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ABSTRACT 

Depletion of non-renewable resources and exorbitant levels of carbon dioxide 

emissions have questioned the further usage of traditional plastics. The imbalance in 

global sustainability has necessitated the development and use of biodegradable 

polymers. This research work set sights on understanding the synergistic interactions 

of plasticizer, starch and Na+-montmorillonite (MMT). Having a clear view of the 

molecular behavior within this ternary system ameliorates the performance of the end 

product and fabrication of the tailored-property biodegradable polymers. Conversely, 

the explicit information of the synergistic Interactions of Plasticizers and MMT in 

hydrophilic starch is still vague. Hence a great degree of work and effort has been 

put forward through this work to understand the fundamental principles of 

competitive interaction. 

 

The study emphasizes on modelling the kinetics of various components in the system 

such as crystallisation of the long chain starch, water diffusion from the polymer 

matrix and the interaction between the MMT molecules and the water molecules. It 

was observed that the interactions between MMT and plasticiser were enhanced upon 

increasing the MMT loading. The high hydrophilicity of plasticizer ensured a 

stronger interaction of plasticizer/MMT which overtook the MMT/MMT interaction 

causing a dimensional increase in basal spacing in the high plasticiser loading 

samples.  

 

GAB model based on the multi-layer kinetics has been applied in the current work to 

understand the isotherm behaviour. Small Angle X-ray Scattering (SAXS) was 

employed to determine the diffraction pattern and intensity of the samples at the 

micro/nano structural level and thereby fathom the orientation of the crystalline 

domains. Differential Scanning Calorimetry was carried out to indicate the changes 

in Tg/Tm values of various samples and the corresponding degree of plasticization. 

The obtained results were then interpreted with Avrami equation to reach solid 

conclusions. 

 

The crystallization ability and intermolecular hydrogen bond strength of the applied 

plasticizer were the key parameters that affected the crystallisation process. The 

crystallisation mechanism in xylitol-plasticized samples differed from that of 
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glycerol/sorbitol-plasticized samples. It was also determined that the molecular size 

of the plasticizer was another significant element that influenced the crystalline 

domain formation. The interaction process was defined into three stages based on the 

concentration of plasticizer used. The plasticizer concentration for the formation of a 

loosen-soft polymeric network and tighten-firm polymeric network was categorised. 

Correspondingly, the ‘threshold’ value for glycerol, xylitol and sorbitol-plasticized 

systems was characterised to be 5%, 10% and 5%, respectively. Morphological 

observations such as Wide Angle X-ray Diffraction (WAXD) and Transmission 

electron microscopy (TEM) has been utilised to examine the morphology formed in 

all nanocomposite samples. 

 

A relatively unsaturated loosen-soft polymeric network was formed and the 

starch/plasticizer interaction and starch/MMT interaction transpired without 

interfering each other within the threshold limits. Nonetheless, beyond the threshold, 

a relatively saturated tighten-firm polymeric network was observed as confirmed by 

x-ray scattering results, the molecular dynamic modelling results and Positron 

Annihilation Lifetime Spectroscopy (PALS) measurements from representative 

samples. Plasticizer/plasticizer interactions significantly altered the MMT exfoliation 

process and crystallization behaviour of the corresponding sample.  

 

The complex interactions existing in the polymeric system were found to be 

dependent on several main factors including type of the plasticizer and the relative 

ratio of plasticizer and MMT. These factors have been kept in mind whilst designing 

the modes of experiment and understanding the related outcomes. The incidence of 

excess moisture successfully modified the interactions amongst starch/ 

MMT/plasticizer. Water molecules behaved like a typical plasticizer and occupied 

most of the small voids between the starch polymers throughout the polymeric 

network. 
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Chapter 1  

Introduction  
1.1 Background  

In current years, biopolymers have been attracting increasingly high interest in public 

and media in the field of packaging, such as waste bags and food packaging. Though 

oil-based plastics have lots of advantages like lightness, strength and durability, their 

disadvantages are obvious. Oil-based plastics are produced from the fossil fuel, a 

non-renewable resource, and emit millions of tons of carbon dioxide in the process of 

production which deteriorates the global greenhouse. Also, due to plastic’s non-

biodegradability, inappropriately disposed plastic products lead to serious 

environmental problems.  Compared with those disadvantages of oil-based plastics, 

biopolymer that are made from renewable resources such as food crops or biomass 

show some advantages like degradability, eco-friendliness, renewability and low 

emission of carbon dioxide. Using biopolymer as an alternative to oil-based plastic 

will become a future trend. Many companies and institutes take a high interest in 

developing biopolymer and have announced investments in expanding the production 

capacities of biopolymer within the upcoming years. It is estimated that the global 

production capacity will dramatically increase from 262 kton in 2007 to 

approximately 1,502 kton in 2012. According to the latest issue of EL 

(Environmental Leader) Insights, the global market for bioplastic in 2010 achieved 

sales of $2.74 billion and it is expected to surpass a value of $11billion by 2015. 

Why biodegradable? Some convincing answers have been put forward in terms of 

both environmental issues and economic prospects as shown below: 

1. The fundamental advantage is the degradability which plays an important role 

in releasing the universal environmental problems related to the usage of non-

degradable materials. 

2. The outstanding characteristics of recently developed biodegradable polymer/ 

layered-silicate nanocomposite ensure that the biodegradable material will become 

the paramount equivalent for most petrol-based derivatives, and balanced the 

dependence of the plastic market on fossil fuels. 
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3. Moreover, the benefit of widely applied biodegradable materials rather than 

traditional ones could be further evidenced from its positive impact in reducing CO2 

emission and biodiversity protection.  

‘Biodegradable polymers are defined as those that undergo microbial induced chain 

scission leading to the mineralization under specific conditions in terms of pH, 

humidity, oxygenation and the presence of some metals ’. According to their 

resources, biodegradable polymers could be grouped into two main categories; bio-

resources based polymer and oil-based polymers. The former candidate is generally 

obtained from bio-sources (starches, wood cellulose, etc.) or synthesized by bacteria 

from small molecules like Polyhydroxybutyrate (PHB) and Polyvinyl alcohol (PVA). 

On the other hand, oil-based polymers are usually modified polymer derived from 

petroleum sources or mixed sources of biomass and petroleum. 

1.1.1  Starch  

Flexible packaging for food articles, where the packaging material itself is 

biodegradable, is receiving a significant push from consumer and manufacturers 

alike. Being the most abundant polysaccharide on the earth, starch exists in diverse 

plants, such as cereal grains, corns as well as tubers (potato).  Starch is made up of 

two main components, namely, amylose and amylopectin. Amylose and amylopectin 

are arranged in granules (as semi-crystalline and amorphous layer) with different size, 

2 µm to 100 µm, based on the resources. The semi-crystalline native granules could 

be divided as the crystalline lamellae formed by ordered amylopectin branches and 

the amorphous region composed of mainly amylose. Properties and features for 

studied starch and its corresponding product are significantly influenced by 

amylose/amylopectin ratio as confirmed in many publications [1]. Native starch can 

be transferred into thermoplastic starch (a rather uniform amorphous phase), TPS, via 

adding of suitable plasticizer (polyols and water) under specific conditions, like melt-

extrusion or melt-blending.  

1.1.2  Starch-based Na+-montmorillonite (MMT) nanocomposite 

The drawbacks of poor moisture sensitivity and rather weak mechanical properties 

compared to conventional synthetic polymer pose the biggest hindrance for the 

widespread utilization of biopolymers. Since 1970, scientists started to examine 

different strategies for conquering these weaknesses, which mainly included 
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chemical modification of starch and incorporating other compounds to develop new 

classes of materials, ranging from macro-TPS-biocomposite, nano-TPS-

biocomposite and macro/nano multi-phases TPS-biocomposite [2-7]. The widely 

reported successful cases about properties enhancements of starch polymer materials 

by addition of nanofillers in to pristine polymer (nano reinforcement) enlighten the 

idea to all the addressed defects of TPS. Na+-Montmorillonite (MMT) is hydrophilic 

clay with a high surface area [8, 9].  Researches on using MMT as the reinforcing 

phase due to their very high aspect ratio (100) and versatility [10-15] have been 

widely carried out. This is because montmorillonite crystal lattice consists of 1nm 

thin layers with an octahedral alumina sheet sandwiched between two tetrahedral 

silica sheets, which can accommodate various polymeric groups for greater stability. 

The stacking of the platelet leads to a Van der Waals gap or gallery between the 

layers. Thus biodegradable TPS/MMT is undoubtedly the pioneer in the next 

generation of materials. As mentioned above, significant enhancements have been 

confirmed by lots of researchers, and these improvements are considered to be 

strongly related to the dispersion degree of incorporated MMT [16-19].  

Starch /MMT nanocomposite is a promising material that combines the advantage of 

TPS (fully degradable, industrial proceeding availability, abundant and low-cost) and 

polymer/layered-silicate nanocomposites (excellent mechanical properties, barrier 

characteristic, and water permeability etc.), Figure 1-1.  

=

MMT Starch composites  

Figure 1-1 Schematic drawing of Starch /MMT nanocomposite. 

Most studies are focused on the examinations of the properties, mechanisms, and 

aiming for fabrication of properties-tailored materials via introducing different 

plasticizers.  Benefits from the availability of polymer/clay intercalation via hydroxyl 

interaction and the extra advantages of shear force and powerful mixing capacity 

results from extrusion processing. Starch/MMT nanocomposites can be produced by 

incorporating suitable plasticizer in to the native starch matrices under a condition 
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consisting of strong enough shear force and powerful mixing, such as extrusion 

cooking.  

1.2 Motivation for this work  

1.2.1  Knowledge gap in starch-based nanocomposites  

The high Glass-transition temperature (Tg), low flexibility and the time-dependent 

changes on starch/MMT nanocomposite’s properties etc., led to a great negative 

effect on its utilization. Furthermore, the current knowledge gap in understanding 

how plasticizers and MMT interact in a starch biopolymer has led to limited 

applications and frustrated the processing of such bionanocomposites. All these 

issues are rising from the situation that the synergistic interactions from this complex 

system are still vague. Due to the weakness recognized upon the studies about TPS 

polymer, scientists are moving on to the investigations concerning its interaction 

mechanisms. However, to date, although large quantities of experimental studies 

have been done concerning the properties of end products, the synergistic 

interactions in the starch/MMT nanocomposite are still poorly understood. This is 

because of the difficulties associated with identifying the interactions of different 

components within the complex system. This includes the starch-MMT interaction, 

starch-plasticizer interaction, starch-water interaction, plasticizer-water interaction, 

water-MMT interaction, plasticizer-MMT interaction and the interaction of same 

components (starch-starch interaction and plasticizer-plasticizer interaction). 

Moreover, the interactions co-existing in the system are dependent on other 

components and will influence mutually. For instance, measurement of crystallinity 

due to plasticizers is not only related to its concentration, but plasticizer-water 

interaction within the biopolymer. It is still unclear how such interactions are 

affected by plasticizer type or its concentration.   

The importance of filling the knowledge gap lies on the potential of fabrication 

tailored-properties smart materials. A good understanding can provide solid and 

correct method in producing materials that can meet various requirements. For 

example, it had been proved that addition of plasticizer increased the flexibility of 

the product but induced certain decrease in the strength. To overcome this, 

incorporation of MMT as an enforcement phase at a certain concentration will be a 

promising solution. However, the quantitative relationship and the preference of 
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interactions orientation have not been developed yet. The quantitative properties of 

prepared products are still out of control. 

Therefore, such knowledge can serve as an important benchmark for further 

investigation on obtaining materials with the quantitative required characteristics. 

1.2.2  Significance of current study 

Several practical approaches are available for interpreting the mechanism for 

reinforcement generated from MMT/polymer nanocomposite including [20-22]. 

However most of them are based on synthetic polymers rather than bio-resources 

polymer. Although, it was possible in some cases, the theory for synthetic polymers 

can be applied to starch-based nanocomposite; starch-based nanocomposites have 

their unique features which are not comparable to other polymers. A well-

constructed map of the role of water, plasticizer, MMT starch chains and their 

correlated interactions is necessary for solving the disadvantages of a starch-MMT 

product as a flexible packaging material.  

This project is aiming to explore the synergistic interactions within the starch/MMT/ 

plasticizer system and obtain necessary knowledge for fabrication of tailored-

functional starch-MMT biodegradable nanocomposite to take upon the blooming 

demands for creating a ‘green world’.  

1.3 Research methodology 

This thesis entailed the development of fundamental understanding of interplay of 

the relevant hydrophilic interactions within starch/plasticizer/MMT ternary system 

on the basis of various characterization results from designed experiments. To 

achieve this, the following studies were carried out: 

 Selection of targeted plasticizer and MMT.  

 Design of sample preparation sheet based on selected plasticizer and 

comprehensive characterizations on the obtained samples. 

 Data analysis:  

o Samples prepared from same plasticizer (glycerol, xylitol or sorbitol): 

to investigate the effect of the plasticizer and MMT (at different ratio) 

on the synergistic interactions.  
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o Samples with same formula but from different plasticizer: to 

investigate the influence of plasticizer type on the synergistic 

interactions. 

The detailed research methodologies are briefly outlined as follows. 

1.3.1  Materials selection 

The most-commonly used plasticizers for starch-based nanocomposite preparation 

lies in the polyol family such as glycerol and it had been proven that the 

hydrophilicity of incorporated polyol turned out to be the dominant factor affecting 

the molecular interactions within the corresponding system. Thus, in the current 

study three different plasticizers (glycerol, xylitol and sorbitol) with different number 

of hydroxyl groups are used based on their hydrophilicities so as to study the 

importance of the hydrophilicity of plasticizer and its relevant behaviour. Meanwhile, 

considering the fact that the interactions within a nanocomposite were component 

concentration-dependent, the plasticizer will be applied at different levels ranging 

from 5%-20% at an interval of 5%. Unmodified montmorillonite was chosen as the 

nanofiller in this study due to its raw natural hydrophilicity which showed good 

compatibility with the hydrophilic starches/polyols and high aspect ratio which was 

strongly related to the property of the prepared nanocomposite. Similarly, the 

influence of MMT concentration was studied via applying MMT at four levels 

ranging from 1-4 wt% at an interval of 1 %.  

1.3.2  Sample preparation and characterizations 

The samples were prepared by using a Lab-Scale Twin-screw co-rotating Extruder 

with optimized process parameters according to a design of experiments (DOE). The 

DOE was determined by using Minitab version 3.2 statistical software which took 

into account of the influence of both plasticizer loading and MMT concentration 

(Mixture design with constrained surfaces (extreme vertices design) at full degree). 

One of the unique aspects of the current study was the pre-treatment of the plasticizer 

and MMT before extrusion (the plasticizer was mixed with the MMT at known 

concentrations and this mixture was sonicated for required duration to achieve MMT 

intercalation with plasticizer) which will be described in detail in the methodology 

Chapter (Chapter 3). High amylose starch was mixed with the pre-treated 
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plasticizer/MMT slurry using a bench-top twin-hook mixer and kept in plastic bag 

overnight to allow sufficient equilibration before extrusion processing. 

Comprehensive characterizations on the prepared starch/MMT/plasticizer 

nanocomposite had been conducted including: Wide Angle X-ray diffraction 

(WAXD), Transmission Electron Microscopy (TEM), Fourier transform infrared 

spectroscopy (FTIR), Differential Scanning Calorimetry (DSC), Small Angle X-ray 

Scattering (SAXS) via synchrotron radiation. Moisture content measurement and 

other supplement experiments where necessary such as Nuclear magnetic resonance 

(NMR) and Positron Annihilation Lifetimes Spectroscopy (PALS) had been carried 

out on selected samples so as to gain a better understanding of the interaction 

mechanism. 

1.3.3  Data Analyses 

As mentioned above, three plasticizers were chosen in the current study at different 

level, the analysis of obtained data were arranged in the manner as described below. 

First, discussions based on the samples with same plasticizer but at different level 

(both plasticizer and MMT) were illustrated in Chapter 4 (Glycerol), Chapter 5 

(Xylitol) and Chapter 6 (Sorbitol); second, the Integrity Analysis Chapter (Chapter 7) 

was focussed on identifying the difference of the samples prepared from different 

plasticizer at a fix formula so as to explore the effect of different plasticizer. 

a) Within each discussion Chapter (samples from same plasticizer): the 

discussions on the data obtained were organised with the aim to efficiently 

interpret the influence of the plasticizer and MMT on the morphology or 

structure of the nanocomposites. Thus, the binary composite, which consisted 

of only starch and either plasticizer or MMT, is discussed, followed by a 

more comprehensive analysis on the complicated ternary composites 

(starch+plasticizer+MMT). More specifically, the morphology and 

crystallinity development of these bionanocomposites was studied by WAXD, 

FTIR, SAXS and DSC. Based on the SAXS results, the scattering patterns 

were analysed in detail, and the size distribution profiles of the crystalline 

domain were examined using the Maximum Entropy Method [23]. 

Calorimetry data were further analysed for the nucleation and growth kinetics 

through the Avrami model [24]. The ‘role of water’ was also discussed by 
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studying the distinctness of two sets of samples with different moisture 

content via SAXS and crystalline domain size distribution discusses. 

b) In Integrity Analysis Chapter: What is the main dominating factors affecting 

the interactions? This Chapter was divided into three major parts referring to 

the suggested factor. These factors included physical factors of different 

plasticizers (molecular size of the plasticizer, molecular structure of the 

plasticizer), intrinsic chemistry of the plasticizer (hydrophilicity-number of 

hydroxyl groups, crystal features), and the role of water molecules. Finally a 

clear interaction map was put forward at the end of the integrity analyses 

chapter.  

1.4 Research contributions  

This thesis makes significant contributions to the understanding of the synergistic 

interactions within the hydrophilic starch/MMT/plasticizer (glycerol, xylitol and 

sorbitol) system in terms of interpreting the dependency of such interactions on the 

plasticizer type/loading, the MMT loading and the moisture available within the 

relevant environment. The main contributions are briefly summarized below: 

1. A new method of preparing designated plasticizer (based on number of –OH 

presented) modified MMT via ultra-sonic treatment for nanocomposites 

fabrication was proposed. Furthermore, the characterization results on 

plasticizer modified MMT clearly suggested the interaction mode between 

MMT and plasticizer which provided important clues for identifying the 

interaction mechanism for the complex starch/MMT/plasticizer system. 

2. The investigations of xylitol-plasticized nanocomposites at different xylitol: 

MMT ratio provided important information about the influence of intrinsic 

chemistry of the applied plasticizer on the synergistic interactions. This 

induced the attention of taking the crystallization ability and the strength of 

intermolecular hydrogen bonds of the employed plasticizer into consideration 

when choosing the proper plasticizer. 

3. Clearly mapped out the preferential route/scenario of the formation of highly 

intercalated or exfoliated morphology within the nanocomposites according 

to the main factors: plasticizer loading which turned out to result in the 
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competing interactions between plasticizer/starch and plasticizer/plasticizer. 

The existence of ‘threshold’ for MMT’s gallery expansion was found in all 

the studied system and is a result of the interplay of the plasticizer chosen 

(type and concentration) and the MMT loading. 

4. The hypothesised synergistic interaction map was directly evidenced, for the 

first time, by the Positron Annihilation Lifetimes Spectroscopy (PALS) 

results where obvious uniformed voids distribution was found in low-

plasticizer loading sample (loosen-soft polymeric network) and two types of 

voids was observed in high-plasticizer loading sample (tighten-firm 

polymeric network) , Chapter 7.  

5. The success on applying molecular modelling to interpret the 

antiplasticization phenomenon in glycerol/water/starch system which served 

as a solid evidence in explaining the low domain packing density (broaden 

WAXD characteristic peak) in the low-glycerol loading samples. 

1.5 Thesis outline 

The primary objectives of the investigation were: (1) To clarify the dominant factors 

which impact each interaction process in different experimental system; (2) To 

explore the extent of that factor which influence the interaction process; (3) To figure 

out the relationship between different factors; (4) To establish a clear map of the 

inter-effected interactions in starch/plasticizer/ MMT. The structure of the thesis is 

summarized in Figure 1-2. 

The thesis is organized into eight chapters as outlined below:  

Chapter 1 provides introductory information about the project which includes the 

background and progress in this area; existing knowledge gap and the significance of 

the study. Brief research methodology and the key contribution are outlined. Chapter 

2 covers the literature on development, current finding and knowledge gaps in the 

starch-based nanocomposites field.  

Detailed research methodology has been illustrated in Chapter 3, which includes the 

design of experimental sheet, sample fabrication (dry materials preparation, 

processing parameters optimization and sample storage), and characterizations 
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techniques (WAXD, FTIR, DSC, SAXS, NMR, PALS, Moisture Content 

Measurement) used.  

Discussion of the influence of multi-competing interactions which depend on the 

ratio of the plasticizer and MMT was put forward in designated nanocomposites 

systems. These include glycerol-plasticized nanocomposite (Chapter 4), xylitol-

plasticized nanocomposite (Chapter 5) and sorbitol-plasticized nanocomposite 

(Chapter 6). Specifically, the corresponding analyses included the intermolecular 

interactions, morphology observations, and crystallization behaviour in material. 

Integrity analysis, Chapter 7, investigates the influence of the suggested factors on 

the systems’ interactions by comparing the characterization results from selected 

samples (same formula but different plasticizer). That interplay of those factors 

induced the achievable basal spacing of MMT and the appearance of different 

crystallization behaviours (crystalline domains size and crystal growth rate). 

Furthermore, an attempt was made to employ molecular dynamic as an efficient tool 

to elaborate the fundamental interaction process from a molecular level. Based on the 

integrity analyses, the interactions map was drawn at the end of the chapter. 

 

Finally, major conclusions and several recommendations for future work are 

summarized in Chapter 8. 
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Chapter 2   

Literature reviews 

2.1 Starch 

Starch is the most economical and plentiful food biopolymer on earth. It can be 

found in many botanical sources such as potato, wheat and maize. Starch, either in 

native or processed form, exist in diverse applications ranging from breakfast cereals, 

snacks and thickeners in the food industry to binders for drug delivery systems, 

packaging, paper and adhesives in the non-food industry.  

2.1.1 Molecular composition of starch Granules and its main properties 

Green plants synthesize starch granules for energy requirements. They are generally 

packed as a dense semicrystalline structure with a density of 1.5 g/cm3 [25]. Starch 

granules are not water-soluble at ambient temperature due to their stable 

semicrystalline structure. Native starch contains starch and amylopectin, Figure 2-1, 

which are initially mixed with amylose mainly in amorphous form dispersed within 

the semi-crystalline amylopectin network.  
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Figure 2-1Molecular structures for amylose and amylopectin. Reproduced from [26]. 

As revealed from the studies of WAXD, three well-recognized polymorphs of long-

range ordering, crystallinity of starch granules are A,B and C (combination of A and 

B-type) type [27, 28]. The A pattern is typical for cereal starches, while type B 

comes from tuber plants as well as high amylose starch and retrograded starches [29]. 

In addition, V-type crystallinity is generally associated with starch fraction which 

complexes with aliphatic alcohols and monacyl lipids .  

Several key properties of starch are listed as follows: 

a) Glass Transition Behaviour 

The glass transition temperature (Tg) of starch polymer is perhaps one of the 

most important parameters to understand the interactions that occur at the 

molecular scale.  

Glass transition is a reversible transition in the amorphous region of a 

semicrystalline polymer, which experiences the transformation from rigid 

glassy state to rubbery state. Below the Tg, molecular chains are frozen and 

stay in the glassy state, showing glassy and stiff status. In this state, molecular 

chains do not have any segmental motion but only slightly vibrate. When the 

polymer is heated above the Tg by applying a force, the molecular chains 

transfer to rubbery state and wiggle, showing a rubber-like status. In this state, 
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the molecular chains have a segmental motion; exhibiting great deformation 

under a force and return to the initial form when the force is removed. 

Glass transition has a great influence on polymer properties, such as elasticity 

moduli, density and viscosity. The viscosity drops dramatically as the system 

transforms from the glassy state to the rubbery state. As a consequence, the 

polymer chain and reactant mobility are facilitated. An increase in free 

volume, which is devoid of any polymer chains, is also observed. The Tg 

values are frequently used in relationships that characterize the glass-forming 

ability of polymers or the stability of the amorphous state during heating. The 

rubbery state is also accompanied by higher rotational and protons mobility. 

Hence, investigating glass transition is necessary and helpful to understand 

some of polymer properties and behaviour. 

A couple of theoretical approaches have been developed for interpreting the 

complex phenomenon including free volume theories, thermodynamic 

theories and kinetic theories [30, 31]. The most popular method to modify Tg 

is to introduce proper additives which efficiently facilitate the mobility of the 

corresponding polymer; this behaviour is termed as plasticization [10].  

Several theories have been developed to explain this phenomenon including 

the classical theories (the lubricity theory, the gel theory [32], the 

Moorshead’s empirical approach [33]) and the most widely accepted free 

volume theory [34]. Based on the well-known free volume theory of 

plasticization [35], there are two factors that contribute to the decrease of Tg; 

first, the intrinsic lower Tg of incorporated smaller plasticizer molecules, and 

secondly, the addition of those small plasticizer molecules which induces 

extra free volume to the system. Consequently, several factors such as 

molecular weight, molecular structure and molecular size are associated with 

the ability of the plasticizer to subordinate the Tg.  It can be stated that a 

highly-branched plasticizer with smaller molecular weight could exhibit 

superior plasticization effect since it generates a relatively greater free 

volume to the system. Concerning the importance of glass transition 

phenomenon, a method to control the Tg is of great importance in material 

engineering. And based on the free volume theory, a study of Tg is a study to 

control the free volume via different strategies.  
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b) Gelatinization  

The unique characteristic of starch is their ability to gel in aqueous 

environment under certain conditions [36]. When starch gelatinizes and 

swells, which is primarily a property of the amylopectin order crystallites, 

double helices in crystalline region uncoil and dissociate as hydrogen bonds 

are broken [37]. The relative significance of double helix versus crystallites 

dissociation in starch granules during gelatinization has been discussed in 

detail by Cooke and Gidley [38]. They concluded that double helix 

dissociation was the dominant contributing factor to the enthalpy of 

gelatinization rather than the separation of double helices located within 

starch crystallites. The irreversible process, gelatinization, can be divided into 

two stages [39, 40]. During the first stage, the starch crystallites, melt down 

forming a rearranged polymer network and during the second stage this 

network is broken down further and eventually a molecular solution is formed 

[41, 42]. The narrowing and shifting of the gelatinization temperature can be 

explained by a recrystallisation of the defect crystallites. The real melting 

point of the native starch should be higher than the original gelatinization 

range.  

Each starch has its own characteristic gelatinization properties. This is 

associated with a temperature dependent swelling profile where the volume 

expansion of a given starch when heated in water at different temperature is 

the characteristic of that starch [32]. Generally, several factors contribute to 

the unique characteristic of different starch including amylopectin structure, 

starch composition, starch resources and granular architecture. 

c) Retrogradation  

Retrogradation, the common name for all the changes that happen during 

storage of a freshly gelatinization starch, is considered to be another factor 

that profoundly influences the starch product quality. The retrogradation can 

be described as the changes which occur in a starch paste or gel on ageing. 

Solutions of low concentration (~2% or less) become increasingly cloudy due 

to the progressive association of starch molecules into larger particles. 

Spontaneous precipitation of starch from solution took place and it was 

because the precipitated starch appeared to be reverting to its original 
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condition of cold-water insolubility through the process of retrogradation. 

Retrogradation can be detected by changes in the WAXD patterns as it is 

principally a crystallization process [43]. This involves strong hydrogen-bond 

formation between hydroxyl groups on adjacent starch molecules. 

Retrogradation includes flocculation of a starch solution, syneresis of paste or 

gel and changes in the component of cooked food. The changes occurring 

during retrogradation include: increased resistant of starch to hydrolysis by 

amyloytic enzymes, decrease in light transmission of the solutions, inability 

to form a blue colour complex with iodine, and progressive increase in gel 

firmness [34].  The intrinsic tendency of starch molecule to entangle with 

each other by increasing hydrogen bonding caused the retrogradation of the 

material and resulted in a “push out” of the water molecule which was located 

inside the starch matrix [44]. A small increase in crystallinity can be observed 

during retrogradation for potato starch [45]. The content of gelatinization, 

water content and concentration of other substances (electrolytes or non-

electrolytes) can all affect the retrogradation behaviour. Molecular weight of 

starch from different resources tends to retrograde at a various rate. Whistler 

and Johnson have shown that the rate of retrogradation is greatest at medium 

chain length. The motion of the larger molecules is sluggish due to their 

length. They associate less readily than molecules that undergo rapid 

Brownian motion, causing a disordering effect [34]. 

2.1.2 Thermoplastic starch (TPS) 

The fundamental motivation for introducing starch into polymer industry is the 

negative influence generated from plastics accumulation. Remarkable achievements 

have been reported in several aspects including Granular starch composite [46, 47], 

starch grafted copolymer [48, 49] and thermoplastic starch blends [50-52]. 

Thermoplastic starch is a material consisting of relatively homogeneous polymer 

phase rather than the semicrystalline structure of native starch, which could be 

achieved via mechanical and thermal processing. The melting temperature (Tm) of 

native starch is higher than its decomposition temperature and hence plasticizers such 

as water and other organic small molecules are necessary for the production of 
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thermoplastic starch. Together with the influence of shear-force and temperature, 

thermoplastic starch has been successfully prepared [53].  

 However, the water sensitivity and brittleness of pure TPS strongly limit its 

application. Furthermore, the time-dependent properties’ such as recrystallisation and 

retrogradation influence the shelf-life of these products. It had been confirmed that 

incorporating nanofiller (nanoclay to be specific) was one of the most promising 

methods to tackle this problem as detailed below.  

2.2 Na+-Montmorillonite 

The first successful attempt to incorporate nanoclay into polymers was conducted at 

Toyota Research Centre, Japan where they established the primary practical 

applications of the clay/polyamide nanocomposites in motor products [19, 54, 55]. 

Since then, researchers have carried out relevant studies involving both petrol-based 

polymers [56-59] and biopolymers [60-62]. More specifically, smectite clay is 

applied in conventional polymer nanocomposite (e.g. montmorillonite; MMT), which 

could be intercalated or exfoliated within the mother matrix. The aspect ratio and 

dispersion degree of clay are considered to be the two core issues concerning the 

high end-product performance [63]. In clay science, there are two types of basic 

element sheets that attribute to the formation of various layered silicate, namely, 

tetrahedral (T) sheets and edge-sharing octahedral (O) sheets. Na+-montmorillonite 

(MMT), which is comprehensively applied in the polymer/nanocomposite science, is 

one member of the smecite family with a structure of 2:1 TOT layer with interlayer 

cations, Figure 2-2. The typical chemical compositions of MMT could be written as 
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  , where 33.0E  relates to the 

‘exchangeable interlayer hydrated cations (Na, Li, Ca) [64]. 

 



18 
 

 

Figure 2-2 The structure of 2:1 layered silicate. Reproduced from [65]. 

2.3 Starch-based biocomposite  

Many work [66-68] have been carried out to overcome the weakness of the TPS 

product. An effective method is incorporating plasticizers into the starch-water 

system which can increase the free volume by reducing internal hydrogen bonding 

between the polymer chains [69-71]. This facilitates starch/plasticizer interaction 

instead of starch/water interactions and reduces the intermolecular entanglements 

between biopolymers [70, 72]. Such behaviour is described as plasticization which is 

portrayed below together with another well-defined phenomenon termed as 

‘antiplasticization’. 

2.3.1 Interactions of starch+water hydrophilic system 

2.3.1.1 Plasticization  

According the widely-accepted Free-Volume Theory, plasticization could be 

described as the process of increasing the free volume within the polymeric network 

by adding small molecules [73]. In terms of starch-based system, it had been proved 

that glycerol, xylitol and sorbitol are outstanding choices for starch-based polymer 

due to their positive influence on flexibility [74, 75], water sorption and retention [66, 

74, 76]. On the other hand, plasticizers could increase overall biopolymer 

crystallinity [77] and cause blooming at higher wt%[78].  
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2.3.1.2 Antiplasticization 

It is well known in synthetic polymers that the low molecular weight diluents at low 

concentrations could amplify rigidity of the polymer-diluents blends by a 

phenomenon called antiplasticization. This phenomenon has been observed in 

starch-based hydrophilic system as well. The antiplasticization effect by ‘water in 

reduced-moisture food systems’ was investigated by Seow et al.[79]. They 

hypothesized that increased modulus and brittleness are similar to antiplasticization 

by water. Meanwhile, the additive components like sugars and polyols, behave either 

as antiplasticizers or plasticizers within the system. Specifically, antiplasticization 

‘threshold’ of glycerol and sorbitol have been studied and were determined to be 

around 12 ~15 wt% and ~25 wt%, respectively [72, 80].  

2.3.1.3 Plasticization and Antiplasticization in hydrophilic system 

Antiplasticization is a common phenomenon in starch polymer plasticization which 

usually occurs under low plasticizer concentration and low humidity condition. 

Meanwhile, the “plasticization threshold” values for different additives that have 

been reported, usually differing from each other, can be attributed to their unique 

properties. For instance, the “plasticization threshold”  is 12 wt% and 27wt% for 

sorbitol and glycerol, respectively [79]. Beyond that threshold, additives act like a 

typical plasticizer, by improving the mechanistic properties, enhancing the mobility 

and flexibility of the starch chain and increasing water retention in starch matrix [70, 

79]. In other words, when the relative humidity is low, at low concentrations, greater 

number of -OH group from plasticizer interacts with the starch polymer to cause 

greater chain coalescence which leads to increased  polymer crystallinity, 

“antiplasticization” , but at higher concentrations, they attract water molecules and 

increase the matrix flexibility [70, 78, 79, 81, 82]. However, they also absorb large 

quantities of water under greater relative humidity conditions [76, 81]. Shaw et al. 

