Chapter 6
Starch in Rubber Based Blends and Micro
Composites

Mei-Chun Li and Ur Ryong Cho

Abstract In this chapter, we will report the most recent investigations on modi-
fication of starch and their application as reinforcing filler in rubber composites.
First, we will give a brief introduction on the characteristics of native starch, e.g.,
chemical structure, amylose content, morphology and crystallinity. Then, a brief
review on different treatments used for starch modification, including gelatinization,
plasticization, nanoparticles fabrication, and chemical grafting will be carried out.
Finally, in order to prepare high performance starch reinforced rubber composites,
three primary strategies reported so far, including (1) the addition of coupling agent,
(2) modification of starch and (3) modification of rubber matrix will be highlighted.

6.1 Introduction of Starch

Starch is one of the most abundant natural resources in nature, which can be widely
derived from various bio-masses, such as corn, wheat, potato, cassava, rice and so
on. In 2000, total 48.5 million tons of starches were produced all over the world.
The main resources of starch are corn (81.24%), wheat (8.45%), potatoes (5.36%)
and others (5.15%). The value of the output is worth €15 billion each year [1]. In
2006, the global market of starch was significantly increased to 2.4 billion tons [2].
According to a recent report, the global markets sales of starches and derivatives
rose to $51.2 billion in 2012, and are expected to reach $77.4 billion by 2018 [3].
The rapid market growth promoted the researchers to look for new properties and
application of starch.
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Fig. 6.1 Two micro-structures of starch: amylose and amylopectin

Chemically, starch is a natural carbohydrate polymer, which consists of a large
number of glucose units linked by glycosidic bonds. Its basic formula can be
written as: (CgH;0Os),. The structure of starch is still under investigation due to its
complexity [4]. It has been universally accepted that starch mainly contains two
micro-structures: amylose and amylopectin, as shown in Fig. 6.1. Amylose, a linear
molecular structure linked via a-(1-4) glycosidic bonds, is composed of 100-
1000 glucose units. Its molecular weight is estimated to 20,000-225,000 g/mol.
Amylopectin is a highly branched molecular structure consisting of short (1-4) a-p-
glucan chains linked via a-(1-6) glycosidic bonds. Amylopectin has a much greater
molecular weight than amylose, which is estimated to 200,000—1,000,000 g/mol.
Depending on their botanic origin, the intrinsic properties of starch, such as amy-
lose content, particle size, granule shape, crystallinity, crystalline type and gela-
tinization temperature are different. Table 6.1 summarizes the intrinsic properties of
different types of starch.

(1) Amylose content. Normal starches have amylose content ranging from 15 to
30% and amylopectin content ranging from 70 to 85%. However, some
starches have very high or extremely low amylose contents. For example,
wrinkled pea starch [11] and amylomaize [12] have high amylose contents of
70 and 75%, respectively; whereas waxy maize starch [13] has extremely low
amylose content of 1%. The content of amylose in starch was usually deter-
mined using two methods, such as the iodine affinity of solution of a defatted
starch and the blue color derived from the amylose complex of iodine [8].
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Table 6.1 The intrinsic properties of starch derived from various resources [5—10]

Botanic origin Rice Corn Wheat | Cassava Potato

Amylose content | 20-25 25-28 25-29 28 20-25

(%)

Average particle 6 15 20 33 48

size (pm)

Shape Polyhedral | Spherical and Disc Oval, round and Oval
polyhedral truncated

Crystallinity (%) 38-51 39 36 29-40 25

Crystalline type A A A B B

Gelatinization 68-78 62-72 58-64 |49-73 50-68

point (°C)

(2) Average particle size and shape. The particle size of native starches ranges

3

from 1 to 100 um depending on their botanic origin. Potato starch granules
have an oval-shaped form and an average particle size of 48 um. Cassava
starches are oval, round and truncated granules and have an average particle
size of 33 um. Wheat starch granules are disc shape and have an average
particle size of 20 um. Corn starches granules are a mixture of spherical and
polyhedral shaped and have an average particle size of 15 pm. Rice starch
granules show polyhedral-shaped form and have an average particle size of
6 um. In general, the particle size increases as the following order: rice starch,
corn starch, wheat starch, cassava starch, potato starch.

Crystallinity and crystalline type. Native starches are evidenced to be
semi-crystalline natural polymers by X-ray diffraction (XRD) pattern. Their
crystallinity ranges from 15 to 45% depending on their depending on their
botanic origin. In native starch, the main component of amorphous regions is
considered to be amylose. It was reported that the crystallinity of native
starches was decreased as the increase of the amylose content [14]. The main
component of the crystalline region is considered to be the amylopectin
lamellae. The branched structure and high molecular weight of amylopectin
strongly restrict the movement of starch chains and therefore cause the starch
chains to be oriented [15]. From the XRD pattern, native starches are classified
into three types: A, B and C types. For A-type starches, such as rice, corn and
wheat starches, water molecules are located between each double helix. For
B-type starches, such as cassava and potato starches, water molecules are
located at the central cavity formed by six double helices [5]. For C-type
starches, such as pea starches, water molecules are located both between each
double helix and at the central cavity formed by six double helices. Therefore,
C-type starches are considered as a mixture of A-type and B-type starches.

In order to further to understand the structure and intrinsic properties of starch,
we took corn starch as an example and characterized it using Digital Camera,
Scanning Electron Microscope (SEM), Attenuated Total Reflection-Fourier
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Transform Infrared spectroscopy (ATR-FTIR), Thermogravimetric Analysis
(TGA), X-Ray Diffraction (XRD) and Nuclear Magnetic Resonance (NMR), as
shown in Fig. 6.2.

