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Abstract 

 

Starch 

 

In this study, starch esters, starch acetate (SA) and starch propionate (SP), and novel starch 

mixed esters containing acetate, propionate, and laurate ester group in varying proportions, 

starch acetate propionate laurate (StAcPrLau) and starch propionate acetate laurate 

(StPrAcLau), were compounded with nanoclays through a melt intercalation method. Three 

organo-modified clays and two unmodified clays with varying percentage of plasticizer 

(triacetin, TA) were used. The effect of clays on the tensile, dynamic mechanical and impact 

properties of the nanocomposites was investigated. The dispersion of silicate layers in the 

starch esters and starch mixed esters was characterized using wide angle X-ray scattering  

(WAXS) and transmission electron microscopy (TEM). 

It was observed that organo-modified clay improved the tensile strength and Young’s 

modulus of plasticized SA and StAcPrLau, yet at the same time elongation at break 

decreased. Unexpectedly, unmodified clay (Dellite LVF) in a certain percentage of TA not 

only boosted the tensile strength and Young’s modulus but also improved the elongation at 

break of both starches. 

Incorporating organo-modified clays in SP and StPrAcLau improved the tensile properties 

and in one case with a certain clay (Dellite 67G) elongation at break remained at the same 

values and impact strength of StPrAcLau was improved as well. 

 

Cellulose acetate (CA) 

 

Plasticized and plasticizer-free CA nanocomposites were manufactured through melt 

intercalation with two organo-modified and two unmodified clays. In addition, various kinds of 

chemicals were used to treat the unplasticized CA. WAXS, TEM, SEM were used to study 

clay dispersion and the morphology of nanocomposites. The effect of nanoclays and 

chemical treatments on the tensile dynamic mechanical properties of injection molded 

compounds was studied. The impact of nanoclays and treatment on the molecular weight of 

some selected samples was examined by gel permeation chromatography (GPC). Also, the 

acidity of some treated compounds was studied by pH-measurement. 

Incorporating the plasticizer facilitated the processing and up to 20 wt% increased the 

mechanical properties. In all plasticized composites, organo-modified clay improved the 

mechanical properties. In a particular case, compounding of unplasticized CA with 

unmodified clay (Dellite LVF) resulted in superior mechanical properties with a novel 

structure. On the other hand, another unmodified clay (Dellite HPS) did not show any effect. 



 ii

It was suggested that there exist a specific interaction between the free cations existing in 

the galleries and on the surface of Dellite LVF clay and CA chains. 

Treatment of CA with specific chemicals led to outstanding mechanical properties thus 

approving the suggested idea. GPC analysis showed that Dellite LVF and most of used 

chemicals – especially NaCl – partially prevented the thermal degradation of CA. This 

phenomenon corresponded to an acid deactivation reaction. 
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Zusammenfassung 

 

Stärke 

 

Diese Schrift beschreibt die Compoundierung von Stärkeestern wie Stärkeacetat (SA) und 

Stärkepropionat als auch von neuartigen Stärkemischestern, welche Acetat-, Propionat- und 

Lauratgruppen tragen, mit nanoskaligen Schichtsilikaten via Schmelzeintercalation. Drei 

organo-modifizierte sowie zwei nicht weiter modifizierte Schichtsilikate wurden unter 

variierendem Weichmachergehalt (Triacetin, TA) in die Stärkeestermatrix eingearbeitet. 

Daran schlossen sich Untersuchungen zur Festigkeit, Schlagzähigkeit und dynamisch 

mechanischen Eigenschaften der Nanocomposite an. Die Verteilung der Schichtsilikate in 

der Stärkeester- bzw. Stärkemischestermatrix wurde anhand von Transmissions-

Elektronmikroskopie (TEM) sowie Röntgen untersuchungen charakterisiert.  

Es wurde beobachtet, dass die organo-modifizierten Schichtsilikate sowohl die Zugfestigkeit 

als auch den E-Modul von mit Weichmacher versetzten Stärkeestern, welche einen höheren 

Gehalt an Acetatgruppen aufweisen, also Stärkeacetat sowie Stärkeacetatpropionatlaurat 

(StAcPrLau), verbessern, die Werte für die Bruchdehnung hingegen verringern. Wird 

dagegen ein bestimmtes Verhältnis von einem nicht modifizierten Schichtsilikat (Delite LVF) 

und TA gewählt, so kommt es zu einer starken Erhöhung der Steifigkeit des Materials mit 

gleichzeitiger Steigerung der Bruchdehnung für beide untersuchte Stärkeestermatrices (SA 

und StAcPrLau). 

Stärkeestermatrices, welche einen hohen Gehalt an Propionatgruppen besitzen, wie 

Stärkepropionat und Stärkepropionatacetatlaurat (StPrAcLau), zeichnen sich nach der  

Einarbeitung von organo-modifizierten Schichtsilikaten durch verbesserte Festigkeiten und 

einen höheren Modul aus. Für die Verwendung von Dellite 67G konnte die damit verbundene 

Abnahme der Bruchdehnung vermieden und gleichzeitig die Schlagzähigkeit verbessert 

werden.  

 

Celluloseacetat  

 

Celluloseacetat-Nanocomposite wurden durch Schmelzintercalation mit Schichtsilikaten 

hergestellt. Mit zwei organo-modifizierten als auch zwei nicht-modifizierten Schichtsilikaten, 

sowie variierendem Weichmachergehalt (Triacetin, TA) und zusätzlich verschiedenen 

Chemikalien wurden die Auswirkungen der nanoskaligen Additive auf die mechanischen 

Eigenschaften untersucht. Röntgen- als auch elektronenmikroskopische Untersuchungen 

wurden genutzt, um die Verteilung der Schichtsilikate in den Nanocompositen sowie die 

Morphologie selbiger zu studieren. Für ausgewählte Systeme wurde der Einfluss der 
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Schichtsilikate auf die Molmassenverteilung durch Größenausschlusschromatografie (SEC) 

untersucht.  

Die Verwendung eines Weichmachers erleichtert die thermoplastische Prozessierbarkeit und 

führt bis zu einem Gehalt von 20 % zu einer Steigerung der mechanischen Kennwerte. 

Werden neben dem Weichmacher noch organo-modifizierte Schichtsilikate mit verwendet, 

kommt es zu einer Verbesserung der Festigkeiten. Wird CA ohne Weichmacher und mit dem 

nicht-modifizierten Schichtsilikat Dellite LVF verarbeitet, so ergeben sich weitaus höhere 

mechanische Kennwerte, was auch durch eine veränderte Morphologie untermauert wird. 

Der Einsatz des zweiten nicht-modifizierten Schichtsilikates Dellite HPS zeigt diesen Effekt 

nicht. Es wird angenommen, dass es zu spezifischen Wechselwirkungen zwischen den 

freien Kationen des Schichtsilikats Dellite LVF und der CA Ketten kommt.  

Die Behandlung und anschließende Verarbeitung von CA mit verschiedenen ionischen 

Chemikalien resultiert in außerordentlichen mechanischen Eigenschaften, was die Annahme 

der spezifischen Wechselwirkung bekräftigt. SEC-Untersuchungen zeigen, dass Dellite LVF 

sowie die meisten der verwendeten Chemikalien, speziell NaCl, den molekularen Abbau von 

Celluloseacetat in Folge thermischer Beanspruchung während der Verarbeitung verringern. 
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Introduction  

 

In recent years, there is a strong public concern in bio-based polymers in general and 

bio-based thermoplastics in particular. On the one hand, the dependency on non-

renewable resources (oil and natural gas) is intended to be reduced. On the other hand, 

the carbon footprint is hoped to be reduced for this kinds of materials. Prominent 

examples for these so-called bioplastics are cellulose esters, which are mainly used in 

fiber, film, and filter tow industries, thermoplastic starch (TPS) used as film and 

packaging materials, polylactic acid (PLA) for packaging, bottle applications and woven 

shirts, and polyhydroxyalkanoates (PHA) for various possible applications. 

There is a growing interest in the use of starch because it is cheap, available in 

abundant quantities, produced from renewable resources, and completely 

biodegradable. However, starch has these advantages but suffers from some 

drawbacks: lacking moisture resistance and showing brittleness, its processing is 

difficult, and its properties are inferior to commodity polymers. To solve the mentioned 

disadvantages of starch, considerable effort has gone into the development of 

thermoplastic starch. The prior developments in this area involve the use of high 

amylose starch,1 use of non-volatile plasticizers (at the processing temperature) like 

glycerol2, 3, triacetin4 and sorbitol5, use of fillers,6 alkylation of the hydroxyl groups of 

starch,7, 8 and recently the use of nano reinforcements. 

Native starch suffers from a lack of moisture resistance and brittleness. Esterification of 

hydroxyl groups of starch to increase hydrophobicity is one approach toward increasing 

the water resistance of starch. Derivatization of starch hydroxyl groups may also reduce 

the tendency of starch to form strongly hydrogen-bonded networks and improve the 

flexibility. Among different ester groups, acetate has been widely used to esterifying of 

starch. Acetylation of starch results in good thermoplastic processing enhanced 

mechanical properties.7, 8  

Higher esters like propionate and butyrate promise to achieve better processing and 

mechanical properties compared to starch acetate.9, 10 

Among the bio-based polymers, starch has received a great interest in nano-bio-

composite systems. The main focus in this field is on the use of nanoclays and 

essentially montmorillonite (MMT) for being environmentally friendly, easy available and 

of low cost. Starch mainly has been used in the plasticized state in nanocomposite 
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formation. Most of the studies in this field are elaborated with native starch and there are 

just a few studies on chemically modified starch materials (starch acetate).11-13 

Although various types of nano reinforcements are currently being developed, the main 

focus in this field is on the use of layered silicate clay. There are several attempts to 

improve the properties of starch by using layered silicate clay.14, 15 

Intercalation of polymer in layered silicates has proven to be a successful approach to 

prepare polymer nanocomposites. The preparation methods are divided into three main 

groups according to the materials and processing techniques:16 intercalation of polymer 

or pre-polymer from solution, in situ intercalative polymerization method, and melt 

intercalation method. 

Among the mentioned techniques, the melt intercalation technique has become the 

standard for the preparation of polymer layered silicate nanocomposites. The absence of 

solvent not only makes the process simple and easy but also makes the process more 

environmentally friendly and economically favorable for industries from a waste 

perspective. 

With low filler concentration of a few percent, this new family of composites frequently 

exhibits remarkable improvements of mechanical and materials properties compared 

with polymers or conventional micro and macro composites. Improvements can be in 

high storage modulus, higher tensile and flexural properties, higher heat distortion 

temperature and thermal stability, increased gas barrier properties and decreased 

flammability. Nanoreinforcements of biodegradable polymers have a strong promise in 

designing eco-friendly green nanocomposites for several applications.  

Cellulose acetate (CA) is one of the important bio-based polymers that are widely used 

in fiber and film production. The problem of melt processing of thermoplastic cellulosic 

materials is the existence of a narrow window between the melting point and 

decomposition point. In addition, in some commercial procedures for producing CA, 

sulfuric acid is employed in the reaction mixture, and consequently the resulting CA 

contains small quantities of sulfuric acid in the form of combined sulfate groups. These 

sulfate groups are highly heat sensitive, and upon exposure of the CA to heat, the 

sulfate groups are converted to free sulfuric acid which tends to degrade the CA.17 Such 

degradation of CA affects the properties such as color, impact strength, tensile strength, 

flexural strength, elongation and stiffness.  

The use of plasticizers is a method to facilitate the process and remove this problem. In 

addition, nanocomposites fabricated through melt intercalation of polymer into layered 
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silicates have gained recently much attention. There are some attempts to improve CA 

properties by compounding with plasticizer and nanoclay18, 19 and also using 

compatibilizer. 20a,b 

Prior art procedures for stabilizing CA containing combined sulfate groups depended to 

a large extend upon the use of neutralizing type of compounds as stabilizers. Successful 

use of the neutralizing type of stabilizers for the optimum combination of color and 

strength properties depends upon an almost perfect balance between the amount of a 

particular stabilizer and the concentration of combined sulfate groups in the CA. 

The effect of the different kind of nanoclays on the mechanical properties of starch 

esters and starch mixed esters were systematically examined in this work. In addition, 

plasticizer-free CA nanocomposites were successfully fabricated and new families of 

stabilizers were properly used to stabilize CA thermally. 
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Chapter 1: Background 

 

1.1 Nanoclays 

 

Recently, the utility of inorganic nanoparticles as additives to enhance the polymer 

performance has been established. Various nano reinforcements currently being 

developed are nanoclays (layered silicates), cellulose nanowhiskers, ultra fine-layered 

titanate, carbon nanotubes21 and graphene and graphite nanoribbons.22 Clay minerals 

are hydrous aluminium phyllosilicates, with variable amounts of iron, magnesium, alkali 

metals, alkaline earths and other cations in between the silicate layers. 

Phyllosilicates are a wide family in which clays with different structure, texture or 

morphology can be found. For example, montmorillonite (MMT) and synthetic laponite 

clay form anisotropic particles with a layer thickness of one nanometer and very high 

aspect ratios (e.g. 10 – 1000). A few weight percent of clay that are properly dispersed 

has a higher interface area with the matrix than conventional composites. For this 

reason polymer / clay nanocomposites are lighter in weight than conventional 

composites, and make them competitive with other materials for specific applications.  

The phyllosilicates mainly present three organization levels depending on the 

observation scale: the layers, the primary particle, and the aggregate (Figure 1).23 

i – The layer is equivalent to a disc or a platelet having a width varying from 10 nm to 1 

m and a thickness of 1 nanometer. These layers, and more especially the widest, are 

flexible and deformable. 

ii – The primary particle is composed of five to ten stacked platelets. The cohesion of the 

structure is assured by Van der Waals and electrostatic attraction forces between the 

cations and the platelets. The stacking of these particles is perpendicular to the z 

direction and is disordered in the plane (x, y). The structure’s thickness is around 10 nm. 

iii – The aggregate is the association of primary particles oriented in all the directions. 

The width of the aggregates varies from 0.1 to 10 m. 
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Figure 1 Phyllosilicate multi-scale structure.23 

 

1.1.1 Nanoclay structure 

 

The phyllosilicate crystal structure is based on the pyrophyllite structure Si4Al2O10(OH)2 

and can be described as a 2:1 layered clay mineral with a central alumina octahedral 

sheet sandwiched between two silica tetrahedral sheets corresponding to seven atomic 

layers superposed. The structure of MMT is presented in Figure 2. This structure 

becomes (Si8)(Al4-yMgy)O20(OH)4, My
+ for the montmorillonite or (Si8)(Al6-yLiy)O20(OH)4, 

My
+ for the hectorite.24 These differentiations are mainly due to the isomorphic 

substitutions that take place inside the aluminium oxide layer. These substitutions induce 

a negative charge inside the clay platelet, which is naturally counter balanced by 

inorganic cations (Li+, Na+, Ca2+, K+, Mg2+, etc.) located into the inter-layer spacing. The 

global charge varies depending on the phyllosilicates.  

 

 

Figure 2 Montmorillonite structure. 

 

For the smectite and the mica families, this charge varies from 0.4 to 1.2 and from 2 to 4 

charges per unit cell, respectively.23 The charge amount is characterized by the cation 

exchange capacity (CEC) and corresponds to the quantity of positively charged ions 

(cations) that a clay mineral or similar material can accommodate on its negatively 
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charged surface and is expressed as milli-ion equivalent per 100 g, or more commonly 

as milliequivalent (meq) per 100 g or cmol/kg. This charge is not locally constant, but 

varies from layer to layer, and must be considered as an average value over the whole 

crystal. The distance observed between two platelets of the primary particle, named 

inter-layer spacing or d-spacing (d001), depends on the silicate type. This value does not 

only depend on the layer crystal structure, but also on the type of the counter-cation and 

on the hydration state of the silicate. 

 

1.1.2 Nanocomposite preparation methods 

 

The nanofiller incorporation into the polymer matrix can be carried out with four main 

techniques: exfoliation-adsorption, in situ intercalative polymerization, melt intercalation, 

and template synthesis.25 

Depending on the process conditions and the polymer / nanofiller affinity, different 

morphologies can be obtained. These morphologies can be divided into three distinct 

main categories: microcomposites, intercalated nanocomposites, and exfoliated 

nanocomposites. For microcomposites, the polymer chains have not penetrated into the 

inter-layer spacing and the clay particles are aggregated. In this case, the designation as 

nanocomposite is misleading. In the intercalated structures, the polymer chains have 

diffused between the platelets leading to a d(001) increase. In the exfoliated state, the clay 

layers are individually delaminated and homogeneously dispersed into the polymer 

matrix. Intermediate dispersion states are often observed. 

i – Exfoliation-adsorption: the layered silicate is exfoliated into single layers using a 

solvent in which the polymer (or a prepolymer in case of insoluble polymers such as 

polyimide) is soluble. It is well known that such layered silicates, owing to the weak 

forces that stack the layers together can be easily dispersed in an adequate solvent. The 

polymer then adsorbs onto the delaminated sheets and when the solvent is evaporated 

(or the mixture precipitated), the sheets reassemble, sandwiching the polymer to form, in 

the best case, an ordered multilayer structure. This road also comprised the 

nanocomposites obtained through emulsion polymerization where the layered silicate is 

dispersed in the aqueous phase. 

ii – In situ intercalative polymerization: in this technique, the layered silicate is swollen 

within the liquid monomer (or a monomer solution) so as the polymer formation can 
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occur in between the intercalated sheets. Polymerization can be initiated either by heat 

or radiation.  

iii – Melt intercalation: the layered silicate is mixed with the polymer matrix in the molten 

state. Under these conditions and if the layer surface is sufficiently compatible with the 

chosen polymer, the polymer can crawl into the interlayer space and form either 

intercalated or exfoliated nanocomposites. In this technique, no solvent is required. 

iv – Template synthesis: this technique, where the silicates are formed in situ in an 

aqueous solution containing the polymer and the silicate building blocks has been widely 

used for the synthesis of double-layer hydroxide-based nanocomposites but is far less 

developed for layered silicates. In this technique, based on self-assembly forces, the 

polymer aids the nucleation and growth of the inorganic host crystals and gets trapped 

within the layers as they grow.  