(2002) indicated the reason that  different plasticizers have different effect on starch 

polymer matrix is because ‘the plasticizing effect of polyols can be related to their 

ability to locate between polymer molecules, bind to water molecules and disturb 

intermolecular polymer associations’ [83]. 

2.3.2 Interactions of MMT+modifier (organic molecule, polymer) system  

Speaking for clay itself, the well-known interaction mode of clay (more precisely, 

MMT in the current work) introduces certain ‘guest’ molecules/polymer chains 
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between the silicate sheets, forcing apart the gallery. To achieve this goal, 

modification of clay by organic solvent is a promising method to obtain high gallery 

spacing clay on the basis of natural properties of clay minerals. Products from 

Southern clay company could provide MMT with a gallery spacing range from 

18.5Å (ternary ammonium salt) to as high as 31.5Å (quaternary ammonium salt.) 

depending on various modifiers. However, the biggest disadvantage for utilization of 

most ready organic-modified MMT in starch-biodegradable nanocomposites 

processing is their high hydrophobicity which is not miscible with starch and result 

in a microcomposite rather than nanocomposite.  With this understanding in mind, 

the hydrophilic natural MMT (Page 17) became the best candidate in starch-based 

composite area. Relevant interactions involving MMT are summarized in this section.  

2.3.2.1 Hydrophilicity of natural MMT 

Natural MMT is a neutral smectite with excellent cation-exchange capacity (CEC) 

and good swelling properties. The free hydroxyl groups available on the surface of 

natural montmorillonite clay mineral provide another innovative route for expanding 

clay’s gallery. Thus, by incorporating these hydrophilic nanofillers, starch-based 

nanocomposites can exhibit dramatically increased attributes. The interaction 

between the hydroxyl sites and hydrophilic plasticizer can successfully introduce the 

guest hydrophilic plasticizer molecule between the clay layers (Chapter 4-6), for 

instance, the swelling of montmorillonite after dispersion with water. Moreover, this 

process is highly dependent on the solvation of interlayer cations and layer charge 

[84].   

2.3.2.2 Clay mineral organic interactions 

Clay minerals can react with different types of organic compounds in a particular 

way, like absorbing organic guest molecules between the layers. In the case of 2:1 

clay group, a broader diversity of reactions characteristics are confirmed, which 

includes grating reactions via silanol and aluminol groups and intercalation of the 

hydroxyl groups from interlayer [64].  

Reaction of 2:1 clay can be achieved by chemical interactions such as hydrogen 

bonds, ion-dipole interaction, co-ordination bonds, acid-base reactions, charge 

transfer, and Van der Waals forces [64]. Correspondingly, polar molecules such as 

alcohols, amines, amides, ketones, and aldehydes can form intercalation complexes 
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with smecite in vapour, liquid as well as solid state. Some large molecules can be 

introduced by stepwise expansion of the interlayer space as well.  

2.3.2.3 Effect of sonication treatment of MMT with water 

Utilization of sonication treatment of MMT and water before pre-blended with dry 

starch had been studied in Dean et al.’s article via testing corresponding increase on 

basal spacing of obtained samples [73]. Two types of clays at different ratio with 

water had been examined. It was found that sonication treatment turned out to only 

benefit at medium/high clay: water ratio condition which dramatically increased the 

basal spacing from 12.2 Å to 35~40 Å (clay: water= 1:5). However, in the prepared 

nanocomposites samples, the advantages of ultrasonic treatment could be detected 

only at a medium (for Na+-MMT) or high (for Na+ -FHT) loading scenario. Similar 

observation was found in our work, whereas pre-treatment of glycerol/sorbitol and 

MMT by sonication expanded the gallery spacing of MMT to a different extent based 

on the plasticizer:MMT ratio and increasing plasticizer concentration did not always 

result in a larger gallery spacing [85, 86].  

2.3.2.4 MMT-modified by polymer 

From a clay modification point of view, the interaction between starch and MMT in 

starch-based nanocomposite system could be treated as a process that natural MMT 

is modified by plasticized starch polymers upon certain preparation conditions. This 

complex processing might involve a flock of factors, both physical (processing 

conditions, like heating rate/temperature, shear-force and melting rate) and chemical 

(starch type/amount, plasticizer type/amount and equilibrium time). Actually, the 

method of modifying clay minerals via polymer by physical absorption (non-ionic 

polymer or anionic polymer) or chemical grafting has been widely applied and its 

applications have seen success in many areas, such as catalysts, adsorbents, in 

composite materials, and so on [87].  

2.3.3 Interactions of starch+plasticizer hydrophilic system 

As mentioned in the plasticization section (Page 18), polyols family, especially 

glycerol, is a commonly used plasticizer for starch-based material investigations. In 

addition to water/starch interactions (Page 18), the added plasticizer influences the 

properties and glass-transition temperature of TPS. Researchers are working on 

exploring the interaction between water/starch/plasticizer to study the moisture 
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content equilibrated within plasticized starch with different plasticizer [88]. Many 

empirical/semi empirical equations representing different sorption data have been put 

forward [10, 14, 89]. Guggenheim-Anderson-deBoer (GAB) model as recommended 

by the European project group COST 90 on physical properties of foods is the most 

widely accepted and universal sorption model for most food stuff, e.g. starch, fruit, 

vegetable, and meat products  is also applied in this current study. 

Moreover, from an energy equilibrium point of view, within any interaction system, 

all interactions are aiming to minimizing the system entropy. Therefore, in 

plasticized starch hydrophilic system, all interactions tend to lower the starch 

intermolecular entanglements and increase the number of intermolecular interactions 

of starch, plasticizers, water, etc. The 3-way nature of these interactions (starch-

plasticizer, starch-starch, plasticizer-water) also increase the intermolecular 

interactions; by strengthening plasticizer-biopolymer entities to reduce matrix 

flexibility and increase Tg. This phenomenon is antiplasticization, where the 

brittleness and the antiplasticization behaviour are inversely proportional to the 

concentration of glycerol or sorbitol in starch biopolymers [77, 78].  

2.3.3.1 Starch/glycerol (xylitol)/water 

In glycerol/water/starch system, a multiphase diagram has been proposed by 

Godbillot et al. 23 as a function of the plasticizer content, highlighting the 

different interactions taking place [90].  Water vapor adsorption corresponds to 

the number of hydrophilic sites (hydroxyl groups) in the plasticizer and 

therefore modified starch films have less adsorption capacity than native or 

plasticized films. The interaction between the plasticizer and starch chains is 

due to the hydrogen bonding between starch and plasticizer. For instance, 

specific sorption sites could be occupied by the plasticizer at low 

glycerol/moisture conditions. Similarly, the plasticizer might become free when 

the sorption sites are filled at high relative humidity and glycerol content. 

Based on these hypothesis, in certain conditions, a phase separation might 

happen due to the extreme condition, thus generating multiphase structures 

with rich and poor plasticizer domains [91]. The interesting phenomenon 

reported in our work is the ‘inversion’ behaviour where higher glycerol loading 

samples retained significantly lower amount of equilibrium structural water at 

low aw values, but as the aw increased, this relationship between the equilibrium 
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structural water and the glycerol content was inversed. This finding was 

attributed to a replacement of immobilised water molecules at a low  aw  

scenario [92]. Similar finding was found in xylitol-plasticized system [81]. 

The complex multi-plasticized (glycerol/xylitol/water) starch biopolymer with 

about 70% amylopectin structure systems were studied by Chaudhary et al. by 

analysing the glass-transition behaviour via using the modified Gordon-Taylor 

model [93]. When the plasticizer concentration was increased up to 15% and 

20% wt, all plasticized samples showed significant reduction in glass-transition 

temperature suggesting that competitive plasticization existed and occurred at a 

threshold amount of matrix free water content, due to strong three-way 

interactions: starches/plasticizer, plasticizer/plasticizer /water and 

starches/water. Furthermore, the onset temperature for viscous flow behaviour 

was closely related to the competitive nature of the interactions . 

2.3.3.2 Starch/ glycerol (xylitol, sorbitol, and maltitol)/water 

Mathew and Dufresne [94] have studied this topic in waxy starch with different 

plasticizers but fixed concentration of 33%. It was found that Tg was inversely 

proportional to the moisture content and directly proportional to the molecular 

weight of the plasticizer. The water resistance of starch and the molecular 

weight of the plasticizer were directly related to each other and proportional to 

the total hydroxyl groups. As the molecular weight of the plasticizer increased, 

the brittleness of the dry system increased. However, the use of high molecular 

plasticizer allowed good mechanical properties of the moist material to be 

obtained in terms of both stiffness and elongation at break. 

2.3.3.3 Starch/ (glycerol, sorbitol, lactic acid sodium, glycol, urea, ethylene, PEG 

200, diethylene glycol, glycerol diacetate)/water 

Lourdin et al. [95], investigated the ‘Sorption behaviour and calorimetric glass 

transition on cast starch films plasticized with varying concentrations of 

different components (glycerol, sorbitol, lactic acid sodium, urea, ethylene 

glycol, diethylene glycol, PEG 200, glycerol diacetate)’. Precision analysis 

illustrated that the lowest moisture level was observed in samples conditioned 

at 57% relative humidity for a plasticizer content of 10–20% (dry basis). 

‘Starting from 14.8% of water (as measured in the amorphous starch-water 
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system), a minimum of 12.7 to 14.4%’ can be locked within the sample 

according to the type of plasticizer added. The general behaviour is universally 

similar for all components except/glycerol/diacetat; the Tg depended on the type 

of plasticizer used. Same conclusions are drawn from Chaudhary et al.’s work 

about the glass-rubber transition of glycerol/xylitol-plasticized biopolymer. 

They reported the tendency of Tg fluctuation from low starch polymer 

plasticized by glycerol and xylitol at different concentration [96].  

2.4 Starch-based Biocomposite with nanoparticles 

Upon the addition of nanofiller, new and/or improved properties (gas barrier, 

mechanical stiffness, thermal stability, transparency, etc.) are possible based on the 

geometry and nature of the nanofillers incorporated into the polymer matrix [12, 89, 

97-99]. Layered silicates form the focal point for starch-based nanocomposite 

research as the reinforcing phase has very high aspect ratio (100) and versatility [10-

15]. This is because ‘MMT crystal lattice consists of 1nm thin layers with an 

octahedral alumina sheet sandwiched between two tetrahedral silica sheets’, which 

can accommodate various polymeric groups for greater stability. As well as the 

hydrophilic pristine Na+-montmorillonite clay provide the possibility for interactions 

between starch and MMT [8, 9]. The preparation of TPS/kaolin hybrids by melt 

intercalation technique using a twin screw extruder was reported by De carvalho et al. 

briefly [100]. Park et al. reported the preparation of TPS/MMT nanocomposites by 

melt intercalation in detail. It was thought that the polymer chains were able to 

intercalate into the silicate gallery of pristine MMT due to the strong polar 

interactions between a small amount of polar hydroxyl group of water in the TPS 

chain and the silicate layer of the pristine MMT. Similar results were obtained when 

organic modified layered silicate was incorporated [101]. Respective aqueous 

suspensions (30 mL) were used to prepare glycerol-plasticized starch/layered 

compounds composite films at various starch/hectorite ratio. WAXD results revealed 

the expansion of gallery spacing for hectorite to different extent in Wilhelm’s work 

[102]. It was found that elongation, strength and modulus can be increased 

simultaneously by addition of a small wt% of clay [103]. 

2.4.1 Well-defined Morphologies formed in nanocomposites 

An explanation to the improvement of mechanical properties (tensile strength, strain 

to break, Young’s modulus) is that the dispersed MMT allows greater reinforcement 
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of the polymeric matrix, and increases the crystallinity of the matrix [12]. Starch-

based nanocomposites can have three types of morphology based on the content of 

the MMT and the processing conditions intercalated, exfoliated and a combination of 

intercalation and exfoliations.  

Mainly three types of morphologies are well recognized in a polymer/clay blend 

based on previous researches, intercalation, exfoliation and combination of 

intercalation and exfoliation [19] , as shown in Figure 2-3. 

intercalated exfoliated intercalated/exfoliated
 

Figure 2-3 Intercalated and exfoliated morphologies for MMT/polymer 

nanocomposite. 

The intercalation or exfoliation is both likely to result from the hydrogen bonding 

between the clay surfactant and the starch chains. Such morphologies in different 

types of starch, wheat, potato and corn (maize) with a MMT content ranging from 0 

to 9% have been published by many researchers [8, 103-108].   

Cyras et al. reported that the basal spacing shifted to lower angles irrespective of the 

MMT content. This indicated good intercalation without exfoliation being formed 

during the preparation. The glycerol or the polymer chains or both could have 

entered into the silicate layers suggesting strong polar interactions among the 

hydroxyl groups present in the polymer chain, the glycerol and the silicate layers 

[98].  

Actually, most starch-MMT nanocomposites showed intercalation and exfoliation 

morphologies due to the uncontrolled factors during processing. Properties of melt-

extruded thermoplastic starch/MMT nanocomposites preparation via single screw 

extrusion from pre-treated MMT/glycerol/starch pulp was reported by Wang et al. 
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[109]. The pre-treatment of applied pulp could be described as this; at first, a 

glycerol-activated-MMT (AMMT) was obtained by mixing glycerol and MMT (10:3 

ratio) at an ultrahigh speed of 9000rpm for 20 min which was then subjected to 

extrusion with starch/glycerol pulp. Characterization results (WAXD and TEM) 

suggested a good intercalated morphology had been formed by adding MMT in Park 

et al. [101]. The co-existed morphology had been observed in the Liu et al.’s work as 

well by applied sonicated glycerol/MMT slurry for extrusion processing. It had been 

reported that due to the pre-treatment the glycerol and MMT interact with starch 

polymer and the strength of such interactions are greatly dependent on the 

concentration of both glycerol and MMT [86]. 

Fully-exfoliated morphology from starch/clay nanocomposites had been reported in 

the work of Fischer and Fischer [110]. A number of experimental protocols such as 

the dispersion of MMT clay in water, followed by blending in an extruder at a 

temperature of 85–105 oC with a premixed powder of potato starch, glycerol and 

water were observed. The obtained characterization results proved that the prepared 

material was fully exfoliated with a reduction in hydrophilicity and improved 

stiffness, strength and toughness.  

2.4.2 Effect of glycerol in starch-MMT nanocomposite 

As the most intensively used plasticizer in starch industry, glycerol becomes the 

dominant component in starch-MMT nanocomposite. The effects of glycerol on 

physical properties, morphology and structure in starch-MMT nanocomposites have 

been widely investigated. A comprehensive understanding of the role of glycerol in 

the starch-based nanocomposite is of significant importance to identify the ternary 

synergistic interaction. The key aspects from relevant literature are outlined below. 

2.4.2.1 Starch-MMT nanocomposite plasticized by only glycerol 

A combination of intercalated and exfoliated morphology was observed in 

Chiou et al. ‘s work and they also pointed out that the increase in glycerol leads  

to an intercalated rather than exfoliated morphology [103]. Tang et al. [60] 

reported the influence of glycerol on the properties and structure of its 

bionanocomposites, and the results were compared to two nanocomposites 

prepared with urea and formamide in the same method. The hindrance effect of 

glycerol on clay exfoliation was confirmed from the relevant WAXD and TEM 
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results as well as the mechanical properties for low-glycerol content samples 

due to the well-known antiplasticization of glycerol. They also concluded that 

urea and formamide turned out to be another two suitable plasticizers for 

starch-based nanocomposite production. Another research  [111] examined the 

effect of clay type and content on the physical properties of corn starch 

nanocomposite via extrusion. Higher B-type crystallinity was observed in 

glycerol-rich sample and the biodegradation process was enhanced by 

introducing MMT. As mentioned, glycerol can successfully intercalate into the 

gallery of MMT, however, a further increase of glycerol concentration did not 

always enhance the exfoliations degree. It had even  been reported to hinder the 

exfoliate due to the stronger glycerol/glycerol interactions that competed with 

the starch(glycerol)/MMT interaction [86].  

2.4.2.2 Starch-MMT nanocomposite plasticized by mixture of glycerol/other 

components 

Additionally, utilization of mixtures of glycerol/other has also been studied 

which results in improvements in material properties. Potato starch-based 

MMT plasticized by glycerol and a urea/ethanolamine mixture was studied 

[112] where two series of films containing 6 wt % MMT were prepared by a 

solution/cast process: neat starch, and 20 wt % plasticized starch were used to 

prepare two series of films. A mixture of intercalated and exfoliated structures 

was formed by the pristine MMT presented films, whereas an aggregate 

structure was obtained with organic-MMT presented films. The thermal 

stability was not significantly influenced by the addition of clays. However, 

great reduction of oxygen permeability was observed in natural MMT, which 

was concluded to be related to the high dispersion state of clay. 

 A broad range of factors including clay cation, glycerol content and mixing 

mode were taken into account for understanding the dispersion of clay and 

mechanical properties enhancement in Majdzadeh-Ardakani et al. work based 

on  Taguchi experimental design approach [113]. Nanocomposites prepared 

with MMT modified with citric acid had the highest Young’s modulus 

compared to pristine MMT and organoclay. Dispersion of silicate layers was 

achieved by combined mechanical and ultrasonic mixing mode and thus the 

highest Young modulus in nanocomposites. It was also observed that 
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nanocomposite films with 6% (by weight) of clay loading had the maximum 

stress strength. 

More recently, the impact of plasticizer on the clay (both natural and organic 

modified) are discussed [114]. Glycerol, sorbitol and polysorb plasticized melt 

blending starch nanohybrid in the presence of MMT (natural and organic 

modified), and they have been elaborated by SAXD, water desorption analysis, 

TGA characterization, DMTA and tensile tests. Intercalated/ aggregated and 

exfoliated morphologies were obtained respectively. ‘Morphological analyses 

combined with uniaxial tensile tests have shown the negative effect of the 

sorbitol on the exfoliation extent into such nano-hybrid materials’. Furthermore, 

‘thermo-mechanical analyses revealed the existence of phase separation 

between domains rich and without nanofillers induced by the high plasticizer 

content of the starch formulations’[114].  

2.4.2.3 Starch-MMT nanocomposite using higher molecular weight polyols 

Compared to glycerol, utilization studies of xylitol and sorbitol as plasticizer in 

starch-based nanocomposite is less popular. This is because of their relatively larger 

molecular size and molecular weight which prevent their penetration into the clay 

gallery. This is one reason why investigations involving sorbitol/xylitol are always 

presented in combination with other plasticizers like glycerol and formamide.   

The authors studied the sorbitol-plasticized nanocomposite system via twin-screw 

extrusion at different ratio of sorbitol/MMT ratio. The novel step was the pre-

treatment of sorbitol with water before mixing the slurry with dry starch power. It 

had been confirmed that in sorbitol –plasticized system an intercalation/exfoliation 

co-existed and the basal spacing was found ideally increased upon the increasing of 

sorbitol concentration. However, the cell packing densities of the crystalline domain 

are greatly influenced by the sorbitol/sorbitol interactions which altered the final 

morphologies for different samples [38]. 

In Ma et al. [62], thermoplastic starch/ montmorillonite nanocomposites without 

organic reactions in the solution was prepared in a two-step protocol. WAXD 

demonstrated that the interlayer distance of MMT was enlarged by sorbitol during 

the first step. TPS/MMT nanocomposites were prepared from the modified MMT-

sorbitol, formamide and starch in the second step. Intercalations between the layers 
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of MMT was achieved and confirmed by WAXD and TEM. An increase in MMT 

content corresponded to better ‘thermal stability, tensile strength, Young’s modulus 

and energy break, and a slight decrease of elongation at break’. 

Mathew and Dufresne [115] examined the properties and morphology of 

nanocomposite compared to sorbitol-plasticized waxy maize starch reinforced by 

tunicin whiskers. They found that the sorbitol-plasticized system exhibited a single 

glass/rubber transition, and displayed no evidence of transcrystallization of 

amylopectin on cellulose whisker.  

2.4.3 Interaction mechanism of starch-clay bionanocomposites 

As discussed above, starch-MMT nanocomposite exhibited excellent properties 

which are comparable to oil-based polymers. Thus, it is a promising idea to prepare 

almost tailored-made nanocomposite based on a clear understanding of the 

synergistic interactions. However, unfortunately, there are few publications that 

explore the internal synergistic interactions within this complex ternary system, 

although the phenomenal experimental results are promising.  

A key scientific area requiring further investigation is the complex interaction of 

plasticizers and clay in biopolymeric matrix. Current literature has isolated studies on 

plasticized starch/MMT and yet no well-known interactions parameters/ mechanism 

for the system have been developed. However, several publications are focusing on 

the starch/MMT system to understand the interactions within the complex 

Starch/MMT/plasticizer system.  

2.4.3.1 Starch-MMT-Water interactions 

The innovative work from Chaudhary et al. [116] investigated the starch chain 

reorganization behaviour in starch/water/MMT system with clay concentrations from 

1.5 wt% to 4 wt %. The influence of MMT on starch crystallinity and the loss of 

water from the matrix were comprehensively discussed in terms of the mobility of 

starch chain and its reorganization process. As proposed by the author, from the 

angle of starch chain mobility, the presence of MMT plates could significantly 

restrict the starch chain movements. Thus, an extra 10% water molecules could be 

retained within the matrix. The schematic illustration of this process is depicted in 

Figure 2-4. 
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In a starch-MMT-water system, the well dispersed MMT plates or even MMT 

tactoids can occupy the free volume between starch chains.  Under such scenario, the 

MMT acts like a ‘fence or wall’ between the starch chain and free water molecules. 

Therefore, extra amount of free water molecules will be stuck within the starch-

MMT polymeric network in a certain period of time. 

Time

Visualisation of the long chain amylose
molecules and free water molecules

Short range reorganization of amylose long chain 
pushing out the free water molecules from the matrix.

Visualisation of the long chain amylose
molecules with MMT plates or tactoids

NO MMT

+ MMT

 

Figure 2-4 MMT particles within starch/water network causing spatial hindrance for 

starch reorganization. Modified from [105]. 

The conclusions from starch/water/plasticizer pointed out that the plasticizer (mostly 

polyols) might be acting in much the same way as water does within the hydrophilic 

system. The reasonable hypothesis on one aspect of the interactions within the 

starch/MMT/plasticizer/water system was assumed like this; well dispersed MMT 

plates or tactoids can restrict the mobility of the plasticizer and starch. Thus the 

interactions between starch/plasticizer and plasticizer/plasticizers will be greatly 

influenced by the incorporation of MMT and its corresponding amount used. 

2.4.3.2 Role of water in starch-MMT nanocomposite 

The influence of water present in the matrix has also been recently investigated. It 

had been observed in many research that water uptake decreases as the clay content 

increases [105, 117, 118]. The presence of the dispersed, impermeable large aspect 

silicate layer reduces the water uptake capacity of polymer-MMT nanocomposites. 

These layers increase the effective path for diffusion by allowing water to follow a 

tortuous path through the polymer matrix [106]. Immersion test proves that the clay 
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platelets behave similar to barriers preventing water to move due to the high aspect 

ratio which formed a tortuous pathway for a permeate to transverse the 

nanocomposite [82]. However, presence of glycerol has been shown to hinder the 

MMT effect on the amount of water uptake and this has been linked to the high 

hydrophilicity and small size of glycerol [86, 103].  

One publication from Chivrac et al. [119] examines the correlation between the 

structure of starch-based nano-biocomposite materials and their moisture barrier 

properties  in detail. ‘They characterized the structure via TEM, WAXD and DMA, 

and evaluated moisture transfer behaviour via permeability measurements and 

sorption kinetics analysis using dynamic vapour sorption equipment’. The moisture 

barrier properties of glycerol-plasticized wheat starch materials remain unchanged 

with the addition of native MMT or MMT modified with cationic starch (OMMT-

CS). ‘And phase separation with plasticizer rich and carbohydrate rich phases, was 

observed in the relatively high plasticizer content (23 wt% glycerol) sample’. Thus 

the authors prospected that the lack of change in crystallinity of the starch-based 

matrix with the introduction of MMT can be explained by the fact that a preferential 

pathway for water transfer was created in the matrix instead of MMT platelets. Such 

phase separation resulted in the MMT being preferentially located in the 

carbohydrate rich domains. Hence, the very hydrophilic glycerol rich domains where 

the MMT platelets were almost mostly absent facilitated water transfer. Therefore, 

even if the high glycerol samples contains an exfoliated morphology, the decline in 

the moisture barrier for glycerol based starch bio-nanocomposites could be explained 

by the heterogeneous clay distribution and phase separation.  

2.4.3.3 Atomic scale modelling in starch-MMT system 

Recently, the application of molecular dynamic modelling had shown its unique 

strength in understanding nanocomposite interaction [120-122] which is primarily 

due to the powerful computational capacity of modern supercomputer. Classical 

force fields and quantum chemical methods in computational chemistry provide a 

practical approach to evaluate structure and dynamics of the materials on an atomic 

scale. Combined with classical energy minimization, molecular dynamics, and 

Monte Carlo techniques, quantum methods provide accurate models of layered 

materials such as clay minerals, layered double hydroxides, and clay–polymer 

nanocomposites [122]. Ginzburg et al. [121] successfully described the 
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thermodynamic behaviour of organically modified clays in polymer melt via a 

“compressible” version of lattice self-consistent field theory (SCFT). The melt 

consists of the homopolymer matrix and a fraction of end-functionalized “active” 

chains, each chain having a single “sticker” end-group with strong affinity to the clay 

surface. The phase map for this system as a function of the melt composition and the 

strength of the “sticker” adhesion to the clay was then calculated to study the 

thermodynamic behaviour of the nanohyrid melt.  

Based on the approaches on polymer-MMT nanocomposite, even though not starch 

polymer, it is possible to borrow the relevant or similar ideas for starch-MMT 

nanocomposite area. 
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Summary  

In summary, the interactions that existed in the starch/plasticizer/MMT were 

complicated and competed with each other depending on both the physical 

processing history and the chemical environments.  These included starch/water 

interaction, starch/plasticizer interaction, starch/MMT interaction, plasticizer/ MMT 

interaction and water/MMT interaction. These interactions can greatly impact the 

final properties of the material. Although there is some understanding regarding the 

interaction process, a clear map of the mechanism in this type of material have not 

been established so far. This thesis aims to fill this knowledge gap by investigating 

different behaviours of starch-based /MMT nanocomposites plasticized by three 

polyols (varied based on the number of –OH groups for each plasticizer, namely, 

glycerol, xylitol and sorbitol).  

The innovative aspect of this work is to further investigate the complex interaction 

within the TERNARY system in terms of isolating possible influences by choosing 

the most representative samples. This is achieved by applying experimental design to 

maximise the scientific information from our data. Our publication about the 

interactions within glycerol/starch/MMT and sorbitol/starch/MMT suggested the 

possible interactions that are responsible for each characterization results [38, 86, 

123].  

Additionally, the amylose cell for molecular modelling made of 12 glucose monomer 

units is successfully built. The density and Tg value for dry starch from current 

simulation is 1.34g/cm3 and 198oC, respectively which are confirmed to be in 

accordance with the experimental results in the literature where the experimental 

results for dry starch density and Tg are around 1.3g/cm3 and ranges from 170-220 oC. 

More detailed simulation results (Tg for starch polymers at different hydration degree) 

further supports the accuracy of the constructed starch model and calculation 

protocols (given in the APPENDIX). The calculated results mutually supported the 

hypothesised interaction map that, at a low-plasticizer loading condition, loosen-soft 

polymeric network had the tendency to be formed.  
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Chapter 3  

Materials 
Methodology 

Characterization 
3.1 Materials 

3.1.1 Starch 

High amylose starch (average DP 690-740, STARCH 6-161) with an amylose 

percentage around 70% was purchased from Nation Starch U.S; the detailed 

specifications are shown in Table 3-1. 

Table 3-1 Physical properties of starch. 

Product code Starch content colour form moisture pH 
HYLON® VII ≈ 70% White to off-white powder ≈11% ≈5 

 

3.1.2 Plasticizers  

Plasticizer is the essential component in TPS processing. Three polyols (glycerol, 

xylitol and sorbitol) are selected in this thesis, based on their different number of 

hydrophilic activity sites (-OH groups) [94]. Brief introductions for plasticizers 

selected are cited in the subsequent sections. 

3.1.2.1 Glycerol- 3 –OH groups 

Glycerol is the most intensively used additive in food and pharmaceutical 

applications because of its sweet-taste, low toxicity and powerful moisture-retain 

ability. It is the most favourite and widely used plasticizer in starch-based materials 

fabrication as well [124].  

Glycerol (also known as glycerin, glycerine) is a trihydric polyol compound that is 

colourless, odourless and syrupy at ambient temperature. Three hydrophilic hydroxyl 

groups of glycerol ensure its high water-solubility as well as the hygroscopic nature. 

Food grade glycerol was obtained from Food Dept Melbourne Company (Melbourne, 
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Vic., Australia). The molecular structure and relevant characteristics of glycerol are 

shown in Table 3-2. 

Table 3-2 Molecular structure and properties of glycerol. 

Molecular formula Molar mass Density Melting point Boiling point 
C3H5(OH)3 92.09382 g/mol 1.261 g/cm³ 17.8 °C (64.2°F) 290°C 

Molecular structure* 

 

 
*molecular structures are obtained from Cambridge Crystallographic Data Centre (CCDC); 

Colours: carbon atoms are grey, hydrogen-white, and oxygen-red) 

3.1.2.2 Xylitol- 5 –OH groups 

Xylitol is a sweet-tasting alcohol with the formula (CHOH)3(CH2OH)2 that can be 

found in a variety of fruits and vegetables. The most common application of xylitol is 

as a substitute for glucose (sweetener, in crystal form) in food engineering. 

Furthermore its antibacterial properties help to diminish the incidence of dental 

cavities, sinus infection and skin conditions. 

This organic compound with 5 –OH groups is also utilized in starch-based materials 

engineering due to its high hydrophilicity. Food grade xylitol was obtained from 

Food Dept Melbourne Company (Melbourne, Vic., Australia). The molecular 

structure and relevant characteristics of glycerol are shown in Table 3-3. 

Table 3-3 Molecular structure and properties of xylitol. 

Molecular formula Molar mass Density Melting point Boiling point 
C6H14O6 182.17 g/mol 1.489 g/cm³ 95 °C 296 °C 

Molecular structure* 

 
 

*molecular structures are obtained from Cambridge Crystallographic Data Centre (CCDC); 

Colours: carbon atoms are grey, hydrogen-white, and oxygen-red 
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3.1.2.3 Sorbitol- 6 –OH groups 

Sorbitol, classified as a polyhydric alcohol, possesses less sweetness compared to the 

lower alcohols like glycerol and xylitol. It could be generally obtained by the 

reduction of glucose via transformation of aldehyde group to hydroxyl group. The 

application areas of sorbitol and general physical characteristics are similar to those 

of glycerol.  

Sorbitol possesses six groups of –OH making it another excellent candidate as an 

essential plasticizer in starch-based biodegradable industry. Food grade sorbitol was 

obtained from Food Dept Melbourne Company (Melbourne, Vic., Australia). The 

molecular structure and relevant characteristics of glycerol are shown in Table 3-4. 

Table 3-4 Molecular structure and properties of sorbitol. 

Molecular formula Molar mass Density Melting point Boiling point 
C6H14O6 182.17 g/mol 1.489 g/cm³ 95 °C 242°C 

Molecular structure* 

  
*molecular structures are obtained from Cambridge Crystallographic Data Centre (CCDC); 

Colours: carbon atoms are grey, hydrogen-white, and oxygen-red 

3.1.3 Na+-montmorillonite (MMT) 

Na+-montmorillonite (MMT) is the most prevalent one as revealed from the numerous 

publications. MMT employed in the current research was kindly supplied by NichePlas Ltd. 

(Sydney, Australia). Typical molecular structure and physical properties are shown in 

Table 3-5. 

Table 3-5 Physical properties of Na+-montmorillonite. 

Product code Density colour form moisture d001 

Cloisite® Na+ 2.86 g/cc off-white powder ≈ 4-9% 11.7Å 
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3.2 Methodology 

3.2.1 Preliminary 

With the aim to investigate the influence of plasticizer type and concentration on the 

performance of starch-based MMT nanocomposites, the individual factors 

(plasticizer type, plasticizer concentration, and MMT loading) are studied separately. 

Mixture design with constrained surfaces (extreme vertices design) at full degree 

design have been employed here [125] for determining the experimental sheet. The 

detailed formula for specific groups (glycerol, xylitol and sorbitol) of 

nanocomposites will be listed in the corresponding sections. 

Pre-conditioning of dry starch with certain amount of moisture is essential in starch 

materials extrusion process due to the processing requirement of extrusion [126]. 

Based on previous research reports, 30-40% moisture content clouding starch turned 

out to be extremely favourable for extrusion.  

Pre-equilibrium starches are prepared by adding corresponding amount of distilled 

water via a bench top kitchen twin-hook mixer (BEM200 Wizz). Sufficient time 

(more than 30 minutes) was provided to achieve optimal mixing condition. The 

powder obtained was placed in a hermetically sealed polyethylene bags for 24 hours 

to reach equilibrium prior to extrusion fabrication. 

3.2.2 Methodology 

3.2.2.1 Equipment setup 

A lab-scale twin screw co-rotating (SHJ-20, JieYa, China) extruder was used to 

prepare nanocomposites samples. The extruder is equiped with six heating zones 

from the feeding copper to the die (namely, zone 1 to zone 5 and die zone) and 

adjustable screw rotating speed ranges from 12/rpm to 600/rpm as shown in the 

layout of SHJ-20 (Figure 3-1). The specifications for SHJ-20 are shown in Table 3-6. 

Table 3-6 Specifications for SHJ-20. 

Model 
Screw 
Diameter(mm) 

Depth Of 
screw 
Channel 
(mm) 

Ratio of 
length to 
diameter 

Driving 
Motor(kW) 

Screw Max 
Speed(rpm) 

Output 
(kg/h) 

SHJ-20 21.7 3.85 35 3 600 0.5-15 
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Figure 3-1 The layout drawing of SHJ-20 twin screw co-rotating extruder. 

