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FOREWORD
Radiation processing offers a clean and additive-free method for the
preparation of value-added novel materials based on renewable, non-toxic and
biodegradable natural polymers and natural polymer waste. Past research has
shown that, depending on the irradiation conditions, natural polysaccharides
(alginate, chitin, chitosan, carrageeneans, carboxyl methyl cellulose, etc.)
can be either degraded or cross-linked by radiation. This paved the way for
the development of many successful applications, some of which have been
commercialized for use in agriculture, healthcare and environmental protection.
This publication provides information to help to disseminate knowledge and
encourage researchers from different fields (radiation chemists, plant biologists,
agricultural engineers, food safety specialists, medical doctors, etc.) to liaise
and develop a variety of products from natural materials using environmentally
friendly radiation technology. It complements previous efforts of the IAEA, such
as consultants meetings and technical meetings, as well as a coordinated research
project (CRP) on the Development of Radiation Processed Products of Natural
Polymers for Applications in Agriculture, Healthcare, Industry and Environment.
The designation of the Malaysian Nuclear Agency (Nuclear Malaysia) as an
IAEA Collaborating Centre on Radiation Processing of Natural Polymers in
October 2006 also supported successful developments in this field.
This publication is a result of a collaborative effort by participants of
this CRP, coordinated by five selected editors, who collected and edited the
contributions, wrote several chapters and ensured the consistency of the usage
of terms throughout this publication. Additional chapters initially prepared for
an intended publication initiated by Nuclear Malaysia were also integrated into
this publication. In this way, this publication covers basic aspects of the radiation
chemistry of polysaccharides, methods for their full characterization, as well as
examples of applications of radiation processed polysaccharides in healthcare,
food and agriculture, as well as environmental applications.
The IAEA wishes to thank all participants for their valuable and timely
contributions. In particular, efforts of the editors, X. Coqueret (France), H.M.D.
Khairul Zaman (Malaysia), P. Ulanski (Poland), M. Sen (Turkey) and S. Al-Assaf
(United Kingdom) are acknowledged. The IAEA officer responsible for this
publication was A. Safrany of the Division of Physical and Chemical Sciences.

EDITORIAL NOTE
Guidance provided here, describing good practices, represents expert opinion but does
not constitute recommendations made on the basis of a consensus of Member States.
This report does not address questions of responsibility, legal or otherwise, for acts or
omissions on the part of any person.
Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.
The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be construed
as an endorsement or recommendation on the part of the IAEA.
The authors are responsible for having obtained the necessary permission for the IAEA
to reproduce, translate or use material from sources already protected by copyrights.
Material prepared by authors who are in contractual relation with governments is
copyrighted by the IAEA, as publisher, only to the extent permitted by the appropriate national
regulations.
This publication has been prepared from the original material as submitted by the
authors. The views expressed do not necessarily reflect those of the IAEA, the governments of
the nominating Member States or the nominating organizations.
The IAEA has no responsibility for the persistence or accuracy of URLs for external or
third party Internet web sites referred to in this book and does not guarantee that any content
on such web sites is, or will remain, accurate or appropriate.
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1. INTRODUCTION
1.1. BACKGROUND
Radiation processing offers a clean and additive-free method for the
preparation of value-added novel materials based on renewable, non-toxic and
biodegradable natural polymers. The results of research work in some Member
States have shown that natural polysaccharides (alginates, chitin, chitosan and
carrageeneans) can be either degraded or cross-linked by radiation, depending on
the irradiation conditions. Consequently, many applications have been developed
in the areas of agriculture, healthcare and environmental protection, and some of
them have been successfully commercialized. These successes clearly indicate
that the radiation processing of natural polymers has emerged as an exciting area
where the unique characteristics of these polymeric materials can be exploited
for a variety of practical applications.
Recognizing the potential benefits that radiation technology can offer
for the processing of natural polymers into useful products, the IAEA has
implemented a number of activities in response to Member State requests
for technical cooperation projects and has held consultants meetings on the
Technical, Economical and Environmental Advantages of Radiation Processing
of Cellulose (2001), the Radiation Processing of Polysaccharides (2003; the
results of the meeting were published as Ref. [1.1]), the Irradiation of Natural
Resources for Marketable Products (2004), and the Radiation Processing of
Natural Polymers for Development of Finished Products for Health Care,
Agriculture and Environment (2007). The designation of the Malaysian Nuclear
Agency (Nuclear Malaysia) as an IAEA Collaborating Centre on the Radiation
Processing of Natural Polymers in October 2006 has successfully supported
developments in this field.
