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Preface

Intech Open editorial offered us the opportunity to be editors.The topic that matched into
our expertise was “Starch modifications” and we began our journey of being editors. This
book represents the final results and it is our first book on this theme.

The book describes starch modifications from physical treatments to ionizing radiation proc-
ess, the key properties of modified starch, and its application fields.

The book is composed of six chapters and the main purpose of the book is provide to the
readers a view of modification procedures widely used through starch, description of the
main characteristics about modified starches and finally it is providing application fields and
application examples. The first chapter provides an overview of the procedures for modifying
starches commonly used. The second chapter analyzes the graft process using synthetic poly-
mer and starch from point of view of reaction conditions and solvent type use during the
reaction. The use of acetylate starch on pharmaceutical industry is analyzed in depth.

The third chapter shows us evaluation of styrene content over physical and chemical prop-
erties of elastomer/TPS-EVOH/chicken feather composites.

The fourth chapter describes production and characterization of starch nanoparticles. The
last chapter focuses on an unusual procedure to modify starch using radiation that comes
from several sources like UV, gamma or accelerated electrons. Throughout the chapter, the
readers could know reaction conditions and characteristics of starches attained.

We hope the book will be useful.

Emmanuel Flores Huicochea
National Polytechnic Institute
Yautepec, Morelos, Mexico

Rodolfo Rendén Villalobos

National Polytechnic Institute

Center for Development of Biotic Products
Yautepec, Morelos, Mexico






Chapter 1

Introductory Chapter: Starch Modifications

Emmanuel Flores Huicochea

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78366

1. Overview of modifications

Starch is the main polysaccharide used as food and ingredient or additive in the food industry.
The main advantages over other polysaccharides are the low cost and renewable raw material,
but even starch can be obtained from several natural sources or modified by engineering
genetic, as the waxy starch of corn. It also has drawbacks such as: lower solubility usually in
water, lower shear stress resistance, lower capacity to support thermal decomposition, and
high retrogradation, and these issues limit the use on several temperatures and pH usually
found on food system and industrial applications.

The native starch can be improved by means of physical, chemical, and ionic treatments. The
physical treatments are cost-effective, are less labor intensive, and only have initial investment
of equipment than the chemical treatments (Figure 1). The aim of physical treatment is to
produce changes in the granular structure, and the common processes involved are heat
moisture, annealing, and extrusion. However, today, there are novel processes like sonication
and high hydraulic pressure. Figure 2 shows the main characteristics of these processes. This
plot is an easy way to view and compare process conditions like moisture, temperature (glass
and gelatinization), and the effect of treatment on granule structure and molecular weight. For
example, after annealing process, the granular structure and molecular weight remains with-
out change, and the moisture percent is similar that heat moisture processes employ, but the
temperature of process is set between glass and gelatinization temperature.

The chemical modified starch has lot of reports in the literature compared with the other treat-
ments; on this spectrum of chemical modifications, the starch molecules can reduce the molecular
weight of chains, add functional groups like acetyl, or even oxidize OH groups present in the
monomer of the starch polymers. The chemical treatments also can associate chains of starch like
in cross-linked reaction or even make a web around the starch granule. Another step forward in
the reactions, complexity of starch is graft copolymerization, which means adding synthetic mono-
mers or polymers or semisynthetic polymers to the biopolymers of starch. Another interesting

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN



2 Applications of Modified Starches

Figure 1. Relative comparison of the physical and chemical treatments of starch.
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Figure 2. Relative comparison of process conditions and its effect on granular structure for physical treatments of starch.

process to modify the starch is the ionizing radiation process. The radiation ionizing can come
from UV, gamma, or accelerated electrons; at first instance, this process was used with syn-
thetic polymers, but today it is used with starch. The radiation produces free radicals that react
with starch polymers to produce different properties on the ionized polymers.
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Chapter 2

Chemical Modification of Starch with Synthetic

Aurelio Ramirez Hernandez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72384

Abstract

An alternative for solving the environmental pollution problems generated by conventional
plastics, it is the chemical modifications graft-type of the starch with synthetic polymers of
post-consumer and in situ polymerizations on the starch granules. The starch modified
by this methodology allows to counteract the disadvantages of both polymers such as the
little or no biodegradability of the synthetic polymer and the poor mechanical properties of
the starch. In the present study, a review on the chemical modification of starch with syn-
thetic polymers by grafting is carried out. Factors affecting the copolymerization reactions
of starch-g-synthetic polymer were analyzed, for example, their chemical nature, solubility,
size and length of polymer chains, temperature, catalyst and starch/amylose content, as
well as their characterization chemistry and the potentials applications of this copolymer.

Keywords: starch, synthetic polymer, graft copolymer, biodegradable

1. Introduction

Due to environmental pollution generated by conventional plastics such as polyethylene
(PE), polypropylene (PP), vulcanized rubber, polystyrene (PS) and polyvinyl acetate (PVC),
to name a few, several investigations have been carried out to generate materials that can
compete or be an alternative to the excessive use of these plastics because these are not biode-
gradable. From this point of view, the use of natural polymers such as starch can contribute
to reduce the negative impact of conventional plastics. However, materials made from starch
alone generate plastics, which have important disadvantages such as their high affinity for
moisture and poor mechanical properties. An alternative for solving these disadvantages is
the chemical modifications of the starch with synthetic polymers of postconsumer and in situ
polymerizations on the starch granules. These chemical modifications are called graft-type
copolymerizations because the synthetic polymer chains are chemically bonded to the surface
of the starch granule, as if these were hair extensions (Figure 1).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



4 Applications of Modified Starches

Figure 1. Graft copolymerization of starch-g-synthetic polymer.

Numerous investigations have been reported on physical modifications (i.e., blends or com-
posites) between starch and synthetic polymers [1-5] and few investigations on chemical
modifications of copolymerization between these two polymers [6, 7]. This represents a good
opportunity to recycle the existing plastic or generate new biodegradable materials through
copolymerization reactions. The modified starch by this methodology allows to counteract
the disadvantages of both polymers such as the little or no biodegradability of the synthetic
polymer and the poor mechanical properties of the starch, to mention some characteristics
that generate a wide range of applications of the resulting copolymer. For this reason, the
chemical and physical knowledge of synthetic polymer and starch is vital to propose and
carry out a possible synthesis of starch-g-synthetic polymer. This chapter analyzes the chemi-
cal modification of starch with synthetic polymers by grafting, and factors that affecting the
copolymerization reactions of starch-g-synthetic polymer are analyzed, for example, their
chemical nature, solubility, size, and so on.

2. Factors affecting the copolymerization reactions of starch-g-synthetic
polymer

In order to carry out the chemical modification of the starch with some synthetic polymers,
we have to take into account diverse chemical and physical factors. Some of these factors are
described below.

2.1. The chemical nature of synthetic polymers

The chemical nature of the polymers is a very important factor to consider for the copoly-
merization reactions of the starch. The knowledge of the chemical compatibility between
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the natural and the synthetic polymer, that is, its hydrophilic and hydrophobic nature, will
allow to propose a reaction medium to carry out a chemical interaction between these two
polymers. For example, polyethylene is a non-polar semi-crystalline polyalkane, which
would hardly carry out a copolymerization reaction with the starch by simply mixing both
polymers. But the addition of some compatibilizing liquid between PE and starch could
facilitate its chemical interaction [1]. Based on the commercial classification of the synthetic
polymers and their functional group, the compatibility between the starch and each of the
synthetic polymers could be predicted (Table 1).

For example, synthetic polymers classified commercially with numbers 2, 4, and 5 would
be more difficult to combine with starch compared with classified numbers 1, 3 and 6. On
the other hand, there is a great diversity of synthetic polymers classified with number 7 that
present chemical compatibility with the starch. The degree of compatibility of the functional
groups of the synthetic polymers with the starch has the following order:

Carboxylic acids > acid anhydrides > esters > acid halides > amides > nitriles > aldehydes >
ketones > alcohols > mercaptans > amines > ethers > sulfides > alkenes > alkynes > halogenides
> nitros > alkanes.

The chemical interaction of the starch with the functional groups of the synthetic polymers
results in the production of graft-type copolymers. This type of chemical modification of
starch is of great interest worldwide and represents an opportunity to recycle synthetic poly-
mers or to generate materials that are more environmentally friendly and at the same time
represent a chemical and physical challenge to improve the properties of starch. Starch graft
copolymers are becoming important materials worldwide due to their potential applications
in agriculture, medical, and food sectors [8], to mention a few examples.

2.2. Solubility

The solubility of the starch and the synthetic polymer in a given solvent plays a very important
role in defining the process or the medium of copolymerization, that is, in homogeneous phase

Synthetic polymer Commercial classification Functional group
Poly(ethylene terephthalate), PET 1 Ester

High-density polyethylene, HDPE 2 Alkane, ethyl
Polyvinyl chloride, PVC 3 Vinyl

Low-density polyethylene, LDPE 4 Alkane, ethyl
Polypropylene, PP 5 Alkane, propyl
Polystyrene, PS 6 Aromatic, arylethyl
Others 7 -

"This number is assigned to more than 100 synthetic polymers.

Table 1. Classification and functional group of synthetic polymers.

5



6 Applications of Modified Starches

or heterogeneous phase [9]. The solubility of a polymer is a function of its chemical nature,
chemical structure, molar mass and temperature, to mention some factors that intervene in this.
For example, two chains of the same polymer but of different molar mass, the smaller molar
mass chain in a given solvent is dissolved more easily than the larger polymer chain. On the
other hand, branched polymers are more difficult than their polymer chains to be solvated com-
pared to that of a linear polymer. Natural polymers usually have more complex structures than
synthetic polymers; therefore, natural polymers are more difficult to dissolve than synthetic
polymers. Polymers having a degree of cross-linking between their chains are more difficult to
have their chains solvated than the same polymer but with less or no cross-linking. The struc-
ture of the coupling or folding between the different chains of a polymer is important to predict
their degree of solubility from the cavities that are generated from these arrangements. On the
other hand, the dissolution process of a polymer is different than that of chemical compound or
small molar mass. In the case of polymers is a slow process and is composed of two stages or
phases. The first stage is called the solvent diffusion process, where the solvent molecules dif-
fuse into the polymer chains producing a swollen gel. The second step is called the decoupling
of the polymer chains, that is, the dissolution of the polymer. The latter will occur if the interac-
tion forces between the polymer chains are minor compared to the interaction force of the poly-
mer chains with the solvent. Otherwise, the polymer will only swell, but will not dissolve, as
occurs in crystalline and cross-linked polymers [10]. The lighter fractions of a polymer dissolve
first, leaving the fractions of high molar mass insoluble. The properties of the polymers in solu-
tion are determined by the structural characteristics of the solvated macromolecular chain. The
mechanism of dissolution of a polymer has been investigated by several researchers, including
Ueberreiter [11] and Krasicky et al. [12]. In the liquid or solution state, the physical and chemical
interaction of the two polymers, starch and synthetic polymer, is facilitated by increasing the
degrees of freedom of the atoms and the interaction of their functional groups. From the solubil-
ity parameters, this interaction or the compatibility between the two polymers and the solvents
can be predicted, this parameter reflects the degree of its cohesive energy. In the literature, there
are different proposals for determining these parameters, for example, using the Flory-Huggins
solution theory, the Hildebrand solubility parameters, van Krevelen and the Hansen parame-
ters [13-15]. The latter being the most used because it takes into account the forces of dispersion
(d,), the hydrogen bonds (9,;) and the polar forces (6p) of polymers and solvents, Eq. (1).

07 = 0 2+0 2 +0, 7 (1)

where & is the solubility parameter.

In Table 2, solubility parameters of some synthetic polymers and some solvents determined
from the Hansen equation are presented.

If the difference between the solubility parameters of the solvent and the polymer is small,
the compatibility of the polymers with the solvent is favored because thermodynamically its
entropy of mixing would increase as well as the decrease the value of the Gibbs free energy of
the solution. A rule widely used to determine the polymer-solvent miscibility is.

0,-11 < d, < d,+1.1 )
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where 9, is the solubility parameter of the polymer and 0, is the solubility parameter of the
solvent [18].

The solubility parameter of a polymer can be determined from experimental results consider-
ing the solubility parameter, the average of the range of solubility parameters of the solvents
in which it is completely soluble [19].

The properties of the polymers in solution are determined by the structural characteristics of
the solvated macromolecular chain. The three hydroxyl groups of the starch are very skilled
at their hydration; however, the starch granule is not solvated by water molecules at room
temperature (Figure 2).

Starch is a polymer, which is difficult to dissolve due to the complexity of its chemical structure
and its spatial arrangement. However, it is slightly soluble in some solvents due to the physical
interaction of the three hydroxyl groups found along its main chain or its side chains with the

Polymer d (cal/cm?)™? Solvent 0 (cal/cm?)™?
Polytetrafluoroethylene 6.20 Diethyl ether 7.10
Polyisobutylene 7.70 Hexane 7.24
Natural rubber 8.15 Decane 7.74
Polybutadiene 8.38 n-Butanol 7.81
polyethylene 8.67 Cyclohexane 8.20
Poly(n-butylmethacrylate) 8.75 Toluene 8.88
Poly(ethylmethacrylate) 8.95 Benzene 9.02
Polystyrene 9.12 Chloroform 9.26
Poly(methylmethacrylate) 9.25 Acetone 9.74
Polycaprolactone 9.35 Octanol 10.23
Neoprene GN 9.38 Acetic acid 10.44
Poly(vinylacetate) 9.40 Pyridine 10.60
Poly(vinyl chloride) 9.55 n-Propanol 11.72
Poly(ethyleneterephthalate) 10.10 Dimethyl formamide 12.15
Polyacrylonitrile 12.75 Acetonitrile 12.54
Starch 13.25 Ethanol 99.9% 12.83
Dimethyl sulfoxide 13.03
Methanol 14.64
Ethylene glycol 16.91
Glycerol 17.63
Water 23.40

Table 2. Values of the solubility parameters of Hansen [13, 14, 16, 17].
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8 Applications of Modified Starches

Figure 2. The starch granule remains hydrated but not solvated by water molecules at room temperature.

solvent. For example, starch is slightly soluble at room temperature in dimethyl formamide
(DMF) and dimethyl sulfoxide (DMSQO), partially soluble in water at temperatures above 80°C,
partially in water/ethanol mixtures in the temperature range of 30-50°C and sparingly soluble
in chloroform, to mention some examples. With respect to the two polymers that form the
starch, the amylopectin is soluble in hot water and the amylose is not soluble (gelatinization
process). Taking into account the partial solubility of starch, the search for solvents or mixtures
of solvents is very important for carrying out the chemical modification of this natural polymer
with synthetic polymers because in a dissolution reaction medium, it is more favored in com-
parison with other polymerization medium, for example, in mass and emulsion. In a dissolu-
tion reaction, there would be more chemical interaction between the two polymers, there would
be no secondary reactions (the solvent would be inert), furthermore, in this reaction medium,
it is easy to separate the solvent at the end of the synthesis, the released heat is absorbed by the
solvent and the rate of reaction decreases, and generally, the presence of the solvent decreases
the temperature of the synthesis. The investigations reported in the literature on the chemical
modifications of starch with synthetic polymers are in the heterogeneous phase [20].

