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1. Introduction

For the last few decades, the usage of plastic increased because of its specific properties such
as low cost, light weight, high strength, non-biodegradability, durability, non corrosive
nature, process ability and high energy effectiveness. Hence these plastics can be used for
various application which includes household articles to aeronautic sector. Now a day it’s
difficult to imagine a life without plastic which are mostly derived from crude oils and
natural gas. Among the various polymers, polyethylene, polypropylene and polystyrene are
used greatly for food packaging, biomedical field and in agriculture. According to statistics,
from 1950 onwards, 9% of growth can be seen globally, in the production and consumption
of plastics. In 1950 the overall production of plastic was 1.5 million tones while it reached
245 million tones in 2008.

In these polyethylene is one of the most dominant packaging material, creating the real
problems in the disposal of one-trip packaging. These polymers will take millions of years to
degrade under natural weathering conditions. Hence careless dumping of these plastics
after its usage creates severe problems to the environment. Also during combustion it
produces toxic materials which eventually pollute the atmosphere. The land filling results in
the contamination of water, thereby adversely affecting the soil’s biological balance.
‘Recycling’ is another solution for reducing the amount of waste polyolefin materials. But
recycling has its own limitation in regard to compatibility of different polyolefins which
adversely affects the processability and final properties. Subsequently the problems created
by plastic wastages to the environment triggered the interest in the development of
biodegradable disposable plastics. So that the onetime use items can be disposed off with
the hope that they will not remain for centuries in a landfill, or as litter, which is one of the
tenets driving the recent interest in “green” technologies. The current biodegradable
plastics, such as PLA, PHBV, Mater-Bi etc are very costly and the processing and mechanical
properties of these materials are not good enough for the production of consumer products.
Hence several studies were conducted to modify the current commodity plastics such as
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58 Thermoplastic Elastomers

polyethylene, polypropylene into biodegradable type. One method to achieve this goal was
blending of plastics with biodegradable agricultural feed stocks to meet the requirements of
responsible and ecologically sound utilization of resources. This will reduce our dependence
on depleting petrochemical resources.

2. Fabrication of thermoplastic starch

The fusion of mixture of native starch granules with sufficient amount of plasticizer, at
lower temperature than their degradation, leads to a starchy material consisting of
entangled polysaccharide chains. This material is called thermoplastic starch (TPS). Most
common methods used for the preparation of TPS are extrusion and solvent casting method.
For that various types of plasticizers such as glycerol, water, urea formamide etc are used
during the formulation. The characteristics of mechanical work and flow (temperature,
pressure, residence time, energy) during the preparation of TPS are known and modeled
[Agassant et al., 1996, Vergnes et al., 1998]. A specific mechanical energy (SME) higher than
300k]J/ g is necessary to achieve a complete destructuration of starch granules. The presence
of low molecular mass (plasticizers) raises the threshold energy similar to the action of
sugars in the cereal products [Fan et al., 1996]. The SME transmitted as shear, leads to the
breakdown of starch grains by fragmentation, and once the melt phase obtained, it is
accompanied by a moderate depolymerization, particularly in the amylopectin [Barron et
al., 2002].

The native starch can be transformed to TPS by several treatments which destroys its
granular structure. Physical treatment requires simultaneous action of temperature, shear
and lower water content during extrusion. Initially amorphous regions of starch granules
are more accessible to water followed by its crystalline zones. The amount of water should
be sufficient to hydrate these starch molecules which ultimately results in its gelatinization.
Also for obtaining the melt phase of plasticized TPS, additional energy is required to
destroy the residual crystalline structures. This mechanical treatment reduces the
crystallinity of starch granules. Figure 1 shows that the viscosity of plasticized starch is of
the same order and magnitude as those of synthetic thermoplastics at lower temperatures
[Martin et al., 2003].
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Fig. 1. Flow curves of thermoplastic materials at 200°C and TPS from smooth pea and wheat
at 125°C
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3. Properties of thermoplastic starch
3.1 Morphology

Studies show that the structures of native and thermoplastic wheat starch are totally
different. Scanning Electron Micrograph (SEM) reveals that the native wheat starch has a
granular structure (Figure 2) [Leblanc et al., 2008].

Fig. 2. SEM micrographs of native wheat starch

These granules are spherical or oval and have different domain sizes. They are smooth, free
from pores, cracks, or fissure around to lenticular and polyhedral shapes and are relatively
thick. For both starch granules there exists a wide distribution of granule size. This wide
distribution is a common feature of cereal starch [Buleon et al., 1998; Charles et al., 2003].
During plasticization (the transformation of granular morphology into a homogeneous
polymeric film), the destruction of hydrogen bonds between the starch molecules occurs
synchronously with the formation of the hydrogen bonds between the plasticizer and starch
molecules [Yang et al., 2006].

The extrusion method is a combination of thermal and mechanical input. During this
process, starch was plasticized and a homogeneous molten phase characteristic of
thermoplastic polymeric material was obtained (Figure 3) [Saiah et al., 2009].

Fig. 3. SEM of extruded wheat starch based thermoplastic film

3.2 Structure

The X-ray diffraction (XRD) patterns for native and plasticized starch based on wheat flour
(with 9% water and 12.8% glycerol) are displayed in Figures 4 A and B, respectively [Saiah
et al.,, 2007]. The signal obtained from XRD, for native starch shows the semi-crystalline
nature of this material. The diffraction peaks were obtained at 260 values equal to 11.3, 15.2,
17.3,18.1, 20.1, 23.3, and 26.7°, leading to the conclusion that these raw materials present A-
type crystalline structure. This general characteristic of cereal starches was already observed
in many other studies [Katz and Van Italie, 1930; Le Bail et al., 1993; Krogars et al., 2003]. For
the extruded thermoplastic films, the peak appears at 20 = 7.2°,12.9°, 19.8°, and 22.6° (Figure
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4 B); which are characteristics of a Vi-type structure [Le Bail, 1995; Fanta et al., 2002]
indicating a change in the initial crystalline structure of native starch wheat flour. This
structure was obtained by complexation of amylose with lipids. However, another peak at
20 = 17.3° was observed which corresponds to an A-type structure. This A-type residual
crystallinity is due to incomplete destructuration and fusion during the transformation [Van
Soest et al., 1996(c); Willett and Doane, 2002].
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Fig. 4. XRD pattern of native (A) and extruded (B) wheat flour showing different
contributions to rebuild experimental signals

The allomorph Vj, (Figure 5) obtained with lipid unicycles and linear alcohols is the most
common and most studied due to its involvement in many transformations of the starch. It
is characterized by an orthorhombic lattice (a = 1.37 nm, b = 2.37 nm and ¢ = 0.805 nm) and
P212121 space group type.

