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1. INTRODUCTION 

 

Following a decline as a result of the 2008 financial crisis, the production of plas-

tics increases continuously, and in 2010, it reached the value of 265 Mt worldwide and 

57 Mt in Europe [1]. In the same year, European plastics converters processed 46.4 mil-

lion tons into products, approximately 40 % of these being short service life applications, 

mainly for packaging purposes, resulting in 24.7 Mt of post-consumer waste [1]. Not sur-

prisingly, the related environmental concerns have also increased in recent decades 

strengthening efforts to decrease the ecological effect of polymeric materials. There are 

various ways to decrease the environmental impact of plastics and one of the most advan-

tageous methods is composting [2]. Accordingly biodegradable and compostable poly-

mers have found application in various fields. Bio-based polymers, i.e. polymers pro-

duced from renewable feedstock, biomass in general, will at least partially replace fossil 

sources in the future resulting in considerable environmental benefits like decreased car-

bon-dioxide emission. 

 

Although the term "biopolymer" is used in several different ways depending on 

the application area, the generally accepted definition covers polymers that are either re-

newable-based, biodegradable or both. The global production capacity of these materials 

shows dynamic growth [3,4] and the ratio of biodegradable polymers compared to non-

degradable biobased types has also increased recently [4]. Fig. 1 presents worldwide bi-

opolymer production capacities according to the type of the polymer [4] indicating that 

starch and its blends, poly(lactic acid) and various types of polyhydroxyalkanoates 

(PHAs) are of the largest importance among bio-based and biodegradable polymers. 

 

Biopolymers have much potential and several advantages, but they possess some 

drawbacks as well. In spite of increasing production capacity, they are still quite expen-

sive compared to commodity polymers and their properties are also often inferior, or at 

least do not correspond to the expectation of converters or users. Although natural poly-

mers are available in large quantities and are also cheap, their properties are even farther 

from those of commodity plastics. As a consequence, biopolymers must be often modified 

to meet the expectations of the market. To utilize their potentials and penetrate new mar-

kets, the performance of biopolymers must be increased considerably. 

 

 

 

______________________________________________________________________ 
1Plastics Europe. Plastics – The Facts 2011 – An analysis of European plastics production, demand and recovery 

for 2010. <http://www.plasticseurope.org/documents/document/20111107101127-final_pe_factsfigures_uk 
2011_lr_041111.pdf>.  
2Kale, G., Kijchavengkul, T., Auras, R., Rubino, M., Selke, S. E., Singh, S. P., Macromol. Biosci.  7, 255-277 

(2007) 
3Shen, K., Haufe, J., Patel, M., Product overview and market projection of emerging bio-based plastics. Final 

report of Utrecht University to European Bioplastics, 2009 
4Europian Bioplastics. Driving the evolution of plastics. <http://en.european-bioplastics.org/wp-content/ 

uploads/2012/publications/Imagebroschuere_Dec2012.pdf>  
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Figure 1 Worldwide production capacities of bioplastics in 2010 

 

 

Consequently, the modification of these materials is in the focus of scientific re-

search, but also industrial development. In contrast to the development of novel polymeric 

materials and new polymerization routes, modification is a relatively cheap and fast 

method to tailor the properties of plastics. As a result, this approach may play a crucial 

role in increasing the competitiveness of biopolymers.  

 

Starch is a bio based and biodegradable polymer which is available in large quan-

tities and very cheap. Starch plasticized with small molecular weight materials (TPS) be-

haves like a plastic and can be processed with technologies used for thermoplastics. Un-

fortunately similarly to other biopolymers, starch also has drawbacks and needs modifi-

cation  

 

Major deficiencies of plasticized starch products are their poor mechanical prop-

erties and water sensitivity. Poor mechanical properties result from the use of a large 

amount of small molecular weight plasticizer which replaces hydrogen bonds among 

starch molecules thus make them flexible and allow their processing. On the other hand, 

the stiffness of the amylopectin chain does prevent the formation of entanglements thus 

the deformability and strength of plasticized starch are small. Plasticizers are usually mol-

ecules containing numerous active hydroxyl groups, thus water sensitivity does not de-

crease, but increases as a result.  
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One obvious way to improve both mechanical properties and water sensitivity is 

to combine plasticized starch with nanofillers [5]. Layered silicates are claimed to im-

prove the mechanical properties of polymers already at very small amounts, at several 

percent silicate content. However, the condition of property improvement is the complete, 

but at least extensive exfoliation of the clay in the polymer matrix that is very difficult to 

achieve. In order to facilitate exfoliation the surface of the clay is modified to decrease 

interactions among the individual layers.  