3.2.2.2 Optimization of extrusion processing conditions 

The extruder applied in this research is a co-rotating twin screw extruder with five 

separate heating zones which are responsible for different functions of the screw like 

surveying (Zone 1 and Zone 2), mixing and compressing (Zone 3 and Zone 4),  and 

plasticizing (Zone 5). Therefore the optimum configuration of the different 

temperature composition will be a key parameter correlated with the material 

behaviour. The desired temperature profile for processing should meet the 

requirement that achieve the highest gelatinization degree of the extrudant. Taking 

the gelatinization temperature of pure starch (110°C~120°C) as a reference point 

[127], several temperature profiles (Table 3-7) are examined.  

Table 3-7 Temperature profiles tested for extrusion processing optimization. 

Profile ID 
Heating zones (°C) 

Screw speed (rpm) 
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Die Temperature 

1 90 115 120 110 85 50 120 
2 90 115 120 110 85 50 96 
3 90 115 120 110 85 50 72 
4 90 115 120 110 85 50 60 
5 90 115 125 120 90 50 120 
6 90 115 125 120 90 50 96 
7 90 115 125 120 90 50 72 
8 90 115 125 120 90 50 60 
9 90 115 130 110 85 55 120 

10 90 115 130 110 85 55 96 
11 90 115 130 110 85 55 72 
12 90 115 130 110 85 55 60 
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Subsequently, profile NO 8 (90°C /110°C /125°C /120°C /90°C /50°C from the zone 

1 to die zone) was determined to be the best processing condition. The extrudant 

produced under Profile NO 8 exhibited the maximum gelatinization degree which 

was evidenced by the WAXD experiment results, Figure 3-2.  

As shown in the WAXD results for temperature profiles optimization test, although 

all other plots are heavily overlapped with each other, profile NO 8 can be 

recognized to be the lowest curve. Such result indicated that the extrudant produced 

from profile NO 8 possesses the highest gelatinization degree. 
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Figure 3-2 X-ray diffraction experiment results for different extrudant corresponding 

to various tested temperature profiles for extrusion processing parameter 

optimization purpose. 

3.2.2.3 Determination of interval time between two different samples 

In order to obtain the representative sample for different formulation during 

continuous extrusion, interval time between two samples should be precisely 

calculated to avoid any contamination from the last running sample. The simple 

method applied here to work out the duration for completely finishing one batch of 

material was to add certain amount of food dye in the feeding part and monitor the 

transportation time from feeding copper to die zone.  
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Based on the optimization extrusion condition that was determined, the interval time 

was counted as 13 minutes for each batch of material. Aiming to avoid any possible 

contamination from previous running sample, reference material, PS (without any 

plasticizer or MMT) was fed and run for 5 minutes for barrel/screw purging purpose 

before each formula. Furthermore, only samples produced after 8 minutes were 

collected and used in the actual sample preparation. 

3.2.2.4 Sample preparation  

Three groups of starch-based biodegradable nanocomposites were prepared 

according to the optimized extrusion processing condition. The sample 

nomenclatures used in this work were described with a label such as S105, where S 

refers to sorbitol (plasticizer type); number 1 indicates 1wt% MMT used; latter two 

digital numbers “05” refers to the amount of sorbitol (plasticizer amount) within the 

samples. Pure extruded starch composite is also produced denoted as PS 

i. Pure Starch Sample and Starch+MMT samples 

Three samples were prepared denoted as PS (Pure Starch Sample), 2 wt % MMT 

(sample with Starch and 2 wt % MMT) and 4 wt% MMT (sample with Starch and 4 

wt % MMT). 

ii. Glycerol nanocomposites 

Eight samples were prepared according to the experimental sheet in Table 3-8. 

Prepared nanocomposites could be grouped into four categories with a MMT loading 

varying from 0% to 3%. Glycerol was diluted in distilled water, mixed with MMT 

and subjected to 10 minutes sonication. Sonicated solution of glycerol/MMT was 

added to pre-equilibrium starches just before the extrusion process. The total amount 

of moisture from pre-equilibrium starches and sonicated solution was adjusted to be 

35% in total (weight percentage). 

Table 3-8 Detailed formula of glycerol nanocomposite. 

Sample ID G010 G020 G105 G115 G210 G220 G305 G315 
MMT (wt %) 0 1 2 3 

Glycerol (wt %) 10 20 5 15 10 20 5 15 
 



41 
 

iii. Xylitol nanocomposites 

Ten samples were prepared at different ratios of MMT/xylitol content from 1:1 to 1:4, 

as listed in Table 3-9. The pre-treated xylitol/MMT slurry was mixed with pre-

blended starch for extrusion process.  

Table 3-9 Detailed formula of xylitol nanocomposite. 

Sample ID X010 X020 X105 X115 X210 X220 X305 X315 X410 X420 
MMT (wt %) 0 1 2 3 4 
Xylitol (wt %) 10 20 5 15 10 20 5 15 10 20 

iv. Sorbitol nanocomposites 

Ten samples were prepared at different ratios of MMT/sorbitol content from 1:1 to 

1:4, as listed in Table 3-10. The pre-treated sorbitol/MMT slurry was mixed with 

pre-blended starch for extrusion process. The well-mixed starch/sorbitol/MMT was 

then used for extrusion. 

Table 3-10 Detailed formula of sorbitol nanocomposite. 

Sample ID S010 S020 S105 S115 S210 S220 S305 S315 S410 S420 
MMT (wt %) 0 1 2 3 4 

Sorbitol (wt %) 10 20 5 15 10 20 5 15 10 20 
 

3.2.2.5 Sample storage 

After processing, the nanocomposites ribbons are soft and flexible, named as as-

processed ribbons. Two types of sample, vacuum sealed as-processed ribbons and 

ground nanocomposite powder were stored for different characterization purposes. 

i. Vacuum sealed nanocomposite ribbons 

In order to avoid the unexpected time-dependent changes which occurred during 

storage such as aging, recrystallisation of amylopectin and retrogradation; fresh-

proceeded starch composite ribbons were cut into 10cm segments and vacuum sealed 

in plastic bags. 

ii. Ground powder samples 

A part of nanocomposite ribbons was ground into powder samples for specific 

characterizations. The soft fresh starch ribbons were clipped into 5mm pellets and 

subjected for 20 hours oven dried at 70oC. Obtained stiff pellets were ground in a 

powerful ring mill (Rocklab RingMill). 
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3.2.2.6 Sorption isotherm measurements in starch/plasticiser/water system 

i. Experiment 

Four desiccators were used as control humidity chambers for four different relative 

humidity (RH) values. The desiccators were made of glass and vacuum sealing was 

used to make the samples hermetically sealed. The prevention of exchange of water 

between the environment within these controlled humidity chambers is essential in 

these experiments. Furthermore, it is essential to maintain minimum diffusion path 

for the water vapour between the surface of the powder and the salt solutions to 

achieve reasonably shorter equilibration time. Hence, the protocol recommended by 

COST-90 was used to prepare the standard salt solution. The humidity chamber and 

all the measurements were taken at 240.5oC, in an air-conditioned room. It was 

ascertained that excess salts remain in the salt (above their solubility) solution even 

after the completion of the experiments. Around 2 grams of sample was placed on a 

petri dish in each humidity chamber. The samples were equilibrated for 4 weeks to 

allow the samples to reach moisture equilibrium. They were taken out and their 

moisture content was determined immediately. Triplicate tests were conducted and 

the average values were reported. Regression analysis was completed on the 

moisture measurement to determine the standard deviation. The standard deviation is 

reported in the tabulated data. The sample water activity was also cross-checked with 

Novasina water activity meter (Novasina, Switzerland). Once the moisture content 

and water activity values of these samples were obtained, sorption isotherms could 

be determined. 

ii. GAB equation evaluation for sorption isotherm results 

Several models are available in literature based on different kinetic (mono-layer, 

multi-layer or condensed film) as well as empirical models. GAB model which is 

based on the multi-layer kinetic was applied in the current thesis. Corresponding 

parameters were estimated via a non-linear least square regression routine. The GAB 

equation is usually presented in the form of equation 3-1 [128]: 
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                                                                          Eq 3-1 



43 
 

Where w is the moisture content; wa
is the water activity; mw ,C and K are the three 

parameters characterizing the sorption properties of the material. mw  denotes 

moisture content corresponding to the ‘monomolecular layer’ of the whole material 

surface; K and C depend on the temperature with corresponding molar sorption 

enthalpies [129]. 

The equation can be re-arranged as a second degree polynomial formula which we 

can calculate mw ,Cand K  as shown below in equation 3-2 [130]: 
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The mw ,Cand K  can be obtained via regression analysis [131, 132] of the plot of  

w
aw

 vs. wa
 using experimental points. 

3.2.2.7 Plasticizer/MMT interaction experiment 

i. Optimization duration (Top) determination   

In the first step, the optimization duration (Top) of sonication treatment was 

determined before proceeding to main experiments. This was achieved by subjecting 

the same formula samples for different sonication duration (15 mins, 30 mins, 1 hour 

and 3 hours) test. The determination of Top was based on comparing the expansion of 

MMT basal spacing as read from the WAXD results. Glycerol sample with a 

glycerol:MMT ration of 2:1 was tested.  

ii. Plasticizer+MMT sample preparation 

MMT and plasticizer were mixed on weight basis at different ratios, see Table 3-11. 

The plasticizer was dissolved in 100ml distilled water with 15 minutes of 

continuously stirring. Corresponding amount of MMT (Table 3-11) was added 

dropwise to the pre-prepared solution (plasticizer+water).  The obtained slurry was 

magnetically stirred for 15 minutes before subjecting to sonication treatment at 70 ºC. 

The sonicated solution was dried in the oven at 130 ºC for 30 hours to remove the 
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free water. A ring mill was then used to grind the samples to obtain a fine powder 

(particle size ≈ 10 micron).  

Table 3-11 Detailed experimental sheet for plasticizer+MMT interaction study. 

MMT :Plasticizer  ratio 1:1 1:2 1:3 1:4 
glycerol √ √ √ √ 
xylitol √ √ √ √ 
sorbitol √ √ √ √ 
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3.3 Characterization  

Dispersion morphology characterization of incorporated nanoparticles is the most 

important issue in understanding the synergistic interactions within the 

nanocomposites. In addition to the routine characterization methods including Wide 

Angle X-ray Diffraction (WAXD), Fourier Transform Infrared Spectroscopy (FTIR), 

Differential Scanning Calorimetry (DSC), Proton Nuclear Magnetic Resonance (1H 

NMR) measurements and Carbon Nuclear Magnetic Resonance (13C NMR); Small 

Angle X-ray Scattering (SAXS) via synchrotron and Positron Annihilation Lifetime 

Spectroscopy (PALS) were conducted on representative samples. Specific 

configurations for experimental condition are expounded as follows. 

3.3.1 Moisture Content Measurement (MCM) 

The water content in the samples was measured by a moisture meter (CA-100, 

Mitsubishi, Japan), and the average value from three measurements was recorded. In 

order to avoid the moisture transfer between the sample and environment, the 

temperature of the test environment was strictly controlled at 20oC. 

3.3.2 Wide Angle X-ray Diffraction (WAXD) 

X-ray diffraction has been widely applied in investigations on studying molecular 

scale dimensions for crystalline materials [133]. Meanwhile X-ray Diffraction is an 

important method to quantify the intercalated/exfoliated morphology in MMT 

composites by assessing the characteristic peak of MMT in measured WAXD pattern. 

More specifically, intercalated morphology is corresponding to the observation that 

MMT characteristic peak position shifts to a lower 2θ value indicates expansion of 

basal spacing of MMT to different extent and vice versa. Furthermore, complete 

disappearance of MMT characteristic peak is considered to be the feature of a fully 

exfoliation morphology.  

WAXD measurements of the prepared samples were performed in Bruker Discover 8 

diffractometer operating at 40kV and 40mA with a 2θ range from 3° to 30° at a 

scanning rate of 0.05 °/second in Physics department of Curtin University. The basal 

spacing of the silicate layered was determined from the Bragg’s equation, λ=2dsinθ 

(where θ is the diffraction position and λ is the wavelength) [134]. 
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3.3.3 Small Angle X-ray Scattering (SAXS) via Synchrotron 

Small Angle X-ray Scattering (SAXS) was carried out at Beamline BL40B2 of 

Spring-8 synchrotron facility in Sayo, Hyogo, Japan. The light source was a bending 

magnet and the white X-rays generated were monochromatized using a double 

crystal monochromator and focused by a 1-m-long rhodium-coated bent-cylinder 

mirror. The photon flux was 1×1011 photons/sec at 12.4 keV with a tunable energy 

range of 7 keV ~ 18 keV. A high-resolution CCD camera with an imaging plate area 

(30cm*30cm) detector (RIGAKU R-AXIS IV++) was installed[135].  

The beam was monochromatized to a wavelength of 0.1 nm with an object distance 

of 1151.767mm. All the patterns recorded on CCD camera were calibrated by the 

diffraction rings from Silver Behenate (AgBH) standard sample. An aluminium filter 

block was employed to decrease the strength of X-ray and obtain optimized 

experimental pattern. The measurement time per sample was chosen to eliminate the 

radiation damage, subsequently determined to be 10 seconds.  

3.3.3.1 SAXS profiles extraction  

The diffraction profiles were normalized to the beam intensity and corrected 

considering the empty sample background. The data reduction of obtained 2-D X-ray 

scattering patterns was proceeded with NIKA macros [136] based on Igor 

(Wavemetrics, Lake Oswego, Oregon). The 2-D raw SAXS pattern was divided into 

six vectors and then the averaged Q vector vs. intensity plot was recorded for further 

analysis. Since an automated sample holder was used for data collection, all plots 

were recorded after the subtraction of background. 

3.3.3.2 Size distribution calculation 

More valuable information could be drawn from the low Q region of SAXS data plot. 

Determination of the size distribution is one of the most important steps in 

understanding the morphology within polymer systems. Size distributions for 

obtained samples were calculated from the Maximum Entropy Method (MEM) 

developed by Potton et al. [23] for Irena modelling macros [136].  

3.3.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) analysis was used to provide a “visual” 

confirmation of the morphological information obtained on the platelet dispersion 

and distribution from the WAXD data which lacks the ability to characterize 
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disordered intercalated or exfoliated structures due to the absence of scattered 

intensity peaks for those morphologies [137]. Therefore, TEM analysis, as a visual 

confirmation, is usually used in conjunction with WAXD data. 

TEM was carried out on the samples with MMT to determine the extent of MMT 

dispersion. TEM was performed on ultra-thin sections at JEM-2100 microscope 

(JEOL, Tokyo, Japan), operating at an accelerating voltage of 200 kV. Oven-dried 

ribbon sample was sectioned at room temperature with diamond knife at Leica 

Ultramicrotome (EM UC7, Tokyo, Japan). The obtained sections, 100nm thin were 

sandwiched between two 400-mesh copper grids for TEM observation. 

3.3.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared Spectroscopy is a technique based on vibrations modes of atoms in a 

molecule and sensitive to the chemical composition environment. The Fourier 

transform infrared spectra (FTIR) are called as the footprint for bonds and atoms for 

specific material according to analysis of the corresponding absorption peaks located 

at different frequencies. Qualitative analysis about bonding formation/breakage can 

be rapidly drawn from related spectra due to the uniqueness of various bonding and 

elements. These advantages ensure FTIR as the rapid, economical and non-

destructive technique to be used for nanocomposite characterization.   

FTIR of all the samples were recorded in PerkinElmer 400 spectrometer using 

standard accessories in the range of 4000cm-1 - 515cm-1 for 74 scans.  

3.3.6 Differential Scanning Calorimetry (DSC) 

Thermal transitions of polymers during heating and cooling cycle are usually studied 

by Differential Scanning Calorimetry (DSC), a widely used technique that measures 

the energy required for retaining zero temperature difference between measured 

sample and the reference [138].  

DSC measurement was performed on Perkin Elmer DSC 6000. About 25mg of dried 

ground sample was placed in an aluminium sample sealed pan. The sample was 

heated from -50°C to 250°C at a heating rate of 5°C /min, kept at 250°C for 1 minute 

followed by cooling down to 25°C at 10°C /min. The Tg was taken as the inflection 

point of the increment of specific heat capacity. Tm was obtained for analysis as well. 
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3.3.7 Nuclear Magnetic Resonance (NMR)  

Dry powder sample of starch nanocomposites were dissolved in DMSO-d6, which is 

a popular solvent for starch-based in solution NMR measurement and the treatment 

of a nanocomposite with DMSO-d6 does not affect the structural characteristic for 

starch biopolymer [139] before proceeding to NMR measurement. 0.1gram of 

powder sample was dissolved in 1ml DMSO- d6 with 10 minutes of stirring and then 

kept in oven for two days at 80°C to completely solubilisation of the nanocomposite 

[140]. The interaction between the plasticizers and the starch biopolymer could be 

studied via the NMR spectra.  

The 1H NMR data was collected from 32 scans on Bruker 500 at 70°C. The chemical 

shift scale was calibrated using the residual DMSO-d6 signal at 2.549ppm [141]. The 
13C NMR spectra were collected on Bruker 500 at 25°C from 20000 scans. The  

chemical shift scale was calibrated using the residual DMSO-d6 signal at 39.52ppm 

[141]. 

3.3.8 Positron Annihilation Lifetime Spectroscopy (PALS) 

Positron Annihilation Lifetime Spectroscopy (PALS) technique has been applied in 

polymer science with the aim to understand the free-volume related phenomenon [93, 

142-144]. PALS measurements for selected samples were carried out with Beamline 

9940 at Centre for antimatter-matter studies (Canberra, Australia). 

Positrons were implanted at an energy of 5 keV which ensured that the surface 

effects were minimized. We used a density of 1.2g/cc to investigate bulk behaviour 

up to 2000 nm. Each measurement consisted of 1×106 detected annihilation events 

and took approximately 12 hours of measurement time. A fitting routine convoluted 

the instrument function spectra with a series of lifetimes to determine the best 

parameters using the in-house developed program, CAMSFIT V2.1. Two methods, 

variable and fixed lifetimes, were used for the current study. Fitting variable lifetimes 

is typically done with 2-5 lifetimes and returns discrete results. A fixed lifetime fit is 

typically done with 150 lifetimes and is able to return a distribution, usually around 

the results of the variable lifetime fit.  
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Chapter 4  

Glycerol Plasticized  
High Amylose Nanocomposites 

Chapter Outline 

A ternary system involving starch, glycerol and MMT was studied via various 

characterization techniques such as Wide Angle X-ray Diffraction (WAXD), Fourier 

Transform Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC), 

Water Sorption Isotherm, Proton Nuclear Magnetic Resonance (1H NMR) and Small 

Angle X-ray Scattering (SAXS) via synchrotron radiation. Three binary systems 

(starch+MMT, starch+glycerol, glycerol+MMT) were studied separately followed by 

a complex ternary system (starch+glycerol+MMT) study. 

The synergistic interactions within prepared nanocomposites were distinguished 

from the observed morphologies depending upon the combined effect of glycerol 

loading and MMT concentration. The observed experimental results could be 

categorized into three main groups, namely, intermolecular interactions (formation 

for hydrogen bonds, moisture content in prepared samples and chain/molecular 

mobility), morphological observations (achievable basal spacing of MMT, the 

growth of lamellar structure as evidenced from the raw 2-D SAXS pattern and SAXS 

profiles) and crystallization behaviour (Tg, Tm, crystalline domain size distribution 

and crystallization mechanism/crystal growth rate (analyses via Avrami Equation)). 

Relevant results are discussed in the corresponding sections below.  
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4.1  Starch+MMT system 

The first binary system studied was the starch+MMT system. The characterization 

results are categorised into three main sections including intermolecular interactions 

(4.1.1), morphological observations (4.1.2) and crystallization behaviours (4.1.3).  

4.1.1 Intermolecular interactions  

4.1.1.1 Moisture Content Measurement (MCM) 

The moisture content of the sample can provide important clues about the 

morphology formed within the composite. These measurements were carried out to 

correlate the moisture content with the MMT concentration and thus understand the 

strength of such interactions based on various MMT concentrations [85, 86, 105].  

Table 4-1 Moisture content, Basal spacing, Crystallinity, glass-transition 

temperature (Tg) and melting temperature (Tm) for PS, 2 wt % MMT and 4 wt % 

MMT. 

Sample ID PS 2 wt % MMT 4 wt % MMT 
Moisture (%) 2.22 6.17 5.67 

Xc*(%) 7.48 8.23 12.5 
Tg (°C) 49.5 60.2 69.0 
Tm (°C) 219 211 204 

basal spacing (Å) - 16.53 18.12 
Δd** (Å) - 4.83 6.42 

*crystallinity calculated from the method described in Ref [147] 

** Δd= dsamples-dpristine MMT 

As shown in Table 4-1 and based on the well-known tortuous path way theory for 

water molecules in nanocomposites, the samples with MMT retained higher amount 

of moisture compared to the PS sample. The moisture content for the 2 wt % MMT, 

4 wt % MMT and PS was 6.17%, 5.67 and 2.2%, respectively. The decrease of 

moisture content observed in 4 wt % MMT sample (5.67%) when compared to 2 

wt % MMT sample (6.17%) directly indicated the stronger interactions between 

starch and MMT at a MMT-rich scenario which resulted in a relatively smaller 

amount of hydrophilic sites for retaining moisture. 

4.1.1.2 Fourier transform infrared spectroscopy (FTIR) 

The direct evidence of hydrogen bonding formation was obtained from the FTIR 

spectra depicted in Figure 4-1.   
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Figure 4-1  FTIR results for PS, pristine MMT, 2 wt % MMT and 4 wt % MMT 

samples. 

As shown in Figure 4-1, the band presenting the free hydroxyl groups in MMT (inset 

window of Figure 4-1) shifted to a lower wave number after extrusion. This clearly  

indicated the occurrence of interactions between starch and MMT platelet surface, 

and a similar finding was reported in Field et al.’s work [145]. Furthermore, the 

disappearance of the broader peak of H-OH stretching of water (inset window in 

Figure 4-1) around  3234cm-1- 3486cm-1 indicated the replacement of free water in 

the interlayer of pristine MMT by starch chains during the extrusion processing [146] 

and this corroborated with the WAXD results (Page 51) that the basal spacing 

expanded to different extent in the  nanocomposites samples depending on the MMT 

loading. 

4.1.2 Morphological observations  

4.1.2.1 Wide Angle X-ray Diffraction (WAXD) results 

As revealed in the WAXD patterns, Figure 4-2, the characteristic peak for basal 

spacing of the MMT (001 peak) shifted to a lower angle to different extent dependent 

on the loading of MMT, when compared to pristine MMT. Such observations 
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indicated that the starch chain had intercalated into the gallery of MMT and forced 

apart the MMT platelets. This was a result of the interaction between the hydrophilic 

pristine MMT and starch polymer chains since the Δd (Δd= dsamples-dpristine MMT) 

values reasonably agreed with the molecular size of starch fragments (Table 4-1).  
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Figure 4-2 WAXD results for Pristine MMT, 2 wt % MMT and 4 wt % MMT samples. 

4.1.2.2 Small Angle X-ray Scattering (SAXS) 

The growth of lamellar structure upon addition of MMT was evidenced from the raw 

2-D SAXS patters of corresponding samples, Figure 4-3.  

Greater ellipticity, presenting the electron heterogeneities within the samples (Figure 

4-3), was observed in the high-MMT loading samples which indicated the strong 

interactions between MMT and starch and induced the formation of a more dense 

and ordered polymeric network. As shown in Figure 4-3, the 2 wt % MMT / 4 wt % 

MMT samples also showed relatively higher intensities, and these observations 

supported the argument that the presence of MMT favoured the growth of lamellar 

morphology within the polymeric network.  
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Figure 4-3 Raw 2-D SAXS patterns for PS, 2 wt % MMT and 4 wt % MMT samples 

and the corresponding SAXS profiles. 

The deviation of ellipticity for various samples could be related to the crystallization 

behaviours within different samples, which will be detailed in the next section (Page 

54).  

The characteristic peak (as seen in the inset window of Figure 4-2 and Figure 4-3) for 

the basal spacing, denoted as PMMT, shifted to a lower angle which corresponded to 

an increase in the basal spacing after extrusion. PMMT (2 wt % MMT) was allocated 

in Q=0.423 Å-1 (data are shown in the ternary system discussion section, Table 4-7), 

which indicated that the starch chain successfully penetrated into the gallery of MMT 

platelets, and such conclusions have been put forward in the literature [60, 103]. This 

fact mutually supported the case for well intercalated or intercalated/exfoliated 

systems as evidenced from the WAXD characterization (Page 51). 
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4.1.3 Crystallization behaviours  

4.1.3.1 Crystallinity 

From Figure 4-1, the crystallinity values were calculated on the basis of  peak fitting 

procedures that was put forward by Lopez-Rubio et al. [147] where they illustrated 

that this method, widely used for synthetic polymer, was better in reflecting the 

crystalline content of starch than the traditional two-phase model. The method used 

took into account irregularities in crystals that are expected to co-exist in semi-

crystalline materials and avoid the underestimation (two-phase method did not 

consider the diffuse scattering from non-perfect crystalline structure) of the 

crystalline content. Igor software package (Wavemetrics, Lake Oswego, Oregon) 

was used for curve fitting. The fitted coefficients are calculated based on minimized 

value of Chi-square using the Levenberg-Marquardt algorithm. Each fitting 

procedure was repeated eight times with different initial inputs to check for data 

reproducibility. As Lopez-Rubio et al. [147] suggested, Gaussian shape had been 

confirmed to reflect the best fitting results even with poor initial guess, and the 

crystallinity for samples can be calculated as, 
At

ACi
X

n

c


 1 ,where ACi is the area 

under each fitted crystalline peak with index i (please note that the first peak 

appeared in the WAXD patterns of nanocomposites samples had not been treated as 

crystalline peak since this peak was the characteristic peak for the basal spacing of 

MMT) and At is the total area under the WAXD pattern. The averaged crystallinity 

results are shown in Table 4-1. 

The well-defined nucleating effect of nanoparticles which had been reported in the 

literature was observed in the current study. The crystallinity value of 2 wt% MMT 

and 4 wt% MMT samples was calculated to be 8.23% and 12.5%, respectively, both 

of them being higher than that of the PS sample (7.48%).  

4.1.3.2 Differential Scanning Calorimetry (DSC) 

The presence of MMT significantly influenced the crystallization behaviour of starch 

polymer. Two key parameters, Tg and Tm, were obtained via DSC, Table 4-1.  Within 

expectation, the Tg value for MMT-contained samples increased from 49.5oC (PS) to 

60.2oC (2 wt% MMT) and 69oC (4 wt% MMT). Such results highlighted the strong 

interactions between starch and MMT, thus mutually support the findings in SAXS 
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measurements (Page 52). The greater ellipticity from the MMT-contained samples 

which present the formation of a denser polymeric network which could be seen 

from the high Tg value of corresponding samples. Another evidence was the decrease 

of Tm value upon increasing MMT, 211oC (2 wt% MMT) and 204 oC (4 wt% MMT). 

This was because of the relatively more ordered structure formed in the 4 wt% MMT 

sample, thus the polymeric chains were slightly easier to break and at  a glimmer 

lower temperature as observed in the DSC measurements.  

Other reasons included the reduced crystalline size and the presence of crystal 

imperfections in the presence of MMT/starch. Interactions from the MMT and starch 

suppressed the crystallization since the silicate platelet could prevent the starch 

chains from reorganising. However, it should be noted that the presence of MMT can 

allow smaller crystalline fractions to grow due to possible nucleating effect and this 

was manifested by the observed larger crystallinity values for MMT-contained 

samples (Table 4-1). 

The DSC thermograms exhibited typical features of a semi-crystalline polymeric 

system in terms of the glass transitions and crystallite melting endotherm. Figure 4-4 

compared the typical heat flow curve for the PS, 2 wt % MMT and 4 wt % MMT 

sample, which emphasised the impact of the addition of MMT on the crystalline 

phase of the bionanocomposites.  
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Figure 4-4 DSC endotherm curves for PS, 2 wt %MMT and 4 wt %MMT. 
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As shown in Figure 4-4, the addition of MMT predominantly affected the packing of 

the crystalline domain (peak shape changed) by decreasing the Tm of relevant 

samples. Such observation revealed that the mechanism and crystal development 

within the samples were significantly affected. This will be further discussed in the 

following section via Avrami Equation.   

4.1.3.3 Avrami Equation analyses based on DSC results 

As widely known, in polymer–clay systems, the endotherm peak can provide 

information on the crystalline phases in the nanocomposites when the clay platelets 

have nano-scale interactions. To gain an improved understanding of these 

interactions on the bionanocomposites’ crystallization behaviour, the crystallisation 

process was modelled as a combination of several infinitesimal isothermal steps [24]. 

The Avrami equation (Eq 4-1), which is widely applied in investigating 

crystallisation behaviours of polymer systems [24], was employed to study the non-

isothermal crystallisation kinetics of the prepared bionanocomposites [137].  

dt
dt

dH
dt

dt

dH
X

t

t

ct

t

c
t  


00

/
                                                                                   Eq 4-1 

 All the curves had a partial sigmoid shape, and the analysis of the development of 

relative crystallinity could be done using )exp(1 n
t ktX  . A plot of 

log[−ln(1 − Xt)] vs. log(t) could provide n, the value depending upon the mechanics 

of nucleation and on the form of crystal growth, and k, a rate constant containing the 

nucleation and growth parameters. Nearly all samples demonstrated one prominent 

linear region (Figure 4-5). The value of modelled parameters n and k is presented in 

Table 4-2. 
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Figure 4-5 Decay of the overall crystallinity based on the non-isothermal 

crystallization kinetics analyses using the modified Avrami equation for PS, 2 wt % 

MMT and 4 wt % MMT samples. All plots were corrected for the baseline. 

It was shown in Figure 4-5 that the presence of MMT seemed to have no obvious 

effect on the onset temperature for crystallisation. However, the presence of MMT 

affected the crystallization mechanism within corresponding samples. As read from 

Table 4-2, the additions of MMT greatly affected the n values (0.48 for PS and 0.85 

for 2 wt % MMT and 0.77 for 4 wt % MMT sample), presented the mechanics of 

nucleation and form of crystal growth, but had little effect on the crystal growth rate 

parameter k since PS, 2 wt % MMT and 4 wt % MMT samples showed a similar k 

value, Table 4-2.  

Table 4-2 The exponent n and the factor k obtained for PS, 2 wt % MMT and 4 wt % 

MMT sample from a non-isothermal crystallization analysis using the modified 

Avrami equation. 

Sample ID n k 

PS 0.48 -1.47 

2 wt% MMT 0.85 -1.44 

2 wt% MMT 0.77 -1.39 

This behaviour was within expectation since the addition of MMT provided extra 

nucleation sites for the starch polymer chains to crystallize in a different form 

depending on the MMT orientation. However, further increase of MMT did not bring 
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significant effect on both the n and k values (comparable n and k value for 2 wt % 

MMT and 4 wt % MMT samples). 

4.2 Glycerol+MMT system 

The interactions between glycerol and MMT were studied by analysing the samples 

that were prepared at different glycerol/MMT ratio via sonication. FTIR and WAXD 

had been carried out to characterize the intermolecular interactions and 

morphological features of this binary system. The experimental results and 

discussions are presented as follows. 

4.2.1 Intermolecular interactions  

As revealed from the FTIR result, Figure 4-6, the glycerol molecular had 

successfully intercalated into the ‘gallery’ of the stack-like MMT via hydrogen 

bonding which can be proved by the shift, to a lower angle, of free ‘OH’ groups band 

vibration (inset window in Figure 4-6 ) of MMT [148]. The obvious broadening of 

peaks at 3283 cm-1 revealed that glycerol attributed to the increase in the number of 

oscillation modes, which illustrated the hydrogen bonding interactions between 

MMT and glycerol [98]. 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600
cm-1

%T 

Pristine MMT

MMT:Glycerol=1:4

MMT:Glycerol=1:3

MMT:Glycerol=1:2

MMT:Glycerol=1:1

Free -OH H-OH stretching of water
Si-O-Si stretching of water

995.67cm-1995.67cm-1

1003.99cm-
1

1008.13cm-1

1004.57cm-1

1003.99cm-1

1007.57cm-1

4000      3600    3200     2800     2400     2000    1800      1600    1400      1200     1000     800     600

T
ra

n
sm

itt
an

ce
 (

%
)

Wave Number (cm-1)  

Figure 4-6 FTIR results for MMT: glycerol samples at 1:1, 1:2, 1:3 and 1:4 ratio. 
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The shift of Si-O-Si vibration peak from 995.67cm-1 to a higher frequency after 

interaction with glycerol showed a decrease in the packing density of the system, 

which was a characteristic of the expanding  MMT’s basal spacing [149]. Shorter 

and stronger bonds gave a stretching vibration at higher energy end (shorter 

wavelength) of IR spectrum. In other words, on the basis of the harmonic oscillator 

model, it was concluded that the lower the peak frequency, the stronger the 

interaction [62]. It was observed that the characteristic peak (3200-3300 cm-1) for 

hydrogen bonds shifted to a smaller frequency in all test samples upon increasing the 

glycerol amount, which indicated that the interaction between MMT and glycerol 

became stronger. All peaks excluding free ‘OH’ peak shifted to a higher frequency 

than that of MMT or glycerol. This indicated that new hydrogen bonds were formed 

between the MMT and glycerol [150]. 

