the increased Tg values 

for the polymer matrix also contributes. These two effects can be removed by scaling the 

modulus curves and plotting them with respect to the temperature shift with respect to the 

corresponding glass transition temperatures. Such master curves are plotted in Figure 4.33 
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and Figure 4.34 for the sonicated H2O2- and sonicated thermally-exfoliated VMT composites 

respectively. They show that this curve shifting approach collapses all the data sets into a 

single curve for temperatures below Tg. This implies that, in the glassy region, the reinforcing 

action of the filler is adequately described by a combination of filler micro-mechanics (the 

primary effect) and a secondary effect associated with the reduction in chain mobility caused 

by the special confinement effect imposed by the high surface area flakes on the polymer 

chains. The latter expresses itself by a change in the effective thermal state of the polymer 

chains that is adequately captured by the apparent shift in the Tg. 

  

Figure 4.32. Effect of filler loading and measurement frequency on the modulus plateau 

values in the glassy region for (a) sonicate H2O2-exfoliated VMT and (b) sonicated 

thermally-exfoliated VMT DAPA/bio-nanocomposites. 

Significant deviations are apparent at temperatures above Tg with the modulus values failing 

to form a single band. The scaled modulus curves deviate to higher values as the filler content 

is increased. Compared to the curve associated with the neat DAPA, the moduli decrease 

more slowly with increasing temperature. Nevertheless, the curves for compositions 

containing 20 wt.% and 30 wt.% filler virtually coincide. This means that there must be a 

tertiary reinforcing effect attributable to the presence of the flakes that reaches a limit beyond 

which further addition of filler has little effect. 
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Figure 4.33. Modulus “master curves” generated by scaling with respect to the modulus 

plateau in the glassy region and a glass transition temperature shift for sonicated H2O2-

exfoliated VMT DAPA/bio-nanocomposites at a frequency of (a) 1 Hz and (b) 100 Hz. 

It is tentatively proposed that virtual crosslinking forms the basis of this tertiary effect. The 

electron microscopy results have confirmed strong interactions between the DAPA chains 

and the VMT flake surfaces. That was expected given that, by design, some chain ends are 

attached to the mineral surface via strong electrostatic forces. Furthermore, the DAPA chains 

are capable of strong inter-chain hydrogen bonding interactions as well as interactions with 

the VMT surfaces, whether covered by a polymer or not. Above the glass transition 

temperature, the chains have considerable mobility. The dynamic nature of hydrogen bonds 

formation creates a time-varying and spatially fluctuating cross-linked network that connects 

chains and filler particles. The effective crosslink density of these networks is increased as 

the filler content increases. Increased crosslink density implies increased the stiffness of the 

network explaining the higher modulus values at elevated temperature observed in Figure 

4.33 and Figure 4.34. Strong interactions between reinforcement and matrix molecules 

originated from hydrogen bonding were previously observed in DAPA filled with cellulose 

fibres (Hablot et al., 2010a). 
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Figure 4.34. Modulus “master curves” generated by scaling with respect to the modulus 

plateau in the glassy region and a glass transition temperature shift for sonicated thermally-

exfoliated VMT DAPA/bio-nanocomposites at a frequency of (a) 1 Hz and (b) 100 Hz. 

4.4.8. Conclusions 

Submicron VMT flakes bio-nanocomposites, based on a DAPA were successfully prepared 

using a similar route to the one was applied to prepare the ammonium ion exchanged MMT 

bio-nanocomposites. The flake-like reinforcement was generated by first exfoliating the 

mineral via either thermal shock or treatment with hydrogen peroxide followed by sonication. 

BET surface area measurements and SEM analysis of the VMT exposed to a thermal shock 

or treatment with hydrogen peroxide followed by sonication showed VMT flakes with a 

thickness below 100 nm together with thicker flakes. This is an indication that the exfoliation 

method employed led a reduction in size, which could be explained by the extensive 

delamination. 

XRD results showed that the polymer did not intercalate into the VMT galleries implying that 

the flake morphology was fixed at the sonication stage. SEM and TEM confirmed the 

formation of bio-nanocomposites featuring a mixed morphology. The VMT flakes were 

randomly distributed in the matrix and featured thicknesses ranging from submicron in size 

down into the nano-range. Good adhesion between the matrix and the flakes was indicted by 

the fact that cryo-fracturing resulted in cohesive rather than adhesive failure at the flake 

surface. 
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Polyamide bio-nanocomposites containing as much as 30 wt.% VMT were obtained. At this 

filler loading, and depending on the exfoliated clay type (i.e. sonicated H2O2- and sonicated 

thermally-exfoliated VMT), the tensile strength was doubled while the elongation-to-break 

was decreased by a factor of ten. Halpin-Tsai analysis of the variation in Young’s modulus 

with filler content supported the high aspect ratio nature of the flake reinforcement. The melt 

viscosity, measured at 160 °C also increased by a factor of about 20 when the filler was 

added. 

The addition of clay also increased the Tg of the polymer by up to 10 °C as indicated by 

dynamic mechanical analysis. This indicates that the high interfacial surface area, presented 

by the dispersed nano-platelets in the matrix, significantly impaired the polymer chain 

mobility. This implies an effective stiffening of the polymer matrix at temperatures above Tg. 