 

Polymer/clay nanocomposites are assumed to exhibit improved barrier, thermal 

and mechanical properties compared to traditional composites. In most cases TPS/mont-

morillonite nanocomposite films were prepared by melt blending (in internal batch mixer 

or in a twin screw extruder) or solution casting. The results clearly demonstrated that the 

incorporation of organophilic montmorillonite with apolar character led to the formation 

of conventional microcomposites, while due to the polar nature of both starch and Na-

montmorillonite (NaMMT) the application of the clay results in an intercalated/exfoliated 

structure of TPS nanocomposites [5]. In spite of the incomplete exfoliation of the silicate, 

TPS/NaMMT nanocomposites have improved properties compared to neat TPS. The 

properties of these latter strongly depend on the type of the starch and the montmorillonite 

used, as well as on the amount of NaMMT and glycerol. 

 

Mostly various aliphatic polyesters are combined with layered silicates organ-

ophilized with a variety of surfactants. Usually extensive intercalation or exfoliation is 

claimed resulting in significant improvement in properties including stiffness, strength 

and most importantly water resistance [6]. Much less information is available about 

nanocomposites prepared from thermoplastic starch and related materials. 

 

Another possibility to improve the properties of thermoplastics starch is to rein-

force it with natural fibers [7]. The approach has the additional benefit of yielding a very 

cheap material. However, the type and amount of fibers must be optimized and the inter-

action of the components is an unknown, but important factor strongly influencing prop-

erties. 

 

As mentioned before, plasticized starch has relatively poor mechanical properties; 

its stiffness, strength and deformability are quite small. Some groups try to overcome this 

deficiency by using less, around 20 wt%, plasticizer. However, processability is quite 

limited for such materials and they are also brittle. 

 

The preparation of polymer blends is a further approach to improve the poor prop-

erties of thermoplastic starch. The research on TPS combined with synthetic polymers 

like polyethylene (PE) or polystyrene (PS) had been started decades ago resulting in a 

large number of papers about the properties, structure, interactions and biodegrability of 

such blends. Even though the blends of TPS with synthetic polymers are only partially  

______________________________________________________________________ 
5Chivrac, F., Pollet, E., Averous, L., Mater. Sci. Eng. R-Rep.  67, 1-17 (2009) 
6Pantoustier, N., Alexandre, M., Degee, P., Kubies, D., Jerome, R., Henrist, C., Rulmont, A., Dubois, P., 

Compos. Interfaces  10, 423-433 (2003) 
7Averous, L., Fringant, C., Moro, L., Polymer  42, 6565-6572 (2001) 
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biodegradable – which occasionally can be more harmful than useful – several companies 

offer such products and numerous papers have been published in this research area [8,9]. 

 

The biocompatibility and biodegrability of TPS can be retained if it is blended 

with biopolymers, mainly with aliphatic polyesters. One of the biopolymers used and 

studied the most often in such blends is PLA[10]. PLA, has large stiffness and strength. 

On the other hand, one of the drawbacks of PLA is its poor impact resistance, which might 

be improved by blending with thermoplastic starch. Accordingly, the structure and the 

properties of TPS/PLA blends are of theoretical and practical interest and the investiga-

tion of interactions between PLA and TPS is amply justified. One may hope that the com-

bination of the two materials, i.e. TPS and PLA, might result in materials that combine 

the benefits of both polymers and result in blends with useful properties.  

 

The Laboratory of Plastics and Rubber Technology of the Department of Physical 

Chemistry and Materials Science at the Budapest University of Technology and Econom-

ics together with the Institute of Materials and Environmental Chemistry at the Hungarian 

Academy of Sciences have considerable experience in the modification of synthetic and 

natural polymers. Polymers can be modified in many ways including chemical modifica-

tion, like copolymerization or grafting, or by the addition of another polymer, a filler or 

fiber to the polymer. The combination of a polymer with another component always leads 

to a new material the properties of which must be optimized in order to meet the require-

ments a potential application. However, successful optimization requires the deep 

knowledge of structure-property correlations and since biopolymers are relatively new 

materials rather limited knowledge is available on them. The experience of the group in 

plasticized starch and the general interest in fully biodegradable materials led to a project 

which focused on the modification of TPS with the goal to improve its properties and 

compensate for its deficiencies, like poor mechanical properties, physical ageing, water 

sensitivity and large shrinkage. Nanocomposites, wood reinforced materials and blends 

were prepared from TPS during this work and interactions, structure and properties were 

studied in detail to extend available knowledge in this field. 