Most recently, a coordinated research project (CRP) on the Development
of Radiation Processed Products of Natural Polymers for Applications in
Agriculture, Healthcare, Industry and Environment was successfully completed.
This CRP began at the end of 2007 with the aim of harmonizing the procedures
for both the evaluation methods for radiation modified natural polymers as
well as the protocols for their field testing as plant elicitors. The first research
coordination meeting was held in March 2008 in Vienna, and the meeting report
was published as IAEA working material. The second research coordination
meeting was held 12–16 October 2009 in Reims, France, and published as Ref.
[1.2]. The third research coordination meeting of the CRP was held in Vienna, 27
June to 1 July 2011, where the accomplishments of this project were reviewed.
The sixteen participating institutions produced considerable results. Guidelines to
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produce radiation-degraded chitosan from shrimp, prawn and crab exoskeletons
and squid pens were developed. It was reported at the meeting, and is described
in this publication, that radiation-degraded low-molecular-weight alginate,
carrageenan and chitosan, when applied under well-defined conditions, act to
promote plant growth, protect plants from diseases and as a natural antioxidant
for the preservation of food and related products. It was shown in numerous field
tests that oligochitosan and oligoalginate promote the growth of tomato, lettuce,
spinach, cabbage and pepper. Additionally, it was observed that oligochitosan may
reduce the disease index by more than 50% compared with controls and hence
may increase the productivity of rice by 10–20%. Using such natural, non-toxic,
non-polluting and biodegradable products instead of chemical fertilizers on a
large scale may result in significant environmental benefit. Furthermore, electron
beam processing of sugarcane bagasse was shown to be a potentially beneficial
and economical way of enhancing the enzymatic hydrolysis of cellulose when
combined with thermal pretreatment for production of biofuel from non-food
resources. Additionally, the suitability of radiation-cross-linked natural polymers
for use in transparent, flexible, mechanically strong, biocompatible, effective
and economical hydrogel dressings, super water adsorbents and various other
products was demonstrated.
The IAEA, following the suggestions of the participants, decided that
instead of publishing a Meeting Report, it would be more useful to issue a
publication on the radiation chemistry of polysaccharides, and to include in it
selected research findings of the participants of this CRP. This publication is
therefore the result of a collaborative effort by participants of this CRP. Additional
chapters prepared for an intended publication initiated by Nuclear Malaysia were
also integrated into this publication.
1.2. OBJECTIVES
The objective of this publication is to provide basic information and to
disseminate knowledge to encourage researchers from different fields (radiation
chemists, plant biologists, agricultural engineers, food safety specialists, medical
doctors, etc.) to liaise and to develop a variety of products from natural materials
using radiation technology.
1.3. SCOPE
The publication includes basic information on polysaccharides, a class of natural
or bio-sourced polymers that are non-toxic and renewable; it discusses their
2

INTRODUCTION

origin, structure and properties. The publication introduces the reader to the
radiation chemistry of polymers and gives examples of products developed from
radiation modified polysaccharides. Guidance provided here, describing good
practices, represents expert opinion but does not constitute recommendations
made on the basis of a consensus of Member States.
1.4. STRUCTURE
This publication is structured as follows. Chapter 2 introduces
polysaccharides, describes their origin and methods for their extraction and
purification, as well as their structure–property relations. Chapter 3 gives basic
information on the radiation chemistry of polymers, starting with the interaction
of ionizing radiation with matter, and ending with methods for studying radiation
induced effects in polymers. Chapter 4 deals with the effects of ionizing
radiation on polysaccharides, while Chapter 5 explains how structural parameters
affect the radiation degradation of polysaccharides. Chapters 6 and 7 describe
various analytical techniques that could be used for the characterization of
polysaccharides, as well as for the investigation of the changes introduced by
ionizing radiation. These general chapters are then followed by Chapters 8–16,
which are devoted to various applications of radiation modified polysaccharides,
from agricultural to medical and food packaging applications.