Figure 6.2a shows that the native corn starch is a white powder. Figure 6.2b
confirms that the corn starch has a mixture of spherical and polyhedral-shaped form.
The particle size of corn starch is less than 20 um. Figure 6.2¢ shows the ATR
spectrum of corn starch. It can be seen that a wide and strong absorption peak
appeared at 3313 cm™ ' is attributed the O-H stretching. And its width is directly
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Fig. 6.2 Characterization of corn starch: a digital photo, b SEM microphoto, ¢ ATR spectrum,
d 'H-NMR spectrum, e XRD pattern and f TGA and DTG curves
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related to the formation of hydrogen bonding between two hydroxyl groups. Two
absorption peaks at 2822 and 2932 cm™ " are ascribed to the asymmetric stretching
of C-H in —CHj; or —CH,— groups. One absorption peak at 1640 cm ™' was due to
adsorbed water. Two absorption peaks at 1440 and 1340 cm™' are assigned to the
angular deformation of C—H. Finally, the C—O absorption peaks could be found at
998 and 1077 cm™ ! and C—O-C absorption peak could be found at 1149 cm™".
Figure 6.1d shows "H-NMR spectrum of corn starch. The peak at 3.3 ppm is
attributed to the hydrogen atom in the CH,—O groups. Two peaks at 3.6, 3.8 and
4.5 ppm are due to the hydrogen atoms in the CH-O group. Three peaks at 5.1, 5.5
and 5.6 ppm are assigned to the hydrogen atoms of the hydroxyl groups —OH.
Figure 6.2e shows the XRD pattern of corn starch. Five diffraction peaks appearing
in 15.1, 17.2, 18.0, 19.9 and 23.0 ppm can be observed, indicating that it is A-type
semi-crystalline structure. Figure 6.2f shows the TGA and DTG curves of corn
starch. Native corn starch shows characteristic three decomposition stages. The first
stage occurring from 50 to 150 °C is attributed to the moisture evaporation. The
second stage occurring from 239 to 353 °C is the major weight loss stage (62%),
which is due to the decomposition of starch. From the DTG curve of corn starch, we
can see the maximum decomposition temperature is about 312 °C. The third stage
occurring from 353 to 600 °C is attributed to formation and evaporation of some
volatile compounds. The char residue is 17% at 600 °C.

Starch granules tend to absorb the moisture at humid condition due to the
strongly hydrophilic characteristics. Its moisture content has a significant influence
on the morphology, thermal, mechanical properties and so on. Liu et al. [16]
reported that the decomposition temperature of starch decreased with increasing
moisture content. Zeleznak et al. [17] found that as the moisture content of starch
increased, the melting temperature and the glass temperature decreased propor-
tionally. Mali et al. [18] indicated that the increase in the moisture content led to
both decrease in tensile strength and Young’s modulus of starch films. Vanderberg
et al. [19] suggested that moisture could act as a plasticizer for starch. They
explained that the addition of water improved the mobility of starch polymer chains.

Starch is also known as a completely biodegradable material, which can be
broken down in natural environment by several microorganisms or bacteria, such as
Bacillus amyloliquefaciens, Bacillus licheniformis, Aspergillus oryzae, Aspergillus
niger, Bacillus subtilis, Malted barley and Bacillus acidopullulyticus [20]. The
action of microorganisms for degradation of starch is different. For example,
Bacillus amyloliquefaciens, Bacillus licheniformis and Aspergillus oryzae are
mainly involved in cleaving a-1,4-oligosaccharide links to produce o-dextrin,
maltose and oligosaccharides. Aspergillus niger is involved in cleaving a-1,4 and
a-1,6-oligosaccharide to produce B-glucose. It is worth noting that these degraded
dextrin, oligosaccharides and maltose can participate in catabolism to generate
carbon dioxide and water. These produced carbon dioxide and water will recycle
into starch through photo-synthesis process, again. Therefore, starch is also a
renewable and biodegradable natural resource.
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6.2 Modification of Starch

In recent years, starch-based products, such as starch-based coating, adhesives,
flocculants, super absorbent, plastics and rubber biocomposites have been attracted
a great attention from both academic and industrial researchers [21-26]. However,
starch itself exhibits large particle size, high moisture absorption behavior, high
hydrophilic behavior and high re-crystallization behavior. These above bottlenecks
significantly limited the application of starch. Therefore, several methods, such as
gelatinization, plasticization, hydrolysis and chemical grafting have been employed
to modify the starch.

6.2.1 Gelatinization of Starch

Gelatinization generally consists of three stages. At the first stage, the starch
granules in the water suspension irreversibly absorb water and swell under the
continuously mechanical stirring and heat. At the second stage, when the temper-
ature is over its gelatinization point, the intermolecular hydrogen bonds between
starch molecules are significantly broken down. At the last stage, once the hydrogen
bonds are broken, water molecules highly penetrate into the starch molecules,
resulting in much greater swelling and the destruction of crystallites of starch [15].
After gelatinization, the branched amylopectin double helices are dissociated, as
shown in Fig. 6.3, therefore and the crystalline structure of starch usually
disappears.

Different types of starch have different gelatinization temperature. As shown in
Table 6.1, the gelatinization temperatures are 61-18, 62-72, 52-63, 49-73 and 59—
68 °C for rice, corn, wheat, cassava and potato starch, respectively. The
pre-treatment process, such as milling affects the gelatinization temperature. After
milling, the damaged starch can absorb water faster and therefore decreases the
gelatinization temperature.

Some factors, such as water content, stirring and pressure may affect the gela-
tinization process. Wang et al. [27] investigated the effect of water content on the
gelatinization of starch using experimentation and computer simulation. They
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Fig. 6.3 Schematic illustration of starch gelatinization
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observed that a minimum ratio of 14 water molecules to 1 anhydrous glucose unit
was required to complete gelatinization. The minimum water content for com-
pleting gelatinization was defined as 63%. Garcia-Alonso et al. [28] studied the
effect of magnetic stirring on the gelatinization of starch. They suggested that
magnetic stirring during gelatinization led to form homogeneous gels and more
standardized products. Herh and Kokini [29] demonstrated that starch exhibited
very sensitive characteristic to the changes in the pressure. The conversion of
gelatinized starch as well as gelatinization temperature increased as the increase in
the pressure.

6.2.2 Plasticization of Starch

Native starch exhibits very high melting temperature (220-240 °C), which is higher
than its decomposition temperature (220 °C), therefore, it is easily degraded before
melting during the thermal processing. In order to apply starch in the polymer
blends, plasticizer is usually used. The addition of plasticizer into starch leads to the
decrease of its melting temperature and thus improves the processing property. The
plasticized starch is commonly known as thermoplastic starch (TPS). Figure 6.4
illustrates the plasticization process of starch.