The solubility of the polymers is also very important to define their area of application, for
example, at the biological level, they can be applied in tissue regeneration, in drug release and
in membranes; at the industrial level in the manufacture of microchips and plastic materials,
to mention some examples. Also, the solubility of the polymers is very important to propose
its possible route of recycling.

2.3. The size of the polymer chains

Many polymers will contain molecules having many different chain lengths. It is known that
the size of the chains of a polymer is one of the main factors that determines or governs its
physicochemical properties, its processing behavior and consequently its possible applications.

For example, properties such as impact strength, viscosity and elasticity are in function of
short chain length, medium chain length and long or large chain length, respectively [21]. The
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polydispersity index (PI) of a polymer is an important parameter to know the homogeneity or
heterogeneity of the length of the chains of a polymer. The PI is determined by Eq. (3).

PI = Mn/Mw = Mz/Mw 3)

where Mn, Mw and Mz are the number average molar mass, mass average molecular mass
and mass average molecular mass-mass, respectively. A value of PI 1 indicates polydisper-
sity and a value of PI = 1 means that the length of the polymer chains or molecular weight is
equal. The molar masses of Mn, Mw and Mz are governed by the mechanism of the polymer-
ization reaction and by the conditions under which it was carried out [22]. This represents a
steric hindrance between the two polymers for that the chemical bond between them can be
given [23, 24].

Thus, it is easier to graft or anchor on the surface of the starch a chain of smaller size of the
synthetic polymer than a chain of large size due to its steric hindrance or the resulting degrees
of freedom with the use of a compatibilizer (Figure 3).

This compatibilizer will facilitate chemical and physical interaction with larger size chains
of the synthetic polymer. For example, Mani et al. [25] synthesized the starch-g-PCL com-
patibilizer to improve the compatibility with blends of starch or PCL; they found that
their mechanical properties are higher than that of a starch/PCL blend. On the other hand,
Wootthikanokkhan et al. [26] obtained the starch-g-PLA compatibilizer, which improved its
compatibility with starch or PLA and the physical properties of starch.

2.4. Catalyst

The selectivity or development of a catalyst for synthesizing graft copolymers may vary
greatly depending on the synthetic polymer to be used. This selectivity also depends on
the temperature, pressure, concentration, particle size and chemical nature of the catalyst,
whereby a copolymerization reaction is catalyzed under certain specific conditions.

A particular catalyst does not act in the same way in all the reactions on which it can act. It
is of vital importance to understand the catalytic phenomenon to maintain the stability and

Figure 3. Compatibilizer with synthetic starch-g-polymer.



10 Applications of Modified Starches

activity of the catalyst during the copolymerization as well as its process of its separation
from the reactor once the copolymer is obtained. The chemical nature of the catalyst plays an
important role in proposing a mechanism of copolymerization, separation or purification of

the product obtained.

A variety of catalysts have been used in the synthesis of the starch-g-polymer synthetic graft
copolymer. Some catalysts used in the synthesis of starch graft copolymer with synthetic
polymers are presented in Table 3.

The graft copolymerization reactions of the starch are mainly in heterogeneous media (differ-
ent phases), i.e. by heterogeneous catalysis. The choice of a catalyst for the synthesis of the graft
copolymer is mainly based on the function of the synthetic polymer used. Generally, the catalyst

Graft copolymer Catalyst Yield Reference
(%)
Starch-g-lactic acid Sodium hydroxide, NaOH 33.6 [27]
Ammonia water, NH,OH 58.9 [28]
Sulfuric acid, H,SO, 75.0 [29]
Starch-g-PCL Tin(II) 2-ethylhexanoate, Sn(Oct), 40.0 [30]
Trimethyl aluminum, AL(CH,), 58.0 [31]
Molybdenum compounds 84.0 [32]
Starch-g-PMA Ceric ammonium nitrate, HN,CeO 41.0 [33]
Ammonium nitrate, NH,NO, 58.0 [34]
Enzyme horseradish peroxidase, HRP 45.0 [35]
Starch-g-PS 1-ethyl-3-methylimidazolium acetate ((EMIM]Ac) 100.0 [36]
Potassium persulfate, K,S,0, 66.0 [37]
Potassium persulfate/amine 32.5 [38]
Starch-g-PAN Ceric ammonium nitrate, HN,CeO 94.7 [39]
Ceric ammonium nitrate, H;N,CeO, /sodium 87.3 [40]
hydroxide
Starch-g-PB Potassium persulfate, K.S,0, 10.0 [41]
Starch-g-PGA Sodium hydroxide, NaOH 4.2 [42]
Starch-g-PLA Tin(II) 2-ethylhexanoate, Sn(Oct), 52.0 [43]
Starch-g-PBA Enzyme horseradish peroxidase, HRP, hydrogen 5.6 [44]
peroxide (H,O,) and acetyl acetone (Acac)
Starch-g-poly(ethylacrylate) Warm distilled water 2755 [45]
Starch-g-poly-(N-methylacrylamide- ~ Potassium perdisulfate, K,S,0, 85.4 [46]

co-acrylic acid)

Table 3. Some catalysts used in the synthesis of graft copolymers.
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used in the synthesis of the synthetic polymer is employed in the synthesis of the graft copolymer.
The starch/catalyst mass ratio is a function of the degree of substitution of the hydroxyl groups
of the synthetic polymer. It is known that the greater the amount of catalyst, the faster the rate of
synthesis of the copolymer but with smaller synthetic polymer chain length sizes [27, 47].

2.5. Temperature

Stability of the starch against temperature is a very important factor to consider for the synthesis
of the graft copolymer. It is known that the starch granule begins to fracture or degrade at 85°C in
the presence of water and temperature above this range increases the degradation. The formation
of starch films by the casting method occurs at about 85°C (gelatinization temperature) in approxi-
mately 20 min. On the other hand, it is possible to carry out graft-type copolymerization at temper-
atures higher than 100°C with the starch granules having thermal stability at these temperatures.

This is mainly because the heat generated at these temperatures is absorbed by the other com-
ponents (reactants or catalyst) of the copolymerization while the activation energy is reached
to convert from reactants to products, Figure 4.

The starch granules are prone to initiate its degradation when the copolymerization synthesis
is finalized. This is because it is very important to determine the time of synthesis to avoid
the degradation of the starch granule and the generation of ashes; these ashes would gener-
ate impurities and then cause darkening of the product. The temperature and the reaction
time are primarily a function of the chemical nature of the synthetic polymer and the catalyst
as well as of its concentration in the reaction medium. For example, in the synthesis of the
starch-g-PGA graft copolymer, with temperature higher than 180°C, potassium hydroxide
and microwave irradiation were used [42].

Hot
\ O Starch
s & Catalyst
]
[\
—_— < Palymer

a Synthetic

Figure 4. Thermal stability of starch.
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12 Applications of Modified Starches

Ramirez-Hernandez et al. [32] carried out a mass polymerization for the synthesis of starch-g-
PCL using a temperature range of 110-150°C. In the case of a mass copolymerization, one of
the physical properties to be considered is the melting temperature of the synthetic polymer,
if it presents in the reaction. This datum is important because it would allow to predict the
degradation of starch granules occurs during the mass chemical reaction at the determined
time. It is known that the starch begins to decompose above 85°C and if the melting tempera-
ture of the synthetic polymer is much higher, the degradation of the starch granules will be
greater. Another important temperature to be known is the glass transition temperature of the
synthetic polymer. If this temperature is above or below the room temperature, it would affect
the physicochemical properties of the graft copolymer but this will depend on the desired
mechanical properties of this copolymer.

2.6. Proportion of amylose/amylopectin and relation of the parameters of graft reactions

Starch is a polysaccharide of vegetable origin, stored in the form of granules, of complex
structure found mainly in cereals (maize, rice, wheat, etc.), tubers (potatoes, sweet potatoes,
yucca, etc.), legumes (pea, bean, chickpea, etc.) and fruits (mango, banana, etc.) but are also
found on stems, leaves and even pollen. This semicrystalline polysaccharide consists of two
polymers of a-p-glucose called amylose and amylopectin. The proportion of amylose/amylo-
pectin and the form of the granules determines the physicochemical and functional properties
of the starch granules, and consequently their use. For example, high amylose content facili-
tates film formation and chemical modification, but is poorly soluble in water and is more
difficult to degrade with respect to a high amylopectin starch. Table 4 shows some ratios of
amylose/amylopectin reported in the literature.

According to the literature, a simple helical structure for amylose has been proposed and in
the case of amylopectin, a double helix (see Figure 5). This arrangement of amylopectin gener-
ates an ordering of the helices, and therefore, favors its crystalline zones and decreases free
space. In the case of amylose, the simple helix favors the amorphous zones with more free
space between the polymer chains.

These free spaces favor the interaction with other polymer chains as the synthetic polymer.
From the granule form, the amylose/amylopectin ratio and its diameter, the area of surface

Source Moisture (%) Starch (%) Proteins (%) Lipids Ashes Amylose (%) Amylopectin (%)
(%) (%)

Rice 16.0 83.60 0.45 0.80 0.50 25.0 75.0

Corn 13.0 85.92 0.35 0.60 0.10 27.0 63.0

Wheat 14.0 84.59 0.40 0.80 0.15 25.6 74.4

Potato 19.0 80.41 0.06 0.050 0.40 21.0 69.0

Plantain 6.6 90.00 1.60 1.70 0.10 35.0 65.0

Table 4. Amylose/amylopectin content [44-46, 48, 49].
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Figure 5. Structure of amylose (a) and amylopectin (b).

reactivity (R) of the starch granule can be estimated assuming that the amylose as the only
component on the surface of the starch Eq. (4).

= log A*Dp*3/1pu? 4)
where A is the area of the granule and Dp is the degree of polymerization. Some values of R

are presented in Table 5 for some sources of starch.

These R values are an approximation because these values consider that all the granules have
the same morphology and do not take into account the possible proportion of amylopectin
present on the surface of the starch granule.

The relation of the parameters of graft reactions depends on two polymers to be studied, for
example, starch-g-PE and starch-g-PCL are presented in Figure 6.

Source Granule form Diameter® (um) Amylose area (um?) R’

Potato Oval 5-100 102-37,669 4.78-7.35
Corn Spherical/polyhedron 2-30 50-11,309 4.47-6.83
Wheat Spherical 2-10 50-1256 4.47-5.87
Rice polyhedron/oval 3-12 113-1809 4.83-6.03

‘Using a Dp = 200.
*Alcazar-Alay and Almeida Meireles [49].

Table 5. Values of the area of surface reactivity (R) of the starch granules.
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Figure 6. Relation of the parameters of graft reactions.

The solubility of the two graft copolymers depends mainly on the size of the chains of the polymer
grafted on the surface of the starch granule and the chemical nature. The greater the chain length,
the lesser is the solubility and vice versa, the shorter its chain length major is its solubility. This is
mainly due to steric hindrance to the hydrophilic character and hydrophobic nature of the two
polymer chains. The starch-g-PE graft copolymer has less solubility and its grafted chain length is
greater than the starch-g-PCL. The proportion of amylose present in the starch source is important
because this favors the graft reaction; in this case, both copolymers are obtained using the same
source of the starch (banana starch) and the same amylose/amylopectin ratio. The presence of a
catalyst in the copolymerization reaction favors the decrease of its synthesis temperature. In the
case of the synthesis of the starch-g-PCL copolymer when a catalyst is used, the synthesis tempera-
ture is lower compared to the synthesis of the starch-g-PE which does not employ a catalyst and
this uses a higher synthesis temperature. In both copolymers, a synthetic and a natural polymer
is used; grafting a natural polymer onto the surface of the starch granule would be very difficult
due to its steric hindrance since these are generally polymers of high molar mass and large chain
length.