It also explains, in part, the higher apparent reinforcing effect observed at temperatures above 

Tg. Analysis of the variation in composite modulus with temperature and composition 

indicate that, below the glass transition temperature, the composite stiffness is adequately 

explained by invoking the reinforcing effect of the inorganic filler together with the apparent 

shift in Tg. It is postulated that dynamic network formation through polymer-filler hydrogen 

bonding interactions provides a tertiary stiffening mechanism that operates at a temperature 

above Tg. 

By comparing the performance of the two VMT samples (i.e. sonicated H2O2- and sonicated 

thermally-exfoliated VMT), the properties of the sonicated thermally-exfoliated VMT 

composites were much better than those of the sonicated H2O2-exfoliated. Initially, the poor 

properties exhibited by the sonicated H2O2-exfoliated composites were associated with a 

possible oxidative degradation of polymeric matrix caused by an eventual excess of H2O2. 

However, the FTIR spectroscopy analysis (refer to Figure 4.25) conducted on the neat 

polymer and its composites did not correlate with the associated hypothesis. No evidence of 

an oxidative degradation of the polymer caused by H2O2 reaction was found. Since the extent 

of properties enhancement in polymer nanocomposites depends strongly on the high particle 

aspect ratios, this is an indication that better reinforcement has been obtained with the VMT 

sample with the higher particle aspect ratios. In the present study, the thermally expanded 

VMT sample is the one that exhibited the high particle aspect ratios (54.5) than the 

chemically expanded sample (43.5). This could obviously explain the much better properties 
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of the sonicated thermally-exfoliated VMT bio-nanocomposites than those of the sonicated 

H2O2-exfoliated ones. 

4.5. Melt compounded VMT and PGS9/bio-nanocomposites based on PA-11 

Here the main goal was to compare the effect of the organic modification on properties of the 

generated PA-11/bio-nanocomposites, with emphasis on the mechanical and flame retardant 

properties. The performance of OVMT and UVMT samples with the commercial sepiolite 

(PGS9) was also compared. In this particular case, the aspects that were addressed included 

the effect of the shape of the clay, the aspect ratio of the particles, and the degree of 

dispersion that was achieved.  

4.5.1. Electron microscopy (SEM and TEM) 

Representative images of the morphology and orientation of different clays in the 10 wt.% 

PA-11 bionanocomposites are shown in Figures 4.35 and 4.36. VMT sheets are well 

dispersed and oriented in the length direction along the dog bone samples as illustrated in 

Figure 4.35 (a and a') and (b and b'). In addition and as previously observed for DAPA/VMT 

bio-nanocomposites, the thickness of the relatively large VMT sheets appears to range from 

micrometers to nanometers. The presence of thicker sheets was expected for the reasons 

pointed out in the Section 4.4.1. 

Fibres alignment in the flow direction along the dog-bone samples was also observed with 

PGS9 (Figure 4.35(c) and (c')). The images show a good dispersion of the fibres in the 

polyamide matrix. The images of the fracture surfaces suggest that the sepiolite needles were 

strongly bonded to the matrix. Consequently, they fractured cleanly in the crack plane of the 

matrix, i.e. there was negligible fibre pull-out. Small fibre bundles (in white colour) are also 

visible on the fracture surface of the polyamide bio-nanocomposites. In the case of VMT/bio-

nanocomposites, ropey polymer structures connecting adjacent flakes are noticeable in Figure 

4.35(b'). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



114 

 

  

  

  
Figure 4.35. Cross-sectional SEM images of 10 wt.% VMT PA-11 bio-nanocomposites: (a, 

a') UVMT, (b, b') OVMT, and (c, c') PGS9. 

Figure 4.36 shows representative TEM micrographs of microtome cross-sections taken from 

PA-11 clay bio-nanocomposites. They provide information on the local dispersion of the 

clays in the polyamide matrix. 
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Figure 4.36. TEM images of 10 wt.% clay PA-11 bio-nanocomposites: (a) UVMT, (b) 

OVMT, and (c) PGS9. 
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The dark lines represent the individual clay layers, sepiolite needles or their agglomerates, 

whereas the gray regions correspond to regions of the polyamide matrix. In general, all 

micrographs reveal that the clays are uniformly dispersed and exfoliated in the PA-11 matrix. 

The average thickness of clay sheets exceeds several nanometers. Reasonably good nano-

dispersion was obtained with sepiolite in PA-11 as shown in Figure 4.36(c). It can be 

attributed to strong interactions between the polymer and sepiolite through hydrogen bonding 

interactions between the carbonyl groups of the polymer and the hydroxyl groups situated on 

the surface of sepiolite. The presence of hydroxyl groups in the sepiolite structure is an 

attractive feature of this clay. Surface hydroxyl groups make an organic modification of clays 

unnecessary for polar matrices capable of hydrogen bonding (Fukushima et al., 2012). 

4.5.2. X-ray diffraction (XRD) 

X-ray diffraction patterns of UVMT, OVMT and PGS9 and their polyamide bio-

nanocomposites are shown in Figure 4.37. The neat PA-11 exhibits three main crystalline 

reflection peaks at about 2θ = 8.3, 23.4 and 26.6° corresponding to (001), (100) and 

(010/110) planes, respectively. These crystalline peaks correspond to those of the α-

polymorph of PA-11 (Hu et al., 2009, Liu et al., 2003, Mago et al., 2011). 