By now, the use of various plasticizers, such as water, glycol, glycerol, sorbitol,
critic acid, formamide, ethanolamide, urea, and acetamide to plasticize native starch
have been reported. Table 6.2 summaries the common plasticizers used for the
preparation of TPS. Water is considered as the most common plasticizer for the
preparation of TPS. The addition of water causes a remarkable reduction in the melt
viscosity of starch-based products [65, 66]. However, due to the poor mechanical
performances resulted from water-plasticized starch [34], the water is often used
together with the other plasticizers, such as glycerol [30-32], formamide [34] and
glycol [36]. Wang et al. [34] found that when a mixture of water and formamide was
used, the plasticization of starch as well as the fluidity of TPS/poly(lactic acid) blends
were improved dramatically. The addition of formamide also increased the mechan-
ical properties of TPS/poly(lactic acid) blends. Polyols, such as glycol, glycerol and
sorbitol have significant effect on the plasticization of starch. The rigid starch granules
have very high Young’s modulus due to the strong hydrogen bonds among the starch
molecules. The addition of polyhydric alcohols can decrease the interaction among
starch molecules. Thus, polyols can also act as plasticizers, which favor the movement
of starch macromolecular chains, resulting in a reduction in the melting viscosity and
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Table 6.2 The common plasticizers used for the preparation of TPS

Plasticizer Molecular formula References
Water H,O [30-34]

Glycol HO-(CH,)-OH [35-38]
Glycerol HO-CH,—-CH(OH)-CH,-OH [39-48]
Sorbitol HO-CH,-[CH(OH)]4,~CH,-OH [38, 49-52]
Critic acid HOOC-CH,~(HOOC)C(OH)-CH,-COOH [47, 53-57]
Formamide HCO-NH, [34, 58-62]
Ethanolamide HO-CO-NH, [63]

Urea H,N-CO-NH, [58, 59, 62-64]
Acetamide CeHs—NH-CO-CHj; [58, 64]

an increase in the elongation. Yu et al. [35] reported that the addition of polyhydric
alcohols, such as glycol, glycerol and hexylene glycol decreased the mechanical
properties, apparent viscosity and crystalline structure of starch. Forssell et al.
[39] investigated the phase and glass transition behavior of starch-glycerol-water
mixtures. They found that the phase separation could easily occur, and when the water
content was not too high, glycerol could inhibit amylopectin crystallization.
Rodriguez-Gonzalez et al. [44] investigated the effect of glycerol content on the
rheological and thermal properties of TPS. They found that as glycerol content
increased from 29 to 40%, the elastic and loss modulus decreased gradually, mean-
while, the glass temperature Tg decreased from —45 to —56 °C. It is worth noting that
the combined use of different plasticizers can optimize the performances of TPS [30-
32,34,36,47,52,55,57,59, 63]. Shi et al. [47] investigated the effect of critic acid on
the glycerol-plasticized thermoplastic starch (GTPS). They found that compared with
traditional GTPS, the novel critic acid-glycerol-co-plasticized thermoplastic starch
(CGTPS) exhibited some new characteristics, such as partial esterification, low
molecular weight and strong interaction between critic acid and starch. Teixeira et al.
[52] comparatively studied the performances of glycerol-plasticized TPS/cellulose
nanofibrills nanocomposites (TPSG) between glycerol-sorbitol-co-plasticized
TPS/cellulose nanofibrills nanocomposites (TPSGS). The results indicated that
compared with TPSG, TPSGS showed higher storage modulus and tensile strength.
They explained that due to the higher molecular weight as well as the higher -OH
content of sorbitol, the restriction effect of sorbitol on the nanocomposites was more
prominent, resulting in higher stiffness.

One of the major bottlenecks for polyols-plasticized TPS is its retrogradation
characteristic. The retrogradation occurs after polyols-plasticized TPS is stored for a
period of time [67]. Kazuo et al. [68] found that urea had the retrogradation resistant
ability for TPS. Therefore, to avoid the occurrence of retrogradation, various
amides, such as formamide, ethanolamide, urea and acetamide have been studied in
recent years. Ma et al. used the urea/formamide [59, 69] or urea/enthanolamide [63]
as plasticizers for preparation of TPS. The results showed that the addition of urea
ameliorated the retrogradation and mechanical properties of TPS. They also com-
paratively investigated three different amide plasticizers, such as formamide,
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acetamide and urea for TPS with the traditional plasticizer: glycerol as reference
[58, 64]. The results showed that urea had the greatest ability to form the hydrogen
bonds with starch, while polyols had the weakest ability to form the hydrogen
bonds with starch. In addition, they confirmed that amide groups had the ability to
suppress the retrogradation of TPS.

6.2.3 Preparation of Starch Nanoparticles

Particle size is one of the most crucial parameters for fillers to reinforce polymer
matrix. Generally, fillers with particle size greater than 10 pm deteriorate the
physical properties of polymer matrix rather than reinforcing; fillers with particle
size from 1 to 10 pm primarily act as diluents and have no reinforcing capability in
polymer matrix; fillers with particle size from 10 to 100 nm acts as reinforcing
fillers, which significantly improve the performances of polymer compounds.
Therefore, the performances of starch/polymer composites are strongly dependent
on the particle size of starch. Recently, several methods, such as high-pressure
homogenization [70, 71], precipitation [72, 73], micro-emulsion [74-76] and acid
hydrolysis [77-88] have been developed to prepare the starch nanoparticles (SNPs).

Liu et al. [70] used high-pressure homogenization method (under a pressure of
207 MPa) to produce SNPs. After several run through a micro-fluidizer, the particle
size of starch was reduced from micro- (3—6 pm) to nanometer (10-20 nm) without
affecting its crystal structure and thermal stability. Ma and Yu [62] used ethanol as
precipitant to produce SNPs through precipitation method and then modified the
as-received SNPs with critic acid. The critic acid-modified SNPs ranged in particle
size from 50 to 100 nm and exhibited good interaction with glycerol plasticized-pea
starch matrix. On the base of precipitation method, the micro-emulsion method was
developed. In the micro-emulsion method, surfactants, such as Span 80 [71, 74, 77],
CTAB [76], Tween 80 [71, 76] were added into starch solution to form
micro-emulsion before precipitation. Compared with the precipitation method, the
SNPs prepared by the micro-emulsion method exhibited much smaller in the par-
ticle size [76].

Acid hydrolysis is one of the most popular methods used for the preparation of
SNPs. The SNPs derived from starch granules through hydrolysis method are
particularly called as “starch nanocrystals (SNCs)”. Native starch is a
semi-crystalline polymer, including the amorphous and crystalline phases. The
amorphous phases can dissolve by the treatment of acid hydrolysis; however, the
water-insoluble crystalline lamellae can’t dissolve. Thus, SNCs refer to the
remained crystalline lamellae. Jayakody and Hoover [77] indicated that the acid
hydrolysis of starch included two steps. The first step is the hydrolysis of amor-
phous regions, which is affected by the amount of lipid complexed amylose chains,
particle size, amylose content and pores on the surface. The second step is the
hydrolysis of crystalline regions, which is affected by the mode of distribution of o
(1-6) branches between the amorphous and the crystalline regions, amylopectin