2.7. Chemical identification of the graft copolymer

In the synthesis of a graft copolymer of starch-g-synthetic polymer, the verification that the
chemical reaction was carried out between the natural polymer and the synthetic polymer is
of vital importance because of this experimental evidence, it is possible to explain all the phys-
icochemical properties of the graft copolymer. There are a variety of instrumental techniques
reported in the literature to characterize the chemical bond of graft type. The most common is
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). FTIR allows
a quick and qualitative identification of the functional groups present in the copolymer;
however, it is very difficult to identify from this technique, a chemical bond resulting from
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the union between two polymers as the starch and synthetic polymer. One of the possible
reasons is the amount of this chemical bond in the graft copolymer compared with the rest
of the chemical bonds of the copolymer is very small. The intensity of this signal would be
expected to be weak and could be overlapped with some other vibration of the copolymer.
The vibration signals of the a(1-4) and a(1-6) bonds of the starch are approximately at 1024
and 994 cm™, respectively. These two vibrations correspond to carbon and oxygen (C—O)
interaction [32, 50]. In the case of graft copolymerization involving the carbon (C) atoms of the
synthetic polymer and the oxygen (O) atoms of the starch, the vibration signal of this chemical
bond would become overlapped. However, the decrease in the intensity of some signals of the
graft copolymer spectrum, such as the hydroxyl (OH) group of the starch compared to that of
the homopolymers (previously to this analysis, the separation of homopolymers, which did
not react and the catalyst), this would indicate that very probably the chemical bond existence
between the natural and synthetic polymer, but it is a necessary assistance of other instru-
mental techniques such as nuclear magnetic resonance (NMR). One of the requirements for
obtaining a liquid NMR spectrum is the solubility of the sample in some deuterated solvents.
In the case of starch, it is a polymer with high molecular weight, which generates a low solu-
bility in common deuterated solvents such as deuterated chloroform and deuterated water;
however, it is partially soluble in DMSO. In the literature, a variety of solvents have been
reported for obtaining a magnetic resonance spectrum of starch, but in many cases, the reso-
lution of these is poor. An NMR spectrum (‘H and "*C) would allow to identify with certainty
whether there was a chemical bond between the synthetic polymer and the natural polymer.
Two of the typical signals of a "H NMR spectrum of the starch are at 5.11 and 4.57 ppm, which
correspond to the a(1-4) and a(1-6) bonds, respectively. These two signals in a spectrum of
BC NMR exhibit a chemical shift of 100.45 and 64 ppm, respectively. In this same spectrum, a
chemical shift between 100 and 175 ppm could represent the chemical bond of the graft copo-
lymer, in the case of an interaction of carbon (C) and oxygen (O) [51, 52]. Scanning electron
spectroscopy (SEM) allows the identification of changes in the morphology of the starch gran-
ule in the case of a graft copolymer or if it is only a physical mixture of the two polymers. In
the SEM micrographs reported in the literature, it has been found that the graft copolymer of
starch-g-synthetic polymer favors the formation of clusters or aggregates, whereas in a blend,
the synthetic polymer covers the surface of the starch granules due to its physical interaction
with the synthetic polymer [20]. The X-ray diffraction technique will allow to analyze the
increase or decrease in the crystallinity of the starch or the synthetic polymer as a result of its
chemical interaction. In the literature, it has been reported that a decrease in the crystallinity
of the synthetic polymer is an indicative of the presence of the graft copolymer [53, 54]. The
instrumental technique of thermogravimetric analysis and differential scanning calorimetry
would corroborate a decrease in the crystallinity of the graft copolymer with respect to that
of homopolymers through the decrease in the intensity of the signals and its displacement,
for example, in the decomposition and melting temperatures. The BET technique allows to
verify a decrease in the surface area of the starch granule due to the synthetic polymer grafts
onto it [55-57]. There are other instrumental and physicochemical techniques that allow to
complement the verification of the chemical bond of the starch with the synthetic polymer
through the measurement of its physical and chemical properties. The chemical bond of the
starch with the synthetic polymer is necessary to corroborate it through a set of instrumental
techniques and not only using one of these techniques.
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2.8. Applications of the starch-g-synthetic polymer graft copolymer

Worldwide research is being carried out to generate materials more environmentally friendly
and that these become an alternative to compete with conventional plastics. The synthesis of
graft-type copolymers between starch and synthetic polymers is a serious alternative to obtain
biodegradable materials with good physicochemical properties. The applications of these
copolymers are widely depending on the source of starch and the synthetic polymer (Table 6).

Graft copolymers

Applies

References

Starch-g-lactic acid

Starch-g-PCL

Starch-g-PMA

Starch-g-PS

Starch-g-PAN

Starch-g-PB

Starch-g-PGA

Starch-g-PLA

Starch-g-PBA

Starch-g-poly(ethylacrylate)

Starch-g-poly-(N-
methylacrylamide-co-acrylic acid)

Starch-g-PVA/HA

Starch-g-AAm

Starch-g-poly(benzyl
methacrylate)

Material with excellent degradability

In food packaging, drug delivery, bags and flavored biodegradable
materials

Food packing, biomedical fields, coating and adhesives, drag reduction,
textile industry and preparing biodegradable hydrogels and agricultural
mulch films

in the production of paper, textiles and food additives, as well as being a
commonly used biotemplate and carbon precursor in materials research

In the field of biomedicine and pharmacy such as soft contact lenses,
super absorbents, drug-delivery system, polymeric dispersions,
pigments and improved high gloss papers coated with the coating
color compositions, soil conditioners, additives for paper and textiles,
adhesives, enhanced oil recovery and sanitary goods

Also disclosed are paper coating color compositions comprising the
polymeric dispersions and pigments and improved high gloss papers
coated with the coating color compositions

Copolymer allows it to have many potential applications in drug
delivery, food, water treatment, cosmetics and other fields. More
detailed rheological property studies of starch-PGA graft copolymers
are needed to explore their potential applications

An expected improvement in their processability and biocompatibility
due to PLA branches can be utilized in a wide range of engineering,
bioengineering and medical application areas, which will be the subject
of our future investigations

This material provides an attractive alternative for the preparation of
modified starch for industrial applications how a thermal stabilizer

The sorbent could be used successfully used for five consecutive
adsorption—desorption cycles, which indicated its high reusability

The graft copolymer can be used as a biodegradable Hg (II) ions
adsorbing agent for the removal of toxic Hg (II) ions from the waste
water enriched with Hg (II) ions.

Biomedical applications

Waste water treatment (flocculants), polyvalent metal cation sorbents,
biodegradable superabsorbent for hygienic, agricultural and cosmetics
purposes, paper industry, textile industry, petrochemical and mineral
recovery

Environmentally friendly materials which are promising materials such
as fillers, stabilizers, modifiers, matrices or plastics which can replace
nonbiodegradable and compostable petroleum-based plastic materials

[27-29]

[30-32]

[33-35, 58]

[36-38]

(39, 40, 59]

[41]

[42]

[43]

[44, 60]

[45]

[46]

[61]

[62]

[63]

Table 6. Applications of some starch-g-synthetic polymer graft copolymers.
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3. Conclusions

Synthesis of starch-g-synthetic polymer graft copolymers is increasing worldwide because this
copolymer is an alternative for the generation of biodegradable materials and good physico-
chemical properties to compete with conventional plastics. In order to carry out this synthesis,
it is necessary to review several factors such as the chemical and physical properties of the
homopolymers to propose the most suitable conditions for the copolymerization reaction. The
solubility of the two homopolymers in a solvent is very important to facilitate the graft copo-
lymerization and its chemical characterization. However, the higher the solubility, the lower is
the value of the molar mass grafted onto the starch granule, that is, the lengths of the grafted
polymer chains decrease. The use of homopolymers of similar nature and the presence of a
catalyst favor the copolymerization reaction and the decrease in their synthesis temperature,
respectively. Synthesis of starch copolymers with polyhydrocarbons and hydrophobic poly-
mers is limited; however, graft compatibilizers of starch-g-synthetic polymers can be synthe-
sized to favor their copolymerization. The chemical characterization of the graft copolymer
must be carried out through a set of instrumental techniques to corroborate the chemical bond
of the starch with the synthetic polymer. The knowledge about this type of synthesis is very
promising for the reduction of synthetic polymers discarded into the environment.
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Abstract

A series of styrene-butadiene (SB) elastomer/thermoplastic starch (TPS)/ethylene vinyl
alcohol copolymer (EVOH) composites were modified including chicken feathers in its
formulation, which have the main component keratin. The composites were prepared
by means of melt blending, and their chemical interactions were evaluated by means of
infrared spectroscopy (FTIR), and their thermal properties as Tg values were investigated
using differential scanning calorimetry (DSC), thermal stability using thermogravimetric
analysis (TGA), and viscoelastic properties with dynamic mechanical analysis (DMA).
The styrene content in SB was changed in 3 levels, and chicken feather content also
changed in 3 levels. It was identified that Tg value in composites decreases that is attrib-
uted to the styrene content in elastomer and that the chicken feather improved the stor-
age modulus of composite. The thermal stability of composites also was affected by the
presence of chicken feathers due its good thermal properties.

Keywords: styrene-butadiene copolymer (SBR), EVOH, thermoplastic starch (TPS),
chicken feather (CF), thermal behavior

1. Introduction

The poor disposition of solid wastes from natural resources that adversely affect the environ-
ment has developed interest related to the development of biodegradable polymers to obtain
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improved composites, not only for environmental reasons but also for their properties and
sustainability [1-3]. A valuable alternative with enormous potential is to manufacture compos-
ite materials using chicken feather (CF). Keratin is the main component of CF that has extraor-
dinary properties of thermal and mechanical resistance, is also light and confers acoustic
insulation, and is a light material with high mechanical and thermal resistance, and for some
decades, it was the focus of attention to be used as a raw material in combination with different
plastics products [4-12]. The CF that generates the poultry industry as solid waste represents
more than five million tons per year. Recently, the literature points the keratin of CF as a mate-
rial with low cost by its abundance in the nature and that can take advantage of the waste of
the birds, which confers a status of material recycled environment friendly [10]. According to
previous works, keratin can be used in conjunction with other biomaterials in medical applica-
tions suggesting affinity with cells and tissues, also in combination with other biopolymers as
chitosan [13]. In addition, chicken feather keratin is a renewable and low-cost material [14-20]
and is compatible with biodegradable polymers as chitosan-starch [21], cellulose, wool [4],
including thermoplastic starch (TPS) [14-20] and ethylene vinyl alcohol copolymer (EVOH),
which provides greater ductility and improves the elasticity of TPS. In nature, natural fibers
are obtained with good physicochemical properties such as keratin, which is extracted from
nature and can also be found in nails, wool, claws, horns, and feathers [8, 22]. Research has
focused in conjunction with manufacturers in finding new directions for the application of
keratin in polymer blends which have not been well known to the present. According to Cheng
et al. [23], the feasibility of using the fiber of chicken feathers in compounds with polylactic
acid (PLA) has been studied in terms of its mechanical and thermal properties. To test the
mechanical and physical properties of the panels, Winandy et al. [8] have materialized a series
of medium-density fiber panels containing several different blends of wood fiber and chicken
feather fiber (CFF). Figure 1 shows the constituents of a chicken feather.

Barone and Schmidt [24] reported the use of feather keratin fiber as a short fiber reinforce-
ment in low-density polyethylene composites. Research has been reported on high-density
polyethylene-based compounds using keratin from chicken feathers. Taking into account the
hydrophilic properties of keratin, its potential application in the manufacture of fibers with
improved sorption characteristics is seen, being useful for the production of textile material
that focuses on sanitary and medical applications.

In previous works [3], chicken feather keratin fibers were used as reinforcement in the
poly(methylmethacrylate) (PMMA) matrix. The composites were evaluated by thermal and
dynamic-mechanical analysis. The high-temperature stability and thermal transition of the
keratin/PMMA base compound were found to be higher than that of virgin PMMA.

Villarreal-Lucio et al. [25] prepared composites from chicken feathers and polyvinyl chloride
(PVC) finding that composites CF-PVC represent an opportunity to obtain materials with
improved properties such as thermal stability and dynamic-mechanic properties, but with a
low interfacial addition between PVC and CF. Starch is a biopolymer obtained from renewable
plants such potato, maize, wheat, and others sources. The main components are amylose and
amylopectin, the first one is a linear polysaccharide and second one has a branched structure.
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Figure 1. Constituents of a chicken feather.

It is a cheap material compared with synthetic polymers in packing applications. The TPS
refers to granule starch, which has been destructurized, forming a mixture of its polymer
constituents and various proteins, lipids, and smaller molecules that are also contained in
the starch granule. With the aim to improve its processability and mechanical properties and
moisture resistance, starch is blended by extrusion with other polymers, using plasticizers
as glycerin and water. In this way, it is possible to obtain a material with desired physical
properties [26]. The transformation of native starch to thermoplastic starch (TPS) by extrusion
results in the loss of the natural chain structure. That is, processing in the presence of heat
and water causes the starch granules to gel or break, progressively destroying crystallinity
[26]. Starch has been used as a thermoplastic material because it is a renewable, biodegrad-
able, and very low-cost resource [21]; the most effective plasticizer for starch-based materials
is glycerol, water, sorbitol, and urea [26]. To improve the properties of thermoplastic starch
(TPS) because it is not a good choice because of its poor mechanical properties and because of
its susceptibility to moisture, the structure of the starch has been modified, mixed with other
polymers (biodegradable and/or synthetic), and a better interfacial adhesion is obtained with
compatibilizers. Figure 2 shows the process of gelatinization and plasticization for starch [27].

One of the thermoplastic materials compatible with TPS is EVOH, which is widely used in the
food packaging industry. It is a biodegradable polymer and considered a good compatibil-
izer that when added to a mixture of immiscible materials during the extrusion modifies the
interfacial properties and stabilizes the mixture. It is known that EVOH provides it a better
ductility and improves the elasticity of TPS [26]. Several researches have been carried out with
TPS-EVOH composites reinforced with natural biopolymers, and among others are coir, cel-
lulose fibers [15, 16], and hydroxyapatite [17-19], but there are no reports where CF is used
as a reinforcer in TPS/EVOH composites. Several studies have been carried out on the com-
posite materials using SB elastomers and keratin from the CF, which has allowed knowing
about the influence of the different variables on the thermal and mechanical behavior, as well
as the various valid tools for the observation of variations [2, 9, 20, 28-30]. With respect to
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Figure 2. Gelatinization and plasticization of starch.

the above, several important aspects are listed namely dynamic-mechanical behavior, hydro-
philic, acoustic, and thermal stability properties of keratin, and its study per se represents a
vast field of scientific exploration. In the other hand, the use of elastomers in combination with
other materials as compound has been reported, trying to improve ductility and oxygen bar-
rier of elastomers [31-33]. Among the elastomers, the styrene-butadiene (SB) copolymers are
the most valuables due to the wide application areas as adhesives, asphalt modifiers, sealants,
shoe soles, impact modifiers, and also can be compounded to produce materials that enhance
grip, feel, and appearance in applications such as tires, automotive parts, and packing [34, 35].
SB copolymers are considered a thermoplastic material, whose elastic behavior! and thermo-
plastic behavior? are combined at same time. The combination of good mechanical properties
and processability makes the SB copolymers an interesting kind of materials. It is essential
that hard (styrene block) and soft (butadiene) segments are immiscible on a microscopic scale.
One important variable is SB copolymer properties, the styrene content, which gives a plastic
characteristic to copolymer with high styrene content, and elastomer behaves as a vulcanized
elastomer at low styrene content. Because of its good processability behavior, thermal, and
mechanical properties, SB copolymers have been widely used in composite materials, trying

‘Property to change and recover the shape when a force has applied and then removed.
*The property to become viscous and free-flowing liquid when heated and resolidified when cooled to room temperature.
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Material Elastomer (g) TPS-EVOH (g) Chicken feathers (g)
SB1-45/TPS-EVOH/CF 45 12 3
SB1-50/TPS-EVOH/CF 50 8 2
SB1-55/TPS-EVOH/CF 55 4 1
SB2-45/TPS-EVOH/CF 45 12 3
SB2-50/TPS-EVOH/CF 50 8 2
SB2-55/TPS-EVOH/CF 55 4 1
SB3-45/TPS-EVOH/CF 45 12 3
SB3-50/TPS-EVOH/CF 50 8 2
SB3-55/TPS-EVOH/CF 55 4 1

SBl-elastomer with 45% styrene content, SB2-elastomer with 32% styrene content, SB3-elastomer with 25% styrene
content, TPS-EVOH with 75% TPS content.