Fig. 5. Conformation of inclusion model of a fatty-acid in an amylose helix (Structure of Vj-
type)

The V, structure is another form of crystalline amylose-lipid complex. The characteristic
angles of XRD peaks are respectively at 20 = 7.8, 13.5 and 20.9° [Paris et al., 2001]. It is
characterized by an orthorhombic lattice (a = 1.30 nm, b = 2.25 nm, ¢ = 0.79 nm) with a
P212121 space group [Winter and Sarko (a), 1974; Zaslow et al., 1974; Winter and Sarko (b),
1974]. In the V, crystal structure, the helices of amylose are more contracted and there is less
water compared to the Vy, crystal structure. The transition Vi, form to V, is observed when
the form Vj, is dried to a water activity less than 0.6 [Rappenecker and Zugenmaier, 1981;
Hinkle and Zobel, 1968; Murphy et al., 1975]. This transition is reversible because it is
possible to transform the V, type to Vi, type by hydration in the vapor phase. It is usually
interpreted as a change of form during the hydration with increasing distance between
helices of 1.30 to 1.37 nm [Van Soest et al.,, 1996, Zaslow and Miller, 1961] due to the
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introduction of water molecules between amylose helix. The V, form is never obtained by
direct crystallization of solutions of amylose, which is not the case of structures of type A, B
and Vy, [Buléon et al., 1984].

To have more information regarding the effect of plasticizers on the structure [Saiah et al.,
2007], the amount of one plasticizer was kept constant (i.e., water initially fixed at 9%), and
the percentage of glycerol varied from 12.8% to 16.5%, keeping the total amount as 20%. For
all these materials, the same 20 values peaks were observed and also the characteristics
peaks for Vi and A-type crystalline structure. Also an increase in the intensity of the
amorphous halo can be seen as a function of glycerol content (Figure 6).
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Fig. 6. XRD pattern showing variations in the amorphous halo as a function of glycerol
content

In other words, the increase in percentage of glycerol decreases the percentage of
crystallinity of the material from 14 to 11%. Table 1 gives the characteristics of the
amorphous halo (the maximum diffraction angle, 0,), which allows calculation of an
average intermolecular distance (d,,) according to the Bragg formula (1):

where A is the wavelength of X-rays (Akxacu = 1.54A°) and n is a positive whole number called
order of diffraction.

Glycerol (%, w/w) Om Sin 6, dim (A°)
12.8 10.36 + 0.02 0.1798 4.28 + 0.008
16.5 10.30 + 0.02 0.1788 4.31 £ 0.008
20.0 10.20 + 0.02 0.1770 4.35 £ 0.008

Table 1. Maximum diffraction angle and average intermolecular distance observed from
XRD

The amorphous halo shifts toward the smaller angles when the percentage of glycerol
increases, which increases the average distance between two molecular chains. The position
of the amorphous halo reflects the average density (or specific volume) of the material
[Arrighi et al., 1998]. When the average intermolecular distance increases from 4.28 to
4.35A°, the average density (or the specific volume) decreases (Figure 7).
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Fig. 7. Variations in crystalline fraction of samples and modification of average
intermolecular distance in amorphous domains, when glycerol content changes

As a consequence, it is expected that the amount of free volume linked to existence of an
amorphous or a vitreous phase increases in the extruded materials.

3.3 Mechanical behavior

The mechanical properties of TPS are influenced by the botanical origin of starch, more
specifically the proportion of amylose and amylopectin. The materials obtained from wheat,
corn and potatoes starch, have failure stress above that of a material based on waxy maize
starch (rich on amylopectin) (Figure 8 a) [Hulleman et al., 1998]. Tensile tests on films of
pure amylose and amylopectin highlights the difference in behavior between these two
materials (Figure 8 b) [Lourdin et al., 1995]. The amylopectin based material has a ductile
behavior (high failure strain), while that based on amylose has a typical behavior of a brittle
material.
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Fig. 8. Stress-strain curves for: (a) based materials starch potato, corn, wheat and waxy
maize (b) materials based pure amylopectin (1) and pure amylose (2)

The effect of plasticizers on film resulting from agro-resources, generally leads to a decrease
in the modulus and failure stress, and an increase in failure strain (Figure 9) [Poutanen and
Forssell, 1996 ; Gontard and Guilbert, 1993; Lourdin et al., 1997].
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Fig. 9. Influence of glycerol rate on the strain at break (—) and stress at break (---) for potato
starch films [Lourdin et al., 1997]

For glycerol level below 12%, a phenomenon “antiplastification” is observed, resulting in
decreased stress and strain at break. This phenomenon is due to strong interactions between
the polymer and the plasticizer, which forms a hydrogen network reinforcing material.
From 12%, the strain at break increases quickly, against the stress at break decreases, and
that up to 25% glycerol. This change in mechanical behavior is due to displacement of the
glass transition temperature (Tg) of the system below the ambient temperature. The values

of stress at failure, strain at failure, and tensile modulus are summarized in Table 2 [Saiah et
al., 2007].

Glycerol (%) Omax (MPa) Emax (%) E (MPa)
12.8 3.2+0.10 17.0+£1.0 125+ 6
16.5 2.7+£0.20 194+1.2 1026
20.0 21+£0.12 229+0.5 57 +4

Table 2. Tensile properties of wheat flour based TPS having different glycerol content

Adding glycerol during the formulation of TPS, decreases the stress at failure from 3.2 to 2.1
MPa and the tensile modulus from 125 to 57 MPa, while an increase from 17 to 22.9% in strain
at failure. These results indicate that the ductility of material increases and, as expected, a
plasticization effect is obtained by introducing glycerol in the sample composition. These
plasticization effects due to glycerol have been observed in TPS made of starch from other
sources [Mali et al., 2006]. In these introducing plasticizer reduces direct interaction between
starch chains, thus facilitating movement of starch chains under tensile forces [Garcia et al.,
1999; Mali et al., 2002)]. The same scenario occurs for wheat-flour-based TPS.

