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Abstract

Starch as a biopolymer directly extracted from nature has receivedmuch attention in recent years due
to its strong advantages such as low cost, wide availability, renewability, and total compostability
without toxic residues. Starch-based materials always display properties that are less satisfactory
than those of traditional polymer materials, which can be ascribed to the inherent characteristics of
starch. Tomake suchmaterials to be truly competitive and to widen its applications, the development
of starch-based nano-biocomposites could be a promising solution. This chapter provides the
fundamental knowledge related to starch-based nano-biocomposites as well as the most recent
developments in this area. Various types of nanofillers that have been used with plasticized starch
are discussed such as montmorillonite, cellulose nanowhiskers, and starch nanoparticles. The
preparation strategies for starch-based nano-biocomposites with these types of nanofillers and the
corresponding dispersion state and related properties are also largely discussed.
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Abbreviations

AFM Atomic force microscopy
BCNW Bacterial cellulose nanowhisker
CB Carbon black
CEC Cationic exchange capacity
CMC Carboxymethyl cellulose sodium
CNT Carbon nanotube
CNW Cellulose nanowhisker
D Diameter
d001 Interlayer spacing or d-spacing
DMA Dynamic mechanical analysis
DMSO Dimethyl sulfoxide
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DP Degree of polymerization
FTIR Fourier transform infrared spectroscopy
G’ Elastic modulus (rheology)
GO Graphite oxide
HA Hydroxyapatite
IL Ionic liquid
L Length
L/D Length-to-diameter ratio (i.e., aspect ratio)
LCA Life-cycle assessment
LDH Layered double hydroxide
MMT Montmorillonite
MMT–Na+ Sodium montmorillonite
MWCNT Multiwall carbon nanotube
O Octahedral sheets
OMMT Organomodified montmorillonite
OMMT–CS Cationic starch–organomodified montmorillonite
PBAT Poly(butylene adipate-co-terephthalate)
PBSA Poly(butylene succinate-co-adipate)
PCL Polycaprolactone
PEG Polyethylene glycol
PLA Poly(lactic acid)/polylactide
PVA Poly(vinyl alcohol)
REX Reactive extrusion
SEM Scanning electron microscopy
SME Specific mechanical energy
SNP Starch nanoparticles
SSE Single-screw extruder
SWCNT Single-wall carbon nanotube
T Tetrahedral sheets
TEM Transmission electron microscopy
Tg Glass transition temperature
TSE Twin-screw extruder
UV Ultraviolet
XRD X-ray diffraction

1 Introduction

The increasing environmental concerns, the strong decrease of the availability on the market of some
conventional refinery fractions which are more or less refined (e.g., isoprene, butadiene, bitumen,
etc.), the expected shortage of fossil resources (mainly petroleum), and the necessity to develop
innovative materials architectures are some of the main drivers to push the use of biobased
compounds extracted from the biomass. Following this mainstream, starch, as a natural polymer
from renewable resources, has experienced considerable development in the past decades in
nonfood and materials applications (Avérous and Halley 2014). Starch has strong advantages such
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as low cost, wide availability, renewability, and total compostability without toxic residues. By using
conventional polymer processing techniques such as extrusion, native starch (also known as raw
starch) in the form of granules can be transformed into a molten state with the presence of low
content of “plasticizers” such as water and glycerol. This converted form of starch is known as
“plasticized starch,” “thermoplastic starch” (although its behavior is not totally thermoplastic but
more thermo-mechano-plastic (Martin et al. 2003)), or abbreviated as “TPS,”which can be produced
into different end-use forms such as extruded, molded, thermoformed, or blown articles (Liu
et al. 2009a).

Despite of the advantages mentioned above, starch-based plastic materials are known to have
limitations such as poor processability and limited properties (e.g., weak mechanical properties,
large evolution of properties during aging, and high water sensitivity). Formulation development
could be the major key to solve these crucial problems. To give some examples, various starch-based
blends and biocomposites (i.e., with fillers) have been developed, showing improved performance
(Avérous 2004; Avérous and Halley 2009; Kalambur and Rizvi 2006a; Tang and Alavi 2011; Wang
et al. 2003; Yu et al. 2006a) compared to the neat matrix. Recently, along with the exponential
momentum of the development in polymer nanocomposites (Alexandre and Dubois 2000; Crosby
and Lee 2007; Paul and Robeson 2008; Pavlidou and Papaspyrides 2008; Sinha Ray and Okamoto
2003; Sinha Ray and Bousmina 2005; Spitalsky et al. 2010), much attention has been focused on the
use of nanosized fillers (at least one dimension in the nanometer range, i.e., 1–100 nm) in producing
starch-based nano-biocomposite materials. Their nanosize can generate huge areas at the
matrix–filler interface, which largely control the global macrostructures and associated global
properties of the corresponding materials. Under certain conditions with the tailored nanofiller
and/or organomodification of the nanofiller, nanocomposite materials can exhibit drastic improve-
ment in mechanical behavior, thermal stability, flame retardancy, and gas barrier properties
(Alexandre and Dubois 2000). Such property enhancement depends on the nature, geometry, surface
area, and surface chemistry of the nanofiller (Sinha Ray and Okamoto 2003).

Unlike most conventional synthetic polymers, starch is a biopolymer directly extracted from
biomass, which has unique chemical structure and processing behavior. Therefore, the preparation
and properties of starch-based nano-biocomposites are inherently dissimilar to those of other
polymer nanocomposite systems. Furthermore, the incorporation of appropriately tuned
nanoparticles into starch as a biopolymer may not only enhance the conventional material perfor-
mance of starch-based materials, but it could also provide new functionalities for new applications
due to the resulting novel structures and functional groups. While this chapter aims to provide the
basic knowledge of starch and starch-based nano-biocomposites, which should be helpful to those
new to this area, it touches some of the most recent international research progress on this topic
as well.

2 Starch Characteristics

2.1 Structure of Native Starch
The starch granule provides the main way of storing carbon and energy over long periods in green
plants (Pérez et al. 2009). Starch granules are mainly found in seeds, roots, and tubers and display
different shapes (spherical, lenticular, and polygonal) depending on their origins such as maize
(corn), wheat, potato, and rice. In Fig. 1, an overview of starch granule structure is shown, which
presents a concentric three-dimensional architecture from the hilum, with a crystallinity varying
from 15 % to 45 % depending on the botanical source (Zobel 1988). The starch granule is well
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Fig. 1 Overview of starch granule structure. At the lowest level of granule organization (upper left), alternating
crystalline (hard) and semicrystalline (soft) shells are shown (dark and light colors, respectively). Shells are thinner
toward the granule exterior (due to increasing surface area to be added to by constant growth rate) and the hilum is shown
off-center. At a higher level of structure, the blocklet structure is shown in association with amorphous radial channels.
Blocklet size is smaller in the semicrystalline shells than in the crystalline shells. At the next highest level of structure,
one blocklet is shown containing several amorphous crystalline lamellae. In the next diagram, amylopectin is shown in
the lamellae. The next image is a reminder of the importance of amylose–lipid (and protein) components in the
organization of amylopectin chains. At the highest level of order, crystal structures of the starch polymers are shown
(Reprinted fromGallant et al. (1997), Copyright (1997), with permission from Elsevier. Redrawn in Gallant et al. (1997)
from Imberty et al. (1988) and Imberty and Perez (1988))
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known to possess multilevel structures from macro- to molecular scales, i.e., starch granules
(<1–100 mm), alternating amorphous and semicrystalline shells (growth rings) (100–400 nm),
crystalline and amorphous lamellae (periodicity) (9–10 nm), and macromolecular chains (�nm)
(Buléon et al. 1998; Jane 2009; Pérez et al. 2009; Pérez and Bertoft 2010).

In molecular level of structure, starch is a polysaccharide consisting of D-glucose units, referred to
as homoglucan or glucopyranose. Figure 2 presents the two major biomacromolecules of starch, i.e.,
amylose and amylopectin. Amylose is a sparsely branched carbohydrate mainly based on a(1–4)
bonds with a molar mass of 105–106 and can have a degree of polymerization (DP) as high as
600 (Pérez et al. 2009). The number of macromolecular configurations based on a(1–6) links is
directly proportional to the amylose molar mass (Tako and Hizukuri 2002). The chains show spiral-
shaped single or double helices with a rotation on the a(1–4) link and with six glucoses per turn,
where the hydroxyl groups are mainly located toward the exterior of the helices. As a result, the core
of the helix is mainly hydrophobic. On the other hand, amylopectin is a highly multiple-branched
polymer with a high molar mass of 107–109. It is one of the largest natural polymers on earth (Pérez
et al. 2009). Amylopectin is based on a(1–4) (around 95 %) and a(1–6) (around 5 %) links, with
constituting branching points localized every 22–70 glucose units, generating a highly branched
structure with a lot of pending chains of DP � 15, which are mainly responsible for the materials’
crystallinity (between 20 % and 45 %). This specific structure has a profound effect on the physical
and biological properties (Pérez et al. 2009; Pérez and Bertoft 2010).

Besides, in starch granules, very small amounts of proteins, lipids, and phosphorus are also found
depending on the botanical resource (Jane 2009; Pérez and Bertoft 2010). These components can
interact with the carbohydrate chains during processing (e.g., Maillard reaction) and then modify the
behavior of the starchy materials.

Depending on the source, amylose content of starch can be varied from <1 % to 83 % (Tan
et al. 2007). The so-termed waxy starch contains little or no amylose, whereas high-amylose starch
contains >50 % amylose. The amylose content has a great impact on the crystalline structure and
degree of crystallinity (Tan et al. 2007), as well as on the thermal, rheological, and processing
properties (Li et al. 2011a; Liu et al. 2006, 2011d; Wang et al. 2010a; Xie et al. 2009).

Fig. 2 Chemical structures of amylose and amylopectin molecules of starch

Polysaccharides
DOI 10.1007/978-3-319-03751-6_50-1
# Springer International Publishing Switzerland 2014

Page 5 of 75

https://www.researchgate.net/publication/241086240_Extrusion_processing_and_characterization_of_edible_starch_films_with_different_amylose_contents?el=1_x_8&enrichId=rgreq-ec5e6cb2-2e41-4bf8-ad0e-bd711692bec4&enrichSource=Y292ZXJQYWdlOzI3NDk2MTI3NztBUzoyMTgyODYyMjc3NTkxMTlAMTQyOTA1NDkwMDczNg==
https://www.researchgate.net/publication/223759109_Gelatinization_of_cornstarch_with_different_amyloseamylopectin_content?el=1_x_8&enrichId=rgreq-ec5e6cb2-2e41-4bf8-ad0e-bd711692bec4&enrichSource=Y292ZXJQYWdlOzI3NDk2MTI3NztBUzoyMTgyODYyMjc3NTkxMTlAMTQyOTA1NDkwMDczNg==
https://www.researchgate.net/publication/222334726_Mechanical_Moisture_Absorption_and_Biodegradation_Behaviours_of_Bacterial_Cellulose_Fiber-Reinforced_Starch_Biocomposites?el=1_x_8&enrichId=rgreq-ec5e6cb2-2e41-4bf8-ad0e-bd711692bec4&enrichSource=Y292ZXJQYWdlOzI3NDk2MTI3NztBUzoyMTgyODYyMjc3NTkxMTlAMTQyOTA1NDkwMDczNg==


2.2 Gelatinization/Melting of Native Starch
When native starch granules are heated in water, their semicrystalline nature and three-dimensional
architecture are gradually disrupted, resulting in a phase transition from the ordered granular
structure into a disordered state in water, which is known as “gelatinization” (Atwell et al. 1988;
Lelievre 1974; Ratnayake et al. 2008). The process of gelatinization is schemed in Fig. 3. Gelati-
nization is an irreversible process that includes, in a broad sense and in time/temperature sequence,
granular swelling, native crystalline melting (loss of birefringence, as observed under polarized
light), and molecular solubilization (Russo et al. 2009). Full gelatinization of starch under shearless
conditions requires excess water, which Wang et al. (1991) have defined as >63 % for waxy maize
starch, for example. If the water concentration is too high, the crystallites in starch might be pulled
apart by swelling, leaving none to be melted at higher temperature. If the water concentration is
limited, the swelling forces will be much less significant and the steric hindrance is high. Thus,
complete gelatinization will not occur in the usual temperature range (Lai and Kokini 1991; Liu
et al. 2005, 2006). However, as the temperature increases, starch molecules will become progres-
sively more mobile and eventually the crystalline regions will be destructured (Donovan 1979). The
process of gelatinization with low water content could more accurately be defined as the “melting”
of starch (Lai and Kokini 1991).

Fig. 3 Mechanism of starch gelatinization (Copyright # 1978 Wiley Periodicals, Inc. Reproduced from Remsen and
Clark (1978) with permission)
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The gelatinization/melting behavior of starch is quite different when shear treatment is applied
(Xie et al. 2006). With abundant water, shear can enhance the destructuration of starch granules
(Chen et al. 2007; Yu et al.2006b). When the water content is limited, shear can assist the melting of
crystallites (Wang et al. 2010a; Xie et al. 2008; Xue et al. 2008). The significance of such studies is
that most processing techniques for starch involve shear treatment. In extrusion processing (which
will be discussed below in Sect. 3.1), shear forces can physically destructure starch granules,
allowing faster transfer and distribution of water into the material (Burros et al. 1987). Therefore,
during extrusion, the loss of the crystallinity is not only caused by the water penetration but also by
mechanical disruption due to the intense shear fields within the extruder (Barron et al. 2001; Wang
and Zheng 1995; Zheng and Wang 1994; Zheng et al. 1995).

3 Starch-Based Materials

3.1 Processing Techniques
The techniques that have been used to process starch polymers, such as solution casting, internal
mixing, extrusion, injection molding, and compression molding, are similar to those widely used for
conventional synthetic thermoplastics. Solution casting has been frequently utilized in the literature
as a method to prepare starch-based films for research purposes. However, this technique suffers
from disadvantages such as low efficiency and the difficulty in scaling up from the lab scale to the
industry and not being considered as a “green process” due to the use of toxic organic solvents and
the great consumption of energy for solvent evaporation. Alternatively, extrusion processing is more
aligned to modern industrial production. A single-screw extruder (SSE) can handle the high
viscosity of starch and provide high processing pressure for continuous metering of starch through
a die shape. A twin-screw extruder (TSE) has large operational flexibility (individual barrel zone
temperature control, multiple feeding/injection, and screw configuration for different degree of
mixing/kneading) and is useful to intensive mixing and compounding of other components into
starch plastics. Another advantage of TSE is to allow the decoupling of the die flow and the
mechanical treatment. In both SSE and TSE, the residence time and specific mechanical energy
(SME) input can be controlled, and high-efficiency production can be achieved. Other processing
techniques such as film blowing and injection molding are often combined with the extrusion. More
details about the specifics of the processing techniques for starch polymers as well as the recent
advances in the understanding of starch processing can be found elsewhere (Liu et al. 2009a; Xie
et al. 2014).

A schematic of twin-screw extrusion process for the production of TPS is shown below in Fig. 4
(Xie et al. 2012). The native starch granules are introduced, preferably by a powder gravimetric
feeder, into the extruder in a hungry way (i.e., the feeding capacity is less than the conveying
capacity of the screws at the feeding port). Liquids (typically plasticizer) could be introduced in
a following location, preferably using a pressure-injection way to ensure uniform mixing between
the solid(s) and the liquid(s). The granules undergo exposure to high temperatures and pressures in
the extruder, resulting in the disruption, and gelatinization/melting, of starch granules (Liu
et al. 2006). After gelatinization, the TPS will undergo further melting and compression, which
may be increased with increased use of high mixing (kneading or reversing) elements in the screw. It
is important to note that degradation of starch molecules also occurs with the thermal mechanical
treatment in the extruder, with amylopectin molecules suffering more than amylose (Li et al. 2014;
Liu et al. 2010b). And the mechanism for the scission of the polymer chains is believed to
preferentially take place close to the center of the molecule, causing the size distribution to narrow
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and converge toward a maximum stable size (Liu et al. 2010b). The TPS is forced through the
extrusion line and finally out of a die at the end of the extruder at a controlled rate (possibly with the
aid of a melt pump to further control the flow rate).

3.2 Plasticizers
Water is indispensable for the thermal processing of starch. By reducing the moisture content, the
melting temperature of starch would progressively increase, and that of dry starch is often larger than
its degradation temperature as extrapolated by Flory Law (Liu et al. 2008; Russell 1987). Water
functions by lowering the melting temperature and plasticizing the starch polymers. As a result, in
practical processing, water acts as a volatile “plasticizer.” Thus, unstable processing or undesirable
foaming may be caused due to the evaporation of the water. Furthermore, the final products based on
starch containing only water usually have poor mechanical properties especially due to the brittle-
ness, because of its final temperature usually lower than its glass transition temperature (Tg)
(Chaudhary et al. 2011b; Enrione et al. 2010; Forssell et al. 1997; Liu et al. 2011b, 2009b, 2010a;
Lourdin et al. 1997) and/or resulting from the densification (happening below Tg) or retrogradation
(also known as recrystallization, happening above Tg) (Atwell et al. 1988; Bulkin et al. 1987;
Gudmundsson 1994; Liu and Thompson 1998). To overcome these issues, nonvolatile (at the
processing temperature) plasticizers such as polyols (glycerol, sorbitol, glycol, etc.) (Da Róz
et al. 2006; Enrione et al. 2010; Forssell et al. 1997; Gaudin et al. 1999; Kirby et al. 1993; Lin
and Tung 2009; Liu et al. 2011d; Lourdin et al. 1997; Mathew and Dufresne 2002a; Nashed
et al. 2003; Pushpadass and Hanna 2009; Pushpadass et al. 2009; Qiao et al. 2011; Rodriguez-
Gonzalez et al. 2004; Shi et al. 2007a, b; Smits et al. 2003; Tan et al. 2004a, b; van Soest et al. 1994,
1996; Wang et al. 2009a; Yan et al. 2012; Zhang et al. 2008), nitrogen-based compounds (urea,
ammonium derived, amines, etc.) (Dai et al. 2009b, 2010a, b; Ma and Yu 2004a, b, c; Ma et al. 2004,
2005, 2006; Shogren et al. 1992; Tung et al. 2011; Wang et al. 2009a; Yang et al. 2006a, b, c, 2007;
Zhang et al. 2008; Zheng et al. 2009b), or citric acid (Shi et al. 2007b; Wang et al. 2007; Yu
et al. 2005a) are utilized. In particular, citric acid has been regarded as an effective plasticizer for
starch as the acidity of citric acid can promote the fragmentation and disruption of starch granules, as
well as the effective interactions with the C–O groups of starch (more than glycerol) and thus the
restriction of hydrogen bonds between the hydroxyl groups of starch. Therefore, citric acid can result
in a greater degree of the amorphous state and a low degree of recrystallization (or “retrogradation,”
a term specifically for starch) (Yu et al. 2005a).

Plasticiser

Kneading Kneading Compression

Native
granular
starch 

Thermoplastic
starch

Granular disruption
Plasticisation Melting

Degradation

Fig. 4 Schematic representation of starch processing by extrusion (Reprinted from Xie et al. (2012), Copyright (2012),
with permission from Elsevier)
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3.3 Chemical Modification
Chemical modification of starch by substituting ester or ether groups for the hydroxyls is an effective
way to improve the processing and product properties. For example, hydroxypropylated starch
displays improved processability (lower viscosity) and mechanical properties (Chaudhary
et al. 2008; Lafargue et al. 2007; Vorwerg et al. 2004); and acetylated starches with a degree of
substitution of 2–3 are water insoluble and have good mechanical properties (Fringant et al. 1996,
1998; Jarowenko 1986;Mbougueng et al. 2012; Volkert et al. 2010; Yan et al. 2012; Zamudio-Flores
et al.2010). However, it should be noted that chemical modification often decreases the polysac-
charide molar mass, potentially leading to materials with less mechanical strength, and also the toxic
chemical residues may modify the biodegradability and negatively impact the life-cycle assessment
(LCA) of the final products.

3.4 Starch-Based Blends and Composites
To improve the performance such as moisture resistibility, mechanical properties, and long-term
stability, several starch-based multiphase systems have been developed during the last two decades,
such as blends or composites. Starch is often blended with other polymers (mainly biodegradable)
such as poly(lactic acid) (PLA), polycaprolactone (PCL), poly(butylene succinate adipate) (PBSA),
poly(butylene adipate-co-terephthalate) (PBAT), poly(vinyl alcohol) (PVA), and many more, as
extensively reviewed in several papers (Avérous 2004; Kalambur and Rizvi 2006a; Liu et al. 2009a;
Tang and Alavi 2011; Wang et al. 2003; Yu et al. 2006a).

Starch biocomposites can be produced with the reinforcement by cellulose fibers (potato pulp,
bleached leafwood fibers, fibers from bleached eucalyptus pulp, and flax and jute fibers) (Alvarez
et al. 2004; Averous and Boquillon 2004; Avérous 2002, 2007; Avérous et al. 2001; Carvalho
et al. 2003; Curvelo et al. 2001; Dufresne et al. 2000; Funke et al. 1998; Lawton et al. 2004; Matsui
et al. 2004; Romhány et al. 2003; Wollerdorfer and Bader 1998) and lignin fillers (Baumberger
et al. 1998a, b; Baumberger 2002). When the fillers are nanoscaled, nanocomposites are obtained.
They exhibit drastic modification in the properties of the matrix, like improvement in the mechanical
properties and barrier properties, and/or changes in the thermal and electrical conductivity
(Alexandre and Dubois 2000). Various kinds of starch-based nano-biocomposites will be discussed
in the following sections.

4 Nanofillers

There are a diversity of nanofillers that can be used for the preparation of nanocomposites.
Regarding their shapes, three distinct types of nanofillers can be observed (cf. Fig. 5) (Kumar
et al. 2009):

(a) Nanoparticles: When the three dimensions of particulates are in the order of nanometers, they are
referred as equiaxed (isodimensional) nanoparticles.