 
Figure 4.37. XRD patterns of UVMT, OVMT and PGS9/PA-11 bio-nanocomposites with 10 

wt.% clay compared to their UVMT, OVMT and PGS9 clay samples. 

The reflections from the vermiculite fillers in the bio-nanocomposites are very similar to 

those of the neat clays, irrespective of clay organomodification. This indicates that the melt 

compounding step did not result in extensive delamination of the VMT. 
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With the addition of PGS9 to PA-11, there was also no change in the position of the XRD 

reflections. Unlike the smectite clays, sepiolite is fibrous in nature and non-swelling. It 

exhibits a structure where individual tetrahedral-octahedral-tetrahedral layers are strongly 

held together by covalent bonds. The fibre bundles or aggregates are separated in the 

nanometer dimension range and dispersed throughout the polymer matrix. However, even 

completely separation of the fibrous needles will hardly have an effect on the location of the 

diffraction peaks in the XRD pattern. This explains why no shift of the peaks position of the 

clay in the XRD pattern of the bionanocomposites was observed (Choudhury et al., 2010, 

Fukushima et al., 2012, Kumar et al., 2010, Qiu et al., 2011). 

4.5.3. Thermogravimetric analysis (TGA) 

The variation of weight loss with temperature recorded in an air atmosphere for the various 

clay bionanocomposites is presented in Figure 4.38. The thermal stability of the 

bionanocomposites is obviously higher than that of pristine polyamide under thermo-

oxidative degradation conditions. This is expected since, the presence of clay enhances 

thermal stability by acting as a diffusion barrier, thus preventing oxygen diffusion into the 

matrix and inhibiting the release to the atmosphere of small molecule fragments generated 

during thermal decomposition (Liu et al., 2004). It is clear from Figure 4.38 that the 

degradation onset temperature is slightly higher for the bio-nanocomposites compared to the 

pristine polymer. 

 

Figure 4.38. TGA curves of neat PA-11 and its 10 wt.% clay bio-nanocomposites. 
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TGA curves for bio-nanocomposites display two major weight loss steps. The first step, 

which involves the major degradation, occurs between 250 and 500 °C. In this step, the neat 

PA-11 records a strong weight loss with about 10.2 wt.%  residue at 490 °C. The second step 

occurs between 480 and 600 °C. At this stage, the remainder is completely decomposed to 

volatile products. In addition, Figure 4.38 shows that above 500 °C, the amount of residue 

remaining is higher compared to the pure matrix. In fact, above 500 °C, the clays only loose 

the physically bonded water, a part of the coordinated water and water evolved from 

hydroxyl groups. So, the crystal structure hardly changes and the clays remain in the residual 

chars resulting in the increase of the residue amount (Chen et al., 2012, Frost and Ding, 

2003). Above 600 °C, the bionanocomposites show a plateau corresponding to the inorganic 

part of a residue derived from the decomposition of the clays. Further data are given in Table 

4.3, which summarize the residues results obtained at 700 °C for the pure PA-11 and its 

bionanocomposites. Table 4.3 shows that PA-11/VMT bio-nanocomposites exhibit better 

thermal stability than the PA-11/PGS9 system. 

Table 4.3. % residues at 700 °C for the pure PA-11 and its bio-nanocomposites. 

Sample 
Remaining residues at 700 °C, 

wt.% 

PA-11 0.00 (at 604 °C) 

UVMT 9.25 

OVMT 8.60 

PGS9 7.26 

4.5.4. Tensile properties 

Tensile properties of the neat PA-11 and its bionanocomposites are listed in Table 4.4 and 

shown in Figures 4.39 -4.41. They show histograms of tensile characteristics, i.e. tensile 

strength, Young’s modulus and elongation at break for each bio-nanocomposite formulation. 

Figures 4.39 and 4.40 show that both tensile strength and Young’s modulus are improved by 

incorporating the clay fillers. However, the change in Young’s modulus is more pronounced. 

For instance, Young’s modulus of PA-11 bio-nanocomposites is almost twice of that of neat 

polymer. However, the bio-nanocomposite filled with PGS9 exhibit the best Young’s 

modulus improvement. The increase is almost a 121% increment compared with neat PA-11.  
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Figure 4.39. Effect of various clay samples on the tensile strength for neat PA-11 and its 10 

wt.% clay bio-nanocomposites. 

From Table 4.4 it is also observed that tensile properties of the bionanocomposites based on 

UVMT are better than those filled with OVMT. 

Table 4.4. Mechanical properties of PA-11 and 10 wt.% clay PA-11 nanocomposites 

Sample 
Tensile 

strength (MPa) 

Young’s 

modulus (MPa) 

Elongation at break 

(%) 

Neat PA11 46.9±1.4 276±10 190±12 

PA11/OVMT 49.6±1.7 527±19 200±12 

PA11/UVMT 57.8±2.1 550±25 222±15 

PA11/PGS9 60.5±0.4 610±13 90±14 

 

 

Figure 4.40. Effect of various clay samples on Young’s modulus for neat PA-11 and its 10 

wt.% clay bio-nanocomposites. 

The improvement in tensile properties of PA-11/clay bionanocomposites is due to several 

factors besides the one related to the stiffness character of the clays. The other factors involve 
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the aspect ratio and the degree of dispersion clay particles. Additionally, the fine and 

nanoscale dispersion of the clay plays the major role. The high compatibility with the PA-11 

combined with the fibrous nature of sepiolite seems also as favorable factors to improve the 

tensile properties. 