Similar to glycerol, the addition of sorbitol will lead to a significant change in the
mechanical behavior of TPS and antiplasticization effect is also observed at sorbitol content
less than 27% [Gaudin et al., 1999]. Beyond this amount sorbitol acts as a plasticizer in TPS.
During the storage of films, changes in mechanical properties can occur [Van Soest and
Knooren, 1997 ; Van Soest et al., 1996 (d); Forssell et al., 1999]. The strain at break decreases,
while the stress at break increases. The changes observed over time are due to several
concurrent factors: reduction in water content [Van Soest et al., 1996 (b); Van Soest et al.,
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1996 (a)], increased Tg and crystallinity. Ageing causes reorientation and/or crystallization
of molecules of amylose and amylopectin [Vergnes et al., 1998]. The crystallites acting as

physical nodes, generate as stress concentrations and thus weaken the material [Van Soest et
al., 1996 (b)].

3.4 Thermal stability

The activation energy calculated for the degradation using TGA, for native and
thermoplastic wheat flour is 223 kJ.mol! and 90 kJ.mol-! respectively [Saiah et al., 2009]. The
value of activation energy of native wheat flour is greater than the TPS. This difference is
related to the transformation linked to the modifications of crystalline and amorphous
phases obtained by extrusion process. The earlier studies on the percentage of crystallinity,
using XRD proved that the extrusion causes a reduction in the degree of crystallinity of
native wheat flour from 30 to 14% [Saiah et al., 2007]. It indicates that the extruded films
have greater amorphous or vitreous phase content. Hence lower amount of energy is
enough for its degradation.The effect of lipids (monoglyceride) on thermal stability of TPS is
clearly displayed in Figure 10 [Saiah et al., 2009].
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Fig. 10. Variations of amorphous phase content (%, w/w) (m) and the Tq onset (®) of the
polymeric material having varying lipid content (0, 1, 5 and 10%, w/w)

It reveals that as the lipid content increases, the Ty onset Value decreases drastically and is
more prominent for the materials having lipid content more than 5% (w/w). Here, the
monoglyceride has low thermal stability and they start to degrade before the degradation of
the matrix. This degradation is more prominent in the matrix having lipid content greater
than 5% (w/w). Moreover, the residue at 800°C for all the materials are almost similar
(*12%, w/w) since variation in the formulation of the matrix is the amount of the wheat
flour and lipid content.

The kinetic aspect of the thermal degradation of polymeric material can be obtained by
using Broido method [Broido, 1969]. Here, the assumption is that degradation is a first order
or a superposition of first order process and the polymeric material will follow the first
order type reactions, i.e. (n = 1). The assumption of Broido leads to equation 2:

ln[—ln(l—a)]zan—lé—i (2)
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where o is the amount of material degraded at time t, AE is the change in the activation
energy which can also be calculated using the Arrhenius equation, R is the universal gas

constant and T is the temperature in Kelvin scale. In this, a can be calculated using the
following equation 3:

W30 o

where W is the mass at time t, W, is the initial mass and W.,, is the mass after infinite time.
The result obtained does not depend upon the value of heating rate and also gives us the
activation energy independently of the value of Ty, at which the reaction is maximum.

Figure 11 represents the Broido plot for the polymeric materials having various lipids
content [Saiah et al., 2009].
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Fig. 11. Broido plot for the polymeric materials having various lipid content (0, 1, 5, and
10%, w/w)
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Fig. 12. Variation of amorphous phase content (%, w/w) (m) and change in activation energy
(®) of the TPS having various lipid content (0, 1, 5 and 10%, w/w).

From this, variation in activation energy were calculated and displayed in Figure 12.When
the lipid content increases, the change in activation energy decreases from 90 to 62 kJ.mol-
1L This decrease in the thermal stability and change in activation energy is due to the
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66 Thermoplastic Elastomers

variation in the degree of crystallinity (Figures 10 and 12) of the polymeric material when
the lipids are incorporated.

The influence of the degree of crystallinity on the thermal stability is much clearer by
studying the thermal stability of the native and thermoplastic wheat flour. The Tgonset
degradation temperature for native wheat flour is 291°C while that for the thermoplastic
wheat flour is 280°C [Leblanc et al., 2008] showing that the thermal stability decreases after
the extrusion.

3.5 Glass transition temperature

Figure 13 display the DSC curves obtained for the wheat flour based thermoplastic materials
[Saiter et al., 2010].
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Fig. 13. DSC curves obtained for thermoplastic wheat starch

Only two endothermic steps showing glass transitions are observed at -56 and 10°C, while
no peaks for exothermic transitions of crystallization and for degradation. i.e. vitreous
and/or the amorphous fraction of the samples are not modified by heat. When the amount
of plasticizer changes, the T, of the starch rich phase is shifted toward the lower
temperature. The first transition observed at -56°C is due to the Tg in the glycerol rich phase
and the second one at 10°C, due to T of the starch rich phase [Saiah et al., 2011].
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Fig. 14. Dynamic mechanical analysis of wheat-flour based TPS with a: 12,8%; b: 16,5%; c:
20% of glycerol (w/w)

The study of molecular relaxations of TPS having different glycerol content (Figure 14)
[Terrie et al., 2010] shows that there are two phases in the TPS: one at lower temperature
region corresponding to a glycerol rich phase; another at higher temperature region
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corresponding to a starch rich phase. The percentage of glycerol in the matrix modifies the
characteristic temperature of these two phases.

Silicon dioxide also affects the molecular relaxations of the matrix (Figure 15), but only the
second phase transition of the material i.e. the starch rich phase [Saiah, 2007].
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Fig. 15. Dynamic mechanical analysis of wheat-flour based TPS with a: 0%; b: 1%; of silicon
dioxide (w/w)

This difference in relaxation is due to the obstacles imparted by silica particles for the starch
chain in the starch rich phase.