 

1.1.3 Organo-modification of clay 

 

To enhance the dispersion and intercalation/exfoliation process of clay into a polymer 

matrix, a chemical modification of clay layer surface is often carried out. The chemical 

modification leads to a match of the polarity of clay and of the polymer matrix. Cationic 

exchange is the most common technique. When the hydrated cations are ion-exchanged 

with organic cations such as more bulky alkylammonium having at least one large alkyl 

chain, it usually results in a larger interlayer spacing.25 In order to describe the structure 

of the interlayer in organo-clays, one has to know that, as the negative charge originates 

in the silicate layer, the cationic head group of the alkylammonium molecule 

preferentially resides at the layer surface. The ionic substitution is performed into water 

because of the clay swelling, which facilitates the organic cations insertion between the 

platelets. Then the solution is filtered, washed with distilled water (to remove the salt 

formed during the surfactant adsorption and the surfactant excess) and lyophilized to 

obtain the organo-modified clay. In addition to the modification of the clay surface 

polarity, organo modification increases the d(001), which will also further facilitate the 

polymer chain intercalation. 

 

 

 

 

 7



 8

1.2 Starch 

 

1.2.1 Structure of starch 

 

Starch is the major carbohydrate reserve in plant tubers and seed endosperm where it is 

found as granules, each typically containing several million amylopectin molecules 

accompanied by a much larger number of smaller amylose molecules.26 By far the 

largest source of starch is maize with other commonly used sources being wheat, 

potato, tapioca and rice.  

Chemically, starch is a polymeric carbohydrate consisting of anhydroglucose units linked 

together primarily through -D-(1→4) glucosidic bonds. Starch consists of two types of 

molecules, amylose (normally 20-30%) and amylopectin (normally 70-80%). Both consist 

of polymers of -D-glucose units in the 4C1 conformation. In amylose these are linked –

(1→4)-, with the ring oxygen atoms all on the same side, whereas in amylopectin about 

one residue in every twenty or so is also linked –(1→6)- forming branch-points.  

Amylose and amylopectin are inherently incompatible molecules. Amylose has lower 

molecular weight with a relatively extended shape whereas amylopectin has big but 

compact molecules.26 Amylose typically has a molecular weight of 105 - 106 and 

amylopectin has a molecular weight of 107 - 109.26  

 

 

Figure 3 Amylose structure. 

 

 

Figure 4 Amylopectin structure. 
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All green plants make and store D-glucose in the form of spherical starch granules        

2-100 μ m in diameter. Most commercially available starches are isolated from grains 

such as maize, rice, and wheat and from tubers such as potato. 

Native starches are semi crystalline, having a crystallinity of about 20-40 %. Amylose 

and the branching point of amylopectin form amorphous regions. The short-branched 

chains in the amylopectin are the main crystalline component in granular starch. The 

amylopectin segments in the crystalline regions are all parallel to the axis of the large 

helix. Table 1 indicates typical starch compositions. As it can be seen, the composition 

depends on the origin of the starch. Even after a series of treatments traces of lipids, 

protein and phosphorus can be found. 

 

Table 1 Composition and characteristics for different kinds of starch.26 

Starch Amylose 

contenta 

(%) 

Amylopectin 

contenta 

(%) 

Lipid 

contenta 

(%) 

Protein 

contenta 

(%) 

Phosphorus 

contenta 

(%) 

Moisture 

contentb 

(%) 

Granule 

diameter 

(m) 

Crystallinity 

(%) 

Wheat 26-27 72-73 0.63 0.30 0.06 13 25 36 

Maize 26-28 71-73 0.63 0.30 0.02 12-13 15 39 

Waxy starch 1 99 0.23 0.10 0.01 N.d. 15 39 

Amlylomaize 50-80 20-50 1.11 0.50 0.03 N.d. 10 19 

Potato 20-25 79-74 0.03 0.05 0.08 18-19 40-100 25 

Note: N.d., not determined. 
aDetermined on a dry basis 
bDetermined after equilibrium at 65% RH, 20 C. 

 

The high molecular weight and branched structure of amylopectin reduce the mobility of 

the polymer chains, and interfere with any tendency for them to become oriented closely 

enough to permit significant levels of hydrogen bonding. Whistler and Hilbert1 have 

explained that a film cast from amylose is more flexible than a film cast from normal 

starch, which contains 27 % amylose. Also, Yu et al.27 have investigated different 

amylase / amylopectin ratio starches and found that higher amylose content tends to 

give better mechanical properties. 
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1.2.2 Gelatinization 

 

Because of the numerous intermolecular hydrogen bonds existing between the chains of 

a double helix, starch melting temperature is higher than its degradation temperature. 

Consequently, to elaborate a plastic like material it is necessary to introduce high water 

content or/and non-volatile plasticizers, which decrease the glass transition and melting 

temperature. These plasticized materials are normally named “thermoplastic starch 

(TPS)” or “plasticized starch”. At ambient temperature, starch remains insoluble in water 

and keeps its granule structure. Applying heat induces an irreversible swelling named 

“gelatinization”. During this process, the amylose is rather solubilized, the granule’s semi 

crystalline structure disappears and the granules swell rapidly. This phenomenon occurs 

at a given temperature defined as “gelatinization temperature”. Thus, starch gelatinizes 

with heat combined with high water content, which is the destructuring agent. 

The thermal processing of starch consists of several chemical and physical reactions like 

water diffusion, granule expansion, gelatinization, decomposition, melting and 

crystallization. Among the various phase transitions, gelatinization is more important for 

its close relation to the other steps and it is the basis of the conversion of starch to a 

thermoplastic. 

In this process, most of the intermolecular hydrogen links destructured and as a results 

melting and glass transition temperature (Tg) decreased.28 

Processing of starch needs water addition and partial or complete gelatinization. 

Reduction of the moisture content results in a tendency of melting temperature to the 

decomposition temperature. For example, the melting temperature of pure dry starch is 

220-240 C compared to the temperature of the beginning of starch decomposition,    

220 °C.9 Therefore, the main objective of starch processing is minimizing the chain 

degradation. Depending on the thermomechanical input and water content, different 

products for different applications can be obtained. 

Gelatinization and thermal behavior of starch have been widely studied.29-35 Figure 5 

shows the schematic phase transition of starch during gelatinization and retrogradation 

(Generally, a process of deterioration; a reversal or retrogression to a simpler physical 

form).36 
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Figure 5 Schematic representation of the phase transition of starch during thermal 

processing and aging.36 

 

1.2.3 Use of plasticizer 

 

Nevertheless, the water content and thus the plasticized starch properties are strongly 

depending on the storage conditions such as temperature and atmosphere relative 

humidity. 

To overcome this problem, non-volatile plasticizers (at the processing temperature and 

storage) have been evaluated to improve the processing properties and product 

performance. Glycerol is used widely as a plasticizer for starch. Also, several studies 

were performed in order to highlight the different interactions taking place in 

water/glycerol/starch multiphase systems and to determine the influence of the water 

content at equilibrium.3, 37-41 Other kinds of plasticizers are also used to plastify of starch 

such as polyols like sorbitol,5 alkyl polyglucoside,42 citric acid2, 43, formamide and urea,44 

and recently glyceryl triacetate (triacetin)45-47 to decrease the melting and processing 

temperatures and improve the properties. 

 

1.2.4 Modification of starch 

 

Furthermore, materials consisting mainly of pure starch normally produce unfavorable 

final product properties such as poor mechanical properties, weak long-term stability and 

high moisture sensitivity. In order to solve some of these problems various physical and 

chemical modifications of starch granules have been considered, including blending, as 

a physical modification and grafting and derivitization, as chemical modifications. 
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1.2.5 Reinforcement and blending 

 

Different types of (lingo-) cellulose fibers or microfibrils were tested in association with 

plasticized starch. For example, Averous et al.48 have reported a strong Tg increase by 

adding cellulose fibers (natural cellulose fibers from hard wood) into a wheat starch 

matrix. This behavior is linked to the fiber-matrix interactions, which decrease starch 

chain mobility. Carvalho et al.49 have found that adding cellulose fibers (bleached E. 

urograndis pulp) improves the mechanical properties and the thermal resistance as well. 

The composite showed an increase of tensile strength from 5 MPa to 11 MPa and 

enhance in modulus from 125 MPa to 320 MPa with respected to non-reinforced 

thermoplastic starch. 

Blending of starch as a low cost material with high cost materials like                       

poly(-caprolactone) (PCL)50-52 and poly(hydroxybutyrate-co-valerate) (PHBV)53, 54 is 

another field of study. 

For instance, Willett et al.53 reported that adding 25 % of granular starch to PHBV up to 

40 % reduces the price. However, tensile strength and flexural modulus decreased from 

27 MPa and 2.0 GPa to 16 MPa and 1.6 GPa, respectively. Ramsay and coworkers54 

have also reported that varying the wheat starch granules contents to PHBV up to 50 % 

change the mechanical properties so that tensile strength decreased from 18 MPa to 8 

MPa whereas the young’s modulus increased from 1.5 GPa to 2.5 GPa. 

The first attempts to obtain starch based materials involved utilization of starch granules 

as filler for synthetic polymers like polyethylene and polypropylene to enhance the 

potential biodegrability of this polymers.55, 56  

There are also several research activities to blend starch with other polymers like natural 

rubber57, 58 poly(ethylene-co-vinyl alcohol)59, cellulose acetate60, poly lactic acid (PLA)60, 

poly(hydroxy ester ether)61 and poly(propylene carbonate).62 

 

1.2.6 Chemical modification 

 

1.2.6.1 Grafting 

 

Starch graft-copolymers are representatives of modification of the starch molecule by a 

chemical method. Some graft-copolymers can be mentioned like starch-g-polystyrene, 63 

starch-g-methacrylonitrile,64 starch-g-polyvinyl alcohol,65 starch-g-acrylonitrile,66 and 
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more importantly graft-copolymer with PCL67 and PLA.68 Starch-g-PCL is a good 

compatibilizer for starch / PCL blends improving mechanical properties compared to 

pristine starch / PCL blends.67 

 

1.2.6.2 Derivatization 

 

Starch, however, suffers from brittleness and lack of moisture resistance. Esterification 

of hydroxyl groups of starch to increase hydrophobicity is one approach toward 

increasing the water resistance of starch. Derivatization of starch hydroxyl groups will 

also reduce the tendency of starch to form strongly hydrogen-bonded networks and 

improve the flexibility. Among different ester groups, acetate has been widely used to 

esterify of starch. Acetylation of starch results in good thermoplastic processing, 

enhanced mechanical properties and increased hydrophobicity.7, 8 Esterification 

reactions of starch are very well documented. The first starch acetates were already 

described in literature in 1865.69 Around the middle of the last century, a lot of work in 

this field was done by various groups in the USA.1, 70 An important step and also a 

common synthesis of starch acetates were mentioned by Mark and Mehltretter.71 

They described the use of acetic acid anhydride as reactive solvent and induced the 

acetylation of untreated starch in aqueous sodium hydroxide solution. There is little 

literature available on the preparation, properties and utilization of starch acetate of 

intermediate degree of substitution (DS 1.0-2.5). The DS is the average number of 

substituents for glucose unit. Since almost all the glucose units have only three hydroxyl 

groups available for substitution, the maximum possible DS is 3.0. Whistler and Hilbert2 

described the preparation and mechanical properties of films cast from fully acetylated 

(DS 3.0) starch acetate. Zhang et al.72found that the thermal stability of acetylated starch 

depends on the DS. Thermal stability of high DS acetylated starch is much better than 

that of the original starch when DS is 2.67. Lower DS like 0.09 and 0.5 have worse 

thermal stability compared to native starch because weight loss (from thermogravimetric 

analysis (TGA)) occurred at lower temperatures. Low DS derivatives have attractive 

thickening properties for food and paper applications. 

Higher esters like propionate and butyrate promise to achieve better processing and 

mechanical properties compared to starch acetate. For example, Rudolph and Glowaky9 

prepared a series of starch mixed esters by the pyridine method. The total DS values 

were in the range of 1.4 to 2.2. They prepared starch-acetate-phthalate, starch-
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propionate-phthalate and starch-butyrate-phthalate and measured the Tg and softening 

point (Ts). They found that by increasing the size of ester group from acetate to butyrate, 

Tg and Ts decreased from 147 to 74 °C and 145 to 113 °C, respectively. This kind of 

products follow rational structure-property trends characterized by increasing chain 

mobility with increasing aliphatic ester side chain length and increasing extent of side 

chain substitution. The effect of ester groups chain length on the anaerobic 

biodegradation of starch esters has been studied by Rivard and coworkers.73 They 

prepared starch derivatives with different ester groups such as propionate, butyrate, 

valerate and hexanoate (DS from 0.1 to 2.35 for different ester groups) and found that 

increasing the carbon length of substitution reduces the anaerobic biodegradation 

potential for the resulting starch ester polymers over the C-2 to C-6 range so, anaerobic 

bioconversion decreased from 90% for starch acetate to about 10% for starch 

hexanoate. Rinaudo et al.4 prepared mixed esters of starch to change the properties of 

starch-acetate films. They prepared almost fully substituted starch-acetate-hexanoate 

(C-6) and starch-acetate-laurate (C-12) and found that by increasing the size of ester as 

substituent, Tg of the starch mixed ester decreases compare to starch triacetate. It 

seems that higher ester substituents behave like an internal plasticizer for starch. 

Gros and coworkers10 also demonstrated that by changing the kind of fatty acid from 

acetate to laurate the mechanical properties of films prepared from amylose changed. 

They observed a big improvement in elongation at break and a reduction in Young’s 

modulus by increasing the ester length from acetate to laurate. But because of higher 

cost of amylose compared to native starch it is not suitable to produce a commodity 

plastic. 

 

1.2.7 Starch nanocomposites 

 

Among the bio-based polymers, starch has received a great interest in nano-bio-

composite systems. Starch, mainly, has been used in plasticized state in nanocomposite 

formation. Most of the studies in this field are elaborated with native starch and there are 

just few studies on chemically modified starch materials (starch acetate).11, 12 
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1.2.7.1 Effect of plasticizer on nano-dispersion state 

 

To reach an exfoliated structure, different kinds of plasticizers and nanoclays and 

accompanying procedures have been studied and proposed. Preferably unmodified 

hydrophilic montmorillonites were incorporated into glycerol plasticized starch in solvent 

processes74 or by melt blending.75  

In addition, nanocomposites based on plasticized starch with glycerol were elaborated 

with unmodified MMT-Na. Native starch has a hydrophilic nature and unmodified MMT-

Na has the same nature as well, therefore this nanoclay was expected to give an 

enhanced nano-dispersion state.14 Among a lot of studies in this field few of them have 

found exfoliated structure15 and mostly produced intercalated structure. 

It was highlighted that intercalation was caused by penetration of glycerol into the clay 

galleries. It is reported that for glycerol contents higher than 10 wt%, such systems led to 

the formation of an intercalated structure with d001 increased from 1.2 to 1.8 nm. This d001 

value is already well reported in the literature and is generally attributed to glycerol 

intercalation.76  

To enhance the dispersion of clay into the starch matrix, emerging of clay into distilled 

water has been studied.77, 78 Chiou et al.79 reported that MMT-Na samples containing 

totally 47 wt% plasticizer (42 wt% moisture and 5 wt% glycerol) content after extrusion 

led to a nanocomposite with exfoliated nanoclay. In this case, glycerol can interpenetrate 

between the nanoclay platelets and help the exfoliation process with increasing the layer 

spacing. 

However, an intercalated/exfoliated morphology has also been obtained through 

extrusion and with organo-modified clay (cloisite 25A, modified with dimethyl-

hydrogenated tallow-2-ethylhexyl ammonium) without non-volatile plasticizers.80  

These results confirm the effect of the polyol plasticizers on the exfoliation process and 

thus on the resulting morphology. This behavior is likely to be related to the hydrogen 

bonds established between glycerol and MMT platelets.81 Other plasticizers like sorbitol 

resulted in the same morphology.82  

 

1.2.7.2 Enhancement of clay dispersion 

 

The nanoclay dispersion state is an important parameter in order to achieve high 

performance TPS / MMT nanocomposites. 
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Ning et al.83 reported that adding 3 wt% of citric acid to the cornstarch/glycerol 

compound can increase the plasticization of TPS and dispersion of MMT in the 

nanocomposites. The layer distance in the TPS / glycerolized MMT (GMMT) 

nanocomposite was 2.17 nm, and incorporating citric acid increased this value to 2.21 

nm. At the same composition of TPS / GMMT, the presence of citric acid gave better 

tensile strength and elongation at break for good affinity between highly plasticized TPS 

and hydrophilic modified MMT.  

To promote the clay exfoliation process, cationic starch surfactant was used by Chivrac 

and coworkers.84 In this study, unmodified MMT (Dellite LVF) was modified using 11.0 g 

of Dellite LVF, 12.3 g cationic starch, and 52 ml distilled water. This mixture was 

premixed to obtain a gel and then was introduced to an internal batch mixer at 70 °C. 

After processing, the modified clay was obtained and directly incorporated into starch / 

plasticizer / water in the proportion of 54 / 23 / 23. The starch nanocomposites were 

prepared through mechanical kneading. XRD did not show any peak, suggesting an 

exfoliated morphology. Indeed, TEM analysis confirms the nano-scaled dispersion and 

showed that the use of this surfactant led to a non-aggregated structure.  

To enhance the nanofiller dispersion, oxidized starch also has been used as a matrix to 

produce a starch nano-bio-composite.81 X-ray showed that clay exfoliation occurred in 

unplasticized starch/clay mixture. 