118 M.-C. Li and U.R. Cho

content and degree of packing of the double helices with the crystalline. Wang et al.
[78] reported the differences in physical and chemical properties of acid hydrolyzed
corn, potato and rice starch under the same hydrolysis conditions. They suggested
that the inherent characteristics of starch played crucial roles in the properties of
hydrolyzed starch. The yield and morphology of SNCs prepared by acid hydrolysis
are dependent on the particle size, amylose/amylopectin ratio, crystalline type and
hydrolysis conditions [77-81]. The effect of several hydrolysis conditions, such as
temperature [82, 83], time [80, 82-84], acid type [85-87] and acid concentration
[82, 83, 88] on the yield and morphology of SNCs has been extensively investi-
gated. Angellier et al. [82] optimized the hydrolysis conditions for the preparation
of SNCs using a response surface methodology. The conditions were optimized
as following: (1) concentration: 3.16 M H,SOy, (2) time: 5 days, (3) temperature:
40 °C and (4) stirring speed; 100 rpm. Jayakody and Hoover [77] reported that the
acid hydrolysis rate was very fast in the first 8 days. For example, with the acid
hydrolysis (8 days, 2.2 N HCI, 35 °C), the waxy maize, normal maize, amylomaize
V, amylomaize VII, waxy maize, oat and rice starches were hydrolyzed to the
extent of 68.1, 61.1, 32.6, 28.5, 64.4 and 62.0%, respectively; with the acid
hydrolysis (15 days, 2.2 N HCl, 35 °C), waxy maize, normal maize, amylomaize
V, amylomaize VII, waxy maize, rice and oat starches were hydrolyzed to the
extent of 77.3, 73.4, 37.0, 32.3, 75.3, and 72.9%, respectively. Singh and Ali [86]
investigated the effect of different acids, such as HCl, HNO5, H,SO,4 and H;PO,4 on
the starch hydrolysis. They indicated that HCI had the most effect on the starch
hydrolysis, while H;PO, had the weakest effect on the starch hydrolysis. Wang
et al. [88] found that as the concentration of hydrochloric acid increased, the
hydrolysis rate was increased. More recently, LeCorre reported [89] the significant
effect of enzymatic pre-treatment on the acid hydrolysis of starch. They observed
that the enzymatic pre-treatment significantly reduced the acid hydrolysis duration.
For example, the duration of regular final yield of 15% SNCs was shortened from
5 days to 45 h.

6.2.4 Chemical Grafting of Starch

Starch has a large number of reactive hydroxyl groups on the backbones; therefore it
is possible to modify its surface characteristic through a grafting copolymerization. It
is found that vinyl monomers show highly reactive to be grafted onto the starch
backbones. Various starch-graft-vinyl polymers have been synthesized, for example
starch-g-poly(methyl methacrylate) [90-96], starch-g-polystyrene [97-102],
starch-g-poly(butyl acrylate) [103—105], starch-g-poly(vinyl alcohol) [106-109],
starch-g-poly(methacrylic acid) [109-112], starch-g-poly(acrylic acid) [113-118],
starch-g-poly(acrylonitrile) [119-126], starch-g-poly(methacrylonitrile) [127-131],
starch-g-poly(vinyl acetate) [132—135], starch-g-poly(acrylamide) [24, 136, 137],
and starch-g-poly(styrene-maleic anhydride) [138]. Starch-graft-vinyl polymers are



6 Starch in Rubber Based Blends and Micro Composites 119

mainly synthesized by two methods: conventional redox-initiated method and
irradiation-initiated method.

In the conventional redox-initiated method, various organic/inorganic redox
initiators, such as hydrogen peroxide [90, 108], potassium pervanadate [91], ben-
zoyl peroxide [93, 102, 133, 138], 2,2-azobisisobutyronitrile [94], ceric ammonium
nitrate [95, 104, 110, 113, 116, 120-123, 128, 129, 131, 134, 139], manganic
pyrophosphate [96, 124-126], potassium persulphate [99, 101, 102, 109, 130],
ammonium persulfate [105, 137], ferrous ammonium sulfate [108] and potassium
permanganate [111, 112, 117], have been reported to synthesize starch-graft-vinyl
polymers. Among these redox initiators, ceric ammonium nitrate is mostly pre-
ferred. Compared with the other initiators, ceric ammonium nitrate possesses some
advantages, such as the simple mechanism of single electron transfer, formation of
free radicals on the back bone polymer itself, production of pure graft copolymer
and ease of application at an ambient temperature in aqueous medium [139].
A proposed grafting mechanism between methyl methacrylate and starch via ceric
ammonium nitrate-initiated method is illustrated in Fig. 6.5. As shown in Fig. 6.5,

+
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Fig. 6.5 A proposed grafting mechanism initiated by ceric ammonium nitrate [26]
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when the initiator ceric ammonium nitrate was added in an inert atmosphere of
nitrogen, starch macro radicals were produced by donating hydrogen atoms, as
illustrated in reaction (i). In the presence of monomer MMA, these reactive starch
radicals were easily added to the double bond in monomer MMA, producing
starch-grafted MMA free radicals, as illustrated in reaction (ii). Reaction (iii) shows
that many more MMA molecules were successively added to continuously prop-
agate the reactive chain. Finally, this grafting copolymerization might be terminated
by a combination of two reactive starch grafted MMA chains, as illustrated in
reaction (iv).

Recently, irradiation-initiated methods, such as microwave, electron beam, UV
and gamma-ray irradiation have been attracted considerable attention. Compared
with the conventional redox-initiated method, irradiation-initiated method possesses
some advantages, such as high percentage grafting, easy controlled, high conver-
sion, energy saving, high grafting rate. Microwave irradiation is the most promising
method for the synthesis of starch-graft-vinyl polymers. Because the free radicals
are produced by means of microwave photos, steric hindrance can be completely
avoided, resulting in much higher percentage grafting and higher conversion
compared with redox-initiated method [140]. In addition, the grafting copolymer-
ization can be completed in minutes compared with hours or days using the con-
ventional redox-initiated method [141].

The grafting copolymerization of vinyl monomers onto starch backbone can be
evidenced using XRD, FTIR, NMR, TGA, DSC and SEM observations. The
grating parameters, such as grafting percentage (GP) and grafting efficiency
(GE) are also employed to describe the extent of grafting copolymerization. GP and
GE are calculated by the following equations:

GP = —L x 100% (1)

GE = — x 100% )

where W, is the weight of grafted polymers in the starch-graft-vinyl polymers,
which can be obtained through soxhlet extraction followed by acid hydrolysis
treatment; W5, is the weight of starch in the starch-graft-vinyl polymers; and W3 is
the initial weight of monomer.