4.2.2 Morphological observations  

Comparing the WAXD results of all samples (Figure 4-7), the minimum and 

maximum value of basal spacing occurred in 1:1 MMT: glycerol sample (14.2 Å) 

and 1:2 MMT: glycerol sample (17.8 Å). The small basal spacing value of 1:1 

sample could be explained as this; when the glycerol amount was low, that 

water/MMT interaction was stronger than glycerol/MMT, thus the Δd value of 1:1 

sample showed a value comparable to that of the size of water molecules. The value 

of basal spacing showed an inverse proportionality to the glycerol loading except in 

the 1:1 ratio sample, where MMT:glycerol (1:2 and 1:3) achieved a basal spacing of 

17.8 Å, but this value decreased to 17.4 Å for 1:4 MMT:glycerol sample.  
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Figure 4-7 WAXD Patterns for MMT: glycerol samples at 1:1, 1:2, 1:3 , 1:4 ratio 

and Pristine MMT. 

The glycerol exhibited some hinderance effect on the ‘gallery’ expansion of MMT at 

a higher amount, where the basal spacing value decreased as the amount of glycerol 

increased. This might reflect the competitive interaction characteristic within the 

hydrophilic system which will be detailed in the ternary system discussion (Page 61).  

It can be concluded that the basal spacing change (Δd value) depended on the 

molecular size of the plasticizer present. A simple hypothesis can be put forward 

based on the molecular size, and the extent of basal spacing change. For glycerol, Δd 

approximately equalled to the average size of glycerol which meant that the 

plasticizer molecule had been trapped between two MMT platelets. This could be 

supported by the fact that all the glycerol samples exhibited similar Δd to the glycerol 

molecule size (except 1:1 sample). Such hypothesis will be further proven in the 

discussion of xylitol (Chapter 5) and sorbitol-plasticized systems (Chapter 6).  

4.3 Starch+Glycerol system 

The last important binary system was the system without nanoparticles, 

starch+glycerol system. Two samples were produced with 10 wt% and 20 wt% 

glycerol according to the DOE. The obtained characterization results were presented 

as follows. 
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4.3.1 Intermolecular interactions  

4.3.1.1 Water Isotherm 

Water isotherm is one of the most important and efficient method to study the 

interactions between starch and glycerol as widely applied in the food engineering 

industry [151, 152]. Accordingly, the water isotherm for the prepared samples was 

determined and further mathematically evaluated using GAB model for a better 

understanding of the interaction behaviours within this binary system.  

The discussion here is applicable to the samples that were equilibrated in humidity 

chambers after the extrusion processing, thus these samples had representative 

amounts of structural water within the polymer at equilibrium. The experimental 

results indicated a maximum at m%≈0.35 dry basis for PS whereas the GAB 

empirical analysis (Figure 4-8) showed a maximum at m%≈0.282 for the structural 

water (PS). It can be seen that until aw ≈0.78, the GAB prediction closely related to 

the experimental findings; beyond that the deviation was becoming more and more 

obvious with increasing water activity. This can be attributed to a structural 

separation of the starch chains and the amylopectin structures which allowed increase 

in the structural water.  
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Figure 4-8 Water-sorption isotherm of PS; experimental data and GAB model fitting 

plot. 
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An ‘inversion’ phenomenon (Figure 4-9) was observed where higher glycerol 

loading samples retained lower amount of equilibrium moisture at low aw values, but 

as the aw increased, this relationship between the equilibrium structural water and the 

glycerol content was inversed. The inversion phenomenon which was due to the 

hydration effects within different polymers structures, such as linear starch and 

branched amylopectin  has been reported by earlier researchers [153].  
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Figure 4-9 Water isotherm results and GAB model fitted plots for G010 and G020. 

4.3.1.2 GAB Model for isotherm data 

Corresponding parameters of GAB model evaluation are estimated via a non-linear 

least square regression routine. The GAB equation analysis was completed to 

understand the isotherm behaviour; relevant results are shown in Table 4-3.  

Table 4-3  GAB Fitting Parameters for PS, G010 and G020 (R2 > 0.88).  

Name mw  C K 

PS 0.092 46.243 0.669 

G010 0.072 28.490 0.878 

G020 0.063 26.955 0.946 

In Table 4-3, parameter mw  denotes the moisture content value that corresponds to a 

‘monomolecular layer’ of water to cover the whole polymer surface. The K 

parameter increased with increasing plasticizer content. This indicated that in terms 

of the equilibrium between the starch and glycerol, greater glycerol content can be 

accommodated within the starch matrix by increasing the temperature. The molar 
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sorption enthalpy values, highlighted by parameter C  show that there is no 

significant effect as glycerol content was increased.  

Though the GAB model showed good agreement with the experimental data, it could 

not account for the region of water activity between 0.5 - 0.7 (inversion region) 

where the addition of glycerol showed a prominent ‘step-change’. A possible reason 

for this could be the complex ternary interactions among starch-water-plasticizer. 

Further investigations were carried out to ascertain and understand this behaviour.  

4.3.2 Morphological observations  

4.3.2.1 Small Angle X-ray Scattering (SAXS) 

The growth of lamellar structure upon addition of glycerol was evidenced from the 

Raw 2-D SAXS diffraction patterns, Figure 4-10. As shown in Figure 4-10, the 

scattering patterns (shape and the intensity) of the samples were greatly influenced 

by the presence of glycerol as well. The shape of the scattering pattern changed from 

circular (PS) to elliptical (G020) similar to the observations found upon MMT 

addition. The transition from a circular to an elliptical pattern indicated a better 

defined orientation of the crystalline domains [154]. Such changes in the diffraction 

pattern reflected the relevant changes at the microstructural level.  

PS G010 G020

Intensity scale Bar
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Figure 4-10  The SAXS profiles for PS, G010 and G020 generated from NIKA data 

processing software. 

The scattering intensities from different samples resulted from their inherent 

electronic density differences [155] and upheld the presence of heterogeneities 

within the network structure. As shown in Figure 4-10, similar to the finding in 

starch+MMT system, the G010/G020 samples showed relatively higher intensities, 

and these observations supported the argument that the presence of glycerol favoured 

the growth of lamellar morphology within the polymeric network.  

The characteristic peak for starch polymer denoted as (Pstarch) seen from the inset 

widow of Figure 4-10, decreased (from 0.357 to 0.352 Å-1) with increasing glycerol 

concentration from 10 wt% to 20 wt%. This shift suggested the formation of 

increased crystalline order due to the greater starch-glycerol interaction.  

Another unique observation for G020 was the ‘shoulder’ around Q≈0.04-0.05 Å-1, 

shown in Figure 4-10. However, this structure was observed in all the high moisture 

samples (Page 80). Such a ‘shoulder’ typically corresponds to the long periodic 

structure of processed starch polymer [156] for the samples with higher equilibrium 

moisture. However, in G020, such glycerol successfully replaced the water 

molecules in starch/water interactions at high glycerol concentration and contributed 

to the preservation of the long periodic structure of starch polymer. 
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4.3.3 Crystallization behaviours  

4.3.3.1 Differential Scanning Calorimetry (DSC) 

The DSC results, Table 4-4 , indicated that the addition of glycerol undoubtedly 

decreased the Tg and Tm values.  Tg values for glycerol-loaded samples decreased 

from 49.5 (PS) to 40.7 (G010) and 40.3 (G020).  

Table 4-4 glass-transition temperature (Tg) and melting temperature (Tm) for Ps, 

G010 and G020. 

Sample ID PS G010 G020 

Tg (°C) 49.5 40.7 40.3 

Tm (°C) 219 184 171 

 

Such changes were strongly related to the interactions between starch and glycerol 

which altered the polymeric network. It was suggested that addition of glycerol at a 

loading less than its antiplasticization ‘threshold’ value would lead to an even firmer 

polymeric network and thus increased the Tm in G010 when compared with G020. 

Meanwhile, the Tg was decreased by the typical plasticization effect from glycerol. 

Such observations mutually agreed with the obtained SAXS results, Figure 4-10, 

where the addition of glycerol in favour of the growth of lamellar structure in the 

sample (scattering patterns changed).  

4.3.3.2 Avrami Equation analyses based on DSC 

Furthermore, the Avrami equation analyses results as shown in Table 4-5, 

highlighted the unique behaviour in G020, where both the n and k value were 

significantly influenced. Such findings were unlike what we discussed in the 

starch+MMT system where there was no obvious further effect on n of increasing 

MMT. The manifested the changes in n and k value of 20 wt% glycerol loaded 

sample was a direct indicator of the stronger starch/glycerol interactions.  

Table 4-5 Exponent n and the factor k obtained from a non-isothermal crystallisation 

analysis for G010 and G020. 

 PS G010 G020 
n 0.48 0.43 0.29 
k -1.47 -1.07 -0.87 
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4.4 Starch+Glycerol+ MMT nanocomposite system 

4.4.1 Intermolecular interactions  

4.4.1.1 Moisture Content Measurement 

Moisture content measurements can indirectly indicate the strength and direction of 

interaction between the starch-glycerol and starch-MMT. The moisture content of the 

prepared samples was presented in Table 4-6.  

Table 4-6 Moisture content, basal spacing, crystallinity, glass-transition temperature 

and Tm for glycerol-plasticized nanocomposites. 

Sample ID G105 G115 G210 G220 G305 G315 

Moisture (%) 2.79 1.97 3.31 2.02 4.74 3.15 

Xc*(%) 11.39 9.62 9.28 8.08 10.1 6.86 

Tg (°C) 44.94 43.5 46.7 44.8 43.2 39.5 

Tm (°C) 215 238 146 242 142 186 

basal spacing (Å) 16.96 17.92 17.72 17.82 17.52 17.92 

Δd** (Å) 5.26 6.22 6.02 6.12 5.82 6.22 

*crystallinity calculated from the method described in Ref [147]. 

** Δd= dsamples-dpristine MMT 

As shown in Table 4-6, addition of glycerol significantly decreased the moisture 

content; the moisture content for G200 and G210 was 6.39% and 3.31%, respectively. 

This decrease was attributed to the strong interactions between glycerol and starch 

matrix where some immobilized water molecules were replaced by glycerol 

molecules. Due to relatively stronger starch-glycerol interaction, increasing the 

glycerol concentration decreased the moisture content regardless of the MMT 

amount. However, if glycerol concentration was fixed, it was found that the moisture 

content was proportional to the MMT loading. The high moisture content from the 

high-MMT samples was considered to be a result of greater resistance for moisture 

migration due to the well-known tortuous pathway theory for water molecules in 

nanocomposites. 

4.4.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR results for glycerol-plasticized nanocomposites are shown in Figure 4-11. 

The typical saccharide bands region located across 1180cm-1 - 953cm-1 are often 

considered as the vibration modes of C-C and C-O stretching and the bending mode 
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of C-H bonds [157]. These bands turned out to be the most intense in the FTIR-

spectrum. Bands at 3300cm-1 , 1630cm-1 and broader peaks centred around 2200cm-1 

were typical bands associated with individual biopolymer components in addition to 

the contributions of the water absorptions [158].  
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Figure 4-11 FTIR spectra for glycerol-plasticized nanocomposites. 

The shift of band 3627cm-1, characteristic band for the free OH group of pristine 

MMT surface, to a lower frequency, 3302cm-1 indicated the occurrence of 

interactions between starch and MMT platelet surface. Comparing the spectra of 

pristine MMT (Figure 4-1) and the nanocomposite (Figure 4-11), the disappearance 

of the broader peak of H-OH stretching of water around  3234cm-1- 3486cm-1 

indicated the replacement of free water in the interlayer of pristine MMT by 

glycerol/starch during the extrusion processing [146] and this corroborated the 

WAXD results that the basal spacing expanded to different extent in all the  

nanocomposite samples ( Table 4-6 ). 
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The presence of new and stronger hydrogen bonding could be evidenced from the 

double peaks at 2919cm-1-2887cm-1 and 999cm-1-992cm-1 in the nanocomposites 

samples when compared with PS [159], inset window of Figure 4-11. The double 

peak of O-C stretching band at 999cm-1-992cm-1 results from bending  both ‘O’ of C-

O-H and ‘O’ of anhydrous glucose ring in starch molecules [160]. Therefore, it could 

be concluded that the extrusion of native starch to nanocomposite included the 

formation of hydrogen bonds and ternary interactions in starch/glycerol/MMT 

system. 

4.4.1.3 1H NMR 

The peak intensity of the 1H NMR spectrum was directly related to the mobility of 

corresponding component. As illustrated in  

Figure 4-12, the peak located in 4.3ppm and 4.1ppm, were assigned to starch and 

glycerol, respectively. Taking one characteristic peak from each component starch 

and glycerol spectra denoted as Istarch and Iglycerol. When comparing the spectra from 

samples contained different amount of glycerol; it is worthy to note the ratio of 

Iglycerol and Istarch increasing upon the glycerol concentration. However, Iglycerol was 

unexpectedly observed to be smaller than Istarch in G105. This indicated that the 

mobility of glycerol molecules was unexpected lower than that of starch chains in 

G105. In other words, the glycerol molecules were strongly ‘locked’ within a firm 

polymeric network. And the mobility of glycerol clearly increased when glycerol 

concentration increased from 5% to 15%. These observations supported the 

hypothesis that a relatively loose morphology was form in a low plasticizer scenario; 

such hypothesis will be further discussed in the integrity analyses Chapter (Chapter 

7).  

Meanwhile, unlike the addition of glycerol which resulted in some peak shift to a 

lower ppm, samples containing only MMT have no effect on the peak position of 

starch, and the same chemical shifts for PS and 2 wt % MMT were observed, Figure 

4-13. 
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Figure 4-12  1H NMR spectra for samples with different amount of glycerol in 

DMSO-d6 at 70C. 
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Figure 4-13  1H NMR spectra for PS and 2 wt % MMT in DMSO-d6 at 70C. 

4.4.2 Morphology observations 

4.4.2.1 Wide Angle X-ray Diffraction (WAXD) and Transmission electron 

microscopy (TEM)  

The WAXD patterns for nanocomposites are shown in Figure 4-14 (a). When 

compared to the pristine MMT (basal spacing value of 11.70 Å), all the 

nanocomposite samples showed increased basal spacing values which was similar to 

the finding in binary systems. The expansion degree from various composites 

indicated the glycerol and starch chain had intercalated into the layer of MMT and 
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forced apart the MMT platelets depending upon the glycerol and MMT interaction. 

The TEM images for a representative sample (G305) clearly supported the statement 

that well intercalated composites with a higher ‘gallery spacing’ was achieved, 

Figure 4-14 (b). The influence of glycerol concentration on expansion of MMT basal 

spacing was revealed based on the loading of MMT, as shown in Table 4-6. 

Furthermore, the expansions of MMT gallery were mainly attributed to hydrophilic 

interactions of MMT particles, and the starch/glycerol hydroxyl groups, since the Δd 

values reasonably agree with the molecule size for glycerol/starch fragments (Table 

4-6). It can be read from Table 4-6, that the MMT gallery spacing increased upon 

increasing the glycerol amount, e.g. the basal spacing value of G105 and G115 are 

16.96 Å and 17.92 Å, respectively.  
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Figure 4-14 (a) WAXD patterns for glycerol-plasticized nanocomposites and (b) 

TEM images for G305-an intercalation/exfoliation co-existed morphology. 

From the WAXD patterns, Figure 4-14 (a), the peak broadening observed with 5 

wt% glycerol plasticizer (both G105 and G305) indicated a higher extent of 

exfoliation morphology in these samples. According to the theory of kinematical 

scattering, peak broadening is caused by either small crystal size or the presence of 

large amount of lattice defects [161]. In other words, the amount of free sites in the 

low-glycerol sample should be higher than the high-glycerol ones due to higher 

lattice defects. Considering the molecular modelling results (appendix) for glycerol/ 

starch/water system, the low-glycerol loading sample showed higher free volume. 

This was solid evidence that more free sites existed in the low glycerol loading 

samples.  

It could be suggested that the broadening of WAXD peaks from the low-glycerol 

loading sample was primarily a result of relatively weak competitive interaction 

between glycerol-glycerol (under a scenario that lack of glycerol) and starch-MMT. 

Furthermore, the peak intensity indicated the total scattering from each plane in the 

crystal structure and directly related to the distribution of MMT platelets structure 

[162]. Therefore, lower intensity of low-glycerol sample also suggested a more 

random distribution of MMT in these samples.  
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Meanwhile, the WAXD results revealed that the (001) peak for MMT became 

sharper upon increasing the glycerol amount (Figure 4-14 (a)); which meant the 

exfoliations were limited. The  possible reason for this behaviour could be that the 

higher glycerol concentration led to a stronger glycerol-glycerol interaction [8] 

which limited/competed with the MMT-glycerol or MMT-starch interactions, thus 

enhanced the intercalation rather than exfoliation (as seen by comparing the WAXD 

patterns for G105 (G305) and G115 (G315). It would be further supported by the 

DSC results in the following section where G105 (or G305) possessed lower Tm than 

G115 (or G315). Because a high Tm could result from either more hydrogen bonds 

formed between relatively low mobility starch and glycerol or a more dense 

polymeric structure (in this study). Under a glycerol-rich scenario, the enhanced 

glycerol-glycerol interactions led to the formation of denser polymeric network thus 

increasing the Tm of the sample.  

4.4.2.2 Small Angle X-ray Scattering (SAXS)  

The raw 2-D SAXS patterns for the ternary composites samples 

(starch+glycerol+MMT) are shown in Figure 4-15. Correspondingly, the SAXS 

profiles are presented in Figure 4-16.   

G210 G220

Intensity Scale Bar
 

Figure 4-15 Raw 2-D SAXS patterns for selected ternary composites; G210 and 

G220. 

Comparing the raw 2-D SAXS patterns for the binary composites samples (Figure 

4-3 and Figure 4-10) and the ternary composites samples (Figure 4-15); no intuitive 

distinctions can be observed. They shared the similar features such as elliptical shape, 

and the ellipticity increased upon the increase of MMT or glycerol. These findings 
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were discussed for the binary composites samples (Page 50 and Page 60). Thus, 

besides the discussions based on the corresponding SAXS profiles (Figure 4-16 and 

Table 4-7), further analysis (the size distribution calculation, Page 78) of the ternary 

composites was carried out to gain a better understanding of the synergistic 

interactions within the ternary system.  

The Bragg peaks occurred at a series of Q values satisfying the relationship 

of
Qd SAXS

2 . The corresponding basal spacing values and the characteristic peak 

for MMT are shown in Table 4-7.  

Table 4-7 Characteristic peak position profiles and calculated basal spacing for 

glycerol-plasticized samples. 

Sample ID PS G010 G020 G105 G115 2 wt %MMT G210 G220 G305 G315 

PMMT - - - 0.35 0.33 0.423 0.33 0.33 0.345 0.325 

Pstarch 0.37 0.352 0.357 All peaks overlapped with PMMT 

SAXSd  (Å)    17.9 19.03 14.85 19.03 19.13 18.20 19.32 

The characteristic peak for starch polymer structure was assigned to be Q=0.37 Å -1 

(the inset window in Figure 4-16) which corresponded to the 100 interhelix reflection 

of the starch polymer and was known to be typical of the B-type crystallinity in 

starch polymer [163]. Furthermore, these values were very similar to the observation 

of Lopez-Rubio et al., where they reported the value of extruded high-starch maize 

starch to be Q=0.375 Å -1 [164]. The slight deviation between the two reported 

values was within expectation because the 100 peak is known to be related to the 

polymer hydration level [165].  

As revealed in Table 4-7, Pstarch (100 inter-helix distances) shifted to a lower value 

when the glycerol concentration exceeded 15 wt%, regardless of the MMT loading. 

These results corroborated the authors’ earlier finding that a ‘threshold’ glycerol 

loading of ~ 12-15 wt% was related to its plasticization effect [81]. Similar to the 

observations made by Grubb et al.[166], only one peak (an overlapped peak from the 

basal spacing of MMT and 100 inter-helix of starch) was observed (Table 4-7). This 

finding indicated the presence of short-range order where the MMT hindered the 

starch/glycerol aggregates to further increase their domain size, which will be further 

discussed in the size distribution section (Page 78). 
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Figure 4-16 SAXS profiles for the PS, starch/glycerol/MMT samples generated from 

NIKA data processing software. 

In addition to the B-type crystals discussed, V-type starch crystals were observed in 

all the extruded composite samples (the inset window in Figure 4-16). This crystal 

consisted of the regular packing of an ordered starch single helix, which was defined 

in the literature  with a diameter of 1.3 nm [167] for dehydrated crystal [1, 168]. The 

V-type crystal peaks were assigned to be 1.28 nm (Q=0.487 Å-1) in the current study.  

4.4.3 Crystallization behaviour  

4.4.3.1 Crystallinity 

As shown in Table 4-6, all the extruded samples showed lower crystallinity values 

when compared to that of the  native high-amylose starch (around 20 wt%) [169]. 

The interplay of two effects that increasing MMT (enhanced the crystallinity value) 

and increasing glycerol (decreased the crystallinity) could be distinguished from the 

crystallinity resulted listed in Table 4-6. The end crystallinity values for different 

samples were dependent on the concentration of MMT and glycerol (formation of 

specific morphologies within the samples), respectively.  

For instance, in the 5% glycerol loading samples (G105 and G305 with a crystallinity 

of 11.39% and 10.1%), based on the hypothesis that the glycerol molecules were 

mainly contributed to the interactions with starch chain, which restricted the mobility 

of starch chains, its corresponding crystallinity values were higher than that from PS 

samples (Xc%=9.39%), Table 4-6.  However, as the glycerol concentration increased, 
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its effect of lowering crystallinity values became dominant and thus lowered the 

crystallinity, such as G315 (Xc%=6.86%) and G220 (Xc%=8.08%). In other words, 

when the concentration of one component (either MMT or glycerol) was relatively 

low, the dominant effect on crystallinity value depended on the high-loading 

component. Such observations further agreed with the argument (put forward in 

above mentioned binary system studies) that the interactions between starch and 

glycerol, which contributed to the formation of specific polymeric network of the 

sample, turned out to be one dominated reason for nanocomposites’ crystallinity. 

However, the crystallinity value for sample G115 (9.62%) was unexpected higher 

than the pure starch sample as indicated in Table 4-6.  

4.4.3.2 Differential Scanning Calorimetry (DSC) 

The complex competitive interactions among starch, MMT and glycerol were 

reflected from the DSC measurement results.  Figure 4-17 compared the typical heat 

flow curve for the PS sample and its bionanocomposites, which emphasises the 

impact of adding both glycerol and MMT on the crystalline phase of these 

bionanocomposites.  
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Figure 4-17 DSC heating curves for the selected samples with varying MMT and 

glycerol contents. 
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Figure 4-17 demonstrated the complex interactions within the starch/MMT/glycerol 

hydrophilic system. The variation in the peak (base and height) indicated that the 

crystallization behaviour was significantly affected by the presence of glycerol and 

MMT which have already been evidenced in the crystallinity section (Page 74) for 

binary system. Two main points can be observed in Figure 4-17, first, the presence of 

low amounts of glycerol (5 wt %) caused the anti-plasticization effect and increased 

the melting point (Tm-G105 > Tm-PS), however, the presence of high loading of MMT 

definitely affecting this behaviour where Tm-G305 < Tm-PS. Second, an increase (5 wt% 

to 15 wt %) in the plasticizer content caused a dramatic increase in the melting 

Figure 4-17.  This could be related to the low crystallinity value of 15%-glycerol 

samples, Table 4-6. The presence of the strong glycerol-MMT interactions at high 

glycerol concentration enhanced the development of a more tighten and dense 

polymeric network as evidenced from the WAXD and SAXS results. Thus, in such 

circumstance, relative larger amount of energy (increased the melting point) was 

required.  

The Tg and Tm value of all the samples are presented in Table 4-6. As mentioned in 

the binary system discussion, neat extruded sample had the highest Tg value, 49.5°C, 

and the Tg value for its nanocomposites were smaller than PS which deviated from 

39.5°C (G315) to 46.7°C (G220). This behaviour was within expectation, because 

the mobility of starch chains was significantly improved upon the addition of a 

plasticizer. And this effect clearly overtook the enforcement effect of MMT 

(increased the Tg value) in the current case. Once again, it should be clearly enough 

to emphasize the dominant effect of glycerol/starch interactions that reflected from 

the well-defined relationship of glycerol loading and Tg value at a fixed MMT 

concentration. As presented in Table 4-6, the Tg value was decreasing ideally upon 

the augment of glycerol loading. Besides, the enforcement of adding MMT was 

revealed as the increase in the Tg value of G210 (46.7°C) than G010 (40.7°C). 

The notable aspect was the suppression of ‘anti-plasticization’ behaviour of glycerol 

composites by addition of MMT which caused an insignificant change in the Tg value 

[96]. Antiplasticization is well known with lower glycerol concentration because of 

strong starch-glycerol interaction that limited mobility and increased Tg. Therefore, 

when comparing the samples with identical glycerol concentration at 5 wt%, 

increasing the amount of MMT (1 wt% comparing to 3 wt% MMT) slightly 
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decreased the Tg value. This could be explained by considering that the MMT was 

able to ‘house’ glycerol molecules such that the interaction between starch chain and 

glycerol was reduced and this improved the chain mobility to some extent by 

hindering the ‘antiplasticization’ effect of low-glycerol system. The Tg values for 

G105 and G305 were 44.97°C and 43.2°C, respectively. 

4.4.3.3 Avrami Equation analyses based on DSC 

The Avrami Equation analyses for ternary system samples were presented in Figure 

4-18. The exponent n and the factor k from Avrami Equation analyses are presented 

in Table 4-8. 

Table 4-8 The exponent n and the factor k obtained from a non-isothermal 

crystallisation analyses for the glycerol-plasticized nanocomposite samples. 

Sample ID G105 G115 G210 G220 G305 G315 

n 0.24 0.28 0.20 0.18 0.22 0.32 

k -0.94 -0.90 -0.63 -0.5 -0.77 -0.35 
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Figure 4-18 Decay of the overall crystallinity based on the non-isothermal 

crystallisation kinetics analysis using the modified Avrami equation for glycerol-

plasticized samples. All plots were corrected for the baseline and offset for clarity. 
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Two key points are highlighted in Figure 4-18. First, the presence of glycerol and 

MMT did not seem to influence the onset temperature for crystallisation (shown by 

the vertical solid line); second, they influenced the presence of heterogeneities within 

the crystalline domains (shown by the slanted dash line 1 and 2), which was most 

likely due to the competitive interactions existed in this complex system. 

Furthermore, change to the slope (dash line 1 and 2) indicated the presence of 

heterogeneous crystalline domain, due to the typical secondary nucleation. Such 

behaviour was caused by the rearrangement of smaller imperfect crystals into larger 

domains, which had been reported previously for other polymer nanocomposites 

systems as well [170].  

Finally, the n values for the composite samples were overall lower than that of the PS 

polymer (n=0.48). The next factor k (related to the rate of crystal growth), which 

showed a large variation was considered to be related to the moisture amount which 

could stroll around within the samples. Because water molecules can facilitate the 

reorganisation process, the most likely reason for the reduced domain growth rate for 

G105 (k=-0.94) and G115 (k=-0.90) sample was the comparatively low moisture 

content, Table 4-6.  

4.4.3.4 Size distribution of the various crystalline domains 

The crystallization behaviour of the ternary system was further investigated by 

analysing the crystalline domain size distribution (Maximum Entropy Method) from 

obtained SAXS profiles. The variation of shapes of the SAXS profile from different 

samples indicated the deviation of size distribution of the samples [171]. Based on 

the theory of SAXS, quantitative analysis could be carried out on the SAXS profiles; 

the only condition being the presence of heterogeneities in electron density 

distribution on Nano scale [155].  
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Figure 4-19 Size distribution calculation result for glycerol-plasticized 

nanocomposites. 

Obtained size distribution profile results (method had been described in the 

Methodology Chapter, Page 46) were shown in Table 4-9. Two domains were 

observed, the diameter of scattering denoted as 
glycerold 1  (around 91.3 Å) and 

glycerold 2
(around 387.9 Å).  

Table 4-9 Radius (Å) from the size distribution calculation by the MEM method for 

glycerol-plasticized samples with both high moisture and low moisture content. 

high moisture samples low moisture samples 

Sample ID glycerolhmd 1 *( Å ) Sample ID glycerold 1
*( Å ) 

glycerold 2
*( Å ) 

HG105 95.8 G105 107.4 389.6 

HG115 102 G115 97 412.6 

HG210 101.3 G210 86.4 369.1 

HG220 108.8 G220 78.6 403.8 

HG305 96.2 G305 93.5 368.2 

HG315 105.9 G315 85.3 384.1 

d *: mean scatter diameter (Å) 

As revealed in Table 4-9, the value of mean scatter diameter for domain one (
glycerold 1

) 

ranged from 78.6 Å to 107.4 Å for different samples. The mean diameter of domain 

one was related to the glycerol/MMT loading since the interactions among 
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starch/MMT/glycerol was influenced by various glycerol/MMT loading. It is 

observed that glycerol-rich samples had a lower value of scatter diameter (
glycerold 1

) as 

seen from Table 4-9. It is clear that increasing the glycerol concentration within a 

‘MMT-rich’ environment resulted in a larger degree MMT intercalation (and thus 

higher basal spacing as seen in Table 4-6), and this was reflected by the decreased 

size in crystalline domain. Such interactions will prevent long-range order in the 

bionanocomposites matrix. Furthermore, drying process led to the removal of 

moisture and allowed the rapid retrogradation of starch chains to form a tighter 

polymeric network [172], and this was proven by the reduced scatter diameter of 

crystalline domain one when compared to the high moisture content samples (Page 

85).  

The observations regarding of the two size domains could be correlated to the well-

defined retrogradation phenomenon which occurred due to the aggregation of starch 

chains during aging [173, 174]. The rearrangements of starch chains became 

dominant upon the drying process and the availability of MMT provided local sites 

for polymer aggregations, thus led to the formation of larger domains (size around 

387 Å (
glycerod 2

) as extracted from the SAXS data, Table 4-9.  

4.5 Role of water molecules indicated from SAXS profiles 

In order to further clarify the role of water molecules in this complex system, another 

set of samples, denoted as HGXX (the prefix H means high moisture) with higher 

moisture content were subjected to synchrotron test. The role of water molecules was 

illustrated in terms of comparing the synchrotron results from the samples at 

different hydration degree.  

4.5.1 Moisture content measurement  

Moisture content measurement results for the high moisture content samples are 

shown in Table 4-10. In the high moisture content samples, increasing glycerol 

concentration retained higher amount of moisture within the matrixes due to the 

typically plasticization effect of glycerol.  
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Table 4-10 Characteristic peak position profiles and basal spacing results (dSAXS) of 

glycerol-plasticized high moisture content samples. 

Sample ID m% Δm*% PMMT Pstarch d SAXS (Å) ΔdSAXS **(Å) 

HPS 30.69 28.47  0.36   

H2 wt %MMT 27.17 20.78 0.287 0.355 21.88 7.03 

H4 wt %MMT 18.47  0.381 o.36 exfoliated  

HG010 22.24 18.07  0.36   

HG020 28.91 26.26  0.320   

HG105 20.24 17.45 0.317 0.357 19.8 1.9 

HG115 26.13 24.16 0.318 0.34 19.74 0.61 

HG210 21.97 18.66 0.320 0.357 19.6 0.57 

HG220 30.65 28.63 0.320 overlap 19.6 0.67 

HG305 26.04 21.3 0.29 0.359 21.66 3.46 

HG315 30.08 26.93 0.313 overlap 20.06 0.03 

*Δm%=m% (high moisture content samples) - m% (low moisture content samples) 

**Δd= d (high moisture content samples) - d (low moisture content samples) 

The moisture content data in Table 4-6 and Table 4-10 indicated two key points. First, 

under a moisture-rich scenario, the presence of glycerol increased the moisture 

retention within the polymer matrix, regardless of the presence of MMT (analysis of 

values of m% (high moisture) row-wise). This behaviour was expected because the 

typical hydrophilicity of glycerol attracted and stabilized a greater amount of water 

molecules. Second, when the same samples were subjected to drying treatment, the 

difference in the moisture content values (Δm %) demonstrated that the samples with 

10 wt% or higher amounts of glycerol had lower moisture within the samples 

(because the Δm values were larger). This highlighted the stronger starch-glycerol 

interaction, which can cause glycerol to replace some of the structure water 

molecules in the starch polymer matrix. Furthermore, based on the well-known 

tortuous pathway theory [19, 105] for moisture migration, the high-MMT loading 

samples were supposed to show relatively higher moisture content. In other words, 

the moisture migration behaviour was affected by the addition of MMT, which 

helped retain higher amounts of moisture in the MMT-rich samples.  

4.5.2 SAXS results for PS ,starch+glycerol and starch+MMT samples with high 

moisture content 

The raw 2-D SAXS patterns from the selected representative high moisture content 

samples are shown in Figure 4-20. 
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Figure 4-20 Raw 2-D SAXS patterns for PS, starch/glycerol and starch/MMT from 

high moisture samples. 

As shown in Figure 4-20, same as the low moisture content samples, the scattering 

patterns were greatly influenced by the presence of MMT or glycerol and their 

respective concentrations. The shape of scattering pattern for HPS changed from 

circle to ellipse when glycerol concentration reached 20 wt% (however, similar 

shapes was observed for HPS and HG010). This was different from the observation 

from the low moisture content samples. Furthermore, the deviation in the ellipticity 

between G200 and HG200 (and between G400 and HG400) reflected the 

heterogeneity difference within the lamellar structure that resulted from the removal 

of water molecules. In the study of Grubb et al., higher intensities of the SAXS 

profiles were observed for hydrophilic nylon-6 fibres after dehydration [166], which 

suggested that the lamellar structure can be enhanced by controlled drying (removal 

of water from the polymer matrix) because the removal of water molecules can allow 

the polymer structure to coalesce. 

The removal of free water from the bionanocomposites samples significantly 

impacted the polymer-polymer and polymer-glycerol interactions. Removal of the 

free water led to greater intercalation (decrement of basal spacing from 21.88 Å to 

14.74 Å for HG200 and G200, respectively) since the water molecules ‘trapped’ 
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between MMT and starch polymer and/or in MMT galleries were pushed out. Similar 

observation was found in the work on the interaction of water with synthetic saponite 

clay sample, where hydration levels influenced the basal spacing [175].  
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Figure 4-21 SAXS Profiles for PS, starch/glycerol and starch/MMT from high 

moisture samples. 