Table 1. Identification codes for prepared composites.

to take advantage of its properties to obtain materials with a higher performance than conven-
tional ones. In this work, three SB elastomers with different styrene contents were combined
with a TPS-EVOH blend, and additional to that, CF was added to obtain a composite that pres-
ents enhanced properties. The effect of styrene content in SB elastomer was studied. Table 1
shows the identification codes for prepared composites. By means of infrared spectroscopy
(FTIR), the possible chemical reactions between components in composite were evaluated, and
thermal properties were evaluated by means differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA), and thermogravimetric analysis (TGA).

2. Experimental

2.1. Materials

Chicken feather (CF) was obtained from a local slaughterhouse in Altamira city, México, and
three types of styrene-butadiene (SB) used were SB1 45% styrene content, SB2 32% styrene
content, and SB3 25% styrene content, provided by Dynasol Elastomers S.A. de C.V. Chicken
feathers (CFs) were cleaned with several washes, first with distilled water and then with
acetone and finally with ethanol; after that CFs were dried at room temperature to be clean,
sanitized, and odor free, and then proceeded to remove the barbules from quill, that was cut
it into small pieces [1, 25]. A twin screw extruder ZSK30 with nine heating zones was used
to obtain the mixtures of TPS-EVOH. The EVOH melted at 200°C was fed in zone 5 using the
single-screw extruder Killion KTS-100 at full speed. The mixing of EVOH with TPS started
from zone 5 to zone 8. In the pumping zone 9, the pressure of the extrudate was increased.
The screw speed for all blends was 150 rpm. Mixtures were prepared with 75% TPS propor-
tion [36]. Figure 3 shows the configuration of double screw extruder to obtain the blends with
EVOH.
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Figure 3. Configuration of double screw extruder with nine heating zones, to obtain TPS-EVOH mixtures using a single
screw extruder to melt at 200°C the EVOH.

2.2. Preparation elastomer/TPS-EVOH/keratin composite

The elastomer/TPS-EVOH/keratin composites were prepared by melting the mix using a plas-
ticorder/Brabender PL2000 torque rheometer, establishing the optimum conditions at 185°C
with 20 min of mixing, using roller blades at 100 rpm speed. Then, the materials were com-
pressed in a Dake press with 10 tons during 20 min, using appropriate molds. Table 1 shows
the codes used for identification of composites.

2.3. Composites characterization
2.3.1. Infrared spectroscopy (FTIR)

The infrared spectroscopy technique was used to identify functional groups of materials, and
for that purpose, equipment Perkin Elmer Spectrum One model was used, with attenuated
total reflectance (ATR) technique with ZnSe plates in a range of 4000-600 cm™ with 12 scans.

2.3.2. Differential scanning calorimetry (DSC)

The differential scanning calorimetry (DSC) was used to determine the thermal transitions of
the composites, using Perkin Elmer DSC8000 equipment. The employed method first consists of
heating cycle from 30 to 200°C at 10°C/min, then a cooling cycle from 200°C up to -100°C, and the
sample was kept for 5 min at this temperature and a second heating ramp from -100 to 200°C was
carried out, with heating rate of 10°C/min, taking the second heating for analysis. The sample
amount used was 10 + 2 mg, in an inert atmosphere of nitrogen, with a flow rate of 20 mL/min.
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2.3.3. Dynamic mechanical analysis (DMA)

The dynamic mechanical analysis was carried out in a DMA-Q800 TA-Instrument, with a
double cantilever clamp, and sample dimensions were 30 x 12 x 3 mm in a rectangular shape
(length, wide, thickness). Analysis were carried out in multifrequency mode with temperature
range from —100 to 200°C, with a heating rate 5°C min™, 1 Hz frequency, and amplitude 2 pm.

2.3.4. Thermogravimetric analysis (TGA)

The thermogravimetric analysis was carried out in an SDT (DSC-TGA) Q600 TA Instrument
equipment under an N, atmosphere with 100 mL/min flow, in a temperature range from 40 to
600°C with 10°C/min rate, using 10 + 2 mg sample.

3. Results

3.1. Infrared spectroscopy of elastomer/TPS-EVOH/keratin composite

Figure 4 shows the IR spectra for SB3, TPS-EVOH, CF, and SB3/TPS-EVOH/CF composites
from 4000 to 600 cm™. It is possible to identify some of the functional groups in the blends of
the elastomers with TPS-EVOH and CF. The SB3 signals at 3000 and 3100 cm™ are associated
with unsaturated carbons; meanwhile, at 2900 and 2850 cm™, the signals are related to the
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Figure 4. FTIR spectra of SB3, TPS-EVOH, CF, and SB3/TPS-EVOH/CF composite.
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stretching of methyl and methylene groups; besides, the region of the aromatic ring is visible
from 2000 to 1850 cm™ [35]. The CF signals at 3300 cm™ correspond to the ordered regions of
NH group of amides A a-helix conformation, at 2950 cm™ is related to the asymmetry vibra-
tion of CH group of methyl, and the band at 1710 cm™ is matched to the vibration of amides
I of -sheet conformation, for C=O group of amides I a-helix at 1650 cm™ and at 700 cm™
attributed to the vibration of C—S group. The main groups assigned at 1650 and 1550 cm™
peaks from the chicken feather keratin are amide I and amide II bands, respectively. The
peaks at 1500, 1450, and 1250 cm™ are attributed to a plane bending of NH group that cor-
responds to 3-sheet conformation, the bending of —CH, group, and CN group of amides III,
respectively [37]. The glycerol absorption peaks are at 1109, 1042 and 994 cm™. The signals at
3330 cm™ correspond to hydroxyl stretching of EVOH and are evident by the high amount of
hydroxyl groups in the chemical structure [38]. The vibrations at 1150, 1100 and 1050 cm™ are
assigned to vibrations of C—C group, a peak around 700 cm™ is attributed to vibration of C—S
group, and finally, vibrations at 970, 910, 760, and 690 cm™ show the evidence of unsaturated
aromatic carbon deformations [24, 39, 40]. Composites SB/TPS-EVOH/CF show typically the
same signals, and the variations are attributed to elastomer content, and it is not possible to
identify any evidence of a chemical reaction between materials.

3.2. Differential scanning calorimetry (DSC)

Table 2 presents DSC results for elastomers, CF and for composites. It was observed that CF
showed two transitions, one around 140°C and the second one around 260°C, attributed to
the crystalline melting temperature of keratin, the main component of CF, corresponding with

Material Transition (°C)

Chicken feather (CF) 140 263
SB1 -40

SB1-45/TPS-EVOH/CF -82 58 162
SB1-50/TPS-EVOH/CF -85 48 169
SB1-55/TPS-EVOH/CF -92 6 175
SB2 -33

SB2-45/TPS-EVOH/CF -88 48 158
SB2-50/TPS-EVOH/CF -89 39 164
SB2-55/TPS-EVOH/CF -95 31 182
SB3 -63

SB3-45/TPS-EVOH/CF -83 131 165
SB3-50/TPS-EVOH/CF -85 28 159
SB3-55/TPS-EVOH/CF -90 -4 151

Table 2. Transition value for SB/TPS-EVOH/CF composites obtained by DSC.
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previous reports [8]. Other reports indicate that CF did not show any melting peak [18], and
also there are reports that around 300°C the disulfide bonds and denaturation of helix structure
of keratin occurs [21]. Other reports [9] are known that Tg value of keratin is affected by water
concentration and the content of alpha and beta keratin. The SB elastomers only show a Tg
value which depends on the styrene content varying from —40°C for elastomer with higher sty-
rene content, and —63°C for elastomer with lower styrene content. These results are according
with soft and hard segments of copolymer [41]. The SB-TPS/EVOH/CF composites show two
Tg values, one at low temperatures (around —90°C), the second one depends on styrene content
in elastomer, 48°C for higher styrene content in elastomer and 28°C for lower styrene content,
which is indicative that there is an effect of hard segments of styrene in composite structure, due
to the concentration of keratin was constant. Another interesting point is that lower Tg value
(attributed to butadiene segments in elastomer) also changed in SB/TPS-EVOH/CF compos-
ite moving at a temperature around 94 to —85°C, indicative that soft segments in composites
are affected. These results indicate that the softness of materials is improved and the molecu-
lar level, produced by polypeptide chains of keratin with elastomer structure. A third transi-
tion was identified in SB/TPS-EVOH/CF composites around 160°C, which is not been reported
before, however as was discussed before, can be attributed to keratin and the diminish is due the
water content, in this case OH groups from TPS and EVOH which effects on keratin structure
providing to material a soft characteristic.

Janowska et al. [9] reports that DSC technique cannot be a good option to evaluate Tg due to their
considerable thermal effect caused by evaporation of physically combined materials, in this case TPS
and EVOH, which can mask the results due to a considerable effect of water content. Nevertheless,
it can be possible to identify an effect of styrene content in an elastomer over Tg of composites.

3.3. Dynamic mechanical analysis (DMA)

DMA is a useful technique to determine the viscoelastic properties of composite materials
related to primary relaxations and other parameters. Dynamic mechanical properties are used
for detection of damping peaks, elastic, and loss modulus changes with temperature [26].
Dynamic mechanical analysis (DMA) for TPS and blends is a useful tool to evaluate the phase
separation relaxations and viscoelastic properties [42]. DMA can find a low-temperature peak
around —40°C attributed to the secondary relaxation of starch and corresponds to the secondary
transition of glycerol-rich domains, whereas a higher temperature peak is due to the primary
transition of amylopectin-rich domain [42]. DMA was performed to evaluate the effect of elas-
tomer type on an SB/TPS-EVOH/CF composite. Figure 5 shows the storage modulus (E') versus
temperature for SB1, TPS-EVOH, and SB1/TPS-EVOH/CF composites. The dynamic mechani-
cal properties of TPS blends have been studied, TPS can form immiscible blends due to the
high interfacial tension of polar and nonpolar segments of components. TPS-EVOH shows two
relaxations around -40°C and 35°C, attributed to both components TPS and EVOH, which are
partially miscible (see tan & curve for TPS in Figure 6). High concentrations of plasticizer cause
a heterogeneous system, resulting from glycerol and starch domains in compounds [43, 44].
According to results, for the composite SB1-45/TPS-EVOH/CEF (Figure 5) the storage modulus
has a good thermomechanical behavior compared to the compound with the highest content of
SB (SB1-55/TPS-EVOH/CEF), where the pure SB1 elastomer has a acceptable thermomechanical
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Figure 5. Storage modulus curve from DMA for SB1/TPS-EVOH/CF composites.
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Figure 6. Tan d curve from DMA for SB1/TPS-EVOH/CF composites.

behavior, but even so below the blend TPS-EVOH. In general, the same behavior was observed
in the composites prepared with SB2 and SB3 elastomers. The modulus of TPS composites is
typically higher than synthetic thermoplastics, indicating that inclusion of elastomer to TPS-
EVOH has no reinforcement in matrix, due to the complexity of structure of the obtained
material. Previous works are contradictory about the increasing and diminishing of storage
modulus value about the reinforcement when particles are added to a polymer matrix [25].
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Comparing TPS-EVOH/CF composites with SB1, SB2, and SB3, the storage modulus decreases,
which has lower styrene content in elastomer; this behavior can be attributed to a steric hin-
drance of hard segments of styrene present in elastomer (Figure 4). The behavior might be due
to free movement in the polymer chain at high temperatures and have some agreement with
the results of DSC analysis (see Table 2).

The keratin addition has a significant effect on SB/TPS-EVOH/CF composites, increasing the
initial value of storage modulus with respect to pure SB copolymer, causing a significant
reinforcement effect in the rubber plateau region [31, 42]. A good interaction of particle aggre-
gates in a polymer matrix can reflect in decreasing storage modulus when they reach the pla-
teau region, also indicating that composites have better high-temperature stability, as can be
observed for composite with lower elastomer content in composite (In general, SB1, SB2, and
SB3/TPS-EVOH/CF composites present the similar behavior.) The Tg values of composites
using tan O (Figure 6) signal are, however, not affected by the CF inclusion due to the aggre-
gate size and limited surface area [45]. The tan d (Figure 6) is an useful tool to identify the
interaction existing between the polymeric matrix (including the TPS-EVOH) and the keratin
as reinforcement, in which a strong bond is reflected in a low tan d value, although in this
case, it has been used as an elastomeric matrix, which have higher tan d values. It is observed
that Tg value in the SB/TPS-EVOH/CF compounds is affected significantly with the CF addi-
tion and with the TPS-EVOH presence, and this is could be related to the result from tan
0 curve. Nevertheless, the SB1/TPS-EVOH/CF composite, at -94°C, has the higher Tg value
compared to the SB2/TPS-EVOH/CF and SB3/TPS-EVOH/CF composites. This same behavior
has been reported before, in reference to no significant changes in Tg values by the effect of
addition of CF as a reinforcement in the polymeric matrix [24, 32]. Jong [45] reports that for
elastomer-protein composites, in the rubber plateau region, there is a very significant increase
in the equilibrium storage modulus of composites of elastomers reinforced with proteins,
and a better recovery behavior after eight cycles of dynamic strain, which indicates a stronger
filler-rubber interaction. It was also found that the presence of aggregates causes an improve-
ment in the effect of filler interaction with the matrix.