The synthesis conditions, such as pre-treatment, reaction time, temperature,
monomer/starch ratio, initiator type and concentration have significant influence on
the values of GP and GE. Athawale and Lele [131] synthesized the maize
starch-g-poly(methacrylonitrile) copolymers using ceric ammonium nitrite as an
initiator. The effect of reaction time, temperature, monomer concentration and
initiator concentration on the GP and GE were investigated. The optimum condi-
tions were determined as following: reaction time: 3 h; temperature: 35 °C, initiator
concentration: 0.002 mol/l and monomer concentration: 0.755 mol/l. Cho and Lee
[99] synthesized the starch-g-polystyrene copolymers by emulsion polymerization,
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using potassium persulfate as an initiator, sodium dodecylbenzenesulfonate as an
emulsifier and tetraethylthiuram disulfide as a chain transfer agent. The influences
of pre-heated, reaction time, initiator concentration, emulsifier concentration, chain
transfer agent concentration on the GP were investigated. The results showed that
the values of GP were increased as the reaction time, initiator concentration and
emulsifier concentration increased, while decreased as the chain transfer agent
concentration increased. In addition, they observed that when the starch was
pre-heated in the water at 80 °C, higher GP values were achieved.

In the starch-graft-vinyl polymers, the component of grafted vinyl polymers acts
as plasticizer, therefore the grafting of vinyl polymers affects the crystalline ability,
thermal properties and morphology of starch. Gao et al. [96] found that after the
starch was grafted with methyl methacrylate; four sharp crystal peaks observed
from XRD pattern were merged into a smooth peak, suggesting that the crystal
phase of starch was destroyed. Wang et al. [142] observed that starch-g-poly(butyl
acrylate-co-acrylonitrile) copolymers exhibited much higher decomposition tem-
perature compared with native starch, indicating the improved thermal stability.
Jyothi [143] indicated that the glass temperature of modified starch was lower than
neat starch, because the grafted polymers may act as internal plasticizers, which
favored the movement of starch molecular chains. Li et al. [26] found the surface of
starch-g-poly(methyl methacrylate) copolymers was covered by a layer of PMMA
due to the heterogeneous copolymerization system. And as the GP increased, the
granules of modified starch were gradually deformed, resulting in fragmentation or
the formation of a deep groove in the central core region, indicating the developed
plasticity. Therefore, the properties of starch-graft-vinyl polymers could be tailored
with the GP value properly.

The modified starch copolymers have wide potential applications, such as
reinforcing fillers in rubber industry, biodegradable matrix in plastic industry,
packaging films in food industry, flooding agents in the oil drilling industry,
adhesives in tape industry, coatings in wallpaper industry, flocculants in water
treatment industry, superabsorbent polymers in baby diaper industry and
bio-compatible materials in the medical industry. Owing to its good
bio-compatibility as well as proper bio-degradability, starch copolymers are also
considered as one of the most promising materials in the bone tissue engineering.

6.3 Starch Reinforced Rubber Composites

In the past two decades, researchers have made great efforts on the utilization of
various natural resources to develop the sustainability of industrial products.
Natural resources have merits of low cost, abundance, lightweight, renewability,
biodegradability and environmental friendliness. Recently, the application of starch
as reinforcing fillers in the rubber compounds is of great interest.
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6.3.1 Native Starch Reinforced Rubber Composites

The potential use of native starch as reinforcing filler in rubber matrix has been
investigated from a mechanical point of view. Owing to the hydrophilic surface
characteristic, large particle size and high melting point, native starch is very dif-
ficult to uniformly disperse in the rubber matrix. Therefore, the incorporation of
native starch into rubber matrix generally leads to the deterioration of mechanical
properties of the composites. Kiing et al. [144] used the native sago starch to
reinforce natural rubber. They found the tensile strength of the non-vulcanized
native sago starch/natural rubber (NR) blends decreased from 18.74 to 2.41 MPa as
the loading of native sago starch increased from 0 to 20%. Afiq et al. [145] also
used native sago starch to reinforce NR. They found that the tensile strength of the
vulcanized native sago starch/NR composites also decreased from 22.79 to
15.00 MPa as the loading of native sago starch increased from 0 to 25 phr. Khalaf
et al. [146] reported the use of native maize starch to reinforce NR. They found that
the tensile strength of the vulcanized native maize starch/NR composites decreased
from approximately 24 to 2 MPa as the loading of native maize starch increased
from O to 60 phr. Recently, to obtain uniform dispersion of starch in rubber matrix,
a novel dispersion technique—Ilatex compounding method was reported [147]. In
this method, starch granules were gelatinized in aqueous solution at 90 °C to obtain
the starch paste. Then the starch paste was compounded with rubber latex, followed
by immediately co-coagulating the mixture using CaCl, solution. By virtue of latex
compounding method, the particle of starch was significantly reduced to less than
1 um and the dispersion state of starch was improved; therefore, the starch/rubber
composites prepared by latex compounding method showed superior mechanical
properties compared to the composites prepared by solid compounding method.
Figure 6.6 shows mechanical properties of corn starch/styrene-butadiene rubber
(SBR) composites prepared by solid and latex compounding method. It can be seen
that the tensile strength, elongation and 300% modulus of neat SBR were 2.9 MPa,
636% and 1.2 MPa, respectively. The incorporation of 10 phr of starch into SBR
matrix by solid compounding method decreased the tensile strength and elongation
to 1.8 MPa and 415%, respectively; while slightly increased the 300% modulus.
Further incorporation of starch from 10 to 40 phr into SBR matrix had no obvious
effect on the tensile strength and 300% modulus, while caused a continuous
decrease in the elongation, which might be due to the large particle size of starch.
On the contrary, the incorporation of 10 phr starch into SBR matrix by latex
compounding method increased the tensile strength, elongation and 300% modulus
up to 3.1 MPa, 836% and 1.5 MPa, respectively. Further incorporation of starch
had a positive effect on the mechanical properties. For example, as the starch
concentration increased from 10 to 40 phr, the 300% modulus was successively
increased from 1.5 to 3.1 MPa; the tensile strength was increased from 3.1 to
4.4 MPa. The maximum tensile strength (4.9 MPa) could be achieved when 30 phr
of starch was incorporated. The improvement in the mechanical performances is
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Fig. 6.6 Mechanical properties of starch/SBR composites prepared by solid and latex
compounding methods

attributed to the reduction in the starch particle size as well as the improved dis-
persion state, as evidenced in Fig. 6.7.

