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Abstract The development and production of biodegradable starch-based materials
has attracted more and more attention in recent years due to the depletion in the
world’s oil resources and the growing interest in easing the environmental burden
from petrochemically derived polymers. Furthermore, the unique microstructures of
different starches can be used as an outstanding model system to illustrate the
conceptual approach to understanding the relationship between the structures and
properties in polymers.
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4.1 Introduction

The development and production of biodegradable starch-based materials has
attracted more and more attention in recent years due to the depletion in the
world’s oil resources and the growing interest in easing the environmental burden
from petrochemically derived polymers. Furthermore, the unique microstructures
of different starches can be used as an outstanding model system to illustrate the
conceptual approach to understanding the relationship between the structures and
properties in polymers.

Like most polymers from petroleum, starch-based materials are rarely used by
themselves. Starch was initially used as filler blended with various polymers,
especially with polyolefins. Recently, blending starch with biodegradable poly-
mers has attracted great interest. Starch-based materials are hydrophilic and are
water-soluble. Water solubility raises degradability and increases the speed of
degradation; however, this moisture sensitivity limits their application. Blending
and compositing of starch with other kinds of polymers can be used to improve
their properties. Blends can also aid in the development of new low-cost products
with better performance. However, hydrophobic synthetic polymers and hydro-
philic starch are thermodynamically immiscible, leading to poor adhesion between
the two components, and hence poor and irreproducible performance. Various
compatibilizers and additives have been investigated and have been found to
improve the interfacial interactions of these blends.

Fibers have been widely used in polymeric composites to improve mechanical
properties. Cellulose is the major substance obtained from vegetable fibers, and
applications for cellulose fiber-reinforced polymers have again come to the fore-
front with the focus on renewable raw materials. Hydrophilic cellulose fibers are
very compatible with most natural polymers. The reinforcement of starch with
cellulose fibers is a perfect example of a polymer from renewable recourses
(PFRR). The reinforcement of polymers using rigid fillers is another common
method in the production and processing of polymeric composites. The interest in
new nanoscale fillers has rapidly grown in the last two decades, since it was
discovered that a nanostructure could be built from a polymer and layered nano-
clay. This new nanocomposite showed dramatic improvement in mechanical
properties with low filler content. Various starch-based nano-composites have
been developed.

This chapter discusses the development of starch based blends, composites and
nanocomposites from a fundamental viewpoint, such as designing principle and
mechanism, as well as processing techniques and application areas. The knowl-
edge of unique microstructure of starch and its multiphase transitions during
thermal processing provides scientific and technological guides to improve the
performance of starch based materials through blending and compositing. Various
conventional processing techniques such as extrusion, injection and compression
moulding, and casting, as well as some new techniques such as reactive extrusion,
have been adapted for processing starch-based blends and composites.
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4.2 Structure of Starch

Starch is a polymeric carbohydrate consisting of anhydroglucose units linked
together primarily through a-D-(1 ? 4) glucosidic bonds. Figure 4.1 shows the
chemical structure and a schematic representation of amylose and amylopectin
starches. Although the detailed microstructures of starch are still being elucidated,
it has generally been established that starch is a heterogeneous material containing
two microstructures—the linear (amylose) and the branched (amylopectin).
Amylose is essentially a linear structure of alpha-1,4 linked glucose units, and
amylopectin is a highly branched structure of short alpha-1,4 chains linked by
alpha-1,6 bonds. The linear structure of amylose makes its behavior more closely
resemble that of conventional synthetic polymers. The molecular weight of
amylose is about 9106, depending on its source and the processing conditions
employed during its extraction, which is 10 times higher than conventional syn-
thetic polymers. Amylopectin, on the other hand, is a branched polymer and its
molecular weight is much greater than amylose, with light scattering measure-
ments indicating molecular weights in millions. 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 level of hydrogen bounding. Most native starches are semi-crystalline,
having a crystallinity of about 20 * 45 % [1]. Amylose and the branching points
of amylopectin form amorphous regions. The short branching chains in the
amylopectin are the main crystalline component in granular starch.

Starch granules contain both crystalline and amorphous regions, and are thus
semi-crystalline, which in native starch granules manifests itself in a hierarchical
structural periodicity which originates from the hilum [2, 3]. The granules are
organised into concentric rings radiating out from the central hilum to the surface
of the granule. The number and size of the rings depends on the botanical origin of
the starch, and it is generally believed to consist of alternating 120–400 nm thick
amorphous and semi-crystalline growth rings [4]. The amorphous growth rings
contain both amylopectin and amylose macromolecules in relatively disordered
conformations, whereas the semicrystalline growth rings consist of amylopectin
clusters that contain alternating crystalline and amorphous regions of approxi-
mately 9–11 nm thickness, organised in a lamellar arrangement [5–7].

4.3 Properties of Starch

4.3.1 Thermal Properties

Thermal processing of starch-based polymers involves multiple chemical and
physical reactions, e.g. water diffusion, granule expansion, gelatinization,
decomposition, melting and crystallization [8]. Among the various phase
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transitions, gelatinization is particularly important because it is closely related to
the others, and it is the basis of the conversion of starch to a thermoplastic.
Furthermore, the decomposition temperature of starch is higher than its melting
temperature before gelatinization. The well-accepted concept of ‘‘gelatinization’’
refers to the destruction of the crystalline structure in starch granules [9, 10], which
is an irreversible process that includes, in a broad sense and in time sequence,
granular swelling, native crystalline melting (loss of birefringence) and molecular
solubilization [11, 12].

Unlike most conventional polymers, starch granules undergo unique and
complicated phase changes during thermal processing (normally an aqueous
environment), including starch swelling, loss of birefringence, melting and solu-
bilization [10, 13–16]. Without physical force (shear stress), the process of gela-
tinization depends mainly on water content and temperature conditions. During the
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initial stage of thermal processing as the temperature is increased from 20 to
60 �C, water is thought to be reversibly complexed with starch molecules, thus
decreasing its mobility [17]. Full gelatinization of starch under shearless condi-
tions requires excess water, which Wang et al. [18] have defined as [63 %.
However, if the water concentration is too high, the crystallites in starch might be
pulled apart by swelling, leaving none to be melted at higher temperatures [19],
and if the water concentration is limited, the swelling forces will be much less
significant, and complete gelatinization will not occur in the usual temperature
range [19]. However, as the temperature increases, starch granules will become
progressively more mobile and eventually the crystalline regions will melt [20],
and the starch would then be expected to show the usual viscoelastic behavior
exhibited by thermoplastic melts [21] The process of gelatinization in a low
moisture content environment could more accurately be defined as the ‘‘melting’’
of starch.

In addition to the effects of water content, pressure can also influence the
gelatinization/melting behavior of starch. For example, Kokini et al. [22] found
that for amioca at both 20 and 30 % moisture content (MC), increasing the
pressure from 15 to 200 psi induced a 57 �C increase in gelatinization temperature,
and that at 150 and 200 psi, two thermally induced transitions were observed, in
contrast to the monophasic melting at 15 psi. Pressure is also significant in terms of
its effect on the extent of conversion, as measured by rheological techniques. Herh
and Kokini [23] studied the effect of pressure on starch conversion at both high and
low moisture content using a pressure rheometer. The change observed in amioca
cornstarch in the presence of water was of the order of 1 K/bar, compared to the
change in melting temperature with pressure of polyethylene (a typical polymer),
which is of the order of 0.04 K/bar [24]. This indicates that starch is much more
sensitive to changes in pressure than traditional petroleum-based polymers.

Because extrusion processing involves high-shear and high-pressure conditions,
gelatinization is typically achieved at low MC, since the shear forces physically
tear apart the starch granules, allowing faster transfer of water into the interior
molecules [25]. Therefore during extrusion, loss of crystallinity is not caused by
water penetration, but by the mechanical disruption of molecular bonds due to the
intense shear fields within the extruder [26]. In fact, during extrusion at low MC,
small amounts of gelatinized and melted starch, as well as starch fragmentation
(also degradation or decomposition), exist simultaneously [19].