3.4. Thermogravimetric analysis (TGA)

The thermogravimetric analysis is used to predict the thermal stability of materials. When
a reinforcement is added to a polymer matrix, it is necessary to identify the filler effect.
For TPS, it has been reported that present thermal degradation due to loss of water below
140°C, around 200°C attributed to evaporation of water and glycerol and around 330°C
from carbonization of starch [26, 38]. In the other hand, keratin decomposition has been
reported before, presenting three steps, first around 210°C due to the protein denaturation,
second one around 360°C resulting in a total destruction of protein, and third around
510°C for complete protein decomposition [2]. This is indicative that keratin is resistant to
the action of elevated temperature. Other reports [1] found that CF lost moisture around
30 and 116°C, and temperature between 214 and 410°C presents the main decomposi-
tion stage with approximately 65% loss weight associated with breaking off the disulfide
bonds in keratin structure, and the denaturation of the beta-protein structure as well as
C—C bond degradation in the polymer backbone. Figure 7 shows the TGA thermogram
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Figure 7. TGA thermograms for SB3, TPS-EVOH, CF, and SB3/TPS-EVOH/CF composite.
Loss weight (%) at temperature (°C)

Material 200 250 300 350 400 450 500
Chicken feather 89.7 83.8 65.3 38.6 29.7 25.3 23.0
TPS-EVOH 81.5 76.3 69.6 49.8 28.4 8.7 3.9
SB1 99.5 99.2 98.9 97.9 87.5 36.4 0.7
SB1-45/TPS-EVOH/CF 97.3 95.6 92.6 86.0 74.8 33.5 2.7
SB1-50/TPS-EVOH/CF 97.8 96.7 94.7 90.3 78.9 33.8 0.1
SB1-55/TPS-EVOH/CF 98.5 97.7 96.4 93.5 82.5 34.8 0.7
SB2 99.4 99.0 98.7 97.7 90.0 50.0 4.6
SB2-45/TPS-EVOH/CF 97 4 96.0 93.1 87.0 77.5 433 4.1
SB2-50/TPS-EVOH/CF 97.3 95.8 93.7 89.6 81.2 452 1.5
SB2-55/TPS-EVOH/CE 98.9 98.0 96.6 94.2 85.5 46.7 0.8
SB3 99.7 99.4 99.2 98.5 90.2 49.0 0.1
SB3-45/TPS-EVOH/CF 96.6 94.8 91.6 85.0 73.5 37.6 0.9
SB3-50/TPS-EVOH/CF 97.7 96.4 94.0 89.3 77.4 41.6 1.2
SB3-55/TPS-EVOH/CF 98.7 97.8 96.1 93.2 82.9 45.0 1.7

Table 3. Thermal data of loss weight for SB/TPS-EVOH/CF composites at different temperatures.
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for SB3, CF, TPS-EVOH, and SB3/TPS-EVOH/CF composites with different SB3 contents.
It can be observed that TPS-EVOH has three degradation steps, at around 130, 250, and
350°C, which are similar to reports of TPS thermal degradation [38]. CF has a similar
behavior reported before as was discussed previously [1, 2]. Composite SB3/TPS-EVOH/
CF has a similar behavior to that of SB3, so inclusion of elastomer improves the thermal
degradation of TPS/EVOH/CEF, due to the elastomer that has higher decomposition tem-
peratures. A combinatorial effect of elastomer and CF can be present in the composites, as
some reports found that keratin miscibility with polymer matrices increases the decom-
position temperature in composites [25], in this work the content of CF was kept constant
and the effect could be evaluated individually in thermal decomposition.

The composites with SB1 and SB2 have similar behavior compared with SB3 elastomer. Table 3
shows the thermal data for SB/TPS-EVOH/CF composites at different temperatures with the aim
to analyze. SB1/TPSOEVOH6CF composites present a lower loss weight when elastomer increases
in formulation, which make sense, especially in region of 350450°C, which is the main elastomer
decomposition range. Composites prepared with the SB2 and SB3 elastomer has a better thermal
resistance and better stability at higher temperatures, due to a lower loss weight, mainly at higher
temperatures, and composites with SB3 elastomer showed a slight decrease in loss weight com-
pared to composites with SB2 elastomer, which have the better thermal stability according to the
results. Thermoplastic elastomer (TPE) is known due its higher thermal stability.

4. Conclusions

The infrared spectroscopy was not conclusive but indicates that there is no chemical interaction
among components of composite. According with the styrene content present in the blend, it is
possible to observed a better interaction among soft segments of the SB elastomers with the com-
posites TPS-EVOH/CF. DMA results showed that the inclusion of SB elastomers in TPS-EVOH/
CF do not have a positive effect, due to the decreased storage modulus compared to TPS-EVOH
and pure SB, but the composites with lower SB content have a better behavior at lower and
higher temperatures compared to the rest of the composites. The composites prepared with CF
have been reported before that generates a similar behavior, but in this case, there was a syner-
getic effect, due to the structure of the composite material, so it can be attributed to SB elastomer
of CF particles. The thermal behavior of the composites is very similar to that of the elastomer,
which provides higher thermal stability as the styrene content increases therein.
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Abstract

In recent years, the increasing interest in nanomaterials of natural origin has led to several
studies in the area of nano-sized particles from natural polysaccharide polymers, such as
cellulose, starch, and chitin. These nanomaterials are used especially as a reinforcement
in a polymeric matrix to improve the mechanical and barrier properties of the materials.
Starch is a sustainable, abundant biopolymer produced by many plants as a source of
storage energy; the main uses of starch are as food and industrial applications. However,
recently their use as filler in polymeric matrix (nanoparticles) has attracted attention.
Starch nanoparticles (SNPs) can be produced by many methods, using chemical, enzy-
matic, and physical treatments. The size distribution, crystalline structure, and physical
properties of the SNPs may vary from one method to another. These nanoparticles are a
very interesting alternatives not only for the polymeric filler but also for the renewability
and biodegradability, since they show characteristics inherently of starch granules.

Keywords: methods, nanostarch, nanotechnology

1. Introduction

Nanotechnology is considered a study which involves science, medical, engineering, and
technology at the nanoscale level; basically, nanotechnology involves the use of nanoparticles

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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ranging from 1 to 100 nm size [1]. In recent years, the use of nanotechnology for applications
in the food industry has become more apparent, such as protection against biological and
chemical deterioration, increasing bioavailability, enhancement of physical properties, and
others [2]. However, the high cost of nanotechnology can make it difficult to its application in
commercial scale. Therefore, the search for alternative materials and cheap to be used in the
nanotechnology has been studied. Starch being a biodegradable natural polymer is a great
alternative for the production of nanocrystals or nanoparticles. These materials can be pro-
duced by different methods, using chemical, enzymatic, and physical treatments and may be
utilized as drug carriers, quality indicator for food products (nanoencapsulation), and rein-
forcement biodegradable and nonbiodegradable polymeric matrices [3].

2. Production and characterization methods of starch nanoparticles

The acid hydrolysis is the most commonly adopted method to produce starch nanocrystals
(SNC). Usually, the starches submitted to this method have a two-step hydrolysis reaction:
in the first step, a fast hydrolysis occurs, and in the second step, a slow hydrolysis occurs.
For some authors there are three important steps of the acid hydrolysis: rapid, slow, and
very slow [4-6]. In the first stage, the hydrolysis of the amorphous parts of the granules are
attacked, while the slow step is the erosion of the crystalline regions [7]. Starch nanocrystals
produced for this method present high crystallinity and a platelet-like shape. In this process,
starch is diluted in acid (hydrochloric or sulfuric) maintained under constant stirring for a
prolonged period with temperature control. After the hydrolysis period, the nanocrystals are
differentiated from the acid by centrifugation and washed with distilled water until neutral-
ity of the eluent. Finally, for a homogeneous dispersion of the nanocrystals, the suspension is
submitted to a mechanical procedure (ULTRA-TURRAX).

The botanic origin of starch influences the thickness of SNC, which can vary between 4 nm
for wheat starch and 8 nm for potato starch and crystalline organization and consequently
the size of SNC. This is related to the fact that the acid hydrolysis occurs in the amylose mol-
ecules of the starch granules, and depending on the botanic origin of starch, it can be occurred
in different sites of granule structure, for example, in the amorphous region (wheat starch),
interspersed among amylopectin clusters in both the crystalline and amorphous regions
(maize starch), and in bundles between amylopectin clusters or co-crystallized with amylo-
pectin (potato starch) [3]. Thus, depending on the crystalline organization (amylose content),
SNC can present larger sizes, since amylose is believed to jam the pathways for hydrolysis.
Generally, SNC presents platelet-like morphology.

The lengthy duration of the acid hydrolysis (until 40 days) implies in a low yield (around 5%) [6].
Thus, this method is not appropriate for practical applications due to the long treatment period, its
low yield, and use of concentrated acid, which can cause a negative impact on the environment.

The study carried out by Gongalves et al. [8] using the acid hydrolysis method used to modify
the starch extracted from the crude seeds of the pinhao (Araucaria angustifolia) was effective,
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resulting in nanometric particles. The starch modified by this method showed the greatest
differences compared to common starch, being the most soluble, translucent, and hygroscopic
among the samples. The authors conclude that the greater solubility and reduced turbidity
are interesting from a commercial standpoint, showing that pinhao starch nanoparticles could
be useful for the development of coating materials or films. In another study, the method
showed an ability to form a strong elastic gel of starch nanocrystals [9]. Some recent studies
by production of nanostarch by acid hydrolysis can be observed in Table 1.

Gamma radiation (y-radiation) can be used to develop starch nanoparticles, since this tech-
nique can break large molecules into smaller fragments and is capable of cleaving glycosidic
linkages. The technique consists in mixing starch and boiling water by stirring it for obtaining
ahomogenous paste, and then the suspension is irradiated using gamma ray, which generates
active free radicals that are then responsible for the hydrolysis of starch. The fragmentation of
starch results from the cleavage at the amorphous regions, instead of at the crystallite regions.
In this sense, the gamma radiation method is very similar to that of the starch acid hydroly-
sis. Generally, the diameter of the nanoparticles obtained by this method is below 100 nm.
Besides that, these nanoparticles also have nanocrystal aggregates, due to the large number
of OH groups on their surface, which becomes strongly associated by hydrogen bonding,
leading to fast thermal degradation [14]. The researches involving this method are still scarce
and do not report the yield of process, which prevents the comparison with other methods.

Gamma radiation research demonstrates satisfactory results in the characterization and pro-
duction of starch nanoparticles from cassava and waxy maize; the average sizes determined
were (31 = 5) nm and (41 + 7) nm, respectively. The study shows that gamma radiation is a
successful methodology to obtain starch nanoparticles able to be used as starch reinforcement
and as a good alternative to production of starch nanoparticles, with low cost and using a sim-
ple and scalable methodology [14]. Gonzales Seligra et al. [28] also obtained average sizes less
than 100 nm by producing starch nanoparticles by this same method. The insertion (0.6 wt%)
of these nanoparticles in PBAT/TPS films improved the mechanical properties of the blend.

The production of starch nanoparticles (SNPs) using physical treatments is still recent, with
high-pressure homogenization and ultrasound treatment being more utilized methods. In
these methods, there are no chemical treatments or addition of chemical reagents. Some

Starch source Time of Size or size Yield Morphology Reference
reaction (days) distribution (nm) (%)
Amaranth 10 376 3.6 Lamellar structure Sanchez de la Concha et al.
[10]
Waxy maize 5 58 — Platelet Bel Haaj et al. [11]
Cassava 5 47-178 30 Spherical Costa et al. [12]
Amadumbe 5 180-280 25 Platelet Mukurumbira et al. [13]

Table 1. Starch source, time of reaction (days), size or size distribution (nm), yield (%), and morphology found in
different studies on obtaining nanostarchs by acid hydrolysis.
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advantages of these methods are that they are simple, effective, and environmentally friendly.
Besides that, they might reduce the processing time to generate SNPs, increase the yield in NP
production, and avoid various purification steps such as the acid hydrolysis [15]. In this con-
text, ultrasound treatment shows up as a viable alternative. The method consists in sonication
a starch suspension (starch and water) with controlled temperature for a fixed time, using
ultrasound equipment. During the ultrasonication occurs a transfer the energy for to starch
particles by cavitation, which is the collapse of microbubbles that burst and propagate as a
sound wave through the solution. So microjets are formed with high velocities resulting the
shear forces which may break covalent bonds of the starch and reduce the particle size. The
ultrasonication process influences the crystalline structure of the starch (amylopectin), lead-
ing to nanoparticles with low crystallinity or an amorphous character. The ultrasonication
in the starch can be affected by many factors such as ultrasonication power and frequency,
time, and treatment temperature, besides the characteristics of starch dispersions, which are
the concentration and botanical origin of starch and the dispersion solvent. Thus, the starch
nanoparticles obtained for this method also can vary; for example, the size of the nanopar-
ticles may vary between 30 nm and 200 nm. Some studies can be observed in Table 2.

The high-pressure homogenization is commonly in the chemical, pharmaceutical, food, and
biotechnology industries. In this treatment, changes not only in the products but also in the
particles, colloids, or macromolecules which are product constituents may occur. Thus, novel
applications for the high-pressure homogenization are researched [17] between the productions
of starch nanoparticles. The method consists of the manipulation of a continuous flow of liquid
through microfabricated channels; the starch slurry is passed by a microfluidizer, which can
be intensified by external pressure sources, external mechanical pumps, integrated mechani-
cal micropumps, or electrokinetic mechanisms, which result in the breakage of the hydrogen
bonding inside the large particles by the mechanical shear forces. Homogenization pressures
can reach up to 350 MPa. The nanoparticles obtained by this method may vary by 10 nm in size.
In this method, the partial or complete destruction of the crystalline structure can also occur,
and only a low concentration of starch slurry could be processed for homogenization.