Together with the SAXS profiles from the high moisture content samples (Figure 

4-21), the well-defined ‘broaden shoulder’ around Q=0.04-0.05 Å-1 corresponding to 

the long periodic structure of processed starch polymer [156] was observed in all the 

high  moisture content samples. Such a ‘shoulder’ typically corresponded to the long 

periodic structure of processed starch polymer [156]. For the samples with higher 

moisture content, such observation typically meant that higher plasticizer 

concentration (both glycerol and water) allowed larger 3-dimensional periodic 

growth. Shamai et al.[176] had earlier discussed the disappearance of a shoulder in 

the low moisture content starch samples and how this disappearance reflected the 

retrogradation behaviour. The typical reorganisation of a polymeric network tended 

to form different domain sizes, which do not aggregate to form a long-range ordered 

structure. Thus, in the absence of moisture, this morphology was possible due to the 

strong starch-glycerol interactions that allowed the glycerol molecules to replace the 

water molecules at starch-water interaction sites and result in the formation of two 

different sized crystalline domains (Page 78).  
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As read from Table 4-10, The 100 interhelix characteristic peak for starch was 

assigned at Q=0.36 Å -1 for the high moisture content sample. Using Bragg’s 

calculation, the interhelix domain showed an increase from 16 Å (PS) to 17.9 

Å(HPS), and this result was in agreement with Cleven et al.’s work where  the 

diffraction peaks for B-type starch shifted toward greater lattice spacing with 

increasing hydration degree of the sample [177].  Unlike only tiny difference of 

Pstarch observed between HG010 and HG020, Pstarch shifts from 0.36 (HPS) to 0.32 

(HG020) when the glycerol concentration increased 20 wt%, Table 4-10. This 

dramatically increased interhelix spacing of starch polymer under water-rich scenario, 

could be reasonably explained by the stronger polymer-water coalesce on top of the 

plasticization effect from glycerol.  

4.5.3    SAXS results of  samples starch+glycerol+MMT with high moisture 

content  

The SAXS profiles of high moisture content ternary nanocomposites are shown in  

Figure 4-22, and HPS and H2 wt % MMT are included as well. 
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Figure 4-22 SAXS Profiles for PS, starch/glycerol/MMT samples with high moisture 

content generated from NIKA data processing software. 
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The size of V-type crystal in the high moisture content sample was assigned to be 

1.36nm which was slightly larger than that from the low moisture content samples, as 

shown in the inset window in  

Figure 4-22. The removal of free water molecules resulted in the disappearance of 

the broad ‘shoulder’ (short-range order peaks which appears at Q≈15.5nm) found in 

the high moisture content samples as well as the change from circular diffraction 

pattern to elliptic pattern. The drop in moisture content was in accordance with the 

changes in the SAXS intensity peak which both emphasize the role of water, and 

similar conclusions are found in Grubb et al. work [166].  

Unlike the low moisture content samples, where PMMT   and P starch were overlapped, 

two well-separated peaks (from basal distance of MMT and 100 interhelix distances 

for starch polymer), in the inset window in  

Figure 4-22, were observed in all the high moisture content samples. As compared 

from the basal spacing results, dehydrated (low moisture content) samples possessed 

a overall smaller basal spacing value when compared to the high moisture content 

samples; for example, 19.8 Å (HG105) and 17.9 Å (G105). This could be attributed 

to the loss of “trapped” water molecules during drying.  

4.5.4 Size distribution of the various crystalline domains 

The crystalline size distribution results for high moisture content samples were 

shown in Figure 4-23. Only one domain ( glycerolhmd 1 ) sized around 101.7 Å was 

observed, Table 4-9. 
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Figure 4-23 Size distribution calculation result of starch/glycerol/MMT 

nanocomposites for high moisture samples by MEM method. 

Mean scatter diameter for crystalline domain ( glycerolhmd 1 ) ranged from 95.8 Å to 

108.8 Å which was overall larger than that from the low moisture content samples, 

Table 4-9. The larger domain size for the high moisture content samples indicated 

that the long-period decreased upon drying, and similar observation were reported in 

Grubb et al.’s work where the periodicity decreased from 10.2nm to 9.8nm in dry  

Nylon-6 fibres [166]. It is observed that glycerol-rich and high moisture system have 

a higher value of scatter diameter ( glycerolhmd 1 ) due to the stronger glycerol-water 

interactions which slightly expanded the domain size.  

The hypothesis that emergence of the larger domain resulted from the rapid 

retrogradation of starch chains upon drying was further confirmed by the observation 

that only one domain was observed in the moisture-rich samples. In the presence of 

excess water or glycerol (which strongly interacted with the starch polymer), 

retrogradation was hindered since the interactions from starch/glycerol/water 

restricted the moisture redistribution, as suggested by Schiraldi et al. [178]. The 

presence of moisture and plasticizer limited the starch-starch interactions and 

prevented the retrogradation in the high moisture content samples, which prevented 

the formation of the larger domains ( glycerold 2  observed in the low moisture content 

samples).  



87 
 

Summary  

The synergistic interaction in the glycerol-plasticized nanocomposite was studied via 

various characterization methods. The combined influence of glycerol (1-20 wt %) 

and MMT (1-3 wt %) loading on the characteristics of extruded starch 

nanocomposites which directly reflected the interaction tendentiousness and strength 

under different scenarios were studied separately. Important conclusions can be 

drawn as follows. 

1. The glycerol/MMT interaction was the dominating factor for achieving basal 

spacing expansion of MMT. However, this gallery spacing was also significantly 

influenced by the glycerol/glycerol interactions which will compete with the 

glycerol/MMT interactions and led to a more intercalated morphology.  

2. The strong interaction of starch/glycerol resulted in the decrease in the Tg values 

within the antiplasticization ‘threshold’ of glycerol. Furthermore, incorporation 

of MMT successfully balanced the starch/glycerol interaction and hindered the 

antiplasticization of glycerol.  

3. The interplay of glycerol and MMT within the nanocomposites was reflected 

from the evaluation results of crystallization behaviour via Avrami Model which 

highlighted the main effect of MMT lied on modifying the crystallization 

mechanism rather than crystal growth rate, but glycerol could affect both. 

These discussions suggested the polymeric network formation was determined by the 

system-specific dominate interaction took placed. The analysis also indicated that 

competitive interactions among starch/glycerol/MMT resulted in different behaviours 

in terms of the MMT basal spacing and the crystalline domain size distribution 

profile for different samples. More studies which employed xylitol as plasticizer are  

illustrated in the next Chapter. 
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Chapter 5  

Xylitol Plasticized  
High Amylose Nanocomposites 

Chapter outline 

Xylitol, with five hydroxyl groups, was the second plasticizer selected in the current 

study. Based on the discussions in Chapter 4, it can be concluded that one of the core 

factors influencing the synergistic interactions was the hydrophilicity (the number of 

–OH) of the plasticizer. In this Chapter the importance of the intrinsic chemistry 

(crystallization ability and intermolecular hydrogen bonding force) turned out to be 

another factor that significantly influenced the interactions within the xylitol-

plasticized starch system. Furthermore, the molecular size of the plasticizer turned 

out to be another significant element that contributed to the distinct behaviour in two 

systems. For instance, the crystallization behaviour of xylitol-plasticized samples 

was greatly different to that from glycerol-plasticized samples. The crystal growth in 

xylitol system was disrupted and tended to form smaller crystals with a higher 

crystallinity value. Such hypothesis was also supported from the high Tm of xylitol-

plasticized samples.  

The discussion structure in this Chapter followed the same structure presented in the 

glycerol- plasticized samples Chapter (Chapter 4). Different binary systems will be 

discussed separately (the xylitol+MMT system and starch+xylitol system) followed 

by investigations into the complex ternary system (starch+xylitol+MMT). 

Conclusions have been drawn based on the relevant discussions and presented at the 

end of the chapter. 
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5.1 Starch+MMT system  

This binary system (starch+MMT) had been studied in Chapter 4 (glycerol- 

plasticized system) sections 4.1 (Page 50). Please kindly refer to the indicated section 

for detailed information.  

5.2 Xylitol+MMT system 

Similar to glycerol+MMT study, the interactions between xylitol and MMT was 

carried out via investigation of the samples that were prepared at different 

xylitol:MMT ratio by sonication. The experimental results including intermolecular 

interactions (FTIR) and morphological observation (WAXD) are presented as 

follows. 

5.2.1 Intermolecular interactions  

Overall, the finding in this section was similar to that from glycerol-plasticized 

system. The disappearance of free ‘OH’ groups band vibration (band 3627 cm-1, 

which indicated the existence of free ‘OH’ groups) of MMT clearly demonstrated 

that interactions took place between MMT and the xylitol upon sonication, Figure 

5-1. The xylitol molecules penetrated into the ‘gallery’ of stack-like MMT via 

hydrogen bonding formation. 
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Figure 5-1 FTIR results for MMT: Xylitol samples at 1:1, 1:2, 1:3 and 1:4 ratios. 
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As mentioned in previous Chapter (Page 66), lower the peak frequency, the stronger 

the interaction [62], xylitol-plasticized samples showed a generally lower frequency 

in terms of the –OH band from FTIR spectra, Table 5-1.  

Table 5-1 Summary of –OH band for glycerol/xylitol-plasticized samples (cm-1) 

 1:1 1:2 1:3 1:4 

Glycerol 3334.07 3279.22 3312.83 3307.65 

Xylitol  3183.45 3168.63 3158.01 3159.56 

The observed low frequency of xylitol-plasticized sample clearly presented stronger 

interactions with MMT via sonication. This was related to the relatively weaker 

intermolecular hydrogen bonding of xylitol plasticizer due to the low boiling point of 

xylitol; see the methodology section for relevant parameters for different plasticizers 

(Page 34). This will be further covered in the discussion of ternary system. 

5.2.2 Morphological observations  

Comparing the WAXD results of all the prepared samples, Figure 5-2, the value of 

basal spacing for xylitol samples showed an inverse proportionality to the xylitol 

loading, where an equal loading (1:1) of MMT: xylitol achieved a 18.23 Å basal 

spacing, but this value decreased to 17.77 Å for 1:4 MMT:xylitol sample.  In other 

words, at higher concentrations of xylitol, the increased interaction restricted 

MMT/xylitol interaction. This was suggested to result from the competed interaction 

of xylitol/xylitol and xylitol/MMT at a xylitol-rich scenario. 

Compared to the results obtained for glycerol-plasticized samples, the low basal 

spacing value of glycerol-plasticized might indicate that when the glycerol loading 

was low, there was not enough –OH sites for interactions between MMT and 

glycerol, thus resulting in lower gallery spacing than the xylitol-plasticized samples. 

This will be further discussed in the ternary system. 
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Figure 5-2 WAXD Patterns for MMT:xylitol samples at 1:1, 1:2, 1:3 , 1:4 ratio and 

Pristine MMT. 

5.3 Starch + xylitol system 

Two samples were produced with 10 wt% (X010) and 20 wt% (X020) xylitol 

according to the DOE for studying the interactions within the starch+xylitol system. 

The obtained characterization results are presented as follows. 

5.3.1 Intermolecular interactions  

5.3.1.1 Water isotherm 

Same method had been applied in the starch+glycerol which include water isotherm, 

GAB Model evaluation, morphological observation and crystallization behaviour 

studies.  

An ‘inversion’ phenomenon, defined in the glycerol-plasticized sample section (Page 

61), was observed in the xylitol samples as well; where higher xylitol loading 

samples retained lower amount of moisture at low aw values. But as the value of aw 

increased, the relationship between the moisture content water and the xylitol content 

was inversed, Figure 5-3. The difference when applying xylitol as the plasticizer was 

that the inversion point increased to ~ 0.61 instead of 0.55 in glycerol-plasticized 

samples.  
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Figure 5-3 Water isotherm experimental results and GAB fitted data for X010 and 

X020. 

5.3.1.2 GAB Model for isotherm data 

The GAB equation analysis was completed to understand the isotherm behaviour; relevant 

results are shown in Table 5-2.  

Table 5-2  GAB Fitting Parameters for tested samples. R2 > 0.88. 

Name 
mw C K 

PS 0.092 46.243 0.669 

X010 0.068 45.452 0.862 

X020 0.058 30.708 0.930 

In Table 5-2, parameter mw  denotes the moisture content value that corresponds to a 

‘monomolecular layer’ of water to cover the whole polymer surface. The K 

parameter increased with increasing plasticizer content. This indicated that in terms 

of the equilibrium between the polymer and the plasticizer, greater plasticizer content 

can be accommodated within the polymer matrix by increasing the temperature. The 

molar sorption enthalpy values, highlighted by parameter Cshows that, there is no 

significant effect as the plasticizer content is increased.  

Different to the observations in glycerol-plasticized samples, the GAB model for 

xylitol-plasticized showed good correlation with the experimental data for the full aw 

range. A possible reason for this could be the relative weaker moisture sensitivity of 
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xylitol (lower hydrophilicity and hydroscopicity) when compared to glycerol. 

Therefore, the separation of starch and amylopectin at high aw condition was not that 

obvious which ensured the good prediction of GAB model on the xylitol-plasticized 

samples.  

5.3.2 Crystallization behaviours  

5.3.2.1 Differential Scanning Calorimetry 

The DSC results, Table 5-3, indicated that the addition of xylitol decreased the Tm 

value. Tm value for xylitol-plasticized samples decreased from 219(PS) to 209(10% 

xylitol) and 215 (20% xylitol) due to the typical plasticization effect of xylitol When 

considering the antiplasticization ‘threshold’ for xylitol (around 22%) and glycerol 

(reported to be around 13%), the distinctness of tendencies of the Tm changes could 

be explained.  The sudden decrease of Tm  in G020, from 184 to 171, was due to the 

shift from ‘antiplasticization region’ to ‘plasticization region’ of glycerol and the 

reason for no obvious changes between the Tm  value for X010 and X020 was that the 

xylitol concentration was still within the ‘antiplasticization region’ of the xylitol 

plasticizer.  

5.3.2.2 Avrami Equation analyses based on DSC 

Furthermore, the Avrami equation analyses results for PS, X010 and X020 are shown 

in Table 5-3. It could be read from Table 5-3, in the xylitol-plasticized system, that 

the effect of xylitol on the crystallization behaviour was more impacted on the 

crystallization mechanism aspect since the n parameter was greatly dependent on the 

xylitol concentration, the n parameter for X010 and X020 were 1.038 and 1.508, 

respectively. The influence of xylitol on the crystallinity of corresponding samples 

can be further evidenced from the high crystallinity value of high xylitol-loading 

samples in the ternary system, Table 5-4. The unique stronger crystallization ability 

of xylitol plasticizer will be further discussed together with the glycerol-plasticized 

samples in the integrity analyses chapter (chapter 7). However, the other parameter, 

k, was significantly larger than that of PS. This suggested that the crystal growth rate 

was larger in the xylitol-plasticized samples.   
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Table 5-3 Exponent n and the factor k obtained from a non-isothermal crystallisation 

analysis for the PS, X010 and X020 samples. 

Sample Tm, C n k 

PS 219 0.48 -1.47 

X010 209 1.038 -0.21 

X020 215 1.508 -0.476 

5.4 Starch +Xylitol+MMT nanocomposites system 

5.4.1 Intermolecular interactions  

5.4.1.1 FTIR results 

Several similar findings were observed, Figure 5-4, including the  shift of band from 

3627cm-1 to 3302cm-1; the disappearance of the broad peak of H-OH stretching 

associated with water around 3234cm-1- 3486cm-1 . These observations are 

corroborated with the WAXD results that the basal spacing expanded to different 

extent in all nanocomposite samples, Table 5-4.  
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Figure 5-4 FTIR spectra for PS, pristine MMT and xylitol-plasticized 

nanocomposites. 
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Furthermore, the presence of new and stronger hydrogen bonding was evidenced 

from the double peaks at 2919cm-1-2887cm-1 (inset window A of Figure 5-4) and 

999cm-1-992cm-1  (inset window B of Figure 5-4) in nanocomposites samples when 

compared to PS [159]. Additionally, the double peak of O-C stretching band at 

999cm-1-992cm-1 resulted from bending both ‘O’ of C-O-H and ‘O’ of anhydrous 

glucose ring in starch molecules [160].  

5.4.2 Morphology observations  

5.4.2.1 Wide Angle X-ray Diffraction (WAXD) and Transmission Electron 

Microscopy (TEM)  

The WAXD patterns for the prepared samples, in Figure 5-5, showed that the basal 

spacing of all the samples increased to different extents regardless of the MMT 

content. The basal spacing value also suggested that starch and/or xylitol molecules 

had successfully migrated into the gallery of MMT. This was because the molecule 

sizes for xylitol/starch fragments reasonably agreed with the Δd values observed 

(Table 5-4).  

Table 5-4 Basal spacing, crystallinity, glass-transition temperature (Tg) and melting 

temperature (Tm) for xylitol-plasticized nanocomposites. 

Sample ID X105 X115 X210 X220 X305 X315 X410 X420 

Xc*(%) 7.05 11.4 13.4 11.26 9.7 9.34 10.09 9.01 

Tg (°C) 55.7 49.6 56.25 39.7 58.5 50.6 50.0 48.6 

Tm (°C) 218 204 233 237 133 153 213 246 

basal spacing (Å) 17.3 18.7 17.6 18.3 17.0 18.7 17.9 17.6 

*crystallinity calculated from the method described in Ref [147]. 
 

It could be read from Table 5-4 that, the basal spacing value increased upon 

increasing of xylitol and MMT. Correspondingly, X420 possessed the highest basal 

spacing value of 17.85Å due to the hydrophilic starch and xylitol plasticizer. 

Meanwhile the TEM images for the representative samples (X410 and X420) are 

shown and it is representative of most of the samples that achieved mixed 

morphologies. Well intercalated morphologies with a higher ‘gallery spacing’ were 

obtained in the current study, Figure 5-5 (b).  

The broadening of MMT characteristic peak occurred in all the samples with xylitol 

concentration less than 10% (X105, X210, X305 and X410). Such observation was 
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significantly different to what was found in the glycerol-plasticized samples, where 

the broadening of this peak occured in the 5% plasticizer loading samples only. In 

other words, in the xylitol samples, the well-recognized crystalline domain can only 

be observed with a xylitol-plasticized loading larger than 10% instead of 5% in the 

glycerol-plasticized samples. Such observation could be correlated with the 

crystallization behaviour that is induced by the intrinsic chemistry of xylitol 

plasticizer, which will be further discussed in the crystallization mechanism analysis 

section (Page 102). On the other hand, the sharp peaks presented in the WAXD 

patterns for the high xylitol loading samples suggested that stronger starch/xylitol 

interaction became dominant and enhanced the extent of MMT intercalation rather 

than exfoliation.  
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X420

 

Figure 5-5 (a) WAXD diffractograms for xylitol – plasticized samples; (b) TEM 

images for X210 and X420. 

5.4.2.2 Small Angle X-ray Scattering (SAXS)  

The raw 2-D SAXS patterns for the representative xylitol-plasticized composites are 

shown in Figure 5-6.  
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X210 X410

Intensity Scale Bar
 

Figure 5-6  Raw 2-D SAXS patterns for X105/X305 and X210/X410. 
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As shown in Figure 5-6 the scattering patterns (shape and the intensity) of the 

samples were greatly influenced by varying the loading of MMT or xylitol. The 

shape of the scattering pattern changed from approximately circular (X105) to 

obviously elliptical (X410), which reflected the growth of lamellar structure/ 

crystalline domains distinctness within the composites. Furthermore, the 

heterogeneity across the polymeric network could be reflected on the scattering 

intensity from different samples due to the crystalline size differences and their 

electron-density heterogeneities [155]. The SAXS profiles for the obtained samples 

are shown in Figure 5-7. 
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Figure 5-7 SAXS Profiles for xylitol-plasticized samples. 

Figure 5-7 showed that higher intensity was observed in the nanocomposite samples 

as compared to PS, which further supported the argument that the presence of xylitol 

or MMT favoured the growth of lamellar morphology within the polymeric network. 

SAXS patterns for the V-type starch crystal was observed in all the extruded starch 

samples, seen in the inset window of Figure 5-7. The intensity of scattering increased 

with the MMT loading was attributed to the typical lamellar structure of the MMT, as 

seen in Figure 5-7 (intensity of X410 was larger than X210 and X305 was larger than 

X105). Regarding the influence of xylitol (at a fixed MMT loading) concentration on 

MMTs’ basal spacing SAXSd , it was observed that the SAXSd value increased upon 
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increasing xylitol loading except in the 4% MMT samples, where X410 possessed a 

higher SAXSd than X420 (19.8Å and 19.3Å, respectively).  

We also compared the basal spacing SAXSd for xylitol-MMT assemblage to that 

obtained from glycerol-plasticized samples, Table 5-5. As read from Table 5-5, the 

main tendency of the value of SAXSd was that, the SAXSd of MMT increased upon the 

concentration of MMT and plasticizer.  Furthermore, together with the WAXD 

results for samples plasticized by different plasticizer, the SAXSd was primarily 

determined from the molecular size of the plasticizer.  

Table 5-5 Comparison of basal spacing ( SAXSd ) results for glycerol, and xylitol-

plasticized samples from SAXS measurements. 

Sample ID 105 115 210 220 305 315 410 420 

Glycerol 17.9 19.03 19.04 19.13 18.2 19.32   

xylitol 18.8 19.3 19.23 19.8 18.3 19.55 19.8 19.3 

 

5.4.3 Crystallization behaviours 

5.4.3.1 Crystallinity 

As mentioned in the glycerol Chapter (Page 74), the crystallinity values were 

dependent on the interplay of two effects: increasing MMT (enhanced the 

crystallinity value) and increasing plasticizer concentration (decreased the 

crystallinity). Same principle could be applied in the xylitol-plasticized system as 

read from the crystallinity results in Table 5-4.  

Briefly; all the extruded samples showed a lower crystallinity value compared to that 

of the native high-starch starch (around 20%) [169], Table 5-4, and influenced by the 

xylitol concentration. The addition of xylitol decreased the Xc%, e.g., the Xc% 

decreased from 7.48 % (PS) to 5.3% after adding 20 wt% xylitol (X020). The 

incorporation of MMT led to a higher crystallinity value regardless of the plasticizer 

content due to the well-defined nucleating effect of the presence of nanofiller [179, 

180]. Meanwhile, the plasticization effect of xylitol was seen from the decrease of 

Xc% with increasing xylitol concentration at a constant MMT loading (except for the 

1% MMT samples). For example, Xc % decreased from 10.09 % to 9.01% for X410 
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and X420. This trend was also valid for samples with 2 wt% and 3 wt% MMT, as 

seen in Table 5-4.   

Furthermore, considering the crystallinity values from the same-formula samples 

plasticized by glycerol and xylitol, it was surprise to find that the crystallinity value 

of xylitol-plasticized sample were significantly higher than that from glycerol-

plasticized one.  Meanwhile, in WAXD results, the well-recognized crystalline 

domain can only be observed with a xylitol loading larger than 10% instead of 5% in 

the glycerol-plasticized samples. This will be discussed in detail in the integrity 

analysis chapter (chapter 7).  

These two observations strongly suggested that in xylitol-plasticized system, the 

crystallization process was significantly different to that of glycerol-plasticized 

systems. In xylitol-plasticized system, the form of crystal were likely to be smaller 

(broadened WAXD pattern) but the totally amount of crystal, higher Xc % values, 

was larger than glycerol-plasticized systems. Such assumption will be further 

verified in the following Avrami Modelling section (Page 102).  

5.4.3.2 Differential Scanning Calorimetry (DSC) 

On top of the similar observations found in glycerol plasticizer system, the addition 

of xylitol also decreased the Tg value for the system. For example, it decreased from 

49.5°C to 38.4°C for 20 wt% xylitol (X020). This was due to the plasticizing effect 

that improved the mobility of the starch polymer chains, as shown in Table 5-4, 

which was different to the observation in glycerol-plasticized nanocomposite 

samples where the value of Tm increase upon increasing glycerol amount. The 

melting point of xylitol-plasticized samples varied depended on the MMT-loading. 

When the MMT loading was low (less than 2%), Tm value decreased upon increasing 

xylitol concentration, Figure (a); however, this tendency was inverse in the MMT-

rich circumstance, Figure 5-8  (b). No well-defined trend was observed of the value 

of Tm. For instance, in the 1wt% MMT loading sample, Tm value decreased from 

218 °C to 204°C after increasing xylitol to 15%, however this value increased from 

130 to 160 °C in the 3wt% MMT loading samples, Table 5-4. Such observation 

meant that a higher loading of xylitol led to a tighter polymeric network when the 

MMT amount was larger than 2 wt%. The Tm value for X210/X220 and X410/X420 

were 233°C /237°C and 213°C /246°C, respectively.  
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The rather random and unpredictable Tm value of xylitol-plasticized sample was a 

vivid evidence of the influence of the unique chemistry of xylitol (stronger 

crystallization ability and weaker intermolecular hydrogen bond). The xylitol/starch 

interactions seemed to become even stronger upon the addition of MMT (larger than 

2%) which resulted in the high Tm values in the high xylitol loading samples. The 

above mentioned starch/xylitol interaction and the reduced mobility of the polymer 

can be further seen in the High MMT-High Plasticiser samples (246°C for X420), 

which strongly indicated the starch/xylitol and xylitol/MMT interactions.  
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Figure 5-8 DSC heating curves for the xylitol-plasticized samples. 

It could be read from Figure 5-8, that the Tm increased upon increasing the xylitol 

concentration at a MMT-rich scenario as well as the melting enthalpy (the peak 

width and height). This was different to the observation in glycerol-plasticized 

system but same to the sorbitol-plasticized system will be discussed (Page 129). 

Therefore, the argument that the decrease of Tm at a low MMT scenario was related 

to the antiplasticization ‘threshold’ of applied plasticizer was confirmed in the 

xylitol-plasticized system. Since xylitol was reported to possess a higher 

antiplasticization effect (larger than 20%) than glycerol (~12%), it was within 

expectation that the Tm value decreased in low MMT samples. Such phenomena will 

be further discussed in the integrity analyses (based on the type of plasticizers) 

Chapter (Chapter 7).  

5.4.3.3 Avrami Equation analyses based on DSC 

The Avrami Equation analyses for this ternary system were carried out .Based on the 

non-isothermal crystallization kinetics analysis; similar to what was mentioned in the 

glycerol-plasticized sample Chapter (Page 77) the linear regions from crystallization 

kinetics analyses were distributed over different time-lengths. Meanwhile, the onset 

temperature was not greatly influenced by either the present of MMT/xylitol or its 
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relative ratio. The exponent n and the factor k from Avrami Equation analyses are 

presented in Table 5-6. 

Table 5-6 The exponent n and the factor k obtained from a non-isothermal 

crystallisation analysis for nanocomposite samples plasticized by xylitol 

Sample ID X105 X115 X210 X220 X305 X315 X410 X420 

n 0.71 0.73 052 0.50 2.62 1.42 1.11 0.61 

k -1.21 -1.4 -1.69 -1.32 -4.26 -2.38 -2.91 -1.12 

 

As read from the results from Table 5-6, the n values for the composite samples were 

differed from that of the PS which confirmed the suppressed domain size of the 

crystalline region. In other words, a relatively random polymeric network formed in 

xylitol-plasticized composite samples when compared to glycerol-plasticized 

samples. It was notable to compare the n value from xylitol-plasticized samples and 

the glycerol-plasticized (Table 4-8) samples; the n value extracted from the xylitol 

samples was obviously lower than that from glycerol-plasticized samples. Based on 

the concept that n parameter presented the mechanism of crystal formation, the larger 

n values (from glycerol-plasticized samples) presented a different crystalline 

mechanism when compared with the xylitol-plasticized samples. And this was in fair 

conformity with the results obtained in the morphological observation section (Page 

95).  The next parameter k (related to the rate of crystal growth) was smaller than that 

of glycerol-plasticized samples. Variation among different samples ranged from -

0.85(X115) to -3.59(X410) and no obvious tendency was observed.  

5.4.3.4 Size distribution of the various crystalline domains 

The size distribution profile results are shown in Figure 5-9. Two domains were 

observed in all the samples, where the diameters of scatters were denoted as 

xylitiold 1 (around 104.1Å, domain 1) and xylitold 2 (around 350.5Å, domain 2), Table 5-7. 

Further, as per common knowledge, the presence of MMT provided local sites for 

polymer aggregation and led to the formation of the larger domains. The re-

aggregation of certain number of silicate layers into ordered domains during drying, 

which gave rise to the appearance of extra crystalline domain could further support 

he observation that two domains were found  in the dehydrated samples .  
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 X105 X210 X220 X305 X410 X420 

1d  ( Å ) 
119.35 98.26 95.07 101.02 106.34 348.11 

2d *( Å ) 
375.3 364.06 345.6 350.76 104.29 338.6 
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Figure 5-9 Size distribution calculation result for starch/xylitol/MMT 

nanocomposites. 

As shown in Table 5-7, the mean scatter diameter for xylitiold 1  ranged from 95.3Å to 

119.4Å. The value of xylitiold 1  decreased with increasing xylitol amount. In addition, 

under a ‘MMT-rich’ environment, a higher xylitol concentration resulted in an 

increased starch-xylitol interaction, and limited the overall MMT intercalation. Such 

interactions were supposed to limit long-range order in the bionanocomposites 

matrix [172]. Furthermore, the MMT/xylitol interactions led to the formation of 

small crystalline domains due to the nucleating effect of MMT. Additionally, this was 

reflected in the reduced scatter diameter with changing xylitol concentrations.  

Table 5-7 Radius values (Å) from size distribution calculated by MEM method for 

xylitol-plasticized low moisture content samples. 

Sample ID xylitiold 1 *( Å ) xylitold 2 *( Å ) 

X105 119.3 357.7 

X210 98.3 364.1 

X220 95.1 345.1 

X305 101.2 350.1 

X410 106.3 348.1 

X420 104.3 338.6 

* d : mean scatter diameter (Å) 
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The impact of modifying the MMT with the xylitol-plasticizer was observed in 

domain size difference of xylitol-plasticized sample and the glycerol-plasticized 

samples. It could be read from Table 5-7 that xylitold 1  of xylitol-plasticized samples 

are higher than glycerol-plasticized glycerold 1 , however , xylitold 2  from xylitol sample 

turned out to be smaller than glycerold 2 . This was because the high molecular mobility 

of the glycerol present in the polymeric network occupied more free cavities and 

induced the formation of relatively larger crystalline domain.   

5.5 Role of water molecules indicated from SAXS profiles 

Another set of samples, denoted as HGXX (the prefix H means high moisture) with 

higher moisture content was subjected to synchrotron test. The role of water 

molecules within this ternary system was illustrated in terms of comparing the SAXS 

results from the samples with different moisture content.  

Table 5-8 SAXS characterization results extracted from NIKA Diffraction data 

processing software and Radius (Å) from size distribution calculated by MEM 

method for xylitol-plasticized samples . 

Sample ID 

SAXS profiles Size distribution results 

PMMT (nm-1) Pstarch (nm-1) dSAXS (Å) xylitolhmd 1  ( Å ) 

X105 0.293 036 21.43 93.6 

X210 0.301 0.37 20.86 96.6 

X220 0.301 0.361 20.86 84.3 

X305 0.309 overlapped 20.32 94.7 

X410 0.292 0.69 21.5 95.2 

X420 - 0.37 exfoliated 94.6 

 

5.5.1 SAXS results of starch+xylitol+MMT samples with high moisture content 

The raw 2-D SAXS patterns from the selected representative high moisture content 

samples are shown in Figure 5-10. SAXS profiles of high moisture content 

nanocomposites are shown in Figure 5-11. 
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Figure 5-10 Raw 2-D SAXS patterns for selected xylitol-plasticized samples at high 

moisture content. 
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Figure 5-11 SAXS Profiles for PS, starch/xylitol/MMT samples with high moisture 

content generated from NIKA data processing software. 

Together with the SAXS profiles from the high moisture content samples (Figure 

5-11 the well-defined ‘broader shoulder’ around Q=0.04-0.05 Å-1 corresponding to 

the long periodic structure of processed starch polymer [156] was observed. 
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Meanwhile, similar observations such as larger basal spacing (observed to be larger 

than glycerol-plasticized samples, but smaller than sorbitol-plasticized samples, 

Table 5-8) and two well separate characteristic peaks for starch and MMT were 

noticed in this system.  

The most significant specific behavior of the xylitol-plasticized high moisture sample 

was that in 4% MMT samples, a fully exfoliated morphology was obtained upon 

hydration , inset window of Figure 5-11. This notable finding indirectly indicated 

that the water molecules were of great importance and contributed to the synergistic 

interactions. As discussed in the glycerol -plasticized systems,  the importance of 

water molecules mostly lay on its ability to scroll within the polymeric network and 

balance the heterogeneity. The morphology of the xylitol-plasticized system  featured 

as smaller crystal size and it could be concluded that the optimized results of the 

balancing effect of water molecule occurred in 4% MMT xylitol-plasticized samples 

(fully exfoliated morphology).   

In xylitol-plasticized system, the interaction of xylitol/starch in the presence of 

moisture was relatively stronger than xylitol/starch interaction due to weaker 

intermolecular hydrogen bond force of xylitol crystal. Furthermore, when the MMT 

concentration was high enough, 4 wt% in the current study, on top of the bridge 

effect (bridging role for fulfilling the cavities within the polymeric network) (Page 

139) of water molecules, the relative stronger water/starch interaction probably 

resulted in the redistribution of the MMT platelets and led to the formation of a fully 

exfoliated morphology which has been illustrated in Figure 5-12 by the 

disappearance of the characteristic of MMT.  