A study [26] has shown that shear stress can result in fragmentation of starch
granules during extrusion. Indeed, both the mechanical and thermal energy
transferred to starch dough during extrusion will affect the breakdown of the main
and secondary valence bonds, and the hydrogen bonds between neighbouring
starch polymers in a starch structure [27]. These structural changes increase the
susceptibility of starch to enzyme action, reduce the hydrogen bonds and increase
the free hydroxyl groups. Extrusion can also affect amylopectin much more than
amylose [19]. Colonna et al. [28], for example, found that the average molecular
weight of amylose and amylopectin decreased by factors of 1.5 and 15, respec-
tively, during extrusion.
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Another important thermal property of starch-based materials is their glass
transition temperature (Tg). The glass transition temperature (Tg) of starch is one of
the critical thermal properties for starch-based products. However, measurement of
Tg by DSC is difficult since the change of heat capacity or the signal on heat flow is
usually weaker than that of conventional polymers. Liu et al. [29] has studied the
Tg of cornstarch using a Hyper-DSC with heating rate up to 250 �C/min. The high
heating rate increases the temperature of the thermal event, which allows the weak
Tg of starch to be visible. The results showed that the extrapolated Tg of cornstarch
film with 13.3, 11.6 and 8.7 % moisture content is 59.2, 61.4, and 67.3 �C,
respectively. Xie et al. [30] confirmed this technique through comparing the results
from DSC and MDSC. Liu et al. [31] also studied the glass transition temperatures
(Tg) of starch with different amylose/amylopectin ratios, which were systemati-
cally studied by a high-speed DSC. It was found that Tg was increased with
increasing amylose content. The microstructure and phase transition were used to
explain this phenomenon, in particular the multiphase transitions that occur in
high-amylose starches at higher temperatures, and gel-ball structure of gelatinized
amylopectin.

4.3.2 Rheological Properties

One of the unique characteristics of starch-based polymers is their rheological
properties, which are much more complex than conventional polymers, due to the
multiple chemical and physical reactions that may occur during processing. Native
starches are non-plastic due to the intra- and intermolecular hydrogen bonds
between the hydroxyl groups in starch molecules, which represent their crystal-
linity. Thermal processing is used to disrupt and transform the semi-crystalline
structure of starch granules to form a homogeneous and amorphous material. This
transformation is usually accomplished using small amounts of molecular sub-
stances commonly known as gelatinization agents or plasticizers [32–35]. The
transformed materials is normally called thermoplastic starch (TPS), and the
techniques used to produce TPS products include extrusion [32–46], injection/
compression molding [47–51], intensive mixing [52–55] and hot pressing [56].

The most commonly used technique for studying the rheological properties of
TPS is capillary rheometry. For most TPS, the dependence of apparent viscosity on
shear rate is linear on double-logarithmic plots, indicating that the power-law model
could describe the rheological behavior of TPS [37, 39, 41, 43, 49, 51, 57–69] as:

g ¼ K _cn�1

where g is the molten viscosity, K is the consistency, _c is the shear rate, and n is the
power-law (pseudo-plasticity) index. The power-law behavior of TPS is mainly
ascribed to the gradual reduction of starch intermolecular bonds [43]. The apparent
viscosity g of TPS normally decreases with an increase in plasticizer (and/or
water) content at constant temperature [37, 39, 41, 43, 49, 58, 60]; it also decreases
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with increasing temperature at the same plasticizer weight content [39, 43, 51].
Moreover, starches with higher amylose contents have higher melt viscosities [37, 70].

K decreases with increasing plasticizer weight content [61–63, 66–68], because
plasticizers can form strong bonding interactions with starch and weaken the
interaction of starch molecules, facilitating movement among starch molecules.
Some researchers have proposed other explanations for decreasing K values for
TPS using specific plasticizers. For example, Yu et al. [43] found that in the
presence of citric acid, the acidolysis of starch resulted in decreasing K with
increasing temperature, which is similar to conventional polymers.

On the other hand, the effect of plasticizer on n has been widely reported. Yu
et al. [43] found that n decreased with increasing citric acid weight content, and a
similar pattern has also been observed using glycerol as a plasticizer [41, 67].
However, in a study of the shear viscosity of cornstarch, Willett et al. [71] found
that n varied only slightly at different water contents, but it decreased significantly
when the content of certain co-plasticizers was increased. In further work, Willett
and co-workers [61] reported that n increased as the water content of waxy maize
was increased; however others [65, 67, 69] have reported the reverse pattern. In
fact, the relationship between n and plasticizer content is quite complicated and
depends on a number of parameters, such as processing history, plasticizer type
and the presence of other additives.

It has been commonly considered that a higher temperature will increase n and
thus make a starch melt less pseudoplastic and more Newtonian [64, 67, 71]. In
addition, the effect of amylose content on n has attracted much attention, with
some reports [64, 67] showing that n decreased as amylose content increased,
indicating that a lower amylose starch will exhibit greater Newtonian behavior in
the melt state. Decreasing n with increasing amylose content is generally attributed
to an increase in entanglements within the amylose content, with the highly
branched amylopectin not expected to form entanglements well [71]. However,
González et al. [60] discovered that the opposite applied in the results of their
study. Recently, Xie et al. [72] have systematically studied the rheological prop-
erties of cornstarch with different amylose/amylopectin contents. It can be seen
that the higher the amylose content, the higher the apparent viscosity under the
same shear rate range. These rheological behaviors are attributed to the higher
gelatinization temperature of amylose-rich starches, in particular the multiphase
transitions that occur in these starches at higher temperatures, and the gel-ball
structure of gelatinized amylopectin (see Fig. 4.2).

4.4 Preparation of Starch-Based Materials

Various conventional processing technologies, such as casting, extrusion, injection
and compression moulding, have been adapted for processing starch-based
materials, as well as some new techniques, such as orientation and reactive
extrusion.
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4.4.1 Casting Film

The technique of casting starch-based films has been widely reported [73–98], and
typically includes solution preparation, gelatinization, casting and drying. Starch
and plasticizers are directly mixed to about 3–10 % solid concentration in water,
and this film-forming solution is then transferred quantitatively to, for example,
a Brabender viscograph cup, in which the solution is heated from room temper-
ature to 95 �C, where it is maintained for 10 min while being constantly shaken or
blended. A higher temperature is used when another plasticizer like glycerol is
added to the formulation. The gelatinized suspensions are then immediately
poured onto a flat Teflon or acrylic plate, and left to dry for *24 h in an oven at
about 40–75 �C to constant weight. The final thickness of cast films is normally
0.02–0.10 mm, which is controlled by calculating the quantity of starch suspension
poured onto the plate.

Plasticizers not only play an important role in processing, but also in improving
the mechanical properties of starch-based films. For example, plasticizers can
increase film flexibility by reducing the internal hydrogen bonding between
polymer chains by increasing intermolecular space. Although water is an excellent
plasticizer for starch, it has the disadvantage that its content varies with humid-
ity—at low humidity there are problems with brittleness, and at high humidity
there are problems with softness. Glycerol and sorbitol are widely used as plast-
icizers to make brittle films more flexible. Other chemicals such as sugars, sucrose,
glucose, xylose, fructose, urea and various glycols have also been evaluated
[98–100]. Different plasticizers have regularly been used in combination with
water in order to approach the conditions suitable for gelatinization.

However, plasticizers can make brittle films less strong and, as a result,
blending [101] or laminating [102] with other materials has been used to overcome
this disadvantage. Aqueous blends of soluble starch and cellulose acetate have
been studied intensively [103–107] as they have properties that make them suitable

(a) (b) (c)

Fig. 4.2 Schematic representation of possible morphologies of polyolefin/starch blends (black
part represents polyolefin phase; and white part represents starch phase)
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for a wide range of biomedical applications, from bone replacement to engineering
of tissue scaffolds, to drug-delivery systems. For example, antibacterial starch/
chitosan blended films formed under the action of irradiation have been reported
by Zhai et al. [107].

An unique method of preparing starch films by electrospraying was reported by
Pareta and Edirisinghe [77]. Firstly, 5 % starch in deionized water was gelatinized
at 120 �C for 30 min, and then small quantities of dispersant and ethanol were
added and ultrasonic disruption was employed to make a stable modified starch
solution. Subsequently, the solution was electrosprayed in cone-jet mode and films
were collected on a rotating plate. In this method, the solvent evaporated very
quickly due to the large surface area of the droplets generated, which resulted in
instantaneous films. Films of different thicknesses were obtained by varying the
electrospraying time.

Previous studies have shown that films cast from high-amylose starch have
better film-forming and mechanical properties [80, 108, 109]. Furthermore, both
amylose and amylopectin have shown excellent oxygen-barrier characteristics,
which is one of the advantages of using edible hydrophilic starch-based films for
food protection [110].