(b) Nanotubes: When two dimensions are in the nanometer scale and the third is larger, forming an
elongated structure, they are generally referred as nanotubes, also known as nanowhiskers/
nanofibers/nanorods.

(c) Nanolayers: The particulates are characterized by only one dimension in nanometer scale and are
present in the form of sheets of one to a few nanometers in thickness and hundred to thousand
nanometers in length.
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Nevertheless, it should be noted that the term “nanoparticles” is also frequently used in broad
sense in the literature to describe a nanofiller regardless of its shape.

The different nanofillers that have been examined for the use in starch-based nano-biocomposites
are summarized in Table 1. They have different geometry (size and shape) and surface chemistry;
therefore, different kinds of interactions between the nanofiller and the starch matrix and variation in
the reinforcing capability are expected. Among them, phyllosilicates, especially montmorillonite
(MMT), are most frequently utilized due to their appealing advantages such as wide availability, low
cost, and low toxicity. In addition, polysaccharide nanofillers especially cellulose nanowhiskers and
starch nanoparticles have also been widely used with one of the advantages in using them being the
similar polysaccharide chemical structure of the nanofiller and the matrix, which could benefit the
nanofiller–matrix interactions. The use of carbonaceous nanofillers (in particular carbon nanotubes
(CNTs)) is also interesting to be incorporated into starch due to their superior reinforcing abilities as
demonstrated in other polymer systems as well as their potentials for developing nanocomposites
with new functionalities (e.g., electrical conductivity and electroactivity), although there have been
a limited number of the related reports so far. CNT-reinforced nanocomposites have already shown
great potentials in biomedical applications such as sensors, stimulators of bone cells, etc. (Harrison
and Atala 2007; Lahiff et al. 2010; Tsai et al. 2007; Wang 2005; Wu and Liao 2007; Xiao and Li
2008), although the toxicity of CNTs appears still controversial (Famá et al. 2011; Valdés
et al. 2009). Moreover, despite the long list of nanofillers in Table 1, some only appear in very
recent reports, and their potential as nanofillers for reinforcing starch-based materials remains
uncertain. For example, unfortunately synthetic nanolayers like LDH and brucite can hardly be
intercalated by starch molecules (Wilhelm et al. 2003a), which greatly limited their usability.

Different kinds of starch-based nano-biocomposites could result from the use of a variety of
nanofillers, which are discussed in the following sections separately.

5 Starch-Based Nano-biocomposites Reinforced by Phyllosilicates

5.1 Phyllosilicates
Phyllosilicates, or layered silicates, are an important group of minerals that includes the clay
minerals, the micas, chlorite, serpentine, talc, etc. They possess some strong advantages such as
wide availability, low cost, versatility, eco-friendliness, and low toxicity. They have different

Fig. 5 Various types of nanofillers: nanolayers, nanotubes, and nanoparticles (Reprinted from Kumar et al. (2009),
Copyright (2009), with permission from Elsevier)
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Table 1 Overview of the nanofillers used for starch-based nanocomposites

Category/source Nanofiller Dimensional type Remark

Phyllosilicates

Clay minerals

Kaolinite group Kaolinite Nanolayer Non-expandable

Halloysite Nanolayer (actually
in cylindrical shape)

Non-expandable

Smectite group Montmorillonite Nanolayer Most expandable; most
frequently used; natural
sodium montmorillonite being
a preferable choice due to the
matching of polarity with
starch

Hectorite Nanolayer Expandable

Sepiolite group Sepiolite Nanolayer (actually
in needle shape)

–

Synthetic clays Somasif™ ME
100 fluorohectorite/
fluoromica

Nanolayer Montmorillonite- or hectorite-
type synthetic clay

Laponite® B, Laponite® RD Nanolayer Hectorite-type synthetic clay

Mica group Muscovite Nanolayer Non-expandable

Paragonite Nanolayer Non-expandable

Illitea Nanolayer Non-expandable

Polysaccharides

Cellulose Nanowhiskers/nanofibrils/
nanofibers from plant
cellulose (flax, hemp, ramie,
wood, pea hull, cassava
bagasse, wheat straw) and
microcrystalline cellulose
(commercially available)

Nanotube/
nanoparticle

Tend to form aggregates; size,
shape, and crystallinity largely
dependent on the preparation
method and conditions

Nanorods from tunicin
(animal cellulose)

Nanotube

Nanofibrils/nanofibers from
bacterial cellulose

Nanotube High crystallinity

Starch Nanoparticles/nanocrystals
from starch (waxy maize and
regular maize)

Nanoparticle Tend to form aggregates

Chitin Nanoparticles from chitin Nanoparticle

Chitosan Nanoparticles from chitosan Nanoparticle

Carbonaceous materials

Carbon nanotubes Nanotube –

Graphite oxide Nanolayer –

Carbon black Nanoparticle –

Metalloid oxides

Silicon dioxide (also silica)
[SiO2]

Nanoparticle –

Antimony trioxide [Sb2O3] Nanoparticles –
(continued)
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structure, texture, and/or morphology. Due to the complexity of the structure, it is no surprise to find
the classification of phyllosilicates to be different according to the literature source. Table 1 lists the
most commonly used phyllosilicates for starch-based nano-biocomposites in the literature.

Phyllosilicates mainly present three organizational levels depending on the observational scale,
i.e., (a) the layer, (b) the primary particle, and (c) the aggregate (cf. Fig. 6) (Chivrac et al. 2009a):

(a) The layer is equivalent to a disk or a platelet with the width varying from 10 nm to 1 mm and the
thickness of 1 nm. These layers, especially the widest, are flexible and deformable.

Primary particle

e = 8–10 nm

e

Aggregate

d = 0.1–10 µm

d

z

y
x

Layer

10–1000 nm

e = 1 nm

e

Fig. 6 Phyllosilicate multi-scale structure showing the individual clay platelet, a stack of a few platelets forming the
primary particle, and the aggregate structure consisting of associated primary particles with their characteristic
dimensions (thickness e and average diameter d) (Reprinted from Chivrac et al. (2009a), Copyright (2009), with
permission from Elsevier)

Table 1 (continued)

Category/source Nanofiller Dimensional type Remark

Metal oxides and
chalcogenides

–

Zinc oxide [ZnO] Nanoparticle

Hydrous zirconium dioxide
(also zirconia) [ZrO2·nH2O]

Nanoparticle –

Titanium dioxide (also titania)
[TiO2]

Nanoparticle –

Cadmium sulfide [CdS] Nanoparticle –

Cadmium selenide [CdSe] Nanoparticle –

Metal phosphates

a-Zirconium phosphate [Zr
(HPO4)·H2O]

Nanolayer –

Layered double hydroxides (LDH)

[MII
1�xM

III
x(OH)2]intra

[Am�
x/m·nH2O]inter

b
Nanolayer –

Nonsilicate minerals

Brucite [Mg(OH)2] Nanolayer –

Hydroxyapatite
[Ca10(PO4)6(OH)2]

Nanoparticle –

Somasif™ is a trademark of CBC Co., Ltd. Japan; Laponite® is a registered trademark of Laporte Ind. Ltd. (SCP)
aHydrous mica, considered to belong to the clay–mica group, sometimes categorized to the clay minerals
b“MII” and “MIII” are metal cations, “A” is the anion, and “intra-” and “inter-” denote the intralayer domain and the
interlayer space, respectively
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(b) The primary particle is composed of five to ten stacked platelets. The cohesion of the structure
is assured by van der Waals and electrostatic attraction forces between the cations and the
platelets. The stacking of these particles is perpendicular to the z direction and is disordered in
the plane (x, y). The structure thickness is around 10 nm.

(c) The aggregate is the association of primary particles orientated in all the directions. The size of
the aggregates varies from 0.1 to 10 mm.

The layer is the result of the condensation of tetrahedral sheets (T) and octahedral sheets
(O) (Bergaya et al. 2012). Phyllosilicates are often referred to as 1:1 or 2:1. A 1:1 phyllosilicate
would consist of one tetrahedral sheet and one octahedral sheet (T–O), and examples would be
kaolinite and serpentine. A 2:1 phyllosilicate consists of an octahedral sheet sandwiched between
two tetrahedral sheets (T–O–T), such as the smectite, illite, and chlorite (although chlorite has an
external octahedral sheet often referred to as “brucite”). For a 2:1 phyllosilicate, the crystal structure
is based on the pyrophyllite structure Si4Al2O10(OH)2 and can be described as a crystalline 2:1
phyllosilicate with a central alumina octahedral sheet sandwiched between two silica tetrahedral
sheets corresponding to seven atomic layers superposed (cf. Fig. 7) (Hendricks 1942). This structure
becomes (Si8)(Al4-yMgy)O20(OH)4, My

+ for MMT or (Si8)(Al6-yLiy)O20(OH)4, My
+ for hectorite.

The differences are mainly due to the isomorphic substitutions that take place inside the aluminum
oxide layer (Jozja et al. 2003). These substitutions induce a negative charge inside the silicate
platelet, which is naturally counterbalanced by inorganic cations (Li+, Na+, Ca2+, K+, Mg2+, etc.)
located in the interlayer spacing. The global charge varies depending on the phyllosilicate. For the
smectite and the mica families, this charge varies from 0.4 to 1.2 and from two to four per unit cell,
respectively. The charge amount is characterized by the cationic exchange capacity (CEC) and
corresponds to the amount of monovalent cations necessary to compensate the platelet negative
charge, which is usually given in milliequivalent per 100 g (meq/100 g). For instance, the CEC of
MMT varies from 70 to 120 meq/100 g depending on their extraction site (Thomas et al. 1999).

The distance observed between two platelets of the primary particle, named interlayer spacing or
d-spacing (d001), depends on the phyllosilicate type. This value does not entirely depend on the layer
crystal structure but also on the type of the counter-cation and on the hydration state of the
phyllosilicate. For instance, the d001 equals 1.2 nm in usual conditions, but the value becomes

Interlayer
spacing

~1nm

Exchangeable cations

Al, Fe, Mg, Li

O, OH

Li, Na, Rb, Cs

Tetrahedral

Octrahedral

Tetrahedral

Fig. 7 Structure of 2:1 phyllosilicate (Adapted with permission from Sinha Ray et al. (2003). Copyright (2008) Amer-
ican Chemical Society)
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0.96 nm for anhydrousMMTwith sodium as the counterion. This increase is linked to the adsorption
of one layer of water molecules between the silicate platelets (Alexandre and Dubois 2000).

Particularly, some phyllosilicates do not display a normal layered structure. Sepiolite is also
a phyllosilicate and displays a kind of fibrous structure. In opposition to all the other phyllosilicates
mentioned above which have continuous tetrahedral and octahedral sheets, sepiolite has
a discontinuous magnesium oxide–hydroxide octahedral sheet between two-dimensional silica
tetrahedral sheets that are continuous but exhibit regular inversions of tetrahedron orientation
along one crystallographic direction (b). In fact, the lath-like fragments of T–O–T structure extend
along the c axis, being connected by siloxane bridges (Fig. 8) (Bergaya et al. 2012; Duquesne
et al. 2007). Some isomorphic substitutions occur inside these central layers creating a negative
charge naturally counterbalanced by the presence of inorganic cations (Na+, Ca2+, etc.). The
sepiolite channels are filled both with coordinated water molecules, which are bonded to the Mg2+

ions located at the edges of the octahedral sheets, and with zeolitic water, which is associated to the
structure by hydrogen bonding. The discontinuity of the silica sheets gives rise to the presence of
silanol groups (Si–OH) at the edges of the external surfaces of sepiolite nanoparticles (Chivrac
et al. 2010d). Another example is halloysite, which has a structure similar to kaolinite but has
a single layer of water molecules existing between the T–O sheets. It has structural constraints in the
layers which cause them to curl and forms spheroidal aggregates (Bergaya et al. 2012).

The phyllosilicate multi-scale structure has different porosity levels, which drive its swelling
ability. The water absorption occurs, thanks to the intercalated cation hydration, which lowers the
attractive forces between the silicate layers (Sposito and Grasso 1999), and also thanks to the water
capillarity phenomenon, which takes place in the interparticle and inter-aggregate porosities
(Luckham and Rossi 1999; Mering 1946). For a given pressure, this swelling is characterized by
a d001 increase until an equilibrium distance (Cases et al. 1992). In general, the smaller the cation and
the lower its charge, the higher is the phyllosilicate swelling. For MMT, the swelling decreases
depending on the cation chemical type according to the trend Li+ > Na+ > Ca2+ > Fe2+ > K+

(Powell et al. 1997, 1998; Tettenhorst 1962). The potassium cation is a specific case because its size
is equal to the dimension of the platelet surface cavity. Thus, the potassium is trapped in these
cavities, leading to the reduced hydration ability.

Swelling is typical enough of smectites to have provided their alternative name of “swelling
clays” (Bergaya et al. 2012). In contrast, the other natural phyllosilicates lack the ability to swell in
water, which greatly limits their application in the development of starch-based nano-biocomposites.

Coordination
water

Open channels

Silanol
groups

Zeolitic water

Zeolitic channels

Tetrahedral Sheet
Silicon

Magnesium

Dimensions
3,6A x 10,6A

Octahedral Sheet

Fig. 8 Structure of sepiolite (Reprinted with permission from Duquesne et al. (2007). Copyright (2007) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim)
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To enhance the intercalation/exfoliation process (which will be discussed in Sect. 5.2) in
a polymer matrix, chemical modification of the phyllosilicate surface, with the aim to match the
polymer polarity, is often carried out (Alexandre and Dubois 2000; Sinha Ray and Okamoto 2003).
Cationic exchange is the most common technique, but other original techniques such as
organosilane grafting (Dai and Huang 1999; Ke et al. 2000), the use of ionomers (Lagaly 1999;
Shen et al. 2002), and block copolymers adsorption (Fischer et al. 1999) are also used.

The cationic exchange involves the substitution of inorganic cations by organic ones. These
cations are often alkylammonium surfactants having at least one long alkyl chain. Phosphonium
salts are also interesting silicate modifiers, thanks to their higher thermal stability, but they are not
often used (Wilkie et al. 2001). The ionic substitution is performed in water because of the
phyllosilicate swelling which facilitates the organic cation insertion between the platelets. Then,
the solution is filtered, washed with distilled water (to remove the salt formed during the surfactant
adsorption and the surfactant excess), and lyophilized to obtain the organomodified phyllosilicate. In
addition to the modification of the phyllosilicate surface polarity, organomodification increases the
d001, which will also facilitate the polymer chain intercalation (Lagaly 1986). Using this technique,
various organomodified MMTs (OMMTs) and hectorites used for the fabrication of starch-based
nano-biocomposites (cf. Table 2) can be produced, which mainly differ in the counter-cation nature
and the CEC. It is noteworthy that, in contrast to most synthetic polymers which are hydrophobic,
starch possesses the nature of being highly hydrophilic as previously mentioned (cf. Sect. 2.1);
however, most conventional organomodifiers increase the hydrophobicity of the phyllosilicate.
Consequently, the compatibility with the starch matrix could be reduced using most of the com-
mercial OMMT presented in Table 2. Thus, it is one of the key points to consider for the
development of phyllosilicate-reinforced starch-based nano-biocomposites.

5.2 Nanocomposite Structures
Depending on the processing conditions and the matrix–nanolayer affinity, different structures can
be obtained when a phyllosilicate (except sepiolite and halloysite) is associated with a polymer
(cf. Fig. 9) (Alexandre and Dubois 2000; Avérous and Halley 2009; Kumar et al. 2009; Paul and
Robeson 2008; Sinha Ray et al. 2003; Sinha Ray and Okamoto 2003; Sinha Ray and Bousmina
2005; Tang et al. 2008b; Vaia and Giannelis 1997):

(a) Phase-separated composite (microcomposite): the polymer chains have not penetrated into the
phyllosilicate interlayer spaces, and the silicate layers are mainly stacked and aggregated. The
aggregates are micron sized, and the corresponding behavior is close to a conventional com-
posite. (In this case, the nanocomposite designation is actually incorrect.)

(b) Intercalated nanocomposite: the polymer diffusion into the phyllosilicate interlayer spaces leads
to an increase in the d001. This structure shows regularly alternating silicate layers and polymer
chains.

(c) Exfoliated nanocomposite: the silicate layers are individually delaminated and homogeneously
and fully dispersed into the matrix. (In some papers, this category is further divided into
oriented–exfoliated and unoriented–exfoliated systems.)

5.3 Preparation Techniques
Normally, the incorporation of phyllosilicate nanolayers into a polymer matrix can be carried out
with one of the three main techniques, i.e., (a) solution intercalation, (b) in situ intercalative
polymerization, or (c) melt intercalation (Alexandre and Dubois 2000; Giannelis 1996;
Mallapragada and Narasimhan 2006; Sinha Ray and Okamoto 2003; Sinha Ray and Bousmina
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Table 2 Unmodified and organomodified smectite group clays used for starch-based nanocomposites with the
corresponding chemical structures of counterions and their commercial trade names (Reprinted from Xie
et al. (2013), Copyright (2013), with permission from Elsevier)

Clay type Counter-cation Name

Montmorillonite
(MMT)

Na+ Natural sodiumMMT;MMT–Na+; Cloisite® Na+; Dellite® LVF;
Dellite® HPS; Nanofil® 757; BH Natural

N+

HO OH

T

Methyl-tallow-bis-2-
hydroxyethyl ammonium

Cloisite® 30B

N+
HT

Dimethyl-benzyl-hydrogenated
tallow ammonium

Cloisite® 10A; Bentone® 111; Dellite® 43B

N+
HT

Dimethyl-hydrogenated tallow-2-
ethylhexyl ammonium

Cloisite® 25A

NH+

HT

HT

Methyl-dihydrogenated tallow
ammonium

Cloisite® 93A

N+

HT

HT

Dimethyl-dihydrogenated-tallow
ammonium

Cloisite® 20A; Cloisite® 15A; Cloisite® 6A; Dellite® 67G;
Dellite® 72 T

+H3N 16

Octadecyl ammonium

Nanomer® I.30E

H2N

O

OH9

Aminododecanoic acid

Nanofil® 784

N

O

O

16

Stearyl dihydroxyethyl
ammonium

Nanofil® 804

(continued)
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2005). It should be noted that these techniques might not be fully applicable to sepiolite and
halloysite due to special structures as previously mentioned.

Solution intercalation process is based on a solvent system in which the polymer is soluble and the
phyllosilicate is swellable and dispersible. The swelling of phyllosilicates is crucial for

Table 2 (continued)

Clay type Counter-cation Name

N+

17 17

Distearyl dimethyl ammonium
chloride

Nanofil® 948

N+

10

Dodecyl benzyl dimethyl
ammonium bromide

–

N+

10

Dodecyl trimethyl ammonium

–

N

14

Hexadecyl trimethyl ammonium

–

Cationic starch –

NH2

HO

Ethanolamine

–

OH

O

OH

O OH
O

HO

Citric acid

–

Hectorite Ca2+ Natural calcium hectorite; Bentone EA-163

N+

HT

HT

Dimethyl-dihydrogenated-tallow
ammonium

Bentone 109

Cloisite® is a trademark of South Clay Products, Inc. (USA); Nanomer® is a trademark of Nanocor, Inc.; Dellite® is
a trademark of Laviosa Chimica Mineraria, S.p.A. (Italy); Nanofil® is a trademark of S€ud Chemie AG (Germany); BH
Natural is a product from Black Hills Bentonite LLC (USA); Bentone® is a trademark of Elementis Specialties (USA);
Nanomer® is a trademark of Nanocor, Inc. (USA)
The surface hydrophobicity of Cloisite clays: Na+ < 30B < 10A < 25A < 93A < 20A < 15A
T tallow (�65 % C18, �30 % C16, �5 % C14), HT hydrogenated tallow
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nanocomposite structure development, and thus swellable phyllosilicates (mainly smectite group
clays) are preferably used (cf. Table 1). Starch, as the matrix, is first dissolved in an appropriate
solvent. Water is often used since starch is usually gelatinized in water. In parallel, the phyllosilicate
is swollen in the same or another solvent such as water, chloroform, or toluene to obtain a miscible
solution. Sonication may be employed to assist the swelling and dispersion process. When the
solution of starch and that of swollen phyllosilicate are mixed, the polymer chains intercalate and
may replace the solvent molecules within the interlayer spaces of the aggregated phyllosilicate

Fig. 10 Schematic representation of polymer–phyllosilicate nanocomposites obtained by intercalation from solution
(Reprinted from Pavlidou and Papaspyrides (2008), Copyright (2008), with permission from Elsevier)

Fig. 9 Illustration of different states of dispersion of phyllosilicate in polymers with the corresponding typical results of
XRD and TEM. (In this copyrighted material, the word “organoclay” could be appropriately replaced by “phyllosilicate”
in the context of the current chapter) (Reprinted from Paul and Robeson (2008), Copyright (2008), with permission from
Elsevier)
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nanoparticles. Upon solvent removal, the intercalated structure remains, resulting in nanocomposite
formation. Figure 10 is a schematic representation of solution intercalation for fabricating
polymer–phyllosilicate nanocomposites (Pavlidou and Papaspyrides 2008).

For the preparation of starch–phyllosilicate nano-biocomposites, it is important to minimize the
intercalation of the plasticizer (glycerol) in the phyllosilicates (which will be detailed in Sect. 5.6).
Regarding this, the mixing order of different ingredients (starch, nanofiller, and plasticizer) in
solution processing could have some effect on the intercalation/exfoliation of silicate layers and
thus the properties of the resulting nano-biocomposites (Pandey and Singh 2005). For this sample
reason, Chung et al. (2010) introduced a new way to prepare well-dispersed starch–phyllosilicate
nano-biocomposites by adding a dilute phyllosilicate dispersion to a solution of starch followed by
coprecipitation in ethanol.