5.5.2 Size distribution of the various crystalline domains 

The size distribution profile results for high moisture samples are shown in Figure 

5-12. Only one domain ( xylitolhmd 1 ) sized around 93.2 Å which was significantly 

smaller than  glycerolhmd 1  (101.7Å) and sorbitolhmd 1  (97.8 Å) (in next chapter, Page 

132), was observed in the high moisture samples. 
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Figure 5-12 Size distribution calculation result of starch/xylitol/MMT 

nanocomposites with high moisture samples by MEM method. 

Mean scatter diameter for xylitolhmd 1 ranged from 84.3 Å to 96.6 Å which was 

unexpectedly smaller than that from the low moisture content samples. Exactly 

opposite findings were observed in the glycerol and sorbitol-plasticized system (in 

next chapter, Page139), where the crystalline domain size for the high moisture 

content samples was larger than the low moisture ones as the ‘trapped’ water 

molecules slightly expanded the crystalline domain. However, the introduction of 

water molecules in the xylitol-plasticized system further enhanced the obstruction of 

crystallization process and decreased the crystalline domain size.  It was believed 

that the excess water molecule provided certain extent of lubricant for the 

competitive interactions between xylitol-MMT crystals rather than involving in the 

crystallization growth (the case in glycerol and sorbitol-plasticized samples).  
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Summary 

The synergistic interaction in xylitol-plasticized nanocomposite was studied via 

various characterization methods. The combined influence of xylitol (1-20 wt %) 

/MMT (1-4 wt %) loading on the characteristics of extruded xylitol-plasticized starch 

nanocomposites was analysed.  

Important conclusions that were drawn are as follows. 

1. Based on the results from WAXD, it could be further concluded that the 

achievable basal spacing of MMT was determined from the molecular size of 

the plasticizer. Interactions between starch and MMT were evidenced from 

corresponding FTIR spectra as well as the formation of hydrogen bonds. 

2. These two observations (high Xc% and broadening of WAXD patterns) strongly 

suggested that in xylitol-plasticized system, the crystallization process was 

significantly different to that of glycerol-plasticized systems. In xylitol-

plasticized system, the form of crystal were likely to be smaller (broadened 

WAXD pattern) but the total amount of crystal, higher Xc % values, was larger 

than glycerol-plasticized sample. 

3. Two domains sized at approximately 93.7Å (larger than glycerol/sorbitol sample) 

and 350Å (smaller than glycerol samples) were found in the low moisture 

samples. These observations resulted from the strong crystallization ability and 

weaker intermolecular hydrogen bonding strength of xylitol plasticizer.  

4. A fully exfoliated morphology was observed in HX410 and HX420. This 

observation was believed to result from the redistribution of MMT platelets at a 

high MMT loading caused by the relatively stronger water/starch interaction 

which competed with xylitol/starch interaction in the presence of excess 

moisture content.   
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5. 

Chapter 6  

Sorbitol Plasticized 
 High Amylose Nanocomposites 

Chapter Outline 

Supplementary experiments (13C NMR) were carried out on sorbitol-plasticized 

system to provide supporting evidence in the relevant discussion. 

The discussion arrangement structure in this Chapter is similar to that of the glycerol 

and xylitol chapter, except that the starch+MMT system will not be repeated in this 

Chapter. Different binary systems (the sorbitol+MMT system and starch+sorbitol 

system) would be discussed separately followed by investigations into the complex 

ternary system (starch+sorbitol+MMT). Conclusions have been drawn based on the 

presented discussions. 
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6.1 Starch+MMT system  

The system had been studied in Chapter 4 (Glycerol-plasticized High amylose 

nanocomposites), sections 4.1 (Page 50). Please kindly refer to the indicated section 

for detailed information.  

6.2 Sorbitol+MMT system 

The interaction between sorbitol and MMT was analysed by investigating the 

samples that were prepared with different sorbitol: MMT ratio by sonication. FTIR 

and WAXD were performed to characterize the intermolecular interactions and 

morphological features of this binary system. The experimental results and 

discussions are presented as follows. 

6.2.1 Intermolecular interactions  

Similar to the glycerol/MMT hydrophilic system, the disappearance of free ‘OH’ 

groups band vibration (band 3627 cm-1 indicated the existence of plenty of free ‘OH’ 

groups) of MMT [148] clearly indicated that the interactions took place between 

MMT and sorbitol upon sonication.  It was reasonable to assume from the FTIR 

spectra that the sorbitol molecules were penetrated into the ‘gallery’ of stack-like 

MMT via hydrogen bonding.  

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 8
CM-1

%T 

4000      3600    3200     2800     2400     2000    1800      1600    1400      1200     1000     800

T
ra

n
sm

itt
a

nc
e

 (
%

)

Wave Number (cm-1)

Sorbitol:MMT=1:1

Sorbitol:MMT=2:1

Sorbitol:MMT=3:1

Sorbitol:MMT=4:1

Double peak observed

 

Figure 6-1 FTIR results for MMT: sorbitol samples at 1:1, 1:2, 1:3 and 1:4 ratio. 
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On top of the similar findings, different to what found in glycerol/xylitol-plasticized 

samples, the double peak observed in – 3270 cm-1 was noticed in only sorbitol-

plasticized samples. These observation suggested that the interaction between 

sorbitol and MMT was stronger than those from glycerol/xylitol-plasticized system, 

which was due to the larger number of hydroxyls groups presented in sorbitol (-6-

OHs). Further discussions are presented in the ternary system discussion (Page 118).  

6.2.2 Morphological observations  

Comparing the WAXD results of all the prepared sorbitol-plasticized samples, the 

minimum and maximum value of basal spacing occurred in the 1:1 MMT: sorbitol 

sample (17.84 Å) and 1:4 MMT: sorbitol sample (18.14 Å), Figure 6-2.  The value of 

basal spacing showed an ideal direct proportionality to the sorbitol loading. 
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Figure 6-2 WAXD Patterns for MMT: Sorbitol samples at 1:1, 1:2, 1:3 and 1:4 ratio. 

The hinderance effect of plasticizer on the ‘gallery’ expansion of MMT at a higher 

amount was not so obvious in the sorbitol-plasticized system, where basal spacing 

value increased as the amount of sorbitol increased. This was contrary to that of the 

glycerol-plasticized samples. As shown in Figure 6-2, the largest basal spacing 

occurred in 1:4 (MMT: Sorbitol) samples (18.14Å).  

The hypothesis that the expansion of the gallery was mostly dependent on the 

molecular size of the plasticizer could be confirmed by the larger basal spacing of 

sorbitol samples since sorbitol had a larger molecular size than glycerol. For sorbitol, 
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Δd equalled the average size of sorbitol which meant the sorbitol molecule had been 

trapped between two MMT platelets. This could be supported from the fact that the 

glycerol samples exhibited similar Δd to glycerol’s molecule size, except 1:1 (MMT: 

glycerol) sample. However, it was found that the basal spacing for xylitol turned out 

to be higher than both glycerol and sorbitol-plasticized samples. Molecular symmetry 

could be the reason to this observation, since the conformation of ‘trapped’ xylitol 

was dependent on its intrinsic molecular symmetry. 

6.3 Starch+Sorbitol system 

The final binary system studied was the starch+sorbitol system that was devoid of 

nanoparticles. Two samples were produced with 10 wt% and 20 wt% sorbitol 

according to the DOE. The obtained characterization results are presented as follows. 

6.3.1 Intermolecular interactions  

6.3.1.1 Water Isotherm 

Water isotherm, shown in Figure 6-3, was used to investigate the interactions 

between starch and sorbitol.  

An ‘inversion’ phenomenon was observed in the sorbitol-plasticized samples , where 

higher sorbitol loading samples retained lower amount of equilibrium moisture at 

low aw values; but as the aw increased, this relationship between the equilibrium 

moisture content and the sorbitol content was inverse . However, it is important to 

note that the equilibrium moisture content for sorbitol-plasticized samples were 

overall lower than that from glycerol-plasticized samples. For example, the 

equilibrium moisture content of G010 and S010 at a aw value of ~0.328 was 0.083 

and 0.073 kg water/kg solid. This could be due to the low hygroscopicity of sorbitol 

to retain moisture molecules when acting as a plasticizer. The relatively weaker 

plasticization ability of sorbitol (when compared to glycerol) had been illustrated in 

Chivrac et al. ‘s work [114]. Furthermore, this inversion happened at comparable aw 

value of ~0.56 compared to that of ~0.55 for glycerol- plasticized samples.   
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Figure 6-3 Water isotherm experimental results and GAB fitted data for S010 and 

S020 

6.3.1.2 GAB Model for isotherm data 

The GAB equation analysis was completed to understand the isotherm behaviour; 

relevant results are shown in Table 6-1.  

Table 6-1  GAB Fitting Parameters for sorbitol-plasticized samples, R2 > 0.88 

Name 
mw

 
C K 

PS 0.092 46.243 0.669 

S010 0.040 21.370 0.899 

S020 0.037 30.830 0.935 

In Table 6-1,  parameter mw  (denotes the moisture content of the whole polymer 

surface) was obviously overall smaller than that of glycerol/xylitol-plasticized 

samples which highlighted the negative effect of sorbitol when concerning the 

plasticization effect. In other words, less amount of moisture could be retained due to 

the plasticization effect of sorbitol. The molar sorption enthalpy values, represented 

by parameter C increased upon the increasing of sorbitol concentration. this indicated 

that  in terms of the equilibrium conformation of  the polymer and the plasticizer, 

greater energy exchange occurred in the case of higher-sorbitol loading samples .  
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6.3.2 Morphological observations  

6.3.2.1 SAXS 

The 2-D SAXS patterns and the SAXS profiles for PS, S010 and S020 are shown in 

Figure 6-4. The shape of the scattering pattern changed from circular (PS) to 

elliptical (G020) with the addition of 20 wt% glycerol in glycerol-plasticized samples. 

However, in sorbitol-plasticized samples, the addition of 20% sorbitol did not 

progressively change the shape of the scattering pattern. Negligible differences were 

observed in S010 and S020 in terms of the ellipticity of the scattering pattern. Such 

observation indicated that the polymeric network order of S020 was lower than that 

of G020 as reflected from the higher ellipticity of G020. We noted that both glycerol 

and sorbitol had almost exactly the same number of hydroxyl groups per unit mass of 

plasticizer, 3/92 ~ 6/182 ~0.033 gmol OH/g plasticizer, and also their molecular 

diameters are very similar at ~6.4 Å. However, their molecular lengths, as measured 

by the number of carbon atoms (C), are different: 3 C for glycerol compared to 6 C 

for sorbitol. Thus, it was within expectation to obtain a relatively more non-

uniformed polymeric network in sorbitol system when compared to the glycerol 

system as shown by the higher ellipticity in G020. The trend of interhelix spacing 

changes upon increasing sorbitol concentration. This will be discussed in the 

following section with further evidence about the effect of molecular length on the 

final polymeric structure formed. 

Intensity scale Bar

S010 S020PS

 



116 
 

2

3

4

5
6
7

10

2

3

4

5
6
7

100

2

3

In
te

ns
it
y 

(a
.u

.)

9
0.01

2 3 4 5 6 7 8 9
0.1

2 3 4 5 6 7

Q vector [A
-1

]

 S010
 S020
 PS

Broad Shoulder

 

Figure 6-4 The SAXS profiles for PS, S010 and S020 generated from NIKA data 

processing software. 

As shown in Figure 6-4, similar to the glycerol-plasticized system, the S010/S020 

samples showed relatively higher intensities, and these observations further indicated 

that strong interactions took place and reflected the presence of heterogeneities 

within the network structure. In other words, the addition of sorbitol promoted the 

growth of lamellar structure within the samples. 

Table 6-2 SAXS characterization results for PS, S010 and S020. 

Sample ID Moisture (%) PMMT (nm-1) P starch (nm-1) 

PS 2.2 - 0.368 

S010 2.71 - 0.358 

S020 2.14 - 0.355 

 

The characteristic peak of extruded starch denoted as Pstarch in Table 6-2 was a 

reflection of B-type crystalline morphology and this peak was found to decline upon 

the addition of sorbitol, as seen in Figure 6-2. This was due to the higher amount of 

sorbitol “hosted” by the starch and was again indicative of the strong starch-sorbitol 

interactions. Meanwhile, contrary to the findings in glycerol-plasticized system 

where the Pstarch increased (from 0.352 to 0.357), in Table 6-2, with increasing 
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sorbitol concentration from 10 wt% to 20 wt%, the Pstarch for S010 and S020 

decreased from Q=0.358 Å -1 to Q=0.355 Å-1 (indicating greater starch-sorbitol 

interaction), respectively. The Pstarch also shifted to a lower Q value indicating an 

enlarged interhelix spacing, confirming the sorbitol molecules were “held” tightly 

within the starch network after equilibrating the samples at low moisture content 

environment. Such observation was well related to consideration of molecular length 

from different plasticizer.  

The unique observation for G020 (the ‘shoulder’ around Q=0.04-0.05 Å-1) was also 

observed in S020, shown in Figure 6-4. This observation typically meant that, as 

suggested in Section 4.3.2 (Page 63), the sorbitol successfully replaced water in 

starch-water interactions at high sorbitol concentration and contributed to the 

preservation of the long periodic structure of starch polymer, which was similar to 

the finding from glycerol-plasticized system. 

6.3.3 Crystallization behaviours  

6.3.3.1 Differential Scanning Calorimetry 

The DSC results, Table 6-3, indicated that the addition of sorbitol undoubtedly 

decreased the Tg value and no obvious effect was seen on the Tm value, Table 6-3, 

which was different from the observation made in glycerol-plasticized system. Tg 

value for sorbitol-loaded samples decreased from 49.5 (PS) to 45.7 (10% sorbitol) 

and 25.8 (20% sorbitol) due to the typical plasticization effect of sorbitol, Table 6-3. 

When considering the antiplasticization ‘threshold’ for sorbitol (reported to be 

around 27%) and glycerol (reported to be around 13%), the distinctness of tendencies 

of the Tm changes could be explained.  The sudden decrease of Tm in G020, from 184 

to 171, was due to the transition from ‘antiplasticization region’ to the ‘plasticization 

region’ of glycerol. The reason for no obvious changes between the Tm value for 

S010 and S020 was that the sorbitol concentration was still within the 

‘antiplasticization region’ of sorbitol plasticizer.  

Finally, two melting endotherms were observed in S020 samples indicating the phase 

separation within the corresponding composite. The first Tm is ascribed to be the 

sorbitol-rich phase and the second Tm to the low-sorbitol or MMT-rich domain. Such 

phase separation of domains either with or without nanofillers induced by high 

plasticizer content of starch formulation could further explain the interesting 
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moisture measurement and crystallinity behaviour .This will be discussed later  and 

similar results have been published by other  researchers [62, 114]. 

6.3.3.2 Avrami Equation analyses based on DSC 

Furthermore, the Avrami equation analyses results for PS, S010 and S020 are shown 

in Table 6-3. It could be read from Table 6-3, in the sorbitol-plasticized system, the 

crystallization behaviour was more unpredictable and the evaluated crystallization 

behaviour related parameters, n and k, were distributed randomly. More data from 

ternary system will be discussed later to provide a better interpretation for the 

crystallization behaviour of this complex system.  

Table 6-3 Exponent n and the factor k obtained from a non-isothermal crystallisation 

analysis for the PS, S010 and S020 samples. 

Sample Tg, C Tm, C n k 

PS 49.5  0.48 -1.47 

S010 45.73 239 0.56 -6.24 

S020 25.75 236 0.68 -0.96 

6.4 Starch+Sorbitol+MMT nanocomposite system 

6.4.1 Intermolecular interactions 

6.4.1.1 Moisture Content Measurement 

Moisture content measurements results for the prepared sorbitol-plasticized samples 

are presented in Table 6-4.  

Table 6-4 Moisture content, basal spacing, crystallinity, glass-transition temperature 

(Tg) and melting temperature (Tm) for sorbitol-plasticized samples. 

 

Sample ID 
Moisture (%) 
(S.D. =1%) 

Basal spacing (Å) 
Xc*(%) 

(S.D. =2%) 
Tg (°C) Tm (°C) 

S105 2.38 exfoliated 4.50 49.6 217 
S115 4.83 18.044 3.73 47.5 214 
S210 3.23 18.189 4.01 47.73 233 
S220 4.53 18.044 6.11 31.25 240 
S305 3.52 17.544 7.81 53.4 211 
S315 2.53 18.179 4.32 50.4 236 
S410 2.45 18.572 8.28 55.5 218 
S420 2.07 18.638 6.56 33.83 198 

Δd= dsample- dpristine MMT 

*crystallinity calculated from the method described in Ref [147]. 
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As shown in Table 6-4, similar to the observations found in glycerol-plasticized 

system, the addition of sorbitol decreased the moisture content; the moisture content 

for S200 and S210 was decreased to 6.19% and 3.23%, respectively. This reduction 

was a consequence of the strong interaction between sorbitol and starch matrix where 

the water molecules within the polymer structure were replaced by sorbitol 

molecules. The data shown in Table 6-4 indicated a complex interaction among 

starch, sorbitol and the MMT depending upon their relative concentrations. It was 

important to remember that moisture content varies based on the active –OH sites 

available in the system. Two prominent tendencies were observed based on the 

moisture content values.  Samples showed higher moisture content for increased 

sorbitol amount and this is a well-known plasticization effect due to the hydrophilic 

plasticizer. However, as the MMT content was increased, sorbitol could interact with 

the MMT, and this competed with relatively stronger starch-sorbitol interaction, 

thereby decreasing the moisture content. Interestingly, if sorbitol concentration was 

fixed, it was found that the moisture content was inversely proportional to the MMT 

loading except for S105 and S305. The high moisture content from low MMT 

content samples was believed to be a result of a lower proportion of sorbitol, thereby 

reinforcing sorbitol’s typical plasticization effect. Meanwhile the unexpected results 

of S105 and S305 indicated the formation of different morphology within the low-

plasticizer loading samples. This will be detailed in the Integrity Analyses Chapter 

(Chapter 7). 

6.4.1.2 FTIR results 

The FTIR results for the sorbitol-plasticized nanocomposites are shown in Figure 6-5. 

First, the vibration modes of C-C and C-O stretching and the bending mode of C-H 

bonds which was considered to be the typical saccharide bands turned out to be the 

most intense in the FTIR-spectra. Secondly, the formation of hydrogen bonds 

between sorbitol/MMT and starch/MMT was proved by the shift of the band   

3627cm-1 (characteristic band for the free OH group of pristine MMT surface) to a 

lower frequency, 3302cm-1. And finally the presence of new and stronger hydrogen 

bonds could be evidenced from the double peaks at 2919cm-1-2887cm-1 and 999cm-1-

992cm-1 in the nanocomposites samples when compared with PS [159]. The double 

peak of O-C stretching band at 999cm-1-992cm-1 results from bending  both ‘O’ of C-

O-H and ‘O’ of anhydrous glucose ring in starch molecules [160]. 
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The FTIR spectra revealed the polymeric network of starch/sorbitol, starch/MMT, 

and sorbitol/MMT interactions. Integrity analysis and other characterization results 

are discussed in the later sections. 
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Figure 6-5  FTIR spectra for PS, pristine MMT and sorbitol-plasticized 

nanocomposites. 

6.4.1.3 13C NMR results 
13 C NMR measurements were carried out to clarify the intermolecular interactions. 

The characteristic peaks for sorbitol and starch were shown in Figure 6-6. Selecting 

two separate peaks (number 6 for sorbitol and number 6 for starch as shown Figure 

6-6 from sorbitol and starch spectrum, denoted as I sorbitol and Istarch, the relative ratio 

of peak intensity ΔI= (Isorbitol-6/Istarch-6) can be determined. Mobility of sorbitol was 

clearly higher than that for starch chains, and depending on the initial ratio of 

starch/sorbitol. The carbon mobility of sorbitol was significantly higher than that of 

starch chains. This could be attributed to the sorbitol's smaller molecular size. The 

relative ratio between sorbitol peak and starch peak was dependent on the initial ratio 

of sorbitol/starch and also influenced by the interaction between starch/sorbitol 

which restricted the molecular movement. 
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Figure 6-6  13 C spectra for PS, Sorbitol and S020. 

This relationship could be reflected from the ΔI values for different samples, as 

shown in Table 6-5. As seen from Table 6-5, ΔI values increased with the sorbitol 

amount, except S105, regardless of the MMT concentration which was attributed to 

greater proportion of high mobility sorbitol molecules. Also, increasing the MMT 

within samples with identical sorbitol resulted in higher ΔI value due to stronger 

interaction between starch chains and MMT that influenced the starch concentration; 

however the highest ΔI values came from S315 rather than S420.  
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Table 6-5 ΔI= (Isorbitol-6/Istarch-6) for sorbitol-plasticized nanocomposite as determined 

from 13 C spectra.  

Sample ID ΔI 
S105 0.648 
S305 1.037 
S210 1.691 
S410 1.732 
S115 2.658 
S315 3.067 
S220 2.687 
S420 2.703 

In Table 6-5, ΔI values increased with the higher loading of MMT when the sorbitol 

concentration was fixed. Furthermore, it was interesting to note that a different 

behaviour was observed when comparing spectra for S105 and S115, where the 

mobility of sorbitol was unexpectedly lower than the long chain starch, as shown in 

Figure 6-7. 

(a) (b)S105 S115

Istarch

Isorbitol

Istarch

Isorbitol

Isorbitol >IstarchIsorbitol < Istarch  

Figure 6-7  13 C spectra for S105 (loosen-soft polymeric network. and S115 (tighten-

firm polymeric network). 

The observation that lower mobility of sorbitol component when comparing to starch 

chains in S105 was believed to be due to the low concentration of both MMT and 

sorbitol. At higher sorbitol concentrations (S115), the sorbitol molecules shows 

higher mobility than that from starch chains which might be attributed to the higher 

loading of sorbitol. The high concentration of sorbitol results in an over-saturated 

polymeric structure in terms of sorbitol molecules mobility. This was corroborated 

by diffraction measurements that WAXD patterns for S105 showed that greater 
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exfoliation morphologies existed for these samples. The diffraction peak from S115 

was obviously sharper than that from S105 indicating a higher packing density from 

S115 sample. 

6.4.2 Morphology observations  

6.4.2.1 WAXD and TEM  

The WAXD patterns in Figure 6-8 (a) show that all the nanocomposites samples 

exhibited an increase in the basal spacing regardless of the MMT content, similar to 

the glycerol/xylitol-plasticized system. The basal spacing values also suggested that 

starch and/or sorbitol molecules had migrated into the gallery of MMT, and this 

suggestion was based on the molecule sizes for sorbitol/starch fragments that 

reasonably agree with the Δd values (Table 6-4).  

It could be read from Table 6-4 that basal spacing increased with sorbitol and MMT 

concentration. Correspondingly, S420, the sample with highest amount of sorbitol 

and MMT imposed the highest basal spacing value of 18.64 Å. This was attributed 

to the overall interaction between the hydrophilic starch and sorbitol plasticizer, 

which can facilitate the polymer to penetrate into the hydrophilic MMT gallery. 

These basal spacing values of sorbitol-plasticized samples were overall higher than 

those of glycerol-plasticized samples, Table 4-6 and Table 6-4, and were believed to 

be due to the relatively larger molecular size of sorbitol.  

From the WAXD patterns, it was seen that 5% sorbitol samples showed highest 

degree of MMT’s exfoliation which reflected as a broaden peak in the WAXD 

pattern. According to the theory of kinematical scattering, peak broaden is caused by 

either reduced crystal size or the presence of large defects [161]. The broadened 

peaks for 5% sorbitol (in S105 and S305) strongly indicated that greater starch/MMT 

interaction had been achieved by using sorbitol as the modifier for MMT. 

 On the other hand, the sharp peaks for higher sorbitol amounts suggested that the 

stronger starch/sorbitol interaction became dominant and reduced the amount of 

MMT intercalation. It could be assumed that 5% sorbitol acted like a ‘threshold’ for 

further expansion/ exfoliation of MMT. In other words, 5% sorbitol will be the 

optimum concentration for MMT expansion/exfoliation when exfoliation was the 
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only factor to be considered. This was manifested by the obviously broaden peaks 

found in samples with 5% plasticizer when compared to other specimens.  

TEM image for representative samples (S305, S220 and S315) with 

intercalated/exfoliated mixed morphologies are shown in Figure 6-8 (b). A high 

degree of exfoliation was observed in S105 sample, and this was a likely effect of 

high polymer and plasticizer to MMT ratio, which provided proportionally higher 

polymer free –OH groups to interact with the MMT. It is thought that the 

stabilization of sorbitol in natural MMT attracted greater starch chains due to their 

inherent hydrophilicity and improves polymer/MMT interaction during extrusion 

processing. Such observations were similar to that found in glycerol-plasticized 

samples, which means that 5% plasticizer loading was the critical point in the 

formation of certain polymeric network. This would be detailed in the Integrity 

Analyses Chapter (Chapter 7). 
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Figure 6-8 (a) WAXD patterns for sorbitol-plasticized nanocomposites and (b) TEM 

images for S305, S315 and S220. 

6.4.2.2 Small Angle X-ray Scattering (SAXS)  

The raw 2-D SAXS patterns for the ternary composites samples 

(starch+sorbitol+MMT) are shown in Figure 6-9. The SAXS profiles for all the 

sorbitol-plasticized samples are presented in 

Figure 6-10.   

S305 S315

Intensity Scale Bar
 

Figure 6-9 Raw 2-D SAXS patterns for selected ternary composites; S305, S315 

Similar to the glycerol-plasticizer systems, there was no intuitive distinction that 

could be observed between the raw SAXS patterns for the binary composites samples 

(Figure 6-4) and the ternary composites samples (Figure 6-9). They shared the 
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common features such as elliptical shape, and the ellipticity increased upon the 

increasing of MMT. The crystalline domain size distribution calculation of the 

ternary composites was carried out to gain a better understanding of the synergistic 

interactions.   

The corresponding basal spacing (dSAXS) values and the characteristic peak for starch 

and MMT are shown in Table 6-6.  

Table 6-6 Characteristic peak position profiles and calculated basal spacing for 

sorbitol-plasticized samples. 

Sample ID Moisture (%) PMMT (nm-1) P starch (nm-1) 
SAXSd  (Å) 

S105 2.38 0.423 0.358 Exfoliated 

S115 4.83 0.315 - 19.9 

S210 3.23 0.317 - 19.8 

S220 4.53 0.310  20.3 

S305 3.52 0.422 0.36 Exfoliated 

S315 2.53 0.311 - 20.2 

S410 2.45 0.309 - 20.3 

S420 2.07 0.302 - 20.8 

 

The presence of peak overlapping of basal distance of MMT and 100 interhelix of 

polymer and the absence of well-defined peaks in low moisture content samples 

(when compared to the high moisture samples which will be discussed in the ‘role of 

water’ section, Page 135) indicated the presence of short-range order where the 

MMT prevented starch-sorbitol to form large domain structures. This is typical of 

moisture sensitive polymer upon drying as reported by other researchers [156, 166]. 

Heterogeneities reflected from the intensity of scattering were not only related to the 

presence of MMT but also to their concentration. As expected the intensity of 

scattering increased with the MMT loading.  

From SAXS profiles,  

Figure 6-10, the sharp d001 in low moisture content samples strongly indicate 

closely packed structures of starch-MMT and starch-sorbitol assemblages. Since 

removal of water is similar to aging, it has been suggested that a closely packed 

starch network is an indication of lower polymer chain mobility [172]. And this was 
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mutually supported from the observed the high Tm value for high sorbitol 

concentration samples.  

As shown in Table 6-6, the basal spacing for different samples was overall larger 

than that from glycerol-plasticized nanocomposites. For instance, the SAXSd value for 

G210 and S210 are 19.03 Å and 19.81 Å, respectively. Similar results are obtained in 

G220/S220, G410/S410, G420/S420. Such phenomena clearly indicated that the 

expansion degree of the MMT gallery was related to the size of the plasticizer 

incorporated in the complex system. Another convincing evidence could be drawn 

when comparing the 100 interhelix value for G020 (17.6 Å) and S020 (17.7 Å) when 

the plasticizer amount was high enough.  

Together with the result in Table 5-5 ( SAXSd for glycerol and xylitol-plasticized 

samples), It was noticed that the SAXSd from the xylitol-plasticized samples was 

overall larger than that from the glycerol-plasticized nanocomposites but smaller than 

that from sorbitol-plasticized samples. For instance, the SAXSd value for G210 and 

X210 are 19.03Å and 19.23Å, respectively. On the other hand, the SAXSd value for 

X210 and S210 are 19.23Å and 19.8Å, respectively.  Similar results were obtained in 

G220/X220, G410/S410 and G420/S420. Such finding clearly indicated that the 

expansion degree of the MMT gallery was mostly related to the molecular size of the 

plasticizer incorporated into the complex system. This will be further discussed in the 

integrity analyses Chapter (Chapter 7). 

In addition to the B-type crystals discussed in the previous sections, SAXS pattern 

for V-type starch crystals were also observed in all the sorbitol-plasticized extruded 

composite samples, same as the findings from glycerol/xylitol-plasticized system.  
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Figure 6-10 SAXS profiles for the PS, starch/sorbitol/MMT samples generated from 

NIKA data processing software. 

6.4.3 Crystallization behaviours 

6.4.3.1 Crystallinity 

As mentioned in the glycerol-plasticized sample Chapter, the crystallinity values 

were dependent on the interplay of two effects: increasing MMT (enhanced the 

crystallinity value) and increasing glycerol (decreased the crystallinity). Same 

principle could be applied in the sorbitol-plasticized system as read from the 

crystallinity results in Table 6-4. 

Briefly; addition of sorbitol dramatically decreased the crystallinity, e.g., crystallinity 

decreased from 7.48 % (PS) to 5.28% after adding 10% sorbitol to starch polymer. 

Incorporation of MMT led to a higher crystallinity regardless of the plasticizer 

content, and this was a result of the nucleating effect of the nanofiller [179, 180]. 

Meanwhile the plasticization effect of sorbitol was seen from the decrease of 

crystallinity with increasing sorbitol concentration for constant MMT content (except 

for 2% MMT samples). For example, Xc% decreased from 8.28% to 6.56% for S410 

and S420. This trend was valid for samples with 1% and 3% MMT samples, as seen 

in Table 6-4.  
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Furthermore, considering the crystallinity values from the same-formula samples 

plasticized with glycerol and sorbitol, it can be concluded that the sorbitol, with 

larger quantity of hydroxyl groups presented, showed a stronger suppression effect 

on the MMT’s nucleating ability. The evidences were outlined in terms of two 

scenarios, the low-plasticizer loading scenario and the high-plasticizer loading 

scenario. When the plasticizer concentration was low, the nucleating effect 

(increasing the Xc%) of MMT became the dominant factor after the elimination of 

the plasticization effect of plasticizer (decreasing the Xc%). Under such scenario, 

hydroxyl groups present in the plasticizer positively suppressed  MMT’s nucleation 

effect, which was in correlation with the experimental results indicated in Table 6-4, 

for e.g. the Xc% for G305 and S305 was 10.1% and 7.84%, respectively and similar 

findings for G105 (11.39) / S105 (4.5%) were noticed. Thus under a high plasticizer 

scenario, the Xc% value for relevant glycerol-plasticizer sample was supposed to be 

lower than that of the sorbitol-plasticized sample, and this was in accordance with 

the experimental data where the Xc% for G315 and S315 was 6.86% and 4.32%, 

respectively. Similar findings for G115 (9.62) / S115 (3.73%), G210 (9.28) / S210 

(4.10%) and G220 (8.08) / S220 (6.11%) were noticed. 

6.4.3.2 Differential Scanning Calorimetry 

The addition of sorbitol decreased the Tg value for the system, and increasing the 

sorbitol concentration led to a higher Tm value (except 1wt% MMT samples), Table 

6-4. Once again, it was important to emphasize the dominant effect of sorbitol-starch 

interactions that was dependent on sorbitol loading and Tg value at a fixed MMT 

concentration. As presented in Table 6-4 , the Tg value was decreasing ideally upon 

the augment of sorbitol loading.  Figure 6-11 compared the typical heat flow curve 

for starch polymer and its sorbitol-plasticized bionanocomposites. The figure 

outlined the impact of addition of MMT/sorbitol on the crystalline phase and the Tm 

value of the bionanocomposites.  

Similar to what found in glycerol-plasticized samples, the variation in peak width 

and height indicated that the crystallization behaviour was significantly affected by 

the presence of sorbitol due to the molecular level interactions within the starch 

polymer matrix. This indication can be evidenced from the SAXS data and TEM 

images in the morphological observation section (Page 95). 
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Figure 6-11 DSC heating curves for the selected samples with varying MMT and 

sorbitol contents.  

It could be read from Figure 6-11 that the Tm increased upon increasing the sorbitol 

concentration, even though the melting enthalpy remained comparable (comparable 

peak height and width), except for 1 wt% MMT samples. This meant that the 

crystalline packing became narrower and the crystalline domains exhibited difference 

in its diffraction patterns due to secondary domains (Figure 6-9 and  

Figure 6-10 showed scattering patterns have varied intensities and sharpness).  

The different behavior of 1 wt% MMT samples was believed to be resulted from the 

fact that sorbitol had a higher antiplasticization ‘threshold’(~ 27% wt) [69]. Such 

antiplasticization behaviour was typically attributed to the stronger sorbitol/starch 

domains which formed as a result of the greater hydroxyl dependent linkages 

between the sorbitol and the starch. In other words, when the MMT loading was low, 

the interaction of starch/sorbitol (antiplasticization) dominated the formation of 

relevant morphology and affected the polymer rearrangement process, thus Tm-S105 > 

Tm-S115.  

6.4.3.3 Avrami Equation analyses based on DSC 

The Avrami Equation analyses for this ternary system were presented in Figure 

6-12.  
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Figure 6-12 Decay of the overall crystallinity based on the non-isothermal 

crystallisation kinetics analysis using the modified Avrami equation for sorbitol-

plasticized samples. All plots were corrected for the baseline and offset for clarity. 