4.4.2 Extrusion Sheet/Film Extrusion

A simple and well-established technique for producing sheets or films by extrusion
is the use of a twin-screw extruder with a slit or flat film die, followed by a take-off
device for orientation and collection [111–115]. During extrusion, viscoelastic
starch-based material are forced through a die to form sheet or film products [116].
A two-stage sheet/film extrusion processing technique has also been practiced by
some researchers [117–120], in which starch blends are first extruded in a twin-
screw extruder to form ribbons that are subsequently dried and ground into a
powder, and then flat sheets or films are extruded using a single-screw extruder
with a slit die. Although this two-stage extrusion technique may be more time-
consuming, it offers easier and more stable extrusion of starch sheets or films
because the high pressure capacity of the single-screw extruder overcomes the
high viscosity and poor processibility of starch-based materials. The thickness of
the extruded material can be controlled by adjusting the outlet of the slit die, thus
determining whether the end product is a sheet or film. In addition, with the
appropriate die as a substitute for the slit/flat film die, the two-stage technique can
also be used to produce the much thinner blown films [117, 119–125].

Sheets and films based on high-amylose starch (especially high-amylose
cornstarch [66, 126]) normally exhibit greater mechanical performance [50] than
those based on other starches. The extrusion of high-amylose starch, however, is
more difficult than normal TPS because a higher die pressure is required due to the
higher melt viscosity [127, 128], and unstable flow [37]. However, by increasing
MC, the barrel and die temperature, the compression ratio of the screw and the
screw rotation speed [37], these problems can be reduced or eliminated.
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To successfully produce sheets or films by extrusion, native starches are nor-
mally blended with other additives and plasticizers to enhance their processibility
and to improve the properties of the final products. The most commonly used
plasticizers are water and/or glycerol [37, 111–115, 117, 118, 129, 130], however
various others have been evaluated for a wide range of purposes. Urea has been
reported to improve the gelatinization of starch at low water levels, thus allowing
direct extrusion of a uniform film from a semi-dry blend (*16 % MC) [112, 113,
122–124]. Thuwall et al. [37] used a fluoroelastomer lubricant to reduce the
tendency of a material to stick to the die and clog it, and they used dextrin to lower
the viscosity by virtue of its low molecular mass. Stearic acid and poly(ethylene
glycol) have been used to improve the rheological behavior of starch blends
[112, 113], and blending poly(vinyl alcohol) (PVOH) with starch can produce
excellent mechanical properties in final products [117].

In blown film processing, starch-based materials are required to have suffi-
ciently high melt strength and extensibility to form a good bubble. As a result,
starch is blended with high contents of other low-viscosity polymers, such as
poly(ethylene-co-vinyl alcohol) [125], PBSA [121] and PVOH [117], to overcome
the naturally poor processibility of native starch, and a high glycerol content
(30 %) is used to improve extensibility during the blowing process [117].

The orientation of polymer materials plays an important role in determining the
performance of films or sheets. Products with ‘‘designed-in’’ orientation are
increasingly important in the polymer industry, and include filaments with uniaxial
orientation, and films and bottles with biaxial orientation. Yu and Christie [131]
investigated the effect of orientation in starch-based sheets, and found that it
increased both modulus and yield stress, but decreased elongation. In particular,
elongation in the cross-extrusion direction decreased significantly in amylopectin-
rich materials. Fishman et al. [117] studied pectin/starch/PVOH/glycerol blends,
and found that tensile strength and initial modulus of extruded sheets were slightly
higher in the machine direction than in the cross direction, while the reverse was
true for elongation to break. For blown films, tensile strength tended to be higher
in the cross direction than in the machine direction, while the reverse was seen for
initial modulus.

4.4.3 Injection Moulding

The high viscosity and poor flow properties of starch-based materials present
difficulties during injection moulding, and furthermore the lack of reliable
parameters makes it difficult to design the optimum processing conditions. For
example, since almost all formulations of starch-based materials comprise of
water, which tends to evaporate during heating, it is impossible to measure the
melt flow index using a conventional facility. However, efforts have been made to
gain a better understanding of the injection moulding behavior of starch-based
materials. Stepto [48, 49] used a given mould (shot) volume, screw speed and
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temperature profile, then measured the variation of refill times for materials to feed
in front of a screw at different screw-rotation speeds and under different applied
back pressure. By using this technique, the shear rate of the screw was determined
by its rotational speed, and the back pressure defined the reverse pressure drop
along the metering zone of the screw [20, 132]. Abbes et al. [133] used numerical
simulation of a TPS injection molding process to determine the optimal moulding
parameters. The moulding of a standardized sample for tensile testing was con-
sidered, and it was shown that the conventional continuum mechanics equations
can be used for modelling the injection moulding of TPS.

Due to the poor mechanical properties and instability of native starches, it is
frequently reinforced with fibers [134–136] or blended with synthetic polymers
[137–140]. Recently, much emphasis has been put on blending starch with biode-
gradable polyesters like PLA [141, 142], PCL [120, 143–145] and PBS [143, 144].
The injection conditions depend on the polyesters incorporated; generally, blending
with these synthetic polymers decrease the overall viscosity of starch.

4.4.4 Compression Moulding

Compression moulding has been intensively investigated for processing starch-
based plastics, particularly for producing foamed containers, and generally
involves starch gelatinization, expanding and drying. Apart from gelatinization
agents, mould-release agents such as magnesium stearate and steric acid are often
used in formulations to prevent the starch sticking to the mold.

Explosion puffing is the oldest technique used to create starch-based foams
from starch feedstock with low moisture content. A typical example of this is
making popcorn: a kernel explosion puffs naturally at about 177 �C and requires
only 10–15 % moisture to achieve maximum volume [146]. Explosion puffing can
produce low-density starch-based foams within several seconds, however the
performance of the foamed products is poor.

Another simple method [147, 148] of producing moulded starch-based foam
containers is a baking technique that is similar to that used for making wafer
cookies, whereby a measured amount of dough-like material containing 70–80 %
moisture is placed in a heated mold, and the steam generated by the moisture acts
as a blowing agent to create foam. The high moisture content of the dough results
in a longer processing time (1–2 min) compared with that needed for making
conventional polymer containers, but the excess steam generated in the sample
forges channels throughout the matrix of the foam, which can contribute to the
strength of the finished product. The properties of baked starch foam products will
vary with moisture content, starch type and additives, used in the dough formu-
lations [50, 149–152].

Glenn and Orts [153] describe another technique for making starch-based foams
using a compression–explosion process. Starch feedstock is compressed in a
heated mould at 230 �C under a 3.5 MPa clamping force for 10 s, which is then
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instantaneously released, allowing the feedstock to expand into a foam that par-
tially fills, completely fills or overfills the mold cavity, depending on the moisture
content of the feedstock. The advantage of this method is that it produces moulded
starch-based foams with physical and mechanical properties similar to traditional
commercial food packaging products. Zhou et al. [154] reported on a foaming
technique in which starch-based materials are initially formed into pellets by
extrusion, and then the pellets are foamed by microwave heating. Lightweight end-
products such as containers, end caps, edges or corner cushions for protective
packaging, can be produced if the pellets are placed in appropriate moulds prior to
heating using a microwave.

Various fillers such as CaCO3 [155], natural rubber latex [155, 156] and various
fibers [157–162] have been used to improve the mechanical properties of foamed
products. Baked starch-based foam properties can be further improved by chemical
modification. For example, moisture resistance can be improved by including
additives in the dough formulation, e.g. monostearyl citrate [159] or a moisture-
resistant polymer such as PVOH [151, 159]. Moisture resistance can also be
achieved by applying a protective coating to foamed products following the baking
process. The efficiency and cost effectiveness of coatings can be enhanced by
baking and coating starch-based containers in a single step. Glenn et al. [163]
developed a method of forming baked starch foam with paper coated with PVA or
PVC; Martin et al. [164] reported on multilayer films based on plasticized wheat
starch and various biodegradable aliphatic polyesters, produced by flat film co-
extrusion and compression moulding.

4.4.5 Reactive Extrusion

Unlike the techniques mentioned above, and as the name suggests, reactive
extrusion (REX) involves concurrent reaction and extrusion. The technology was
originally developed in the 1980s primarily for the modification of synthetic
polymers [165], but has evolved quickly and is now applied in various areas such
as polymerization, grafting and crosslinking. Although the use of REX in starch
modification is a relatively new area, it continues to receive wide focus due to a
number of reasons, e.g.: the many advantages of extrusion itself, as already dis-
cussed. Chemically modified starches with improved properties for non-food
applications have gained increasing importance in industry, mainly due to the
biodegradable polysaccharide component of products and the pursuit of high-
efficiency and low-cost product manufacture. Various starch-based products have
been prepared using REX, including starch-grafted-copolymers [166, 167], cat-
ionic starch [168–170], oxidized starch [171], esterified starch [172] and glyco-
sides [173–175]. REX has also been employed to produce controlled-release
starch-encapsulated pesticides [176–182].