Recently, studies involving the ultrasound treatment and high-pressure homogenization
methods show the development of nanoparticles of starch with nanometric scale sizes and
the ability to form films [8, 18, 19]. The use of the ultrasound treatment method in pinhao

Starch source Concentration Power Size or size distribution Morphology Reference

(wWt%) (W) (nm)
Waxy maize 2.0 400 40.0 Platelet Boulfi et al. [15]
Cassava 1.5 50 75.51 Spherical da Silva et al. [16]
Pinhéo 20.0 100 454.3 Concave Gongalves et al. [8]
Potato 3.0 100 77.0 Spherical Chang et al. [18]
Waxy maize 1.5 136 100-200 - Bel Haaj et al. [20]

Table 2. Starch source, concentration (wt%), power (W), and size or size distribution (nm) found in different studies on
obtaining nanostarchs by ultrasound treatment.
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(Araucaria angustifolia) seeds can be useful for the development of novel biocomposites, with
improved properties to be employed such as coating materials or films [8]. In other researches,
the study not only shows an easily controllable methodology to prepare starch nanoparticles
of small size and narrow distribution through precipitation but also provides an approach
to produce starch nanoparticles with high efficiency and low cost, decreasing in viscosity of
starch aqueous paste and not requiring any chemical treatment [18, 20].

The high-pressure homogenization researches have shown results of starch nanoparticles
analyzed by transmission electron microscopy (TEM) and dynamic light scattering (DLS),
which showed that starch nanoparticles had narrow size distribution, high dispersibility,
and spherical shape [21] and films obtained from high-pressure homogenized dispersions
had good moisture barrier capacity, better film transparency, and higher tensile strength but,
however, lower elongation [19].

The utilization of the starch nanoparticles as polymeric filler is recent; however, the researchers
showed satisfactory results. The nanoparticle presents at least one of its dimensions which is lower
than 100 nm; thus, this nanometric dimension may result in a better dispersion and compactness
of polymeric structure. The insertion of starch nanoparticle in a polymer results a new material,
known as nanocomposite, with great properties that are not seen in traditional composites.

The incorporation of SNPs improves the mechanical properties and water vapor permeability
(WVP) and also the biodegradability of the composites. The decrease in the WVP of nanocom-
posite films is attributed to compactness of the polymeric structure which is resulting in water
vapor diffusion more difficult and consequently reducing permeability; in case the reinforce-
ment is derived from the same material as the matrix, such as starch nanocrystals dispersed in
starch films, it could have better compatibilization, since they show characteristics inherently
from starch granules. It is worth pointing out that the concentration of starch nanoparticle
inserted in a matrix polymeric must be carefully analyzed, once a lower nanoparticle concen-
tration leads to better dispersion in the films and less clustering that hinders the passage of
water and reduces permeability. On the other hand, the increase in WVP with a higher con-
centration of the SNPs can be related with a more nanoparticle grouping allowing diffusion
of water molecules. Recently, some studies involving the use of SNP as filler in starch films
showed that when the concentration of SNPs inserted was less than 6%, the WVP presented
a reduction. However, these same studies showed the use of a higher concentration of the
SNPs resulting in an increase in WVP [22, 23]. The increase in WVP is not feasible for food
packaging use; it offers increased food degradation rate. The WVP values are essential for the
possible packaging application use of the biofilms. The material that where very permeable
to water vapor may be suitable for the packaging of fresh food, whereas a slightly permeable
biofilm may be useful for the packaging of dehydrated food [24].

The mechanical properties are proven be one the most important parameters for biofilm analy-
sis, which usually presented poor mechanical properties. One alternative for improving these
properties is the use of starch nanoparticle as reinforcement agent. For the mechanical prop-
erties, also the nanometric dimension of the starch nanoparticles can result in strong interac-
tions with different matrices, once they have the capacity of occupying inter- or intramolecular
space, resulting in densification of the film [25]. Besides that, the nanoparticle presents high
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specific surface area which can result in a better between filler and polymeric matrix interfacial
interaction, which result in an increase of the nanocomposite strength [26]. So, the polymeric
film incorporated with the SNP can present an increase in the tensile strength and modulus
of elasticity, associated with decrease in the elongation percentage. These effects are heav-
ily dependent on the SNP concentrations incorporated in the nanocomposites, because high
concentrations of SNPs when incorporated in a matrix can cause aggregation, which leads to
weaken the interface adhesion between the nanoparticle and matrix [27]. Li et al. [22] studied
the incorporation of starch nanocrystals (SNC) in pea starch films. The authors concluded the
concentrations bigger than 5% of SNC when incorporated in the films resulted in a decreased
tensile strength associated with increase in elastic modulus.

Besides that, SNPs can speed up the biodegradation process. The influence of the SNP in
the faster biodegradability of the composites is due to the fact that in soil, water diffuses
into the polymer sample, causing swelling and enhancing biodegradation due to increases in
microbial growths [28]. Costa et al. [12] studied the use of cassava starch nanocrystals (CSN)
obtained by acid hydrolysis to strengthen nanocomposite films from the same matrix. The
authors conclude that the large percentage of loss of film mass was found over the biodegrad-
ability test and the film with 10% CSN showed a larger weight loss, which is probably associ-
ated with greater microorganism access.
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Abstract

Starch is one of the most studied natural polymers due to its widespread and appli-
cations as well as to the global interest regarding renewable, cheap, and easy to pro-
cess resources. The native form of starch is frequently subjected to different processing
methods in order to modify its structure and thus to obtain some functional properties
suitable in specific industrial applications. Radiation-based method is a “green tool” for
modification of natural polymers, such as starch, cellulose, pectin, and chitosan, alginate,
having advantages over conventional methods that involve chemical agents associated
with environmental toxicity. Radiation processing of natural polymers involves a simple,
ecofriendly, and fast process that has harmless feature and provides advanced materi-
als with unique properties. The chapter intends to be an overview of the major findings
in the last decade concerning the starches modified by ionizing radiation processing.
Therefore, aspects strongly related to changes in physicochemical, functional, and struc-
tural properties of starches from various botanical origins are approached. The main key
points of this topic are highlighted by a critical evaluation of the mentioned aspects and
future perspectives are suggested.

Keywords: starch, modification, gamma radiation, electron beam, processing

1. Introduction

Starch is one of the most widespread and used natural polymers in different applications
such as food, pharmaceutical and cosmetics, paper, and textile industries. Even starch is a
renewable, cheap, and easy to process resources, its use as a native form has been restricted by
some limitations (high viscosity, low solubility in cold water, paste instability, etc.) in specific
applications due to its structure. Therefore, starch is frequently subjected to different process-
ing methods (chemical, physical and enzymatic treatments) in order to modify its structure

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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resulting in functional properties suitable in specific industrial applications. The most used
way to obtain modified starch is by chemical methods, which are most of the time complex,
expensive, and time consuming,.

Progressive methods of starch modification are generally considered the physical techniques
(e.g., ionizing and non-ionizing radiation treatments, plasma treatment), which are fast, low
cost, and environmentally friendly because they do not use polluting agents, do not allow
the penetration of any toxic substances in the treated products, do not generate undesirable
residual products, and do not require catalysts and laborious preparation of samples.

In the last decade, there is a great amount of reported studies related to the effects of ionizing
radiation (gamma radiation, electron beam) on different type of starches. The studies concern-
ing the impact of gamma radiation or electron beam (e-beam) were performed on starches
extracted from various vegetal sources—cereals, tubers, legumes, and stems—as presented
in Table 1.

The reported data showed that ionizing radiation processing generates free radicals on starch
molecules that can alter their size and structure, leading to changes of functional and physico-
chemical properties of starch as a function of experimental processing parameters (irradiation
dose, irradiation dose rate, moisture content of samples, and type of gas atmosphere).

Type of starch Type of ionizing Investigated properties Techniques of References
radiation/processing characterization
parameters

Cereal

Corn Gamma rays; 1-50 kGy, =~ Apparent amylose content Chemical methods, [1]

1 kGy/h, in air Thermal properties DSC, viscometry,

Pasting profile X-ray diffraction,
Granule morphology and SEM
crystallinity

Gamma rays; 3-50 kGy,
19 Gy/min, in air

Pasting behavior
Thermal properties
Spectral characteristics
Granule morphology and
crystallinity

Viscometry, 2]
DSC, FTIR, X-ray
diffraction, PLM

E-beam 6 MeV;
10-50 kGy, 2 kGy/min,

in air

E-beam 6 MeV;
1-10 kGy, in air

E-beam 6 MeV;
5-100 kGy, solid and
liquid

Apparent viscosity
Pasting properties
Thermal properties
Colorimetric properties
Molecular weight and
molecular weight
distribution

Granule morphology
Spectral characteristics

Colorimetric properties

Apparent viscosity,

Molecular weight and radius of

gyration
Granule morphology

Rheology, [3-6]
viscography, DSC,

UV-Vis spectrometry,

GPC, SEM, FTIR

UV-Vis spectrometry [7]

Viscometry, [8]
rheology, MALLS,
SEM
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Type of starch Type of ionizing Investigated properties Techniques of References
radiation/processing characterization
parameters

Wheat Gamma rays; 0.5-10 kGy, Proximate composition Chemical and [9]
in air, moisture content ~ Color visible spectroscopic
11% Swelling and solubility indices ~ methods,

Light transmittance viscography, FTIR
Syneresis
Freeze thaw stability
Total amylose content
Water and oil absorption
capacities
Pasting parameters
Spectral characteristics
Gamma rays; 3-50 kGy,  Structural, spectral and EPR, FTIR, XRD, [10]
13.84 Gy/min, in air, morphological properties SEM, DSC
moisture content 13.4% Thermal properties Chemical methods,
Apparent amylose content viscography and
Water solubility index and viscometry
swelling power
Pasting behavior
E-beam 6 MeV; Apparent viscosity Rheology, [4,5,11]
10-50 kGy, 2 kGy/min, Intrinsic viscosity viscometry, DSC,
in air Thermal properties UV-Vis spectrometry,
Colorimetric properties GPC
Molecular weight and molecular
weight distribution
E-beam 2 MeV; Pasting properties Viscography, DSC, [12]
1-4.4 kGy, relative Thermal properties HPSEC, SEM
humidity 70 + 5% Molecular weight distribution
Microscopic characteristics
E-beam 3 MeV; 5-30 kGy Pasting profile Viscography, [13]
Swelling volume chemical and
Leaching of carbohydrates and  spectroscopic
amylose methods
E-beam/6 MeV, Colorimetric properties UV-Vis spectrometry [7]
1-10 kGy, in air

Rice Gamma rays; 1-5 kGy, Amylose and carboxyl contents ~ Chemical methods,  [14]
0.4 kGy/h, in air, Acidity DSC, GPC, SEM,
moisture content 9% Thermal properties X-ray diffraction

Molecular weight distribution

Granule morphology and

crystallinity
Gamma rays; 1-10 kGy, ~ Swelling power and solubility Chemical methods, [15]
0.4 kGy/h, in air, Carboxyl content viscography,
moisture content 12% Pasting properties DSC, SEM, X-ray

Thermal properties diffraction, FTIR

Granule morphology and

crystallinity

Spectral characteristics
E-beam 6 MeV; Apparent viscosity Rheology, DSC, [4, 5]
10-50 kGy, 2 kGy/min, Thermal properties UV-Vis spectrometry,
in air Colorimetric properties GPC

Molecular weight and molecular
weight distribution
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Type of starch Type of ionizing Investigated properties Techniques of References
radiation/processing characterization
parameters

Tuber

Potato Gamma rays; 5-20 kGy,  Carboxyl content Chemical methods, [16]
2 kGy/h, in air, moisture ~ Apparent amylose and spectroscopy,
content 10% amylose leaching viscography, SEM,

Swelling power and X-ray diffractometry
solubility
Syneresis
Pasting properties
Granule morphology and
crystallinity
Gamma rays; 10 and Carboxyl content Chemical methods, [17]
50 kGy, 2kGy/h, in air, ~ Swelling factor and amylose DSC, viscography,
moisture content 10% leaching FTIR, SEM, optical
Apparent amylose content microscopy, X-ray
Pasting properties diffraction
Thermal properties
Granule morphology and
crystallinity
Spectral characteristics
In vitro digestibility
E-beam 6 MeV; Apparent viscosity Rheology, DSC, UV-  [4, 5]
10-50 kGy, 2 kGy/min, Thermal properties Vis spectrometry,
in air Colorimetric properties GPC
Molecular weight and
molecular weight
distribution
E-beam 6-7 MeV; 110- Phase structure Wide-angle X-ray [18]
440 kGy, in air, moisture ~ Structure morphology diffraction, SEM,
content 12% Dynamic viscosity FTIR, rheology,
Amount of carboxylic and chemical methods
carbonyl groups
Solubility in cold water
Tapioca E-beam 3 MeV; 5-30 kGy Pasting profile Viscography, [13]
Swelling volume chemical and
Leaching of carbohydrates spectroscopic
and amylose methods

Elephant Gamma rays; 5-25 kGy,  Color, pH Chemical and [19]

foot yam 2 kGy/h, in air Apparent amylose and spectroscopic

(Amorphophallus carboxyl contents methods,

paeoniifolius) Swelling power and viscography, SEM,

solubility FTIR, DSC

Water absorption capacity
Light transmittance
Syneresis

Pasting parameters
Morphological characteristics
and crystallinity

Spectral characteristics
Thermal analysis
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Type of starch Type of ionizing Investigated properties Techniques of References
radiation/processing characterization
parameters
Legume
Bean Gamma rays; 5-25 kGy,  Solubility and swelling Chemical methods, [20]
185 Gy/h, in air power viscography,
Carboxyl content, pH DSC, SEM, X-ray
Retrogradation diffractometry

Gamma rays; 5-15 kGy,
83 Gy/min

Gamma rays; 5-20 kGy,
2 kGy/h, in air, moisture
content 10%

Gamma rays; 10 and
50 kGy, 2 kGy/h, in air,
moisture content 10%

Apparent amylose content
and amylose leaching
Water absorption capacity
Pasting parameters
Thermal properties

In vitro digestability
Granule morphology and
crystallinity

Antioxidant activity

Color

Apparent amylose and
carboxyl contents

Water and oil absorption
capacities

Bulk density

Swelling and solubility
indices

Light transmittance
Syneresis

Freeze thaw stability
Pasting properties
Granule morphology and
crystallinity

Spectral characteristics

Carboxyl content, pH
Apparent amylose
Swelling power and
solubility

Water absorption
capacity

Light transmittance
Syneresis

Pasting properties
Granule morphology and
crystallinity

Carboxyl content

Swelling factor and amylose
leaching

Apparent amylose content
Pasting properties

Thermal properties

Granule morphology and
crystallinity

Spectral characteristics

In vitro digestibility

Chemical methods, [21]
viscography, visible
spectroscopy, SEM,

X-ray diffraction,

FTIR

Chemical methods, [22]
viscography, visible
spectroscopy, SEM,

X-ray diffractometry

Chemical methods, [17]
DSC, viscography,

FTIR, SEM, optical
microscopy, X-ray
diffraction
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Type of starch Type of ionizing Investigated properties Techniques of References
radiation/processing characterization
parameters

Stem

Lotus Gamma rays; 5-20 kGy, = Apparent amylose content Chemical methods, [23]
2 kGy/h, in air, moisture ~ Carboxyl content, pH, viscography, SEM,
content 12% Amylose leaching and swelling ~ X-ray diffractometry

power
Water absorption capacity
Syneresis
Pasting properties
Granule morphology and
crystallinity
Sago E-beam 3 MeV; 5-30 kGy Pasting profile Viscography, [13]
Swelling volume chemical and
Leaching of carbohydrates and  spectroscopic
amylose methods

Table 1. Studies relevant to effects of ionizing radiation on various starches.