To reach this goal, Srikulkit and coworkers74 used chitosan as a compatibilizing agent in 

order to homogeneously disperse the clay particles in a starch matrix. The composite 

contained 100 parts of a mixture of starch with 0 – 15 wt% of chitosan and 1-15 wt% clay 

and 20 parts of glycerol. Distilled water was also added, followed by an acidification with 

acetic acid to 1 % (v/v) in order to dissolve the chitosan. The mixture was then heated to 

the gelatinization temperature of 70-80 °C for 1 h. The starch solution was cast onto an 

acrylic sheet mold with a wet thickness of 3 mm and dried over night. Only a small 

increase in the clay d(001) from 1.2 to 1.4-1.5 nm was achieved since the molecular mass 

of the chitosan used was too high to be easily intercalated into the inter-layer spacing. 

Results showed that adding 5 % MMT and 20 % chitosan increase the tensile strength 

up to 25 MPa in starch / clay / chitosan films. Also, Young's modulus improved to 1 GPa, 

but elongation at break was low (just 5 %). 
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1.2.7.3 Use of organo-modified clays 

 

Besides unmodified clays, some studies have been carried out by using organo-modified 

clays. Park et al.76, 85 used one unmodified MMT(Cloisite Na+) and three organo-modified 

MMTs, Cloisite 30B ( modified with methyl tallow bis (2-hydroxyethyl ammonium)), 

Cloisite 10A (modified with dimethyl benzyl hydrogenated-tallow ammonium) and 

Cloisite 6A (modified with dimethyl dehydrogenated tallow, quaternary ammonium 

chloride) to prepare starch nanocomposites. TPS samples consisting of starch / water / 

glycerol in the proportion of 5 / 2 / 3 were premixed at 110 °C in a Haake mixer, then cut, 

dried and mixed with predried clays in the range of 2.5 to 10 wt% at 110 °C. XRD 

showed just partial intercalation. The modification of clays did not match well 

thermodynamically with the TPS matrix and consequently the dispersion was poor. 

Dynamic mechanical analysis (DMA) showed higher elastic modulus for TPS / Cloisite 

30B nano-bio-composites compared to those elaborated with Cloisite 10A and Cloisite 

6A. This behavior was explained by the poor nanofiller dispersion and the lack of 

compatibility between the plasticized starch and these more hydrophobic organo-

modified clays. Surprisingly, these hybrid materials displayed a lower elastic modulus 

compared to the virgin matrix. Such a result was not expected since the nanoplatelets 

generally induce a stiffness increase. This assumption was consistent with the excess of 

surfactant, which may diffuse into the matrix and plasticize it. The highest elastic moduli 

were obtained with Cloisite Na+. This behavior was linked to the reinforcing effect of the 

clay and to a shift of the tan  peaks toward higher temperature, which indicated that 

clay layers strongly influence the starch chain mobility. This tendency was attributed to 

the hydrophilic nature of starch and clay toward higher affinity of clay and starch chains. 

The same tendency was observed for mechanical behavior. It was clearly seen that the 

most hydrophobic nanofillers (Cloisite 10A and Cloisite 6A) displayed lower tensile 

strength and strain at break compared to the neat matrix. This behavior was induced by 

the huge clay aggregates, which are internally generated and thus enhance the material 

embrittlement. Cloisite 30B showed higher tensile properties for better dispersion. The 

Cloisite Na+ hybrid showed the highest tensile strength and strain at break of 2.8 MPa 

and 44.5%, respectively. 

Chiou et al.14 studied the formation of nanocomposites by using four different types of 

starches (wheat, corn, potato, and waxy corn) with the incorporation of different kinds of 

unmodified and organo-modified clays. They used Cloisite Na+, Cloisite 30B, 10A, and 
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15A (modified with dimethyl dehydrogenated tallow quaternary ammonium). The 

samples were prepared by adding the clays in the range of 2.5 to 10 wt% to the 

starches. The starch / nanoclay powder was mixed manually in a plastic bag and the 

moisture content was kept at 51 wt%. After mixing at room temperature, samples were 

analyzed in dynamic and creep tests and XRD analysis. They found that at higher clay 

concentrations the Cloisite Na+ had larger frequency – independent region of elastic 

moduli and lower creep compliances than the other samples, indicating that these 

samples formed more gel–like materials. Potato starch samples showed a higher 

swelling capacity than other starches. This produced softer granules and led to lower 

elastic moduli in the clay / starch mixture. 

It is clear that the formation of a nanocomposite is required to improve the mechanical 

properties. Therefore, studies focused on the preparation of nanocomposites. 

 Huang et al.44, 86-88 in a series of studies investigated the use of different kinds of clays 

and plasticizers to produce starch / clay nanocomposites. Glycerol and cornstarch in the 

ratio of 3:1 were premixed in a high-speed mixer.86 Then these mixtures were fed into a 

single screw extruder. The extruded material was cut into small particles in order to be 

mixed with MMT easily. These particles were mixed with clay in single screw extruder. 

The tensile strength with a clay content of 10 % reached 9.7 MPa from 4.5 MPa for the 

sample without clay. At the same time, elongation at break decreased from 97.5 % to   

75 % for samples with 10 wt% MMT and without MMT, respectively. Also, the clay 

restrained crystallization of the starch for a long time ( 90 days). 

Huang and coworkers44 used mixture of urea and formamide as plasticizer. To modified 

MMT, 5.04 g citric acid and 2.4 ml sulfuric acid were in turn added to 700 ml water at 80 

°C. This solution slowly then was added to a water solution that contained 20 g MMT. 

The mixture was stirred at 80 °C for 3 h, then cooled to room temperature, filtered and 

dried. The plasticizer premixed with the nanocomposites was the same as described 

above. SEM and TEM showed that MMT layers were expanded and uniformly dispersed 

in the nanometer range. XRD confirmed the SEM and TEM results. XRD showed by 

activation of unmodified MMT, the diffraction peak of MMT (001) crystal plane moved 

from 8.75 to 5.71°, meaning the distances between layers of MMT widened and 

increased from 1.01 to 1.55 nm. The diffraction peak of MMT disappeared in the 

nanocomposite, indicating that the crystal lattice structure of MMT was totally dispersed 

and an exfoliated structure was formed. When the clay content increased from 2.5 to   
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10 wt%, the tensile strength increased from 13.5 to 25.0 MPa yet elongation at break 

decreased. 

Nano-bio-composites were prepared using the formamide/ethanolamine plasticized TPS 

as the matrix and activated MMT with ethanolamine.87 The wide angle X-ray diffraction 

(WAXD) pattern revealed that activation of MMT led to a bigger layer spacing which 

indicated that the ethanolamine had intercalated into the layers of MMT. WAXD of 

nanocomposite showed that the (001) diffraction peak of the composite disappeared, 

and so an exfoliated nanocomposite was formed. 

 

1.2.7.4 Impact of clays on elongation at break 

 

Normally adding of nanoclays as the filler into the starch lead to a reduction of the 

elongation at break.6, 89-91  

Besides, some authors have reported improvement in elongation at break by using 

MMT-Na into plasticized starch.16, 76, 85  Park et al.76, 85 have found that elongation at 

break of TPS / Cloisite Na+ hybrid increased by ca. 30 % as compared to the pristine 

TPS. The increase of the hybrid elongation at break may be due to stress concentration 

sites, which lead to shear banding and/or craze initiation, which has been observed 

sometimes in immiscible blends. Also, Pandey16 explained that the increased elongation 

at break was due to the processing of their materials in which the plasticizer was mixed 

after starch diffusion inside the gallery and would therefore migrate throughout the 

system and retained the plasticizer efficiency. 

 

1.2.7.5 Effect of nanoclays on thermal stability of starch 

 

Some authors studied the thermal stability of starch-based nano-biocomposites. Park et 

al.76 showed by TGA that the potato starch / Cloisite Na+ and Cloisite 30B hybrids had a 

higher degradation temperature compared to the neat starch. This increase in the 

thermal stability was significant up to 5 wt% of clay for either Cloisite Na+ or Cloisite 30B, 

while this improvement was leveled off with further increase in clay content. Moreover, 

the potato starch / Cloisite Na+ thermal stability were higher than the Cloisite 30B nano-

bio-composite one. Such results highlighted some relationships between the MMT 

dispersion and the thermal stability. The same tendency was observed with other studies 

based on various starches and nanofillers.6, 77 These results indicate an enhancement of 
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the material thermal stability by MMT. This behavior is commonly observed in 

nanocomposite systems and is linked to the clay aspect ratio and dispersion state. 

 

1.2.7.6 Effect of nanoclays on water vapor permeability of starch 

 

Nanoclays are also known to influence the water vapor permeability (WVP) of nano-bio-

composites. Park et al.85 examined potato starch nano-bio-composites WVP with 

different clays. According to their results, all the hybrid films showed lower WVP 

compared to the pristine matrix. For example, the MMT-Na hybrid WVP has been 

reduced by nearly a half compared to the pristine matrix with 5 wt% of clay loading. The 

same effect is observed for other plasticized starch nano-biocomposites.76, 87 This 

behavior is induced by two distinct phenomena, namely (i) the dispersion of the silicate 

layers and (ii) the solubility of the penetrant gas into the nano-biocomposite film.4 

Therefore, for the micro-biocomposites based on Cloisite 30B, Cloisite 10A, and Cloisite 

6A the barrier properties’ enhancement were linked to the decreases in the water 

solubility due to the surfactant’s hydrophobic character. On the other hand, for      

Cloisite Na+, the permeability decrease likely resulted from the better nano-dispersion. 

 

1.2.7.7 Starch derivative nanocomposites 

 

As mentioned before, there are many studies dealing with the incorporation of nanoclays 

into starch but few studies exist on the incorporation of nanoclays into starch 

derivatives.11, 12 In one of these studies, Qiao et al.11 have reported the reinforcing of 

thermoplastic acetylated starch with layered silicates. Compositions of the acetylated 

starch / glycerol / clay with the weight ratios 100 / 50 / 5 are described. One unmodified 

clay and one organo-modified clay (modified with trimethyldodecyl ammonium), with 

layer distances of 1.2 nm and 2.3 nm, respectively were used. The three components 

were mixed by hand and sealed for 12 h to affect sufficient swelling. The mixture was 

processed at 150 °C for 10 min in a roller mixer. The composites obtained were hot 

pressed at 160 °C to achieve samples of 1 mm thickness. The samples were stored in 

tightly sealed polyethylene bags to prevent moisture absorption. XRD results showed 

intercalation of TPS into the clay layers. Incorporating of unmodified clay and organo-

modified clay improved the tensile strength from 5.48 MPa for TPS to 8.75 and 10.36 

MPa, respectively; elongation at break decreased as expected. The storage modulus 
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decreased rapidly above the Tg of 50 °C due to the action of the layered silicates; 

however, the Tg was increased by the incorporation of clay. 
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1.3 Cellulose 

 

Cellulose is the most abundant organic renewable compound on the earth. From the 

current point of view, cellulose representing about 1.5  1012 tons of the total annual 

biomass production.92 Cellulose can be obtained from various plants, such as trees, 

cereals, cotton, jute, ramie, hemp, kenaf, agave, etc. Often associated with lignins (ligno-

cellulose products), the cellulose content of lignocellulosic fibers from different sources is 

presented in Table 2.23  

 

Table 2 Composition of lingo-cellulosic fibers, from various sources.23 

Fibers Cellulose content 

(%) 

Lignin content 

(%) 

Hemicellulose 

content (%) 

Ash (silica, 

etc.)(%) 

Straw fibers     

Wheat 29-35 16-21 27 5-9 

Rice 28-36 12-16 23-28 15-20 

Rye 33-35 16-19 27-30 2-5 

Wood fibers     

Conifers 40-45 34-36 7-14 1 

Hard wood 38-49 23-30 19-26 1 

Others     

Flax 43-47 21-23 16 5 

Jute 45-53 21-26 15 0.5-2 

Cotton linters 85-90 - 1-3 0.8-2 

 

It is also known that some bacteria produce cellulose and that cellulose is present in the 

cell wall of some algae. Cellulose separated from the above plants has been used as 

paper, textile, foods and fine chemicals.  

 

1.3.1 Cellulose structure 

 

Cellulose is a polysaccharide consisting of several hundreds to over ten thousands  

(14) linked D-anhydro glucose unit (AGU) with chemical structure as shown in Figure 

6 with cellubiose as two coupled glucose ring representing the physical basic unit. 
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Figure 6 Cellulose structure. 

 

The morphology of native cellulose is characterized by a fibrillar structure. The 

morphological hierarchy is defined by elementary fibrils, microfibrils, and microfibrillar 

strands. The lateral dimensions of these structural units are between 1.5 and 3.5 nm for 

elementary fibrils, between 10 and 30 nm for microfibrils, and on the order of 100 nm for 

microfibrillar bands.92 Electron micrographs of the fibrillar structure of Valonia, cotton 

linters, and dissolving pulp are presented by Fink et al.93 (Figure 7). 

 

 

                    Valonia                                cotton linters                            dissolving pulp 

Figure 7 Electron micrographs of cellulose microfibrils from different sources.93 

 

The fringed fibrillar model (crystalline and noncrystalline regions) with crystallites of 

varying dimensions has proven successfully for the description of the structure of 

microfibrils and the partially crystalline structure of cellulose in connection with reactivity 

of this polymer.93 
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Figure 8 Different models of supermolecular structure of cellulose micrifibrils.93 

 

Cellulose for its hydrogen bonded, partially crystalline structure is difficult to dissolve in 

usual solvents. The viscose technology which is used for long time to produce cellulose 

regenerated materials results in environmental hazardous byproducts (CS2, H2S and 

heavy metals). Recently, use of N-methylmorpholine-N-oxide (NMMO) technology is 

promising to produce regenerated cellulose materials without hazardous materials.94 

The glucose monomer units in cellulose form both intra- and inter-molecular hydrogen 

bonds generating cellulose microfibrils. These hydrogen bonds lead to the formation of a 

linear crystalline structure with a high theoretical tensile strength.  

Four principal allomorph structures have been identified for cellulose:92 

i – Cellulose I crystal structure, which is the natural form of the cellulose, is the result of 

the co-existence of two distinct crystalline forms named cellulose I and I, which have, 

respectively, a triclinic and a monoclinic unit cell. 

ii – cellulose II is generally obtained by regeneration of cellulose I from solution. The 

transition from cellulose I to II is not reversible. 

iii – cellulose III is prepared from cellulose I and II with liquid ammonia or ethylene 

diamine treatment. These two celluloses are named cellulose IIII and IIIII, respectively. 

iv – cellulose IV is prepared with glycerol at high temperature from cellulose III. Here 

again two types exist: cellulose IVI and IVII obtained from cellulose IIII and IIIII, 

respectively. 
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The degree of crystallinity of cellulose and the dimensions of the crystallites have been 

studied. Fink et al.92 have reported the results of x-ray diffraction measurements of 

native cellulose. 

 

Table 3 Degree of crystallinity (Xc), crystallite sizes (D(hkl)), and lateral dimensions (d) of 

microfibrils of native celluloses.92 

Cellulose source Xc (%) Crystallite  sizes  (nm) d(nm) 

  D(1-10) D(110) D(020)  

Algal cellulose 80% 10.1 9.7 8.9 10-35 

Bacterial cellulose 65-79 5.3 6.5 5.7 4-7 

Cotton linters 56-65 4.7 5.4 6.0 7-9 

Ramie 44-47 4.6  5.0 3-12 

Flax 44 (56)a 4-5 4-5 4-5 3-18 

Hemp 44 (59)a 3-5 3-5 3-5 3-18 

Dissolving pulp 43-56   4.1-4.7 10-30 

a Degree of crystallinity relative to cellulose. 

 

1.3.2 Cellulose acetate (CA) 

 

The regularity of the cellulose chain and the strong hydrogen bonding between hydroxyl 

groups of adjacent chains results in an insoluble tightly packed crystalline material. 

Because of these strong intermolecular interactions, cellulose does not exhibit plastic 

properties and thermal decomposition occurs before softening of the material during 

heating. Nevertheless, cellulose played an important role as a raw material for the 

development of commercial plastics. By substitution of the hydroxyl groups with larger 

groups such as acetate the strong intermolecular forces can be diminished resulting in 

solubility and increased softness of the polymer. For the first time CA was prepared in 

the form of cellulose triacetate (CTA). CTA was synthesized for the first time in 1894 by 

Cross and Bevan.87 Although several attempts were carried out to use this material in 

different applications like photographic film, artificial silk and hornlike plastic material, 

commercial success of these research work was restricted for two major reasons:95 

- The properties of CTA seemed to be close to collodiom (is a flammable, syrupy 

solution of pyroxylin in ether and alcohol) and nitrocellulose, but in fact the 
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solubility and elastic properties of CTA were very different from the other 

products. 

- For the processing of CTA new methods had to be developed. 

The commercial breakthrough came with the production of cellulose diacetate (CDA) by 

Miles, as CDA is soluble in acetone and other readily available solvents like methyl 

acetate and ethyl acetate and its mechanical properties are close to collodion.  

Another reason for commercial success of CDA comes from the thermal behavior of this 

polymer. Kamide and Saito96 studied the effect of DS on Tg, Tm and decomposition 

temperature (Td) of CA. This relationship can be seen in Figure 9. The dependence of Tg 

and Tm was determined by differential scanning calorimetry (DSC) and of Td by 

thermogravimetric analysis (TGA). It should be noted that Tg is almost independent on 

molecular weight and Td might increase with molecular weight by about 5 %. Td shows a 

reduction for DS= 0.5 and then an increases up to DS = 3.0. Td always exists below Tm 

and just at DS = 2.5 these two temperatures come close to each other. For DS = 2.5, Tm 

exists a little under Td. The DS dependence of Td suggests that the molecular 

interactions of the chains influence the thermal degradation as well as the conditions and 

purity of the samples. 