The process of reactive extrusion has advantages since it is a solvent-less
process that allows the combination of several chemical manipulations in a
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continuous fashion. Jun [183] reported reactive blends of starch/PLA with a
reactive agent during the extrusion process. The affects of the reactive blending
were investigated and significant improvements were confirmed by measuring the
tensile strength and elongation at break, IR spectra and DSC. Interfacial com-
patibilization can be achieved via two different strategies depending on the nature
of the polyester chains [184]. In the case of starch/PLA compositions, PLA chains
were grafted with maleic anhydride through a free radical reaction conducted by
reactive extrusion. The maleic anhydride-grafted PLA chains (MAG-PLA)
enhanced the interfacial adhesion with granular starch. As far as starch/PLA
blends were concerned, the compatibilization was achieved via the interfacial
localization of amphiphilic graft copolymers formed by the grafting of PCL chains
onto a polysaccharide backbone such as dextran. The PCL-grafted polysaccharide
copolymers were synthesized by controlled ring-opening polymerization of e-
caprolactone, which proceeded via a coordination-insertion mechanism. These
compatibilized starch/PLA compositions displayed improved mechanical proper-
ties as determined by tensile testing, and more rapid biodegradation as measured
by composting testing.

Bossard et al. [185] studied linear viscoelastic, steady shear behaviors, and
morphologies of starch formate/poly(caprolactone) (PCL) blends, compatibilized
by oligomers and obtained by reactive extrusion. In presence of formic acid, starch
is destructured to starch formate and oligomers are used as plasticizers. The linear
viscoelastic response of blends is quite similar to that of nanocomposite materials;
the low frequency behavior is attributed to a percolated network of destructured
starch particles, and the high frequency behavior is that of the polymer matrix. The
viscosity curves present a profile characterized by two plateau regions, at low and
high shear rates. The plateau region at low shear rates correspond to the viscous
response of the blend while the region observed at high shear rates can be
attributed to the PCL matrix. The compatibilization is enhanced in the presence of
starch formate and increases with increasing the oligomer molecular weight. The
use of PCL oligomer was shown to improve this compatibilization effect.

4.5 Development of Starch-Based Blends

4.5.1 Blending with Polyolefin

In order to obtain a cost-effective biodegradable plastic, the blends of polyolefin
with starch are still one of the best alternatives due to their low price, better
properties, broad suppliers, and mature processing facilities and techniques etc.
However, starch and polyolefin blends are incompatible at the molecular level,
which often leads to poor performance. In order to overcome this drawback, either
polyolefins or starch can be modified by introducing a compatibilising agent into
the blend.
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The properties of polyolefin/starch blends depend on starch content, degree of
dispersion in the polymer matrix, on sample morphology, interactions between
components, degree of crystallinity, presence of structural defects as well as
preparation or processing conditions. Starch was initially added into polymers as a
filler to decrease the price of products. Typical examples are blends of starch with
PE, PVC and rubber. Since the 1990s, starch has been blended with conventional
polymers to facilitate biodegradation of polymers, in particular polyolefins.

Like many other binary systems, there are three possible morphologies of
polyolefin/starch blends. Figure 4.2a represents the morphology that starch is a
continuous phase while polyolefins appear as particles distributed in starch. Wool
[186] reported the biodegradation kinetics and mechanisms of starch-based
polyethylene blends with volume fractions of PE ranging from 0 to 20 %. Since
the rigidity of polyolefin particles are not very high there is no clear commercial
benefit for this kind of blend except for developing understanding of fundamental
science issues.

Figure 4.2b represents a co-continuous or possible interpenetrating network
(IPN) structure. However, due to differences in viscosities of both polyolefins and
starch, it is not easy to produce this kind of co-continuous or IPN microstructure.
Bajpai and Saxena [187] have tried to synthesise a semi-IPN material by aqueous
polymerization of methacrylamide in the presence of polyethylene glycol (PEG)
and natural polysaccharides. Rodriguez-Gonzalez et al. [188] reported co-contin-
uous blends prepared through gelatinized starch with glycerol. A one-step com-
bined twin -screw/single screw extrusion setup is used to carry out the melt–melt
mixing of the components. Glycerol was used as the starch plasticiser and its
content in the TPS (thermoplastic starch) was varied from 29 to 40 %. Under the
particular one-step processing conditions used it was possible to develop contin-
uous TPS (highly interconnected) and co-continuous polymer/TPS blend extruded
ribbon which possessed a high elongation at break, modulus and strength in the
machine direction. The PE/TPS (55:45) blend prepared with TPS containing 36 %
glycerol maintains 94 % of the elongation at break and 76 % of the modulus of
polyethylene. At a composition level of 71:29 PE/TPS for the same glycerol
content, the blend retains 96 % of the elongation at break and 100 % of the
modulus of polyethylene.

In most polyolefin/starch blends, the polyolefin is a continuous phase while
starch appears as particles distributed in the polyolefin phase (see Fig. 4.2c). Starch
can be added into polyolefins as granular particles or gelatinised starch (thermo-
plastic starch, TPS or TS). St-Pierre et al. [189] has studied the morphologies and
performance of gelatinised starch and granular starch in PE. The behaviours of
gelatinised starch plasticised with glycerol were studied as the dispersed compo-
nent in a polyethylene (LDPE or LLDPE) matrix. A processing technique was
developed to compound the blends in one continuous process in a co-rotating twin-
screw extruder fed by a single-screw extruder. The use of the single-screw as a
side feeder allowed for gelatinisation of the starch before feeding it into the twin-
screw at controlled temperature and pressure. The screw configuration of the twin-
screw extruder maintained high pressure ([0.9 MPa) during blending to prevent
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early evaporation of water. These materials displayed morphological characteris-
tics typical of immiscible polymer–polymer blends. The number-average diameter
of the dispersed phase increased from 4 lm with 8 wt % TPS to 18 lm with 36
wt % TPS in LDPE blends. It ranged from 3 to 8 lm in LLDPE blends containing
7–39 wt % TS. These results therefore indicate the possibility of achieving a level
of morphological control with respect to the size and shape of the dispersed phase
in these systems. Dry granular starch, on the other hand, typically is dispersed as a
spherical like particle with a fixed morphology of approximately 10 lm.

Increased elastic modulus and ultimate stress of low density polyethylene has
been achieved by incorporating coco-yam, water-yam and guinea-corn starches
into low density polyethylene using a standard hot-melt compounding technique
[190]. Some mechanical properties of compression moulded dumbbell shaped
films of low density polyethylene containing up to a maximum of 20 wt % of each
starch was reported. The effect of starch content and granular size of starch on the
mechanical properties of PE film was reported [191]. It was found that as starch
content increased, tensile strength, % elongation and light transmittance decreased
and film thickness increased. Small-particle corn starch (2 lm average diameter)
film had the highest elongation rate and tensile and yield strength. Similar work
has also been reported by Wu et al. [192]. It was found that along with the
reduction in starch granularity, the MFI of the blend melt decreases, but there was
no significant change in viscosity. The decrease in starch granularity improves the
processing and mechanical properties of the blend. Blending polyolefins with TPS
showed similar results. Smaller particle size of TPS phase in the polyolefin phase
showed improvements in the mechanical performance. For example, the number-
average diameter of the dispersed phase increased from 4 lm with 8 wt % TPS to
18 lm with 36 wt % TPS in LDPE blends. It ranged from 3 to 8 lm in LLDPE
blends containing 7–39 wt % TPS [189]. The LDPE blend containing 22 % TPS
had 240 % elongation at break and its modulus was 109 MPa. The LLDPE blend
containing 39 % TS had more than 540 % elongation at break, while the modulus
was 136 MPa.

4.5.2 Blending with Biodegradable Polymers

Blending with biodegradable aliphatic polyesters has been found to be an effective
method to improve the performance of starch-based materials [121, 184]. Aliphatic
polyesters are usually biodegradable thermoplastic polymers with good process-
ability, thermal stability, excellent mechanical properties, good water resistance,
and dimensional stability [193]. In addition, some aliphatic polyesters such as
poly(lactic acid) (PLA) [193, 194], poly(butylene succinate) (PBS) [195, 196] and
poly(3-hydroxyalkanoates) (PHA) [197] can also be derived from renewable
resources. So blending with these bio-derived aliphatic polyesters can improve
performance without negatively influencing the biodegradability and reduce our
dependence on fossil fuels for production of these materials. While natural
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polymers are usually hydrophilic, aliphatic polyesters are hydrophobic polymers,
so these two polymers are usually thermodynamically immiscible, which would
result in poor adhesion between the two components and hence poor performance
[198]. To achieve improved properties of blends, the compatibility between natural
polymers and aliphatic polyesters has to be enhanced, and considerable progress
has been made in this regard [199–202].