In situ polymerization is often used to make conventional nanocomposites. In this case,
a phyllosilicate is swollen in a monomer solution, and then the monomer polymerization takes
place, leading to a d001 increase, till in some cases a fully exfoliated morphology (Sinha Ray and
Okamoto 2003). Since starch molecular chains are synthesized during plant growth and then
extracted from the vegetal, in situ polymerization is limited to nano-biocomposites with chemically
modified starch such as starch graft copolymer, which is synthesized in situ with a phyllosilicate
(Al et al. 2008; Luo et al. 2005; Namazi et al. 2009; Wu et al. 2000; Zhou et al. 2011).

Compared with solution intercalation, melt intercalation has strong advantages such as the
absence of solvents and the compatibility with current industrial polymer processing techniques,
such as extrusion and injection molding. As a result, melt intercalation has often been used and
described in the literature to produce starch–phyllosilicate nano-biocomposites.

Fig. 11 Stepwise mechanism of phyllosilicate platelet exfoliation in the melt compounding of nanocomposites: (a)
organoclay particle breakup, (b) clay tactoid breakup, and c platelet exfoliation. (In this copyrighted material, the word
“organoclay” could be more appropriately replaced by “phyllosilicate” in accordance with the context of the current
paper) (Reprinted from Fornes et al. (2001), Copyright (2001), with permission from Elsevier)
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Melt intercalation involves processing a mixture of a polymer with a phyllosilicate in a melt
processing unit (e.g., extruder or internal mixer). During processing, the chains diffuse between the
aggregated silicate layers to produce a (nano)structured system that is controlled by the processing
conditions such as temperature, shearing, and residence time in the processing equipment. Shearing
is necessary to induce platelet delamination from the phyllosilicate tactoids, and extended residence
time is needed to allow the polymer chains to diffuse into the interlayer spaces and then to obtain
exfoliated morphology (Dennis et al. 2001). Fornes et al. (2001) proposed a stepwise mechanism for
describing the phyllosilicate dispersion and exfoliation under shear stress during melt processing
(cf. Fig. 11). However, it should be noted that the strong shear and long residence time would also
contribute to the degradation of the starch matrix. Therefore, it is necessary to balance the processing
parameters to minimize the polymer chain degradation and to obtain a kind of well-exfoliated
morphology.

More related to starch–phyllosilicate nano-biocomposites, Zhang et al. (2007) proposed
a schematic depicting the main force components operating on a pair of adjacent silicate layers in
melt processing (Fig. 12). The van der Waals force and the electrostatic attractive force act against
silicate layer exfoliation, while the shearing force and the elastic force arising with starch molecular
intercalation favor silicate layer exfoliation (Zhang et al. 2007). Both the molar mass of the polymer
and the polar interactions between the phyllosilicate and the polymer could influence the polymer
intercalation (Vaia and Giannelis 1997).

5.4 Effect of Phyllosilicate Addition
Starch-based systems reinforced by phyllosilicates normally exhibit increases in tensile strength
(Chivrac et al. 2008b, 2010d; Chung et al. 2010; Cyras et al. 2008; Dai et al. 2009a; de Carvalho
et al. 2001; Gao et al. 2012; Hassan Nejad et al. 2011; He et al. 2012; Huang et al. 2004, 2005a, b,
2006; Huang and Yu 2006; Ibrahim 2011; Kvien et al. 2007; Lilichenko et al. 2008; Ma et al. 2007b;
Majdzadeh-Ardakani et al. 2010; Maksimov et al. 2009; Mondragón et al. 2008; M€uller et al. 2011;
Park et al. 2002, 2003; Qiao et al. 2005; Ren et al. 2009; Tang et al. 2008b, 2008c;Wang et al. 2009b,

Fig. 12 Schematic representation of the intercalation process between starch and organomodified phyllosilicate
(Reprinted from Zhang et al. (2007), Copyright (2007), with permission from Elsevier)
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2010b; Xie et al. 2011), Young’s modulus (Chaudhary 2008; Chen and Evans 2005; Chivrac
et al. 2009b, 2010c, d; Chung et al. 2010; Cyras et al. 2008; de Carvalho et al. 2001; Hassan
Nejad et al. 2011; He et al. 2012; Huang et al. 2004, 2005a, b; Huang and Yu 2006; Lilichenko
et al. 2008; Ma et al. 2007b; Majdzadeh-Ardakani et al. 2010; Maksimov et al. 2009; Mondragón
et al. 2008; M€uller et al. 2011; Nejad et al. 2010; Pandey and Singh 2005; Ren et al. 2009; Wang
et al. 2010b; Wilhelm et al. 2003b), storage modulus (measured by dynamic mechanical analysis
[DMA]) (Kvien et al. 2007; Park et al. 2003; Wilhelm et al. 2003a, b), Tg (Chivrac et al. 2010a, c;
Huang et al. 2006; Kvien et al. 2007; Nejad et al. 2010; Park et al. 2003;Wang et al. 2009d; Wilhelm
et al. 2003b; Xiong et al. 2008; Xu et al. 2005), thermal stability (Chiou et al. 2007; Chivrac
et al. 2010d; Cyras et al. 2008; Dai et al. 2009a; Huang et al. 2004, 2005a, b; Huang and Yu 2006;
Ma et al. 2007b; Namazi et al. 2009; Pandey and Singh 2005; Park et al. 2002, 2003; Wang
et al. 2009d; Wilhelm et al. 2003a, b; Xu et al. 2005; Zhou et al. 2011), moisture resistance (i.e.,
moisture uptake, water vapor permeability [WVP], etc.) (Chiou et al. 2006, 2007; Chivrac
et al. 2010a; Cyras et al. 2008; Dai et al. 2009a; de Carvalho et al. 2001; Gao et al. 2012; Huang
et al. 2004, 2005a; Huang and Yu 2006; Ibrahim 2011; Lilichenko et al. 2008; Maksimov et al. 2009;
M€uller et al. 2011; Pandey and Singh 2005; Park et al. 2002, 2003; Tang et al. 2008b, c; Wang
et al. 2009b, 2010b), oxygen barrier property (Zeppa et al. 2009), and biodegradation rate
(Magalhães and Andrade 2009), generally meaning improved performance, even though the
elongation at break was observed to be reduced in most studies (Chivrac et al. 2008b, 2010c;
Chung et al. 2010; Cyras et al. 2008; Dai et al. 2009a; de Carvalho et al. 2001; Hassan Nejad
et al. 2011; Huang et al. 2004, 2005a, b; Ibrahim 2011; Ma et al. 2007b; Majdzadeh-Ardakani
et al. 2010; Maksimov et al. 2009; Pandey and Singh 2005; Park et al. 2002, 2003; Qiao et al. 2005;
Ren et al. 2009; Tang et al. 2008b, c; Wang et al. 2009b; Wilhelm et al. 2003b). While these changes
could usually be ascribed to the structural reasons such as (a) the homogeneous dispersion of silicate
layers in the starch matrix (Chivrac et al. 2010d; Chung et al. 2010; de Carvalho et al. 2001; Huang
et al. 2005a, 2006 Huang and Yu 2006; Ibrahim 2011; Kampeerapappun et al. 2007; Kvien
et al. 2007; Ma et al. 2007b; Majdzadeh-Ardakani et al. 2010; Nejad et al. 2010; Wang
et al. 2009b, 2010b; Zhang et al. 2007), (b) the strong interactions (typically by hydrogen bonding)
between the silicate nanofiller and the starch matrix (Chivrac et al. 2008b, 2010d; Cyras et al. 2008;
Dai et al. 2009a; Huang et al. 2004; Ma et al. 2007b; Majdzadeh-Ardakani et al. 2010; Park
et al. 2003; Ren et al. 2009; Tang et al. 2008c; Wang et al. 2009b, 2010b), and (c) the high aspect
(width-to-thickness) ratio and thus the vast exposed surface of the silicate layers (Cyras et al. 2008;
Huang and Yu 2006; Ibrahim 2011), the detailed mechanisms regarding the changes in different
properties are summarized below from the literature:

– Glass transition: an increase in the Tg can be a result of the restriction of chain mobility due to
nanofiller–polysaccharide interactions (Kvien et al. 2007; Xu et al. 2005).

– Mechanical properties: increases in Young’s modulus, storage modulus (DMA), and tensile
strength can be ascribed to (a) the facilitation of stress transfer from the starch matrix to the
nanofiller as a result of the strong nanofiller–matrix interactions (Chivrac et al. 2008a; Chung
et al. 2010; Tang et al. 2008c); (b) the formation of a physical cross-linking network as a result of
the high nanofiller–matrix interactions, which strengthens the material through mechanical
percolation (Park et al. 2003; Ren et al. 2009); and (c) the stretching resistance of the oriented
backbones of the chains in the interlayer spaces (Cyras et al. 2008). Besides, a decrease in the
elongation at break can be attributed to the decreased flexibility of the starch molecules in the
presence of the nanofiller (Cyras et al. 2008; Ren et al. 2009; Tang et al. 2008c).
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– Moisture resistance: the homogeneous dispersion of high-aspect-ratio silicate layers
(a) introduces tortuous and thus longer pathways through the starch polymer matrix for the
diffusion of water molecules (Cyras et al. 2008; Dai et al. 2009a; Ibrahim 2011; Lilichenko
et al. 2008; Maksimov et al. 2009; Mondragón et al. 2008; Park et al. 2003; Tang et al. 2008c;
Wang et al. 2009b, 2010b) and also (b) causes the shielding of the exposed water-sensitive
hydroxyl groups of the starch (M€uller et al. 2011; Wang et al. 2009b, 2010b), both of which
contribute to a reduction in the moisture sensitivity.

– Oxygen barrier property: a higher oxygen barrier can be ascribed to the silicate layers inducing
a higher tortuosity and longer diffusion pathways for oxygen molecules (Lilichenko et al. 2008;
Maksimov et al. 2009; Zeppa et al. 2009).

– Thermal stability: improvement in the thermal stability can be due to several concomitant
phenomena such as (a) the higher thermal stability of the inorganic phase (phyllosilicate)
compared to the organic one (starch), (b) the phyllosilicate acting as a heat barrier which enhances
the overall stability (Cyras et al. 2008; Ibrahim 2011), (c) the increase in the tortuosity of the
diffusion pathways for oxygen and the combustion (pyrolysis) gas (Alexandre and Dubois 2000;
Chiou et al. 2007; Chivrac et al. 2010d; Cyras et al. 2008; Namazi et al. 2009; Xu et al. 2005), and
(d) the reorganization of the starch structure with less exposed hydroxyl groups and thus less
susceptibility to degradation (Pandey and Singh 2005; Wang et al. 2010b; Wilhelm et al. 2003b).

In spite of the changes in the properties mentioned above, increased elongation at break (Chivrac
et al. 2010d; Chung et al. 2010; Huang and Yu 2006; Huang et al. 2006; Kvien et al. 2007; Pandey
and Singh 2005), decreased thermal stability (Magalhães and Andrade 2010), unchanged thermal
stability (Qiao et al. 2005), decreased Tg (de Carvalho et al. 2001; Gao et al. 2012), and unchanged
moisture resistance (Chivrac et al. 2010c) have also been observed in certain cases. Majdzadeh-
Ardakani et al. (2010) found that the elongation at break first decreased with the phyllosilicate
addition level of up to 6 %, while further increasing the nanofiller content causes an increase in the
elongation at break. Some authors reported that the phyllosilicate addition reduced the melting
temperature of glycerol-plasticized starch-based nano-biocomposites (Liu et al. 2011c), but
increased that of sorbitol-plasticized starch-based nano-biocomposites (Chaudhary et al. 2011a;
Kvien et al. 2007). Furthermore, breaking energy could either be increased (Huang et al. 2004,
2005a, b; Huang and Yu 2006; Ma et al. 2007b; Wang et al. 2010b) or decreased (Chivrac
et al. 2010c; Huang et al. 2004) with the addition of a phyllosilicate. To address these discrepancies,
it is useful to consider the crystalline structures in the materials as influenced by the nanofillers.
Crystallinity and/or crystal size could affect the biodegradation (Magalhães and Andrade 2009),
mechanical properties (Chivrac et al. 2010c, d; Chung et al. 2010; Majdzadeh-Ardakani et al. 2010),
and moisture resistance (Cyras et al. 2008). Most typically, a higher crystallinity could embrittle
nanocomposite materials with lower elongation at break values (Chivrac et al. 2010c, 2010d;
Majdzadeh-Ardakani et al. 2010). Nevertheless, the literature shows that the recrystallization of
a starch-based material could either be restrained (Chung et al. 2010; Huang et al. 2004, 2005a; Liu
et al. 2011c; Magalhães and Andrade 2009, 2010; Ren et al. 2009; Wang et al. 2009b; Zhang
et al. 2007), unchanged (Zeppa et al. 2009), or enhanced (Chaudhary 2008; M€uller et al. 2011) with
the addition of a phyllosilicate.

5.5 Effects of Phyllosilicate Type and Content
Table 2 highlights various natural and organomodified MMT nanofillers that have been utilized in
starch-based nano-biocomposite systems. It is important to note that the surface hydrophobicity of
Cloisite MMT nanofillers follows the order Na+ < 30B< 10A< 25A< 93A< 20A< 15A< 6A.
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Although OMMT could provide much greater d001 than natural sodium MMT (MMT–Na+ or
Cloisite Na+) to possibly facilitate starch molecular intercalation, it has been demonstrated that
the structure of the resulting composites more highly depends on the hydrophilicity of MMT (Zhang
et al. 2007). It has been shown that the incorporation of hydrophobic OMMT nanofillers such as
Cloisite 15A, Cloisite 6A, Cloisite 10A, Nanomer I.30E, etc. (cf. Table 2 for designations and
corresponding chemical structures) led to the formation of microcomposites (Chiou et al. 2005; Park
et al. 2002; Tang et al. 2008c), as evidenced by the unchanged values of the d001.When Cloisite 30B,
a more hydrophilic OMMT, was utilized, higher d001 values were obtained, with a slight d001 shift
and a strong decrease in the diffraction peak intensity, corresponding to higher dispersion (Chen and
Evans 2005; Chiou et al. 2005, 2006; Park et al. 2003). Exfoliated nanocomposites have also been
produced with MMT–Na+ due to the more hydrophilic character of the Na+-based nanofiller, which
makes it more compatible with plasticized starch (Chen and Evans 2005; Chen et al. 2005; Chiou
et al. 2005, 2006, 2007; Cyras et al. 2008; Huang et al. 2004; Pandey and Singh 2005; Park
et al. 2002, 2003; Tang et al. 2008c; Zeppa et al. 2009; Zhang et al. 2007). Uniform dispersion of
the MMT in the plasticized starch can be achieved in this case due to the polar interactions,
especially hydrogen bonds formed between the hydroxyl groups of the MMT and the hydroxyl
groups of the starch molecules (Huang et al. 2004; Park et al. 2002, 2003; Tang et al. 2008c).

Chiou et al. (2005) investigated the rheology during the solution processing of starch
biocomposites filled by different MMT nanofillers. They demonstrated that the paste with Cloisite
Na+ displayed a larger increase in the rheological elastic modulus (G’) at the temperature reaching
95 �C due to an intercalation process during the starch gelatinization, while the samples with the
more hydrophobic MMT nanofillers had comparable modulus values to the neat starch sample
(Chiou et al. 2005). More importantly, the high compatibility of MMT–Na+ with a starch matrix
and corresponding good dispersion could result in improved properties (as previously mentioned in
Sect. 5.4) compared with those of other starch–OMMT hybrids (Park et al. 2002, 2003). In addition,
these last authors also showed that MMT–Na+ could shift the Tg of the starch-rich phase and the
b-transition of the glycerol-rich phase of the starch matrix to higher temperatures (from 7 �C to 12 �C
and from�64 to�53 �C, respectively), whereas the two relaxation temperatures were decreased for
the other starch–OMMT hybrids (Park et al. 2002, 2003). These results were clearly attributed to the
matching of the surface polarity of and the interactions between the Cloisite Na+ and the starch (Park
et al. 2002). Moreover, Zhang et al. (2007) showed that while a starch-based biocomposite
reinforced by MMT–Na+ has a higher thermal decomposition temperature, that reinforced by
Cloisite 93A displayed a reduced thermal stability, which was ascribed to the earlier decomposition
of the organic alkylammonium on the clay. However, Magalhães et al. (Magalhães and Andrade
2010) proposed that the catalytic effect of acidic sites of MMTmay also reduce the thermal stability
of starch.

Though OMMT is normally less capable than natural MMT–Na+ to bring about the nanostructure
of starch-based biocomposites, some other reasons may account for the desired property improve-
ment of starch–OMMT hybrids. For example, by water absorbance tests, Chiou et al. (2006) found
that, while a MMT–Na+ sample containing the most dispersed (exfoliated) nanoclays had the lowest
water uptake, a Cloisite 30B sample also absorbed less water than the MMT–Na+ sample containing
intercalated clay. This might be due to Cloisite 30B beingmore hydrophobic thanMMT–Na+ (Chiou
et al. 2006). Actually, for understanding the moisture sensitivity of a nanocomposite, it could be
better to consider the water uptake capacity of each component (nanofiller, matrix, and plasticizer),
especially when a hydrophilic nanofiller like MMT–Na+ is used (Mondragón et al. 2008; Zeppa
et al. 2009). However, proper organomodification of MMT may display even better reinforcing
ability than natural MMT–Na+. As reported by Qiao et al. (2005), the use of OMMT based on
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trimethyl dodecyl ammoniumwith acetylated starch matrix could result in a nano-biocomposite with
higher tensile strength and storage modulus than the sample reinforced by MMT–Na+. This was
attributed to the higher dispersion and d001 of the OMMT in the acetylated starch matrix (Qiao
et al. 2005). Remarkably, Chivrac et al. (2008b, 2009b, 2010a, b, c; de Carvalho et al. 2001) used
cationic starch as a new phyllosilicate organomodifier to better match the polarity of a starch matrix
and thus to facilitate phyllosilicate exfoliation process. The morphological analyses (X-ray diffrac-
tion [XRD] and transmission electron microscopy [TEM]) showed that MMT organomodified by
cationic starch (OMMT–CS) (which can be prepared either in solution with ultrasonication or in
a mixer with strong shear treatment, with the latter resulting in greater delamination of the clay
platelets) allowed the preparation of well-exfoliated nano-biocomposites, compared to natural
MMT–Na+, which only led to the formation of intercalated nano-biocomposites (Chivrac
et al. 2008b). As a result, the OMMT–CS could lead to greater stiffness without affecting the
elongation at break. Such a behavior is not observed for most other starch-based nano-
biocomposites reinforced by MMT–Na+ (Chivrac et al. 2008b, 2009b).

Although Tang et al. (2008c) reported that the MMTcontent did not have any significant effect on
the occurrence of intercalation or exfoliation as observed by XRD, it is worth noting that there can be
an optimized level of MMT addition for the greatest improvement in properties such as mechanical
properties (Huang and Yu 2006; Huang et al. 2006; Kampeerapappun et al. 2007; Mondragón
et al. 2008; Park et al. 2003; Tang et al. 2008c), moisture barrier property (Chiou et al. 2007;
Mondragón et al. 2008), and thermal stabilities (Park et al. 2003). A higher content of MMT might
contribute to aggregates and stacks of MMT in a starch matrix (Chung et al. 2010; Huang et al. 2004;
Kampeerapappun et al. 2007; Majdzadeh-Ardakani et al. 2010; Park et al. 2003) and also to lower
plasticization of the starch phase (Wang et al. 2009b).

Other clays (natural or synthetic) such as hectorite (Chen and Evans 2005; Kvien et al. 2007;
Wilhelm et al. 2003a, b) and kaolinite (Chen and Evans 2005; de Carvalho et al. 2001; Wilhelm
et al. 2003a) have also been incorporated into starch. As a non-swelling clay, kaolinite can hardly
generate intercalation/exfoliation, and thus increases in the tensile strength and Young’s modulus
and a decrease in the WVP could be, though observed, limited (de Carvalho et al. 2001). A recent
study reported that kaolinite could be intercalated by dimethyl sulfoxide (DMSO) which is an
aprotic polar molecule, and thus the dispersion of kaolinite could be enhanced (Mbey et al. 2012).
However, DMSO as a toxic solvent may cause health and environmental problems. Although natural
hectorite might perform better than kaolinite for the formation of a nanocomposite structure
(as shown by the increasing d001) (Chen and Evans 2005; Wilhelm et al. 2003a), organomodified
hectorite (Bentone 109) could only result in conventional composite like kaolinite (Chen and Evans
2005). Again, this can be explained by the dominant role of the hydrophilicity of a phyllosilicate in
determining the structure of the resulting biocomposite. In addition, the CEC of nanofillers may also
account for the alteration of some properties (Dean et al. 2007). For example, the CEC ofMMT–Na+

is 92 meq/100 g, whereas the CEC of fluoromica (FHT–Na+) is only 70–80 meq/100 g. A larger
CEC could contribute to a stronger water retention property which could influence the mechanical
properties (Dean et al. 2007).

Chivrac et al. (2010d) initiated the use of sepiolite to reinforce starch-based materials and found
the reinforcing effect of sepiolite was even better than that of MMT, as evidenced by the higher
Young’s modulus, elongation at break, and breaking tensile strength values, which was ascribed to
the stronger interactions established between the sepiolite nanofiller and the polysaccharide chains.
Nevertheless, when sepiolite was modified by cationic starch for better interactions with starch, the
thermal stability of the nano-biocomposites could be deteriorated, due to the fast thermal decom-
position of cationic starch (Chivrac et al. 2010d).
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Halloysite, a hydrated kaolinite, has recently been tried to be incorporated into starch, but the
mechanical strength of the resulting materials was not high enough to apply for packaging (Xie
et al. 2011). This is because halloysite nanotubes are easily aggregated owing to its large specific
areas and polar functional groups, and this causes halloysite nanotubes poorly dispersed in
a polymer matrix. It was reported that this problem could be solved by ball-milling treatment
together with polyethylene glycol (PEG) as the dispersing agent and water–ethanol mixture as the
medium. PEG also improved the compatibility between the nanofiller and the starch phase, resulting
improved tensile strength and Young’s modulus (He et al. 2012).