Figure 6.7 shows the FE-SEM micrographs of starch/SBR biocomposites pre-
pared by solid and latex compounding method. For the composites prepared by
solid compounding method, a large number of starch granules appear on the
tensile-fractured surface, as shown in Fig. 6.7a, b. Most of the corn starch granules
have larger particle size (20 pm). Additionally, a large number of voids could be
observed on or near the boundaries of starch granules, which indicated the poor
interfacial compatibility between hydrophilic starch and hydrophobic SBR matrix.
For the composites prepared by latex compounding method, the shape of starch
granules was strongly deformed after gelatinization and the particle size of starch
granules was decreased, as shown in Fig. 6.7c, d. FE-SEM observations confirmed
the reduction in the particle size of corn starch and the improvement in the dis-
persion of corn starch in SBR matrix, which caused a remarkable development in
the mechanical properties.
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Fig. 6.7 FE-SEM micrographs of starch (20 phr)/SBR composites prepared by two methods:
solid compounding method, scale bar: a 100 um and b 10 um; latex compounding method, scale
bar: ¢ 100 pm and d 10 pm

6.3.2 Modified Starch Reinforced Rubber Composites

It is well known that the interfacial interaction between filler and rubber matrix,
particle size, and dispersion state of filler in the rubber matrix are three crucial
parameters that strongly affect the mechanical properties of filler/polymer com-
posites. By virtue of latex compounding method, although the dispersion state of
starch was improved, the mechanical properties of the composites were still low due
to the poor interfacial interaction between native starch and rubber matrix. Great
efforts have been made by researchers to enhance the interfacial interaction between
starch and rubber matrix. These efforts can be classified into three strategies:
(1) modification of starch, (2) modification of rubber matrix, and (3) addition of
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Table 6.3 The strategies used to enhance the interfacial interaction between starch and rubber

matrix
Strategies Rubber matrix Fillers Coupling References
agent
Addition of SBR/NR blends Starch PEVOH® and | [148]
coupling agent TESPT®
NR Starch Glycerol [149]
NR Starch MAHS, GMA? | [146]
SBR RF°-modified starch | AEAPTMS' [150-152]
NR PMMA#-modified MDI" [153]
starch
Modification of SBR Starch xanthate [154]
starch SBR RF-modified starch [150-152]
NR Starch xanthate [155]
NR PBA™-modified [105]
starch
SBR PMMA-modified [153, 156,
starch 157]
NR SNCs [158-163]
NR Isocyanated SNCs [164]
Acetylated SNCs
NR Acetylated starch [143]
Hydroxypropylated
starch
Modification of PolyDMAEAj— Starch - [165]
rubber matrix modified NR
PMMA-modified Starch - [166, 167]
NR
Maleated NR Starch - [168]
Electron beam Starch [169]

irradiated NR

“Poly(ethylene vinyl alcohol)
"Bis(triethoxysilylpropyl)tetrasulfide

“Maleic anhydride
4Glycidyl methacrylate
“Resicorol formamide

'N-2-(aminoethyl)-3-aminopropyltrimethoxysilane
€Poly(methyl methacrylate)
"4 4-methylene bis (phenyl isocyanate)

iPoly(butyl acrylate)

JPoly(dimethylaminoethyl methacrylate)

coupling agent. Table 6.3 gives a summary of the strategies used for improving the
performances of starch/rubber compounds in recent years.

Addition of coupling agent is the most common method used to enhance the
interfacial interaction between the hydrophobic rubber matrix and the hydrophilic
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Fig. 6.8 Molecular formulas of the most common coupling agents

filler, such as graphene oxide, carbon nanotubes, nano-clay, silica, halloysite nan-
otubes, cellulose, and starch. Coupling agent usually contains two functional groups
with different reactivity. One functional group can be attached to the hydrophilic filler
via the formation of chemical bonds, such as covalent bond and hydrogen bond. The
other functional group reacts with rubber matrix. Therefore, coupling agent usually
acts as a “bridge” linking two incompatible phases and provides stronger reinforcing
effect. Figure 6.8 shows the molecular formulas of the most common coupling agents
used to enhance the interfacial interaction between the hydrophobic rubber matrix and
the hydrophilic filler, including maleic anhydride (MA), 4,4-methylene bis(phenyl
isocyanate) (MDI), vinyltrimethoxysilane (VTMS), bis(triethoxysilylpropyl)tetra-
sulfide (TESPT), 3-aminopropyltriethoxysilane (APTES), N-2-(aminoethyl)-
3-aminopropyltrimethoxysilane (AEAPTMS), 3-mercaptopropyltrimethoxysilane
(MPTS), and 3-glycidoxypropyl trimethoxysilane (GPTMS).

The addition of coupling agent to enhance the performance of starch/rubber
composites could be dated back to 1997. Goodyear Tire Rubber Company [148]
developed novel reinforcing filler called BioTRED to partially replace the con-
ventional carbon black and silica. The BioTRED was prepared from the plasti-
cization of starch using poly(ethylene vinyl alcohol). To enhance the interfacial
interaction between the plasticized starch and rubber matrix, a coupling agent
TESPT was added. With the addition of TESPT, the plasticized starch can be
beneficially used as a partial replacement of the carbon black reinforcement.
Carvalho et al. [149] prepared the thermoplastic starch/NR blends. They observed
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that the plasticizer glycerol contributed to the plasticization of starch and to the
improvement of the starch-NR interface. Khalaf et al. [146] reported the potential
use of MA and glycidyl methacrylate (GMA) as compatibilizers for maize
starch/NR vulcanizates. Unfortunately, the incorporation of MA deteriorated the
tensile strength of maize starch/NR vulcanizates. However, maize starch/NR vul-
canizates with 1 phr of GMA showed an improvement in the tensile strength. In
addition, it was observed that the addition of GMA accelerated the vulcanization
rate of maize starch/NR vulcanizates. Wu et al. [150-152] reported the synergistic
effect of RF and coupling agent AEAPTMS on the reinforcement of starch/SBR
composites. Significant reinforcement can be achieved by co-modification of starch
by RF and AEAPTMS. For example, with addition of 30 phr of
RF/AEAPTMS-modified starch, the tensile strength and tear strength of SBR
composites were 18.0 MPa and 45.6 kN/m, respectively. Li et al. [153] compara-
tively investigated the effectiveness of different coupling agents, including TESPT,
APTES, MPTS and MDI on the PMMA-modified starch/SBR interfaces. Among
these coupling agents, MDI contributed to the most significant improvement in the
300% modulus, while TESPT had little influence on the 300% modulus. The
reaction mechanism of MDI in the PMMA-modified starch/SBR interfaces was
illustrated in Fig. 6.9. MDI played as a crosslinking point in the PMMA-modified
starch/SBR interfaces. On the one hand, the strong carbamate bonds formed
between the isocyanate group of MDI and the hydroxyl groups of starch. On the
other hand, there was a strong—adhesion between the benzene group of MDI and

HO
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o |
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| H—N
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Fig. 6.9 Proposed reaction mechanism among starch-MDI-SBR [153]
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the benzene group of SBR. It is worth noting that the carbamate bonds formed
between MDI and starch are much stronger than the hydrogen bonds formed
between silane and starch. Therefore, MDI exhibited the superior reinforcement to
other silane coupling agents, resulting in the highest values both in tensile strength
and 300% modulus.