Blending starch with PLA is one of the most promising efforts, because starch is
an abundant and cheap biopolymer and PLA is biodegradable with good
mechanical properties. The effect of starch moisture content is an important issue
and has been investigated [203]. Starch moisture (10–20 %) had a negative effect
on the interfacial bonding between starch and PLA [203]. The tensile strength and
elongation of the blend both decreased as starch moisture content increased.
At 20 % moisture level, starch granules embedded in the PLA matrix were
observed to be swollen, resulting in poor strength properties and high water
absorption in the blend. Ke and Sun [141] characterized blends of starch and PLA
in the presence of various water contents. It was found that the initial moisture
content of the starch had no significant effect on its mechanical properties, but had
a significant effect on the water absorption of the blends. The thermal and crys-
tallization properties of PLA in the blend were not affected by moisture content.
The blends prepared by compression moulding had higher crystallinities than those
prepared by injection moulding. However, the blends prepared by injection
moulding had higher tensile strengths and elongations and lower water absorption
values than those made by compression moulding. The crystallinities of the blends
increased greatly with annealing treatment at the PLA second crystallization
temperature. The decomposition of PLA indicated that PLA degraded slightly in
the presence of water under the processing temperatures used.

The detailed thermal behaviours of the starch/PLA blends have been studied by
DSC [204]. The experimental data was evaluated using the well-known Avrami
kinetic model. Starch effectively increased the crystallization rate of PLA, even at
a 1 % content, but the effect was less than that of talc. The crystallization rate of
PLA increased slightly as the starch content in the blend was increased from 1 to
40 %. An additional crystallization of PLA was observed, and it affected the
melting point and degree of crystallinity of PLA.

The effect of amylose content in starches on the mechanical properties of the
PLA/starch blends has been studied [142]. Four dry cornstarches with different
amylose content were blended at 185 �C with PLA at various starch/PLA ratios.
Starch with 30 % moisture content was also blended with PLA at a 1:1 ratio.
Starch was used as a filler in the PLA continuous matrix phase, but the PLA phase
became discontinuous as the starch content increased beyond 60 %. Blends made
with high-amylose starches had lower water absorption than the blends with
normal and waxy corn-starches. On the other hand, Park and Im [205] studied
blends of PLA with gelatinized starch. Starch was firstly gelatinized with various
ratios of water/glycerol using a twin-screw mixer. Gelatinization of starch was
found to lead to the destruction or diminution of hydrogen bonding in granules and
a decrease in crystallinity of starch. DSC data showed that starch acted as a
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nucleating agent and glycerol as a plasticizer, contributing to an improvement in
the crystallinity of the PLA blends. When the content of starch increased, the size
of the spherulites in PLA blends were smaller and less regular. In the case of
PLA/pure starch blends, voids appeared that were formed by the separation of
starch particles from the matrix. These voids were not observed in the PLA/
gelatinized starch. Similar blends were also reported by Martin and Averous [206].
The mechanical properties gave a strong indication that a low level of compati-
bility existed in these blends. The blends showed two distinct Tg values. However,
the Tg due to the PLA phase shifted toward the Tg of TPS with the blend com-
position, indicating some degree of interaction. Microscopic observations revealed
non-uniformly dispersed PLA inclusions in the TPS matrix, confirming that phase
separation had occurred.

Blending starch with various thermoplastic resins to produce foams using a
twin-screw extruder has been reported [207]. Foams of corn-starch with PLA,
poly(hydroxyester ether) (PHEE) or PHBV had significantly lower densities and
greater radial expansion ratios than the control starch. Blends with other polyesters
and cellulose acetate had densities and expansion ratios between those of the
control starch and the other polyesters. Most of the polymer occupied spherical to
elongated domains 1–10 lm long, although PLA domains were much smaller.
Surface polymer concentrations were larger than the bulk, and correlated with
foam expansion and resistance to fragmentation.

Various compatibilizers and additives have been investigated to improve the
interfacial interactions of these blends. Wang et al. [208] used methylenediphenyl di-
isocyanate (MDI) to improve the interface and studied a blend of 55/45 (%w/w)
mixture of PLA and dried wheat starch in an intensive mixer with or without a low
level of MDI. Blends with MDI had enhanced mechanical properties that could be
explained by the in situ formation of a block copolymer acting as a compatibilizer.
SEMs showed reduced interfacial tension between the two phases. The presence of
MDI also enhanced the mechanical properties of the blend at temperatures above Tg.
Water uptake by the PLA/starch blends with and without MDI did not differ.

The blends of PLA with various levels of wheat starch and MDI that were hot
mixed at 180 �C then hot-pressure moulded at 175 �C [209]. The blend with 45 %
wheat starch and 0.5 wt % MDI gave the highest tensile strength. Dynamic
mechanical analysis showed that storage modulus increased and tand decreased as
starch level increased, but almost leveled off when the starch level reached 45 %
or higher. Water absorption of the blends increased significantly with starch
content. Yet the blend, if waterproofed on its surface, has potential for short-term
disposable applications. The effect of physical aging on the properties of the
blends with or without MDI was also studied [210]. In this study, blends of PLA
(1/1, %w/w) and starch with or without MDI were evaluated for thermal and
mechanical properties, as well as morphology, during the course of physical aging
when stored for up to 12 months at 25 �C and 50 % relative humidity. The blends
were prepared by thermally blending PLA with wheat starch, corn-starch and/or
high amylose corn-starch, with or without MDI. All samples exhibited the phe-
nomena of physical aging. The samples with MDI aged more slowly, showing a

4 Starch Based Blends, Composites and Nanocomposites 137



slower reduction rate of excess enthalpy relaxation, than those without MDI. The
mechanical properties decreased slowly as aging proceeded. The microstructure of
these blends showed a reduced interaction between starch and PLA around the
interface with aging.

Zhang and Sun [211] used dioctyl maleate (DOM) as a compatibilizer in blends
of PLA/starch. Using DOM as a compatibilizer markedly improved the tensile
strength of the blend, even at low concentrations (below 5 %). When DOM
functioned as a plasticizer at concentrations over 5 %, significant enhancement in
elongation was observed. Compatibilization and plasticization took place simul-
taneously, which was indicated by the mechanical properties and thermal behav-
iour of the blends. With DOM as a polymeric plasticizer, thermal loss in the blends
was not significant. Water absorption of PLA/starch blends increased with DOM
concentration, whereas DOM leaching in an aqueous environment was inhibited.

Other compatibilizers were also studied for the starch/PLA blends, such as
poly(vinyl alcohol) (PVOH) [212] and PHEE (Poly(hydroxyester ether) [213].
PVOH containing unhydrolytic residual groups of poly(vinyl acetate) was shown
to have a good compatibility with starch. It was added to a starch and PLA blend
(50/50, w/w) to enhance compatibility and improve mechanical properties. The
increasing molecular weight of PVOH was also shown to affect water absorption.
The blend containing gelatinized starch had higher tensile strength. However,
gelatinized starch also resulted in increased water absorption. A study of injection
moulded tensile bars composed of native corn-starch, PLA and PHEE showed that
the rates of weight loss increased in the order; pure PLA (*0 %/year) \ starch/
PLA (0–15 %/year) \ starch/PHEE/PLA (4–50 %/year), and increased with
increasing starch and PHEE contents.

In addition to PLA, other polyesters have also been blended with starch. Zhang
et al. [214] studied blends of poly(3-hydroxybutyrate) (PHB) and starch acetate
(SA), and found that the PHB/SA blends were immiscible. Melting temperatures
of PHB in the blends showed some shift with an increase of SA content. Melting
enthalpy of the PHB phase in the blend was close to the value for pure PHB. The
glass transition temperatures of PHB in the blends remained constant at 9 �C.
FTIR absorptions of hydroxyl groups of SA and carbonyl groups of PHB in the
blends were found to be independent of the second component at 3,470 and
1,724 cm-1, respectively. Crystallization of PHB was affected by the addition of
the SA component, both from the melt on cooling and from the glassy state on
heating. Temperature and enthalpy of non-isothermal crystallization of PHB in the
blends were much lower than those of pure PHB. Crystalline morphology of PHB
crystallized from the melt under isothermal conditions varied with SA content.
The cold crystallization peaks of PHB in the blends shifted to higher temperatures
compared with that of pure PHB. Willett et al. [215]. utilized grafted copolymers
of starch and glycidyl methacrylate (starch-g-PGMA) to improve the mechanical
properties of composites with PHBV. In general, the tensile and flexural strengths
of the composites were greater with starch-g-PGMA compared to untreated starch,
and increased with increasing graft content. Grafting did not significantly change
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the modulus and elongation of these blends. All samples gained weight after
immersion in water for 28 days. Tensile strength and modulus decreased with
water sorption, while the fracture toughness significantly increased with grafted
starch. SEMs of cryogenic fracture surfaces showed improved adhesion between
the starch-g-PGMA and the PHBV matrix.