5.6 Effect of Plasticizers/Additives
Glycerol has been a widely used plasticizer in the preparation of starch–phyllosilicate nano-
biocomposites (Bagdi et al. 2006; Chen and Evans 2005; Chiou et al. 2007; Chivrac et al. 2008a,
b, 2009b, 2010a, b, c, d; Chung et al. 2010; Cyras et al. 2008; de Carvalho et al. 2001; Huang
et al. 2004; Ibrahim 2011; Kampeerapappun et al. 2007; Lilichenko et al. 2008; Liu et al. 2011c;
Magalhães and Andrade 2009, 2010; Majdzadeh-Ardakani et al. 2010; Maksimov et al. 2009;
Mondragón et al. 2008; M€uller et al. 2011; Pandey and Singh 2005; Park et al. 2002, 2003; Tang
et al. 2008b, c; Wang et al. 2009b, d; Wilhelm et al. 2003b; Zeppa et al. 2009; Zhang et al. 2007). It
has been demonstrated in the previous studies (Cyras et al. 2008; Park et al. 2002) that, because of
the strong polar interactions between the hydroxyl groups from the starch polymer chains, from the
glycerol, and from the silicate layers, glycerol and/or starch chains can enter into silicate interlayers
to form intercalated starch–MMT nano-biocomposites. However, it was highlighted by Wilhelm
et al. (2003a, b) that, for high glycerol-to-clay ratio, an intercalated structure could be formed in such
systems with the d001 increasing to about 18.5 Å, a very well-known value which was attributed to
the intercalation of glycerol instead of starch molecules, whereas a total exfoliation could be
obtained in the absence of the plasticizer. Such a similar phenomenon has also been reported
elsewhere with glycerol (Chivrac et al. 2010c; Zhang et al. 2007) and also with sorbitol (Chivrac
et al. 2010c; Ma et al. 2007b). Such materials, with a very limited polymer chain intercalation, must
rather be considered as conventional microcomposites (Chivrac et al. 2010c). Furthermore, the
trapping of the plasticizer in the interlayer spaces could also induce a lower plasticization effect on
the starch phase (Chivrac et al. 2010c; M€uller et al. 2011).

Pandey and Singh (2005) examined the effect of mixing order on the intercalation of MMT–Na+

in samples containing maize starch, water, and glycerol. They found that the nanofiller dispersion
became highly heterogeneous and the product became more brittle when the starch was plasticized
with the glycerol before filling with the clay due to the formation of a bulky structure resulting from
electrostatic interactions between the starch and the plasticizer. However, if the glycerol was added
after mixing the clay into the starch matrix, best dispersion and thus best mechanical properties could
be obtained. This study demonstrated that glycerol and starch both have the tendency to penetrate
into silicate interlayers, with glycerol being favored by its smaller size (Pandey and Singh 2005).
The effect of glycerol content on the nanostructure of starch–MMT biocomposites has also been
reported. In a study on MMT–Na+-reinforced wheat starch–based biocomposites prepared by twin-
screw extrusion, Chiou et al. (2007) showed that the addition of 5 wt % glycerol produced the mostly
exfoliated nanoclay, whereas adding 10 or 15 wt % glycerol produced the intercalated nanoclay.
Similarly, Tang et al. (2008b) reported that the degree of clay exfoliation increased as the glycerol
decreased from 20 % to 5 %. As a result, the film with 5 % glycerol exhibited the lowest WVP
(0.41 g mm/kPa h m2), highest Tg (53.8 �C), and highest tensile strength (35 MPa), but a low
elongation at break value (2.15 %). From these studies, it was proposed that samples containing
higher glycerol concentrations had an increase in the starch–glycerol interactions, which competed
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with the interactions with the nanoclay surfaces (Chiou et al. 2007; Majdzadeh-Ardakani et al. 2010;
Tang et al. 2008b). To address this issue, Chung et al. (2010) introduced a novel method to prevent
the intercalation of glycerol into silicate interlayer spaces: starch and clay were first well dispersed in
a water solution at very low concentrations, which was then coprecipitated by ethanol, followed by
hot-pressing with glycerol. This method was reported to lead to good dispersion of the clay in the
starch matrix (Chung et al. 2010).

Chiou et al. (2007) proposed that the hydrophilic nature of glycerol could negate the improved
water resistance of starch-based nano-biocomposites containing exfoliated MMT. This issue has
been extensively addressed by Chivrac et al. (2010a), who investigated the effect of plasticizer
(glycerol) content on the structure of starch-based nano-biocomposite materials and on their
moisture barrier properties (permeability, water sorption, and diffusivity). It was shown that the
relatively high plasticizer content (23 wt % glycerol) could induce a phase separation, with
plasticizer-rich and starch-rich phases, resulting in the nanoclay being preferentially located in the
starch-rich domains (Chivrac et al. 2010a). As a result, a preferential pathway for water transfer was
more likely to be created in the very hydrophilic glycerol-rich domains where the nanoclay platelets
were almost totally absent. Thus, even if exfoliated morphology was achieved, the heterogeneous
clay distribution and phase separation phenomenon explained the lack of improvement and even the
decline in the moisture barrier property for these glycerol-plasticized starch-based nano-
biocomposites (Chivrac et al. 2010a).

Other plasticizers such as sorbitol (Chivrac et al. 2010c; Kvien et al. 2007; Ma et al. 2007b), citric
acid (Wang et al. 2009b), urea (Chen et al. 2005; Huang and Yu 2006; Huang et al. 2006; Ren
et al. 2009; Tang et al. 2008b; Wang et al. 2010b; Zeppa et al. 2009), formamide (Huang et al. 2004,
2005a, b, 2006; Ma et al. 2007b; Tang et al. 2008b; Wang et al. 2010b), N-(2-hydroxyethyl)
formamide (Dai et al. 2009a), ethanolamine (Huang et al. 2005a, b; Huang and Yu 2006; Ren
et al. 2009; Zeppa et al. 2009), or their combinations have been used in the preparation of
starch–phyllosilicate nano-biocomposites and have been proved to be effective in enhancing the
dispersion and exfoliation of silicate layers. Also, 1-allyl-3-methylimidazolium chloride,
a hydrophilic ionic liquid (IL), which can be considered as a plasticizer, has been experimented
for the preparation of starch-based nano-biocomposites with promising results (Wang et al. 2009c).
Nevertheless, some systems mentioned above are highly eco-toxic and cannot be used to develop
safe “green” materials. However, the use of these latter plasticizers may avoid the disturbance of
small polyols in the intercalation/exfoliation of silicate layers, as mentioned before. As a result, the
starch-based nano-biocomposites plasticized by these plasticizers usually have improved properties.
For example, Tang et al. (Tang et al. 2008b, c) demonstrated that a formamide- or urea-plasticized
starch–MMT nano-biocomposite film exhibited a lower WVP, higher Tg, and higher tensile strength
than a glycerol-plasticized nano-biocomposite film. Particularly, Chen et al. (2005) reported that the
use of urea as the plasticizer enhanced the dispersion of ammonium-treated MMT in a starch matrix,
making exfoliated starch–clay nano-biocomposites possible. This is due to the –NH2 groups from
urea, which could develop strong interactions with the quaternary ammonium from the organoclay,
providing better dispersion of the organoclay in the matrix (Chen et al. 2005).

Nevertheless, the strong plasticizer–nanoclay interactions might play a negative effect on the
exfoliation in nanohybrid materials. In a study on wheat starch–based nano-biocomposites
reinforced by OMMT–CS, Chivrac et al. (2010c) reported that a kind of exfoliated morphology
was obtained with glycerol as the plasticizer, while an intercalated/exfoliated structure could be
formed with Polysorb®, a glycerol and sorbitol mixture, or with only sorbitol. The sorbitol-
plasticized starch-based nano-biocomposite displayed a slight decrease in the mechanical properties
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corresponding to a more aggregated structure compared with the glycerol-plasticized sample
(Chivrac et al. 2010c).

For producing more desirable starch-based nano-biocomposites, phyllosilicates can be pretreated
with glycerol (Wang et al. 2009b, d), ethanolamine (Huang et al. 2005a, b; Huang and Yu 2006),
citric acid (Huang et al. 2006; Majdzadeh-Ardakani et al. 2010), urea (Wang et al. 2010b), 1-allyl-3-
methylimidazolium chloride (Wang et al. 2009c), etc. before the compounding step. This
pretreatment can increase the d-spacing and destruct the stacked layered structure of
a phyllosilicate during a preprocessing procedure. As reported by Huang et al. (2005a, b, 2006;
Huang and Yu 2006), when MMT–Na+ was treated with citric acid or ethanolamine, the XRD peak
of the MMT–Na+ (001) crystal plane moved to a lower value, which indicates that the distances
between the layers of the MMT–Na+ widened, and the citric acid or ethanolamine had intercalated
into the layers of the MMT–Na+. This made it easy for the MMT–Na+ to interact with plasticized
starch to achieve total dispersion and exfoliation, as indicated by the disappearance of the diffraction
peak d001 (Huang et al. 2005a, b, 2006; Huang and Yu 2006). A two-step processing method was
recently utilized for the preparation of starch-based nano-biocomposites reinforced by plasticizer-
modified MMT–Na+ (Ma et al. 2007b; Wang et al. 2009b, d, 2010b; Zhang et al. 2007). In the first
modification step, the plasticizer enlarged the d-spacing and destructed the stacked multilayer
structure of the MMT–Na+ effectively either by using high-speed emulsifying machine (Wang
et al. 2009b, d) or by using a SSE (Ma et al. 2007b; Wang et al. 2010b; Zhang et al. 2007), and
the resulting MMTs were propitious to form an intercalated or exfoliated nano-biocomposite in the
melt extrusion processing in a second step. Nonetheless, the possible competition between the starch
and the plasticizer for the intercalation might decrease the plasticization of starch, because the
intense interactions (the hydrogen bonding and the ion–dipole) existed in these multiphase nano-
biocomposites (Wang et al. 2009b, 2010b).

Alternatively, chitosan, an abundant polysaccharide, has been focused as a new eco-friendly
compatibilizer to promote MMT platelet exfoliation in solution (Chung et al. 2010;
Kampeerapappun et al. 2007). Unfortunately, the intercalation of chitosan was not observed since
the molar mass of chitosan was too high (Kampeerapappun et al. 2007). However, it was assumed
that this polycation can act as a compatibilizing agent leading to fewer clay aggregates and improved
mechanical properties (Kampeerapappun et al. 2007).

5.7 Effects of Starch Type, Amylose Content, and Chemical Modification
The amylose content of starch or starch type was also reported to have a structural impact on starch-
based biocomposites, even though the results were not consistent (Mondragón et al. 2008; Tang
et al. 2008c). Mondragón et al. (2008) compared regular maize starch, high-amylose maize starch
(maize starch with 70 % amylose), and waxy maize starch (almost pure amylopectin) and
concluded that the plasticized waxy starch molecules were the easiest of them all to form an
intercalated/exfoliated structure. The structural features corresponded with the mechanical proper-
ties as the tensile strength and Young’s modulus of the nano-biocomposites tended to increase
with the MMT content and experienced an incremental improvement following the order
high-amylose < normal < waxy maize starch (Mondragón et al. 2008). In contrast, Tang
et al. (2008c) reported that a regular maize starch–based film presented better barrier and mechanical
properties than either a waxy starch– or high-amylose starch–based nano-biocomposite film.
Besides, the WVP, tensile strength, and elongation at break of the films did not change significantly
as the amylose content increased to>50 %. These results should be ascribed to complicated reasons
including the degree of gelatinization and the starch crystallinity. Moreover, Chiou et al. (2005)
reported that amylose, leached from the granules during the gelatinization when the temperature was
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higher than 95 �C, was intercalated into theMMT–Na+ interlayer spaces, resulting in a large increase
in the elastic modulus during rheological measurement. In addition, MMT–Na+ samples containing
wheat and normal maize starch had comparable elastic modulus values during the gelatinization,
while both potato and waxy maize starch samples had elastic modulus values that decreased rapidly
at higher temperatures. The results of the potato starch sample could be explained in part by a higher
swelling capacity, while the waxy maize starch results could be explained by the lack of amylose
resulting in fewer physical cross-links between the leached amylose, the starch granule, and the
nanoclay (Chiou et al. 2005).

To seek better performance, various chemically modified starches have also been experimented to
develop nano-biocomposites (Gao et al. 2012; Hassan Nejad et al. 2011; Kvien et al. 2007; Namazi
et al. 2009; Nejad et al. 2010; Qiao et al. 2005; Wilhelm et al. 2003a; Xu et al. 2005). Chemical
modification can result in starch derivatives with varied properties such as the molecular chain
length and hydrophilicity, which could affect the interactions with a phyllosilicate. For example,
Wilhelm et al. (2003a) showed that the substitution of an unmodified starch matrix by an oxidized
starch gave rise to the d001 value of the nano-biocomposite, indicating that the short oxidized starch
chains were easier to intercalate into the silicate interlayer spaces. They also found that the glycerol
(the plasticizer) intercalation was minimized in the oxidized starch filmwhere the intercalation of the
oxidized starch chains was preferred (Wilhelm et al. 2003a). On the other hand, by replacing some
hydroxyl groups of starch with less hydrophilic functional groups such as acetate groups, the
polarity matching between the starch and a specific phyllosilicate can differ (Gao et al. 2012; Hassan
Nejad et al. 2011; Namazi et al. 2009; Nejad et al. 2010). For instance, Nejad et al. (2011, 2010)
reported that OMMT (Dellite 67G or Dellite 43B), compared with MMT–Na+ (Dellite LVF),
matched better with hydrophobic starch derivatives (starch acetate, starch propionate, and starch
propionate acetate laurate) as the matrices. As a result, very good dispersion and partially exfoliated
structures were achieved.

5.8 Effects of Preparation Techniques and Processing Conditions
Namazi et al. (2009) compared solution intercalation and in situ polymerization methods for
preparing starch-g-PCL nano-biocomposites reinforced by Cloisite 15A. Their result showed that,
even though the d001 could be varied by the clay addition level and swelling/process time, the
diffusion and intercalation of copolymer into the interlayer spaces were generally better by solution
intercalation than by in situ intercalative method (Namazi et al. 2009).

Chiou et al. (2006) examined the effects of moisture content, temperature, and screw speed in
a twin-screw extrusion process of wheat starch–based biocomposites reinforced by MMT–Na+ and
Cloisite 30B. They found that the moisture content was the major factor affecting the MMT–Na+

dispersion; an increase in the water content led to intercalation and eventual exfoliation (for the
sample with 47 wt % moisture) of the nanoclay. The results were explained by the greater degree of
gelatinization at a higher moisture content, which allowedmore leaching of hydrophilic amylose and
amylopectin molecules from the granules to penetrate into the MMT–Na+ interlayer spaces
(Chiou et al. 2006). However, the other processing parameters like temperature and screw speed
had little effect on the MMT–Na+ dispersion (Chiou et al. 2006). For the samples based on Cloisite
30B, only an increase in the temperature produced slight intercalation of the nanoclay, while changes
in the moisture content and screw speed did not produce intercalation. This was ascribed to the
incompatibility of starch with the rather hydrophobic Cloisite 30B (Chiou et al. 2006). For both
Cloisite Na+ and 30B samples, intercalation did not depend on the SME (Chiou et al. 2006).

Dean et al. (2007) investigated the effects of the levels of phyllosilicates (1–3.2 %) and plasticizer
(13–20 %), types of phyllosilicates (MMT–Na+ and sodium fluorohectorite), dispersion
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methodologies, and processing conditions on the degree of intercalation/exfoliation of the starch-
based nano-biocomposites. Three different mixing regimes were studied, i.e., (a) dry blending of the
components prior to extrusion, (b) conventional mixing of the phyllosilicate in solution prior to
high-speed mixing with starch and extrusion, and (c) ultrasonic treatment of the phyllosilicate in
solution prior to high-speed mixing with starch and extrusion. It was shown that the use of
ultrasonics was only advantageous in terms of phyllosilicate dispersion at medium nanofiller
concentrations for the MMT–Na+ samples and at higher nanofiller concentrations for the sodium
fluorohectorite samples due to the difference in the cationic exchange capacity. When the levels of
the phyllosilicate, water, and starch were optimized, an exfoliated structure could be produced via
conventional standard mixing (Dean et al. 2007). This seems in contrast with a recent study
(Majdzadeh-Ardakani et al. 2010) where starch-based nano-biocomposites were reinforced by either
MMT–Na+, Cloisite 30B, or citric acid–modified MMT–Na+ and were prepared via a solution
casting method. The authors of this publication (Majdzadeh-Ardakani et al. 2010) reported that
a combined mechanical and ultrasonic mixing mode led to the most dispersion of the silicate layers
in the nano-biocomposites and thus the highest Young modulus, irrespective of the clay type,
compared to a process involving only one mixing mode, either mechanical or ultrasonic. This is
due to the contribution of both dispersive (the breakup of the silicate agglomerates to individual
silicate layers, provided by the ultrasonic device) and distributive (a spatial uniformity of all the
components in system, provided by the mechanical mixer) mixing mechanisms (Majdzadeh-
Ardakani et al. 2010).

5.9 Effect of Blending with Other Polymers
In order to produce starch-based nano-biocomposites with better properties, starch has been blended
with different biodegradable and nonbiodegradable polymers, including PLA (Arroyo et al. 2010;
Lee and Hanna 2008, 2009; Lee et al. 2007b, 2008a, b), PCL (Ikeo et al. 2006; Kalambur and Rizvi
2005, 2006b, 2004; Perez et al. 2008, 2007, 2008a, b; Vertuccio et al. 2009), PVA (Dean et al. 2008,
2011; Majdzadeh-Ardakani and Nazari 2010), PBAT (Nayak 2010; Raquez et al. 2011), PBSA
(Bocchini et al. 2010), and some trademarked polyesters (Ikeo et al. 2006; McGlashan and Halley
2003; Park et al. 2007). In addition, starch–natural rubber nano-biocomposites have also been
studied (Mondragón et al. 2009). Some of these studies (Nayak 2010; Perez et al. 2008, 2007;
Pérez et al. 2008a, b; Raquez et al. 2011), though also quite interesting, will less be discussed in the
present paper since they involved nano-biocomposites of which the matrix contained starch as
a minor component (e.g., Mater-Bi® Z, containing 18 % starch, 75 % PCL, and 7 % additives).
McGlashan and Halley (2003) successfully prepared starch–polyester nanocomposite films by

melt extrusion and film blowing. They found that the addition of MMT to the matrix could make the
processing more stable: the die and die lip temperature could be lowered without detrimentally
affecting the film blowing process (McGlashan and Halley 2003). The reason could be the exfoliated
MMT acting as a barrier for plasticizer migration and evaporation. This also contributed to the
products with greater stability with storing time (McGlashan and Halley 2003). Ikeo et al. (Vertuccio
et al. 2009) suggested that the addition of MMT–Na+ could improve the compatibility between
starch and PCL. Besides, Dean et al. (2011) suggested there was a “nanostabilization” effect of
MMT–Na+ in starch–PVA blends, meaning the starch recrystallization could be disrupted by the
nanofiller, which reduced the rate of embrittlement over time, in agreement with a previous study
(McGlashan and Halley 2003).

In some studies (Arroyo et al. 2010; Avella et al. 2005; Bocchini et al. 2010; Dean et al. 2008;
Majdzadeh-Ardakani and Nazari 2010; McGlashan and Halley 2003), systematic investigations
were carried out to find out the effects of the second polymer content, the nanofiller type and content,
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and some other parameters on the properties of the nanocomposites and also to find out the
optimized applicable products. Nanocomposites based on starch blends are also expected to show
improved characteristics such as mechanical properties (increases in the storage modulus (Bocchini
et al. 2010; Vertuccio et al. 2009), Young’s modulus (Arroyo et al. 2010; Avella et al. 2005; Dean
et al. 2008, 2011; Ikeo et al. 2006; McGlashan and Halley 2003; Mondragón et al. 2009; Pérez
et al. 2007), and tensile strength (Arroyo et al. 2010; Avella et al. 2005; Dean et al. 2008, 2011; Ikeo
et al. 2006; McGlashan and Halley 2003; Mondragón et al. 2009; Pérez et al. 2007)). However, it is
quite significant to note that the incorporation of another polymer (usually being relatively hydro-
phobic) would modify the hydrophilic/hydrophobic balance of the material. As a result, MMT–Na+

would probably not match anymore the polarity of the blend. In the study by McGlashan and Halley
(2003), it was proposed that the organic constituents of the OMMT consisted of alcohols and
hydrogenated tallow could be more thermodynamically compatible with the polyester in the matrix.
Lee and co-workers (Lee and Hanna 2008, 2009; Lee et al. 2007b, 2008a, b) carried out a series of
studies on nanocomposite foams based on tapioca starch and PLA by melt intercalation using
different MMTs. Their results showed that Cloisite 30B, instead of MMT–Na+, could result in the
greatest extent of intercalation (Lee et al. 2007b). The greatest enlargement in the d001 of the Cloisite
30B in the nanocomposite was caused by the strong hydrogen bonding between the hydroxyl groups
of the matrix and the hydroxyl groups of the Cloisite 30B organomodifier (Lee et al. 2007b).
Therefore, the functional properties of the nanocomposite filled with Cloisite 30B were generally
better than those of the Cloisite Na+ counterpart at a nanoclay addition level of 3 wt % (Lee
et al. 2007b). Similarly, in another study by Bocchini et al. (2010) who experimented with systems
based on starch and PBSAwith different ratios and filled with either MMT–Na+ or Cloisite 30B as
the nanofiller, only Cloisite 30B could result in an exfoliated structure because of the high affinity
between the Cloisite 30B and the PBSA. Majdzadeh-Ardakani and Nazari (2010) compared
starch–PVA nanocomposites reinforced by either MMT–Na+, Cloisite 30B, or citric acid–modified
MMT. The results showed that the citric acid–modified MMT led to better mechanical properties in
comparison with the MMT–Na+ and Cloisite 30B because of the strong interactions between the
citric acid and the starch–PVA polymer chains (Majdzadeh-Ardakani and Nazari 2010).