 

 

Figure 9 Dependence of glass transition temperature Tg, melting temperature Tm and 

decomposition temperature Td on the average degree of substitution.96 
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1.3.3 Thermal stabilization of Cellulose acetate 

 

In some commercial procedures for producing cellulose acetate, sulfuric acid is 

employed in the reaction mixture as a catalyst, and consequently the resulting cellulose 

acetate contains small quantities of sulfuric acid in the form of combined sulfate groups. 

These sulfate groups are highly heat sensitive, and upon exposure of the cellulose 

acetate to heat, the sulfate groups are converted to free sulfuric acid which tends to 

degrade CA. Such degradation of CA affects the properties such as color, impact 

strength, tensile strength, flexural strength, elongation, and stiffness. Prior art 

procedures for stabilizing CA containing combined sulfate groups depended to a large 

extend upon the use of neutralizing type of compounds as stabilizers. Successful use of 

the neutralizing type of stabilizers for the optimum combination of color and strength 

properties depends upon an almost perfect balance between the amount of a particular 

stabilizer and the concentration of combined sulfate groups in the CA.  

US patent 66367897 reports a technique to stabilize cellulose propionate (CP). 10 parts 

of CP, 100 parts of 20 % propionic acid and 0.2 parts of magnesium acetate were 

introduced into a steam-jacketed pressure vessel equipped with a stirrer, which was then 

sealed and the stirrer started, and steam admitted into the jacket until the pressure 

inside the vessel reached 1.7 bar. Stirring was continued for 2 hours, keeping the 

pressure constant. Subsequently the acid solution was discharged and the CP was 

washed with distilled water and dried. On being molded, the stabilized CP developed 

about 60 % as much color as the unstabilized material. 

Walker and et al.98 proposed another compound to stabilize CA. They used trichlorethyl 

phosphate as plasticizer and disodium phthalate as stabilizer.  

It has been found that CA compositions containing combined sulfate groups can be 

thermally stabilized by incorporating an epoxide into the composition.17 To optimize this 

with neutralizing type stabilizer 100 parts of CA, 35 parts of diethyl phthalate, 0.01 parts 

of tartaric acid and 0.5 parts of Epon RN-48 (an epoxy type resin produced by Shell 

Chemical Co.), were extruded at 205 °C. The same procedure had been done for the 

above composition without Epon RN-48. Viscosity of both samples was measured in a 

horizontal capillary viscometer. The composite containing Epon RN-48 showed viscosity 

retention of 57.7 % of the original CA, whereas the composite without Epon RN-48 

retained only 21.6 % of its original viscosity. Injection molded specimens of samples 

containing Epon RN-48 also showed higher izod impact strength, flexural modulus and 
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stiffness compared to samples without Epon RN-48. In another study, the use of 

phenoxy propylene oxide has been proposed for the thermal stabilization of CA.99 

Hanna et al.100 prepared CTA (DS = 2.79) – metal ion complexes to improve the thermal 

stability. All polymer complexes were prepared by dissolving equimolar amounts of CTA 

and the metal salts in chloroform and methanol. Various analytical grades of Ni, Co, Cu 

and Cr salts had been used. The TGA curves showed that incorporating the metal salts 

increased the TGA-thermal degradation temperature. For the best performance Cu-salt 

improved the TGA- thermal degradation temperature up to 30 k. The calculated 

activation energy varied in the following sequence: CTA-Cu(II) > CTA-Ni(II) > CTA-Co(II) 

> CTA-Cr(III) > CTA.  

 

1.3.4 Thermoplastic processing of cellulose acetate 

 

There are three main strategies leading to thermoplastic CA:101 addition of low molecular 

weight plasticizers, formation of polymer blends, and chemical modification or grafting of 

the saccharide backbone.  

When CA is used in the manufacture of products, some quantity of suitable plasticizer 

must be incorporated with it in order to sufficient flow under the influence of heat and 

pressure. Even among widely diversified uses of CA, there are several common 

requirements of the plasticizer to be present. It must be compatible with the CA in 

appreciable quantity, must be retained throughout a reasonable period of aging, and 

must remain colorless. For this purpose, low molecular weight plasticizers like 

phthalates,102 glycerol,103 triacetin,104, 105 or citrate esters106 are used. 

However, external plasticizers may migrate from the polymer leading to environmental 

and health hazards. Internal plasticization, the grafting of long chain molecules to 

cellulose acetate may result in materials with the required properties. One of the most 

obvious compounds for modification of CA is polycaprolactone, which promise to 

enhance the thermoplastic processing of CA.107, 108 

Blending of CA with other polymers like polyethylene glycol,109 polysulfone,110 

polyurethane,111 poly(-caprolactone),112 and nylon 6113 is another strategy to improve 

the properties of CA in different aspects. 
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1.3.5 Cellulose acetate nanocomposites 

 

Although CA is well known for a long time there are few studies on elaboration of 

nanoclays.18-21, 114, 115 Mohanty et al.18, 19 have elaborated CA / Cloisite 30B nano-bio-

composites, by melt blending, with various contents of triethyl citrate (TEC) as the 

plasticizer and different morphological analyses have been performed. According to the 

results, nano-biocomposites with 20 wt% of triethyl citrate (TEC) plasticizer and 5 wt% 

Cloisite 30B displayed an exfoliated structure. On the other hand, samples with 30 – 40 

wt% of TEC displayed an intercalated structure with a d(001) of 4.0 nm. Moreover, the 

higher the TEC content, the higher the diffraction peak intensity. This behavior is related 

to the hydrogen bonds established between the –OH groups of the TEC plasticizer and 

those of the organo-modifier in the clay, which disturb the intercalation/exfoliation 

process. Therefore, Cloisite 30B seems suitable to achieve exfoliation in CA nano-bio-

composits but only at lower concentration of TEC. To enhance the clay exfoliation 

process even at higher plasticizer content a carbohydrate compatibilizer has been used. 

This compatibilizer was synthesized by radical graft polymerization of maleic anhydride 

(MA) monomers onto cellulose acetate butyrate (CAB). The blends were prepared with a 

CA / TEC ratio of 75 / 25 wt% / wt%. The mixture was mixed with 5 wt% Cloisite 30B and 

between 0 – 7.5 wt% of the prepared compatibilizer and then melt compounded. Without 

compatibilizer, the nanocomposites showed an intercalated structure with a d(001) : 4.0 

nm. On the other hand, adding compatibilizer let to an exfoliated structure. The best 

exfoliated state was obtained with 5 wt% of compatibilizer. The effect of clay dispersion 

state on the main properties of CA based nanocomposites has been studied with various 

techniques. Mohanty and coworkers observed that the clay nanoplatelets incorporation 

increased the tensile strength and tensile modulus of the CA hybrids, compared to 

pristine matrix. The biggest improvement was achieved in the composition of CA / TEC, 

85 / 15 by incorporating 5 wt% of Cloisite 30B. The tensile strength and tensile modulus 

increased from 81 MPa and 3.5 GPa to 120 MPa and 6.0 GPa, respectively. Flexural 

strength and flexural modulus indicated the same trends as well. But tensile elongation 

and izod impact strength diminished. The effect of compatibilizer was also studied on the 

mechanical properties of plasticized CA hybrid systems.20, 21 According to the presented 

results, the best mechanical property enhancements were obtained with exfoliated 

morphology, with 5 wt% compatibilizer. At higher compatibilizer content, the mechanical 

properties decreased.  

 29



 30

The nanofiller dispersion effect on Tg has also been studied by DMA. As expected an 

increase in the nanocomposite Tg was observed after incorporation of the nanoclay.18, 21 

This trend is likely to be related to the clay dispersion state, which can hinder the 

polymer chain mobility. Another possible explanation is linked to the hydrogen bonds, 

which could be established between the –OH groups of the organo-modifier and the 

residual ones of the carbohydrate chains and which could reduce the CA mobility. 

Besides, WVP was examined in a controlled temperature and relative humidity 

chamber.18 A strong decrease in permeability, reaching 2-fold at the higher organo-clay 

content, was observed. This decrease was due to the well ordered and dispersed silicate 

layers having a large aspect ratio, which lead to a more tortuous path for the diffusion of 

gas molecules through the film.  
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Chapter 2: Experimental 

 

2.1 Materials 

 

CA (DSoverall=2.63, DS2=0.82, and DS6=0.79), L60/90 Eilenburg GmbH, without 

additives in powder form was used. 

SP with a DS of 2.45, and SA with a DS = 2.60 were synthesized in this institute from 

high amylose (50 wt%) maize starch.45 The SA was prepared with the method described 

by Kakuschke and Rapthel116 via refluxing the starch in a mixture of acetic acid and 

acetic acid anhydride for 24 h. SP was synthesized according the method of Mark and 

Mehltretter71 by refluxing the starch in propionic acid anhydride in the presence of an 

aqueous sodium hydroxide solution for 5 h. 

StPrAcLau (DSProp > DSAc >> DSLAu) and StAcPrLau (DSAc > DSProp >> DSLAu) were 

synthesized in this institute from high amylose (50 wt%) maize starch according to a new 

road.117 

To produce StPrAcLau, 2.4 mol of the air dried starch (water content 12 to 14 %) were 

placed together with 5.5 mol propionic acid anhydride (2.25 moleq/AGU) in a 2 liter IKA® 

laboratory glass reactor and the temperature was set to 95 °C. When the thermostat 

reached 95 °C the slurry was stirred for 45 min before 1.7 mol 1-methylimidazole 

(0.7 moleq/AGU) were added and the temperature of the thermostat was set to 115 °C. 

Having reached the set temperature of the thermostat after 10 min, 1.2 mol lauroyl 

chloride (0.5 moleq/AGU) was added, followed by 5.5 mol acetic acid anhydride 

(2.25 moleq/AGU). The reaction mixture became viscous, brownish and transparent and 

was stirred for further 45 min before cooling to room temperature and precipitating and 

washing in ethanol and finally drying at ambient temperature. The product was 834 g of 

a white powder with DSAc = 0.59, DSProp = 2.31 and DSLau = 0.1.  

The degree of substitution of the acetate and propionate ester groups can be controlled 

by the sequence of addition. Therefore to synthesize StAcPrLau the reaction conditions 

were not changed. Instead, the order of the addition of the carboxylic acid anhydrides 

was changed. Acetic acid anhydride was used at first and after addition of 1-

methylimidazole and lauroyl acid chloride and propionic acid anhydride was given to the 

reaction mixture. 712 g of a white powederous product was isolated through precipitation 

in ethanol with DSAc = 2.27, DSProp = 0.63 and DSLau = 0.1. 
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1,2,3-triacetoxypropane (triacetin or glycerin triacetate) as supplied by Aldrich (USA) 

was used as the plasticizer.  

Potassium chloride (KCl) with purity of 99.5%, Lithium chloride (LiCl) with purity of 99%, 

sodium hydroxide (NaOH) with purity of 98% and sodium sulphate anhydrous (Na2SO4) 

with purity of 99% were purchased from MERCK (Germany) and sodium acetate (NaAc) 

with purity of 99.995% was purchased from SIGMA-ALDRICH (USA). Normal kitchen 

salt was used as the source of the sodium chloride (NaCl). Urea phosphate was 

purchased from FLUKA (Germany) and Hycite 713 (as acid scavenger) was purchased 

from Ciba (Switzerland). 

LAVIOSA S.p.A. (Italy) supplied five kinds of MMTs; three organically modified and two 

unmodified as presented in Table 4.  

 

Table 4 Different types of used layered silicates – nanoclays. 

Type of Clay Organic Modifier 

Dellite LVF Inorganic MMT (cation exchange capacity 

(CEC) = 105 milliequi/100 gram) 

Dellite HPS Inorganic MMT (cation exchange capacity 

(CEC) = 128 milliequi/100 gram) 

Dellite 43B DMBHT* 

Dellite 67G DMDHT** (high modifier content) 

Dellite 72T DMDHT** (low modifier content) 

* dimethyl-benzyl-dihydrogenated tallow ammonium 

** dimethyl-dihydrogenated tallow ammonium 
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2.2 Melt compounding and injection molding 

 

2.2.1 Nanocomposites 

 

The starch derivatives, CA and clays were dried in an oven at 80 °C for at least 24 h 

before use. Certain amounts of different kinds of clays were immerged into the TA 

corresponding to the weight of starch derivatives and CA for 24 h. The starch 

derivatives, CA and the mixture of TA and clays were mixed mechanically with a high-

speed mixer for about 5 min and then stored in sealed polyethylene bags for 24 h prior 

to further processing. Unplasticized CA and clay was compounded in the same 

procedure, just avoiding introducing the plasticizer. The pre-plasticized mixture of starch 

derivatives and CA or solid mixture of CA and clays was then homogenized in a HAAKE 

kneader at a temperature of 140 to 170 °C (for starch derivatives and based on the 

plasticizer content) and 180 to 230 °C (for CA and based on the plasticizer content) and 

a speed of 50 to 100 rpm. The mixtures were then melt compounded in a HAAKE 

minilab (Thermo ELECTRON CORPORATION, Germany) counter rotating twin-screw 

extruder at a temperature of 140 to 200 °C and a speed of 250 rpm in starch derivatives 

cases and 180 to 235 °C and a speed of 100 rpm in CA case. Finally, dumb-bell shape 

standard test specimens were injection molded with a HAAKE minijet (Thermo 

ELECTRON CORPORATION, Germany) according to ISO 527, type 5 A. Prepared 

dumb-bell specimens were put in a climate room with a temperature of 23 °C and a 

relative humidity of 50 % for 24 h prior to tensile testing. 

 

2.2.2 CA compounds 

 

An amount of salt corresponding to 3 mmol of metal (e.g. 0.17 wt% in the case of NaCl) 

was dissolved in 200 ml of demineralized water (DM water) and the solution was 

homogenized by mixing. Then, 100 g of CA was emerged in the prepared solution (or 

just DM water) by mixing. The mixture of water/salt/CA was dried under vacuum at 50 C 

for 24 hrs before use. Then, for further homogenization and interaction, a counter 

rotating twin-screw extruder (HAAKE Minilab, Thermo ELECTRON CORPORATION, 

Germany) was used in the temperature range of 230 to 240 C and a screw speed of 

100 to 150 rpm to produce the compound. The resulting compound was injection molded 

with a HAAKE Minijet, Thermo ELECTRON CORPORATION, Germany, with 
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temperatures in the range of 230 to 240 C and 90 to 120 C for cylinder and mold, 

respectively, to prepare dump-bell shape specimens according to ISO 527, type 5A.  
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2.3 Characterization methods 

 

2.3.1 Tensile test 

 

Tensile properties of samples were measured using a Zwick 1445 universal testing 

machine at 23 °C and 50 % relative humidity. Initial clamp separation and crosshead 

speed were 44 mm and 22 mm/min, respectively. All measurements were performed for 

at least six replicated dumb-bell shaped specimens and averaged. 

 

2.3.2 Dynamic Mechanical Analysis (DMA) 

 

DMA was carried out by using a TA Instrument DMA 2980 (TA Instrument, Inc., USA) in 

a single cantilever mode from -30 to 200 °C (for starch) and 250 °C (for CA) with a 

frequency of 1 Hz and a heating rate of 2 K/min. The dimension of testing specimens 

was 10  4  2 mm3. During testing dynamic mechanical property parameters of storage 

modulus and loss factor (tan ) were recorded as a function of temperature. 

 

2.3.3 Impact (Charpy) test 

 

Charpy impact tests were carried out on unnotched specimens with pendulum impact 

tester PSW 1 Joule type, from the company Wolfgang Ohst Rathenow, Germany, and 

standard injection molded test bars with 4x10x80 mm3. 

 

2.3.4 Wide Angle X-Ray Scattering (WAXS)  

 

2.3.4.1 Sample preparation 

 

2.3.4.1.1 Powder samples (isotropic) 

 

Composite samples were embrittled in liquid N2 and milled directly in a centrifugal 

grinding mill (Retsch ZM100, 1 mm sieve). The powdered samples then were packed, to 

a reproducible density, into an appropriate sample holder of 1 mm thickness between 

two PET films. 
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Clay samples were prepared with 50 wt% cellulose powder to dilute the samples and 

reduce the high absorption effects in transmission mode. 

 

2.3.4.1.2 Injection molded testing bars (non isotropic) 

 

To study the orientation of clay, two test bars were cut lengthwise into narrower pieces 

and then fixed parallel on the sample holder. 

 

2.3.4.2 Measurement details 

 

WAXS studies of the samples were carried out using a Bruker-AXS two-circle-

diffractometer D5000 (40 kV, 30 mA) equipped with Cu-K1 radiation ( = 0.15406 nm) 

and a curved Ge(111) monochromator at a scanning rate of 0.1° / 50 sec in transmission 

mode. The 2-range from 2°-15° was measured thrice for each sample. 

 

2.3.5 X-ray flat film 

 

A Bruker-AXS Kristalloflex 760 X-ray generator and a flat-film camera were used to carry 

out wide-angle X-ray diffraction (WAXS) experiments. The generator was operated at 40 

mA and 40 kV. The X-rays with a wavelength of 0.15418 nm were monochromized by a 

Ni-filter. The sample was perpendicular transmitted by the X-rays. The diffraction pattern 

was recorded by a flat film (Biomax, Kodak), which was exposed for 1 h. The sample-to-

film distance was 60 mm. 

 

2.3.6 Transmission Electron Microscopy (TEM) 

 

TEM images were taken from cryogenically microtomed ultrathin (Leica, Germany) 

sections (60 nm) using a Phillips CM 200 (Netherlands) at an acceleration voltage of 120 

kV.  

 

2.3.7 Scanning Electron Microscopy (SEM) 

 

SEM images were taken from JSM 6330 F (Jeol, Japan) with accelerating voltage from 

0.5 to 30 kV. The study has been done on the cross section of the specimens. In order 

 36



 37

to achieve high quality images, specimens first cooled down in liquid nitrogen and then 

suddenly were broken to have a sharp cross section surface which has been coated by 

sputtered Pt to avoid charging. 

 

2.3.8 Gel Permeation Chromatography (GPC) 

 

GPC was carried out with equipments from Waters, USA consist of a HPLC pump (515), 

Autosampler (717 plus), column oven and refractive index (RI) detector (2414). 