Maliger et al. [216] have reported on a compatible blend of starch and polyester
through reactive extrusion using maleic anhydride (MA) and dicumyl peroxide
(DCP) as compatilizer and initiator, respectively. It was found that distributing di-
isocyanate in the polyester phase prior to blending resulted in better mechanical
properties than distribution in starch phase [194, 196].

4.6 Development of Starch-Based Composites

4.6.1 Starch/Mineral Filler Composites

The introduction of inorganic fillers to the matrix of starch-based materials can
increase its strength and stiffness and sometimes creates special properties, origi-
nating from the synergetic effect between the component materials. Among inor-
ganic compounds, special attention has been paid to clay because of their small
particle size and intercalation properties. An increase of 50 % in the modulus for
starch/calcined kaolin composite containing kaolin when compared with a sample
prepared without calcined kaolin, was observed [217]. Dynamic mechanical
analyses showed that the composite films gave rise to three relaxation processes,
attributable to a transition of the glassy state of the glycerol-rich phase, to water loss
including the interlayer water from the clay structure, and to the starch-rich phase.

Plasticized starch/clay composite films can be prepared by casting aqueous
solutions containing oxidized corn-starch [218]. Different concentrations of
glycerol as a plasticizer and 5 % clay on the basis of dry starch were investi-
gated. Both montmorillonite (MMT) and organically modified montmorillonite
(OMMT) were utilized to reinforce the thermoplastic acetylated starch (TPAS)
composite [219]. After the addition of layered silicates, the restriction of the
motion of the intercalated acetylated starch molecular chains by the clay layer
sheets led to an increase in melt viscosity and equilibrium torque. As expected,
the tensile strength and storage modulus of the TPAS composite were remark-
ably enhanced due to the interaction of layered silicates with the TPAS matrix,
but the thermal stability of the TPAS composite was not obviously improved.
The greater reinforcing effect of OMMT than that of MMT could be attributed to
the better dispersion of OMMT in the TPAS matrix, resulting from the larger
distance between OMMT layers after the modification by organic ammonium
cations with long alkyl chains. Clay has also been widely used in starch-based
compression moulded products (see Sect. 4.4.4).
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4.6.2 Starch/Cellulose Fibre Composites

Cellulose has been widely used in polymeric composites to improve mechanical
properties. Hydrophilic cellulose fibers are very compatible with starch-based
materials. An almost linear relationship between fiber content and the tensile
properties was found [220]. The unidirectional and crossed-ply arrangements act
important role during processing [221]. During loading the acoustic emission (AE)
was recorded. Burst type AE signal characteristics (amplitude, width) were traced
to the failure mechanisms and supported by fractographic inspection. The
mechanical response and failure mode of the composites strongly depended on
the flax content and the flax fiber lay-up. The flax fiber reinforcement increased the
tensile modulus of the pure starch by several orders of amplitude.

Unripe coconut fibers were used as fillers in a biodegradable polymer matrix of
starch/ethylene vinyl alcohol (EVOH)/glycerol [222]. At low fiber content, blends
were more flexible, with higher tensile strength oberved than at higher fiber levels.
The temperature at the maximum degradation rate slightly shifted to lower values
as fiber content increased. Comparing blends with and without fibers, there was no
drastic change in melt temperature of the matrix with increase of fiber content,
indicating that fibers did not lead to significant changes in crystalline structure.
The micrographs of the tensile fractured specimens showed a large number of
holes resulting from fiber pull-out from the matrix, which is indicative of poor
adhesion between fiber and matrix. Rosa et al. [223] studied the coir fibers treated
by three ways, namely washing with water, alkali treatment (mercerization) and
bleaching, incorporated in starch/ethylene vinyl alcohol copolymers (EVOH)
blends. All treatments produced surface modifications and improved the thermal
stability of the fibers and consequently of the composites. The mercerization
improved fiber–matrix adhesion, allowing an efficient stress transfer from the
matrix to the fibers. The increased adhesion between fiber and matrix was also
observed by SEM. Treatment with water also improved values of Young’s mod-
ulus which were increased by about 75 % as compared to the blends without the
fibers. Lee et al. [224] prepared biodegradable composites of cellulose diacetate
and starch. Epoxidized soybean oil, as a lubricant, and triacetine, as a plasticizer,
were added to the composites.

Colloidal suspension of cottonseed linter cellulose crystallite was used as a
filler to reinforce glycerol plasticized starch [225]. The cellulose crystallites,
having lengths of 350 ± 70 nm and diameters of 40 ± 8 nm on average, were
prepared from cottonseed linters by acid hydrolysis. It was found that the strong
interactions between fillers and between the filler and starch matrix play a key role
in reinforcing the resulting composites. Incorporating cottonseed linter cellulose
crystallites into starch matrix leads to an improvement in water resistance for the
resulting bio-composites.

Comparing with glycerol-plasticized thermoplastic pea starch (TPS)/carboxy-
methyl cellulose (CMC) and TPS/microcrystalline cellulose (MC) composites
[226], scanning electron microscope (SEM) showed that there was good adhesion
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between starch and CMC or MC, but these superfluous cellulose derivatives
resulted in the conglomeration in TPS matrix. MC increased the thermal stability,
while CMC impaired it. DMTA revealed that the addition of CMC or MC
enhanced the storage modulus and the glass transition temperature of the com-
posites. At the low contents of cellulose derivatives (\9 wt %), the greater the
content of CMC or MC, the greater the tensile strength of the composite. The
values of WVP decreased with the increasing of cellulose derivatives. TPS/MC
composites exhibited improved water vapor barrier properties than TPS/CMC
composites. Coconut, sisal and jute fibers were added as reinforcement materials in
a biodegradable polymer matrix comprised of starch/gluten/glycerol [227].
Addition of lignocellulosic fibers in the matrix decreased the water absorption at
equilibrium.

Alvarez et al. [228] developed biodegradable composites based on cellulose
derivatives/starch blends reinforced with sisal short fibers, by injection molding.
The addition of sisal fibers to the polymeric matrix promotes a significant
improvement in creep resistance of the composite. The composites with different
fiber content, ranging from 5 to 20 wt %, showed a significant increase in the crack
initiation resistance under quasistatic loading [229]. This was caused by the
incorporation of sisal fibers to the matrix and the development of failure mecha-
nisms induced by the presence of the fibers. On the other hand, a modest increase
in resistance to crack initiation with fiber loading was detected. An improved
fracture behaviour was also observed when the impact loading was parallel to the
thickness direction. The composites exhibited higher values of ductility index,
energy at initiation and total fracture energy than the plain matrix.

Recently, bacterial cellulose, produced by Acetobacter Xylinum, was used as
reinforcement in composite materials with a starch thermoplastic matrix [230].
The composites prepared with bacterial cellulose displayed better mechanical
properties than those with vegetable cellulose fibers.

4.7 Development of Starch-Based Nano-Composites

The interest in new nanoscale fillers has rapidly grown in the last two decades,
since it was discovered that a nanostructure could be built from a polymer and
layered nano-filler, such as nanoclay. This new technique has been widely used in
starch-based materials.

4.7.1 Reinforcement by Nano-Fillers

Montrorillonite (MMT) is the most popular filler used for developing thermo-
plastic starch (TPS)/clay nanocomposites. Nanocomposites showed a significant
improvement in tensile properties compared to the pure matrix [231].
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Natural montrorillonite and organically modified MMT with methyl tallow bis-2-
hydroxyethyl ammonium cations located in the silicate gallery (Cloisite 30B) were
evaluted in starch-based nanocomposite [232]. It was observed that the TPS/
Cloisite Na+ nanocomposites showed higher tensile strength and thermal stability,
better barrier properties to water vapor than the TPS/Cloisite 30B nanocomposites,
as well as the pristine TPS, due to the formation of the intercalated nanostructure.
Pérez et al. [233] compared three different clays (Cloisite Na+, Cloisite 30B and
Cloisite 10A) and found the best properties were achieved with Cloisite 10A due to
their greatest compatibility with the matrix.