A surprising and most interesting thing is the fact that the addition of vermiculite samples 

(OVMT and UVMT) led to an increase in elongation at break (Figure 4.41). Similar results 

were previously reported by Massinga (2013) for EVA- and Tang et al. (2008) for starch-clay 

nanocomposites. This is because the presence of a plasticizer facilitates the movement of 

polymer chains, imparting increased polymer flexibility (Tang et al., 2008). On other hand, 

this could also be due to the plasticizing effect of the galleries, their contribution to the 

formation of dangling chains and conformational effects at the clay matrix interface 

(Camargo et al., 2009). Dangling chain is another way to call branches, they are chains 

suspended laterally to the main backbone. Generally speaking it always related to the 

hysteresis of a polymeric matrix (repeated cycling under a given stress and so on). 

 

Figure 4.41. Effect of various clay samples on the elongation-at-break for neat PA-11 and its 

10 wt.% clay bio-nanocomposites. 

4.5.5. Dynamic mechanical analysis 

Figure 4.42 summarizes the DMA data in which the dynamic storage modulus is presented as 

a function of temperature. From the figure, it is observed that at low temperature, where the 

polymer is in a glassy state, the storage modulus of the bio-nanocomposites (except for that 

loaded with UVMT) is only slightly higher compared to the neat PA-11. In the rubbery 

plateau, i.e. above Tg, the storage modulus of all PA-11/clay bionanocomposites is 
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considerably higher than the pure polymer. At room temperature, i.e., 25°C, the storage 

modulus values of UVMT, OVMT, and PGS9 bio-nanocomposites are 6.80 (1.10 GPa), 17.5 

(1.21 GPa), and 40.8 (1.45 GPa)% higher than that of  neat PA-11 (1.03 GPa), respectively. 

 

Figure 4.42. Representative plots showing the effect of different nanoparticles on the storage 

modulus (bending mode) at a frequency of 1 Hz for neat PA-11 and its 10 wt.% clay bio-

nanocomposites. 

Furthermore, Figure 4.42 also shows that the bio-nanocomposite filled with sepiolite exhibits 

the highest storage modulus over the entire temperature range compared to the rest of the 

samples. The results are consistent with the tensile data. The stiffness enhancement is, 

however, more pronounced at elevated temperatures, making sepiolite the most interesting 

filler as far as the maintenance of high modulus in temperature is concerned. The high 

compatibility of sepiolite with PA-11 associated with its fibrous nature could be responsible 

for the highest storage modulus.  

Figure 4.43 shows the plots of tan δ recorded at 1 Hz as a function of temperature for the bio-

nanocomposites samples. It is observed that there is no shift of tan δ for the PA-11 bio-

nanocomposite filled with UVMT compared to pure PA-11. However, for PA-11/PGS9 bio-

nanocomposite, tan δ peaks shifted to higher temperatures by about 8.3 °C compared to pure 

polyamide (43.7 °C). The increase in the apparent Tg indicates that PGS9 have been able to 

affect the segmental motions of the pure matrix, i.e., the presence of PGS9 constrained 

polymer chain mobility. Figure 4.43 shows also a decrease of Tg of PA-11/OVMT bio-
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nanocomposite by about 4.4 °C, which is probably due to the amorphous effect from the 

polymer modifier together with the plasticizing effect from the polymer. Decreased Tg by 

adding has been reported plasticizer in the literature (Tang et al., 2008, Mali et al., 2006, 

McHugh & Krochta, 1994). This happens because the polymer matrix becomes less dense 

and mobility of polymer chains is facilitated with the addition of plasticizer. It is clear from 

Figure 4.43 that the intensity of the tan δ peaks for all bionanocomposites have decreased 

compared to pure PA-11, which is an indication of that fewer polymer chains are 

participating in this transition. 

 

Figure 4.43. Representative plots showing the effect of different nanoparticles on tan δ at a 

frequency of 1 Hz for neat PA-11 and its 10 wt.% clay bio-nanocomposites. 

4.5.6. Flame retardancy of PA-11/clay composites 

The heat release rate (HRR) and total heat release (THR) plots for the neat PA and PA-11/clay 

bionanocomposites are shown in Figures 4.44 and 4.45 respectively, and some cone-

calorimeter test data are listed in Table 4.5.  

Table 4.5. Flammability data summary of 10 wt.% clay PA-11 bio-nanocomposites 

Property, Units 
Clay bio-nanocomposites 

Pure PA-11 PA-11/UVMT PA-11/OVMT PA-11/PGS9 

Time to ignition, s 109.5 ± 4.9 101.0 ± 0 103.5 ± 2.1 117.0 ± 2.8 

Time to flameout, s > 800.0 633.0 ± 45.3 684.5 ± 58.7 721.0 ± 52.3 

Peak heat release rate, kW/m
2
 575.0 ± 52.7 321.3 ± 8.7 298.7 ± 2.3 318.0 ± 15.6 