Despite of the above discussion, the properties can be not only dependent on the degree of
intercalation/exfoliation. Dean et al. (2008) prepared a series of plasticized starch–PVA
nanocomposites reinforced by MMT–Na+ which exhibited intercalated and highly exfoliated
structures and investigated the key interactions in these products. Their results showed that the
relative concentration of the PVA and MMT–Na+ could be directly correlated to the change in the
d001 (Dean et al. 2008). Although good dispersion of the nanoclay platelets was important in
improving the mechanical properties in these nanocomposites, the interfacial interactions between
the nanofiller and the matrix played also a key role. The more agglomerated biocomposites
containing both the MMT–Na+ and PVA showed significant increases in the tensile strength
(up to 67 % increase) and Young’s modulus (up to 85 % increase) as compared to the better
dispersed biocomposites without PVA. The improvement in the properties could be attributed to
both the interfacial interactions and the disruption of the starch retrogradation (recrystallization
process) (Dean et al. 2008).

Starch is known to often show problems of compatibility with other polymers, which can also be
an issue in materials based on nano-biocomposites. In a study on starch–PLA nano-biocomposites,
Arroyo et al. (2010) found that the MMT–Na+ was preferentially located in the starch phase or at the
blend interface, which could reduce the interactions between the plasticized starch and PLA phases
in the compatibilized blends resulting in lower stress transfer from the PLA matrix to the plasticized
starch dispersed phase. In another study on starch–natural rubber nano-biocomposites, Mondragón
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et al. (2009) revealed that the MMT–Na+ nanolayers were mainly dispersed in the natural rubber
domains forming a well-ordered intercalated structure. This could be ascribed to the reasons related
to the high molar mass and the matching polarity of the natural rubber (Mondragón et al. 2009). Of
course, some studies have addressed the compatibility issue, and methods such as high-energy ball
milling (for starch–PCL nano-biocomposites (Vertuccio et al. 2009)) and reactive processing (for
starch–PCL nano-biocomposites (Ikeo et al. 2006; Kalambur and Rizvi 2005, 2006b, 2004) and
starch–PBAT nano-biocomposites (Nayak 2010; Raquez et al. 2011)) have been employed, which
showed to be quite effective.

5.10 Toward Some Applications
There have been some studies on starch graft copolymer–phyllosilicate superabsorbent nano-
biocomposites with excellent water absorbency and retention properties (Al et al. 2008; Luo
et al. 2005; Wu et al. 2000; Zhou et al. 2011), which can be applied in industrial, agricultural, and
horticultural applications. The graft copolymer could either be starch-graft-polyacrylamide
(Wu et al. 2000), starch-graft-acrylic acid (Al et al. 2008), or starch-graft-poly[acrylamide-co-
(acrylic acid)] (Luo et al. 2005; Zhou et al. 2011). The addition of a low-cost phyllosilicate which
is abundant of –OH groups into the starch matrix is expected to improve the morphological
homogeneity, water absorbing property, and gel strength because the cross-linking network can be
improved with homogeneous dispersion of MMT (Luo et al. 2005). Wu et al. (2000) compared the
water absorbency values of starch-g-polyacrylamide nano-biocomposites filled with either bentonite
(MMT), kaolinite, or sericite (mica) and found that the best result was obtained with kaolinite which
had the right hydration and distension to form the most suitable cross-linking density. On the other
hand, several studies (Al et al. 2008; Luo et al. 2005; Zhou et al. 2011) indicated that increasing the
phyllosilicate content or phyllosilicate-to-monomer ratio would first increase and then decrease the
water absorbency of the nano-biocomposites, which was also ascribed to the reasons related to
cross-linking density. When the cross-linking density was high, the space in the network would
become small with an adverse effect to absorb water (Al et al. 2008; Luo et al. 2005; Wu et al. 2000;
Zhou et al. 2011). Furthermore, Al et al. (2008) showed that this kind of materials could also be
useful in the removal of a dye (safranine T) from an aqueous solution.

Xu et al. (2005) prepared starch acetate–based nano-biocomposite foams reinforced by different
OMMTs by melt extrusion and found the nano-biocomposite foams showed a decrease in the cell
size. The incorporation of OMMT also significantly decreased the compressibility of the nano-
biocomposite foams but did not substantially affect their spring index (Xu et al. 2005). Chen
et al. (2005) prepared novel starch-based nano-biocomposite foams with ammonium-treated
MMT as the nanofiller and urea as the plasticizer. Spontaneously formed regular foam structure
with 84 % porosity was obtained due to the ammonium surfactant of the clay which produces
ammonia gas acting as an internal blowing agent (Chen et al. 2005).

Wang et al. (2009c) prepared starch-based nano-biocomposites filled with MMT, with the use of
IL both as the plasticizer for the starch and the modifier for the MMT. They found that the MMTand
water contents exerted an important influence on the conductance of the nano-biocomposite films,
with the maximum conductance being 10�0.3 S/cm with the MMT content of 9 wt % and the
moisture content of 23 wt % (Wang et al. 2009c), which was higher than alkali metal–doped
plasticized starch (Ma et al. 2007a). This makes IL-plasticized starch-based nano-biocomposites
to be a promising alternative for the development of new solid electrolytes, which had a wide variety
of potential applications such as antistatic plastics, electronic shielding, biosensor, environmentally
sensitive membranes, etc. (Wang et al. 2009c). Studies (Wang and Zhao 2006; Zhao et al. 2008) have
been carried out to investigate the electrorheological activity of a novel ternary kaolinite–dimethyl
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sulfoxide–carboxymethyl starch (CMS) nano-biocomposite as an electrorheological fluid (which
could produce an instantaneous, reversible change in rheological properties when exposed to an
electric filed in the flow direction), which was influenced by the degrees of intercalation and
substitution.

6 Starch-Based Nano-biocomposites Reinforced by Cellulose
Nanowhiskers/Nanoparticles

6.1 Cellulose Nanowhiskers
Cellulose, which is the most abundant biopolymer on earth and can be obtained from various sources
such as plants, animals, and bacteria, is a linearly condensed polymer consisting of b-1,4-linked
D-anhydroglucopyranose units (cf. Fig. 13). Depending on the source, the DP ranges from 2,500 to
15,000 (Kumar et al. 2009). Often associated with hemicellulose and lignin, cellulose is the main
constituent of wood, flax, ramie, hemp, or cotton (Chivrac et al. 2009a).

Since polysaccharides such as cellulose normally have a semicrystalline structure, the most
common method to prepare polysaccharide nanofillers is by acid hydrolysis, which can remove
the amorphous regions and leave the highly crystalline parts of the material. The resulting
nanocrystals occur as rodlike particles or whiskers, whose dimensions depend on the nature of the
polysaccharide (Dufresne 2008).

CNWs (also cellulose nanofibers, which are typically cellulose nanocrystals; cf. Fig. 13) can be
isolated from biomass like flax (Cao et al. 2008a), hemp (Cao et al. 2008b), ramie (Lu et al. 2006),
peal hull (Chen et al. 2009a, b), cassava bagasse (Teixeira et al. 2009), and tunicate (a sea animal)
(Angles and Dufresne 2000, 2001; Mathew and Dufresne 2002b; Mathew et al. 2008), or from
microcrystalline cellulose (Chang et al. 2010c; Kvien et al. 2007), through acid hydrolysis with
a concentrated mineral acid (typically sulfuric acid) under strictly controlled conditions of time and
temperature (Angles and Dufresne 2000; Azizi Samir et al. 2004, 2005; Bondeson et al. 2006; Cao

Fig. 13 Schematic representation of cellulose chemical structure and fibrillar organization (Reprinted from Kumar
et al. (2009), Copyright (2009), with permission from Elsevier)
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et al. 2008a, b; Chen et al. 2009a, b; Dong et al. 1996; Lu et al. 2006; Mathew and Dufresne 2002b;
Teixeira et al. 2009). Acid action results in a decrease of the amorphous parts by removing the
polysaccharide material closely bonded to the crystallite surface and breaking down portions of
glucose chains in most accessible, nanocrystalline regions and by acid hydrolysis of cellulosic
materials. Generally, the final geometrical characteristics depend on the cellulose origin and the acid
hydrolysis process conditions such as time, temperature, and purity of the materials (Kumar
et al. 2009). Tunicin (animal cellulose) nanowhiskers have a comparatively high aspect ratio (L/
D: 50–200), which could enhance the interfacial phenomena between this nanofiller and a polymer
matrix (Xie et al. 2013).

Chen et al. (2009b) investigated the effect of the hydrolysis time on the length (L), diameter (D),
and L/D of the resulting CNWs from pea hull fiber. The authors showed that the chemical removal of
hemicellulose and lignin from the original pea hull fiber was mostly complete in the first 4 h of acid
hydrolysis and that 8 h of hydrolysis was long enough to remove most of the amorphous regions in
the pea hull fiber, when the CNWs showed the highest L/D value (36). However, if the hydrolysis
time was too long (particularly 24 h), the crystalline regions could be destroyed (Chen et al. 2009b).

Though direct acid hydrolysis is frequently used to prepare CNWs, other methods have been
employed to produce this kind of nanofiller as well, as some examples listed below:

– The precipitation of a NaOH/urea/H2O solution of microcrystalline cellulose by dropwise
addition of an ethanol/HCl aqueous solution; particularly, the resulting material is in the form
of particles (Cai and Zhang 2005; Chang et al. 2010c).

– The disintegration of the plant fiber cell wall by mild enzymatic hydrolysis combined with
mechanical shearing and high-pressure homogenization (Mohanty et al. 2005; Paakko
et al. 2007; Svagan et al. 2009).

– The extraction from wheat straw using steam explosion, acidic treatment, and high shear
mechanical treatment (Kaushik et al. 2010).

– The production by Acetobacter bacteria; enzyme hydrolysis may be applied further (Grande
et al. 2008, 2009; Wan et al. 2009; Woehl et al. 2010).

It is worth noting that, regardless of the preparation method, a high crystallinity of the nanofiller is
generally encouraging because the higher the crystallinity, the higher the Young modulus of the
nanofiller (Kumar et al. 2009) (cf. Fig. 13), which is beneficial to mechanical property improvement
in the resulting nano-biocomposites. Complementary treatments in addition to the traditional
hydrolysis may further decrease the contents of hemicellulose and lignin, disintegrate the bundles,
and increase the crystallinity of CNWs. In a study by Kaushik et al. (2010), for example, the
crystallinity increased from 54 % for untreated wheat straw to 67 % for the chemically treated
sample and to 80 % for the CNWs treated both chemically and mechanically. Nevertheless,
nanoparticles or nanowhiskers were not fully crystalline in some studies (Cai and Zhang 2005;
Chang et al. 2010c).

Though much less frequently, commercially available CNWs (e.g., Celish, Daicel Chemical
Industries Co. Ltd., Japan) have also been used in some studies to develop starch-based nano-
biocomposites (Sreekala et al. 2008).

6.2 Preparation Techniques
A solution casting method has been mostly used to prepare starch-based nano-biocomposite films,
which were then conditioned at specific temperature and relative humidity conditions. For the
predominant use of the solution casting method, two reasons might account:
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– Cellulose nanowhiskers/nanoparticles tend to aggregate due to the association by strong hydro-
gen bonding in the presence of high density of the –OH groups (Cao et al. 2008a, b; Kaushik
et al. 2010).

– The nanofiller is prepared in aqueous condition, with the resulting dispersion (without either
sedimentation or flocculation, as a consequence of charge repulsion due to the surface sulfate
groups created during the sulfuric acid treatment) easy to be incorporated into a starch solution
(Angles and Dufresne 2000; Cao et al. 2008a, b; Chen et al. 2009a, b; Kvien et al. 2007; Lu
et al. 2006; Mathew and Dufresne 2002b).

In a solution for preparing starch-based nano-biocomposites, the key point is to fully gelatinize
starch and to break nanofiller aggregates and create a homogeneous dispersion state. For the
dispersion of nanowhiskers/nanoparticles in a starch matrix, some additional treatments such as
ultrasonication and homogenization might be helpful (Chang et al. 2010c; Kaushik et al. 2010).

As far as bacterial cellulose nanowhiskers (BCNWs) are concerned, some special preparation
methods were practiced when this kind of nanofiller is used as reinforcement. In a study by Wan
et al. (2009), pellicles of BCNWs were incorporated into glycerol-plasticized starch via a solution
impregnation method (Wan et al. 2009). Grande et al. (2008, 2009) developed a bioinspired bottom-
up technique to produce self-assembled nano-biocomposites of cellulose synthesized by
Acetobacter bacteria and native starch. As a final step, in order to produce starch–BCNW nano-
biocomposite sheets, the BCNW–starch gels were hot-pressed and the starch phase underwent
a “second gelatinization” (Grande et al. 2008, 2009). This technique took advantages of the way
some bacteria “extrude” cellulose nanofibers and of the transport process that occurs during
gelatinization of starch. The interesting solution preparation method could result in nano-
biocomposites with a coherent morphology (Grande et al. 2008, 2009).

Contrary to most studies where the preparation processes were carried out in solution conditions,
Teixeira et al. (2009) used a batch mixer equipped with roller rotors to hot melt (140 �C) a mixture of
starch, the plasticizer, stearic acid, and the nanofiller with low moisture content (previously adjusted
to 20 %), which was then hot-pressed at 140 �C into sheets. This preparation technique is promising
since it is close to the way that the thermal processing of plasticized starch-based materials is
normally carried out.

6.3 Effect of Cellulose Nanowhisker Addition
With homogeneous dispersion of CNWs within a starch matrix, property enhancement could often
be observed. According to the different reports, the mechanical properties (tensile strength and
Young’s modulus), thermal property (Tg), and moisture resistance generally show improvement
(Angles and Dufresne 2000, 2001; Cao et al. 2008a, b; Chang et al. 2010c; Chen et al. 2009a, b;
Grande et al. 2009; Kaushik et al. 2010; Kvien et al. 2007; Lu et al. 2006; Mathew and Dufresne
2002b; Mathew et al. 2008; Svagan et al. 2009; Teixeira et al. 2009; Wan et al. 2009; Woehl
et al. 2010). The improvement in different properties can be linked to the morphology of nano-
biocomposites which showed not only good dispersion of nanofillers in the matrix but also good
adhesion between the nanofiller and the matrix. This can be explained by the chemical similarity
between starch and cellulose and the hydrogen-bonding interactions existing at the
nanofiller–matrix interface (Cao et al. 2008a; Chen et al. 2009b; Lu et al. 2006). Specifically, the
main reasons for such improvements are summarized below:

– Mechanical properties: improvement in the mechanical properties (but usually at the expense of
the elongation at break) can be benefited by (a) the formation of a rigid network of the CNWs
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connected by hydrogen bonds, the mutual entanglement between the nanofiller and the matrix,
and the good bonding and thus the efficient stress transfer from the matrix to the nanofiller
(Kaushik et al. 2010; Siqueira et al. 2008) and by (b) the increase in the overall crystallinity of the
system resulting from the nucleating effect of the CNWs (Mathew and Dufresne 2002b; Mathew
et al. 2008). (The latter point (b) has been in dispute since the hindrance, by the CNW dispersion
and CNW–matrix interfacial adhesion, of the lateral rearrangement of the starch polymer chains,
and hence the hindrance of the recrystallization, was observed in some studies (Kaushik
et al. 2010).)

– Glass transition: an increase in the Tg of the starch-rich domains can be ascribed to (a) the
occurrence of intermolecular interactions between the starch and the stiff CNWs, which restricted
the mobility of the amorphous starch polymer chains in contact with the CNW surface (Cao
et al. 2008b; Chen et al. 2009a; Lu et al. 2006); to (b) the increased crystallinity upon the CNW
addition, which also restricted the mobility of the amorphous starch polymer chains (Mathew and
Dufresne 2002b; Mathew et al. 2008); and to (c) the relocation of the plasticizer(s) (including
water) from the starch matrix to the CNW surfaces (detailed in Sect. 6.5), which decreases the
plasticization effect on the amorphous regions of the bulk starch matrix (Angles and Dufresne
2000, 2001).

– Moisture resistance: the reasons for the improvement include (a) the less hydrophilic nature of
cellulose and the geometrical impedance created by the CNWs, (b) the constraint of the starch
swelling due to the presence of the CNWnetwork (initial moisture absorption may also contribute
to the establishment of strong hydrogen bonds), (c) the resistance of the diffusion of water
molecules along the nanofiller–matrix interface due to the strong adhesion between them
(Angles and Dufresne 2000; Luo et al. 2006; Mathew and Dufresne 2002b; Sreekala
et al. 2008; Svagan et al. 2009; Wan et al. 2009), and (d) the decrease in the mobility of the
amylopectin chains, resulting from an increase in the Tg or the crystallinity (Angles and Dufresne
2000).

It is noteworthy that a high level of nanofiller addition is not necessarily good because of the
aggregation which results in the reduction in the matrix homogeneity and cohesion. This could affect
the properties in an inverse trend (Chen et al. 2009a). Moreover, one controlling factor which needs
to be emphasized here is the moisture content (usually related to the relative humidity during post-
processing conditioning). The moisture plays a key role in controlling the abovementioned proper-
ties of the nano-biocomposites by assisting in the formation of the hydrogen bonding between the
CNWs and by (together with the other plasticizers) increasing the mobility of the starch chains
which is favorable either for its recrystallization during the conditioning process or for the decrease
in its Tg (Angles and Dufresne 2000, 2001; Mathew and Dufresne 2002b; Mathew et al. 2008).

In addition to the properties mentioned above, Chen et al. (2009a, b) reported that nano-
biocomposites filled with CNWs showed transparency (tested by light transmittance in the wave-
length range of 200–800 nm) very close to or even slightly higher than that of the pure starch matrix,
which was attributed to the nanosize and the homogeneous dispersion of the nanofiller.

In the meantime, the addition of CNWs to a starch matrix could probably result in a decrease in the
thermal stability (as observed by the thermal decomposition temperature) of the nano-biocomposites
(Chen et al. 2009a, b; Kaushik et al. 2010). The reason might be that, for the CNWs prepared by
sulfuric acid treatment, the presence of acid sulfate groups decreased the thermal stability of the
cellulose by dehydration; thus, the decrease in the thermal decomposition temperature of the CNWs
also decreased the thermal stability of the starch matrix by the incorporation of this nanofiller (Chen
et al. 2009a, b; Roman andWinter 2004; Teixeira et al. 2009). Interestingly, such a phenomenon also
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occurred when hydrochloric acid was used for the acid hydrolysis of cellulose; however, this point
was not reasonably explained by the authors (Kaushik et al. 2010). In contrast in another study
(Chang et al. 2010c), when a non–acid hydrolysis method was used, the nano-biocomposites
showed improved thermal stability.

6.4 Effect of Nanofiller Preparation
Compared to microcomposites based on plasticized starch and common cellulose fibers, the global
behaviors of CNW-reinforced materials are primarily driven by the nanofiller–matrix interface.
Chen et al. (2009a, b) systematically investigated the effect of the acid hydrolysis time (t) during the
CNW preparation on the structure and performance of pea starch–based nano-biocomposites
reinforced by pea hull fiber–derived nanowhiskers. Firstly, they found that the starch–CNW nano-
biocomposites (t ¼ 4–24 h) generally exhibited much better properties, i.e., the higher tensile
strength, elongation at break, Young’s modulus, Tg, transparency, and moisture resistance except
for the thermal stability (the lower thermal decomposition temperature, due to the reason already
discussed before), than the microcomposites obtained with the native pea hull fibers (without acid
hydrolysis) (Chen et al. 2009a). These were related to the smooth and compact morphology of the
starch–pea hull fiber nanowhisker films, while the starch–pea hull fiber composite film showed
cracks, holes, and fiber-like aggregates (even though the CNWs could also show aggregates at high
content) (Chen et al. 2009a). Secondly, they discovered that, though there were no apparent
differences in the results of Fourier transform infrared spectroscopy (FTIR) and XRD of the nano-
biocomposites filled with CNWs obtained at different hydrolysis times (t ¼ 4–24 h), the morpho-
logical results revealed the smoother cross section of the 8 h hydrolyzed CNW nano-biocomposite
sample than those of the other nano-biocomposite films (Chen et al. 2009b). The more homogeneous
dispersion of the CNWs within the starch matrix and the fewer outstanding particle-like CNWs on
the cross section of the sample indicated that, in this nano-biocomposite sample, the CNWs
(obtained after 8 h of acid hydrolysis) were wrapped more tightly by the starch matrix (Chen
et al. 2009b). It was suggested that this stronger adhesion between the CNWs and the starch matrix
resulted from the highest aspect ratio of the CNWs after 8 h hydrolysis and contributed to the
superior properties of the nano-biocomposite such as transparency, tensile strength, and elongation
at break (Chen et al. 2009b).