 

 

2. EXPERIMENTAL 

 

High quality starch plasticized with 36 wt% glycerol was used in the experiments 

aimed at the modification of starch with layered silicates. This glycerol content was se-

lected in preliminary experiments and was kept constant throughout the study. A sodium 

montmorillonite and three organophilic clays were used as fillers. They were treated with 

aminododecanoic acid (Nanofil 784), stearyl dihydroxyethyl ammonium chloride (Nan-

ofil 804) and distearyl dimethyl ammonium chloride (Nanofil 948), respectively. Silicate 

content changed between 0 and 7 vol% in seven steps. The silicate was swollen in glycerol  

______________________________________________________________________ 
8Shujun, W., Jiugao, Y., Jinglin, Y., Polym. Degrad. Stabil.  87, 395-401 (2005) 
9Pang, M. M., Pun, M. Y., Ishak, Z. A. M., J. App. Polym. Sci. 129, 3237-3246 (2013) 
10Martin, O., Averous, L., Polymer  42, 6209-6219 (2001) 
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for 1 day and then homogenized with the starch powder. The blend was introduced into 

an internal mixer and homogenized. The crystalline structure of TPS and the gallery struc-

ture of the fillers were studied by X-ray diffraction. The light transmission, the color, 

dynamic mechanical spectra and tensile properties of the samples were determined in this 

project. Water absorption was measured by storing the samples in 50 % relative humidity 

and following the change of their weight. 

 

In the next part of the research the TPS nacomposite films were prepared by solu-

tion and melt blending. The crystalline structure of TPS and the gallery structure of the 

filler were studied by X-ray diffraction. The morphology of the samples was examined 

by scanning electron microscopy. Light transmission and tensile properties of the films 

were determined. The equilibrium water content of the conditioned (at 23 °C at 52 % RH) 

film samples was determined by thermogravimetric analysis.  

 

Corn starch, glycerol and three different wood fibers as reinforcement were used 

in the experiments which focused on the study of TPS/wood composites. Composites 

were prepared with 5, 10, 15, 20, 30 and 40 vol% wood content. Thermoplastic starch 

containing 36 wt% glycerol was prepared by dry-blending in a high speed mixer. The 

wood fibers were introduced into the mixer after plasticization. TPS granules were pro-

duced by processing the dry-blend on a single screw extruder. The granules were injection 

molded into standard ISO 527-1 tensile bars. The mechanical properties of the specimens 

were characterized by tensile testing and dynamic mechanical analysis. Micromechanical 

deformations during tensile testing were followed by recording acoustic emission signals. 

The particle characteristics of the fibers and composite structure were characterized by 

scanning electron microscopy. The crystalline structure of the TPS matrix, the wood fi-

bers and the composites were studied by X-ray diffraction. Water absorption was deter-

mined at 50 % relative humidity. Shrinkage was followed by the measurement of the 

length of the samples as a function of time. 

 

The preparation of blends was another way to modify TPS which, this time, was 

prepared from corn starch. Glycerol was used for plasticization without further purifica-

tion or drying. The PLA used was obtained from NatureWorks (USA). Thermoplastic 

starch samples containing 36 and 47 wt% glycerol were prepared and used in the experi-

ments. The composition of the PLA/TPS blends changed from 0 to 1 volume fraction in 

0.1 volume fraction steps. Glycerol was added to PLA also alone as a "plasticizer" in 1, 

3, 5, 7 and 10 vol%. Thermoplastic starch powder was prepared by dry-blending in a high 

speed mixer. TPS was produced by processing the dry-blend on a single screw extruder. 

PLA and the second component were homogenized in an internal mixer. The glass tran-

sition temperature of the phases and other thermal transitions appearing in the blends were 

determined with dynamic mechanical analysis.  Mechanical properties were further char-

acterized by tensile testing. The structure of the blends was analyzed by scanning electron 

microscopy. Light transmittance through the samples was measured on 1 mm thick spec-

imens. Water absorption was determined as in previous experiments. 