Total heat release, MJ/m
2 

88.9 ± 15.3 99.2 ± 5.9 97.6 ± 2.0 93.2 ± 1.6 

Peak mass loss rate, g/s 18.1 ± 17.4 13.0 ± 7.0 12.0 ± 13.6 11.8 ± 7.9 

MARHE, kW/m
2
 176.7 ± 0.3 212.7 ± 0.4 193.9 ± 0.4 179.1 ± 0.1 
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The data reveal that the bio-nanocomposites show lower peak heat release rates (pHRR) 

compared to pure PA-11, indicating that the addition of clays significantly decreases the 

flammability of the matrix. For instance, the pHRR values (Table 4.5) of PA-11/UVMT, PA-

11/OVMT, and PA-11/PGS9 bio-nanocomposites are respectively 321, 299 and 318 kW/m
2
, 

corresponding to a reduction of 44, 48 and 45%, respectively compared to that of neat PA 

(575 kW/m
2
). This suggests that the clays in the matrix exhibit a strong flame retardant 

effect. Indeed, the dispersed clay enhances the formation of char, which acts as an excellent 

insulator and mass transport barrier and subsequently, the rate of heat release decreases. 

 
Figure 4.44. Heat release rate (HRR) curves of neat PA-11 and its 10 wt.% clay bio-

nanocomposites during the cone calorimeter test. 

From Table 4.5 it is clear that OVMT showed a better reduction in the HRR than the other 

systems. At least two factors might have contributed to this fact: (1) the surfactant-free 

organo-modification approach used allows organo-modification of the external surfaces of 

nano-sized clay sheets suspended in an acidic solution. This may facilitate more effective 

clay dispersion and to prevent restacking when they are ultimately compounded into the 

polymer matrix (Macheca et al., 2016). In addition, the organo-modified external surfaces of 

nano-sized clay sheets may eventually contribute to the formation of the more compact 

protective layer. Expanded vermiculites are known to have some tendency for adsorbing 

gases (Muiambo et al., 2010, Schoeman, 1989) and this may contribute to the reduction of the 

HRR. 
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Figure 4.45. Total heat release (THR) curves of neat PA-11 and its 10 wt.% clay bio-

nanocomposites during the cone calorimeter test. 

From Table 4.5, it can be seen that the time to ignition (TTI) was slightly shortened for the 

bio-nanocomposites filled with vermiculite samples (OVMT and UVMT). This is probably 

due to a catalytic effect of the filler that accelerates the pyrolysis rates and possibly also to 

the char layer formation on the surface of the materials. A char layer prevents the heat and 

oxygen from transferring into the matrix interior (Huang et al., 2010). At the initial heating 

stage, the surface temperature of the vermiculite clay bionanocomposites rises quickly due to 

the formation of the char layer. This results in faster decomposition of PA-11 on the surface 

of the bio-nanocomposites. However, the PA-11/PGS9 bionanocomposite, although it has a 

lower PHRR compared to that of PA-11/UVMT, its TTI is slightly higher. 

Also from the HRR plots (Figure 4.44) it can be observed that for the initial 150 s of the 

combustion the HRR for the bio-nanocomposites is higher than that of pure PA-11. This 

suggests that the addition of VMT and sepiolite accelerate the pyrolysis rate of the neat 

polymer. This is probably due a catalytic effect of the clays on the matrix. 

The data reported in Table 4.5 indicate that the peak mass loss rate (pMLR) values of PA-

11/UVMT, PA-11/OVMT and PA-11/PGS9 are 13.0, 12.0 and 11.8 g/s, respectively. This 

corresponds to a reduction of 28.3, 33.9 and 34.8% compared to the neat polyamide (18.1 

g/s). Figure 4.46 shows the mass loss rate (MLR) recorded during the cone calorimeter 

experiment for each bio-nanocomposite formulation.  
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The MLR curves are similar to the HRR curves, so the reduction of the MLR is evidently the 

primary factor responsible for the lower HRR of the bionanocomposites. The reduction on 

MRL suggests that the clays effectively promote the formation of the residues of the flame 

retardant PA-11 bionanocompites. 

 

Figure 4.46. Mass loss rate (MLR) curves of neat PA-11 and its 10 wt.% clay bio-

nanocomposites during the cone calorimeter test. 

The smoke production rate (SPR) is considered as another important parameter for flame 

retarded materials, since the release of toxic smoke during a fire is the largest detriment to 

personal safety at a fire scene (Li et al., 2008).  

 

Figure 4.47. Smoke production rate (SPR) curves of neat PA-11 and its 10 wt.% clay bio-

nanocomposites during the cone calorimeter test. 
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The SPR curves of PA-11 and its clay bio-nanocomposites vs. time are shown in Figure 4.47. 

Similar to the HRR, the SPR of the clay bionanocomposites are significantly lower than that 

of neat polymer. This clearly indicates the efficient role of clays to suppress the smoke 

production of PA-11 bio-nanocomposites. 

4.5.7. Morphologies of char residues and flame retardancy mechanism 

To further investigate the influence of the different clays on the flame retardancy mechanism, 

the morphologies of the residues of their bio-nanocomposites were observed. Figure 4.48 

shows the digital photos and inner microstructure SEM images of the residues for the PA-11 

bio-nanocomposites after the cone calorimeter test. The residues (Figure 4.48(a), (b) and (c)) 

exhibit a fibrous char layer structure. Further, a very compact and uniform surface 

morphology is observed for the char residues of all bio-nanocomposites. This indicates that 

the presence of clays act positively on the morphology of the formed residues and obviously 

affect the flame retardancy mechanism of the bio-nanocomposites. 