Empower software (Waters, USA) was used to acquire and analyse the data. The 

measurements were performed using a mixture of Dichloromethane/methanol (90/10 

(vol% / vol%)) as mobile phase at a flow rate of 1.0 ml/min. Injection volume was 100 l 

of the polymer solution with the sample concentration of 5 mg/ml. High crosslinked 

porous polystyrene-divinylbenzene matrix from Polymer Laboratories, Varian, Inc. was 

used as stationary phase packed in three Plgel 20 m Mixed-A (300  7.5 mm) columns. 

A series of polystyrene standards (162 – 6,035,000 g/mol) were employed to generate a 

conventional calibration curve, which can be used to calculate the number-average (Mn) 

and weight-average (Mw) molecular weights and polydispersity (Mw/Mn). 

About 20 mg of the composites were dissolved in 4 ml eluent 

(dichloromethane/Methanol 90/10 (vol% / vol%)) for 24 h. this corresponds to a 

concentration of 0.5 %. Double determination of every CA was performed. The dilutions 

were filtered by a 1 m Teflon membrane. 

 

2.3.9 Inductively Coupled Plasma Optical Emission Spectrometry (ICP OES) 

 

Metal ions and sulphur content were determined by inductively coupled plasma optical 

emission spectrometry (ICP OES) using an Optima 2100 DV from Perkin-Elmer (USA). 

A microwave digestion was carried out to prepare solid samples to determine the metal 

ions percentage. For this purpose, 10 mg of clay, 1 ml of HNO3 (65% MERK, Germany) 

and 3 ml of HCl (30 % MERK, Germany) were added to a Teflon sample holder. Then, 

the mixture was put in a microwave (START 1500, MLS GmbH, Germany) at 150 C for 

20 minutes. After treatment the mixture became a clear solution. The solution was filled 

up with DM water to 50 ml and was injected to the ICP OES device for analysing.  
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Sulphur percentage determination was carried out in the same procedure, just for 

sample preparation, 500 mg of CA, 5 ml of HNO3, 5 ml of DM water and 1 ml of H2O2      

(30 % MERK, Germany) were added to the Teflon sample holder. 

 

2.3.10 pH measurement 

 

pH measurement was carried out by dissolving the components in the solution of 

dichloromethane (ACROC, UK) / methanol (ROTH, Germany) (90 / 10 vol% / vol%) at 

room temperature over night followed by non-aqueous titration with 0.1 mol/lit of 

potassium hydroxide in ethanol (Fluka, USA) with a Titrimetric automates, Metrohm Co., 

Switzerland.  
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Chapter 3: Results and discussions  

 

3.1 Starch 

 

3.1.1 Starch esters 

 

In this part the effect of plasticizer and nanoclays on the mechanical properties of SP 

and SA is reported. Melt processing through kneading – extruding – injection moulding is 

adopted in manufacturing the nanocomposites. By compounding organo-modified MMTs 

and unmodified MMTs with plasticized SP and SA via a melt extrusion, an improvement 

of properties was intended. This section reports the results of optimized processing 

conditions varying the amount of plasticizer and different types of organo-modified and 

unmodified MMTs. Tensile properties, TEM, XRD and DMA of the resulting plasticized 

starch derivatives and nanocomposites were used to evaluate the successful 

preparation.13 

 

3.1.1.1 Effect of plasticizer 

 

Figures 10 and 11 show the tensile properties of the SP / TA and SA / TA compositions 

with different plasticizer contents, up to 20 wt% and 30 wt% of TA, respectively, 

corresponding to starch derivatives weight. The extruding temperature for unplasticized 

SP and plasticized SP were optimized in the range of 140 to 190 ˚C (based on the 

plasticizer content). The extruding temperature for unplasticized SA and plasticized SA 

were optimized in the range of 160 to 200 ˚C (based on the plasticizer content). It is 

clear that by incorporating the plasticizer into the starch derivatives, processability is 

facilitated and extruding temperature decreased. 

As shown in Figure 10, increasing the amount of plasticizer in SP results in decreasing 

tensile strength and modulus and increasing in elongation. So that tensile strength and 

modulus, for unplasticized SP decreased from 36.0 MPa and 1.6 GPa, to 6.5 MPa and 

0.3 GPa respectively. Meanwhile, elongation increased from 3 % to 32 % for SP with   

20 wt% of plasticizer. It turned out that SP (in contrast to SA) due to the longer side 

chain of the propionate substitute even without plasticizer is not excessively brittle in 

terms of removing the test bar from the mold. The most pronounced effect visible in 
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Figure 10 is the 400 % increase in elongation to 15 % by adding just 5 wt% of TA while 

tensile strength and modulus are reduced only slightly. 

 

Figure 10 Effect of triacetin concentration on tensile properties of SP. 

 

The effect of plasticizer on mechanical properties of SA (Figure 11) is different from SP 

(Figure 10). Adding TA up to 15 wt% to SA increased the tensile strength from 22 MPa 

to about 26 MPa. This is an unexpected behavior. It seems plasticizer-free and high 

temperature processing of SA (200 C) resulted in thermal degradation of SA. 

Incorporating of plasticizer decreases the processing temperature and partially prevents 

the thermal degradation. Therefore, increasing the TA percentage up to 15 wt% 

improves the tensile strength. Young’s modulus indicated a little improvement with 5 % 

of TA up to 2.2 GPa and then decreased monotonous to 1.4 GPa for plasticized SA with 

20 wt% of TA or to 0.5 GPa with 30 wt% TA. Elongation did not change up to 20 wt% of 

TA. Increasing the amount of plasticizer to 30 wt% resulted in significant improvement in 

elongation to higher than 30 % yet tensile strength and modulus decreased. 

 

 40



 41

 

Figure 11 Effect of triacetin concentration on tensile properties of SA. 

 

3.1.1.2 Selected systems with MMT 

 

Being the best performing compositions in terms of a trade-off behavior processability 

and mechanical performance, SP with 5 wt% of TA and SA with 20 wt% TA were 

selected to produce nanocomposites. 

As shown above, adding 5 wt% of TA to SP gave very good mechanical properties. For 

this reason, plasticized SP with 5 wt% TA was selected to be compounded with organo-

modified and unmodified MMTs. Figure 12 shows the mechanical properties of SP / 5 

wt% TA / MMTs (5 wt% of Dellite 67G, Dellite 72T, Dellite 43B, Dellite LVF, and 2.5 wt% 

of Dellite 67G). As it can be seen from Figure 12, all organo-modified MMTs did not 

show any improvement in terms of tensile strength, while a little improvement in modulus 

was observed. In all cases, elongation decreased significantly. Adding 5 wt% of 

unmodified Dellite LVF did not show significant changes of properties compared to 

plasticized SP. Better results were achieved by adding 2.5 wt% of Dellite 67G to 

plasticized SP. For this composition, tensile strength and modulus almost remained 

constant, but elongation increased by 20 % to 18.3 %. This corresponds to the good 
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dispersion and intercalated structure that are seen from XRD patterns and TEM 

micrographs (see 3.1.1.3 and 3.1.1.4). 

Figure 13 shows the tensile properties of plasticized SA with 20 wt% of TA compounded 

with 5 wt% of Dellite 43B, Dellite 72T, Dellite 67G, Dellite HPS, and Dellite LVF. 

Obviously, all organo-modified clays improved the tensile strengths and modulus. For 

example, by adding 5 wt% of Dellite 43B, tensile strength and modulus increased by    

40 % to 33.0 MPa and 2.4 GPa, respectively, in agreement with very good dispersion 

and intercalated structure that can be seen from XRD pattern and TEM micrographs 

(see 3.1.1.3 and 3.1.1.4). However, tensile strength and modulus enhanced but 

elongation remained at low values of about 3 %.  

 

Figure 12 Effect of different types of MMT on tensile properties of plasticized SP. 

 

Dellite HPS, unmodified MMT with higher CEC, improved a little all properties yet did not 

show considerable improvement for elongation at break. 

The best result was achieved in the composition of SA / 20 wt% TA / 5 wt% Dellite LVF.  

This unmodified MMT with lower CEC indicated significant improvement especially in 

elongation at break. This clay improved properties compared to plasticized SA with      

20 wt% TA by 30 %, 40 %, and 1000 %, tensile strength, modulus, and elongation, 

respectively. It means that in this composition and with this clay not only the tensile 
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properties were improved but also a tougher and more ductile starch-based 

nanocomposite was produced. 

It seems that there is a specific composition required to achieve this unexpected 

behavior. Since, incorporating lower and higher amount of TA and also lower amount of 

LVF did not show the same effect. A similar behavior has been found in different 

composition for starch mixed esters that will present in the next section. 

 

 

Figure 13 Effect of different types of MMT on tensile properties of plasticized SA. 

 

The stress-strain curves of SA, SA / 20 wt% TA, and SA / 20 wt% TA / 5 wt% Dellite LVF 

are shown in Figure 14. It can be seen from Figure 14 that stress-strain diagram of the 

nanocomposite is changed and shows the typical pattern of thermoplastic materials to 

higher values on the strain axis. 

These results are not in agreement with TEM micrographs (see 3.1.1.4) that showed no 

intercalation and exfoliation. A possible explanation could be that the rigid, non-

exfoliated nanoparticles act like internal mixing elements, improving homogeneity and 

bringing out the proper potential of the matrix material. This hypothesis is corroborated 

by the occasional occurrence of high elongations in pure acetate tensile specimen. 
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Figure 14 Stress-strain diagram of plasticized SA nanocomposite. 

 

3.1.1.3 WAXS of nanocomposites 

 

Figure 15 X-ray diffraction patterns of SA nanocomposite with unmodified MMT. 
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The lattice widening of MMT layers is typically elucidated by WAXS, which allows a 

direct evidence of polymer chain confinement into the MMT gallery. The X-ray diffraction 

pattern of SA with unmodified MMT (Dellite LVF) and organo-modified MMT (Dellite 43B) 

are shown in Figures 15 and 16. 

The WAXS patterns in Figure 15 reveal that when unmodified MMT is immersed into the 

TA, the diffraction peak of MMT (001) lattice planes moved from 7.1 ° to 5.7 ° on a 2 

scale. 

 

Figure 16 X-ray diffraction of SA nanocomposite with organo-modified MMT. 

 

The layer spacing was calculated with Bragg’s law:118 

n = 2dsin  

where n is 1 for first order reflection, λ is the wavelength of incident wave, d is the 

spacing between the planes in the atomic lattice, and θ is the angle between the incident 

ray and the scattering planes. 

The calculated Bragg spacing d(001) between the silicate layers increased from 1.24 to 

1.55 nm, which indicates that the TA were intercalated by the layers of Dellite LVF. This 

behavior is likely related to the hydrogen bond established between TA and Dellite LVF 

platelets. The intercalation of polyol plasticizers into the layers of unmodified clay is 

already well reported in the literature.84, 85 As seen from the curve for the composition in 
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Figure 15 compounding did not show more influence on the distance between galleries. 

Figure 16 shows that immersing Dellite 43B into TA shifted of the diffraction peak from 

2 = 4.5 to 2 = 2.3. According to Bragg equation, the layer spacing d(001) increases 

from 1.96 nm to 3.83 nm which reveals intercalation of TA into the clay’s galleries 

probably due to hydrogen bond established between TA and Dellite 43B. Moreover, 

boosted peak intensities of (001) and (002) reflections in immersed Dellite 43B into TA 

compared to the (001) reflection of pristine Dellite 43B suggesting the intercalation of TA 

expanded the order and alignment of the silicate layers. It can be seen from Figure 16 

that for the nanocomposite the diffraction peak (001) disappeared, this indicating an 

exfoliated structure. 

 

Figure 17 X-ray diffraction of SP nanocomposites with organo-modified MMTs. 

 

In Figure 17, XRD pattern of Dellite 67G indicates a crystalline layered structure with the 

alkylammonium cation intercalated between silicate layers and the presence of higher 

order reflections shows a regular insertion of the organic modifier.119 By immersing 

Dellite 67G into TA (shown in Figure 17), peak positions of Dellite 67G remain almost in 

the same positions. Compounding Dellite 67G with plasticized SP reveals only a minor 

expansion of d(001) spacing compared to pure Dellite 67G (increase from 3.68 nm to 4.2 

nm) indicating at least some minor intercalation of polymer into the clay’s galleries.  
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3.1.1.4 TEM of nanocomposites 

 

 

        

(A) (B) 

   

(C )   (D) 

 

(E) 

Figure 18 TEM micrographs of nanocomposites:  

(A) SA / 20wt% TA / 5wt% Dellite LVF     (B) SA / 20wt% TA / 5wt% Dellite 43B  

(C) SA/ 20wt% TA / 5wt% Dellite 67G      (D) SP / 5wt% TA / 5wt% Dellite LVF  

(E) SP / 5wt% TA / 2.5wt% Dellite 67G 
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To visualize the morphology of the SP, SA / TA / nanoclay composites, TEM 

 micrographs are presented in Figure 18. The TEM pictures show that SP / 5 wt% TA / 

2.5 wt% Dellite 67G, SA / 20 wt% TA / 5 wt% Dellite 67G, and SA / 20 wt% TA /5 wt% 

Dellite 43B hybrids reveal very good dispersion. On the other hand, one can see poor 

dispersion and non-broken clay particles in the SP and SA / TA / Dellite LVF. The TEM 

pictures of SP and SA with unmodified MMT indicate the lack of compatibility between 

starch derivatives and unmodified MMT. 

The morphology of polymer/plasticizer/clay depends on the compatibility and interaction 

among all the components. Starch derivatives after derivatization change to be more 

hydrophobic as compared to the native hydrophilic starch material. Therefore, the 

polarity of hydrophilic Dellite LVF does not match the polarity of hydrophobic SP and SA. 

On the other hand, organo-modified MMT, Dellite 67G and Dellite 43B, match well with 

hydrophobic starch derivatives matrix and as a result, very good dispersion has been 

achieved. Nevertheless, good dispersion was achieved also in the case of Dellite 67G 

there is no evidence for exfoliated structure. A similar interaction between starch matrix 

(not starch ester) and organo-modified MMT and unmodified MMT has been reported by 

other researchers.76, 85 

 

3.1.1.5 Dynamic mechanical analysis 

 

From thermomechanical measurements based on DMA characterization, the influence of 

nanoclays on the local mobility of the chains and on the glass transition temperature can 

be determined. 

The storage modulus and the mechanical loss factor (tan ) of the plasticized starch 

derivatives and the plasticized starch derivatives nanocomposites are shown in Figures 

19 and 20. The Tg values were determined through DMA as the temperature at which 

the tan  peak was located. The thermal stability or heat distortion temperature (HDT) 

was determined through DMA at 1 GPa storage modulus. Figures 19 and 20 show the 

temperature dependence of storage modulus of plasticized SP and SA and 

nanocomposites. Incorporating TA led to lower Tg and HDT for both SA and SP. It is 

seen that the storage modulus of the plasticized starch derivatives/clays (especially 

Dellite 43B) are higher than plasticized SP and SA over a broad temperature range due 

to better dispersion and intercalated or partially exfoliated structures. In all cases of 
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Figure 19 Storage modulus and Tan  behavior of plasticized SP and SP/clays hybrid. 

 

incorporating organo-modified clay, especially Dellite 43B, temperatures of relaxation 

peaks shifted to higher values. Adding Dellite 43B to plasticized SA and SP increased 

the Tg of nanocomposites by 6 C and 7C, respectively. With the same effect on HDT: 

for both derivatives HDT is improved by approximately 15 C for the best clay samples. 

Values are given in Table 5. 

It was expected that Tg of unplasticized SP is lower than the Tg of SA for longer side 

chains in SP. But as it can be seen in Table 5 Tg of SP is higher than SA. 

It is well known that Tg of a polymer depends on the length of the polymer chain, 

especially at lower molecular weights due to the free volume around the chain ends. 

One of the mostly used equations to study this relation was suggested by Fox and 

Flory:120 

Tg = Tg - Kg / Mn 

Where Tg is the glass transition temperature for an ideal chain of infinite length and Kg 

is a characteristic parameter of the dependence between Tg and Mn. 
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Figure 20 Storage modulus and Tan  behavior of plasticized SA and SA/clays hybrid. 

 

Based on this expression by decreasing the molecular weight Tg also decreases. 

One possible explanation for lower Tg of SA could be lower molecular weight of SA (Mn 

of 8.9  104 g/mol and 5.1  105 g/mol for SA and SP, respectively). 

 

Table 5 Thermomechanical properties of selected SA and SP nanocomposites. 

Type of 

Starch 

TA content (%) Type of 

nanoclay 

Amount of 

nanoclay (%) 

Tg (°C) HDT (°C) 

SA - - - 90 70 

SA 20 - 0 87 56 

SA 20 LVF 5 91 62 

SA 20 43B 5 93 71 

SP - - - 127 100 

SP 5 - 0 103 67 

SP 5 67G 2.5 108 77 

SP 5 43B 5 110 81 
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3.1.2 Starch mixed esters 

 

In this section the effect of plasticizer and nanoclays on the mechanical properties and 

morphology of starch mixed ester / clay hybrid is investigated. For this purpose, 

StPrAcLau and StAcPrLau were compounded with TA as the plasticizer followed by 

adding organo-modified and unmodified clays to produce bio-nanocomposites through 

melt compounding. This part describes the results of optimized processing conditions, 

tensile and impact properties, DMA, XRD and TEM of the resulting plasticized starch 

mixed esters and their nanocomposites were used to evaluate the resulting products.121 

 

3.1.2.1 Effect of plasticizer and nanoclays on the properties of StPrAcLau 

 

Tensile properties and impact strength of plasticized StPrAcLau and their nano 

composites with unmodified clay (Dellite LVF) and organo-modified clay (Dellite 43B) are 

presented in Table 6. 

 

Table 6 Tensile, dynamic mechanical and impact properties of plasticized StPrAcLau 

nanocomposites. 