 

Further blends and composites were also prepared in an attempt to obtain more 

general information about modified PLA. Polycarbonate and poly(butylene-adipate-co-
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terephtalate) were used as blend components. Compositions covered the entire composi-

tion range from 0 to 1 volume fraction in 0.1 volume fraction steps. Five different ligno-

cellulosic fibers were used as reinforcement, three wood flours (W), a microcrystalline 

cellulose (MC) and a ground corn cob (CC). The amount of the reinforcement usually 

changed from 0 to 60 wt%, but sometimes composites could not be processed with the 

largest fiber content because of technological reasons. Calcium sulfate (CaSO4) was used 

as particulate filler. The filler was surface coated with 1.5 wt% stearic acid. The CaSO4 

content of PLA composites, both with coated and uncoated fillers, was changed from 0 

to 30 vol% in 5 vol% steps. PLA and the second component were homogenized in an 

internal mixer. To study the effect of physical ageing on the mechanical properties of 

PLA, standard specimens were produced by injection molding. Thermal transitions in-

cluding glass transition, melting and crystallization of the blends and composites prepared 

were studied by differential scanning calorimetry. The effect of physical ageing of PLA 

on its mechanical properties was followed by tensile testing. 

 

 

3. RESULTS 

 

Our first experiments focusing onto the preparation and study of thermoplastic 

starch/layered silicate composites, revealed that no or only limited exfoliation takes place 

during the homogenization of the composites irrespectively of the organophilization of 

the clays used. On the other hand, practically all components of the system enter into 

interaction with each other. Competitive dissolution and adsorption of the surfactant and 

the plasticizer take place in the composites. The occurrence of chemical reactions cannot 

be excluded either in the case of amino acid modified silicates. The type and strength of 

interactions determine the properties of the composites. The reinforcing effect of the sil-

icates vary in a wide range, the amino acid modified clay improves strength almost ten 

times as much as the silicate treated with an aliphatic amine (Fig. 2) Changes in all other 

properties including viscosity, color and water adsorption correspond to those observed 

in strength and are dominated by interactions. 

 

Using the experience obtained in the first stage of the research, TPS/NaMMT 

nanocomposite films were prepared by solution casting and melt blending in the second 

stage. Clay content changed between 0 and 25 wt% based on the amount of dry starch (0-

8 vol% in the composites). Filler content was much larger than the usual 1-5 wt%, because 

results published earlier proved that these nanocomposites can offer good properties even 

in the absence of complete exfoliation. X-ray diffraction analysis, scanning electron mi-

croscopy and light transmission measurements showed that all nanocomposites possess 

intercalated structure, but at larger clay content (above 10 wt%) nanocomposites prepared 

by melt intercalation contained aggregated particles as well. VH-type crystallinity was 

found in all nanocomposites, which is typical for TPS containing more than 10 wt% wa-

ter.  

 

 

 

 

 



PhD Thesis 

 

 

7 

 

0.00 0.02 0.04 0.06 0.08
1.5

1.7

1.9

2.1

2.3

2.5

 

 

ln
(r

ed
u

ce
d

 s
tr

en
g

th
, 


re
d
)

Silicate volume fraction
 

 

Fig. 2 Reinforcing effect of two organophilic silicates in TPS composites. Symbols: 

() N784, () N948. 
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Fig. 3 Effect of NaMMT content on the stiffness of TPS/NaMMT nanocomposites. 
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Somewhat larger crystallinity was observed in nanocomposites containing more 

plasticizer, which is probably due to the larger mobility of starch molecules in these com-

posites. In spite of incomplete exfoliation the clay reinforces TPS in nanocomposites pre-

pared by solution casting, both stiffness and strength increased considerably. Similarly 

good mechanical properties were determined on dry samples prepared by melt blending, 

but conditioning of these samples resulted in very poor stiffness and strength, the worst 

among all samples studied (Fig. 3.). We assume that water bonded during conditioning 

or the solvent mixing process has different effect on mechanical properties. With the aid 

of a simple model we could prove that the increase of glycerol content decreases the 

starch/clay interaction. 