Based on the non-isothermal crystallization kinetics analysis, Figure 6-12, nearly all 

the samples demonstrated one prominent linear region. This linearity reflected a 

large scale homogeneous domain formed by the starch/MMT intercalated regions. 

Further, the small changes in the slope (Figure 6-12, region near the dashed line) 

indicated the presence of a small fraction of heterogeneous crystalline domain, and 

such heterogeneity was due to the typical secondary nucleation, similar to what is 

mentioned in the glycerol-plasticized sample Chapter. Such behaviour arose from the 

smaller imperfect crystals rearranging to form larger domains, and this behaviour 

depended upon the crystal size and aging time, and have been reported previously in 

other polymer nanocomposite systems [170]. Meanwhile, same as what previously 

observed in the glycerol system (Page 77), the onset temperature was not influenced 

by either the present of MMT/sorbitol or its relative ratio. The exponent n and the 

factor k from Avrami Equation analyses are presented in Table 6-7. 
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Table 6-7 The exponent n and the factor k obtained from a non-isothermal 

crystallisation analysis for the sorbitol-plasticized nanocomposite samples. 

Sample ID S105 S115 S210 S220 S305 S315 S410 S420 

n 0.76 0.26 0.20 1.35 0.36 0.31 0.17 0.57 

k -1.25 -0.61 -0.78 -2.91 -1.27 -0.81 -0.76 -2.53 

 

It was notable to compare the n value from glycerol-plasticized samples (Chapter 4, 

section 4.4.3) and the sorbitol-plasticized samples, the n values for the sorbitol-

plasticized samples were overall slightly larger than from the glycerol-plasticized 

samples. Because a higher n (sorbitol-plasticized samples) compared to n (glycerol-

plasticized samples) indicate the heterogeneous nucleation and suppressed domain 

size of the crystalline region. Therefore, the larger n values (from sorbitol-plasticized 

samples) presented a smaller crystalline domain when compared with the glycerol-

plasticized samples. And this was in fair agreed with the results obtained in the size 

distribution section; see the next section (Page 132).   

The next parameter k (related to the rate of crystal growth) showed a significant 

variation among different samples ranged from -0.61 (S115) to -2.91 (S220) and no 

obvious tendency was observed. This value was overall smaller than that from 

glycerol-plasticized samples indicating a slower crystal growth rate in sorbitol-

plasticized samples. It could be assumed as the starch chain mobility contributed the 

unpredictable changes in this term. More specifically, the small k value found for the 

high sorbitol content samples (S020=-2.91 and S420=-2.53) and the glycerol-

plasticized (better plasticization effect) samples (kglycerol values were overall larger 

than ksorbitol values.) further suggested that higher crystal growth rate can be obtained 

from a higher chain mobility system.  

6.4.3.4 Size distribution of the various crystalline domains 

The size distribution calculation results are shown in Figure 6-13. Two well-defined 

domains were observed, where the diameters of scatters were denoted as 

sorbitold 1 (around 95 Å) and sorbitold 2 (around 310 Å). 
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Figure 6-13 Size distribution calculation result for sorbitol-plasticized 

nanocomposites. 

The quantitative results of size distribution within these samples are tabulated in 

Table 6-9, where the normalized residuals for all the fittings were within ±1Å, 

suggesting a fairly good fitting. The mean diameter was related to the sorbitol/MMT 

loading due to their strong interactions and the value of sorbitold 1  decreased with 

increasing the sorbitol amount. However, no well-defendable tendency can be 

observed for the other domain ( sorbitold 2 ). The observations regarding of the two size 

domains could be correlated to the retrogradation phenomenon which occurred due 

to the aggregation of starch chain during aging [173, 174], as suggested in the 

glycerol Chapter (Page 78). The rearrangements of starch chains become dominant 

upon the drying process and the availability of MMT provided local sites for polymer 

aggregations, thus lead to the formation of larger size crystalline domains ( sorbitold 2 ). 
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Table 6-8 Radius values (Å) from size distribution calculated by MEM method for 

both the high and low moisture content samples. 

Sample ID S105 S115 S210 S220 S305 S315 S410 S420 

sorbitold 1 *( Å ) 80 101.9 94 92.5 98.6 97.9 99.5 96 

sorbitold 2 *( Å ) 275.7 351.4 333.1 311.9 309.1 301.5 296.6 308.4 

sorbitolhmd 1  94.1 104 99.3 102 93 97.7 95.4 97 

* d : mean scatter diameter (Å) 

The impact of modifying the MMT with the sorbitol plasticizer was seen in the 

limited long-range order achieved by the bionanocomposites matrix. This behaviour 

was due to the typical interactions within ‘MMT-rich’ matrix [172] attribute to the 

smectic hindrances associated with the platelet type structure. However, in this study, 

it was interesting to note that the starch-MMT interactions were comparatively 

stronger with low sorbitol amounts, which led to higher degree exfoliation 

morphology. This was reflected in the reduced scatter diameter upon changing the 

sorbitol concentration as indicated by the size distribution results (Table 6-8). 

Furthermore, this behavior was also seen in the representative TEM images (Page 

123), and they were the visual representation of MMT intercalation at both low 

sorbitol and high sorbitol concentration to compare the impact of excess plasticizer.   

When comparing the size distribution for glycerol-plasticized samples (Table 4-9) 

and sorbitol-plasticized samples (Table 6-8), it could be observed that the average 

value glycerold 1  (~ 91 Å) was overall smaller than that sorbitold 1  (~93 Å). However, the 

average value of glycerold 2  (~ 387Å) was significantly larger than that from sorbitold 2  

(~ 310Å). These information irradiated the speculation that the formation of 1d was 

more dependent on the plasticizer type applied, whereas the formation of 2d was 

based more on the morphology that resulted from the starch/plasticizer interactions. 

Such hypothesis will be further discussed in the integrity analyses Chapter (Chapter 

7). 
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6.5 Role of water molecules indicated from SAXS profiles 

Similarly, another set of sorbitol-plasticized samples, denoted as HSXX (the prefix H 

means high moisture) with higher moisture content was subjected to synchrotron 

analysis. The role of water molecules within this ternary system was illustrated in 

terms of comparing the synchrotron results from the samples with different moisture 

content.  

6.5.1 Moisture content Measurement 

Moisture content measurements for the high moisture content samples are shown in 

Table 6-9. In the high moisture content samples, increasing sorbitol concentration 

decreased the amount of moisture within the samples. This observation was exactly 

opposite to the tendency found in the glycerol-plasticized samples (Page 80).  

Table 6-9 Characteristic peak position profiles and calculated basal spacing for 

sorbitol-plasticized samples with high moisture content. 

Sample ID Moisture (%) Δm% PMMT (Å -1) Pstarch (Å -1) dSAXS (Å) ΔdSAXS (Å) 

HPS 30.69 28.49 - 0.36 -  

HS010 26.23 23.52 - 0.36 -  

HS020 16.68 14.54 - 0.36 -  

HS105 30.32 27.94 0.292 0.363 21.50 - 

HS115 17.31 12.48 0.3 0.360 20.90 6.344 

HS210 28.46 25.23 0.295 shoulder 21.28 6.489 

HS220 21.93 17.4 0.302 shoulder 20.79 6.344 

HS305 27.59 24.07 0.304 shoulder 20.66 5.844 

HS315 22.98 20.45 0.295 shoulder 21.29 5.479 

HS410 25.93 23.48 0.290 shoulder 21.66 6.872 

HS420 15.61 13.54 0.295 shoulder 21.29 6.938 

 

The moisture content data in Table 6-4 (low moisture content samples) and Table 6-9 

(high moisture content samples) indicated two key points.  

First, under a moisture-rich scenario, the increase of sorbitol strengthened the 

interactions of sorbitol/sorbitol and sorbitol/starch and competed with the 

sorbitol/water interaction to ‘squeeze out’, to some extent, the water molecules from 

the polymeric network. The larger domain size for sorbitolhmd 1  directly supported 

such idea. Secondly, when the same samples were subjected to drying treatment, the 
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difference in the equilibrium moisture content values (Δm %) demonstrated that the 

samples with 10 wt% or higher amounts of sorbitol retained lower equilibrium 

moisture within the samples (because the Δm% values were smaller). This 

highlighted the negative plasticization effect of sorbitol when compared with 

glycerol, which generated a hindrance effect in terms of reducing the plasticization 

effect of sorbitol upon increasing the concentration.  

6.5.2 SAXS results for PS, starch+sorbitol and starch+MMT samples with high 

moisture content 

The raw 2-D SAXS patterns from the selected representative high moisture samples 

are shown in Figure 6-14. 

(2)HPS (3)HS010 (4)HS020(1) HPS (3) HS020(2) HS010

Intensity Scale Bar
 

Figure 6-14 Raw 2-D SAXS patterns for PS, HS010 and HS020. 

As shown in Figure 6-14, the addition of sorbitol did not induce a direct intuitive 

change on the diffraction pattern of corresponding samples. Meanwhile, unlike the 

observation obtained in glycerol-plasticized sample (elliptical shape in HG020), 

diffraction patterns for HPS, HS010 and HS020 exhibited similar features as seen in 

Figure 6-14.  In terms of the influence of MMT, which had been portrayed in section 

4.5.2 (Page 81), the removal of moisture, was in favour of the growth of lamellar 

structure within the samples.    
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Figure 6-15 SAXS Profiles for PS, starch/sorbitol and starch/MMT from high 

moisture samples. 

The SAXS profiles from the high moisture content samples (Figure 6-15) revealed 

the well-defined ‘broaden shoulder’ around Q≈0.04-0.05 Å-1 corresponding to the 

long periodic structure of processed starch polymer [156]. Such a ‘shoulder’ typically 

corresponds to the long periodic structure of processed starch polymer [156] and for 

the samples with higher equilibrium moisture, which typically meant that greater 

plasticizer (both sorbitol and water) quantities allowed larger 3-dimensional periodic 

growth. Shamai et al.[176] had earlier discussed such observation was the reflection 

of the retrogradation behaviour (section 4.5.2, Page 81).  

As read from Table 6-9, unlike the obvious shift of Pstarch occurred in HG020 (from 

0.36 (HPS) to 0.32 (HG020)), the characteristic peak for starch did not shift upon the 

addition of sorbitol which indicated the glycerol-starch interaction was stronger than 

the sorbitol-starch interaction. Thus, the glycerol molecules could replace the water 

molecules within the starch matrix but not from the sorbitol-plasticized system.  

6.5.3 SAXS results of starch+sorbitol+MMT with high moisture content 

SAXS profiles of high moisture content sorbitol-plasticized nanocomposites are 

shown in Figure 6-16. 
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Figure 6-16 SAXS Profiles for PS, starch/sorbitol/MMT samples with high moisture 

content generated from NIKA data processing software. 

The role of water could be evidenced from the changes of tendencies related to basal 

spacing (dSAXS) value in two sets of samples. Some researchers [8] have reported that 

increasing sorbitol amount could lead to a small reduction in the basal spacing (dSAXS) 

value and the reason for this was the stronger interaction of water-sorbitol competing 

with basal spacing (dSAXS) value water-MMT interaction. We found that this was true 

for high humid conditions where the sample moisture content was not limiting, for 

example, for 2 wt% MMT samples, the basal spacing reduced from 21.28 Å to 

20.79Å, as the sorbitol was doubled (from 10% to 20%), and from 21.15 Å to 20.29 

Å for 4% MMT samples. But for low moisture content samples, we note that no 

dominant trend exists because water played a significant role as it could interact with 

both sorbitol and MMT and excess plasticizer could also interact with polymer 

chains. The deviation in basal spacing (dSAXS) value from high moisture content and 

low moisture content sample (denoted as Δd in Table 6-9) decreased with sorbitol 

concentration irrespective of the MMT loading.  

Two well-separate peaks (from basal spacing of MMT and 100 interhelix distances 

for starch polymer) were observed in all the high moisture content samples. As 

compared to the basal spacing (dSAXS) result of glycerol and sorbitol-plasticized 
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samples, sorbitol samples showed larger basal spacing attributed to its relatively 

larger molecules size (compared to glycerol). 

6.5.4 Size distribution of the various crystalline domains 

The size distribution profile results for high moisture content samples were shown in 

Figure 6-17. Only one domain ( sorbitolhmd 1 ) sized around 97.8 Å (smaller than the 

glycerol-plasticized sample but larger than that of xylitol-plasticized sample) was 

observed in the high moisture content samples. 
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Figure 6-17 Size distribution calculation result for starch/sorbitol/MMT 

nanocomposites from high moisture samples by MEM method. 

Mean scatter diameter for sorbitolhmd 1  
ranged from 93 Å to 104 Å for the high 

moisture samples which was overall larger than that sorbitold 1  
which had been 

suggested to be due to the decrease of long-period order upon dehydration, Table 6-8. 

Also, the hypothesis that the emergence of the larger domain resulted from the rapid 

retrogradation of starch chains upon drying was further confirmed by the observation 

that only one domain was observed in the moisture-rich samples. In the presence of 

excess water or sorbitol (which strongly interacted with the starch polymer), 

retrogradation was hindered as the interactions from starch/sorbitol/water restricted 

the moisture redistribution, as suggested by Schiraldi et al. [178]. The presence of 

moisture and plasticizer limited the starch/starch interactions and prevented the 
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retrogradation in the high moisture samples, which prevented the new formation of 

the larger domains.  

There was no obvious size difference between the crystalline domain size from both 

glycerol and sorbitol-plasticized samples in the presence of excess moisture since the 

surplus water molecule were playing a bridging role for fulfilling the cavities within 

the polymeric network and balancing the molecular interactions within the 

hydrophilic environment via water/plasticizer, water/starch and water/MMT starch 

biopolymer system. 

It could be read from the size distribution calculation results from three plasticizers 

(Table 4-9,Table 5-7 and Table 6-8) that xylitold 1  of xylitol-plasticized samples are 

higher than both glycerol and sorbitol samples, however , the size value of xylitold 2  

was fine following the assumption that ‘ xylitold 2  depended more on the morphology 

resulting from the starch/plasticizer interactions’. Since the molecular mobility of 

xylitol was larger than sorbitol and smaller than glycerol, xylitold 2  from xylitol 

sample turned out to be smaller than glycerol samples but larger than those sorbitol 

samples. This was because the high molecular mobility of the plasticized present in 

the polymeric network occupied more free cavities and induced the formation of 

relatively larger crystalline domain.   
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Summary  

The synergistic interactions in sorbitol-plasticized nanocomposite were studied via 

various characterization methods. The combined influence of sorbitol (1-20 wt %) / 

MMT (1-4 wt %) on the characteristics of extruded starch nanocomposites was 

studied in detail.  

Important conclusions can be drawn as follows. 

1. Exfoliation process of MMT was dominated by the concentration of sorbitol 

(sorbitol/sorbitol interactions) which competed with the sorbitol/MMT 

interactions. 

2. It was concluded that the crystallinity value was a result of the interplay of two 

effects: increasing the MMT (enhanced the crystallinity value) and increasing 

sorbitol (decreasing the crystallinity). Thus, different tendencies were found 

with various formula samples. 

3. The sorbitol, with larger quantity of hydroxyl groups, showed a stronger 

suppression effect on the MMT’s nucleating ability.  

4. Two domains sized at approximately 93Å and 300Å (significantly smaller than 

glycerol samples) were found in the low moisture content samples. These 

information irradiated the speculation that the formation of 1d was more 

dependent on the plasticizer type applied, whereas the formation of 2d  was 

based more on the morphology that resulted from the starch/plasticizer 

interactions.  

The number of –OH groups presented in the plasticizer did significantly influence 

the morphology formed within the relevant composites such as achievable basal 

spacing of MMT and the crystalline domain distribution. The unique polymeric 

network of low –plasticizer loading samples was further studied. A clearer map of 

synergistic interactions influenced by plasticiser type and concentration was drawn in 

the next Integrity Analyses Chapter (Page142). 
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Chapter 7  

Integrity analysis  
And Synergistic Interactions  

Chapter outline 

Based on the discussion in previous Chapters, the distinctness observed in samples 

prepared from different plasticizer indicated that the interactions within the 

starch/plasticizer/MMT system were greatly dependent on the plasticizer used. The 

basal spacing for different nanocomposites determined the size of plasticizer as 

sorbitol-plasticized samples possessed the highest basal spacing value at a 

comparable formula.  However, the crystallization behaviour was altered by the 

crystallization ability of the plasticizer applied. 

The interactions in a given scenario are a combined physical-chemical process 

caused by the competitive interplay of different components (type and loading). The 

physical factors included the molecular size and molecular structure of the plasticizer. 

Hydrophilicity-number of hydroxyl groups, crystal features and intermolecular 

hydrogen bond strength are the chemical characteristics that affected the 

crystallization behaviour along with water molecules. 

The synergistic interactions within the hydrophilic system were summarized as a 

three stages process, named as unsaturated relatively loose-soft polymeric network 

(stage one), competitive relatively tighten-firm polymeric network (stage two) and 

saturated phase separation polymeric network (stage three). 
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7.1 Physical factors dominating interactions  

Physical factors discussed in this section include molecular size and symmetry of the 

applied plasticizers. Based on the previous study (Chapter 4 to Chapter 6), it could 

be confirmed that the exfoliation process of MMT was more dependent on the 

physical aspects of the plasticizer in specific system. For instance, the basal spacing 

of glycerol, xylitol and sorbitol was directly related to their molecular size order 

where d-sorbitol › d-xylitol› d-glycerol. Similar tendency was observed in the SAXS results 

as well.  

7.1.1 Effect of plasticizer molecular size 

7.1.1.1 Achievable basal spacing for MMT 

As discussed in the previous Chapters (Chapter 4 to Chapter 6), the influence of the 

molecular size can be ascertained from the achievable basal spacing for the 

plasticized samples Table 7-1.  

Table 7-1 Basal spacing (Å) for samples plasticized by different plasticizer from 

WAXD result. 

Sample ID 105 115 210 220 305 315 410 420 

Glycerol 16.9 17.9 17.7 17.8 17.5 17.9   

Xylitol  17.3 16.6 17.5 18.2 17.0 18.2 17.9 17.7 

Sorbitol  - 18.0 18.2 18.1 17.5 18.2 18.6 18.8 

Samples with at least 15% plasticizer were used for the study as the xylitol-

plasticized samples with less than 10 wt% failed to show well-defined crystalline 

peaks. The xylitol/sorbitol-plasticized samples possessed overall higher basal 

spacing compared to glycerol-plasticized samples due to their bigger molecular size. 

Similarly, such tendencies were observed with basal spacing extracted from the 

SAXS results. However, it is worth to mention that further increase in plasticizer 

amount enhanced the interactions within plasticizer/plasticizer rather than with other 

component. These observations highlighted the hypothesis that stronger 

plasticizer/plasticizer interactions that resulted from increase of plasticizer would 

compete with plasticizer/MMT interaction hindering the exfoliation process of MMT. 

The molecular size of applied plasticizer also affected the crystallization process and 

impacted the morphologies formed.  
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7.1.1.2 Domain Size distribution  

Direct evidence closely related to the molecular size of those plasticizers was the size 

distribution results calculated from the SAXS profiles of different samples.  

The size distribution profiles for different samples further supported the assertion 

that smaller molecule size could be the contributing factor to the observed strong 

interactions between plasticizer and starch/MMT. As revealed in Table 7-2 for 

domain 2, glycerol-plasticized samples had a higher value than xylitol/sorbitol-

plasticized samples. As discussed in the previous Chapters, the formation of domain 

2 could be a result of plasticizer/starch interaction. Thus, stronger interactions 

occurred due to the smaller size of glycerol and larger crystalline domains formed, as 

shown in Table 7-2.  

Table 7-2 Size distribution (Å) results for samples plasticized by different plasticizer. 

Sample ID 
Glycerol  Xylitol  Sorbitol  

Domain 1 Domain 2 Domain 1 Domain 2 Domain 1 Domain 2 

105 107.4 389.6 119.35 375.3 80 275.7 

115 97 412.6   101.9 351.4 

210 86.4 369.1 98.26 364.1 94 333.1 

220 78.6 403.8 95.07 345.1 92.5 311.9 

305 93.5 368.2 101.02 350.8 98.6 309.1 

315 85.3 384.1   97.9 301.5 

410   106.34 348.1 99.5 296.6 

420   104.29 338.6 96 308.4 

The SAXS measurement profiles further supported that molecular size of plasticizers 

turned out to be a non-ignorable factor that influences the crystallization process 

within this system, as shown in Figure 7-1 (105,305). 

The sharp peaks in glycerol-plasticized samples indicated a tighter polymeric 

network due to the strong interactions between starch/MMT and glycerol plasticizer. 

Glycerol occupied more hydrophilic sites due to their high molecular mobility and 

strong hydrogen bonds formation. This resulted in large size secondary domains in 

glycerol samples. 
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Figure 7-1 SAXS profiles for 105 and 305 system plasticized by different plasticizer. 

7.1.2 Effect of plasticizer molecular symmetry 

As shown in Figure 7-2, the broadened WAXD peak in 5% glycerol/sorbitol samples 

represented a high dispersion MMT polymeric network in the sample. In other words, 

the higher packing density was formed within samples at a higher plasticizer 

concentration. 

Upon further increasing the plasticizer amount, stronger interactions were introduced 

between the plasticizer and more hydroxyl groups from plasticizer eased 

starch/plasticizer interaction, thereby forming a more saturated polymeric network. 

Interactions between MMT and starch and/or plasticizers were promoted to some 

extent as seen from the enlarged basal spacing value for higher plasticizer samples. 

However, the stronger interaction within plasticizer competitively hindered the 

further exfoliation of MMT at such high plasticizer loading (sharpen of WAXD 

peaks) [85, 86]. 
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Figure 7-2 WAXD patterns for samples plasticized by different plasticizer. 

It has been previously reported that glycerol-sorbitol-plasticized samples possessed 

similar tendencies in terms of the changes in the WAXD shape and intensity for 

different samples, where 5% was considered as the critical point led to two different 

polymeric networks. However, the corresponding value in xylitol-plasticized 

increased to 10%.  The phenomenon that no hindrance effect on MMT exfoliation 

was observed in xylitol -plasticized samples till 10% could be interpreted from the 

molecular symmetrical structure of xylitol, see section 3.1.2 (Page 34).  

According to the packing coefficient theory, morphotropic changes associated with a 

loss of symmetry are accompanied by an increase in the packing density [181]. 

Hence it was acceptable to conclude that plasticizers with less symmetry (glycerol 

and sorbitol) form a higher packing density theme. Based on the above mentioned 

hypothesis, it is within expectation to detect well-defined crystal peaks in 

glycerol/sorbitol-plasticized samples at a lower concentration (5%) compared to 

xylitol samples (10%). Under the same condition, the samples plasticized by glycerol 

and sorbitol formed a relatively firmer polymeric network than xylitol. The 

concentration for observing a well-defined morphology depended on the plasticizers’ 

molecular symmetry.  

7.2 Intrinsic Chemistry factors dominating interactions  

Chemistry of different plasticizers discussed in this section includes crystallization 

ability, crystal structure and the intermolecular forces (the strength of intermolecular 
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hydrogen bonds). It had already been presented in the previous Chapters that samples 

prepared from plasticizer with similar molecular physical properties (molecular size 

and molecular structure) exhibited significant distinctness in crystallization 

behaviour. The intrinsic chemistry of different plasticizers dominated the chemical 

aspect-related interaction (crystallization) within the nanocomposites.  The relevant 

evidences could be extracted from the thermal analysis including glass-transition 

temperature, Tm, crystalline domain distribution evaluation results and crystallization 

process modelling results (from Avrami equation). 

7.2.1 Crystallinity  

Crystallinity of specific sample could reveal the effect of plasticizer on the 

crystallization process of obtained composite [182]. As shown in Table 7-3, the 

crystallinity values for xylitol samples are overall higher than that of 

glycerol/sorbitol-plasticized samples.  

Table 7-3 Comparison of crystallinity value for samples plasticized by different 

plasticizer. 

Sample ID 
Crystallinity (%) 

glycerol xylitol sorbitol 

105 11.39 7.05 4.5 

115 9.62 11.4 3.73 

210 9.28 13.4 4.01 

220 8.08 11.26 6.11 

305 10.1 11.7 7.81 

315 6.86 9.8 4.32 

410  12.26 8.28 

420  10.1 6.56 

The WAXD results of xylitol samples displayed broader diffraction peaks suggesting 

the presence of small crystals in high quantity compared to glycerol/sorbitol samples. 

This was due to the stronger crystalline ability and weaker intermolecular hydrogen 

bonds (as reflected from the lower boiling point) in xylitol.  The higher crystallinity 

reflected the superior crystalline ability of xylitol compared to glycerol or sorbitol. A 

phenomenal supportive experiment was carried out (Figure 7-3) where the prepared 

samples (3.2.2.7) were exposed to the atmosphere for 2 weeks. As shown in Figure 

7-3, large amount of crystals were formed on the surface of the xylitol samples 

compared to glycerol contained samples.  The crystallization behaviour the growth 
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rate of crystals in xylitol will be detailed in the Avrami Equation evaluation section 

(Page 150).  

 

Figure 7-3 Comparison of crystallization growth for samples plasticized by different 

plasticizer. 

The large crystalline domains (Domain 1) of xylitol-plasticized samples were 

compared to that of glycerol and sorbitol-plasticized samples. It was observed that 

the intermolecular hydrogen bonds of xylitol plasticizer were weaker than 

glycerol/sorbitol plasticizer. High crystallinity of xylitol prevented the formation of 

large single crystals and facilitated easy interruption of the crystallization process. 

Hence relatively larger domain sizes (domain 1 in Table 7-2) and loose polymeric 

network (Figure 7-2) were observed in xylitol-plasticized samples. 

Therefore it could be concluded that the polymeric morphology of xylitol-plasticized 

samples featured small single crystals grouped into slightly large domain sizes in 

high volumes. This was due to the unique intrinsic chemistry of xylitol and was 

confirmed by volume distribution results; Figure 7-4 (a)-(b).Samples 105 and 210 of 

xylitol showed higher crystal volumes than glycerol/sorbitol plasticizer. Nevertheless 

such influences became insignificant on addition of plasticizer and/or MMT, Figure 

7-4 (c)-(d). 
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Figure 7-4 Size distributions of selected samples, (a) 105, (b) 210, (c) 220 (d) 305 

system. 

Glycerol-plasticized composite showed higher crystallinity than sorbitol samples. 

This was based on the assumption that small glycerol molecules formed highly 

ordered morphology than sorbitol. This increased the overall crystallinity of relevant 

materials resulting in stronger glycerol/MMT interactions. 

The SAXS measurement results further supported the above assumption as shown in 

Figure 7-1. It should be clearly observed that xylitol-plasticized samples possessed 

higher intensity when compared to glycerol and sorbitol-plasticized samples. This 

indicated a higher degree of heterogeneous morphology within xylitol-plasticized 

samples and larger amount of crystals tended to grow in xylitol-plasticized samples.  

This was finely correlated with the finding that high scattering intensity was 

observed in the SAXS profiles.  

7.2.2 Crystallization Behaviours (mechanism and growth) via Avrami Equation  

Adequate considerations should be given to the effect of interplay of both the 

plasticizer and MMT as they would have mutually influence during the 

crystallization process. Furthermore, the nanoparticles (MMT) greatly modified the 

interaction tendency  and strength at the same time. For example, the crystallinity 

values for the samples showed direct proportion to the MMT loading. Therefore, in 

the following discussions, the presented arguments are always referred to certain 

scenarios including high-MMT (HM), low-MMT (LM), high-plasticizer (HP), and 

low-plasticizer (LP) themes.  
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7.2.2.1 Thermal characterization via DSC 

Figure 7-5 compared the calculated plot for non-isothermal crystallization kinetics 

analyses using modified Avrami equation under various scenarios. The variation in 

the onset temperature and second nucleation characteristic shift indicated that the 

crystallization behaviour was significantly affected by the type of plasticizers and 

MMT. 

As revealed in the Figure 7-5 the typical secondary nucleation characteristic shift for 

xylitol-plasticized samples (in all the presented scenarios) tended to be more obvious 

(well defined second nucleation range), however, this phenomenon was not 

predominately observed in glycerol/sorbitol-plasticized samples. Such behaviour 

arose from smaller imperfect crystals rearranging to form larger domains, and this 

had been reported previously for other polymer nanocomposites systems [170]. This 

was mutually supported by the higher crystallinity values observed in xylitol-

plasticized samples.  
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Figure 7-5 Decay of overall crystallinity based on non-isothermal crystallization 

kinetics using modified Avrami equation for samples plasticized by different 

plasticizer. All plots were corrected for the baseline. 
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As mentioned, Figure 7-5 showed that the linear region of the starch crystallization 

kinetics that highlighted the nucleation mechanism showed significant deviation 

upon the type of plasticizer (compare X105 to G105 and S105) [183]. The 

comparison Avrami graphs of samples prepared from different plasticizer at the same 

formula was presented in Figure 7-6. The crystallization parameters extracted from 

the Avrami evaluation detailed the influence of plasticizer intrinsic chemistry on both 

the mechanism of crystallization and growth of crystalline domain. For a quantitative 

evaluation of the crystallization process, the crystal formation parameter n and 

crystal growth parameter k are presented in Table 7-4. 
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Figure 7-6 Comparison Avrami graphs of samples prepared from different 

plasticizer at the same formula.  

Finally, an analysis of the two model parameters, namely, n and k which related to 

crystallization process, for samples with different plasticizer revealed two interesting 

points, Table 7-4 and Figure 7-7. 

As shown in Table 7-4, the values of n for glycerol samples were comparable to the n 

value of sorbitol samples; however both of them were very much lower than that 

value of xylitol samples irrespective of the plasticizer concentration or MMT loading. 

Meanwhile, similar tendency was observed in terms of the crystal growth parameter 

k. Since a higher n (xylitol samples) compared to n (glycerol and sorbitol) indicated 

heterogeneous nucleation and suppressed the size of the crystals, this behaviour was 

expected for xylitol samples based on the morphological discussion. The unique 

stronger crystallization ability and weaker intermolecular hydrogen bonding strength 
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of xylitol led to overall higher randomness of crystalline domains thus suppressing 

the crystalline size. This has been mutually supported from the SAXS and WAXD 

profile for different plasticizer samples (Chapter 6).  

Table 7-4 The exponent n and the factor k obtained from a non-isothermal 

crystallization analysis for samples plasticized by different plasticizer. 

Sample ID 
Glycerol Xylitol Sorbitol 

n k n k n k 

105 0.24 -0.94 0.71 -1.21 0.76 -2.25 

115 0.28 -0.90 0.73 -1.40 0.26 -0.61 

210 0.20 -0.63 0.52 -1.69 0.20 -0.78 

220 0.18 -0.5 0.50 -1.32 1.35 -2.91 

305 0.22 -0.77 2.62 -4.26 0.36 -1.27 

315 0.32 -0.35 1.42 -2.38 0.31 -0.81 

410   1.11 -2.91 0.17 -0.76 

420   0.61 -1.12 0.57 -1.53 
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Figure 7-7 Comparison of parameter n and k extracted from modified Avrami 

equation. The x-axis represents the concentration of MMT and plasticizer only, 

without their prefix letter for plasticizer. 

It is well-known that in polymer system, parameter k represents the constant for 

crystalline growth rate [184]. A higher k of glycerol samples indicated its rapid 

crystalline growth rate compared to xylitol and sorbitol samples, except the low-

MMT sorbitol samples (S105 and S115). This was due to the small molecular size 

and high hydrophilicity of glycerol. Highly ordered crystalline domains could be 

formed faster than those samples plasticized by larger molecules (xylitol and 

sorbitol). This was because smaller glycerol molecules could travel among 

starch/MMT network faster and ensured the appearance of larger crystalline domain. 

The size distribution results show further evidence that glycerol sample was able to 

form larger crystalline domains than the others. Additionally, prominent 

plasticization effect of glycerol as proven in lots of researches was also playing a 

positive role in facilitating the mobility of starch polymer chains to reorganize into 

larger size domain as shown in Table 7-3. Glycerol-plasticized sample had a larger 

domain size when compared to xylitol/sorbitol-plasticized samples.  

7.3 Physical-chemical interplay dominating interactions 

The interactions existing in this complex were not only dependent on either the 

physical or chemical aspects of the plasticizer/polymer but also a combined effect of 



155 
 

them.  In order words, in most circumstances, the interactions result from the 

interplay of both physical and chemical process. The final properties 

(characterization results) of different samples (different plasticizer type and loading) 

were determined by the combined consequence of the interaction strength of physical 

chemical-factors. A vivid picture of this hypothesis can be evidenced from the glass-

transition temperatures analyses for the prepared samples, Table 7-5.  

Glass-transition is one of the most important parameters to study polymer behaviour 

in the polymer science. As indicated in the literature review Chapter, the glass-

transition temperature presented a physical state transformation, from a low chain 

mobile glass state to a high chain mobile rubber state. The polymer chains as well as 

the plasticizer within the material were able to move and this temperature depended 

on both the physical properties (chain length /molecular size) and the chemistry 

particularity (intrinsic chemistry) of the components.  

Table 7-5 Comparison of glass-transition temperature (Tg )values for different 

samples. 

Sample ID 
Tg (˚C) 

glycerol xylitol sorbitol 

105 44.9 55.7 49.6 

115 43.5 49.6 47.5 

210 46.7 56.25 47.73 

220 34.8 39.7 31.25 

305 43.2 58.5 53.4 

315 39.5 50.6 50.4 

410  50.1 55.5 

420  48.6 33.83 

average 42.1 51.1 46.1 

On one hand, similar to the tendency in crystallinity values, glass-transition 

temperature (Tg) for different samples followed a descending order where xylitol-

plasticized samples < glycerol-plasticized <sorbitol-plasticized samples. Since larger 

amount of crystals were present in xylitol-plasticized samples due to its unique 

chemical properties, the higher Tg value of xylitol-plasticized samples were believed 

to be from the extra thermal energy required for those more crystals. Meanwhile, the 

effect of molecular size of the plasticizers (physical factor) was revealed from the 

higher Tg value for the samples plasticized by larger plasticizers (xylitol and sorbitol) 
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compared to the samples plasticized by the relatively smaller plasticizer (glycerol) as 

shown in Table 7-5.  