TA 

Content 

(%) 

Type of 

Nanoclay 

Amount 

of 

Nanoclay 

Tensile 

Strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

Elongation 

at Break 

(%) 

Tg 

(C)

HDT 

(C) 

Charpy 

Impact 

(KJ/m2)

- - - 22.81.3 1.550.01 1.60.1 130 87.9 2.10.5

5 - - 24.72.6 1.400.02 2.50.5 108 70.5 1.80.2

10 - - 19.51.1 0.970.02 25.42.7 88 52.5 3.20.6

10 LVF 2.5 24.40.2 1.260.01 14.32.4 94 56.5 2.70.7

10 43B 2.5 27.10.8 1.480.01 12.02.0 95 56.3 6.62.1

10 LVF 5 25.10.6 1.330.02 18.22.5 96 56.6 3.10.6

10 43B 5 24.00.5 1.640.02 16.81.1 96 56.6 7.32.0

20 - - 7.80.3 0.330.06 27.03.0 60 29.6 n.b. 

20 LVF 5 10.80.6 0.600.08 23.31.4 67 36.9 n.b. 

20 43B 5 13.40.3 0.880.01 17.02.7 70 41.3 n.b. 
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With increasing plasticizer content, clay free systems show a systematic decrease in 

modulus. Within the error margins, tensile strength decreases and impact strength 

increases monotonously. This is the expected behavior. 

The addition of clay causes a systematic increase in stiffness: the higher the amount of 

clay the higher the modulus. Always the organo-modified clay (Dellite 43B) is better 

performing than the unmodified one (Dellite LVF). The inverse trend is seen for 

elongation at break: the clay always lowers this value. However, Charpy impact strength 

is increased with the organo-modified clay. 

This is an unusual behavior even more pronounced for the second organo-modified clay, 

Dellite 67G, as demonstrated in Figure 21. 

 

 

Figure 21 Effect of the Dellite 67G on tensile properties of plasticized StPrAcLau. 

 

With this clay, considerable improvements in strength, modulus, and impact strength 

have been achieved. The unnotched Charpy impact value is improved from 3 kJ/m2 to 

almost 15 kJ/m2 for the system with only 2.5 % Dellite 67G, i.e. a five-fold increase was 

accomplished. WAXS pattern for this nanocomposite (see 3.1.2.3, Figure 27) shows 3 to 

4 silicate layers are implied to build up Dellite 67G tactoids. Therefore, there is no 

entirely single layer dispersion of clay in polymer matrix. It looks these rigid tactoids act 

like internal mixing elements to bring out the proper potential of plasticized 
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nanocomposite and retained the elongation at break. The reason for impact 

improvement could be the fine dispersion of Dellite 67G (see 3.1.2.4, Figure 29C) which 

might absorb the applied energy in impact tests by preventing the craze propagation. 

At the same time, both stiffness and strength are increased by 20 and 30 % respectively. 

For the system with 2.5 % Dellite 43B (Table 6) the increase in these latter two values is 

higher, namely 40 and 50 %, respectively. However, Charpy impact strength is only 

doubled compared to the five-fold increase for Dellite 67G. 

For the highly plasticized system with 20 % TA, the increase in modulus by 166% is 

accompanied by an increase in strength of 70 %. 

Thermal properties of the plasticized StPrAcLau and their composites are also listed in 

Table 6. Glass transition temperatures were determined from tan  of DMA curves, 

examples of which are shown in Figure 22 along with the storage moduli. 

 

 

Figure 22 Storage modulus and tan  behavior of StPrAcLau / Dellite 67G hybrid. 

 

Obviously, the addition of plasticizer reduces Tg to an appreciable amount. This is the 

expected behavior. The clays, in turn, are able to increase this value only slightly. This is 

the case for HDT as well (see Table 6). This is true both for modified and unmodified 
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clays. The best effect is seen in HDT for the soft system with 20 % plasticizer content. In 

particular with the organo modified clay 43B, the HDT value is improved from 30 °C to 

41°C. 

 

3.1.2.2 Effect of plasticizer and nano clays on the properties of StAcPrLau 

 

Table 7 shows the tensile properties, DMA tan  glass transition and HDT values as well 

as unnotched Charpy strength for plasticized StAcPrLau and plasticized StAcPrLau / 

nanoclay hybrids. 

 

Table 7 Tensile, dynamic mechanical and impact properties of plasticized StAcPrLau 

nanocomposites. 

TA Content 

(%) 

Type of 

Nanoclay 

Amount 

of 

Nanoclay 

Tensile 

Strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

Elongation 

at Break 

(%) 

Tg (C) HDT 

(C) 

Charpy 

Impact 

(KJ/m2) 

- - - 21.21.9 1.940.006 1.130.12 148 109.2 2.10.1 

5   20.31.2 1.880.01 1.20.1 124 74.9 2.20.9 

10 - - 25.21.2 1.510.03 2.61.2 108 64.4 2.10.9 

10 LVF 5 20.11.6 1.710.05 1.30.1 113.5 74.4 1.50.3 

10 43B 5 27.15.4 2.110.02 1.70.6 109 67.8 1.70.6 

15 - - 21.51.1 1.280.03 2.80.7 89 53.5 1.80.4 

15 LVF 5 23.70.7 1.400.02 13.21.8 96 55.4 1.50.4 

15 43B 5 24.63.0 1.760.03 2.20.7 98 58.9 1.50.3 

20 - - 12.90.3 0.800.02 22.82.0 72 42.3 10.53.5 

20 LVF 5 15.90.3 1.10.01 18.11.8 80 50.1 4.83.1 

20 43B 5 18.70.3 1.460.01 13.70.7 85 50.9 2.81.0 

 

Again, for the clay free systems, a systematic decrease in modulus is observed with 

increasing plasticizer content. However, the stiffness is generally on a higher level 

compared to the StPrAcLau system owing to the lower percentage of the longer, 

propionate alkyl chains which soften the StPrAcLau system (DSProp = 0.63 for StAcPrLau 

vs. DSProp = 2.31 for StPrAcLau). Accordingly, an elongation of more than a few percent 

is reached only with as much as 20 % of plasticizer.  
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Up to 15 % of plasticizer, the addition of clay has a positive effect only on stiffness which 

is improved by approximately 40% for the modified clay Dellite 43B. The unmodified 

Dellite LVF is not as effective. However, one exception is observed for Dellite LVF: In the 

system with 15 % TA, the tensile elongation is increased drastically, as displayed in the 

stress-strain curves of Figure 23.  

The clay micron scaled particles (see 3.1.2.3 and 3.1.2.4) have a plasticizing effect 

without, however, improving the impact properties. This same effect has been observed 

before for pure starch acetate (DS = 2.6) with 20 % TA plasticizer. A possible 

explanation might be that the non-exfoliated, micron sized clay particles act as internal 

mixing elements, improving homogeneity and bringing out the proper potential of the 

matrix material. 

 

 

Figure 23 Stress-strain diagram of plasticized StAcPrLau nanocomposite. 

 

In the highly plasticized system with 20 % TA, again, a modulus increase of 80% is 

accompanied by an increase in strength by 45%. 

In contrast to the StPrAcLau system, in no case the Charpy impact value was improved 

by the addition of nanoclay. 

The thermal properties Tg and HDT behave quite similar to the StPrAcLau system. No 

remarkable improvements could be obtained. As it was expected Tg of StPrAcLau for 

 55



 56

longer side chains is lower than StAcPrLau in contrast to SP and SA. It is also in 

agreement with the Fox and Flory equation because there is no big difference between 

Mn of these starch mixed esters (Mn of 56000 g/mol for StPrAcLau and 47000 g/mol for 

StAcPrLau, respectively). 

 

3.1.2.3 WAXS of nanocomposites 

 

Figures 24 through 26 show the XRD patterns of the hybrids. It can be seen that the 

dispersion states of clays in the starch mixed esters depend on the type of the clay used. 

Figure 24 displays XRD curves recorded for unmodified clay Dellite LVF, swollen Dellite 

LVF and plasticized starch mixed esters / Dellite LVF composites. The diffraction pattern 

 

Figure 24 X-ray diffractograms of starch mixed esters nanocomposites with Dellite LVF. 

 

of Dellite LVF shows an intensive peak at 2 = 7.1 corresponding to a clay interlayer 

spacing value d(001) of 1.24 nm. Dellite LVF elaborated with TA indicates a peak at        

2 = 5.7 corresponding to a d(001) value of 1.55 nm. Immersing of Dellite LVF into TA led 
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to the formation of an intercalated structure. This behavior is likely related to hydrogen 

bonds established between TA and Dellite LVF platelets.  

As it can be seen from Figure 24, compounding did not reveal more effect on the layer 

spacing and the peaks remained at the same position for all examined composites. 

In Figure 25, Dellite 43B shows an intensive peak at 2 = 4.5 corresponding to a d(001) 

value of 1.96 nm. By immersing the Dellite 43B into the TA, the (001) peak is shifted to a 

lower diffraction angle 2 of 2.3 (d(001) = 3.83 nm), indicating a substantial increase in 

the interlayer distance of almost 1.87 nm. Furthermore a second peak can be observed 

at the 2  angle of 4.9 (d(002) = 1.80 nm), which is corresponding to the (002) plane of 

the silicate layers. Due to the increased peak intensities of the (001) and (002) planes in 

comparison with the intensity of the (001) plane of Dellite 43B, it can be concluded that 

the swelling of Dellite 43B in TA improved the order and alignment of the silicate layers. 

 

 

Figure 25 X-ray diffraction patterns of starch mixed esters nanocomposites with Dellite 

43B. 
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It can be seen from the diffractograms of starch mixed esters / Dellite 43B hybrids that 

the peaks of the (001) planes show no shift in the peak position. Diffraction from (002) 

planes (second order diffraction) can not be directly observed. The appearance of the 

(001) peaks in starch mixed esters / Dellite 43B hybrids with 2.5 wt % and 5 wt % of 

nanoclay reveals that the clay is not completely exfoliated. 

As it can be seen from Figure 26, there are some peaks (as indicated by arrows in figure 

26) in the diffractograms of plasticized StAcPrLau and its composites with unmodified 

and organo-modified clays which could not be correlated with a known crystal structure. 

With further investigation it could be excluded that these peaks are artificial. These 

peaks are related to the crystal structure of StAcPrLau and were not observed for 

StPrAcLau. As to be assumed the crystal structures of StAcPrLau and StPrAcLau are 

different.  

 

Figure 26 X-ray diffraction patterns of plasticized StAcPrLau and its nanocomposites. 

 

WAXS was also used to study the dimensions of the clay platelets in the StPrAcLau / 

Dellite 67G system, the most interesting one in terms of mechanical properties, in 

particular impact strength. Although a good dispersion and small tactoids were found 

with TEM (Figure 29C), the first order of the clay (100) peak is clearly visible in the 

composite as shown in Figure 27. Along with the scattering curve of the isotropized 

 58



 59

composite (dark blue), the curves of the StPrAcLau matrix (green) alone and the pure 

Dellite 67G (black line) as well as Dellite 67G swollen in TA (violet), both arbitrarily down 

scaled, are displayed in Figure 27. Second (002) and third (003) order reflections can be 

observed for the clay samples, which are not detectable in the composite.  

 

 

Figure 27 X-ray diffraction patterns of StPrAcLau nanocomposites with Dellite 67G. 

 

Calculating crystal size perpendicular to the (001)-lattice planes for the pure and the 

swollen clay has been done by Scherrer equation:122 

L = K /  cos  

Wherein  and  have their usual meaning as expressed before, L is the mean 

dimension of the crystallites,  is the breadth of the pure diffraction profile on the 2 

scale in radians, and K a constant approximately equal to unity and related both to the 

crystallite shape and to the way in which  and L are defined (it is considered 0.9 in this 

case). 

According to the Scherrer equation size of crystallites are 12.3 nm and 15 nm, 

respectively. In other words, what are seen by WAXS are coherent scattering entities of 
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12 to 15 nm thickness and not the much larger micron scaled clay particles themselves. 

With layer spacing of 3.55 nm and 3.76 nm from the peak positions of the pure and 

swollen clay, respectively, and using the Bragg equation, it is obvious that only 4 to 5 

silicate layers are involved in building up a typical clay crystallite visible with WAXS. In 

the composite, these coherent scattering entities survive despite the good dispersion 

observed in TEM (see 3.1.2.4, Figure 29C) and the tactoids visible in TEM consist of 4 to 

5 silicate layers on average. 

Moreover, the effect of platelets orientation in test bars on the properties of 

nanocomposite has been studied with WAXS. For this purpose, two test bars were cut 

lengthwise and then were aligned parallel on the sample holder in which the cutting 

surfaces were upward. The measurement was carried out by symmetrical transmission 

of X-ray with rotating the long axis of the test bars from vertical (meridian) to horizontal 

(equatorial) position (rotation of 90 around surface normal). 

 

 

Figure 28 Orientation of Dellite 67G in the StPrAcLau nanocomposite. 

 

Preferred orientation of the tactoids is seen with WAXS on the injection molded test 

bars. In Figure 28, equatorial (dark blue) and meridional (violet) scan of the StPrAcLau 
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composite with 10 % TA and 2.5 % Dellite 76G is presented along the isotropic 

scattering curve of the swollen clay (gray line).  

There is no peak around 2 = 2.5° along the meridian meaning that no clay platelets are 

lying exactly perpendicular to the injection molding direction. In contrast, a pronounced 

peak is detected when the sample is rotated by 90° perpendicular to the injection 

molding direction and the equator is scanned. In this geometry, crystallites that have 

their silicate layers parallel to the 4 mm wide small sides of the injection molded bar are 

irradiated and scatter, if present. The peak means that an appreciable amount of 

platelets have this orientation. 

By turning the sample 90° along the molding direction, platelets parallel to the 10 mm 

wide surface of the bar are tested and give the same scattering curve with the peak at  

2 = 2.5°, not shown in Figure 28 for clarity. That means, that there is a preferred axial 

orientation of the (001) lattice planes with regard to the machine (M-) direction and a 

preferred plane orientation with regard to the sample surface. 

 

3.1.2.4 TEM of nanocomposites 

 

Clay dispersion has been investigated by TEM and micrographs for 60 nm cuts through 

the injection molded composites are shown in Figure 29 for the system StPrAcLau / 10 

% TA / 2.5 % Dellite LVF (A), Dellite 43B (B), and Dellite 67G (C) and for the system 

StAcPrLau / 15 % TA / 5 % Dellite LVF clay (D) Dellite 43B clay (E).  

Obviously, clay particles with dimensions in the 5 µm range remain when unmodified 

Dellite LVF clay is added both for the propionate rich system (Figure 29 A) and for the 

acetate rich one (Figure 29 D). Although a clearly positive effect of Dellite LVF on the 

strength of the SrPrAcLau system is seen in Table 6, usually an indication of successful  

dispersion, the TEM micrographs reveal only a limited break up of the clay particles and 

no significant differences between the propionate rich system and the acetate rich one.  

The situation is different for the organo-modified clays Dellite 43B and Dellite 67G. Here, 

the clay particles are broken up and a rather homogeneous structure with clay tactoids 

drastically reduced in size down to the nm range is revealed. Comparing the Dellite 43B 

(Figure 29 B) and Dellite 67G (Figure 29 C), somewhat longer platelets seem to be 

present in the Dellite 43B case while the clay sheets are shorter for Dellite 67G and 

possibly more finely dispersed. This finer dispersion might be the cause for the improved 

impact properties of this system. 
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(A)                                                              (B) 

   

( C)                                                              (D) 

 

(E) 

Figure 29 TEM micrographs of nanocomposites:  

(A) StPrAcLau / 10wt% TA / 2.5wt% Dellite LVF   (B) StPrAcLau / 10wt% TA / 2.5wt% Dellite 43B 

(C) StPrAcLau / 10wt% TA / 2.5wt% Dellite 67G   (D) StAcPrLau / 15wt% TA / 5wt% Dellite LVF 

(E) StAcPrLau / 15wt% TA / 5wt% Dellite 43B 
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3.2 Cellulose acetate 

 

This part reports the results of optimised processing conditions, varying the amount of 

plasticizer and different types of unmodified and organo-modified MMTs. Also, the 

impact of different chemicals on the thermal stabilization and mechanical properties of 

CA was studied. XRD, TEM, SEM, tensile properties, GPC, and pH-measurement of the 

resulting CA compounds were used to evaluate the successful preparation.105 

 

 

3.2.1 Effect of Plasticizer on the mechanical properties of CA 

 

Figure 30 shows the tensile properties of the CA/TA compositions with different 

plasticizer content up to 30 wt% of TA corresponding to the CA weight. It is clear that by 

incorporating the plasticizer into the CA, processing is facilitated. As it can be seen from  

 

 

Figure 30 Effect of triacetin concentration on tensile properties of CA. 

 

Figure 30, adding just 10 wt% of plasticizer to CA increased the tensile strength by     

177 % and reached 113.3 MPa from 40.8 MPa. Young’s modulus showed a little 

decrease and elongation with a big improvement jumped from 1 % to 7 %. By increasing 
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the amount of plasticizer up to 20 and 30 wt%, tensile and modulus decreased (80 MPa 

and 3.4 GPa for CA / TA = 80 / 20 and 34 MPa, 1.9 Gpa, for CA / TA = 70 / 30, 

respectively). 

 

3.2.2 Plasticized CA nanocomposites  

 

Figure 31 shows the mechanical properties of plasticized CA with different wt% of TA up 

to 30 wt% and compounded with organo-modified and unmodified MMTs. Among the 

clays tested, Dellite 43B gave the best values with 10 wt% TA composition, increasing 

tensile strength and modulus to 119 MPa and 5 GPa, respectively. Adding 5 wt% Dellite 

LVF to this composition although, showed a little improvement in modulus but tensile 

strength and elongation at break reduced to 80.0 MPa and 2.2 % respectively. CA and 

20 wt% of TA compounded with 5 wt% Dellite 43B showed a little improvement in tensile 

strength and modulus. Adding Dellite 67G and Dellite LVF to this composition the 

sample not only did not show an improvement but also reduced properties. 