The inner microstructure of the residues of the polymer clay bio-nanocomposites was further 

compared by SEM analysis. Figure 4.48(a'), (b') and (c') shows respectively, the inner 

morphologies of residual charred layers for the PA-11/UVMT, PA-11/OVMT, and PA-

11/PGS9 bio-nanocomposites, at 1 µm after the cone calorimeter test. 

For PA-11/UVMT and PA-11/OVMT bio-nanocomposites, the residues show similar features 

with thicker and very compact char layers. However, some loose and porous material was 

noticed on top of the compact layers. The addition of sepiolite (Figure 4.48(c')) also seems to 

reinforce the char barrier, keeping it more resistant to the disintegrating effect of the bubbles 

evolved. The char of the PA-11/PGS9 bio-nanocomposite seems to be more homogenous and 

well packed than those of PA-11/VMT. 
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Figure 4.48. Digital photographs and inner microstructure SEM images of the char residues 

of 10 wt.% clay PA-11 flame retardant bio-nanocomposites after cone calorimeter test: (a) 

and (a') UVMT, (b) and (b') OVMT and (c) and (c') PGS9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



128 

 

4.5.8. Conclusions 

PA-11 based bio-nanocomposites prepared by adding 10 wt.% filler content of VMT 

modified by thermal shock and/or sonication and commercial sepiolite (Pangel S9) were 

successfully obtained by melt blending. Surfactant-free organo-modification approach was 

employed to modify the VMT clay surface. All clay samples showed a good dispersion and 

strong interaction between them and polymer matrix, as observed by electron microscopy 

(SEM and TEM) analysis and X-Ray diffraction (XRD). However, VMT sheets showed a 

limited dispersion on polymer matrix as compared to PGS9. This led the formation of 

polymer bio-nanocomposites with a mixed morphology. This behaviour was expected since 

the VMT used here is a natural mineral, consisting of flakes that correspond to randomly 

interstratified VMT biotite layers. Thus, even though that the exfoliation of the starting VMT 

was previously helped by thermal shock and accomplished with ultrasound, the shear forces 

developed by melt compounding were not sufficient to delaminate the vermiculite stacks 

completely. 

Tensile properties results showed improvements in tensile strength and Young’s modulus 

increased with the presence of the nano-fillers. However, the effect of clays in polymer 

matrix was more pronounced for the Young’s modulus. Young’s modulus of the bio-

nanocomposites was almost double that of the neat polymer. Thermo-mechanical results also 

showed improvements in storage modulus with the addition of all particles, especially in the 

temperature range corresponding to the rubbery plateau (above the Tg). The observed 

improvements in tensile and thermo-mechanical properties for the lamellar silicate and/or 

fibre-based bio-nanocomposites seem to be more influenced by the stiff nature of clay fillers 

rather than the degree of exfoliation of the clay particles in the polymer matrix. The observed 

improvements in tensile and thermo-mechanical properties may also involve a combined 

effect of the possible strong interactions between the clay particles and PA-11 molecules 

originated from hydrogen bonding between the carbonyl group of polyamide and the 

hydroxyl groups belong to the structure of UVMT, OVMT, and PGS9. 

Cone calorimeter test results showed that the peak heat release rate (pHRR) and smoke 

production rate (SPR) values of the PA-11/clays were significantly decreased compared to 

those of the neat polymer. This indicates that the addition of clays not only decreased the 

flammability of polyamide but also effectively suppressed the smoke production of the bio-

nanocomposites. The digital photographs and SEM images of the residues of flame retardant 
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polymer bio-nanocomposites after the cone calorimeter test confirmed the formation of 

charred layer/fibre structures. A very compact and uniform surface morphology was observed 

for the char residues of the composites. This indicates that the presence of these clays 

contributes positively on the morphology of the formed residues and obviously affects the 

flame retardancy mechanism of the generated materials. 
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CHAPTER 5  

________________________________________________________ 

5. GENERAL CONCLUSIONS 

 

A novel method for clay surface modification, the so-called “surfactant-free organo-

modification approach” was developed for the fabrication of DAPA/clay bio-

nanocomposites. The method did not employ any surfactants for the matrix-clay 

compatibilisation. The method is essentially based on the use of DAPA with protonated 

amine end groups as clay modifiers via solution intercalation route. The clay modification 

route outlined above was successfully applied to the standard smectite and VMT clays. They 

were ultimately chosen on the basis of their great ability to exfoliate into nano-thick sheets. 

DAPA/clay bio-nanocomposites containing either MMT or VMT were successfully prepared 

using the “surfactant-free organo-modification approach”. In both cases, the bio-

nanocomposites featured a mixed morphology containing some exfoliated clay sheets 

together with nano-sized clay tactoids. Filler content (MMT or VTM) was varied up to 30 

wt.%. At this filler loading, the melt viscosity, tensile strength and Young’s modulus 

increased. DMA showed that the Tg of the polymer increased when the fillers were added. 

This indicates that the high interfacial surface area, presented by the clay platelets dispersed 

in the matrix, significantly impaired the polymer chain mobility. 

In the particular case of amorphous DAPA/VMT bio-nanocomposites, the DMA suggests that 

three stiffening mechanisms were operating. The reinforcing effect of the high stiffness 

inorganic flakes is the primary contributor. Together with the chain confinement effect, that 

expresses itself in an apparent increase in the glass transition temperature; this provided an 

adequate rationalisation of the stiffness variation below Tg. However, an additional stiffening 

effect is indicated at temperatures above Tg. The mechanism may involve dynamic network 

formation based on fluctuating hydrogen bonding interactions between the matrix polymer 

chains and the filler particles. 