The second strategy is modification of starch. Through surface grafting of dif-
ferent reactive functional groups or polymers, modified starch with desired prop-
erties could be hand-tailored to be compatible with different types of rubber matrix.
In 1968, Buchanan et al. [154] firstly used the modified starch—starch xanthate to
reinforce SBR and NBR composites by a co-precipitation process. They indicated
that starch xanthate had potential reinforcing ability for both SBR and NBR
composites. However, the reinforcing ability of zinc starch xanthate was still lim-
ited. Wu et al. [150-152] used resorcinol formaldehyde (RF) to modified corn
starch and investigated the reinforcing capacity of RF-modified starch in the SBR
matrix. With increasing the RF content from O to 1.2 phr, the tensile strength
increased from 2.7 to 11.1 MPa for 10 phr starch filled SBR composites. They
postulated that the benzene group of RF oligomers in the RF-modified starch is
compatible with SBR, causing the significant improvement in the tensile strength.
Wang et al. [155] modified the cassava starch with carbon disulfide through
esterification and then investigated the effect of esterification on the morphology,
thermal and mechanical properties of starch/NR composites. The results showed
that the esterified starch uniformly dispersed in the NR matrix and the thermal and
mechanical properties were superior. Liu et al. [105] chemically modified the corn
starch with surface grafting poly (butyl acrylate) (PBA) via radical polymerization
using APS as initiator and then investigated the effect of surface grafting of PBA on
the dispersion state and mechanical properties of NR composites. With increasing
the PBA-modified starch content, the tensile strength increased from 26 MPa for
neat NR to a maximum 32 MPa with 15 phr PBA-modified, and then decreased.
The PBA graft chains acted as a multifunctional agent—dispersion agent, plasti-
cizer and compatibilizer. The presence of PBA prevented the starch particles from
agglomerates, reduced the crystallization of starch, and enhanced the interfacial
interaction between starch and NR matrix. Li et al. [156] synthesized three types of
modified corn starch—starch-graft-poly (methyl methacrylate), starch-graft-poly
(butyl acrylate), and starch-graft-polystyrene via emulsion polymerization using
KPS as initiator, and then compared the reinforcing capacities of three modified
starches in SBR matrix. They found that starch-graft-poly (methyl methacrylate)
exhibited the best reinforcing capacity in SBR matrix compared to the other two.
A possible reinforcing mechanism is presented in Fig. 6.10. As shown in Fig. 6.8,
the vinyl grafts not only protected the starch from aggregation, but also physically
entangled with SBR chains, causing the significant improvement in the mechanical
properties. The concentrations of MMA monomer used for grafting polymerization
and starch were optimized [157]. When the concentration of MMA and starch was
10 and 30 phr, respectively; the best tensile strength (10.8 MPa) could be achieved.

Starch nanocrystals were prepared from the native starch by acidic hydrolysis
method. The obtained starch nanocrystals have a three-dimensional nano-scale.
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Fig. 6.10 Reinforcing mechanism of modified starch in the SBR matrix [156]

Compared with native starch, the starch nanocrystals have extremely large surface
area, leading to the stronger interfacial interaction.

The starch nanocrystals could act as effective reinforcing filler and gas barrier
agent in rubber matrix. Angellier et al. [158, 159] observed that starch nanocrystals
displayed great reinforcing effect in a non-vulcanized NR matrix. When 10, 20 and
30 wt% of starch nanocrystals were incorporated into NR matrix, the relaxed
storage modulus at 50 °C increased 10, 75 and 200% compared with neat NR,
respectively. Moreover, a continuous decrease in water vapor permeability from
341 to 1.88 x 10" g/(m.s.Pa) was observed as the increase of the starch
nanocrystals from 0 to 30 wt%. The influence of potato starch nanocrystals on the
mechanical and swelling behavior of non-vulcanized NR nanocomposites has been
studied by Rajisha et al. [160]. The tensile strength increased from 2.6 to 13.8 MPa
as the potato starch nanocrystals content increased from 0 to 20 wt%. The rein-
forcing capacity of starch nanocrystals in the non-vulcanized NR matrix was
ascribed to the formation of a strong three-dimensional network via hydrogen
bonding between starch nanoparticle clusters. The influence of moisture content of
starch nanocrystals on the tensile properties of non-vulcanized NR nanocomposites
was also studied [158]. It was found that the moisture content does not affect the
elongation, however, as the moisture content increased from 0 to 98%, the tensile
strength and tensile modulus gradually decreased from 14.4/26.5 to 2.7/5.7 MPa,
respectively. The reinforcing mechanism of starch nanocrystals in the
non-vulcanized NR matrix was further confirmed by Mele et al. [161], who applied
two models—KTraus model and Maier and Goritz model to predict the Payne effect.
They revealed that the phenomena of adsorption/desorption or slippage of NR
chains on the surface of starch nanocrystals influenced the nonlinear viscoelastic
properties of starch nanocrystals/non-vulcanized NR nanocomposites. LeCorre
et al. [162] evaluated the influence of the botanic origin of starch nanocrystals on
the performances of non-vulcanized NR nanocomposites. They suggested that the
amylose content is an important factor determining the performances of starch
nanocrystals/non-vulcanized NR nanocomposites. The higher the amylose content
of native starch granules used for preparing starch nanocrystals, the lower the water
uptake and reinforcing capacity. Bouthegourd et al. [163] investigated the effect of
starch nanocrystals loading on the dispersion and electrical properties of
non-vulcanized NR nanocomposites. They found that when the starch nanocrystals
loading was greater than 15% w/w, a tendency for agglomeration was observed,
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which led to a decrease in the electrical resistivity. Valodkar and Thakore [164]
prepared the starch nanoparticles from waxy maize starch by 3.16 M sulfuric acid
hydrolysis, and then used 1,4-hexamethylene diisocyanate and acetic anhydride to
modify the starch nanoparticles. The obtained isocyanated and acetylated starch
nanoparticles displayed good compatibility with NR matrix, causing a significant
improvement in the mechanical properties of vulcanized NR composites. Between
these two modified starch nanoparticles, isocyanated starch nanoparticles exhibited
superior reinforcing capacity than acetylated starch nanoparticles.