Modified kaolinite/carboxymethyl starch (CMS) nanocomposite was synthe-
sized with a displacement method with dimethyl sulfoxide modified kaolinite as an
intermediate [234]. The analyses showed that kaolinite was dispersed as nano-
meter-scale segments, in the CMS matrix. Several starch/poly(vinylalcohol)/
montmorillonite nanocomposites have been subjected to surface modification by
physical treatments such as dielectric barrier discharge (DBD) exposure and
coating with proteins (albumin) or polysaccharides (chitosan), for improving their
biocompatibility [235]. It has been established that enhancement of the surface
characteristics depends on the type and number of incorporated nanoparticles as
well as on the treatment applied. Coupling of DBD exposure and coating tech-
niques appears to be highly efficient. Zhang et al. [236] found that the increase in
d-spacing of organically modified clay was due to starch molecular intercalation
while the increase in d-spacing of pristine clay was mostly caused by glycerol
intercalation because of the narrow valid d-spacing of pristine clay and special
ring-like monomer of starch.

Various techniques have been developed to modify MMT, in particular to
exfoliate clay. Liao et al. [237] produced nanocomposites from metallocene
polyethylene-octene elastomer (POE), montmorillonite and starch. It was found
that organophillic clay could be well dispersed into acrylic acid grafted polyeth-
ylene-octene elastomer (POE-g-AA) in nanoscale sizes since cetyl pyridium
chloride was partially compatible with POE-g-AA and allows POE-g-AA chains to
intercalate into clay layers. The new partly biodegradable POE-g-AA/clay/starch
hybrid could obviously improve the elongation and the tensile strength at break of
the POE-g-AA/starch hybrid since the former can give the smaller starch phase
size and nanoscale dispersion of silicate layers in the polymer matrix. Mathew
et al. [238] reported nanocomposite materials using sorbitol plasticized waxy
maize starch as matrix and tunicin whiskers as the reinforcement. The nano-
composites exhibit good mechanical strength due to the strong interaction between
tunicin whiskers, matrix, plasticizer (sorbitol), and water, and due to the ability of
the cellulose filler to form a rigid three-dimensional network. A decrease in
crystallinity of the amylopectin phase is observed at high filler loads, due to the
resistance to chain rearrangement imposed by the whiskers. The mechanical
strength increased proportionally with filler loads, showing an effective stress
transfer from the matrix to the whiskers.

Plasticizers used for TPS can also exfoliate clay during processing. Maksimov
et al. [239] investigated an unmodified-montmorillonite (MMT)-filled
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nanocomposite based on plasticized starch. It is found that the resistance to water
permeation of plasticized starch can be improved considerably by introducing a
rather small amount of the filler into it. Ma et al. [240] prepared thermoplastic
starch/montmorillonite nanocomposites plasticized by sorbitol. Dai et al. [241]
reported that N-(2-Hydroxyethyl) formamide (HF) was synthesized efficiently and
used as a new additive to prepare TPS/MMT. HF acted as both plasticizer for TPS
and swelling agent for MMT. Two steps extrusion processing was developed to
prepare TPS/glycerol modified-montmorillonite (GMMT) nanocomposites [242].
Glycerol can enlarge the d-spacing and destruct the multilayer structure of MMT)
effectively using high speed emulsifying machine in the first modification step.
So the enlarged d-spacing and destructed platelets of MMT are favorable to form
intercalated or exfoliated TPS/GMMT nanocomposites in the second melt extru-
sion processing. In addition, citric acid (CA) can increase the plasticization of TPS
and dispersion of MMT in nanocomposites effectively. Majdzadeh-Ardakani et al.
[243] studied the starch/clay nanocomposites prepared via solution casting method
and the effects of starch source, clay cation, glycerol content, and mixing mode on
clay intercalation and Young’s modulus of nanocomposites. Nanocomposites
prepared with MMT modified with citric acid demonstrated the highest Young’s
modulus compared to pristine MMT and organoclay. A combined mechanical and
ultrasonic mixing mode led to an extensive dispersion of silicate layers and thus
the highest Young modulus in nanocomposites. Schlemmer et al. [244] reported
starch and clay nanocomposite plasticized by pequi (Caryocar brasiliense) oil.
Exfoliation is the predominant mechanism of clay dispersion for low filler loading.
X-ray diffraction and transmission electron microscopy demonstrated that plasti-
cizer could enlarge the d-spacing and destruct the layered structure of MMT
effectively during the pre-processing of MMT [245]. The enlarged d-spacing and
fragmentized platelets of glycerol activated-MMT were a precondition to form
intercalated or exfoliated TPS-based nanocomposites during the melt extrusion
processing. These highly dispersive and compatible TPS/activated-MMT nano-
composites had increased thermal stability and tensile properties as compared with
non-activated composites.

Ren et al. [246] developed TPS and nanocomposite (TPS/OMMT) with 15 %
carbamide, 15 % ethanolamine and different contents of organic activated mont-
morillonite (OMMT) by twin-screw extruder. Scanning electron microscope
revealed that the lower contents of OMMT could disperse well in the matrixes of
TPS. The carbamide, ethanolamine and the OMMT could destroy the crystalli-
zation behavior of starch, but only the OMMT restrained this behavior for long-
term storing. Tensile strength and modulus of TPS/OMMT nanocomposites were
better than those of TPS, while the elongation at break was descended with the
increasing of OMMT contents. Zeppa et al. [247] investigated nanocomposites
based on starch, glycerol and a urea/ethanolamine mixture. The significant
reduction of oxygen permeability obtained with natural montmorillonite was
related to the high dispersion state of this clay. For urea–ethanolamine composites,
specific compatibilizer/clay interactions led to an improvement again in the barrier
properties. Similarly Cyras et al. [248] reported glycerol-plasticized starch/clay
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nanocomposites films from potato starch and three different loadings of mont-
morillonite aqueous suspensions.

Dean et al. [111] studied a series of gelatinized starch–clay nanocomposites
which exhibit intercalated and exfoliated structures. Various nanoclay dispersions
were prepared (either by standard mixing or through the use of ultrasonics) prior to
their combination with a high amylose content starch, using high-speed mixing
and extrusion technology. A range of plasticiser levels were evaluated in con-
junction with different unmodified nanoclays (sodium montmorillonite (Na-MMT)
and fluorohectorite (Na-FHT)) having different cationic exchange capacities. It
was shown that an optimum level of both plasticiser and nanoclay existed to
produce a gelatinized starch film with the highest levels of exfoliation, resulting in
superior properties. The use of ultrasonics was only advantageous in terms of clay
dispersions at medium clay concentrations in the Na-MMT nanocomposites and
higher clay concentrations in the Na-FHT, most probably due to the difference in
cationic exchange capacity; however when the level of clay, water and starch was
optimised an exfoliated structure was produced via standard mixing which
exhibited comparable improvements in mechanical properties to ultrasonically
treated samples. Dean et al. [249] also reported a series of thermoplastic starch/
PVOH/montmorillonite micro- and nanocomposites. Fourier transform infrared
spectra of the thermoplastic starch and starch nanocomposites showed a number or
variants in H-bonding between starch chains, PVOH and Na-MMT during extru-
sion processing. The addition of small amounts of PVOH to the starch nano-
composite produced a very ordered intercalated structure. The relative
concentrations of PVOH and Na-MMT could be directly correlated to changes in
intergallery spacings. Although good dispersion of clay platelets was important in
improving mechanical properties in these nanocomposites, the interfacial inter-
actions of filler and matrix played just as important a role (the more agglomerated
composites) containing both Na-MMT and PVOH, which showed significant
increases in tensile strength and tensile modulus as compared to the more well
dispersed composites without PVOH. The improvements in properties were
attributed to both interfacial interactions.

Mondragón et al. [250] used unmodified and modified natural rubber latex
(uNRL and mNRL) to prepare thermoplastic starch/natural rubber/montmorillonite
type clay (TPS/NR/Na+-MMT) nanocomposites by twin-screw extrusion. Trans-
mission electron microscopy showed that clay nanoparticles were preferentially
intercalated into the rubber phase. Elastic modulus and tensile strength of TPS/NR
blends were dramatically improved as a result of rubber modification. Properties of
blends were almost unaffected by the dispersion of the clay except for the TPS/
mNR blend loading 2 % MMT. This was attributed to the exfoliation of the MMT.