Woehl et al. (2010) studied the effect of enzyme hydrolysis of bacterial cellulose (to prepare
CNWs) on the structure and mechanical properties of the resulting starch-based nano-
biocomposites. Their results showed that hydrolysis for 60 min decreased the DP of the cellulose
without changing its crystallinity index or promoting a significant mass loss. However, the nano-
biocomposites reinforced by such CNWs displayed the most improved mechanical properties than
those with CNWs hydrolyzed for either shorter or longer time (Woehl et al. 2010). The authors
proposed two mechanisms for the enzyme-treated CNWs, i.e., (a) the elimination of less organized
regions between the fibers that entangled them to each other in the original material, thus allowing
much better dispersion of the reinforcing agent into the starch matrix, and (b) the reduction of defects
in the surface of the fibers that could act as crack propagators (Woehl et al. 2010). However, they also
mentioned that longer hydrolysis time could lead to gradual hydrolysis and weakening of the
crystalline regions of the CNWs, resulting in worsening mechanical properties (Woehl
et al. 2010), which is in agreement with the study by Chen et al. (2009b).

A noteworthy fact is that the preparation of CNWs may also result in non-cellulose components,
which could be, together with the CNWs, incorporated into a starch matrix and affect the properties
of the resulting nano-biocomposites. Teixeira et al. (2009) prepared CNWs from cassava bagasse
(mainly composed of water (70–80 wt %), residual starch, and cellulose fibers) by acid hydrolysis
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and found that sugars (mainly glucose and sucrose) could be originated from starch hydrolysis
during the acid extraction. For glycerol-plasticized nano-biocomposites, these sugars caused con-
siderable reduction in the Tg of the starch-rich domains and inhibited the formation of VH-type
crystalline structure, as agreed by the increased elongation at break (Teixeira et al. 2009). This is
because the chemical similarity between the starch and the sugars (such as glucose) could favor the
interactions between them, reducing the specific interactions between the starch matrix and the
CNWs, which resulted in very high mobility of the starch chains (Teixeira et al. 2009).

6.5 Plasticizer Relocation and Transcrystallization Phenomena
Dufresne and co-workers (Angles and Dufresne 2000, 2001) have undertaken a series of studies on
plasticized waxy maize starch–based nano-biocomposites reinforced by tunicin nanowhiskers. The
results indicated that, though the strong interactions between CNWs such as hydrogen bonding
(which could be affected by the moisture content) could lead to a rigid network, which was
responsible for the improved mechanical performance, some effects could tamper the reinforcement
induced by the CNWs (Angles and Dufresne 2000, 2001):

– The accumulation of the plasticizer in the vicinity of the cellulose/amylopectin interfacial zone
(because of the stronger interactions of either the water or glycerol with the cellulose than with the
starch, as demonstrated by the contact angle measurements), enhanced in moist conditions.

– The coating of the CNWs by a soft plasticizer-rich interphase as a result of the previous effect.
– Especially in highly moist conditions, the abovementioned plasticizer accumulation, and the

presence of the CNWs as a nucleating agent, could improve the ability of the amylopectin chains
to crystallize, leading to the formation of a highly oriented layer, i.e., transcrystalline zone, around
the CNWs.

These effects could then interfere with the inter-CNW hydrogen-bonding forces and hinder the
stress transfer at the nanofiller–matrix interface and thus compromise the mechanical properties of
the ensuing nano-biocomposites (Angles and Dufresne 2000, 2001).

However, by the substitution of sorbitol for glycerol as the plasticizer, no evidence of the
preferential migration of the plasticizer toward the cellulose and the transcrystallization phenome-
non of the amylopectin on the CNW surfaces could be observed; instead, only a single glass
transition was observed for the nano-biocomposites (Mathew and Dufresne 2002b; Mathew
et al. 2008). In this case, strong interactions among the CNWs, starch matrix, sorbitol, and water
and a rigid three-dimensional network of the CNWs were formed, benefiting the mechanical
enhancement (Mathew and Dufresne 2002b; Mathew et al. 2008).

While Dufresne and co-workers (Angles and Dufresne 2000, 2001) used waxy maize starch as the
matrix and tunicin nanowhiskers as the nanofiller in their systems, it would be probable that the
plasticizer relocation and transcrystallization phenomena also happen in other CNW-reinforced
systems, as one example demonstrated by Teixeira et al. (2009).

7 Starch-Based Nano-biocomposites Reinforced by Starch Nanoparticles

7.1 Starch Nanoparticles
As previously presented in Sect. 2.1, starch has multilevel structures. A review by Le Corre
et al. (2010) has summarized starch SNPs prepared by different methods, mainly (a) starch
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nanocrystals resulting from the disruption of amorphous domains from semicrystalline granules by
acid hydrolysis and (b) starch nanoparticles produced from gelatinized starch.

Starch nanocrystals can be obtained by acid (normally sulfuric acid) hydrolysis of native starch
granules by strictly controlling the temperature, acid concentration, starch concentrations, hydroly-
sis duration, and stirring speed (Angellier et al. 2004; García et al. 2009; Putaux et al. 2003; Viguié
et al. 2007; Zeng et al. 2011). Figure 14 shows one of the first observations of starch nanocrystals by
TEM with longitudinal and planar views. The starch nanocrystals prepared by acid hydrolysis have
a strong drawback since they gelatinize in hot water which could be a problem when preparing
plasticized starch nano-biocomposites.

In the second method, SNPs were prepared by dropwise delivering ethanol as the precipitant into
a gelatinized starch solution with constant stirring, followed by centrifugation, washing with
ethanol, and oven-drying. The resulting SNPs free from water were further modified by citric acid
in a dry preparation technique. The so-formed amorphous citric acid–modified SNPs could not be
swelled or gelatinized in hot water because of the cross-linking induced by the citric acid
(Ma et al. 2008c). The reaction between the SNPs and the citric acid decreased the aggregation of
the SNPs, and the size of the SNPs was reduced (Ma et al. 2008c).

7.2 Preparation Techniques
Similarly as for those reinforced with cellulose nanowhiskers/nanoparticles, solution casting is
most commonly used to prepare starch-based nano-biocomposite films reinforced with SNP,
which were then conditioned at specific temperature and relative humidity conditions. The reasons
for this could be:

– SNPs tend to aggregate due to the association by strong hydrogen bonding in the presence of high
density of the –OH groups (Angellier et al. 2006; García et al. 2009, 2011; Viguié et al. 2007).

– The structure of SNPs may be destroyed (gelatinized) at high temperature (e.g., during extrusion),
which tampers the reinforcing ability (Angellier et al. 2006; Viguié et al. 2007).

– The nanofiller is prepared in aqueous condition, with the resulting dispersion (without either
sedimentation or flocculation, as a consequence of charge repulsion due to the surface sulfate
groups created during the sulfuric acid treatment) easy to be incorporated into a starch solution
(Angellier et al. 2006; García et al. 2009, 2011; Viguié et al. 2007).

Fig. 14 TEM images of starch nanocrystals: longitudinal and planar views (Reprinted with permission from Putaux
et al. (2003). Copyright 2003 American Chemical Society)
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In a solution for preparing starch-based nano-biocomposites, the key point is to fully gelatinize
starch and to break SNP aggregates and create a homogeneous dispersion state. SNPs may be added
to a gelatinized starch solution at reduced temperature to avoid gelatinization (Angellier et al. 2006;
Viguié et al. 2007).

7.3 Effect of Starch Nanoparticle Addition
The nano-biocomposites generally showed increased values of the strength at break, Young’s
modulus (Angellier et al. 2006; Ma et al. 2008c; Viguié et al. 2007), and Tg (of the starch-rich
domains) (Angellier et al. 2006; Ma et al. 2008c; Viguié et al. 2007) and decreased values of the
WVP (García et al. 2009; Ma et al. 2008c), indicating improved performance. However, some
unfavorable property changes were also observed, e.g., higher water uptake percentage (García
et al. 2009) and lower thermal decomposition temperature (García et al. 2009, 2011).

Compared with CNWs, SNPs should have strong affinity with a starch matrix due to the same
chemical structure. As a result, good interfacial interactions (nanofiller–nanofiller and
nanofiller–matrix) by hydrogen bonding and hence a strong reinforcing effect of SNPs could be
expected (Angellier et al. 2006; Ma et al. 2008c; Viguié et al. 2007). Besides, SNPs, acting as
a nucleating agent, could facilitate the recrystallization process of the starch polymer chains at the
interface, as demonstrated by the increases in the melting temperature and in the melting enthalpy,
indicating the increase in the size of the crystalline domains and in the global crystallinity,
respectively. However, at high nanofiller content, SNPs seem to hinder the formation of crystalline
domains possibly because of an increase in the viscosity in the nano-biocomposite (Viguié
et al. 2007). Starting from these points, the mechanisms accounting for all the property changes
are summarized below:

– Mechanical properties: increases in Young’s modulus and strength at break and a decrease in the
elongation at break result from (a) the good interfacial interactions and the strong reinforcing
effect of the SNPs (Angellier et al. 2006; Ma et al. 2008c; Viguié et al. 2007) and (b) the increased
crystallinity in the starch matrix (Angellier et al. 2006; Viguié et al. 2007).

– Glass transition: an increase in the Tg (of the starch-rich domains), indicating the restraint of the
starch polymer chain mobility and the reduction in the free volume, was due to the presence of the
SNPs (a) which function as physical joints, bringing the adjacent starch polymer chains closer and
strengthening the intermolecular interactions (Angellier et al. 2006; Ma et al. 2008c; Viguié
et al. 2007), and (b) which increase the crystallinity in the starch matrix (Angellier et al. 2006;
Viguié et al. 2007).

– Moisture resistance: a reduction in the WVP is ascribed to (a) the less hydrophilic nature of the
SNPs (especially citric acid–modified SNPs, of which the hydrophilic –OH groups were
substituted by hydrophobic ester groups (Ma et al. 2008c)) and to (b) the tortuous pathways
introduced by the SNPs for water molecules to pass through (García et al. 2009; Ma et al. 2008c).

– Thermal stability: a decrease in the thermal decomposition temperature is attributed to (a) the
sulfate groups on the acid-hydrolyzed SNPs (García et al. 2009, 2011; Roman and Winter 2004),
the reason similar to that for the nano-biocomposites reinforced by CNWs as discussed before;
another reason might be (b) the strong interactions between the SNPs and the glycerol (García
et al. 2009, 2011), which will be discussed in detail hereafter.
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7.4 Effect of Plasticizer
Regarding some property deterioration and result discrepancy in the literature, it is believed that
a starch–SNP nano-biocomposite is a complex system governed by more than the nanofiller. One
major factor affecting the structure and properties of the nano-biocomposites could be the plasticizer.

By comparing the data of starch–CNW nano-biocomposites and those of starch–SNP nano-
biocomposites reported in the literature, it would be interesting to note that the reinforcing effect
of waxy maize SNPs in plasticized starch generally is higher than that of tunicin nanowhiskers
(Angellier et al. 2006; Angles and Dufresne 2001), even though tunicin nanowhiskers have a higher
aspect ratio than SNPs. Nevertheless, this should not be surprising by understanding that
starch–tunicin nanowhisker nano-biocomposites have the problems of the plasticizer relocation
and transcrystallization (cf. Sect. 6.5), which undermine the interactions between the tunicin
nanowhiskers and the starch matrix. It should be reasonable to think that these phenomena are
quite limited for starch–SNP nano-biocomposites because of the same chemical nature of the filler
and matrix and thus the same affinity of plasticizers such as glycerol and water for both components
(Angellier et al. 2006). As a result, Angellier et al. (2006) suggested that strong interactions between
the SNPs and between the nanofiller and matrix could be established. The same study (Angellier
et al. 2006) also proposed that the same chemical nature of the nanofiller and matrix possibly results
in “crystallization” (co-crystallization?) occurring at the nanofiller–matrix interface, which was
favorable for mechanical property improvement. These could possibly explain the results from
this group of people (Angellier et al. 2006; Viguié et al. 2007) showing that, for waxy maize
starch–waxy maize SNP nano-biocomposites, the relative reinforcing effect of the SNPs was more
significant when the plasticizer content (glycerol or sorbitol) was high. Nonetheless, Viguié
et al. (2007) from the same research group had to admit a possible “transcrystallization” phenom-
enon occurring for starch–SNP nano-biocomposites plasticized by sorbitol regarding their DMA
results. Anyway, the authors also suggested that there was an increase in the crystallinity (double
helices) during aging, which enhanced the mechanical stiffness (though intramolecular crystallites
could result in a reduction of intermolecular interactions and in the cohesion of the matrix and
thereby result in cracks) (Angellier et al. 2006; Viguié et al. 2007).

Despite the same chemical nature of plasticized starch and SNPs, García et al. (2009) suggested
that the large number of –OH groups on the surfaces of SNPs, which were mainly the crystalline
zones of hydrolyzed waxy starch, led to more association of the SNPs with glycerol molecules
through hydrogen bonding than with the cassava starch matrix. This contributed to the cassava
starch matrix having more –OH groups available to interact with moisture, as compared to the
unfilled film. As a result, an increase in the water uptake with the SNP addition was observed (García
et al. 2009). In another study where waxy maize starch was used as the matrix, García et al. (2011)
suggested that the SNPs were mainly located in the glycerol-rich domains of the matrix. They
compared a nano-biocomposite without glycerol plasticization and the plasticized one and found the
former displayed a rather smooth and homogeneous surface associated with a brittle fracture, while
the latter showed a nanometric fibrillar structure, as shown in the images of scanning electron
microscopy (SEM). The peculiar structure was referred as “nanothreads” which resulted from the
association of the aggregated SNPs through the glycerol. They proposed that the nanothreads were
formed by the SNPs, glycerol, and transcrystallized amylopectin. The nanothreads which have high
concentration of –OH groups become a preferential path for water vapor diffusion, resulting in an
increase in the WVP (García et al. 2011).
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8 Starch-Based Nano-biocomposites Reinforced by Chitin/Chitosan
Nanoparticles

8.1 Chitin/Chitosan Nanowhiskers/Nanoparticles
Chitin is the second most abundant polysaccharide produced in nature after cellulose, appearing as
ordered crystalline microfibrils forming structural components in the exoskeleton of arthropods or in
the cell walls of fungi and yeast, but also being produced by a number of other living organisms in
the lower plant and animal kingdoms, serving in many functions where reinforcement
and strength are required (Rinaudo 2006). It is an acetylated polysaccharide composed of
N-acetyl-D-glucosamine units linked by b(1!4) linkages (cf. Fig. 15). Chitosan is obtained from
chitin by deacetylation. Interestingly, chitosan shows antibacterial activity (Dutta et al. 2009).

Chitin nanowhiskers of slender parallelepiped rods can be made from different chitin sources such
as crab shells (Gopalan Nair et al. 2003), shrimp shells (Sriupayo et al. 2005), squid pens (Paillet and
Dufresne 2001), and tubes of Tevnia jerichonana (Saito et al. 1997) and Riftia pachyptila tube
worms (Morin and Dufresne 2002). They are obtained by deproteinization in a boiling alkaline
(KOH) solution and then hydrolyzing the sample with a boiling HCl solution with vigorous stirring.
Besides, Chang et al. (2010b) introduced a modified method to prepare chitin nanoparticles, in
which two identical acidic treatments were applied followed by repeated disruption/dispersion
processes with sonication. The chitin nanoparticles obtained had a low crystallinity because acid
hydrolysis converted some of the crystalline regions into amorphous parts (Chang et al. 2010b). The
use of chitin nanoparticles has been reported in starch-based nano-biocomposites, whereas chitin
nanowhiskers have hardly been used in this case so far.

Besides, for transforming chitosan into a nanofiller, a very simple and mild method based on
ionotropic gelation between chitosan and sodium tripolyphosphate was used: chitosan was
dissolved into an acetic acid solution, followed by the dropwise addition of sodium tripolyphosphate
into the solution with vigorous stirring and sonication (Chang et al. 2010a; Shu and Zhu 2000; Tsai
et al. 2008). This method involves physical cross-linking by electrostatic interactions (instead of
chemical cross-linking), which avoids possible toxicity of reagents and other undesirable effects
(Shu and Zhu 2000).
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8.2 Nanocomposites Reinforced by Chitin/Chitosan Nanoparticles
The use of chitin and chitosan nanoparticles in starch-based nano-biocomposites has been recently
described. Chang et al. (2010b) investigated chitin nanoparticle–reinforced starch-based nano-
biocomposites and found that the chitin nanoparticles could be uniformly dispersed in the starch
matrix at low loading levels (e.g., 2 wt %), while, at a higher level (5 wt %), conglomeration of the
chitin nanoparticles occurred. However, the tensile strength, storage modulus (DMA), Tg, andWVP
of the starch–chitin nanoparticle nano-biocomposites showed improvement with the addition of the
nanofiller at loading levels up to 5 wt %, due to the good interfacial interactions between the
nanofiller and the starch matrix (Chang et al. 2010b). The same group of people (Chang et al. 2010a)
carried out another similar study, whereas chitosan nanoparticles instead were used as the nanofiller.
Similarly, the nanofiller addition resulted in increases in the tensile strength, storage modulus
(DMA), Tg, WVP, and thermal decomposition temperature. The mechanisms of the property
improvement in both studies are similar to those for starch–SNP nano-biocomposites. It should be
noted that the aggregation of the nanoparticles at high content could deteriorate the reinforcing effect
of the nanofiller, as demonstrated by the decrease in the tensile strength when the content of chitosan
nanoparticles was higher than 6 wt % (Chang et al. 2010a).

9 Starch-Based Nano-biocomposites Reinforced by Carbon Nanotubes

9.1 Carbon Nanotubes
CNTs are tubular derivatives of fullerenes but exhibit properties quite different from those of the
closed cage fullerenes such as C60, C70, C76, etc. CNTs can be visualized as a sheet of graphite that
has been rolled into a tube. Unlike diamond, where a three-dimensional diamond cubic crystal
structure is formed with each carbon atom having four nearest neighbors arranged in a tetrahedron,
graphite is formed as a two-dimensional sheet of carbon atoms arranged in a hexagonal array. In this
case, each carbon is covalently bonded to three neighboring carbon atoms through sp2 hybridization
in such a way to form a seamless shell. “Rolling” sheets of graphite into cylinders forms CNTs
(Falvo et al. 1997; Kumar et al. 2009; Nicole 2007; Schadler 2003; Wilder et al. 1998). The
properties of nanotubes depend on the atomic arrangement (how the sheets of graphite are “rolled”),
the diameter and length of the tubes, and the morphology or nanostructure. This rolling can be from
one (single-wall carbon nanotubes (SWCNTs)) or more (multiwall carbon nanotubes (MWCNTs))
cylindrical shells of graphitic sheets, with the latter being simply composed of concentric SWCNTs
held together with relatively weak van der Waals forces (Kis and Zettl 2008; Kumar et al. 2009;
Thostenson et al. 2001). The special topologies are responsible for the unique and interesting
properties of CNTs. Due to their high mechanical strength, capillary properties, and remarkable
electronic structures, a wide range of potential uses have been reported within the field of materials
science research (Kumar et al. 2009).

Though CNTs have already been widely used for other polymer nanocomposite systems (Kumar
et al. 2009; Spitalsky et al. 2010), the use of CNTs as the nanofiller to develop starch-based nano-
biocomposites has just been initiated, and mostly MWCNTs were involved (Cao et al. 2007; Famá
et al. 2011; Liu et al. 2011e; Ma et al. 2008d) (with the only exception that Bonnet et al. (2007) used
SWCNTs in their initial study). This may be due to the lower price and more abundance of
MWCNTs than SWCNTs. Besides, MWCNTs also exhibit high aspect ratio (as high as 1,000)
and excellent mechanical (with Young’s modulus as high as 1 TPa), thermal, and electrical
properties (Ajayan 1999; Curran et al. 1998; Qi et al. 2003).
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The effectiveness of utilizing CNTs for nanocomposites strongly depends on two main factors:
(a) homogeneous dispersion of nanotubes throughout the matrix without destroying the integrity of
them and (b) adequate interfacial adhesion between the phases (Kumar et al. 2009; Ruan et al. 2003).
These are difficult to achieve especially in the fabrication of starch-based nano-biocomposites
regarding the highly hydrophilic nature of starch. For these purposes, chemical modifications such
as surface modification with the aid of surfactants, functionalization of endcaps, and functiona-
lization of sidewalls can be helpful (Cao et al. 2007; Kumar et al. 2009). However, care must be
taken since these types of procedures might destroy the extended networks on the CNT surfaces,
diminishing their mechanical and electronic properties (Famá et al. 2011). The modification
methods for CNTs to be incorporated into a starch matrix mainly include:

– The treatment by a surfactant (e.g., sodium dodecyl sulfate (Ma et al. 2008d) and sodium dodecyl
benzene sulfonate (Bonnet et al. 2007))

– The carboxylation by strong acids (e.g., sulfuric acid and nitric acid) (Cao et al. 2007; Liu
et al. 2011e)

– The wrapping by an aqueous solution of a starch–iodine complex (Famá et al. 2011)

The last method is especially interesting regarding starch-based nanocomposites. This method
was initiated by Star et al. (2002), in which the helical conformation of amylose was initially formed
by complexation with iodine (or bromide (Casey et al. 2005)), and then a subsequent treatment with
SWCNTs displaced the iodine molecules inside the helix. The other methods for the wrapping of
CNTs with starch (either amylose or amylopectin) have also been reported (Fu et al. 2007; Kim
et al. 2003; Lii et al. 2003; Stobinski et al. 2003; Yang et al. 2008). While the original purpose of
these studies was just to improve the dispersion stability of CNTs in aqueous solutions, the described
methods may be of great interest for the preparation of starch–CNT nanocomposites since it could be
a very smart solution to address the two main issues mentioned earlier, namely, the homogeneous
dispersion of nanotubes and a good interfacial adhesion between the phases.