The last strategy is modification of rubber matrix. The introduction of polar
groups, such as acrylonitrile, maleic anhydride and citraconic anhydride into
nonpolar rubber chains can largely enhance the interfacial bonding between matrix
and hydrophilic fillers, such as silica, clay, starch and cellulose. This method is very
complex and relatively expensive. Therefore, the use of this method to prepare
modified starch/rubber composites has rarely been reported. Rouilly et al. [165]
chemically modified natural rubber latex with surface grafting of a cationic
hydrophilic polymer—poly (dimethylaminoethyl methacrylate) (polyDMAEMA).
They investigated the effect of polyDMAEMA modification on the mechanical
properties and water sensitivity of NR/starch films. Owing to the formation of
hydrogen bond between polyDMAEMA and starch, the polyDMAEMA-modified
NR/starch films exhibited better elongation, toughness and water sensitivity than
NR/starch films. Nakason et al. [166—168] synthesized two types of modified NR—
NR-graft-poly(methyl methacrylate) (NR-g-PMMA) and maleated NR (MNR), and
then compounded them with cassava starch. They observed that the curing time and
tensile strength were decreased with the increase of cassava starch loading. Electron
beam irradiation is one of the most effective radiation technologies used to improve
the interfacial interaction in polymer blends. Senna et al. [169] modified the NR
matrix using electron beam irradiation and then compounded the irradiated NR with
starch. Unfortunately, the electron beam irradiation decreased the mechanical
properties of NR/starch composites. Owing to the high cost, processing inconve-
nience and poor mechanical properties, it seems that modification of rubber matrix
is not appropriate to prepare the high performance rubber/starch composites.

6.3.3 Starch/Carbon Black Hybrids Reinforced Rubber
Composites

By now, various fillers, such as carbon black, silica, nano-clay, carbon nanotube,
graphene, nano-CaCOs, starch, cellulose, chitin, protein, wood flour, rice bran have
been used as filler to improve the overall performances of rubber composites.
Carbon black and silica have been the main fillers to reinforce rubber composites in
most industrial applications. The incorporation of carbon black significantly
improved the tensile strength, modulus, and tear strength and abrasion resistance.
Silica is hydrophilic; therefore its reinforcing capacity is not well as carbon black.
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To obtain better mechanical performances of silica/rubber composites, coupling
agent is usually used. However, silica has its own advantages. For example, in tire
treads, silica provided lower rolling resistance, leading to the improvement in the
fuel consumption. The use of Nano-sized fillers, such as nano-clay, carbon nan-
otube, grapheme oxide, nano-CaCQOj to reinforce rubber composites has been also
investigated. Owing to the “nano effects” and high aspect ratio, the incorporation of
only a small amount of nano-sized fillers not only significantly improved the
mechanical properties, but also other performances of rubber composites, such as
gas permeability and fire retardancy. Very recently, natural fillers, such as starch,
cellulose, chitin, protein, wood flour, rice bran are of great interest. It well known
that natural fillers have merits of low cost, abundance, lightweight, renewability,
biodegradability and environmental friendliness. Different types of fillers have their
own advantages; therefore the utilization of hybrid filler to prepare rubber com-
posites should bring the benefits from both fillers. It has been reported the uti-
lization of silica/carbon black [170], clay/carbon black [171], graphene/carbon
black [172], rice husk/carbon black [173], starch/carbon black [174, 175], layered
double hydroxide/multiwalled carbon nanotube [176], graphene/multiwalled carbon
nanotube [177], kaolin/silica [178], and carbon nanotube/silica [179] hybrids to
improve the dispersion state, mechanical properties, vulcanization characteristic,
electrical sensitivity, thermal stability, gas permeability, fire retardancy, and abra-
sive wear resistance of rubber composites.

There are few reports on the starch/other filler hybrids rubber composites. Wu
et al. [174] used the starch to partially replace carbon black in SBR composites.
They observed that compared with the solid compounding of starch particles into
SBR compounds, the latex compounding of starch particles into SBR compounds
improved the abrasion resistance of the starch/carbon black/SBR composites.
However, the compounding of starch deteriorated the tensile strength of carbon
black/SBR composites using both solid and latex compounding methods. Kim et al.
[175] used the PMMA-modified starch to partially replace carbon black in NBR
composites. They found that the synergistic effect of PMMA-modified starch and
carbon black in the NBR composites. When the concentrations of PMMA-modified
starch and carbon black were 25 and 25 phr, respectively, the optimal tensile
strength (18.5 MPa) was obtained, which were much higher than the tensile
strength (11.8 MPa) of PMMA-modified starch(50 phr)/NBR and the tensile
strength (13.5 MPa) carbon black(50 phr)/NRB composites.

6.4 Summary and Future Challenges

Starch, as one the most abundant natural resources, can serve as promising can-
didate to reinforce rubber matrix, providing economic, renewable, and biodegrad-
able advantages. To date, most of the investigations concentrated on how to
maximally improve its reinforcing capacity. For example, in order to improve
interfacial adhesion between starch and rubber matrix, some reinforcing
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mechanisms were proposed. However, there are lack of investigations on the vul-
canization and biodegradability of starch/rubber composites. Li et al. [156] found
that the incorporation of starch accelerated the vulcanization rate of SBR rubber,
whereas the accelerating mechanism has not been explained properly. In addition,
starch/rubber composites are considered as biodegradable materials, thus the
research on their biodegradability is very essential in the future.

Starch nanocrystals can be derived from native starch granules. Owing to the
three-dimensional nano scale, specific plate-like morphology and strong percolation
network, starch nanocrystals possessed some advantages compared with native
starch granules. For example, starch nanocrystals/rubber composites exhibited
much lower gas permeability, better thermal stability and lower solvent absorption
than native starch/rubber composites. Therefore, compared with native
starch/rubber composites, starch nanocrystals/rubber composites are expected to
have a wider range of application. However, the quick preparation of starch
nanocrystals from native starch granules is one challenge. Currently, the starch
nanocrystals were mainly prepared by acid hydrolysis, which took a long period. In
addition, after hydrolysis, the separation of starch nanocrystals from acids is very
difficult. Therefore, novel techniques should be developed to quickly prepare starch
nanocrystals from native starch granule and to easily separate the starch
nanocrystals from acids. In addition, the uniform dispersion of starch nanocrystals
in the rubber matrix is another challenge.
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