The chapter gives an overview of the major findings in the last decade concerning the starches
modified by ionizing radiation processing. Therefore, aspects strongly related to changes in
physicochemical, functional, and structural properties of starches from various botanical ori-
gins are approached. The main key points of this topic are highlighted by a critical evaluation
of the mentioned aspects and future perspectives are suggested.

It is to be mentioned herein that in the last decade two other reviews regarding the impact of
radiation processing on starch [24, 25] have been published, and the most recent one [25] has
summarized only the gamma radiation influence on starches.

2. Fundamentals of radiation processing

Radiation is generally a form of energy characterized by its ability to move from one location
to another, and it can be divided into non-ionizing (ultraviolet light, visible light, infrared
radiation, microwaves, etc.) and ionizing (X-rays, gamma rays, electron beams, etc.) ones [26].
Ionizing radiation —mainly gamma radiation and electron beam —is the most used to modify
starch macromolecules and, further, the approach will be made in context of the processing
procedures using ionizing radiation. Gamma rays—electromagnetic radiation—are emitted
by radionuclides such as isotopes of cobalt-60 (*°Co) and cesium-137 (**Cs). Electron beam
consists of accelerated electrons, which are charged particles generated from regular electric-
ity using linear accelerators, and do not involve radioactive isotope sources. It is noteworthy
that electron beam irradiation is similar to gamma processing with basically the same interac-
tion with materials to be subjected to irradiation processing [27].
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2.1. Interaction of radiation with matter

Gamma rays transfer energy by the photoelectric effect, Compton effect, and pairs generating,
leading to liberation of fast electrons that lose energy by the same effects as accelerated elec-
trons of the electron beams. Later on, the energy is absorbed by matter when electrons pass
through it and two distinct primary effects, ionization and excitation of atoms and molecules of
the substance occur as presented synthetically in Figure 1.

Ionization is the primary process by which a neutral atom or molecule becomes charged, and
the resulting product is called ion. An ion formed by the loss or capture of an electron contains
an unpaired electron, being actually a free radical, which is highly reactive chemical specie.
The ejected electron may ionize further other atoms and molecules by successive collisions
and ionizations. Excitation is another primary effect occurring when a high-energy charged
particle passes through atoms imparting energy to atomic electrons without ejecting them
and leads to an excited atom.

The secondary effects consist in different reactions of primary species (ions, excited mole-
cules, or free radicals) that lead to the final products. These effects could be dissociation of an
excited molecule into two radicals or into two different molecules. The free radicals partici-
pate further in recombination processes between themselves (radical-radical recombination)
leading either to the initial molecule or new molecules. The formed radicals can also suffer a
recombination with a new molecule abstracting a hydrogen atom forming a new free radical
and a new molecule.

FOREZRT i e iTtion

M, + M,

RIT | M-

Figure 1. Fundamental processes of electrons passing through matter.
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2.2. Radiation quantities

The most used dosimetric quantities and their units are the absorbed dose and the absorbed dose
rate according to the International Commission on Radiation Units and Measurements (ICRU)
Report no. 33 [28]. Moreover, these radiation quantities are the most important in the physical quan-
tities used in the dosimetry field in order to optimize and control the irradiation process [29, 30].

The absorbed dose, D, is the amount of energy absorbed per unit mass of irradiated matter at a
point in the region of interest [29]:

D=4 (1)

" dm

where dz is the mean energy imparted by ionizing radiation to the matter in a volume element
and dm is the mass of that volume element.

The SI derived unit of absorbed dose is the gray (Gy), which replaced the earlier unit of
absorbed dose, the rad that is still tolerated, but less used:

1Gy = 1 ]J/kg = 100rad

For this absorbed dose, the rate of change of it with time can be defined as the absorbed dose rate, D:

: aD
D=1 @

The SI derived unit of absorbed dose rate is the Gy/s.

The absorbed dose and the absorbed dose rate will be hereinafter referred as irradiation dose
and irradiation dose rate, respectively.

2.3. Advantages and disadvantages of ionizing radiation processing

Ionizing radiation has many advantages in material processing, being an effective tool to
induce changes in structure and functional properties of materials without environmental
negative implication. Thus, it is an environmentally friendly process that involves no use
of polluting agents, no generation of undesirable residual products, and no penetration of
toxic substances in treated products. Despite the advantages, ionizing radiation processing is
accompanied by some disadvantages as shown in Table 2.

Type of radiation Advantages Disadvantages
Gamma rays -Cold method -Low dose rate
-High penetration depth -Long time processing (hours)
-Use of radioactive source
Electron beam -Cold method -Low penetration depth
-High dose rate

-Very short time processing (s)
-Radiation can be turn on and off

Table 2. Ionizing radiation processing: Advantages and disadvantages.
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3. Effects of ionizing radiation on functional properties

The physicochemical and functional properties of starch in various applications are of great
interest, especially for manufacturers of starch-based products. Aspects related to the ioniz-
ing radiation effects on physical, chemical, and functional characteristics of starch are onward
presented.

3.1. Physicochemical properties

The moisture contents of starches extracted from various botanical sources (lotus, sago, tapioca,
wheat) were insignificantly affected by gamma radiation up to 20 kGy (dose rate < 9 kGy/h)
and electron beam up to 30 kGy [13, 23]. On the other hand, the moisture contents of rice
starches were also insignificantly affected by gamma radiation at low doses (<1.5 kGy with
dose rate of 0.63 kGy/h) [31], whereas a significant reduction in moisture content occurred at
irradiation doses >2 kGy (dose rate of 0.4 kGy/h) as a result of radiation energy dissipation
while ionizing radiation penetrates the starch sample [15]. Also, for starch extracted from
elephant foot yam, the amount of moisture decreased significantly by gamma irradiation up
to 25 kGy with dose rate of 2 kGy/h [19]. According to Reddy et al. [19], the reduction in the
moisture content of starch sample by radiation processing may improve the shelf life of starch
by avoiding the microorganisms’ development.

pH of aqueous starch solutions decreased with increase of irradiation dose regardless of the
botanical origin of the starch [5, 14, 16, 19, 23, 31-33]. The descending change of solution pH
after irradiation could be attributed to the formation of chemical groups with acidic character
such as carboxyl, carbonyl, or peroxide groups. Moreover, this behavior is sustained due to
the fact that radiation processing of starch was generally performed in the presence of oxy-
gen, thus promoting the appearance of free radicals, compounds with carbonyl bonds (alde-
hydes/ketones), organic peroxides, or other polysaccharide degradation products [34] that
can lead to the increase of starch acidity. Therefore, the reduction of solution pH is strongly
correlated with the increase of carboxyl content by the ionizing radiation processing of starch.

The water solubility can be improved concomitantly with the reduction of swelling power of
granule by ionizing radiation processing for all starches. Therefore, the solubility value increased
with the increase of irradiation dose for starches extracted from various botanical sources (corn,
wheat, rice, potato, bean, elephant foot yam, lotus, chickpea, and Indian horse chestnut) [5, 9, 10,
15,16, 18, 19, 21-23, 31-33, 35, 36]. The increase in solubility was due to the increase in polarity as
a result of chain scission under irradiation and the decrease in inter-chain hydrogen bonds [35].
Such behavior demonstrates clearly that the starch molecules suffered important changes as a
consequence of a degradation phenomenon induced by ionizing radiation processing.

The ionizing radiation processing of all types of starches caused the reduction of swelling
power as the increase of the irradiation dose, especially at higher doses [5, 9, 10, 15-17, 19, 21,
22, 31, 32, 36-38]. This evolution could be attributed to the fact that starch granules become
sensitive being weaker and easier to break after irradiation. In addition, a consequence of
starch radiation-induced degradation can be also the inhibition of granule ability to trap water
and provoke the swelling explaining thus the reduction of swelling power by irradiation.
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3.2. Rheological properties

Ionizing radiation processing is able to produce significant changes in the rheological proper-
ties of starch especially by decreasing its viscosity. In this way, the most studies approached
the evaluation of pasting behavior of irradiated starches. Thus, a considerable decrease in the
paste viscosities was noted as the irradiation dose increased (up to 500 kGy) for starches with
different botanical origins [2, 3, 6, 9, 12, 13, 15-17, 19-23, 27, 31-33, 35, 38]. However, excep-
tions were reported for the breakdown viscosity that increased with the irradiation dose up to
10 kGy for corn or wheat starches [35, 37, 39]. In addition, a comparative study on corn starch
treated with the same gamma irradiation dose (10 kGy) in the dose rate range of 0.4-2 kGy/h
clearly revealed that the viscosities of the starch pasting profile decreased more at lower dose
rates in comparison to native starch [37].

The level of radiation-induced changes in the pasting profile was different according to the
starch variety [20, 22, 31] and may be assigned to difference in extent of polymerization of
leached amylose and amylopectin molecules of each starch variety. The reduction of the peak
viscosity of starch was assigned to its weaker water binding capacity, granular rigidity, and
integrity due to glycosidic bond cleavage [35, 40]. Moreover, the decrease in the setback and
final viscosities were attributed to the degradation or shortening of amylose and longer amy-
lopectin branch chains by irradiation [17, 37].

A gradual decrease of the initial pasting and peak temperatures was also induced by irradia-
tion [3, 9, 17, 19, 21, 32, 33, 35, 37]. Although the peak time was not influenced by irradiation
dose rate, it depended on starch variety [31].

Likewise, the apparent viscosity of irradiated starches decreased significantly as the irradia-
tion dose increased for different cereal and tuber starches [4, 5, 8, 10, 11]. Kamal et al. [8] dem-
onstrated that the electron beam effect on the apparent viscosity of corn starch was greater
than that of gamma radiation in the early stage of irradiation ~5 kGy. Moreover, a math-
ematical model was elaborated to describe the exponential decrease of the apparent viscosity
against irradiation dose [4]. At the same time, it was proved that each starch is character-
ized by a material constant that indicates the functional sensitivity of starch to irradiation.
Consequently, in technological applications, based on this model and the material constant
typical for each starch, one can calculate the irradiation dose required to be applied in order
obtain a certain value of the apparent viscosity.

3.3. Gelatinization

Gelatinization is one of the most important functional properties of starch. Ionizing radiation
processing of starch generally leads to great modifications of gelatinization temperatures
and process enthalpy due to structural reconfiguration occurring in starch macromolecule.
Lately, starch gelatinization is studied and monitored by differential scanning calorimetry
(DSC), which is an extremely valuable tool to provide a quantitative measure of the gela-
tinization enthalpy and a determination of temperature range where gelatinization occurs
as well.
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From the outset, it should be emphasized that the multitude of experimental data reported
in a large volume of papers shows that although the gelatinization properties of starch are
affected by irradiation, a pattern of alterations cannot be identified. More specifically, it can be
claimed that the evolution of gelatinization temperatures and enthalpy is practically unpre-
dictable for various irradiation conditions and types of starch.

Several investigations [1, 2, 5, 6, 35] reported the decrease of both gelatinization temperatures
(onset, peak and conclusion temperatures) and enthalpy as the irradiation increasing (up to
50 kGy) for cereal starches. However, Liu et al. [35] reported that the gelatinization param-
eters of corn starch almost remained constant under 20 kGy, and afterwards, their signifi-
cant decrease occurred for irradiation doses up to 500 kGy. Later on, certain decrease in the
gelatinization temperatures was reported for corn starch with different amylose content, up
to 50 kGy, but only marginal effect on enthalpy values was identified [1]. These results indi-
cated that gamma irradiation caused the production of defective crystalline structure and an
increase in the proportion of short chains in amylopectin, which caused a decrease in gelatini-
zation temperature [17]. The decrease in enthalpy value was explained by the disruption of the
crystalline domain of starch granules in addition to disruption of double helical order [2, 17].

Other investigations [10] revealed that the gelatinization temperatures and enthalpy had no
statistically significant alteration after irradiation with gamma rays for wheat starch treated
with irradiation doses up to 50 kGy at a dose rate of 13 Gy/min. More than that, another study
[39], using a higher dose rate (1 kGy/h) in the irradiation dose range up to 9 kGy, pointed out
no significant difference in gelatinization temperatures and enthalpy for wheat starch after
irradiation.

The investigations on rice starch irradiated at low rate of 0.4 kGy/h, with irradiation doses up
to 10 kGy [15], also showed no significant shift of gelatinization temperatures up to 5 kGy,
confirming the previously reported results [14], but a decrease of gelatinization temperatures
and enthalpy was observed after 10 kGy irradiation. Similar results showing no important
alteration of gelatinization parameters were also reported for elephant foot yam starch treated
with doses up to 25 kGy at a dose rate of 2 kGy/h [19].