While it is relatively easy to prepare modified CNTs in a non-covalent way (e.g., the wrapping
with starch and the modification by a surfactant), the covalent modification of CNT surfaces seems
more promising since strong interactions between the CNTs and the starch are expected for the
dispersion of the CNTs into a starch matrix and the enhancement of the nanofiller–matrix interface.
The successful grafting of different polysaccharides such as chitosan (Wu et al. 2007), cellulose
acetate (Ke 2010), and starch (Yan et al. 2011) onto the CNT surfaces has already been reported,
although these kinds of modified CNTs have never been tried into starch-based nano-biocomposites.
Starch-grafted MWCNTs, prepared by covalently grafting starch onto carboxylated MWCNTs (Yan
et al. 2011), are especially interesting in regard to the same chemical nature of the grafts and the
starch matrix. Nevertheless, one should bear in mind that covalent sidewall functionalization usually
destroys the extended networks on the CNT surfaces, diminishing their mechanical and electronic
properties (Famá et al. 2011).

9.2 Preparation Techniques
Starch–CNT nano-biocomposites were mostly prepared by a convenient solution process assisted by
sonication and strong stirring, which are necessary to achieve dispersion of CNTs in a solvent.
However, care should be taken since the sequence of adding ingredients might affect the nanofiller
dispersion, the gelatinization/plasticization, and thus the final structure of the nano-biocomposite.
Summarized from the literature, three ways of solution preparation process were practiced:
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(a) The nanofiller was first dispersed in a water solution (with surfactant or starch–iodine complex)
and treated with sonication, and then starch and glycerol were added to the same solution with
strong stirring and increased temperature for gelatinization, followed by casting (Bonnet
et al. 2007; Famá et al. 2012, 2011; Liu et al. 2011e; Ma et al. 2008d).

(b) The nanofiller was dispersed in water with sonication; in parallel, starch and glycerol were
dispersed in water with increased temperature and strong stirring for gelatinization. After that,
the two dispersions were mixed with stirring, followed by casting (Cao et al. 2007).

By the first method, there might be an anti-gelatinization/plasticization effect of the nanofiller,
which deteriorates the cohesion of the starch matrix and thus the final properties (Liu et al. 2011e).
For better gelatinization of starch, the second method could be better.

9.3 Effect of Carbon Nanotube Addition
The incorporation of MWCNTs generally increased the ultimate tensile strength (Cao et al. 2007;
Famá et al. 2011; Ma et al. 2008d), Young’s modulus (Cao et al. 2007; Famá et al. 2011; Ma
et al. 2008d), Tg (Cao et al. 2007; Famá et al. 2012, 2011), and thermal decomposition temperature
(Liu et al. 2011e) and decreased water sensitivity (Cao et al. 2007; Famá et al. 2012), showing
improved performance. Homogeneous dispersion of the nanofiller in the matrix and strong interac-
tions between the nanofiller and the matrix can account for the property enhancement (Cao
et al. 2007; Famá et al. 2012, 2011; Liu et al. 2011e; Ma et al. 2008d), which relies on the proper
MWCNT modification. Specially, the reasons for the variation in the different properties by the
incorporation of MWCNTs are summarized below:

– Glass transition: a shift in the Tg (of the starch-rich phase) to higher temperature can be attributed
to the occurrence of interactions between the starch and the stiff MWCNTs, which reduced the
flexibility of the starch molecular chains in contact with the MWCNT surfaces (Cao et al. 2007).
Moreover, a depression in the loss tangent (tan d) in DMA indicates the reduction in the number
of the mobile chains during the relaxation process (Famá et al. 2012; Rao and Pochan 2006).

– Thermal melting: a reduction in the melting enthalpy could reflect the restraint of the starch
recrystallization, with the reason being the good dispersion of the MWCNTs and the formation of
MWCNT–starch interactions spatially preventing the starch molecules from moving, interacting,
and crystallizing again (Cao et al. 2007; Ma et al. 2008d).

– Mechanical properties: higher values of the tensile strength and Young’s modulus can be ascribed
to (a) the formation of an isotropic, three-dimensional nanotube network by the MWCNT
interactions, which inhibits the crack propagation (Ma et al. 2008d); (b) the interfacial adhesion
between the MWCNTs and the starch matrix, which allows the effective stress transfer from the
matrix to the nanofiller (Ma et al. 2008d); and (c) the increase in the Tg, which contributes to the
increase in the stiffness (Famá et al. 2012, 2011).

– Thermal stability: there are several reasons for an increase in the thermal decomposition temper-
ature: (a) MWCNTs are more stable than starch, and (b) a barrier effect of the nanotubes and their
formed aggregates hinders the diffusion of the degradation products from the bulk of the polymer
into the gas phase (Chatterjee and Deopura 2006; Liu et al. 2011e; Yang et al. 2005).

– Moisture sensitivity: a reduction in moisture sensitivity can be associated with (a) the
nanofiller–matrix interactions which suppress the swelling of the starch matrix when submitted
to a highly moist atmosphere (Cao et al. 2007), (b) the relatively low water sensitivity of
MWCNTs which reduces the moisture sensitivity of the whole nano-biocomposite system (Cao
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et al. 2007), and (c) the increase in the Tg (for the starch-rich phase) which significantly decreases
the free volume where the water diffusion occurs (Famá et al. 2012; Pinnavaia and Beall 2000).

While a small amount of MWCNT addition can result in significant improvement in the proper-
ties, a high loading level of MWCNTs may have some counter-effect. For example, for starch-based
nano-biocomposites reinforced with MWCNTs treated by a surfactant, Ma et al. (Ma et al. 2008d)
found that the maximum value of the tensile strength occurred at the 3.8 % level of MWCNT
addition, while, in another study by Liu et al. (2011e), the optimized addition level of carboxylated
MWCNTs was 1.5 %. Noting that starch was added to the MWCNT solution during the preparation
of nano-biocomposites, it was suggested that high content of the MWCNTs could not only
deteriorate the plasticization of starch which destructed the efficient load transfer from the starch
matrix to the ultra-strong MWCNTs (as demonstrated by SEM and FTIR) but also destructed the
continuity of the starch matrix (Liu et al. 2011e).

It is worth noting that there have been discrepancies over the trends of the property changes with
the MWCNTaddition. For example, while it is no surprise to observe a decrease in the toughness or
elongation at break with the loading of a nanofiller like MWCNTs into a starch matrix, which was
attributed to the spatial restraint of the slippage movement of the starch molecules with good
dispersion of the MWCNTs, yielding the increasingly brittle samples (Ma et al. 2008d), there
have also been some exciting reports showing that MWCNTs could enhance the toughness (Famá
et al. 2011) or elongation at break (Cao et al. 2007; Famá et al. 2011; Liu et al. 2011e) in addition to
the tensile strength and Young’s modulus. Again, this is a consequence of the homogeneous
dispersion of the MWCNTs in the starch matrix and the really strong interfacial adhesion, resulting
from the proper nanofiller modification, which will be further detailed.

9.4 Effect of Nanofiller Modification
The effects of two kinds of modification of MWCNTs, namely, carboxylation and starch–iodine
complex wrapping, are discussed here regarding their effect on the nanofiller dispersion and
interface adhesion and thus the property changes.

For the carboxylated MWCNTs, the acid-treatment process can incorporate various polar groups
(carboxylic, carbonyl, and hydroxyl groups), which can improve the hydrophilicity and reduce the
agglomeration of the MWCNTs (Cao et al. 2007; Liu et al. 2011e). Interestingly, Liu et al. (2011e)
showed that, compared with water, glycerol containing much hydroxyl groups could dramatically
increase the dispersion of these MWCNTs in a solution and restrain their agglomeration (Liu
et al. 2011e). As a result, the hydrogen-bonding interactions and thus the compatibility between
the acid-treated MWCNTs and a starch matrix could be enhanced, resulting in improvement in the
mechanical performance of starch–MWCNT nano-biocomposite films (Cao et al. 2007). It was
shown that the tensile strength and Young’s modulus did not come at the expense of the elongation at
break (which usually exists in conventional filled polymer systems), which increased from 30 % to
42 % with the MWCNT addition level up to 1 % and then slightly decreased with higher MWCNT
content (which might be due to some degree of aggregation of the MWCNTs) (Cao et al. 2007).
Furthermore, the carboxyl groups on the surface of the MWCNTs could increase the interfacial
interactions between the MWCNTs and the starch matrix, which improved the degradation activa-
tion energy (Liu et al. 2011e).

Very recently, Famá et al. (2012, 2011) experimented with starch-based nano-biocomposites
reinforced by MWCNTs wrapped with starch–iodine complex, where the starch used to wrap the
MWCNTs was the same as the one used as the matrix. The SEM results showed that, because of the
wrapping, the failure around an MWCNT agglomerate occurred within the matrix rather than
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between the MWCNTs and their starch coating, indicating strong MWCNT–starch adhesion (Famá
et al. 2011). As a consequence, the efficient load transfer from the matrix to the nanofiller was
attained, and the high tensile strength and elongation at break of the MWCNTs were transferred to
the biocomposites (Famá et al. 2011). Therefore, the good interfacial adhesion obtained avoided the
formation of holes and kept a high deformation, resulting in an increase in the toughness (defined as
the work done to break a sample which is determined by integrating the stress–strain curve) with the
nanofiller loading (Famá et al. 2011). This work is remarkable since very small content of
MWCNTs, i.e., 0.055 %, could result in great changes in the material performance as a result of
the exceptionally well-dispersed MWCNT and optimized interfacial adhesion (Famá et al. 2011).

9.5 Electrical Conductivity
Besides the properties discussed above, the addition of CNTs into a starch matrix gives the resulting
nano-biocomposite electrical conductivity (Liu et al. 2011e; Ma et al. 2008d). For this purpose, an
amorphous state of the starch matrix should be advantageous because the recrystallization of starch
could reduce the good dispersion of the MWCNTs in the matrix (Ma et al. 2008d). On the other
hand, the electrical conductivity can be influenced by the water content and the MWCNTcontent of
the nano-biocomposites (Liu et al. 2011e; Ma et al. 2008d). As demonstrated in a study by Ma
et al. (2008d), higher water content would result in an increase in the electrical conductivity in a very
sensitive way, with the conductivity (y) versus water content (x) relationship being described with
a second-order polynomial (y¼ B2x

2 + B1x + B0); an increase in the MWCNTcontent decreased the
sensitivity of conductivity of the nano-biocomposites to water (both the monomial coefficient B1 and
the binomial coefficient B2 approached more to zero), until an electrical percolation threshold was
reached when the effect of water content was eliminated. If the water content was fixed at 0 %, the
electrical conductivity firstly observed a gradual increase with increasing the MWCNT content and
then a stepwise increase when a specific level (3.8 wt %) of MWCNT content was reached (Liu
et al. 2011e; Ma et al. 2008d). The reasons accounting for these phenomena are:

(a) Although water is advantageous to improve the conductivity of a starch matrix (Meyer 1998) by
improving the movement of the starch polymer chains (Van Soest and Knooren 1997), the
introduction ofMWCNTs and good dispersion of theMWCNTs in the matrix spatially restrained
the movement of the starch polymer chains even at high water content (Ma et al. 2008d).

(b) While the gradual increase in the conductivity with the increase in the MWCNTcontent at a low
MWCNTaddition level (<2.85 wt %) was due to the formation of a conductive network through
hopping and tunneling processes (Lee et al. 2007a), the creation of an interconnected structure of
the MWCNTs allows a very high percentage of electrons to flow through the sample at an
applied electric field at the MWCNT content higher than a specific value (Ma et al. 2008d).

10 Starch-Based Nano-biocomposites Reinforced by Graphite/Graphite
Oxide

10.1 Graphite and Graphite Oxide
Graphite is composed of layers of graphene which has a structure of one-atom-thick
two-dimensional individual sheet composed of sp2-hybridized carbon (Geim and Novoselov
2007). It combines the lower price and the layered structure of phyllosilicates with the superior
thermal and electrical properties of CNTs. As a result, graphite can also be used to produce
nanocomposites with competitive multifunctional properties (Jiang et al. 2010; Kim and Macosko
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2009; Wei et al. 2009). While as-prepared graphite cannot be dispersed in water or organic solvent,
which makes the fabrication of nanocomposites difficult, graphite oxide (GO) is hydrophilic and can
form strong physical interactions with a polymer like starch due to its various oxygen functional
groups including hydroxyls, epoxides, carbonyls, and carboxyls (Li et al. 2011b). Therefore, GO can
be regarded as a promising nanofiller for the development of high-performance starch-based nano-
biocomposites. On the other hand, because of the layered structure of GO just like that of
a phyllosilicate, a GO-reinforced polymer nanocomposite is expected to have an intercalated or
exfoliated structure, and the mechanisms for discussing phyllosilicate-reinforced polymer
nanocomposites might also be useful to explain the property variation of GO-reinforced
nanocomposites.

10.2 Nanocomposites Reinforced by Graphite Oxide
Li et al. (2011b) pioneered the work on starch-based nano-biocomposites reinforced by GO, of
which the content was up to 2 wt %. GO was first dispersed in a water solution and treated with
sonication, and then starch and glycerol were added to the same solution with strong stirring and
increased temperature for gelatinization, followed by casting (Li et al. 2011b). They found that
hydrogen bonding formed between the GO and the starch matrix, as revealed by FTIR, and that the
nanofiller was well dispersed (exfoliated) when the GO loading was low, whereas aggregation
occurred when the GO loading was high, as demonstrated by XRD and atomic force microscopy
(AFM) (Li et al. 2011b).With increasing the GO loading level, the tensile strength, Young’modulus,
and thermal decomposition temperature were continuously increased, the ultraviolet
(UV) transmittance and elongation at break were decreased, and the moisture uptake percentage
first decreased to a lowest value and then slightly increased (Li et al. 2011b). For the improvement in
the mechanical properties, the good dispersion of the GO within the starch matrix and the strong
interfacial interactions between the GO and the matrix were responsible for the stress transfer from
the matrix to the nanofiller, although they also restrained the slippage movement of the starch
molecules, which resulted in the decrease in the elongation at break (Li et al. 2011b). For the
variation in water resistance, the layered structure of the nanofiller provided tortuous pathways, and
the strong nanofiller–matrix interactions reduced the diffusion of water molecules in the materials
(Li et al. 2011b).

11 Starch-Based Nano-biocomposites Reinforced by Carbon Black

11.1 Carbon Black
CB is a very fine powdered form of amorphous elemental carbon with a high surface area-to-volume
ratio. It plays an important role in the improvement in the mechanical and/or electrical properties of
high-performance polymeric materials (typically rubber), due to the formation of a physically
bonded flexible filler network and strong polymer–filler couplings, which refer to a high surface
activity and specific surface of the filler particles (Donnet et al. 1993; Klu€uppel et al. 2007; Kraus
1965; Payne 1962, 1963, 1964, 1965a, b). As the most widely used conductive filler for polymers,
a high-structural CB (original millimeter-sized CB particles) consists of many primary nanoparticles
fused together in a grapelike aggregate (Norman 1970). Due to the high surface tension, flocculation
in a quiescent melt can be formed by dispersing the CB aggregates during processing, which
promotes the formation of a conductive network (Böhm and Nguyen 1995). As demonstrated in
other polymer systems, this process depends on the compatibility between CB and the matrix, which
is related to the similarity of the surface tension of them (Miyasaka et al. 1982; Sumita et al. 1991),
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and the flocculation process, which relies on the viscosity of the matrix (Breuer et al. 1997;
Tchoudakov et al. 1996; Yu et al. 2005b). In Sect. 11.2, the development of novel starch–CB
nano-biocomposites by different processing techniques will be discussed.

11.2 Nanocomposites Reinforced by Carbon Black
Ma et al. (2008a) compared two preparation methods, i.e., melt extrusion and solution casting with
microwave radiation, on the properties of starch-based nano-biocomposites reinforced by CB. It was
revealed that the samples prepared by solution method contained the CB in good dispersion,
whereas isolated agglomerates of the CB particles existed in those prepared by melt extrusion. As
a consequence, the former approach shows better tensile strength, WVP, and electrical conductivity.
It was suggested that the CB particles could act as physical cross-linking points of the starch
molecules, which resulted in the increased tensile strength, although the dispersion of the CB
particles in the matrix also spatially restrains the slippage movement of the starch molecules,
resulting in a decrease in the elongation at break (Ma et al. 2008a). A decrease in the WVP arises
from the longer and tortuous diffusive pathways with the dispersion of the CB in the matrix
(Ma et al. 2008a). Moreover, the CB could form an electrical conductance network in the matrix
(Ma et al. 2008a). The same research group (Ma et al. 2008b) also investigated the effect of the
glycerol content on the samples prepared by solution casting with microwave irradiation and found
that lower glycerol content (and thus lower viscosity) facilitated the flocculation of the CB during the
solution process and thus a better electrical conductive network in the biocomposite.

12 Nanocomposites Reinforced by Metalloid Oxides, Metal Oxides, and
Metal Chalcogenides

Metalloid oxides (e.g., silicon dioxide [SiO2] and antimony trioxide [Sb2O3]), metal oxides (e.g.,
zinc oxide [ZnO], titanium dioxide [TiO2], and hydrous zirconium dioxide [ZrO2·nH2O]), and metal
chalcogenides (e.g., cadmium sulfide [CdS] and cadmium selenide [CdSe]) are grouped together in
this section because of their similar chemical categories, preparation methods, and nanofiller
reinforcement mechanisms. Novel applications are expected for starch-based nano-biocomposites
reinforced by this type of nanofillers. Particularly, metal oxides and chalcogenides are normally
semiconductor materials. The incorporation of such a filler into a polymer matrix can result in
nanocomposites to be used as components for photovoltaic solar cells, light-emitting diodes,
photodiodes, and gas sensors (Godovsky 2000). In addition, Sb2O3 is an excellent UV filter
(Tigau et al. 2005). Thus, nanocomposites filled with Sb2O3 might find applications in UV light-
emitting devices and solar cell technology (Chang et al. 2009; Zheng et al. 2009a). Furthermore,
TiO2, particularly in the anatase form, shows a photocatalytic activity under UV light and is suitable
for developing nanocomposites for environmental purification (Yun et al. 2011).

The paragraphs below will firstly provide general discussion on starch-based nano-biocomposites
reinforced by different metalloid oxides, metal oxides, and metal chalcogenides. Then, nano-
biocomposites based on starch blended with PVA, and reinforced by SiO2, will be separately
discussed regarding the particular intermolecular interaction and network structure in such
a multiphase system.

12.1 Nanofillers and Preparation Techniques
In order to fabricate a starch-based nano-biocomposite reinforced by a metalloid oxide, metal oxide,
or metal chalcogenide, only solution methods have been used, which are listed below:
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(a) The nanoparticles (SiO2 (Wu et al. 2009b; Xiong et al. 2008) and TiO2 (Yun et al. 2011)) are
directly added into a starch matrix dispersion.

(b) The nanoparticles (ZnO (Ma et al. 2009; Yu et al. 2009) and Sb2O3 (Chang et al. 2009; Zheng
et al. 2009a)) are firstly synthesized with a stabilizing template, and then the resulting encapsu-
lated nanoparticles are incorporated into a starch dispersion.

(c) The nanoparticles (SiO2 (Tang et al. 2008a; Yao et al. 2011), TiO2 (Liao and Wu 2008), CdS
(Radhakrishnan et al. 2007), and CdSe (Zhao et al. 2008)) are directly synthesized in a starch
dispersion, which acts not only as the stabilizer but also as the matrix of the resulting nano-
biocomposite (sol–gel method).

The first method has only been applied to nano-SiO2, which is a kind of amorphous powder with
a molecular structure that is a three-dimensional net, the structure of which is shown in Fig. 16.
Nano-SiO2 deviates from a stable silicon–oxygen structure for the lack of oxygen in its surface. Its
molecular formula is SiO2�x, in which x ranges from 0.4 to 0.8 (Tang et al. 2009; Xiong et al. 2008).
Because of its small size (30–60 nm), large specific surface area (>400 m2/g), high surface energy,
as well as a lot of unsaturated chemical bonds and hydroxyl groups on the surface, nano-SiO2 is easy
to disperse into a polymer matrix (Tang et al. 2009; Wu et al. 2009b; Xiong et al. 2008). However,
the direct addition of nano-SiO2 into a starch slurry normally requires intensive sonication and/or
shearing; otherwise, large aggregates of the nanoparticles will remain, resulting in less improved or
even deteriorated properties (Frost et al. 2011; Wu et al. 2009b). A better solution to achieve good
dispersion of SiO2 nanoparticles in a starch matrix is by using the third method (Tang et al. 2008a;
Yao et al. 2011). It is worth noting that the sol–gel method has recently been extended to a reactive
extrusion (REX) process for producing starch–PVA nano-biocomposites (Frost et al. 2011), which
will be detailed in Sect. 12.3.

The nanoparticles of metal oxides and chalcogenides are mainly prepared by the second and third
methods. For the nanoparticle synthesis in the second method, polysaccharides such as native starch
(Rodriguez et al. 2008), soluble starch (Chairam et al. 2009; Li et al. 2007; Ma et al. 2009;
Radhakrishnan et al. 2007; Vigneshwaran et al. 2006; Wei et al. 2004), and CMC (Chang
et al. 2009; Liu et al. 2011a; Yu et al. 2009; Zheng et al. 2009a) have been shown to be good
stabilizers. Polysaccharides can form complexes with divalent metal ions due to their high number of
coordinating functional groups (hydroxyl and glucoside groups) (Taubert and Wegner 2002) and
present dynamic supramolecular associations facilitated by inter- and intramolecular hydrogen
bonding, which can act as templates for metal nanoparticle growth (Raveendran et al. 2003). As
a result, metal ions can preferentially be associated with a polysaccharide, of which the nucleating
effect can promote the initial crystal growth of the metal oxide, improve the stability of the
nanoparticles in water, and prevent the aggregation of the nanoparticles (Chang et al. 2009; Ma

Fig. 16 Structure of nano-SiO2
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et al. 2009; Yu et al. 2009; Zheng et al. 2009a). After synthesis, there is normally strong binding in
the ZnO nanoparticles, although no obvious formation of covalent bonds occurs between the
stabilizer (soluble starch or CMC) and the ZnO (Ma et al. 2009; Yu et al. 2009). In contrast, for
the CMC-stabilized ZrO2·nH2O, interaction exists between the ZrO2 and the C–O groups of the
CMC (Liu et al. 2011a; Pawlak and Mucha 2003). On the other hand, by using the third method, the
average size (3.6–5 nm) of CdS nanoparticles can be dependent on the initial concentration of
cadmium acetate during the sample preparation (Radhakrishnan et al. 2007).