 

 

Figure 31 Effect of different types of MMTs on tensile properties of plasticized CA. 
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The highest improvement was obtained for 30 % triacetin again with Dellite 43B, 

improving both strength and modulus by 52 % and 68 % to 52.2 MPa and 3.2 GPa 

respectively. Elongation at break did not show significant changes. 

 

3.2.3 Unplasticized CA nanocomposites 

 

In this part, the tensile properties of compounded CA with organo-modified and 

unmodified clays without plasticizer are presented. As it can be seen, this bio-nano-

composite reveals a new structure with superior mechanical properties. Figure 32 shows 

the tensile properties of CA and 5 wt% Dellite 43 B, Dellite HPS and CA/Dellite LVF with 

different weight percentages of clay up to 20 wt%, corresponding to CA weight. The 

extrusion temperature for these compositions was optimized to 235 °C. As shown in the 

Figure 32, adding 5 wt% of Dellite 43 B, gives a little improvement in mechanical 

properties due to forming exfoliated nanocomposite and good dispersion of nano 

particles in the CA matrix (from TEM). Incorporating the unmodified MMT (Dellite HPS) 

diminished the tensile properties. 

 

 

Figure 32 Effect of different types of MMT on tensile properties of CA. 
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The novel result was achieved when Dellite LVF was used as filler. Adding just 2.5 wt% 

of this unmodified clay showed significant improvements in mechanical properties of CA. 

So that tensile strength and Young’s modulus increased by 304 % and 45 % to 165 MPa 

and 6.1 GPa, respectively. Increasing the concentration of clay to 5 wt% again showed 

better properties. With this concentration, tensile strength reached 178 MPa (335 % 

increase) and Young’s modulus with 100 % improvement reaching 8.4 GPa. 5wt % of 

Dellite LVF was the optimum percentage. Higher amounts of clay showed reduction in 

tensile properties. For example, with 20 wt% of Dellite LVF, tensile strength and Young’s 

modulus decreased to 95.0 MPa and 6.1 GPa, respectively.  

These superior mechanical properties could not be caused by the usual process of 

intercalation, exfoliation and reinforcing by clay platelets. This process is not 

corroborated by the TEM results (see Figure 37 A). Rather, a new morphological 

structure of the injection moulded sample is formed as demonstrated in Figure 33. A 

core/shell structure was developed with this clay with high molecular orientation in the 

shell part. Temperature of cylinder and mould of the injection moulding machine played 

an important role for the orientation of the nanocomposite that resulted in superior 

mechanical properties. Heating up the mould led to less orientation and diminish 

mechanical properties. Increasing the mould temperature decrease the molecular 

relaxation time and molecules can easier recover the coil conformation and at the same 

time the mechanical properties getting worth. It is well known that relaxation time 

depends on the molecular weight of polymer in which relaxation time increase with 

molecular weight.123, 124 It seems longer relaxation time improve the molecular 

orientation. Therefore, higher molecular weight (see 3.2.8, Table 9) led to longer 

relaxation time, higher orientation and good mechanical properties. 

      

Figure 33 SEM cryo fracture surfaces of CA with 5 wt% nanoclay Dellite LVF showing 

core/shell morphology (left) and shell structure (right). 
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Moreover, the shear forces acting during the moulding process lead in this case to an 

increased molecular orientation of the CA, as confirmed by X-ray measurements (Figure 

34). As it is well known, the mould is filled from the surface to the interior with maximum 

shear gradients acting at the mould surface generating the highly oriented shell layer. 

 

                          

Figure 34 X-ray flat film of commercial CA fiber (left) and CA / 5 wt% Dellite LVF (right). 

 

 

3.2.4 WAXS of nanocomposites 

 

The extent of MMT intercalation and dispersion is usually verify by WAXS results but has 

to be complemented by transmission electron microscopy. The X-ray diffraction patterns 

of samples with unmodified MMT (Dellite LVF) and organo-modified MMT (Dellite 43B) 

are shown in Figures 35 and 36, respectively. The WAXS patterns from Figure 35 shows 

that when unmodified MMT was immersed into the TA, the diffraction peak of MMT (001) 

silica sheets moved from 2 = 7.1° to 2 = 5.7°. According to the Bragg diffraction 

equation, the distances d(001) between the layers were 1.24 and 1.55 nm, respectively, 

which indicates that the TA had intercalated into the layers of Dellite LVF, swelling the 

clay structure. 

Figure 36 indicates that immersing of Dellite 43B into the TA shifted the (001)-plane to 

lower angle revealing intercalation of TA into the clay’s galleries. This phenomenon 

increased the layer spacing from 1.96 nm to 3.8 nm. 
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Figure 35 X-ray diffraction patterns of CA nanocomposites with unmodified MMT (70% 

shift along Y-axis). 

 

Compounding of CA with Dellite LVF and Dellite 43B resulted in similar XRD patterns. 

Broad diffraction peaks in both cases at 2 = 5.8° are visible, indicating a penetration of 

CA in between the silicate layers enlarging the Dellite LVF distance and reducing the 

Dellite 43B distance to roughly the same value.  

From Figure 35 can be noticed that the diffraction peak of plasticized CA / Dellite LVF 

nanocomposite disappeared. This can not be the evidence for exfoliation because the 

corresponding TEM micrograph (Figure 37 B) shows non-broken particles. CA and TA 

must have penetrated into the clays galleries in a way as to destroy the regular layer 

distances in the stacks leading to disappearance of the distinct X-ray interferences. In 

any case, there is no exfoliation of the unmodified clay particles. 

Plasticized CA / Dellite 43B (Figure 36) reveals a diffraction peak at 2 = 2.4           

(d(001) = 3.68 nm) showing a more regular intercalated structure. 
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Figure 36 X-ray diffraction patterns of CA nanocomposites with organo-modified MMT 

(55% shift along Y-axis). 

 

3.2.5 TEM of nanocomposites 

 

To study the morphology and, in combination with XRD findings, the exfoliation in        

CA / nanoclay and CA / TA / nanoclay composites, TEM micrographs are presented in 

Figure 37. Obviously, the dispersion of the clays is much better for the composites with 

modified clays (Figure 37 C and D), i.e. with Dellite 43B both in the plasticized and un-

plasticized systems. Organo-modified clay is more hydrophobic as compared to 

unmodified clay and CA has almost hydrophobic character. Therefore, the polarity of 

Dellite 43B matches the polarity of CA, and as a result good dispersion achieved.  

Nevertheless, it is clear from the X-ray investigations (Figure 35) that the agglomerates 

visible in the TEM pictures for unmodified clay (Figure 37 A and B) cannot be the original 

Dellite LVF clay particles. CA and TA must have penetrated into the clays in a way as to 

destroy the regular layer distances in the stacks leading to a disappearance of the 

distinct X-ray interferences. In any case, there is no exfoliation of the unmodified clay 
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particles. 

 

      

           (A)           (B) 

      

         (C)                      (D) 

     Figure 37 TEM micrographs of nanocomposites:  

    (A) CA / 5 wt% Dellite LVF       (B) CA / 10 wt% TA / 5-wt% Dellite LVF  

   (C) CA/ 5 wt% Dellite 43B        (D) CA / 10 wt% TA / 5 wt% Dellie 43B 

 

For the organo-modified clay system the situation is different. At least partial exfoliation 

is visible in Figures 37 C and D in accord the WAXS findings.  

 

3.2.6 Elementary analysis of unmodified clays 

 

As it was observed from previous results that incorporating the Dellite LVF into the CA 

let to significant improvement in mechanical properties and at the same time another 

unmodified clay (Dellite HPS) did not show any enhancement. Morphological study of 

the composites indicated that there is no exfoliated and even no intercalated structure. 
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Therefore, nano-scale is irrelevant with regard to the interaction between the free cations 

existing in the galleries or at the surface of the clays and the free hydroxyl groups and 

acetate groups of CA. To find out the difference between the two unmodified clays, the 

elementary analysis was carried out. As it can be seen from Table 8, the biggest 

difference is the concentration of Na. Therefore, sodium-ion containing substances have 

been used for the CA modification in the studies reported henceforth. 

 

Table 8 Elementary analyses of unmodified clays. 

Type of 

clay 

Al (%) Fe (%) Mg (%) Si (%) Ba (%) Ca (%) K (%) Na (%) Ti (%) 

Dellite 

LVF 

9.25 1.83 1.17 23.4 0.09 0.79 0.24 2.75 0.12 

Dellite 

HPS 

7.41 2.92 1.76 22.5 0.09 1.98 0.23 1.81 0.25 

 

 

3.2.7 Effect of the treatment with different chemicals on the mechanical properties 

of CA 

 

Figure 38 shows the tensile properties of processed CA and CA treated with different 

chemicals. As it can be seen from Figure 38, treating the CA with different chemical 

components mostly led to significant improvement in mechanical properties. In the best 

case, adding just little amount of NaCl (just 0.17 wt%) boosted the tensile strength and 

Young’s modulus by 340 % and 100 % to 203 MPa and 8.4 GPa, respectively. 

Unexpectedly, treating the CA with LiCl diminished the mechanical properties. This 

reduction especially happened for tensile strength that decreased by   37 % to 38.1 MPa 

compared to CA. 

DMA analysis has been performed to track the tan  and thermal stability of CA and CA 

treated with NaCl as the best sample. The effect of NaCl additive on the local mobility of 

the chains and on the Tg has been determined through DMA as the temperature at which 

the tan  peak was located. The thermal stability or heat distortion temperature (HDT) 

has been measured through DMA at 1 GPa storage modulus. DMA analysis indicates 

higher HDT for treated sample with NaCl compared to CA without treating so that HDT 

increased from 183.5 C for CA to 198 C for CA / NaCl compound. 
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Figure 38 Tensile properties of treated CA with some chemicals. 

 

Comparing the Tg shows that treating the CA with NaCl shifted the Tg to higher 

temperature considerably from 189 C to 216 C, which reveals lower chain mobility for 

treated sample. 

 

Figure 39 Storage modulus and Tan  behavior of CA and CA treated with NaCl. 
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This is in accord with the Mw measurements (see 3.2.8) and the consideration based on 

the Fox-Flory equation (see 3.1.1.5). 

  

(A)                                                            (B) 

Figure 40 SEM of cross section of CA and 0.17 wt% NaCl: (A) core region (B) shell 

region. 

 

These significant improvements in mechanical properties are accompanied by the typical 

core/shell structure (known from the Dellite LVF-nano-clay composites) indicating highly 

oriented fibrillar morphology in the shell part (Figure 40). The high molecular orientation 

in this kind of structure is likely to be the reason for the extraordinary high mechanical 

properties (as it discussed before). This orientation is also approved with X-ray flat film 

analysis (Figure 41).  

 

                                

                              A)                                                                       (B) 

Figure 41 X-ray flat film of CA and 0.17 wt% NaCl: (A) core region (B) shell region. 
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3.2.8 Measurements of molecular weight 

 

Molecular weight parameters Mn, Mw, and polydispersity were determined by GPC. 

Table 9 shows the GPC results of compounds. As it is indicated in Table 9, processing 

of CA through extrusion and injection molding resulted in a considerable reduction in Mw 

revealing thermal degradation of CA. Molecular weight of CA in powder form before 

processing is 173000 which after processing with about 40 % reduction reached 102000.  

 

Table 9 GPC measurements of CA compounds. 

Compound Mn Mw Polydispersity 

CA (powder form) 70000 173000 2.46 

CA (processed) 41000 102000 2.49 

CA + 5% LVF 66600 168000 2.53 

CA + 5% 43B 46700 120000 2.57 

CA + 5% HPS 38000 92000 2.42 

CA + 0.17% NaCl 58000 140000 2.39 

CA + 0.12% NaOH 52000 160000 3.05 

CA + 0.21 Na2SO4 59000 138000 2.35 

CA + 0.22% KCl 53000 125000 2.33 

CA + 0.13% LiCl 38000 92000 2.43 

 

It seems that thermal processing of CA led to reduction in molecular weight for thermal 

degradation but incorporating Dellite LVF and Dellite 43B or treating of CA with different 

chemicals (except LiCl) is partially preventing thermal degradation. Dellite HPS and LiCl 

are exceptions in that molecular weight reached even lower than processed CA. 

These results are in agreement with the measurements of the mechanical properties 

which show in all cases except Dellite HPS and LiCl an improvement of the mechanical 

properties by adding nanoclays or selected chemicals like Na or Urea. This reduction in 

molecular weight decrease leads to improvement in mechanical properties. How does 

this treatment partially prevent thermal degradation? To answer this question the 

investigation continued to determine the sulphur content and acidity measurement by 

titration. 
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3.2.9 Acid titration  

 

As it is discussed before, sulfuric acid is one of the components that exist in the 

acetylating reaction of cellulose. Traces of this acid remain in the final product which, 

exposed to heat, can be activated and tend to degrade the polymer chains. 

Elementary analysis with ICP OES showed that about 0.018 wt% (6 mol/g) of sulphur 

exists in the CA powder used for the present investigation. It is likely that part of the 

thermal degradation of CA is caused by this sulphur. 

To investigate the acidity of samples and the role of treatment on the acidity, a titration 

method was used. An acid titration is the determination of the concentration of an acid 

by exactly neutralizing the acid with a base of known concentration. This allows for 

quantitative analysis of the concentration of an unknown acid solution. 

Acid titration results for CA in powder form processed CA and CA treated with NaCl and 

LiCl are presented in Table 10. 

 

Table 10 Titration results for compounds. 

Sample COOH (equ/g) 

CA (powder form) 15 

Processed CA 70 

CA + 0.17% NaCl 50 

CA + 0.13% LiCl 175 

 

As it is mentioned titration was carried out by KOH which has valence or charge number 

of -1 and sulphur has charge number of +2. Therefore, to deactivate 6 mol/g sulphur, 

12 mol/g KOH is necessary. This amount is very close to the number was achieved 

from titration of CA in powder form (Table 10). Processing of CA increases the acidity 

considerably. It suggests that the excess acidity comes from acetic acid and acetic acid 

anhydride. There is not very much change in acidity with NaCl treatment, just slightly 

reduced. Nevertheless, molecular chain length partially recovered (see Table 9). It 

appears that NaCl behave like an acid scavenger and deactivated partially the acid in 

the CA: From figure 38 it can be noticed that HYCITE 713 as the acid scavenger has the 

same effect on mechanical properties of CA. 

Treatment of CA with LiCl increases the acidity significantly. Li+ is a hard ion with a high 

charge density and acts as a Lewis acid.125 This could cause a protonization of the 
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glucosidic linkages. Therefore, degradation increased and mechanical properties 

diminished. 

 

3.2.10 General view  

 

It was observed that incorporating a small amount of a certain unmodified 

montmorillonite clay (5 % Dellite LVF) into CA powder resulted in significant 

improvements in mechanical properties of injection molded testing bars. TEM 

morphological investigations of the composites showed that there is no exfoliation and 

even no intercalation of the clay. Thus, the nano-scale effects typically discussed as the 

reason for improved properties are irrelevant in the present case. Rather the high CA 

chain orientation, as proven by wide angle X-ray diffraction, is the reason for the 

extremely high stiffness and strength. This high chain orientation is produced in the 

shear and/or elongational melt flow occurring in the injection molding process, but only 

for the LVF treated samples.  

In order to further study the effect, an alternative unmodified MMT (Dellite HPS) was 

tested which, however, did not cause significant improvements in mechanical properties. 

Apart from the differences in mechanical properties, the two clay composites differ in CA 

molecular weight Mw after processing, as determined by GPC. The first composite (with 

Dellite LVF) results in significantly higher Mw as the second (Dellite HPS) after 

processing. Longer chains increase relaxation times from extended chain conformations 

to random coil geometry and thus are beneficial for high chain orientation. This 

explanation is further corroborated by the observation that a well defined temperature 

difference must be maintained between injection molding cylinder and mold.  

Obviously the Dellite LVF reduced the chain degradation during processing in contrast to 

the Dellite HPS. To find the reason for that, the two clays were analyzed for their 

chemical composition by elementary analysis. The main difference between the two was 

the higher Na ion concentration in the Dellite LVF. Apparently, in a yet unspecified 

manner, the free Na cations existing in the galleries of this clay or on its surface seem to 

inhibit, or rather reduce, the CA chain degradation. 

So, in a second set of experiments, a series of chemicals – mostly Na-containing 

compounds – were used to treat the CA in small amounts (below 1 %). The moldings 

displayed the same superior mechanical properties as observed with Dellite LVF. Again, 

this was accompanied with the typical core/shell structure developing in the mold with 
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high orientation, especially in the outer (shell) part. Also, GPC showed the typical 

reduction in chain degradation. So that in this way the same effect was generated as 

with LVF clay, but without the use of any clay. (A treatment with de-mineralised water 

alone for comparison and to rule out a cleaning/rinsing effect did not show the desired 

mechanical results.)  

How the Na ions and a few other chemicals reduce the chain degradation is not yet 

completely clear. CA is known to suffer from chain scission by the presence of acids or 

bases (or metal ions), in particular at high temperatures. Traces of sulphur have been 

detected by ICP OES in the starting CA powder very likely originating from sulphuric acid 

used as catalyst. This sulphur might be present in the form of residual sulphate esters. 

Moreover, free acetic acid might be generated during processing as indicated by acidity 

measurements after processing. In any case acidic groups are certainly present which 

seem to be deactivated by the Na ions or similarly positively charged groups. A certain 

balance must be maintained, thought, since hard ions like Li act like Lewis acids and 

heavily destroy the CA chains protonizing the glycosidic linkage.  
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Chapter 4: Summary and conclusions 

 

Summary for starch derivatives 

 
Injection moldable starch-based nanocomposites have successfully been developed. 