Based on these results, it can be concluded that a “surfactant-free organo-modification 

approach” can provide enhanced control of the polymer/clay nanocomposites morphology. 

By using this technique DAPA/clay bio-nanocomposites with excellent properties can be 
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successfully prepared. The “surfactant-free organo-modification approach” offers an 

alternative to the conventional polymer nanocomposites preparation route. The latter are in 

effect surfactant modified clays. The technique is of interest because it also allows organo-

modification of the external surfaces of nano-sized clay sheets suspended in an acidic 

solution. This may facilitate clay dispersion and to prevent restacking when they are 

ultimately compounded into the polymer matrix. Moreover, using the solution route it was 

possible to prepare compounds with a very high overall clay content. These values are 

usually impossible to achieve with conventional techniques such as extrusion compounding. 

To the best of our knowledge, this is the first work for nanocomposites made with DAPA. 

A further goal of the research was to extend the application of the organo-modified VMT 

(OVMT) to the semi-crystalline polyamide (PA-11). In this particular case, organomodified- 

and unmodified VMT (UVMT) and commercial sepiolite (PGS9) were considered. The clays 

(UVMT, OVMT and PGS9) were melt-compounded into the PA-11 to form products that 

contained either no filler, i.e. neat PA-11 or 10 wt.% clay. The aspects that were addressed 

included the effect of VMT organomodification, the effect of the shape of the clays, the 

aspect ratio of the particles, and the degree of dispersion that was achieved on properties of 

the generated PA-11/bio-nanocomposites. The emphasis was given to the mechanical and 

flame retardant properties. PA-11/clay bio-nanocomposites were successfully prepared. 

Tensile properties results showed improvements in tensile strength and Young’s modulus 

increased with the presence of the nano-fillers. Young’s modulus of the bio-nanocomposites 

was almost the double of that of the neat polymer. Thermo-mechanical results also showed 

improvements in storage modulus with the addition of all particles, especially in the 

temperature range corresponding to the rubbery plateau (above the Tg). Cone calorimeter test 

results showed that the pHRR and SPR values of the PA-11/clays significantly decreased 

compared with those of neat polymer. This indicates that the addition of clays not only 

decreased the flammability of polyamide but also effectively reduced smoke production. 

Based on this results, it seems reasonable to conclude that in fact it is not necessary to 

organomodify the clays with cationic surfactants in order to obtain PA11-clay bio-

nanocomposites with acceptable mechanical and flame retardant properties. 
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APPENDICES 

________________________________________________________ 

Appendix A: Publications and conference proceedings 
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 Macheca, A. D., Focke, W. W., Muiambo, H. F., Kaci, M. (2016). Stiffening 

mechanisms in vermiculite–amorphous polyamide bio-nanocomposites, European 

Polymer Journal (74) 51–63. 

 Macheca, A. D., Gnanasekaran, D., Focke, W. W. (2014). Surfactant-free dimer fatty 

acid polyamide/montmorillonite bio-nanocomposites, Colloid Polym. Sci. 292 (3) 

(2014) 669–676. 

 

Pending publication: 

 

 Macheca, A. D., Focke, W. W., Kaci, M. Morphological, Thermal, Mechanical and 

Flame Retardant Properties Characterization of Polyamide 11 Bionanocomposites 

Based on Various Clays: Vermiculite, Sepiolite and Montmorillonite (2016). 

 

Conference contributions: 

 

 Macheca, A. D., Gnanasekaran, D., Focke, W. W. (2015). Surfactant-free dimer fatty 

acid polyamide/montmorillonite bio-nanocomposites. Poster presentation at the 

13
th

 UNESCO/IUPAC Workshop & Conference on Macromolecules & Materials, 

Port Elizabeth, South Africa, September, 2015. 

 Macheca, A. D., Gnanasekaran, D., Focke, W. W. (2015). Surfactant-free dimer fatty 

acid polyamide/montmorillonite bio-nanocomposites. Poster presentation at the 4
th

 

Nano Today Conference, Dubai, United Arab Emirates, December 2015.  
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Appendix B: Preparation of NH4
+
-MMT/bio-nanocomposites 

based on DAPA via solution route 

 

SEM images of neat Boane Bentonite 

  

Figure B-1. SEM images of neat Boane bentonite at 100 and 500 magnification. 

 

AFM images of PA bio-nanocomposites with different NH4
+
-MMT 

 

Figure B-2. AFM images of bio-nanocomposites with 7.9 and 27.5 wt.% NH4
+
-MMT 
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Dynamic Mechanical Analysis of bio-nanocomposites with different clay contents 

  
 

Figure B-3. Storage modulus at 1 and 10 Hz of the neat PA and its bio-nanocomposites. 

 

 

  

 

Figure B-4. Temperature dependence of tan δ at 1 and 10 Hz of the neat PA and its bio-

nanocomposites. 
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Appendix C: Preparation of VMT (exfoliated by thermal shock 

and H2O2 treatment and/or sonication)/bio-nanocomposites based 

on DAPA via solution route 

 

SEM images of neat Palabora vermiculite 

  

Figure C-1. SEM images of neat VMT at 20 µm (left) and 10 µm (right). 