An extensive study on four varieties of starch extracted from the beans [20] revealed the reduc-
tion of the gelatinization temperatures and enthalpy of bean starch by irradiation with doses
up to 25 kGy at low dose rate of 185 Gy/h. Contrary, Chung et al. [17] have found that the gela-
tinization temperatures for bean starch remained unaffected at 10 kGy and increased slightly at
50 kGy (2 kGy/h). An increasing behavior of gelatinization temperatures has also been reported
for potato starch exposed to e-beam up to 50 kGy at high dose rate (2 kGy/min) [5], while the
gamma irradiation at a dose rate of 2 kGy/h caused the increase of gelatinization temperatures
when irradiated at 10 kGy, but decreased at 50 kGy [17]. A significant increase in the onset and
peak temperatures was reported while no important effect on the gelatinization enthalpy was
noticed for sago starches under irradiation treatment with doses less than 25 kGy [36]. Increase
in gelatinization temperatures in irradiated starches was correlated with decreases in the over-
all crystallinity resulting that among the starch crystallites containing various rigidities, the
relatively weak crystalline structure could be preferentially destroyed during irradiation [17].
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4. Effects of ionizing radiation on structure

The investigation of ionizing radiation effects on starch structure revealed information related
to the granule morphology, crystalline structure, or structural characteristics as determined
by X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared
(FTIR) spectroscopy and chromatography.

4.1. Crystallinity

Crystallinity and crystallinity degree of starch macromolecule can be evaluated by differ-
ent analytical techniques of investigation, such as X-ray diffraction, infrared spectroscopy,
or DSC. The same starch granule consists of both crystalline regions (crystalline lamellae of
amylopectin) and amorphous regions (typical to amylose) without a net delimitation making
the determination of its crystallinity actually difficult.

One of the most used method to analyze the crystallinity and crystallinity degree is the X-ray
diffraction because it can provide the crystallographic patterns of starch granules. The crys-
talline lamellae show two types of polymorph structures that design different diffraction
patterns: the A-type crystallinity with relatively compact structure, the B-type crystallinity
with a more open structure, including a hydrated helical core, and the C-type crystallinity
that is a mixture of A-type and B-type patterns [41]. The crystallinity and crystallinity degree
depend on the botanical source of starch and amylose content [1] or distribution of chain
length in amylose. The experimental data proved that the diffraction pattern remained gen-
erally unaffected even at very high irradiation doses up to 500 kGy [35]. However, Reddy
et al. [19] reported alteration of crystallographic pattern of elephant foot yam starch by
gamma radiation processing. Thus, the B-type pattern of native starch changed in the C-type
in irradiated starch.

On the other hand, most investigations recorded the decrease in the crystallinity degree of
starch as a result of irradiation. The reduction in crystallinity degree with the increasing irra-
diation dose has been explained by breaking of the crystalline regions. Conversely, some
studies [2, 10] found out that the degree of crystallinity was insignificantly changed for cereal
starches by gamma irradiation processing with irradiation doses up to 50 kGy and low irra-
diation dose rates (<19 Gy/min). In case of wheat starch, Kong et al. [39] reported that the
gamma irradiation at a dose rate of 1 kGy/h moderately affected the crystallinity degree that
increased continuously with irradiation dose increasing up to 7 kGy and decreased at 9 kGy.
This behavior was attributed to the alterations predominantly in amorphous regions induced
with irradiation dose up to 7 kGy, whereas the crystalline regions were more affected by irra-
diation dose of 9 kGy. Also, the irradiation at 10 kGy with dose rate of 0.4 kGy/h caused an
increase of the crystallinity degree of corn starch indicating that a slower dose rate is able to
induce more crystalline structure [37]. Moreover, the investigation on rice starch [14] revealed
both reduction and an increase in crystallinity degree by irradiation up to 5 kGy with dose
rate of 0.4 kGy/h depending on rice cultivars. Therefore, the ionizing radiation processing
influenced both the crystalline region and amorphous region of starch granules, leading to
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the decrease or increase in crystallinity degree in accordance with the most affected region by
irradiation dose. Anyway, the investigators considered even the possibility of crosslinking in
the case of the increase of crystallinity degree.

Another study [17] stated that the crystallinity degree decreased more rapidly with irradi-
ation dose increasing for bean starch (C-type pattern) than potato starch (A-type pattern),
showing that the crystallographic patterns have different sensitivity to irradiation. Thus, the
B-type pattern has been proven to be more sensitive to ionizing radiation processing than
A-type pattern and justified the behavior of bean starch in which the B-type pattern degraded
faster than A-type pattern from granule surface. It is noteworthy that recently an opposite
behavior has been identified by Chung et al. [1] for corn starch with different content of amy-
lose subjected to ionizing radiation processing, namely the high amylose corn starch showed
a B-type pattern being more radiation resistant than the waxy corn starch with A-type pattern.

Several works [3, 10, 17, 21, 33, 37] have reported results on the crystallinity degree of irra-
diated starch, estimated by using infrared spectroscopy, which involves the analysis of the
absorption bands at 1047 cm™ (crystalline structure) and 1022 cm™ (amorphous region), and
their respective ratio indicates the degree of starch order. The experimental data revealed
that the ratio of 1047/1022 decreased with an increase of gamma radiation dose up to 50 kGy,
and the starch granular crystallinity was affected [17, 21, 33, 37]. However, a couple of studies
[3, 10] showed that the ionizing radiation processing (up to 50 kGy) had no influence on this
ratio, suggesting that larger crystalline regions might be broken into small crystallites such
that the crystallinity degree was practically unaffected.

4.2. Granule morphology

Morphology of starch granule exposed to ionizing radiation can be affected depending on
starch type and irradiation parameters. For instance, studies on potato and rice starches [16,
38] reported the surface cracking of granules as well as deformation of granular structure
were identified to increase with increasing irradiation dose in the range of 5-20 kGy at a dose
rate of 2 kGy/h. Also, the extent of change depended on starch variety. Other studies on rice
starches [14, 15] at lower irradiation doses (<10 kGy) and lower dose rate (0.4 kGy/h) also
showed some modifications in the values of the mean sizes of the granules depending on
irradiation dose and rice cultivars even if the irradiation apparently caused no change in the
granule morphology. On the contrary, Shishonok et al. [18] reported that the surface structure
of potato starch suffered no damage by electron beam irradiation even at high irradiation
doses (110-440 kGy).

For corn starch irradiated with gamma rays up to 50 kGy and dose rate around 1 kGy/h, an
absence of notable changes on the shapes and sizes of starch granules has been noticed [1, 2].
These observations were confirmed and completed by another investigation [35], which reported
that gamma irradiated corn starch retained the original shape and size without any granular
cracking or roughness occurring on the surface, even for 500 kGy with a dose rate 83 Gy/min.
On the other hand, other investigations found changes in corn starch morphology induced by
ionizing radiation. Although the granule shape and sizes were apparently unaffected by electron
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beam processing, the appearance of small circular perforations on the granule surface could
be observed for irradiation of 50 kGy (dose rate of 2 kGy/min) [3]. Moreover, Kamal et al. [8]
showed that the shape of corn starch granule was somewhat deformed by both gamma rays
and electron beams for doses up to 100 kGy. It is noteworthy that the different content of amy-
lose in corn starch had no influence on morphological aspects of irradiated starch; the granules
remained intact and visually unchanged by gamma irradiation up to 50 kGy with dose rate
around 1 kGy/h [1].

Microscopic observation of bean starches indicated surface cracking of granule with irradia-
tion in a dose-dependent manner in the irradiation dose range of 5-25 kGy (<185 Gy/h) with-
out significant changes in granule dimensions [20, 21]. However, in an earlier study, Gani
et al. [22] have found the deformation of granule increased with increasing irradiation dose in
the range of 5-20 kGy (dose rate of 2 kGy/h), the extent of change depending on starch vari-
ety. Other starches extracted from different botanical sources (lotus, chickpea) also presented
surface fissures induced by irradiation [23, 32], while the ionizing radiation processing had
no influence on the morphological characteristics for starches from elephant foot yam, Indian
horse chestnut, and sago [19, 33, 36].

Consequently, the ionizing radiation is an energetic penetrating radiation that able to produce
effects in the whole volume of the samples, so that the radiation-induced changes may occur
both in the central regions and in the peripheral regions of the starch granules. However, the
fact that microscopic methods reveal no damage to the granule outer layer for some starches
leads to the conclusion that the radiation-induced changes might occur at a more intimate
level of matter in the form of structural changes depending on starch granular structure.

4.3. Spectral characteristics

Generally, the analytical evaluation of FTIR spectrum of native starch must show five dif-
ferent frequency regions as presented in Table 3 [42—44]. Therefore, potential modifications
induced by ionizing radiation processing of bands assigned to those frequency regions should
be evaluated.

The spectral features of the irradiated starch were apparently similar to native starch and no
bands of new functional groups were found in spectrograms [3, 9, 10, 15, 18, 19, 33, 35]. For
instance, Liu et al. [35] found that all spectral patterns for corn starch irradiated with gamma
radiation were similar to those of control sample even after 500 kGy irradiation. However,
some differences related to the frequency and intensity of some bands were identified after
irradiation indicating radiation-induced alteration of the macromolecule structural integrity.
Thus, slight shifts of some peaks and the decrease in intensity of some bands or the increase
in intensity of other bands with the irradiation dose increasing have been noticed for all types
of starches. The most affected bands were especially those assigned to O—H and C—H bonds
[2, 3, 8], indicating that the stability of the inter- and intramolecular hydrogen bonds of starch
structure was affected by ionizing radiation processing [3]. As an example, Bettaieb et al. [2]
found intensity decrease with 38.4 and 19.6%, respectively, for corn starch after irradiation
with 50 kGy at 19 Gy/min. Instead, for wheat starch [10], the absorbance intensity of the same
bonds decreased dramatically about 70 and 67%, respectively, after irradiation with 50 kGy at
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Frequency region [cm™] Assignment

3000-3700 O—H stretch

2800-3000 C—H stretch

1550-1800 O—H vibrations from bound water molecules
800-1550 Fingerprint region

Below 800 Pyranose ring of the glycosidic unit

Table 3. Band region frequencies and assignments of FTIR absorption of starch.

13.84 Gy/min. These results were attributed to the breaking of chemical bonds by irradiation.
Besides, the botanical source of starch and the irradiation dose rate influenced the degree of
the radiation-induced changes. Also, the findings [2] showed a decrease in peak intensity of
the bending mode of the glycosidic linkage (C—O—C) with 13.4% explained by a depolymer-
ization of amylose chains of starch and/or the amylopectin double helices within the amor-
phous regions after irradiation due to the breaking of glycosidic linkages [2, 10]. Conversely,
an increase in the intensity of the characteristic peak at 1647 cm™ ascribed to carbonyl groups
was also observed [8] for e-beam irradiated corn starch, suggesting that the starch degraded
by free radical reaction.

At the same time, the band intensity of the bending mode of water was also affected by a
decreasing trend as the irradiation dose increased [2, 10]. This change occurred by water radi-
olysis that involves the breakdown of the water structure under the action of ionizing energy
and leads to the formation of hydroxyl and hydrogen radicals.

4.4. Molecular weight and molecular weight distribution

Molecular weight of polymers influences most of their physicochemical and functional
properties, and its investigation can reveal information useful to understand the behav-
ior of macromolecules to ionizing radiation processing. Unfortunately, one can notice the
lack of interest in this subject and the existence of only a few papers [4, 5, 12, 17] that have
approached the study of the influence of the electron beam or gamma radiation on the
starch molecular weights. The experimental data showed the decreasing evolution of the
molecular weights with the irradiation dose independently of the starch botanical source.
This kind of behavior indicated the break of polymeric chain and formation of the frag-
ments with different molecular weights, which modified the mass molecular distribution
of starch. However, the radiation-induced changes were correlated with the structural
organization of starch, especially the branched structure component of starch (amylopec-
tin). Hence, for cereal starches having short chains, the molecular weight distribution was
affected mainly by the formation of the fractions with higher molecular weight than the
formation of the fractions with low molecular weight. Instead, for tuber starch having long
chains, the molecular weight distribution was slightly modified by irradiation, namely the
scissions in fractions with high molecular weight being closer to that of the fractions with
low molecular weight.
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5. Concluding remarks and future perspectives

The great volume of results published in the last decade indubitably proved that the ionizing
radiation (gamma rays and electron beam) is able to produce changes in structural and func-
tional properties of starch, mainly due to the degradation process.

The radiation-induced effects are related to depolymerization of starch macromolecule fol-
lowed by the reduction of molecular weight as well as the alteration of the double helix in the
branched regions and crystalline structure, especially in the intrusion area of the amorphous
region in the crystalline structure. Consequently, irradiation induces generally reconfigura-
tion of starch molecules which lead to the reduction of crystallinity degree, shifts and decrease
of spectral bands, and changes of thermal parameters. The general trend of decreasing for vis-
cosity and swelling power concomitantly with the increasing of water solubility by irradiation
makes the irradiated starches able to meet the specific needs in different new applications.

It is important to note that a number of factors related both to starch and ionizing radiation
processing plays a major role in dictating the response of granular starch to ionizing radiation
(Table 4). Taking into account this aspect, the comparison of properties among the irradiated
starches should attentively be performed due to the differences in methodologies of ionizing
radiation treatments and in composition and structure of starches. In other words, the ran-
dom approaches of ionizing radiation processing of starch extracted from various botanical
sources can lead to various results making difficult their comparison and the identification of
a typical pattern behavior of a specific starch property.

Further studies should systematically focus on the response (physicochemical and structural
properties) of each type of starch having different moisture content exposed to ionizing radia-
tion (gamma rays and/or electron beam) in a large range of irradiation dose rate and dif-
ferent gas atmospheres. Studies on the major starch components, amylose and amylopectin,
extracted from different native starches and subsequently exposed to ionizing radiation can
be useful to validate observations on starch, leading to advancements in this research area.

Another issue that must be carefully explored is related to the investigation of thermal prop-
erties by DSC since nowadays the available reports showed a large variability of results with-
out consistent correlations with other structural investigated properties of starch.

It is also opportune to make deeper chromatographic studies on the molecular weight and mass
distribution of irradiated starch, especially as the chromatographic technique has developed
spectacularly in recent years. The comprehensive evaluation of the dynamics of molecular mass
distribution of irradiated starch will provide new relevant knowledge, contributing to a better

Starch factors Ionizing radiation processing
Type of starch (botanical source) Irradiation dose

Variety of starch (cultivar) Dose rate

Water content Type of gas atmosphere

Table 4. Factors influencing the response of starch to ionizing radiation processing.
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understanding and even to behavior prediction of specific functional characteristics of starches
exposed to ionizing radiation processing.
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