4. Biodegradation of thermoplastic starch-based materials

Conventional polymeric materials (plastics commonly called) are generally resistant to
degradation in the environment due to their high molecular weight and their hydrophobic
character. The treatment of plastic waste has therefore become a major environmental concern
and programs to recycle, incinerate, or convert waste plastics have been developed. Moreover,
the ban on landfill accompanied by concerns related to gaseous emissions from incineration
and the difficulty of collection and recycling of certain waste plastics (food packaging, diapers,
hospital waste, etc...) stimulated the development of new materials made from biodegradable
polymers. These new biodegradable polymers have the advantage of being recycled by
composting. However, under industrial composting, the degradation of a product can lead to
undesirable compounds and cause a drift of the process. Here the composting process should
be carefully validated to avoid disrupting production and protect the environment.
Compostability of such materials must first be checked as indicated for instance by the EU
directive on packaging (EN 13432), based on the pattern of acceptance below (Figure 16).

Chemical analysis of the material composition

I
Determination of the biodegradabilty by laboratory
[
Determination of the desintegration in composting
plant at pilot and/or industria scale
I

Determination of the com post quality

Fig. 16. Scheme of DIN/CEN test used to determine compostability of materials (according
to [Pagga et al., 1996]).
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In terms of laboratory tests, the standards available about compostability as well ASTM 5
338 than ISO/CEN 14 855 measure CO; released. But to ensure the compostable property of
materials, it is necessary to do carbon balance in solid medium, where:

Ct=[Cg+Cb+Cs|+ Cnd
Cd

Where Ct: amount of carbon material introduced into the degradation medium
Cg: amount of carbon material converted into CO, by micro-organisms (mineralization)
Cb: amount of carbon material assimilated by biomass (bio-assimilation)
Cs: amount of carbon material converted into soluble by-product of degradation
Cg + Cb + Cs represent all the carbon degraded (Cd) by micro-organisms.
Cnd: fraction of the material which is not degraded or residual material

This approach also allows access to by-products of degradation of the material, which,
depending on the material used, can be toxic and persist in the environment.

The materials studied were obtained by extrusion. Once extruded, the films were stored at
room temperature (23°C) and controlled humidity (50%). The results presented are those
obtained with a co-extruded material, combining PLA and starch. The way of co-extrusion
of starch/PLA provides a blend, where the heart of starch (80.6%) is protected on both sides
by the PLA (19.4%) which is its outer layer. Thus, the hydrophilic nature of starch is masked
by the PLA, which in turn could undergo degradation more important caused of the
presence of starch.

4.1 Mineralization in liquid and solid media

The first step was to choose an inert solid medium that simulates the compost and allow the
growth of microorganisms, while being devoid of organic matter. The solid inert support
used is vermiculite ((MgFe Al)3(ALSi)s O10(OH)24 H20): a silicate of aluminum-
magnesium-iron that holds water very well. The water activity (aw) is equal to 1 when the
water content is adjusted to 70%, so the moisture of the medium was adjusted to this value
[Spitzer and Menner, 1996]. Therefore, vermiculite, simulates the structure of aerated
compost, allows the proliferation of microorganisms and is completely free of carbon
products. The airy structure of the vermiculite also avoids the anaerobic zones and allows
simulating, at best, the composting process. The figure 17 illustrates the possibility to use
vermiculite to realize composting studies.

Indeed, the difference between the kinetics of mineralization of different media (liquid,
vermiculite and compost) is solely due to the moisture content of these environments,
humidity higher in the liquid and vermiculite (70%) favoring the degradation of hydrolytic
substrate and consequently its availability to the microflora. For cons, whatever the
medium, we obtain a final percentage of mineralization is comparable to the order of 74%.
Vermiculite can be used to make carbon balance in solid medium [Gattin et al., 2000].
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Fig. 17. Mineralization of a ground starch film in liquid and solid media [ASTM D-5209-92
and D-5338-92]

However, it is important to note that the nature of the microorganisms involved in the
degradation may be different from one medium to another. Thus, in a liquid medium, the
microbial population is predominantly bacterial, while in solid medium, the fungal
population is far from negligible. This partly explains the observed mineralization rates
since each organism has an efficiency of assimilation of its own. The amount of CO, released
for the same amount of organic carbon degraded will therefore vary from one organism to
another. A faster rate of mineralization induces earlier onset of the plateau phase on the
curves of mineralization. Indeed, in this study, the plateau phase of mineralization was
obtained from 6 and 8 days in liquid medium, 8 and 9 days in the vermiculite medium and 9
and 10 days in compost. These results are in the same direction as those of Starnecker and
Menner [Starnecker and Menner 1996 (a)] who observed the plateau phase after 15 and 40
days respectively in liquid and compost for a starch-based film and those of Van der Zee et
al. [Van der Zee et al., 1998] who obtained a plateau phase after 40 and 45 days in liquid and
compost in the study of cellulose degradation.

In fact, throughout the study of compostable material, only the final result of mineralization
is very important. Therefore, liquid or vermiculite media are relevant approaches to assess
the compostability of a material which are readily biodegradable like starch, as the
mineralization rate at the end of experiment are the same as those obtained with the
compost. These results are consistent with those of Starnecker and Menner [Starnecker and
Menner 1996 (b)] and Bellia et al. [Bellia et al.,, 1999] which showed similar results of
mineralization between a compost environment and inert solid medium (vermiculite)
inoculated with an extract of the same compost, respectively, for a plastic bag of starch and a
thermoplastic material based on polyurethane, polycaprolactone and starch. However, Van
der Zee et al. [Van der Zee et al., 1998] found in their study and questioned the relevance of
the tests in liquid medium (modified Sturm test) to predict the biodegradation of polymers
for biological treatment of waste. These authors have shown that cellulose acetates with a
degree of substitution less than 2.5 are easily mineralized into CO, in the test compost while
no degradation was observed in the test in liquid medium.