Starch esters and novel starch mixed esters / clay nanocomposites were prepared 

through melt intercalation. Three organo-modified clays, Dellite 43B, Dellite 67G and 

Dellite 72T and two unmodified clays, Dellite LVF and Dellite HPS were used in the 

nanocomposites preparation and glycerol triacetate (TA) was used as the plasticizer. It 

was noticed that an optimum percentage of plasticizer and appropriate type of nanoclay 

existed for each starch ester and starch mixed ester, i.e. acetate (SA), propionate (SP), 

acetate propionate laurate (StAcPrLau), and propionate acetate laurate (StPrAcLau). 

Best results were obtained for SA, where adding nanoclay always increased strength 

and modulus, in one case up to 60 and 75 %, respectively. In the particular case with an 

unmodified clay (Dellite LVF), tensile strength, modulus, and elongation increased by 30 

%, 40 %, and 1000 %, respectively. In that way the combination of SA with nanoclay 

offers a broad range of possibilities for tailoring the mechanical properties of this bio-

based composite. This is a drastic improvement in the ductility of the material without 

loss in strength and stiffness. However, XRD and TEM indicated poor dispersion and 

even no intercalation. It suggests rigid nanoparticles act like internal mixing elements, 

improving homogeneity and bringing out the proper potential of the plasticized SA. 

In the case of SP, incorporating organo-modified clay (Dellite 67G) improved the 

Young’s modulus and elongation at break. Incorporating Dellite 43B improved the tensile 

strength and Young’s modulus of all plasticized starch mixed esters composites, but at 

the same time decreased the elongation at break. Surprisingly, incorporating 5 wt% of 

Dellite LVF into StAcPrLau / 15 wt% TA (similar to SA), not only increased the tensile 

strength and Young’s modulus by 10% but also improved the elongation at break 

considerably (370%). It seems for acetate rich starches (here SA and StAcPrLau), that 

there is a certain concentration of TA, in which adding unmodified Dellite LVF leads to 

more ductile composites. 

Always the organo-modified clay (Dellite 43B) is better performing than the unmodified 

one (Dellite LVF) on the stiffness of plasticized StPrAcLau yet in both cases the 

elongation at break diminished. Dissimilar to Dellite 43B, adding just 2.5 wt% of Dellite 

67G in to the StPrAcLau / 10 wt% TA boosted the tensile strength and Young’s modulus 
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and retained the elongation at break and, as could be expected, improved the impact 

strength significantly. 

 

Summary for cellulose acetate  

 

Bio-nanocomposites based on cellulose acetate (CA) with and without plasticizer were 

successfully fabricated using an extrusion technique followed by injection moulding. The 

morphology and mechanical properties of the resulting composites were studied. The 

procedure and processing conditions were optimized to achieve the best mechanical 

properties. The addition of TA as plasticizer, especially at 10 wt% concentration, showed 

the highest improvement in mechanical properties. Plasticized CA up to 30 wt% of 

plasticizer, compounded with organo-modified nanoclay, showed a slight increase in 

mechanical properties. On the other hand, unmodified clay in the plasticized systems 

caused a reduction in mechanical properties. 

The best mechanical properties were achieved by adding 5wt% of unmodified clay 

(Dellite LVF) to plasticizer-free CA leading to an increase in tensile strength and Young’s 

modulus by 335 % and 100 %, respectively. This unusual behaviour is not caused by the 

usual intercalation/exfoliation mechanisms in nanocomposites. SEM micrographs 

showed a core/shell structure with high orientation in the shell part giving the superior 

mechanical properties. On the other hand, another unmodified clay (Dellite HPS) did not 

show any enhancement. Elementary analysis of these two unmodified clays showed that 

Dellite LVF is enriched in some cations (especially Na+) compared to Dellite HPS. Also, 

GPC results indicated that adding Dellite LVF into the CA reduced the thermal 

degradation during processing. 

Therefore, some chemicals have been selected to treat the CA. This way, modified CA 

with superior mechanical properties through melt processing was prepared. It was 

noticed that adding small amounts of salt –especially NaCl – enhanced the mechanical 

properties dramatically so that tensile strength and Young’s modulus increased by 

340 % and 100 %, respectively. This exceptional improvement in mechanical properties 

was accompanied with a core/shell structure, which developed in the mold with 

particularly high orientation in the shell part. Titration measurements indicated that 

treatment with NaCl decreased the acidity and consequently reduced the molecular 

weight degradation leading to enhanced mechanical properties. In contrast, LiCl with the 
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hard Li-ion acting as a Lewis acid increased the acidity and therefore, resulted in more 

degradation and inferior mechanical properties. 

 

Conclusions 

 

Bio-based polymers with improved properties have great potential to replace synthetic 

polymers with the same or even better properties. Starch and cellulose, both occurring 

naturally in huge amounts, represent a reasonable starting point. However, for both 

polymers specific modifications must be introduced in order to render them 

thermoplastically processable. Esterification is a promising way well known for cellulose 

but less explored for starch. Additional improvements can be obtained by using small 

amounts of nano-scaled layered silicates. 

For starch esters there is a certain composition of plasticizer and specific clay to improve 

the mechanical properties in several aspects. It seems that apart from the dispersion 

state of layered silicates in the polymer matrix, there are interactions between chemicals 

contained in the nanoclays and the polymer chains. The effect could be different for 

dissimilar polymers based on the chemical structure. In each case, understanding the 

real and accurate interaction mechanism using theoretical investigations would help 

further studies. 

Interaction between the chemical components within the nanoclays and active groups 

and impurities of CA might open a new field of study in nanocomposites. Its effect on 

preventing thermal degradation of CA has been extended to a series of chemicals with 

the same effect on mechanical properties by reduction of the chain degradation rate. 

Being the best performing component in terms of the mechanical properties, NaCl was 

chosen as a simple and inexpensive additive.  

For this purpose acid deactivation effect of NaCl on CA might work with other polymers 

instead of expensive acid scavengers which are used in polymer processing. The 

compounding state, e.g. solid, solution or melt, could have influence on the final 

properties due to unclear effects which need to be clarified in further investigations. 

In addition, orientation played an important role to improve the CA mechanical 

properties. Investigation of the flow behavior in mold and mold geometry with the aid of 

simulation could help to understand this fact more deeply. Those investigations could be 

extended to other cellulose derivatives with both nanoclays and mentioned chemicals 

with the vision to achieve new properties with extended fields of application. 



 
 

Appendix 

 

1 List of symbols 

 

Symbols Unit Concept 

 radians Breadth of the pure diffraction 
  angle 
 nm Wave length 
d nm Lateral dimension 

d(001) nm d-spacing 

D(hkl) nm Crystallite size 

L nm Mean dimension of the crystallites 
meq  milliequivalent 

Mn g/mol Number average molecular weight 

Mw g/mol Weight average molecular weight 

Tan   Loss factor (in DMA) 

Td  C Decomposition temperature 

Tg  C Glass transition temperature 

Tm  C Melting temperature 

Ts  C Softening temperature 

Xc % Degree of crystallinity 
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2 List of abbreviations 

 

Abbreviations Name 

AGU Anhydride glucose unit 

CA Cellulose acetate 

CAB Cellulose acetate butyrate 

CDA Cellulose diacetate 

CEC Cation exchange capacity 

CP Cellulose propionate 

CTA Cellulose triacetate 

DM 

DMA 

Demineralized 

Dynamic mechanical analysis 

DS Degree of substitution 

DSC Differential scanning colorimetry  

GMMT Glycerolized montmorillonite 

GPC Gel permeation chromatography 

HDT Heat distortion temperature 

ICP OES Inductively coupled plasma optical 

emission spectroscopy 

KCl Potassium chloride 

LiCl Lithium chloride 

MA Maleic anhydride 

MMT Montmorillonite 

NaAc Sodium acetate 

NaCl Sodium chloride 

NaOH Sodium hydroxide 

Na2SO4 Sodium sulphate 

PCL Poly caprolactone 

PHBV Poly(hydroxybutyrate-co-valerate) 

PLA Poly lactic acid 

SA Starch acetate 

SEM Scanning electron microscopy 

SP Starch propionate 

StAcPrLau Starch acetate propionate laurate 

StPrAcLau Starch propionate acetate laurate 

TA Triacetin 

TEC Triethyl citrate 
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TGA Thermogravimetric analysis 

TPS Thermoplastic starch 

WAXS Wide angle X-ray Scattering 

WVP Water vapor permeability 

XRD X-ray diffraction 
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3 List of figures 

 

Figure 1 Phyllosilicate multi-scale structure. 

Figure 2 Montmorillonite structure. 

Figure 3 Amylose structure. 

Figure 4 Amylopectin structure. 

Figure 5 Schematic representation of the phase transition of starch during thermal    

processing and aging. 

Figure 6 Cellulose structure. 

Figure 7 Electron micrographs of cellulose microfibrils from different sources. 
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LVF, (B) StPrAcLau / 10wt% TA / 2.5wt% Dellite 43B, (C) StPrAcLau / 10wt% TA / 2.5wt% 
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Dellite 67G, (D) StAcPrLau / 15wt% TA / 5wt% Dellite LVF, (E) StAcPrLau / 15wt% TA / 

5wt% Dellite 43B. 

Figure 30 Effect of triacetin concentration on tensile properties of CA. 
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Figure 32 Effect of different types of MMT on tensile properties of CA 
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4 List of tables 

 

Table 1 Composition and characteristics for different kinds of starch. 

Table 2 Composition of lingo-cellulosic fibers, from various sources. 

Table 3 Degree of crystallinity (Xc), crystallite sizes (D(hkl)), and lateral dimensions (d) of 

microfibrils of native celluloses. 

Table 4 Different types of used layered silicates – nanoclays. 

Table 5 Thermomechanical properties of selected SA and SP nanocomposites. 

Table 6 Tensile, dynamic mechanical and impact properties of plasticized StPrAcLau 

nanocomposites. 

Table 7 Tensile, dynamic mechanical and impact properties of plasticized StAcPrLau 

nanocomposites. 

Table 8 Elementary analyses of unmodified clays. 

Table 9 GPC measurements of CA compounds. 

Table 10 Titration results for compounds. 
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5 Results of mechanical testing 

 

Table 1 Mechanical properties of starch esters and starch mixed esters nanocomposites. 

Type of 

Starch 

TA 

Content 

(%) 

Type of 

Nanoclay 

Amount 

of 

Nanoclay 

Tensile 

Strength 

(MPa) 

Young’s 

Modulus 

(Gpa) 

Elongation 

at Break 

(%) 

Tg 

(C) 

HDT 

(C) 

Charpy 

Impact 

(KJ/m2) 

SP - - - 36.1  2.7 1.68  0.02 3.8  1.0 127 100 - 

SP 5 - - 33.0  1.4 1.47  0.08 15.4  0.6 103 67 - 

SP 10 - - 20.9  0.7 1.14  0.02 19.0  2.1 - - - 

SP 20 - - 6.5  0.2 0.29  0.03 32.0  3.5 - - - 

SP 5 67G 5 31.5 0.6 1.85  0.03 2.9  0.2 - - - 

SP 5 72T 5 31.9  1.2 1.93 0.03 2.5  0.3 - - - 

SP 5 43B 5 32.3 1.3 1.85  0.06 3.0  0.8 110 81 - 

SP 5 LVF 5 29.1 0.6 1.53  0.02 13.4  1.2 - - - 

SP 5 67G 2.5 30.7  0.6 1.61  0.04 18.3  3.2 108 77  

SA - - - 21.1  5.0 2.21  0.02 1.0  0.3 90 70 - 

SA 5 - - 26.7  2.5 2.25  0.02 1.3  0.2 - - - 

SA 10 - - 26.8  2.9 2.05  0.02 1.7  0.2 - - - 

SA 20 - - 22.8  1.5 1.44  0.02 2.2  0.3 87 56 - 

SA 30 - - 6.9  0.5 0.48  0.05 33.0  3.8 - - - 

SA 20 43B 5 33.0  1.4 2.37  0.08 2.6  0.7 93 71 - 

SA 20 72T 5 28.6  5.9 2.31  0.04 1.8  0.6 - - - 

SA 20 67G 5 29.5  1.2 2.05  0.03 2.5  0.4 - - - 

SA 20 HPS 5 27.9  0.8 1.81  0.04 4.6  3.2 - - - 

SA 20 LVF 5 30.2  0.2 1.86  0.03 23.5  2.7 91 62 - 

StPrAcLau - - - 22.81.3 1.550.01 1.60.1 130 87.9 2.10.5 

StPrAcLau 5 - - 24.72.6 1.400.02 2.50.5 108 70.5 1.80.2 

StPrAcLau 10 - - 19.51.1 0.970.02 25.42.7 88 52.5 3.20.6 

StPrAcLau 10 LVF 2.5 24.40.2 1.260.01 14.32.4 94 56.5 2.70.7 

StPrAcLau 10 43B 2.5 27.10.8 1.480.01 12.02.0 95 56.3 6.62.1 

StPrAcLau 10 LVF 5 25.10.6 1.330.02 18.22.5 96 56.6 3.10.6 

StPrAcLau 10 43B 5 24.00.5 1.640.02 16.81.1 96 56.6 7.32.0 

StPrAcLau 20 - - 7.80.3 0.330.06 27.03.0 60 29.6 n.b. 

StPrAcLau 20 LVF 5 10.80.6 0.600.08 23.31.4 67 36.9 n.b. 

StPrAcLau 20 43B 5 13.40.3 0.880.01 17.02.7 70 41.3 n.b. 

StAcPrLau - - - 21.21.9 1.940.006 1.130.12 148 109.2 2.10.1 

StAcPrLau 5   20.31.2 1.880.01 1.20.1 124 74.9 2.20.9 
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StAcPrLau 10 - - 25.21.2 1.510.03 2.61.2 108 64.4 2.10.9 

StAcPrLau 10 LVF 5 20.11.6 1.710.05 1.30.1 113.5 74.4 1.50.3 

StAcPrLau 10 43B 5 27.15.4 2.110.02 1.70.6 109 67.8 1.70.6 

StAcPrLau 15 - - 21.51.1 1.280.03 2.80.7 89 53.5 1.80.4 

StAcPrLau 15 LVF 5 23.70.7 1.400.02 13.21.8 96 55.4 1.50.4 

StAcPrLau 15 43B 5 24.63.0 1.760.03 2.20.7 98 58.9 1.50.3 

StAcPrLau 20 - - 12.90.3 0.800.02 22.82.0 72 42.3 10.53.5

StAcPrLau 20 LVF 5 15.90.3 1.10.01 18.11.8 80 50.1 4.83.1 

StAcPrLau 20 43B 5 18.70.3 1.460.01 13.70.7 85 50.9 2.81.0 

 

 

Table 2 Mechanical properties of CA nanocomposites 

Material TA 

Content 

(%) 

Type of 

Nanoclay 

Amount 

of 

Nanoclay 

Tensile 

Strength 

(Mpa) 

Young’s 

Modulus 

(Gpa) 

Elongation at 

Break (%) 

CA - - - 40.5  6.5 4.25  0.01 1.0  0.1 

CA 10 - - 113.3  0.9 3.95  0.01 7.7  0.1 

CA 20 - - 80.3  7.7 3.39  0.2 7.0  0.7 

CA 30 - - 34.2  1.6 1.90  0.01 10.5  0.3 

CA 10 LVF 5 84.5  4.3 4.69  0.01 2.3  0.1 

CA 10 43B 5 119.3  0.7 5.04  0.01 5.4  0.7 

CA 20 LVF 5 67.0  5.2 3.05  0.16 7.5  0.8 

CA 20 43B 5 83.6  5.1 3.68  0.12 7.6  0.3 

CA 30 43B 5 52.2  4.0 3.20  0.01 7.9  0.4 

CA 30 67G 5 41.0  1.8 2.29  0.01 9.4  0.5 

CA - LVF 2.5 164.6  15.4 6.05  0.43 3.9  0.5 

CA - LVF 5 178.0  6.5 8.42  0.13 2.5  0.1 

CA - LVF 10 108.7  1.5 4.84  0.04 3.2  0.2 

CA - LVF 20 95.2  13.8 6.05  0.54 1.9  0.2 

CA - 43B 5 54.2  8.8 4.86  0.2 1.2  0.1 

CA - HPS 5 38.2  6.5 4.43  0.3 1.0  0.1 
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Table 3 Mechanical properties of CA composites 

Material Type of Additive Amount of 

Additive (wt%) 

Tensile 

Strength 

(Mpa) 

Young’s 

Modulus 

(Gpa) 

Elongation at 

Break (%) 

CA - - 60.2  17.2 4.53  0.13 1.5  0.5 

CA NaCl 0.17 202.9  26.0 8.42  0.80 3.1  0.6 

CA NaOH 0.12 193.0  16.6 7.26  0.60 3.6  0.1 

CA Na2SO4 0.21 178.5  18 8.06  0.70 3.0  0.5 

CA NaAc 0.24 159.6  14.0 6.50  0.20 3.4  0.5 

CA KCl 0.22 131.4  23.3 5.94  0.50 2.8  0.5 

CA Urea Phosphate 3 187.1  23 8.85  1.35 3.0  0.4 

CA HYSITE 713 0.5    

CA LiCl 0.13 38.1  8.5 4.15  0.5 1.0  0.1 

 

 

6 GPC measurements of CA compounds. 

Compound Mn Mw Polydispersity 

CA (powder form) 70388 173306 2.46 

CA (processed) 40976 102002 2.49 

CA + 5% LVF 66660 168572 2.53 

CA + 5% 43B 46710 120204 2.57 

CA + 5% HPS 37984 91841 2.42 

CA + 0.17% NaCl 58580 139755 2.39 

CA + 0.12% NaOH 52121 159205 3.05 

CA + 0.21 Na2SO4 58792 137932 2.35 

CA + 0.22% KCl 53713 125380 2.33 

CA + 0.13% LiCl 37970 92368 2.43 

 

7 Titration results for CA compounds. 

Sample COOH (equ/g) 

CA (powder form) 15 

Processed CA 70 

CA + 0.17% NaCl 50 

CA + 0.13% LiCl 175 
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