The performance of the TPS/MMT nanocomposities using different kinds of
starch have been studied. Nejad et al. [251] developed nanocomposites through the
melt intercalation of nanoclays and starch esters from high amylose starch. Starch
acetates (SAs) and starch propionates (SPs) were tested in combination with
glycerol triacetate (triacetin) as a plasticizer for concentrations up to 30 and 20
wt %, respectively, with different types of organomodified and unmodified
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montmorillonites (MMTs). Mondragon et al. [252] used three types of maize
starch with different amounts of amylose and amylopectin to prepare plasticized
starch/clay nanocomposite films by casting. The plasticized waxy starch molecules
were the easiest of them all to be intercalated/exfoliated, which was reflected in the
highest increment of the stress at peak of these nanocomposites. Moreover,
the lowest water uptake was showed by the plasticized high-amylose starch/clay
nanocomposites. It was concluded that varying contents of amylose and amylo-
pectin influenced the formation of intercalated/exfoliated clay structures and also
affected the interactions of clay with water. Zeppa et al. [247] investigated
nanocomposites based on potato starch, glycerol and a urea/ethanolamine mixture.
The significant reduction of oxygen permeability obtained with natural montmo-
rillonite was related to the high dispersion state of this clay. For urea–ethanol-
amine composites, specific compatibilizer/clay interactions led to an improvement
again in the barrier properties. Similarly Cyras et al. [248] developed glycerol-
plasticized starch/clay nanocomposites films from potato starch and three different
loadings of montmorillonite aqueous suspensions.

Other nano-fillers have also investigated. Cao et al. [253] reported the utili-
zation of multiwalled carbon nanotubes (MWCNTs) as filler-reinforcement to
improve the performance of plasticized starch (PS). The PS/MWCNTs nano-
composites were prepared by a simple method of solution casting and evaporation.
The results indicated that the MWCNTs dispersed homogeneously in the PS
matrix and formed strong hydrogen bonding with PS molecules. Besides the
improvement of mechanical properties, the incorporation of MWCNTs into the PS
matrix also led to a decrease in the water sensitivity of the PS-based materials.

4.7.2 Reinforcement by Nano-Fibres

More recently, various nano-fibre reinforced nanocomposites have been devel-
oped. Viguié et al. [254] developed nanocomposite films processed from a filler
and a matrix having the same nature: waxy maize starch. The filler consists of
nanoplatelet-like starch particles obtained as an aqueous suspension by acid
hydrolysis of starch granules and the matrix was prepared by plasticization and
disruption of starch granules with water and sorbitol. Nanocomposite films were
obtained by casting and evaporating the mixture of the aqueous suspension of
starch nanocrystals with the gelatinized starch. The resulting films were condi-
tioned before testing and the effect of accelerated ageing in a moist atmosphere
was investigated. Similarly, García et al. [255] reported nanocomposites of cassava
starch reinforced with waxy starch nanocrystals. The materials showed a 380 %
increase of the rubbery storage modulus and a 40 % decrease in the water vapor
permeability. X-ray spectra show that the composite was more amorphous than the
neat matrix, which was attributed to higher equilibrium water content in the
composites. TGA confirmed this result and its thermal derivative suggested
the formation of hydrogen bonding between glycerol and the nanocrystals.
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The reinforcing effect of starch nanocrystals was attributed to strong filler/matrix
interactions due to the hydrogen bonding. The decrease of the permeability sug-
gests that the nanocrystals were well dispersed, with few filler/filler interactions.

Cao et al. [256] developed nanocomposite films from a mixed suspension of
hemp cellulose nanocrystals (HCNs) and thermoplastic starch by the casting. The
cellulose nanocrystals dispersed in the TPS matrix homogeneously and resulted in
an increase in the glass-transition temperature, which was ascribed to the fact that
the flexibility of the starch molecular chains in the starch-rich phase was reduced
because of the strong intermolecular interactions between the starch and stiff
HCNs. The films exhibited significant increases in the tensile strength and Young’s
modulus with increasing HCN content. In addition to the improvement in
mechanical properties, the incorporation of HCNs into the PS matrix also led to a
decrease in the water sensitivity of the final composite materials. Therefore, the
HCNs played an important role in improving the mechanical properties and water
resistance of the starch-based materials. Kaushik et al. [257] characterized the
properties of cellulose nanofibril/TPS based nanocomposites. The cellulose
nanofibrils were extracted from wheat straw using steam explosion, acidic treat-
ment and high shear mechanical treatment. These nanofibrils were dispersed in
thermoplastic starch using a Fluko high shear mixer in varying proportions and
films were casted out of these nanocomposites. The fiber diameter was in the range
from 30 to 70 nm. TGA depicted an increasing in residue left with increase in
cellulose nanofibrils content. Mechanical properties increased with nanofiber
concentration. Barrier properties also improved with addition of nanofillers up to
10 % but further addition deteriorated properties due to possible fiber
agglomeration.

Grande et al. [258] reported a bioinspired bottom-up process to produce self-
assembled nanocomposites of cellulose synthesized by Acetobacter bacteria and
native starch. This process takes advantage of the way some bacteria extrude
cellulose nanofibres and of the transport process that occurs during the gelatini-
zation of starch. Potato and corn starch were added into the culture medium and
partially gelatinized in order to allow the cellulose nanofibrils to grow in the
presence of a starch phase. The bacterial cellulose (BC)–starch gels were hot
pressed into sheets that had a BC volume fraction higher than 90 %. During this
step starch was forced to further penetrate the BC network.

Teixeira et al. [259] reported that cellulose cassava bagasse nanofibrils (CBN)
were used as reinforcing nanoparticles in a thermoplastic cassava starch matrix
plasticized using either glycerol or a mixture of glycerol/sorbitol (1:1) as plasti-
cizer through a melting process. The tensile tests depend on the nature of the
plasticizer employed. For the glycerol-plasticized matrix-based composites, it was
limited especially due to additional plasticization by sugars originating from starch
hydrolysis during the acid extraction. This effect was evidenced by the reduction
of glass vitreous temperature of starch after the incorporation of nanofibrils in
TPSG and by the increase of elongation at break in tensile test. On the other hand,
for glycerol/sorbitol plasticized nanocomposites the transcrystallization of amy-
lopectin in nanofibrils surface hindered good performances of CBN as reinforcing
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agent for thermoplastic cassava starch. The incorporation of cassava bagasse
cellulose nanofibrils in the thermoplastic starch matrices has resulted in a decrease
of its hydrophilic character especially for glycerol plasticized sample.

4.8 Summary

Blending and compositing have been successfully used in starch-based materials.
Starch was initially used a fillers blended with various polymers, especially with
polyolefin. Blending starch with biodegradable polymers has attracted more and
more attention. The interest in new nanoscale fillers has rapidly grown since it was
discovered that a nanostructure could be built from a polymer and a layered
nanoclay. These new nanocomposites show dramatic improvement in mechanical
properties with low filler content. Cellulose is the major substance obtained from
vegetable fibers, and applications for cellulose fiber-reinforced polymers have
again come to the forefront with the focus on renewable feedstocks. Hydrophilic
cellulose fibers are very compatible with most natural polymers.

In practice, the techniques of blending, compositing and nano-reinforcement
are often used together. Thermoplastic starch/poly(vinyl alcohol) (PVOH)/clay
nanocomposites exhibited the intercalated and exfoliated structures [260]. Mont-
morillonite (MMT) with three types of cation or modifier (Na+, alkyl ammonium
ion, and citric acid) was examined. The prepared nanocomposites with modified
montmorillonite indicated a mechanical improvement in the properties, in com-
parison with pristine MMT.

Liao et al. [261] reported biodegradable nanocomposites prepared from
poly(lactic acid) (PLA) or acrylic acid grafted poly(lactic acid) (PLA-g-AA),
titanium tetraisopropylate, and starch. Arroyo et al. [262] reported that thermo-
plastic starch (TPS) and polylactic acid (PLA) were compounded with natural
montmorillonite (MMT). The TPS can intercalate the clay structure and that the
clay was preferentially located in the TPS phase or at the blend interface. This led
to an improvement in tensile modulus and strength, but a reduction in fracture
toughness.

Multilayer co-extrusion is another technique used in the preparation of starch/
synthetic sheets or films [164, 263–266], in which TPS is laminated with appro-
priate biodegradable polymers to improve the mechanical, water-resistance and
gas-barrier properties of final products. These products have shown potential for
applications such as food packaging and disposable product manufacture. Three-
layer co-extrusion is most often practiced, in which a co-extrusion line consists of
two single-screw extruders (one for the inner starch layer and the other for the
outer polymer layers); a feedblock; a coat-hanger-type sheet die; and a three-roll
calendering system [164]. Biodegradable polyesters such as PCL [164, 264], PLA
[164, 263], and polyesteramide, PBSA and poly(hydroxybutyrate-co-valerate)
[164] are often used for the outer layers. These new blends and composites are
extending the utilization of starch-based materials into new value-added products.
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