Figures 18 and 19 presents the results from mineralization obtained for co-extruded material
in each degradation medium according to ASTM and ISO/CEN standards.
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Fig. 18. Mineralization of co-extruded starch/PLA films in liquid (norm ASTM D-5209-92),
vermiculite and compost (norm ASTM D-5338-92) media
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Fig. 19. Mineralization of co-extruded starch/PLA films in liquid (norm ISO/CEN 14852),
vermiculite and compost (norm ISO/CEN 14855) media

Whatever the standard used the comparison of degradation in different media shows that
the mineralization begins earlier in liquid medium, in agreement with the results for starch
alone. In fact, in liquid medium, the mineralization of the co-extruded material is faster than
in solid medium and the rate of mineralization obtained after 45 days of incubation is higher
than in solid medium for both standards. With ASTM, the difference in mineralization rate
between the liquid medium and solid media is small. Indeed, after 45 days of incubation,
mineralization rates are 65%, 59% and 63 % for liquid medium, vermiculite and compost.
The degradation rate of mineralization of the co-extruded in different environments is as
follows: Liquid> compost> vermiculite. With ISO/CEN, this classification is the same, but
the differences are much more pronounced since the mineralization rate at 45 days were
78%, 67% and 71% respectively for liquid media, vermiculite and compost.

The degradation of co-extruded starch/PLA was influenced by the standard used to
perform the test. This influence comes from the temperature applied during the
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degradation. Nature of the environment of degradation also affects the biodegradation of
the co-extruded. Indeed, biodegradation of the material was greater in liquid than in other
environments, because of hydrolytic degradation. High temperatures coupled with high
humidity, are the optimal conditions of abiotic degradation, a prerequisite for
biodegradation. However, in solid medium, compost produced results mineralization
greater than the vermiculite medium, which was not the case with starch alone. This is
probably due to the presence of micro-organisms in the compost which was absent in the
vermiculite medium. Indeed, it was shown that the degradation of PLA was predominantly
of fungal origin. Fungi, many in the compost, are often more closely attached to the
substrate than bacteria. This may explain why in the preparation of the inoculum, the total
fungal population was not extracted. Therefore, differences in microbial and fungal compost
and vermiculite medium are likely to be different which could explain a higher
mineralization in urban compost.

The mineralization rate observed for the co-extruded starch/PLA that were 65, 59 and 63%
for liquid media, vermiculite and compost with ASTM and 78, 67 and 71% for the same
media with ISO/CEN show that this material is compostable. Therefore, the incorporation
of a material which is not readily biodegradable in a biodegradable load promotes
biodegradation. This result is consistent with that obtained by Bastioli et al. [Bastioli et al.,
1995 (a) and (b)] for a mixture starch/PCL (Mater-Bi class Z) degraded in compost. These
authors explain that the degradation of starch increases the surface area of the PCL available
to microbial attack. Similarly, Park et al. [Park et al., 1994] showed that the rate of
degradation of a mixture injected/molded starch and poly(vinyl alcohol) in the presence of
activated sludge (25°C) was similar to that of easily degradable materials like starch alone or
cellulose. Chen et al. [Chen et al., 1997] also confirm the positive effect of the incorporation
of starch on the biodegradation of poly (vinyl alcohol) in soil at 24°C, the biodegradation of
the mixture being more important than that of poly (vinyl alcohol) alone. However, when
the polymer coupled with starch is not degradable, Wool et al. [Wool et al., 1990] and
Gilmore et al. [Gilmore et al., 1992] showed that the material was only bio-fragmented.

Finally, and regardless of the standard and the degradation medium used, the co-extruded
starch/PLA is compostable. All these results thus show that a liquid or solid inert simulates
satisfactorily the final result in urban compost. Therefore, if the objective is to conclude
positively or not on the compostable property of a material, studies in liquid or vermiculite
media, easy to implement, may be sufficient. For cons, the kinetics of mineralization
obtained for the co-extruded starch/PLA is different depending on the environment
degradation. Therefore, if one is interested in the dynamics of carbon during the
degradation of materials, then the use of liquid and vermiculite is not sufficient to simulate
what happens in urban compost.

4.2 Application of the carbon balance methodology in solid medium

Carbon balance methodology has been applied to various materials. The carbon balance of
co-extruded material has been studied. Figure 20 shows the carbon balance of co-extruded
starch/PLLA obtained in the vermiculite medium according to ISO/CEN 14855. Regarding
the results of the carbon balances obtained for the co-extruded starch/PLLA, it appears that
the choice of the standard on the biodegradation of the material is critical. While 95% of the
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carbon ends up in degraded after 45 days with ISO/CEN, the value is less with the ASTM
(85%). In addition, moisture of degradation medium favors the rate of degradation of the
material. It's interesting to note that the rate of mineralization of this material according to
ASTM standard, in vermiculite medium is 59% while the carbon balance indicates that 85%
of the material undergoes degradation.
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Fig. 20. Carbon balance in vermiculite medium with co-extruded starch/PLLA (ISO/CEN
14855)

In conclusion, the vermiculite medium can be used to make carbon balances and to
approach more precisely the degradation process. The recovery rate of carbon was
satisfactory regardless of the degradation medium and the substrate studied. At the end of
experiment, from 92 to 97% of the carbon has been identified for starch (data not shown),
and 100% (liquid medium) for the co-extruded starch/PLA. The study shows that the
combination of starch/PLA is an easily compostable material. Moreover, the choice of
technology implementation (co-extrusion) allows preparing starch easily accessible due to
the grinding before composting process. Considering the results obtained for the
biodegradation of co-extruded starch/PLA, this type of complex material is an interesting
way to make a compostable material. It remains to optimize the conditions for formatting
this type of material so that it can fulfill its function such as packaging and then to verify
that the optimized material remains compostable and its degradation by-products as they
exist, do not create environmental problems.

4.3 By-products of degradation

The study of by-products of degradation has been proposed for the complex material: co-
extruded starch/PLA. In liquid medium, only the presence of glucose, maltose and lactic
acid were detected as shown in Figure 21. Initially, only by-products of starch degradation
(glucose and maltose) are present. Then, from the 28th day is lactic acid, a byproduct of
degradation of PLLA, while we no longer detected by-products associated with the starch.
This result suggests that degradation occurs in two stages, first the starch and then the PLA.
By cons, for the vermiculite medium, no by-products of degradation have been detected.
This would suggest that degradation of by-products is done as they arise.
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Fig. 21. Evolution of the by-products for co-extruded starch/PLA during degradation in
liquid medium using the ASTM standard
4.4 Residual material

Visual observation for starch plates was not possible due to the complete disappearance of
the material in the process of biodegradation. Consequently only results obtained with the
co-extruded material are presented here (Figure 22).
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Fig. 22. Physical state of starch /PLA plates during the degradation in liquid medium
(ISO/CEN 14852)

The results of our study suggest that the readily biodegradable fraction is degraded first.
Indeed, visual observations show that quickly co-extruded material contains only the PLA.
This is consistent with the results of Scandola et al. [Scandola et al., 1998], who studied the
degradation of Mater-Bi in liquid medium. The compost has showed that after 45 days, the
remaining fraction of the material contains only the PCL. In addition, the mineralization rate
of the material obtained in this study is 75%, which is similar to our results.