12.2 Effects of the Addition of Metalloid Oxides, Metal Oxides, and Chalcogenides
As reported in the literature, uniform dispersion of a nanofiller in a starch matrix and strong
interfacial adhesion through hydrogen bonding between the nanoparticles and the matrix could
normally be achieved, especially for polysaccharide-encapsulated metal nanoparticles due to the
similar chemical structures of the stabilizer and the matrix (Chang et al. 2009; Liu et al. 2011a; Ma
et al. 2009; Yu et al. 2009; Zheng et al. 2009a). As a result, improvement in the performance could be
normally observed, even though some aspects of property deterioration have also been reported. The
details are summarized below:

– Mechanical properties: increases in the tensile strength (Chang et al. 2009; Liu et al. 2011a; Ma
et al. 2009;Wu et al. 2009b; Yu et al. 2009; Yun et al. 2011; Zheng et al. 2009a), Young’s modulus
(Ma et al. 2009; Yu et al. 2009), and the storage modulus (DMA) (Ma et al. 2009; Yu et al. 2009)
and a decrease in the elongation at break (Chang et al. 2009; Liu et al. 2011a; Zheng et al. 2009a)
have been reported. These could be ascribed to the decreased mobility of the polymer chains in
the presence of the nanofiller, which has strong interactions with the matrix (ZnO (Ma et al. 2009;
Yu et al. 2009), ZrO2·nH2O (Liu et al. 2011a)).

– Glass transition: an increase in the Tg (Ma et al. 2009; Yu et al. 2009) could result from the
reduced free volume with the presence of the nanoparticles which act as physical joints (ZnO
(Ma et al. 2009; Yu et al. 2009)).

– Water resistance: a decrease in theWVPwith the addition of ZnO (Ma et al. 2009; Yu et al. 2009),
ZrO2 (Liu et al. 2011a), or Sb2O3 (Chang et al. 2009) nanoparticles was reported, which was
ascribed to the introduction of the nanoparticles providing fewer and more tortuous pathways for
water molecules to diffuse. However, Radhakrishnan et al. (2007) observed an increase in the
water uptake of starch–CdS nano-biocomposites at specific relative humidity and attributed this
phenomenon to the higher exposed hydroxyl groups in the presence of the nanoparticles which
broke the intermolecular interactions of the starch matrix.

– Melting/crystallinity: lower melting temperature but higher melting enthalpy was observed for
starch–CdS nano-biocomposites by Radhakrishnan et al. (2007), who proposed that, though the
CdS nanoparticles have a nucleating effect for the starch chain recrystallization (facilitated by the
water diffusion), smaller crystals and broader melting crystal size distribution were also
generated.

– Thermal stability: a decrease in the thermal decomposition temperature but an increase in the
residual weight at the end of thermal decomposition was observed for nano-biocomposites
reinforced by ZrO2·nH2O (Liu et al. 2011a), CdS (Radhakrishnan et al. 2007), CdSe (Božanić
et al. 2009), and Sb2O3 (Chang et al. 2009). While Liu et al. (2011a) and Chang et al. (2009)
ascribed this to the poor thermal stability of the CMC in the nanoparticles, Radhakrishnan
et al. (2007) and Božanić et al. (2009) explained that the increased hydroxyl groups (due to the
presence of the nanoparticles which broke the intermolecular interactions of the starch matrix)
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could result in thermal condensation between them, which could consequently direct the reaction
toward carbonization instead of the formation of volatile components (Zhang et al. 2002),

– UV–visible light absorbance/transmittance: compared to the pure starch matrix, nano-
biocomposites reinforced by ZnO (Ma et al. 2009; Yu et al. 2009) and Sb2O3 (Chang
et al. 2009) displayed increased UV–Vis absorbance due to the quantum confinement effect of
the nanofiller, and both the starch–CdS (Radhakrishnan et al. 2007) and starch–CdSe (Božanić
et al. 2009) nano-biocomposite films showed improved light transparency.

A higher addition level of nanofiller may result in the agglomeration of nanoparticles (Chang
et al. 2009; Liu et al. 2011a; Ma et al. 2009; Yu et al. 2009; Zheng et al. 2009a), which is unfavorable
for the performance improvement of the nano-biocomposites. In a study on the starch–SiO2 nano-
biocomposites for textile applications, for example, Wu et al. (2009b) found that the best tensile
strength and wear resistance could be achieved when the nano-SiO2 addition level was 4 % and 3 %,
respectively, with the reasons being the even distribution of the nanoparticles and the strong
nanofiller–matrix interactions at these levels, while the lubricating effect of the rigid nanofiller
could also contribute to improved abrasion resistance.

12.3 Starch–Poly(vinyl Alcohol)–Silicon Dioxide Nanocomposites
There have been a series of studies (Frost et al. 2011; Tang et al. 2009, 2008a; Xiong et al. 2008; Yao
et al. 2011) on SiO2-reinforced nanocomposites in which starch and PVAwere the matrix. This may
improve the mechanical properties and water resistance of starch–PVA films which are still lower
than those of conventional polymers (Tang and Alavi 2011).

Xiong et al. (2008) utilized a solution casting method to prepare this kind of nanocomposites. It
was found that the addition of nano-SiO2 resulted in the formation of hydrogen bonds in the hybrid
materials, whereas the intermolecular hydrogen bonding of the starch was decreased. Meanwhile,
chemical bonds of C–O–Si were also formed in the nanocomposites. These contributed to the
increased miscibility and compatibility between the starch and the PVA. In addition, the addition of
the nano-SiO2 had no influence on the crystalline type of the films, but decreased the crystallinity
because of the disturbance of the parallel arrangement of the starch–PVA chains. As a result of the
structural changes, the nanofiller played a key role as cross-linking points and restricted the
movement of the chains. Therefore, the tensile strength, elongation at break, and light transmittance
were increased and the water absorption was decreased. Nevertheless, biodegradation as a whole
was not affected though there was a lower degradation rate at the early stage. Following this study,
Tang et al. (2009) further investigated the effect of the nano-SiO2 content (1–5 wt %, on the basis of
starch and PVA) on the changes in the properties of the nanocomposites. They found that 3 wt %was
the optimized level of the nano-SiO2 for the best tensile strength and the lowest water absorption.
The reduced tensile strength with the higher nano-SiO2 content was due to the intensification of the
elastic collision of the nanoparticles which showed aggregation and had phase separation with the
matrix. In addition, the high surface energy and plenty of free hydroxyl groups of the nano-SiO2,
which is beneficial to interact with water, might have a counter-effect on moisture resistance when
the nanofiller content was high (Tang et al. 2009).

Tang et al. (2008a) and Yao et al. (2011) used a sol–gel method to fabricate starch–PVA–SiO2

composites, in which tetraethyl orthosilicate (TEOS) was used as the precursor to obtain SiO2 in situ
in the polymer solution. A network structure in the composites was formed by combining the SiO2

with the starch–PVAwith hydrogen and C–O–Si bonding (Tang et al. 2008a; Yao et al. 2011). The
trends of changes in the properties (mechanical properties, water sensitivity, light transmittance, and
biodegradation) with the SiO2 content (Tang et al. 2008a; Yao et al. 2011) were similar to those in the
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previous studies (Tang et al. 2009; Xiong et al. 2008). Using the same principle, Frost et al. (2011)
made the first trial of using a continuous REX process to produce films of such composites, where
the TEOS-to-SiO2 conversion efficiency was up to 41.3 % and the actual SiO2 content was up to
1.24 wt %. The resulting films had spherical SiO2 agglomerates of size ranging from 20 to <1 mm,
which were responsible for the increased tensile strength, Young’s modulus, and storage modulus
(DMA).

In addition to product property improvement, it is noteworthy that SiO2 can also be used to adjust
the viscosity of a polymer and thus to improve the miscibility of this polymer with starch in a melt
blending process (Bélard et al. 2009). More details are given in a recent review paper (Xie
et al. 2012).

13 Nanocomposites Reinforced by Layered Double Hydroxides

The LDH structure is referred to as the natural hydrotalcite and described by the ideal formula
[MII

1 � xM
III
x(OH)]intra[A

m�
x/m � nH2O]inter, where “M

II” and “MIII” are metal cations, “A” is the
anion, and “intra” and “inter” denote the intralayer domain and the interlayer space, respectively
(Leroux and Besse 2001). The structure consists of brucite-like layers constituted of edge-sharing M
(OH)6 octahedra (cf. Fig. 17) (Hofmeister and Platen 1992; Leroux and Besse 2001). Partial “MII”
and “MIII” substitution induces a positive charge for the layers, balanced with the presence of the
interlayered anions (Leroux and Besse 2001).

Chung and Lai (2010) compared an LDH synthesized in a starch matrix (unmodified maize starch
or acid-modified maize starch), which involved fast LDH nuclei precipitation followed by
a hydrothermal treatment that simultaneously leached the starch molecules from the granules and
aged the LDH nuclei, with one synthesized without the starch matrix. They found that the presence
of starch during the synthesis effectively inhibited the stacking of the clay sheets, with the crystal
size corresponding to approximately seven brucite-like layers (Chung and Lai 2010). However, no
intercalated structure in the starch–LDH biocomposites was indicated, with the reason being
ascribed to the rigid structure of the polysaccharide chains (Chung and Lai 2010). The LDH tended
to present aggregated morphology in the unmodified maize starch, whereas almost individual
dispersion of the LDH was observed in the acid-modified starch. This is due to the lower viscosity
of the acid-modified starch. Unfortunately, even the acid-modified starch–LDH biocomposites only
showed an increase in Young’s modulus, whereas the crystallinity, tensile strength, moisture

Fig. 17 Scheme of the typical LDH structure (Reprinted with permission from Leroux and Besse (2001). Copyright
2001 American Chemical Society)
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sensitivity, and transparency were hardly affected. These results could be possibly attributed to the
poor interaction between the LDH and the matrix (Chung and Lai 2010).

Alternatively, Wu et al. (2011) used carboxymethyl cellulose sodium (CMC) as a stabilizer to
synthesize an LDH, of which the size and number of the stacked sheets were similar to that in the
study by Chung and Lai (2010). However, starch-based biocomposites reinforced by this LDH at
a low loading level (6 wt %) were reported to show obviously improved mechanical properties
(increased tensile strength) and water resistance (decreased WVP) (Wu et al. 2011). There are two
reasons for the improvement: (a) because polysaccharides could form complexes with metal ions
due to the high number of coordinating functional groups (hydroxyl and glucoside groups) (Taubert
and Wegner 2002), strong associations between the metal ions and the CMC occurred for the
nucleation and initial crystal growth of the LDH, and thus the LDH was successfully encapsulated
by the CMC and (b) the hydrophilic CMC component and the smaller size of each LDH stack
allowed the LDH to be well dispersed in the starch matrix and good interactions between the
nanofiller and the matrix were formed because of the CMC component (Wu et al. 2011). However,
the biocomposites displayed a decrease in the thermal decomposition temperature because the weak
thermal stability of the CMC could weaken the interactions between the LDH filler and the starch
matrix and facilitate the decomposition of the starch (Wu et al. 2011). Furthermore, high LDH
content (8 wt %) could result in the agglomeration of the nanofiller in the matrix and thus reduce the
mechanical properties and WVP (Wu et al. 2011).

14 Nanocomposites Reinforced by a-Zirconium Phosphate

Synthetic a-ZrP (i.e., Zr(HPO4)2·H2O) exhibits similar structural characteristics to natural MMT
clay but has advantages such as high purity and ion exchange capacity and ease of intercalation and
exfoliation (Clearfield et al. 1972; Clearfield and Berman 1981; Sun et al. 2005; Wu et al. 2009a). In
addition, the particle size and aspect ratio can be manipulated by varying the reaction conditions
(Wu et al. 2009a). Wu et al. (2009a) investigated starch-based nano-biocomposite films reinforced
by a-ZrP at different loading levels. The results from XRD and SEM indicated that the plasticized
starch and the a-ZrP interacted and formed strong hydrogen bonds, resulting in improved compat-
ibility. Compared with the neat plasticized starch, the nano-biocomposite films showed increases in
the tensile strength and elongation at break, decreases in the crystallinity and moisture uptake, and
a slight decrease in the transparency. The improvement in the mechanical properties was due to the
much enhanced nanofiller–matrix interaction since a-ZrP has huge surface area The decrease in the
moisture sensitivity was attributed to the decreased number of –OH groups available for the
interaction with migrating water molecules. Nevertheless, higher content of the nanofiller could
contribute to an adverse effect on the improvement in the properties due to the phase separation and
the aggregation of the nanofiller, but not as much to reach back the values of the pure starch film.
Besides, the maximum thermal decomposition temperatures of the nano-biocomposite films
decreased with an increase in the a-ZrP content, which could be ascribed to the increase in the
acidity of the a-ZrP with the increase in the temperature, which induces the decomposition of the
glycoside bonds (Wu et al. 2009a).
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15 Nanocomposites Reinforced by Hydroxyapatite

The use of HA is mainly for making biomaterials for biomedical applications such as clinical
orthopedics because HA has the chemical and crystallographic similarity to the inorganic compo-
nent of natural bone and has excellent biocompatibility, bioactivity, and osteoconductivity
(Murugan and Ramakrishna 2004). The successful use of injection molding to produce
HA-reinforced starch–EVA nanocomposites with highmechanical performance for temporary tissue
replacement applications has been demonstrated (Reis et al. 1997). Besides, like metalloid oxides,
metal oxides, and metal chalcogenides, rodlike nano-HA crystals can be synthesized with controlled
shape and size using soluble starch as a template (via an in situ biomimetic process) (Meskinfam
et al. 2011; Sadjadi et al. 2010). The bioactivity and biocompatibility of the resulting biocomposites
were verified (Meskinfam et al. 2011; Sadjadi et al. 2010). Sundaram et al. (2008) reported the
fabrication of a porous scaffold biomaterial made from nano-HA, gelatin, and starch displaying the
appropriate enhanced mechanical properties for bone repair and regeneration.

16 Conclusion

Starch-based nano-biocomposites are novel multiphase systems that can be tuneable via the type,
geometry (size and shape), and surface chemistry of the nanofiller, the type/amylose content and
chemical modification of the starch, the type and content of the plasticizer(s) and additive(s), and the
processing steps and conditions.

A wide variety of nanofillers have been examined with starch matrix. Phyllosilicates have been
mostly utilized to develop starch-based nano-biocomposites due to their advantages such as wide
availability, low cost, and high aspect ratio and thus vast exposed surface area. In this group of
nanofiller, smectite group clays especially MMT are most popular due to their swelling nature and
large availability. In addition, polysaccharide nanofillers (typically CNWs and SNPs) represent the
second most popular group of nanofillers to realize starch-based nano-biocomposites because of
their abundance in nature, the biological sources, and the chemical similarity to starch. Unfortu-
nately, the preparation of these biobased nanoparticles is time consuming and involves acid
hydrolysis in multiple steps which is not eco-friendly. Furthermore, studies have also been carried
out for incorporating many other nanofillers such as carbonaceous nanofillers (typically CNTs),
metalloid oxides (e.g., SiO2 and Sb2O3), metal oxides (e.g., ZnO, TiO2, and ZrO2·nH2O), and metal
chalcogenides (e.g., CdS, CdSe). One of the advantages in utilizing such nanofillers is that they can
provide new functionalities to starch-based materials in addition to the general reinforcement.
Unfortunately, some of these last nanoparticles (e.g., the CNTs) may have a detrimental impact on
the human health and the environment (Helland et al. 2007; Klaine et al. 2008; Lam et al. 2006;
Oberdörster et al. 2007). Finally, some much less frequently employed nanofillers are LDH, a-ZrP,
and HA.

With the incorporation of the nanofiller, starch-based materials generally show improvement in
some of their properties such as mechanical properties (typically tensile strength, Young’s modulus,
and storage modulus), Tg (of the starch-rich domains), thermal stability, moisture resistance,
gas/solvent barrier property, and biodegradation rate. The improvement can be fundamentally
ascribed to the homogeneous dispersion of the nanofiller in the matrix and the strong interface
adhesion, which can contribute to the formation of a rigid nanofiller network and influence the
molecular and crystalline structures in the matrix. Regarding the dispersion, intercalation or even
exfoliation is desired for the nano-biocomposites reinforced by layered nanofillers, which can be

Polysaccharides
DOI 10.1007/978-3-319-03751-6_50-1
# Springer International Publishing Switzerland 2014

Page 54 of 75



assisted by some pretreatment/activation methods. To achieve good nanofiller dispersion and strong
interface adhesion, the compatibility between the nanofiller and the matrix is the key point to
address, although intensive processing means such as shearing, stirring, and sonication could also
help. When phyllosilicates are used, the best nanofiller could be those containing Na+ or cationic
starch as the counter-cation due to better polarity matching with the starch matrix. Besides, while
polysaccharide nanofillers normally do not have starch compatibility issues, some modifications
have to be used for many other types of nanofillers to increase the compatibility with starch which
has a hydrophilic nature. In all these systems, the interactions between the nanofiller and the matrix
are usually achieved by hydrogen bonding. However, the nanofiller–matrix interactions can be
affected by more factors such as the plasticizer(s)/additive(s), the starch chemical modification, the
presence of other polymer(s) in the matrix, and the processing conditions. In spite of the discussion
above, some property changes could not be exclusively attributed to the dispersion of the nanofiller
in the matrix and the nanofiller–matrix interactions. Typical examples are the moisture resistance,
which could be counter-affected by the hydrophilicity of the plasticizer(s) and the nanofiller, and the
thermal stability, which could be counter-affected by the functional groups or the modifying/
stabilizing polymer of the nanofiller. Furthermore, the nanofiller plays an important role in deter-
mining the properties of the nano-biocomposite. The extent of improvement can be related to the
aspect ratio/surface area, chemistry, and mechanical properties of the nanofiller, which may have
a relationship with its mixing preparation and modification of final structure and properties.
A typical example is that the geometry (size and shape) and the crystallinity of cellulose
nanowhiskers are highly dependent on the preparation method and conditions, influencing the
final performance properties of the nano-biocomposites.

Nevertheless, how the nanofiller affected the crystalline structure and crystallinity of the starch
matrix has not been unambiguously elucidated across the literature. Several reasons might account
for this: (a) the crystalline structure and crystallinity of starch-based materials can be highly affected
by the formulation (e.g., the amylose content of the starch and the type and content of the
plasticizer), the processing conditions (e.g., temperature, pressure, shearing, and orientation), and
the storing conditions (e.g., time, temperature, and relative humidity); (b) phase separation of the
plasticizer, the starch, and/or the nanofiller may exist in the system, with the different domains
showing different recrystallization/anti-crystallization behaviors; and (c) effective means are lacking
in the accurate thermal and structural characterization of starch. It is significant to note that some of
these reasons may also account for the discrepancies in some of the other results such as Tg and
moisture resistance.

With improved properties that are comparable to those of traditional petroleum-based polymers
such as polyethylene and polypropylene, starch-based nano-biocomposites can be designed into
various products such as blown/casting films, extruded sheets, expanded foams, and thermoformed
shapes. These can greatly enhance and widen the current applications of starch-based materials. In
addition to the general reinforcement, some nanofillers have been reported to provide new func-
tionalities to starch-based materials, such as superabsorption, electroactivity, electroconductivity,
electrorheological behavior, UV shielding, drug releasing, scaffolding (in tissue engineering), and
environmental purification. Consequently, starch-based nano-biocomposites have been or are
expected to be applied in a wide range of fields such as packaging, agriculture, medicine, and
electronics. Furthermore, the renewable resource and inherent environmental friendliness of such
materials can justify its wide use for a sustainable future.

In the future research, it is still very important to test new nanofillers to be incorporated into starch
for developing promising nano-biocomposites with excellent performance and new functionalities
to be competitive in the materials world. Specifically, maintaining homogeneous dispersion of the
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nanofiller in the matrix and having strong interface adhesion are the key prerequisites. Good
dispersion of the nanofiller results in a greater contact area; otherwise, the filler is not a nanofiller
(but micron-sized aggregates) and the composite can only be regarded as microcomposite instead of
nanocomposite. As pointed out by Schaefer and Justice (Schaefer and Justice 2007), the current
nanocomposites are often not “nano enough,” resulting in the elusive realization of anticipated
properties. They discovered that large-scale disorder is ubiquitous in nanocomposites regardless of
the level of dispersion, leading to substantial reduction of mechanical properties (modulus) com-
pared to predictions based on idealized filler morphology (Schaefer and Justice 2007). This problem
should also be addressed when developing starch-based nano-biocomposites since heterogeneous
dispersion of the nanofiller and phase separation unfortunately also existed in some of the studies
examined in the current review. While the manipulation of chemistry might help to some extent, the
future research should also address the importance in using processing techniques like extrusion,
film blowing, and injection/compression molding, which are more aligned to the efficient industrial
production. With such processing, intensive thermomechanical treatment is normally involved,
which could possibly play the dominant role in controlling the morphology and structure and thus
the performance of starch-based nano-biocomposites. Thus more research is needed regarding how
to achieve a well-dispersed structure without adding a detrimental effect to the final properties by
starch molecular degradation under thermomechanical treatment.
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