7.4 Role of moisture molecules 

The water molecules are believed to affect the interactions among 

starch/plasticizer/MMT to some extent since water was the core component for 

fabrication of starch-based bionanocomposites. In this study, as indicated in the 

methodology section (Page 37), 35%wt water had been added to the raw materials 

before extrusion. The effect of hydration on different plasticizer behaviour was 

important for understanding the synergistic interactions occurring in these 

bionanocomposites. 

Considering the importance of moisture for starch based green packing materials, 

another set of samples had been produced without oven drying treatment (as-

proceeded ribbons). The averaged moisture content of these set of samples was 

around 20% which was much higher than those oven-dried samples. SAXS and DSC 

measurements had been carried out for studying the role of moisture on the 

synergistic interactions within the hydrophilic system, Table 7-6.  

Table 7-6 The exponent n and the factor k obtained from a non-isothermal 

crystallization analysis for the high moisture nanocomposites samples. 

Sample ID 
Glycerol Xylitol Sorbitol 
n k n k n k 

H105 0.29 -1.1 0.53 -1.97 0.22 -1.56 
H115 0.26 -1.08 0.44 -1.65 0.24 -1.55 
H210 0.28 -1.03 0.21 -1.25 0.44 -1.54 
H220 0.24 -1.15 0.30 -1.28 0.19 -1.42 
H305 1.1 -1.93 0.32 -1.42 0.25 -1.57 
H315 0.21 -1.37 0.47 -1.87 0.15 -1.36 
H410   0.65 -2.4 0.18 -1.4 
H420   0.34 -1.26 0.18 -1.49 

As shown in the Table 7-6 and Figure 7-8, all samples showed comparable n and k 

values, which meant that the presence of moisture modified the interactions amongst 

starch/MMT/plasticizer and balanced the effect that was induced from physical-

chemical aspects of different plasticizer (different n and k value). A possible 

explanation was that under a moisture rich scenario, the excess moisture molecules 

act like the major plasticizer and induce interactions with starch/MMT to form a 

more uniform polymeric network. Since the water molecules could penetrate into the 

cavity between the starch chains, which was inaccessible by larger plasticizers, it 
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occupied the voids in the polymeric network. In other words, the presence of rich 

moisture molecules significantly influenced the mechanism of crystallization and rate 

of crystal growth.  
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Figure 7-8 Comparison of parameter n and k extracted from modified Avrami 

equation for the high moisture samples. 
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7.5 Synergistic interaction maps 

Based on the above discussion, the preventative map of the synergistic interactions 

within this complexity hydrophilic polymeric system could be described as a three 

stage process as below: 

7.5.1 Stage one (unsaturated relatively loosen-soft polymeric network) 

When the plasticizer and MMT concentration were both relatively low, not all the 

available interaction sites are occupied. The interaction of starch/plasticizer and 

interaction starch/MMT can take place without competing with each other. Therefore, 

higher degree of exfoliation of MMT was observed in this scenario (105 and 305 

samples) together with a relatively higher glass-transition temperature due to the 

antiplasticization effect of low plasticizer loading.   

A graphical representation of the unsaturated relatively loosen-soft polymeric 

network is given in Figure 7-9.  
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Figure 7-9 Schematic diagram of the unsaturated relatively loosen-soft polymeric 

network. 

Direct evidences for this stage were the broad peaks from WAXD patterns and 

SAXS profiles from corresponding samples. Besides, under such scenario, though 

loosen and soft polymeric network was present due to the well-known 

antiplasticization effect at low loading of plasticizer. In other words, the MMT and 

plasticizer molecules were firmly ‘locked’ in this situation which had been supported 

by the high glass-transition temperature value of corresponding samples. Meanwhile, 
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the loosen characteristic of this morphology could be directly evidenced from the 

analyses of the melting point for low-plasticizer samples, Table. As shown in Table 

7-7, the melting point value for low-plasticizer samples were lower than that of high-

plasticizer samples, which indicated that a loosened network required less energy to 

be melted.  

Table 7-7 Comparison of melting temperature (Tm ) values for different samples. 

Sample ID 
Tm (˚C) 

glycerol xylitol sorbitol 

105 215 185 207 

115 238 204 214 

210 176 233 233 

220 242 237 240 

305 142 133 211 

315 186 153 236 

410  213 218 

420  246 198 

Solid supporting results for formation of different polymeric networks can be 

obtained from the NMR results (1H NMR for the glycerol samples (Chapter 4) and 
13C for the sorbitol samples(Chapter 5)) of selected samples, where low-plasticizer 

loading samples showed a specific lower molecular mobility (plasticizer) indicating 

that the plasticizer molecules were firmly ‘held’ within the polymeric network.  

7.5.2 Stage two (competitive relatively tighten-firm polymeric network) 

 A tighter polymeric network was formed upon increasing the plasticizer 

concentration since the stronger plasticizer/plasticizer interaction was competing 

with the starch/MMT interaction which hindered the exfoliation of MMT in this 

circumstance. Therefore, an overall tighter polymeric network was formed when the 

plasticizer concentration was high enough.  Meanwhile, as a result of the relative 

higher amount of plasticizer present, the overall chain mobility was restricted when 

compared to that in stage one, which was termed as ‘firm’ in this circumstance. A 

graphical representation of the competitive relatively tighten-firm network was given 

in  
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Figure 7-10. The solid evidence was the high melting point for high-plasticizer 

samples as shown in Table 7-7, where larger amount of energy was required in a 

tighten-firm polymeric network. 

The straight evidence of the formation of an unsaturated relatively loosen-soft 

polymeric network in low plasticizer system and a competitive relatively tighten-firm 

polymeric network in higher plasticizer system can be confirmed from the PALS 

measurement results for selected sorbitol-plasticized samples, Table 7-8. A more 

uniform void distribution was observed in 5% sorbitol samples. However, two types 

of well-defined voids were found in high (10% and 20%) sorbitol loading samples. 

Such observations strongly supported the prospect morphology formation under 

specific conditions. 

Table 7-8 PALS measurement results for representative samples. 

Sample 

ID 
Lifetime(ns) 

Void Radius 

(nm) 

Weight 

(%) 
Lifetime(ns) 

Void Radius 

(nm) 

Weight 

(%) 

S305 1.37 0.22 3.27 1.67 0.25 11.80 

S210 1.29 0.21 14.70 8.65 0.61 4.30 

S420 1.78 0.26 12.19 7.8 060 2.93 

 
Short lifetime components have been converted to pore radius using the Tao-Eldrup model. 

Long lifetime components have converted using the Rectangular Tao-Eldrup model. 
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Figure 7-10 Schematic diagram of the competitive relatively tighten-firm polymeric 

network. 
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Simultaneously, interactions involving MMT (starch/MMT, plasticizer/MMT, and 

MMT/MMT) contributed to the observed distinctness of samples from various 

formulas.  

a. Increasing either plasticizer or MMT loading resulted in a higher basal spacing. 

b. Increasing the plasticizer enhanced the starch/plasticizer interaction and replaced 

the water molecules which decreased the moisture content within the samples. 

However, this phenomenon was affected by the molecular hydrophilicity of the 

plasticizer and balanced by the addition of MMT which tended to hold higher 

amount of moisture within the matrixes. 

c. A competition of plasticizer/starch interaction (decreasing the crystallinity value) 

and plasticizer/MMT interaction (increasing the crystallinity value) was 

evidenced from the crystallinity values from different samples. Due to the high 

affinity between starch and plasticizer (plasticization effect), the well-known 

nucleation effect of MMT was suppressed to a large extent at a high plasticizer 

scenario. Because the main tendency found in the crystallinity value was 

described as decreasing steadily upon the increase of plasticizer concentration 

regardless of the MMT loading, except in the 1%MMT Xylitol samples.  

d. The effect of competitive forces (resulting from crystal growth) was proven to 

become dominant at a high xylitol level due to its strong crystallization ability. 

As a result, it had been assumed that xylitol-plasticized samples were intended to 

produce a high crystalline value polymeric network with smaller crystals 

compared to that of glycerol/sorbitol morphologies. This had been supported by 

the larger domain size, high crystallinity and unique n parameter (crystal 

formation mechanism parameter extracted from Avrami equation) values when 

compared to the corresponding parameters to that of glycerol/sorbitol-plasticized 

samples, as well as the relatively low crystallization enthalpy value for xylitol-

plasticized samples.  

7.5.3 Stage three (saturated phase separation polymeric network)  

Further increasing the plasticizer concentration resulted in the phase separation of 

several samples (with 20% plasticizer loading) due to the stronger interactions 
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between plasticizers as evidenced from the thermal endotherm of high sorbitol-

loading samples. 
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Summary  

Comparison analysis had been carried out across different type of plasticizer used in 

the current work, glycerol, sorbitol and xylitol. Main factors considered from both 

physical (molecular size of the plasticizer, molecular structure of the plasticizer), 

intrinsic chemistry aspects (hydrophilicity-number of hydroxyl groups, crystal 

features, crystallization ability, intermolecular hydrogen ponds strength) were taken 

into consideration.  Important conclusions are indicated as follows: 

1. Physical aspects of the plasticizer were the dominant factors influencing the 

overall polymeric network order, cell packing density as well as the rate 

constant k (extracted via modified Avrami equation) containing the crystal 

growth parameters. The achievable basal spacing and the formation of larger 

crystalline domains (resulting from the retrogradation of starch polymer) was 

obviously dependent on the molecular size of the used plasticizers. 

2. Analyses of the crystallization behaviour for samples suggested that intrinsic 

chemistry of plasticizer was the primary factor that determined the 

crystallization behaviour. As proven by the finding that no sharp crystalline 

peak was observed until 10% plasticizer in xylitol samples as well the 

mechanism of nucleation and crystal form parameter n via Avrami equation 

and high Xc%.  

3. The presence of excess moisture successfully modified the interactions 

amongst starch/ MMT/plasticizer and balanced the effect induced from 

different plasticizers.  Water molecules were acting like typical plasticizer 

and occupied most of the small vacates between starch polymers throughout 

the polymeric network, which were too small for the larger plasticizers. Thus 

uniformed the morphological characteristic for corresponding samples.  

4. A three stage process was introduced to describe the synergistic interactions 

within this hydrophilic system. The process involved unsaturated relatively 

loosen-soft polymeric network (5% plasticizer); competitive relatively 

tighten-firm polymeric network (larger than 5% but less than 20%) and 

saturated phase separation polymeric network (20%). 
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Chapter 8  

Conclusions and 
Recommendations  

8.1 Conclusions 

Based on the previous discussions, the complex interactions existing in the polymeric 

system were dependent on several main factors including type of the plasticizer 

(hydrophilicity, size, molecular symmetry, intermolecular hydrogen bonds strength, 

and crystallization ability), and the relative ratio of plasticizer and MMT. These 

factors could affect the synergistic interactions to different extent. These interactions 

included starch/plasticizer interactions, plasticizer/plasticizer interactions, 

starch/MMT interactions, plasticizer/ MMT interactions, and MMT/MMT 

interactions.  Apparently, stronger affinity of plasticizer determined that the 

interaction between starch and plasticizer was the primary interaction within the 

system; this was followed by plasticizer/plasticizer interactions, starch/MMT 

interactions and plasticizer/ MMT interactions.   

8.1.1 General regularities  

Several regularities can be drawn as below: 

1. The major starch polymer chain is a mother network presented with larger amount of 

activity sites available for the interactions (starch+plasticizer and starch+MMT). The 

interaction of starch/plasticizer is stronger than the interaction of starch/MMT. The 

interaction of plasticizer/plasticizer is stronger than the interaction of starch/MMT. 

2. The increase of certain component enhanced the interaction within that component 

first, and then improved the interaction related to another component that possessed 

a higher hydrophilicity and/or more similar molecular structure. For example, the 

interactions of MMT and plasticiser will be enhanced upon increasing the MMT 

loading. Though the MMT/MMT inactions were improved, the high hydrophilicity 

of plasticizer ensured a stronger interaction of plasticizer/MMT which overtook the 

MMT/MMT (intended to agglomerate the MMT plate together) interaction, 

therefore an expansion of basal spacing was observed in the high plasticiser loading 

samples.  
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3. The crystallization process was dominantly influenced by the intrinsic chemistry 

(crystallization ability and intermolecular hydrogen bond strength) of the applied 

plasticizer. The xylitol-plasticized samples showed highest crystallinity and the 

crystallization mechanism was confirmed to be significantly different from that of 

glycerol/sorbitol samples. Meanwhile, the molecular size of the plasticizer was 

another important factor that affected the crystalline domain formation where the 

crystalline domain size of glycerol samples was overall larger than xylitol and 

sorbitol-plasticized samples.  

4. The final morphology of the nanocomposites was determined from the interplay of 

the different interactions. 

8.1.2 Synergistic interaction maps 

The interaction process was divided into three stages according to the concentration 

of plasticizer used. And the existence of morphology ‘threshold’ was confirmed to 

differ in defend systems. The morphology ‘threshold’ was described as the critical 

plasticizer concentration for the formation of either a loosen-soft polymeric network 

(within the ‘threshold’) or tighten-firm polymeric network (beyond the ‘threshold’). 

Specifically, the ‘threshold’ value for glycerol, xylitol and sorbitol-plasticized 

systems was proven to be 5%, 10% and 5%, respectively.  

 Within the ‘threshold’: a relatively unsaturated loosen-soft polymeric network 

was formed and the starch/plasticizer interaction and starch/MMT interaction 

can take place without interfering with each other too much.  

 Beyond the ‘threshold’: a relatively saturated tighten-firm polymeric network 

was formed and the stronger plasticizer/plasticizer interactions significantly 

alter/affect the MMT exfoliation process and crystallization behaviour of the 

corresponding sample. The three-way interactions competed mutually.  

Furthermore, the high ‘threshold’ of xylitol plasticizer resulted from the unique 

intrinsic chemistry features including stronger crystallization ability and weaker 

intermolecular hydrogen bonds when compared to that of glycerol and sorbitol. 

8.1.3 Role of water molecule 

Based on the importance of water molecule in the starch-related material 

manufacture process, the studies on water molecule revealed some significant effects 

in the investigated system.  The presence of excess moisture successfully modified 
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the interactions amongst starch/ MMT/plasticizer. Water molecules were acting like 

typical plasticizer and occupied most of the small spaces between starch polymers 

throughout the polymeric network, which were too small for the larger plasticizers. 

Thus the morphological characteristic for corresponding samples as proved by the 

results indicates that only one crystalline domain was defined in the high moisture 

samples.  

The plasticization effect of molecules was confirmed from the molecular modelling 

results as well where significant drop of glass-transition temperature was observed in 

high hydration (11.3%) samples. The glass-transition temperature for starch 

fragments at different hydration was calculated as 186(anhydrous), 137(5.4%), 

63(8.35%) and 42(11.3%), respectively. 



167 
 

8.2 Recommendations  

Below are the recommended future works from this study: 

1. The time-dependent changes occurred in starch-based materials is one of the 

most significant areas inducing unexpected effects on the properties of obtained 

material.  Mature strategies had not been well developed yet. The results obtained 

in this study were not sufficient for covering all the internal behavioural changes 

upon material ageing. Further work is recommended in this aspect. More 

experiments and characterizations upon ageing are necessary to be carried out to 

monitor the changes happening at a macro-structural level.   

2. The second important future work recommended is the validation of proposed 

hypothesis via molecular modelling. Accurate model is necessary for such 

validation. As indicated in Chapter four (interaction of glycerol/starch/water had 

been simulated via molecular modelling), initial trial work had been done in this 

research and the promising preliminary results strongly supported the possibility 

of the applicability of molecular modelling in this area.  

3. Considering the application of these materials, studies on the mechanical and 

physical properties data of obtained materialist will be another batch of validation 

data of great interest.  It is worth to relate the internal interactions within the 

materials of more mechanical properties and physical properties data. Such 

relationship can provide direct relationship of the micro-scale changes and bulk 

properties.  
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APPENDIX 

1. Molecular Dynamic Modelling in amylose/(glycerol)/water system 

This is an attempt to investigate the interactions in amylose/water (at different 

hydration) and amylose/water/glycerol (at different glycerol concentration) system 

via Molecular modelling. Molecular dynamics (MD) simulations had been employed 

in this computational work with a three dimensional periodic condense phase.  The 

equilibrium structure which showed good similarity to the amylose polymer in terms 

of density value, (1.33g/cm3 from calculation and 1.4g/cm3 from experiments) had 

been built. The built atomic amylose fragments was further applied in the calculation 

of glass-transition temperature (Tg ) temperature from MD simulation (NPT 

ensemble), by analysis the specific volume as a function of temperature. Both the 

density and the estimated Tg values were agreed with experimental data. The value of 

Tg for amylose fragment from different input density was 168-174 oC which was 

good agree with the average values of experimental data for dry starch (181 oC), this 

indicated the simulations protocol developed in the present work was able to 

generate accurate results for amylose fragments simulations. Results for estimation 

of Tg from hydrated amylose fragment and glycerol -plasticized system had been 

presented. The work presented in this section was only tip of the iceberg for the 

entire interactions in starch/MMT/plasticizer system. Even so, the exciting results 

reported here would point out a new route for understanding the fundamental map of 

the starch-based nanocomposite in the future. 

Key words: molecular dynamics, amylose fragments, glass transition temperature, 

free volume. 
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2. Molecular structure of amylose, glycerol and water 

Amylose is an essential linear section of the starch molecule consisting of alpha 1-4 

linked glucose units, Figure 1. The amylose fragment, water and glycerol molecules 

used were obtained from Cambridge Crystallographic Data Centre (CCDC) without 

any further modification. 

  

Figure 1 structure of amylose modified from Cambridge structural database (This 

model shows 36 glucose units, forming a single helical structure. Colours: carbon 

atoms are grey, hydrogen-white, and oxygen-red) 

3. Simulation method  

Simulation of amylose fragments was performed via the Materials Studio 4.4 

software from Accelrys, San, Diego, on a Core2-based PC. Amorphous cell and 

Discover modules were used to build amylose cell and implemented the MD 

calculation by employing COMPASS (condensed-phased optimized molecular 

potentials for atomistic simulation studied) forcefield. Steepest descent approach 

followed by the conjugate gradient method with a convergence level of 0.01 

kcal/mol/A has been applied in the minimization step [185]. Berendsen temperature 

fluctuations control method [186] had been employed in all calculation stages, same 

as pressure control. Considering the accuracy of simulation atom-based cut-off was 

used although it is such as computationally expensive. 

i. Amorphous cell built  

The system construction method used within Amorphous Cell incorporates an 

algorithm developed by Theodorou and Suter and the Meirovitch's scanning method 

which based on Rosenbluth and Rosenbluth’s publication. A single chain was packed 

into a cubic cell with the periodic boundary conditions. The edge length of the cubic 

cell was determined based on the input density of the polymer; an experimental bulk 
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amylose density, 1.3g/cm3  and assumed density 0.58g/cm3 was used here to ensure 

the equilibrium protocols employed was accurate enough to generate a correct 

equilibrium density between built cell and bulk polymer properties. With PBC, a 

molecular system had been built had the same density as that of the real system and 

then repeated in the space, in such way the real system can be correctly simulated by 

a molecular model with fewer atoms, a representative amorphous cell of amylose is 

shown in Figure 2 [187].  

 

Figure 2. Amorphous model of amylose (this amorphous cell showed a single chain 

with 12 monomers packing in a cubic cell. Colours: carbon atoms are grey, 

hydrogen-white, and oxygen-red) 

The amorphous cell for hydrated/plasticized amylose system was built via adding 

corresponding number of water/glycerol molecules to the amylose fragment system, 

Table1. Determination of molecular number of water/glycerol was based on the 

experimental data from our previous work. 

Table 1    amorphous cell glass-transition temperature (Tg) simulation schedule 

Tg simulation 

 Hydrated cell Plasticized cell 

0% 5.4% 8.35% 11.3% GHA5 GHA15 

Amylose monomers 12 12 12 12 12 10 

Water 0 6 10 14 5 4 

glycerol – – – – 1 3 
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ii. Relaxation of the amorphous cell 

As reading from the output file of the amorphous cell construction job, the initial 

potential energy is very huge attributed to the non-bond interactions between the 

atoms of the fragment chain. Therefore, appropriate relaxation protocol required for 

the initial generated structure.  Electrostatic interactions were explicitly considered 

by the charge-equilibrium method of Rappe and Goddard [188], Berendsen method 

was used for temperature and pressure control. An annealing-like relaxation 

procedure was applied on this stage, Table 2. 

Table 2 Amorphous cell relaxation sheet 

 

Figure 2 amorphous cell relaxation schematic  

1. 5000 steps Minimization with steepest descent approach followed by the 

conjugate gradient method with a convergence level of 0.01 kcal/mol/Å. 

2. Annealing-like strategy was applied; the whole process was carried out at an 

interval of each 50 K simulated for 50ps/100ps in both heating and cooling 

stages. Maximum temperature was fixed at 400K, amorphous cell with 12, 24 

and 36 glucose monomers were calculated separately. 

3. Final equilibrate running with NPT ensemble of 5 ns at 300K with the 

snapshots of density being save every 0.1 ps. 

 Heating Cooling 

Protocol Tem 50K 100K 150K 200K 250K 300K 350K 400K 350K 300K 

A time 50ps at each temperature 

B time 100ps at each temperature 
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The final energy of minimized amorphous was used in all characteristic calculations 

as presented below. 

iii. Equilibrium Density calculation 

Since the relaxation time for MD simulation is relative lower comparing to polymer 

relaxing times, the proposed procedure to get optimized configurations could not be 

ascertained [189]. Accordingly, generation of the initial configurations is of the 

major importance since they determined the final properties. It had been pointed out 

that by Hoffmann et al. an extensive equilibrium procedure based on the serious of 

MD simulation by using Amorphous cell codes can exhibit an excellent agreement 

with experimental density, however, the biggest backward is the CPU time 

demanding [190-192]. Another approach put forward by Metatla and Soldera is 

consisting of a simulated annealing process followed by a uniform hydrostatic 

compression procedure [189]. The latter method will be used in present work. 

 

Amorphous cell are constructed following the method described in the Amorphous 

buildt section followed by relaxation (Page 183). Density calculations will be carried 

for the cell from both protocol A and B, Table 2. Density vs simulation time plot 

were recorded for the whole simulation duration. The results discussion will be 

mainly based on the outcome from single chain simulation single together with one 

twin chain calculation as a comparison.  

iv. Thermal properties 

Glass-transition temperature (Tg) is one of the most important and basic properties of 

polymer whose magnitude directly related to the physical of bulk polymers and its 

thermal properties [193]. Understanding the nature of the glass transition is a 

challenge problem of materials science and physics. Plenty of experimental 

techniques are developed for this issue. Meanwhile, several researchers had 

successfully simulated the Tg of some polymers by the specific volume at constant 

pressure versus the temperature variation. This can be considered as an essential 

ingredient in the extension of the Lindemann criterion to the ‘softening 

transformation’ in glass-forming liquids, generated by MD simulations [193-198]. 

Same theory is used for calculation of Tg values of amylose fragments by MD 

simulation.  
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NPT ensemble is employed in the specific volume calculation with the software 

package named DISCOVER from Materials Studio, this method had been 

investigated earlier by Fried and Ren who elucidated that NPT ensemble simulation 

is valid for estimation of specific volume [195]. Atom –based cut off at 9.5 Å and 

tailed correction had been applied for all the bonds and non-bond interactions, 

respectively [199]. Amorphous cells are simulated at series of temperatures (50K-

550K) above or below the Tg, after equilibrium completed. Once the density reached 

equilibrium, the production simulation duration was determined as the time for 

corresponding cell achieving equilibrium. Tg can be obtained from the plot of 

specific volume and temperature. 

8.2.1.1 Results and discussions 

v. Cell relaxation and equilibrium 

Equilibrium state of the amorphous is considered as the density of the system reach a 

plateau value. Initially 5ns production time is applied for all density simulation. The 

density calculation results were shown in Figure 3.   

 

It can be read from the density calculation result that, all the models established 

exhibited a density value within 1.28 g/cm3~1.35 g/cm3 regardless how many 

monomers included, which have a good agreement with the experimental data of 

amylose’s theoretical density valued at 1.34 g/cm3 . It can be deduced, from a 

physical view, that the amorphous cell built provided an accurate presentation of 

amylose/Maltodextrin biopolymer. Furthermore, model constructed from 12 

monomers with type A relaxing protocol possessed the most similar density value 

when comparing to the other modes. 



186 
 

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (fs)

D
e
ns
i
t
y 
(
g/
c
m3
)

12-50ps

12-100ps

24-50ps

36-50ps

36-100ps

Model     Average Density(g/cm3)
12-50ps       1.332365
12-100ps      1.344759
24-50ps       1.289067
36-50ps       1.304847
36-100ps      1.313336

 

Figure 3 density calculation results for amorphous cell with different numbers of 

glucose monomer 

Equilibrium time for each system increased as the number of monomers increasing 

due to the number of atoms involved in the simulation. From a modelling point, on 

the basis of all the models built, simulation time will be another factor should be 

taken into consideration, the quicker the better. Obviously, the model with 12 

monomers subjected to relaxation A protocol with 50ps at each temperature was the 

best candidate since shortest time required for the cell to reach equilibrium with a 

accurate density value (1.332365 g/cm3), Figure 3.  

vi. Glass transition temperature (Tg) 

Pure amylose fragment 

It had been generally accepted that the Tg can be associated with the accompanying 

slow decrease in free volume and hence in specific volume (inverse of density), 

which is a direct symbol for polymer chain mobility and interactions within the 

system. The Tg value was determined from the specific volume versus the simulation 

temperature, this approach was proposed by Rigby and Roe [198], and had been 

applied in other work [199]. 

 

With the consideration of different hydration scenario, full simulation sheet and 

simulation results can be read from Table 3. NPT ensembles had been performed at 

different temperatures. The equilibrium time for the specific volume calculation is 

determined according to the simulation temperature as the equilibrium rate for 
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different systems is various depending on the simulation temperature, 1~2 ns 

production time at each temperature was followed after the equilibrium.  

Table 3 Simulation density for different scenario and Tg estimation 

 Hydrated amylose fragments Glycerol-Plasticized 

T (K) anhydrous 5.4% 8.35% 11.3% 5% 15% 

200 1.4154 1.4222 1.4095 1.4039 1.2987 1.3635 

225 1.4078  1.4712 1.4036 1.2703 1.3764 

250 1.4150 1.4463 1.4896 1.3424 1.3313 1.4025 

275 1.413  1.4923 1.3439 1.3603 1.3851 

300 1.3976 1.4283 1.478 1.3305 1.3635 1.3753 

325 1.3934 1.4327 1.4136 1.2234 1.3526 1.3608 

350 1.3868 1.4289 1.3818 1.2304 1.3686 1.3064 

375 1.3818 1.4489 1.2834 1.1314 1.3641 1.286 

400 1.3755 1.4465 1.1524 0.8654 1.3178 1.265 

425 1.3796 1.4214   1.282  

450 1.3638 1.4293   1.1987  

475 1.3513 1.424     

500 1.3564 1.4068     

525 1.351 1.3853     

550 1.3303      

 

The specific volume was obtained by reciprocal of density which was calculated by the 

equilibrium amorphous cell with 4ns NPT ensemble via Discover Dynamics. Linear 

regression method was applied in the fitting of simulated data, the Tg value of each 

condition was read from the cross point of the fitting curve.  The volume-temperature 

(V-T) curve obtained for amylose/Maltodextrin is shown in Figure 4. 
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Figure 4  Specific volume vs the simulation temperature for pure amylose fragment 

 

The plot can be divided into two stages according to different status of the cell. The 

first stage, 200K-300K, was the equilibrium process. The simulated amorphous cell 

reached its equilibrium and a right density that agreed with the experimental data was 

obtained. After that the amorphous cell began to behaviour like a real polymer. With 

different input density the equilibrium process which upto 300K showed different 

density tendency. When the input density was lower than theoretical value, the batch 

density increased upon the temperature (Figure 4). While the temperature increased 

to 300K (27oC) the generally experimental temperature, correct density obtained 

from the simulation result. We can read from the plot that obviously glass 

transmission phenomenon had been observed as the density kept nearly constant ( the 

linear regression fitting line in dash line), although bit of fluctuation occurred and 

then decreasing gradually after certain temperature , that’s where is the glass 

transmission temperature, 459K (186 oC) in this work, figure 4. This is generally 

agree with experimental values, where the experimental data for dry starch had been 

estimated with the value of 440K (167 oC) [200] . 

Further simulation on the amylose fragments at different hydration degree had been 

carried out with the aim to built a accurate model for the predicition of Tg for 

amylose-based systems. Same method had been appiled in all calculations. 

 

Hydrated amylose fragment 
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In order to have a better validation of the simulation results, amorphous cells at 

different hydration degree according to the experimental works, 5.4 %, 8.35% and 

11.3%, were simulated. Same protocol had been employed and the simulation results 

were shown in Figure 5 (a) -(c). 
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Figure 5 Tg estimation results for hydration amylose fragment (a) 5.4% hydration 

(b)8.35% hydration (c)11.3% hydration 

The Tg of anhydrous amylose cannot be determined experimentally due to the 

thermal decomposition of starch; maltodextrin had been chosen as a reference for the 

evaluation of the simulation results. As observed from the simulation results, Figure 

5, the Tg was greatly influenced by the moisture content within the system. In other 

words, the interactions between amylose chain and water molecules were differ from 

others depending on the amount of water presented. When comparing the plot from 

5.4% hydration system and that from 11.3% hydration system, the dramatic increase 

in free volume in the latter system manifestly indicated a stronger amylose 

polymer/water interactions occurrence. On the other hand, the ‘plateau’-like V-T plot 

of anhydrous amylose fragment and 5.4% hydration condition could be a straight 

indication of the firmly coalesces morphology of amylose fragment molecules.  

 

Obviously the Tg decreased as the water concentration increased due to the 

plasticization effect. Furthermore, it could be noticed from the comparison of 

simulation data with experimental works, the simulation Tg were generally agree 

with the experimental data excepted 5.4% hydration model, this was consistent with 

the investigation from  Frank et al. [200].  

Table 4 Simulated and experimenta values of the Tg  values at different hydration 

levels 

   

 anhyderous 5.4% 8.35% 11.3% 5% 15% 

Tg S 186 137 63 42 79.5 67 

Tg E 167[200],200[200] 87[200] 52[200] 39.5[200],41[200] 69.5 62 

Tg SR 204[200] 113[200] 64[200] 39[200]   

Tg S : Tg value from present simulation  
Tg E : Tg from experiment data 

Tg SR: Tg value from reference MD simulation work 

Another observation that provided important clue for understanding the interactions 

in amylose/water system was the density tendency from different hydration level. As 

shown in table 2, density value simulated from low water concentration cells 

(anhydrous or 5.4%) possessed an overall higher value of density comparing to 

11.3% cell. This phenomenon could be explained from the well-known 

antiplasticization effect of low amount plasticizer. The limit amount of water 

molecules could strongly interact with the amylose polymer, thus the water 
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molecules occupied the free space between/among amylose fragments which led to a 

tighter polymeric network within the system.  

8.2.1.2 Glycerolplasticized amylose fragment 

Tg value from simulations, Table 3, turned out to be higher than the LA experimental 

data which agree with the conclusion from Bizot et al. that linear chains appeared to 

favour chain-chain interactions and branched molecules displayed a lower Tg value 

due to chain end effects, as well as flexibility of branching points [200]. This 

indicating that the present protocol for Tg values calculation can be applied to 

starch/plasticizer/water ternary system without losing much accuracy. 

The V-T plots for the glycerol-plasticized systems are shown in Figure 5. Within 

expectation, the Tg value decreased upon the increasing of glycerol content. Similarly, 

the non-‘plateau’-like plot indicated the complicated interactions that occurred within 

the system. The simple conclusions drawn from starch/water binary system that 

‘antiplasticization’ led to a higher cell density and ‘plateau’-like plot shape cannot 

straight applied in the glycerol-plasticized scenario since the competing plasticization 

effect from both glycerol and water [201]. The combined effect of antiplasticization 

and completing plasticization from glycerol and water might be the cause for density 

decrease in 5% glycerol/amylose/water condition. However, such hypothesis was 

still crudeness and required more future validation.     
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Figure 5 Tg  estimation results for glycerol-plasticized amylose fragment (a)5% 

glycerol (b)15% glycerol 

8.2.1.3 Conclusion   

An atomic model of amylose fragments had been successfully built in the present 

work with COMPASS forcefield.  The density results from the 12 monomers 

amorphous cell subjecting for 5ns equilibrium simulation, 1.33 g/cm2, exhibited 
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excellence agreement with the theoretical density value for the amylose polymer. 

The protocol for Tg calculation developed was confirmed to be able to predict an 

accurate Tg for hydrated amylose system. Overall equilibrium densities for the cells 

at low hydration degree were higher than that of high hydration degree cells. This 

was interpreted to be attributing to the strong water-amylose interaction that 

decreased the free volume and tightening the polymeric network within the amylose 

chain when the hydration degree was relative low. The estimated Tg for amylose 

fragment at different hydration level was agreed with the experimental data except 

5.4% model. Quality conclusion was putting forward to the glycerol-plasticized 

system that the decrease of Tg was proposal to the concentration of glycerol and 

moisture content. Antiplasticization phenomenon was correlated to the overall high 

density value from the low hydration systems based on the fact that stronger 

amylose-plasticizer (antiplasticization) would result in a higher packing density 

(from the entangled amylose and plasticizers) within the simulation cell. 