In conclusion, the fraction of non-degraded material can be considered only when its
recovery is possible. This shows the important of combining techniques to characterize the
material to carbon balances, when the material is with difficulty degraded, particularly to
clarify the degradation mechanisms brought into play.
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4.5 Mechanisms of biodegradation

The results show that when conditions, especially temperature (ISO/CEN standard) permit
it, the two polymers can be degraded together. However, they can also be, as in liquid
medium according to ASTM standard, degraded by a fractionated way (Figure 23).
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Fig. 23. Carbon balance from starch degraded (A) and PLA degraded (B) during the study of
degradation in liquid medium of co-extruded starch/PLA (ASTM D 5209-92 standard)

This behavior is similar to that observed by Mayer et al. [Mayer et al., 1995] who studied the
biodegradation in soil and compost of a material combining cellulose acetate from degree of
substitution 2.5 and propylene glycol. Indeed, the authors had to extend the incubation to
detect weight loss on cellulose acetate in the blend. This fractionated degradation is
confirmed by the results obtained for the by-products of degradation (Figure 21). Indeed it
appears that the first by-products are related to the degradation of starch, followed by
degradation of lactic acid.

This work has also highlighted the influence of starch on the degradation of PLA. Indeed,
the percentages of biodegradation were between 82 and 93% for the co-extruded introduced
in the form of pieces in liquid and vermiculite media, while the starch is only 80% of the
material. Thus, the approach to make compostable materials based on starch by co-extrusion
worth pursuing because it would (i) to develop a way to value non-food starch which is a
renewable resource abundant and cheap (ii) to limit the fraction of less degradable material
by a polymer also derived from renewable resources (PLA), but more expensive than a
conventional polymer material (PS, PE, PVC, PET, etc ...) and (iii) to obtain a compostable
material for an attractive price.

5. Conclusions

During the last few decades, the studies regarding thermoplastic based on starch have
continued due to the severe problems created by the plastic wastages to the surroundings.
Up to day, the biodegradable polymers produced are costly and the properties are not
competitive with the polymers derived from petroleum. Hence more attention should be
given to produce polymers from the agricultural products and from nature. Even though
starch can be used for the preparation of thermoplastic, its hydrophilic nature and poor
mechanical properties restrict its usage in various applications. Therefore more effective
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methods, to increase the properties of the starch thermoplastic by physical or chemical
method should be explored. This can result in an increase in the usage of these materials in
various applications where life span time and mechanical properties are not too high. Hence
the current researches are focused on the modification of starch and also to blend the starch
with other thermoplastic polymers to have superior properties. Biodegradation studies
indicate that the successful formulation of polymers based on starch can alleviate the
problems created by synthetic polymers. Moreover the results from the laboratory scale
should be industrialized to have more benefits for the human being as well as to maintain a
green environment.

6. References

Agassant J. F., Avenas P., Sergent J. P., Vergnes B., Vincent M., "La mise en forme des
matieres plastiques", Tec et Doc, Lavoisier, Paris., 613, 1996.

American Standard ASTM D-5209-92, Standard test method for determining the aerobic
biodegradation of plastic materials in the presence of municipal sewage sludge. In:
Annual book of ASTM standards, Vol. 8.03., Philadelphia, Pa, pp. 372-375, 1994.

American Standard ASTM D-5338-92, Standard test method for determining the aerobic
biodegradation of plastic materials under controlled composting conditions. In
Annual book of ASTM standards, American Society for Testing and Materials,
Philadelphia, Pa, Vol 8.03, pp. 439-443, 1994.

Arrighi V., Higgins J. S., Burgess A. N., Floudas G., Local dynamics of poly(dimethyl
siloxane) in the presence of reinforcing filler particles., Polymer, 39, 6369, 1998.

Barron C., Della Valle G., Colonna P., Vergnes B., Energy balance of low hydrated starches
transition under shear, J. Food. Sci, 67, 1426, 2002.

Bastioli C., Cerutti A., Guanella I, Romano G. C. and Tosin M., Physical state and
biodegradation behavior of starch-polycaprolactone systems. J. Environ. Polym.
Degrad. 3(2), 81-95, 1995 (a).

Bastioli C., Degli Innocenti F., Guanella I. and Romano G. C., Compostable films of Mater-Bi
Z grades. J. Macromol. Sci.-Pure Appl. Chem. A32(4), 839-842, 1995 (b).

Bellia G., Tosin M., Floridi G. and Degli-Innocenti F., Activated vermiculite, a solid bed for
testing biodegradability under composting conditions. Polym. Degrad. Stab. 66, 65-
79, 1999.

Broido A., A simple sensitive graphical method of treating thermogravimetric analysis data.
J. Polym. Sci. Part A2: Polym. Phys., 7, 1761-1773, 1969.

Buléon A., Colonna P., Planchot V., Ball S., Starch granules: structure and biosynthesis, Biol.
Macromol., 23, 85, 1998.

Buléon A., Duprat F., Booy F. P., Chanzy H., Single crystals of amylose with a low degree of
polymerization, Carbohydr. Polym, 4, 161, 1984.

Charles, A. L., Kao, H.-M., & Huang, T.-C., Physical investigations of surface membrane-
water relationship of intact and gelatinized wheat-starch systems. Carbohydrate
Research, 338, 2403-2408, 2003.

Chen L., Imam, S. H., Gordon S. H. and Greene R. V., Starch-polyvinyl alcohol crosslinked
film-performance and biodegradation. J. Environ. Polym. Degrad. 5(2), 111-117,
1997.

www.intechopen.com



76 Thermoplastic Elastomers

European Standard 13 432, Requirements for packaging recoverable in the form of
composting and biodegradation. Test scheme and evaluation criteria for the final
acceptance of packaging, 2000.