 

The modification of TPS with wood particles improves several properties consid-

erably. Stiffness and strength increases, and the effect is stronger for fibers with larger 

aspect ratio. Wood fibers reinforce TPS considerably due to poor matrix properties and 

strong interfacial interactions, the latter resulting in the decreased mobility of starch mol-

ecules and in the fracture of large wood particles during deformation. Strong interfacial 

adhesion leads to smaller water absorption than predicted from additivity, but water up-

take remains relatively large even in the presence of wood particles. The shrinkage of 

injection molded TPS parts is very large, around 10 %, and dimensional changes occur 

on a very long timescale. Shrinkage decreases considerably to a low level already at 15-

20 vol% wood content rendering the composites good dimensional stability (Fig 4). Wood 

reinforcement of TPS is generally advantageous for most application areas. 
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Fig. 4 Time dependence of the shrinkage of TPS/W126 composites at different wood 
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A detailed analysis of experimental results obtained on PLA/TPS blends supported 

by model calculations showed that the interaction of the two components is weak. The 

investigation of the possible partitioning of glycerol in the two phases indicated that most 

of the plasticizer is located in the TPS phase and does not diffuse into PLA (Fig 5). Ther-

modynamic modeling predicted some dissolution of PLA in TPS which was assisted by 

the presence of the plasticizer, but TPS does not dissolve in PLA at all. As a consequence 

of weak interactions properties are moderate at most. Blending of the two components 

resulted in heterogeneous, two phase structure at all compositions. No tangible proof was 

found for the formation of a glycerol rich phase in TPS, the relaxation transition assigned 

to this phase was rather explained with the movement of smaller structural units of starch 

molecules. Weak interfacial adhesion does not allow stress transfer through the interface 

resulting in poor strength and small deformation. TPS deteriorates the properties of PLA 

considerably and although this latter polymer reinforces TPS somewhat, blends with a 

starch matrix are extremely weak. Useful materials can be produced from PLA and TPS 

only with the development of an appropriate coupling strategy. 
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Fig. 5 Phase diagram of PLA/TPS blends; effect of glycerol on miscibility. 

 

 

The detailed analysis of transitions in PLA/thermoplastic starch blends indicated 

that all are determined by the molecular mobility of PLA chains. Blending modifies mo-

lecular mobility thus often decreases glass transition temperature and changes the inten-

sity of enthalpy relaxation. All other transitions and characteristics, i.e. cold crystalliza-

tion, melting and the corresponding enthalpies change accordingly. Increased molecular 
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mobility accelerates also the physical ageing of the polymer. The comparison of the re-

sults to those obtained on other PLA blends (PBAT, PC) and composites (wood, CaSO4) 

confirmed the general character of the phenomenon. Nucleation was not observed in the 

heterogeneous PLA blends and composites studied; crystallization temperature recorded 

during cooling from the quiescent melt remained constant. The interaction between PLA 

and the various components used for modification changed in a wide range, but no direct 

correlation was found between the strength of interaction and molecular mobility. The 

reason for the observed increase in mobility is unclear and needs further study and expla-

nation. 

 

 

4. NEW SCIENTIFIC RESULTS 

 

1. We showed by the detailed analysis of the properties of thermoplastic starch/layered 

silicate nanocomposites that practically all components of the system enter into in-

teraction with each other. Competitive dissolution and adsorption of the surfactant 

and the plasticizer take place in the composites and the occurrence of chemical reac-

tions cannot be excluded either. The type and strength of interaction determine the 

properties of the composites [1,2]. 

 

2. Further study of TPS/clay nanocomposites proved that all nanocomposites possess 

intercalated structure irrespectively of preparation technology. In spite of incomplete 

exfoliation layered sodium silicate reinforces TPS in nanocomposites prepared by 

solution casting, both stiffness and strength increase considerably [3,4]. 

 

3. During the modification of TPS by wood fibers we found that wood reinforces TPS 

considerably due to poor matrix properties and strong interfacial interactions that 

result in the decreased mobility of starch molecules and in the fracture of large wood 

particles during deformation [5,6]. 

 

4. We could also prove that the shrinkage of TPS decreases to a very low level already 

at 15-20 vol% wood content resulting in composites with good dimensional stability 

[5,6]. 

 

5. We investigated the possible partitioning of glycerol in TPS/PLA blends the first 

time and proved by measurements and model calculations that most of the plasticizer 

is located in the TPS phase and does not diffuse into PLA [Chapter 5]. 

 

6. Contrary to numerous statements published in the literature we did not find any proof 

for the formation of a glycerol rich phase in TPS, the relaxation transition assigned 

to this phase was explained with the movement of smaller structural units of starch 

molecules [Chapter 5]. 

 

7. With the detailed analysis of the transitions of PLA/thermoplastic starch blends we 

pointed out the first time that all transitions are determined by the molecular mobility 

of PLA chains. Blending modifies molecular mobility thus often decreases glass tran-
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sition temperature and changes the intensity of enthalpy relaxation. All other transi-

tions and characteristics, i.e. cold crystallization, melting and the corresponding en-

thalpies change accordingly [7]. 
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