 

SEM images of thermally-expanded vermiculite 

  

Figure C-2. SEM images of thermally-expanded VMT at 100 µm (left) and 10 µm (right). 
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SEM images of H2O2-expanded vermiculite 

  
Figure C-3. SEM images of H2O2-expanded VMT at 100 µm (left) and 10 µm (right). 

 

SEM images of thermally and H2O2-expanded and sonicated vermiculite 

  

Figure C-4. SEM images of thermally and H2O2-expanded and sonicated VMT.  
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SEM images of thermally-expanded and sonicated vermiculite bio-nanocomposites 

 

  

  

Figure C-5. Cross sectional SEM images of the PA bio-nanocomposites containing 5, 10, 20, 

and 30 wt.% sonicated thermally-exfoliated VMT. 
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SEM images of H2O2-expanded and sonicated vermiculite bio-nanocomposites 

 

  

  

Figure C-6. Cross-sectional SEM images of the PA bio-nanocomposites containing 5, 10, 20, 

and 30 wt.% sonicated H2O2-exfoliated VMT. 
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TEM images of thermally-expanded and sonicated vermiculite bio-nanocomposites 

 

  

  

Figure C-7. TEM images of the PA bio-nanocomposites containing 10 and 20 wt.% 

sonicated thermally-exfoliated VMT. 
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TEM images of H2O2-expanded and sonicated vermiculite bio-nanocomposites 

 

  

  

Figure C-8. TEM images of the PA bio-nanocomposites containing 10 and 20 wt.% 

sonicated H2O2-exfoliated VMT. 
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Dynamic Mechanical Analysis of bio-nanocomposites with different clay contents 

 

  

  

Figure C-9. Effect of filler loading on storage modulus (bending mode) at a frequency of 1 

and 10 Hz for sonicated thermally- and H2O2-exfoliated VMT bio-nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



165 

 

  

  

Figure C-10. Effect of filler loading on tan  at a frequency of 1 and 10 Hz for sonicated 

thermally- and H2O2-exfoliated VMT bio-nanocomposites. 
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Figure C-11. Modulus “master curves” generated by scaling with respect to the modulus 

plateau in the glassy region and a glass transition temperature shift for sonicated thermally- 

and H2O2-exfoliated VMT bio-nanocomposites at a frequency of 10 Hz. 
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Appendix D: Preparation of VMT and PGS9/bio-nanocomposites 

based on PA-11 via melt compounding 

 

SEM images of sepiolite PGS9 and sonicated organo-modified vermiculite 

 

  

Figure D-1. SEM images of sonicated organo-modified VMT (OVMT) at 2 µm and 100 nm. 

 

  

Figure D-2. SEM images of PGS9 at 2 µm and 100 nm. 
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SEM images of various clays PA bio-nanocomposites 

 

  

 

Figure D-3. Cross-sectional SEM VMT (OVMT and UVMT), and PGS9 PA-11/bio-

nanocmposites at 200 nm. 
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TEM images of various clays PA bio-nanocomposites 

 

  

 

Figure D-4. TEM images of VMT (OVMT and UVMT), and PGS9 PA-11/bio-

nanocmposites. 
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Dynamic Mechanical Analysis of bio-nanocomposites with different clay contents 

 

  

Figure D-5. Effect of filler loading on storage modulus (bending mode) at a frequency of 10 

and 100 Hz for VMT (OVMT and UVMT), and PGS9 PA-11/bio-nancomposites. 

 

  

Figure D-6. Effect of filler loading on tan  at a frequency of 10 and 100 Hz for VMT 

(OVMT and UVMT), and PGS9 PA-11/bio-nancomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



171 

 

Appendix E: Products Technical data sheets 

 

Mandoval Vermiculite Technical data sheet 
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 MOZAMBIQUE BENTONITE  
 

CHEMICAL COMPOSITION: 

Hydrous Aluminium Silicate 

FORMULA: 

H2O.Al2O3.4SiO2.nH2O 

Mozambique Bentonite is comprised of the clay mineral montmorillonite and Silica in the form of cristobalite. 

TYPICAL CHEMICAL ANALYSIS 
 
SiO2  77,3%       

Al2O3  11,9% 

Fe2O3  1.94%    

CaO  0,5%    

MgO  2,4%    

Na2O  0,6% 

K2O  0,04% 

TiO2  0,2% 

P2O5  <0,02% 

L.O.I.  5,1% 

 

TYPICAL MINERALOGICAL ANALYSIS 

Montmorrillonite   60% 

Quartz/Cristobalite  20% 

Perlite/Rheolite/Glass Phase 20% 

 

PHYSICAL PROPERTIES 

Colour    Off White 

Moisture    12% Max. 

Reflectance   Minimum 70 

pH    8,5 - 9 

Bulk Density   0,95 – 1,1g/cm3 

Base exchange   70 meq/100gm 

Grading    1% max retained on 75 micron 

  

Aug-10 
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Sepiolite Pangel S9 Technical data sheet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



174 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



175 

 

Montmorillinite Cloisite 30B Technical data sheet 
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Dimer fatty acid based polyamides Technical data sheet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



179 

 

Polyamide 11 resin Technical data sheet (Rilsan BESNO P20 TL) 
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Polyamide 11 resin Technical data sheet (Rilsan BESNO TL NB) 
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