Fan J., Mitchell J. R., Blanshard J. M. V., The effect of sugars on the extrusion of maize grits:
II. Starch conversion, Journal of food Science and Technology, 31, 67, 1996.

Fanta, G. F., Felker, F. C., and Shogren, R. L., Formation of crystalline aggregates in slowly-
cooled starch solutions prepared by steam jet cooking. Carbohydr. Polym., 48, 161-
170, 2002.

Forssell P. M.,Hulleman S. H. D., Myllarinen P. J.,, Moates G. K., Parker R., Ageing of
rubbery thermoplastic barley and oat starches, Carbohydr. Polym., 39, 43, 1999.

Garcia M. A., Martino M. N., and Zaritzky N. E. Edible starch films and coatings
characterization: Scanning electron microscopy, water vapor transmission and gas
permeabilities. Scanning., 21, 348, 1999.

Gattin R., Poulet C., Copinet A. and Couturier Y., Comparison of mineralization of starch in
liquid, inert solid and compost media according to ASTM and CEN norms for the
composting of packaging materials, Biotechnol. Lett., 22, 1471, 2000.

Gaudin S., Lourdin D., Le Botlan D., Ilari J. L., Colonna P., Plasticisation and mobility in
starch-sorbitol films, Journal of Cereal Science, 29, 273, 1999.

Gilmore D. F., Antoun S., Lenz R. W., Goodwin S., Austin R. and Fuller C., The fate of
biodegradable plastics in municipal leaf compost. J. Ind. Microbiol., 10, 199, 1992.

Gontard N., Guilbert S., Cuq J. L., Water and glycerol as plasticizers affects mechanical and
water vapor barrier properties of an edible wheat gluten film, J. Food. Sci., 58, 206,
1993.

Hinkle M. E., Zobel H. F., X-ray diffraction of oriented amylose fibers. III. The structure of
amylose-n-butanol complexes, Biopolymers, 6, 1119, 1968.

Hulleman S. H. D., Janssen F.H.P., Feil H., The role of water during plasticization of native
starches, Polymer, 39, 2043. 1998.

International Standard ISO/CEN 14852, Plastics. Evaluation of the ultimate aerobic
biodegradability of plastic materials in an aqueous medium. Method by analysis of
released carbon dioxide, 1998.

International Standard ISO/CEN 14855, Plastics. Evaluation of the ultimate aerobic
biodegradability and disintegration of plastic materials under controlled
composting conditions. Method by analysis of released carbon dioxide, 1998.

Katz, J. R,, and Van Itallie, T. B. Z., The physical chemistry of starch and bread making. All
varieties of starch have similar retrogradation spectra., Physik. Chem., A150, 90,
1930.

Krogars, K., Heindmaki, J., Karjalainen, M., Rantanen, ]J., Luukkonen, P., and Yliruusi, J.,
Development and characterization of aqueous amylose-rich maize starch
dispersion for film formation., Eur. J. Pharm. Biopharm., 56, 215, 2003.

Le Bail P., Bizot H., and Buléon A., ‘B" to “A” type phase transition in short amylose chains.,
Carbohydr. Polym., 21, 99, 1993.

Le Bail P., Bizo H., Pontoir B., Buléon, A., Polymorphic transitions of amylose-ethanol
crystalline complexes induced by moisture exchanges, Starch/Starke, 47, 229, 1995.

Leblanc N., Saiah R., Beucher E. Gattin R., Castandet M., Saiter J-M., Structural
investigation and thermal stability of new extruded wheat flour based polymeric
materials, Carbohydrate. Polymer., 73, 548, 2008.

www.intechopen.com



Properties and Biodegradation Nature of Thermoplastic Starch 77

Lourdin D., Bizot H., Colonna P., Antiplasticization in starch-glycerol films, ]J. Appl. Polym.
Sci., 63,1047, 1997.

Lourdin D., Della Valle G., Colonna P., Influence of amylose content on starch films and
foams, Carbohydr. Polym., 27, 261, 1995.

Mali S., Grossmann M. V. E,, Garcia M. A., Martino M. M., Zaritzky N. E., Microstructural
characterization of yam starch films., Carbohydr. Polym., 50, 379, 2002.

Mali S., Grossmann M. V. E., Garcia M. A., Martino M. M., Zaritzky N. E., Effects of
controlled storage on thermal, mechanical and barrier properties of plasticized
films from different starch sources., J. Food Eng., 75, 453, 2006.

Martin O., Avérous L., Della Valle G., In-line determination of plasticized wheat starch
viscoelastic behavior: impact of processing, Carbohydr. Polym., 53, 169, 2003.

Mayer J. M., Elion G. R., Buchanan C. M., Sullivan B. K., Pratt S. D. and Kaplan D. L,
Biodegradable blends of cellulose acetate and starch: production and properties.
Plast. Eng. 29, 183, 1995.

Murphy V. G., Zaslow B., French A. D., The structure of V amylose dehydrate: A combined
X-ray and stereochemical approach, Biopolymers, 14, 1487, 1975.

Pagga U., Beimborn D. B., Yamamoto M., Biodegradability and compostability of polymers-
test methods and criteria for evaluation, J. Environ. Polym. Degrad., 4, 173, 1996.

Park E. H., George E. R, Muldoon M. A., Flammino A., Thermoplastic starch blends with
poly(vinyl alcohol):processability, physical properties, and biodegradability.
Polym. News, 19, 230, 1994.

Paris M., Bizot H., Emery J., Buzaré J. Y., Buléon A., NMR local range investigations in
amorphous starchy substrates I. Structural heterogeneity probed by 13C CP-MAS
NMR, Biological Macromolecules, 29, 127, 2001.

Poutanen K., Forssell P., Modification of starch properties with plasticizers, TRIP, 4, 128,
1996.

Rappenecker G., Zugenmaier P., Detailed refinement of the crystal structure of Vy-amylose,
Carbohydr. Res., 89, 11, 1981.

Saiah R., Propriétés physiques et comportement dans le temps des agro-matériaux vitreux
issus de la farine de blé, Ph.D. Thesis., Rouen, France, 2007.

Saiah R., Sreekumar P.A., Leblanc N., Castandet M., Saiter J-M., Study of wheat flour based
agropolymers: Influence of plasticizers on the structure and ageing behaviour,
Cereal Chemistry, 84, 276, 2007.

Saiah R., Sreekumar P.A., Gopalakrishnan P., Leblanc N., Gattin R., Saiter J-M., Fabrication
and characterization of 100% green composite: Thermoplastic based on wheat flour
reinforced by flax fibers, Polymer Composites, 30, 1595, 2009.

Saiah R., Sreekumar P.A., Leblanc N., Castandet M., Saiter J-M., Investigation of ageing and
influence of lipids on the structure and thermal stability of thermoplastic based on
wheat flour", "Industrial Crops and Products, 29, 241, 2009.

Saiter J. M., Dobircau L., Saiah R., Sreekumar P. A., Galandon A., Gattin R., Leblanc N.,
Adhikari R., Relaxation map of a 100% green thermoplastic film. Glass transition
and fragility, Physica B, 405, 900, 2010.

Saiah R., Sreekumar P. A., Selvin Thomas P., Thermoplastic and Thermosetting Polymers
and Composites, Chapter 2: Biofiber Reinforced Starch Composites, Nova Science
Publishers Inc, ISBN: 978-1-61209-264-5, 37-84, 2011.

www.intechopen.com



78 Thermoplastic Elastomers

Scandola M., Finelli L., Sarti B., Mergaert J., Swings J. and Ruffieux K., Biodegradation of a
starch containing thermoplastic in standardized test systems., J. Macromol. Sci.-
Pure Appl. Chem., 35, 589, 1998.

Spitzer B., Menner M., Simulation of a compost environment in a mono-substrate fixed-bed
system. DECHEMA Monogr., 133, 681, 1996.

Starnecker A., Menner M., Assessment of biodegradability of plastics under simulated
composting conditions in a laboratory test system., Int. Biodeter. Biodegrad., 7, 85,
1996 (a).

Starnecker A., Menner M., Kinetics of aerobic microbial degradation of aliphatic polyesters.
DECHEMA Monogr., 133, 221, 1996 (b).

Terrie C., Dobircau L., Gopalakrishnan P., Galandon A., Saiah R., Gattin R., Leblanc N.,
Saiter J-M., Biodegradable Materials from Agro-Based By-Products, Macromol.
Symp., 290, 132-136, 2010.

Van der Zee M., Stoutjesdijk J.H., Feil H. and Feijen J., Relevance of aquatic tests for
predicting degradation of polymeric materials during biological solid waste
treatment. Chemosphere, 36, 461-473, 1998.

Van Soest ]. J. G., De Wit D., Vliegenthart ]J. F. G., Mechanical properties of thermoplastic
waxy maize starch, ]J. Appl. Polym. Sci., 61, 1927, 1996 (b).

Van Soest J. J. G., Benes K., De Wit D., Vliegenthart J. F. G., The influence of starch molecular
mass on the properties of extruded thermoplastic starch, Polymer, 37, 3543, 1996
(0).

Van Soest J. J. G., Hulleman S. H. D., De Wit D., Vliegenthart J. F. G., Crystallinity in starch
bioplastics. Indus. Crops Prod., 5, 11, 1996 (a).

Van Soest J. J. G., Hulleman S. H. D., De Wit D., Vliegenthart J. F. G., Changes in the
mechanical properties of thermoplastic potato starch in relation with changes in B-
type crystallinity, Carbohydr. Polym., 29, 225, 1996 (a).

Van Soest ]. J. G., Knooren N., The influence of glycerol and water content on the structure
and properties of extruded starch plastic, J. Appl. Polym. Sci., 64, 1411, 1997

Vergnes B., Della Valle G., Delamare L., A global computer software for polymer flows in
corotating twin screw extruders, Polym Eng Sci, 38, 1781, 1998

Willett J. L., Doane W. M., Effect of moisture content on tensile properties of
starch/poly(hydroxyester ether) composite materials. Polymer, 43, 4413-4420, 2002.

Winter W. T., Sarko A., Crystal Molecular Structure of the Amylose-DMSO Complex,
Biopolymers, 13, 1461, 1974 (a).

Winter W. T., Sarko A. Crystal and Molecular Structure of V-Anhydrous Amylose,
Biopolymers., 13, 1447, 1974 (b).

Wool R. P., Penasky J. S., Long ]J. M. and Goheen S. M., Degradation mechanisms in
polyethylene-starch blends. In Degradable materials :Perspectives, Issues and
Opportunities, Barenberg S. A., Brash J. L., Narayan R. and Redpath A. E. (eds),
CRC Press, Boca Raton, FL pp 515-537, 1990.

Yang J. H, Yu J. G, Ma X. F,, Preparation and properties of ethylenebisformamide
plasticized potato starch (EPTPS), Carbohydr. Polym., 63, 18, 2006.

Zaslow B., Miller R. L., Hydration of "V" amylose helix, ]. Am. Chem. Soc., 83, 4378, 1961.

Zaslow B., Murphy K. V. G,, French A. D., The V amylose-H20 system: Structural changes
resulting from hydration, Biopolymers, 13, 779, 1974.

www.intechopen.com



Thermoplastic Elastomers

THERMOPLASTIC Edited by Prof. Adel El-Sonbati
ELASTOMERS

Efred by Adel . EB-Sanbael

ISBN 978-953-51-0346-2

Hard cover, 416 pages

Publisher InTech

Published online 28, March, 2012
Published in print edition March, 2012

Thermoplastics can be used for various applications, which range from household articles to the aeronautic
sector. This book, "Thermoplastic Elastomers", is comprised of nineteen chapters, written by specialized
scientists dealing with physical and/or chemical modifications of thermoplastics and thermoplastic starch. Such
studies will provide a great benefit to specialists in food, electric, telecommunication devices, and plastic
industries. Each chapter provides a comprehensive introduction to a specific topic, with a survey of
developments to date.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Redouan Saiah, Richard Gattin and P.A. Sreekumar (2012). Properties and Biodegradation Nature of
Thermoplastic Starch, Thermoplastic Elastomers, Prof. Adel EI-Sonbati (Ed.), ISBN: 978-953-51-0346-2,
InTech, Available from: http://www.intechopen.com/books/thermoplastic-elastomers/properties-and-
biodegradation-nature-of-thermoplastic-starch-

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