This publication uses a number of abbreviations. While they are introduced
and explained in the text, a list of all abbreviations is provided at the end of the
publication.
REFERENCES TO CHAPTER 1
[1.1] INTERNATIONAL ATOMIC ENERGY AGENCY, Radiation Processing of
Polysaccharides, IAEA-TECDOC-1442, IAEA, Vienna (2004).
[1.2] INTERNATIONAL ATOMIC ENERGY AGENCY, Report of the 2nd RCM on
“Development of radiation-processed products of natural polymers for application in
agriculture, healthcare, industry and environment” (2010),
http://www-naweb.iaea.org/napc/iachem/meetings/RCMs/RC-1091-2_report_complete.pdf
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2. POLYSACCHARIDES: ORIGIN,
SOURCE AND PROPERTIES
S. AL-ASSAF
Hydrocolloids Research Centre, Institute of Food Science and Innovation,
University of Chester,
Chester, United Kingdom
2.1. INTRODUCTION
Polysaccharides are natural polymers that can be extracted from various
sources. They can be extracted from plant cell walls (such as pectin, cellulose
and starch); from seeds (guar gum (GG), locust bean gum (LBG) and tara gum
(TG)); from tubers or roots (konjac mannan); and from seaweed (alginate and
agarm carrageenan). In some cases, the source is tree exudates (gum arabic (GA),
ghatti gum and karaya gum) or animals (hyaluronan, chitosan and chondroitin
sulphate). Some types of bacteria and fungi are also a source of polysaccharides
(xanthan, gellan, wellan, dextran, pullulan and cellulose). In their natural
environment, polysaccharides provide structural support, gelation, hydration
and lubrication, and play a role in cell signalling. They are commonly referred
to as hydrocolloids, particularly in the food industry, but this term also includes
proteins. Owing to their remarkable properties, polysaccharides are currently used
as thickening, stabilizing, gelling, film forming and emulsifying agents in various
industrial sectors. Furthermore, the quest to understand how they function in their
natural assembly, whether as part of a cell wall or in connective tissues, has led to
their use as a source of dietary fibre, as a therapeutic agent to restore lubrication
in diseased osteoarthritic joints, as plant growth promoters and in anti-ageing
applications, among others; they may find many more applications in the future.
This chapter will explore the origins, molecular structures and conformations of
natural polymers, with an emphasis on functionality. Also, methods employed
for the modification of polysaccharides to enhance their functionality or produce
novel materials, as well as those using radiation processing, will be briefly
mentioned.
2.2. STRUCTURE AND PROPERTIES OF POLYSACCHARIDES
Polysaccharides are composed of monosaccharides (sugar units) that are
glycosidically linked. The most abundant monosaccharide in nature is D-glucose,
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which is one of the main products of photosynthesis and is used by cells as their
primary source of energy. If the glucose unit is linked with other similar units
at the alpha position (i.e. α 1–4 D-glucose), the resultant polysaccharide will be
amylose, which is one of the main constituents of starch. On the other hand, if
the glucose units are linked in the beta position (β 1–4 D-glucose) the resultant
polysaccharide is cellulose (see Fig. 2.1). The different stereochemical linkage
leads to a different conformation and hence different physical properties such
as the fact that starch is a weak powder and is water soluble while cellulose is
characterized by its ability to form strong fibres and is insoluble. The composition
may vary and a polysaccharide could be formed of two different monomers, as in
the case of alginate.
Alginate is a linear copolymer of (1–4) linked β D-mannuronate (M) and
β L-guluronate (G) residues. The residues are arranged in a blockwise pattern
with G blocks and M blocks interspersed with alternating MG residue blocks
[2.1]. The overall composition of M/G residues and their distribution patterns
vary by seaweed species and subsequently determine their gelling strength.
Hyaluronan is an example of an AB type copolymer where the repeating
units (glucuronic acid and N acetyl glucosamine) are equally repeated throughout
the polymer [2.2]. The structure of the majority of polysaccharides is a mixture
of various units, often made up from the same monomer unit as the backbone
and linked with other sugar units with side chains of various lengths. The
solubility is due to the presence of many hydroxyl groups and varies according
to the monosaccharides present, and neutral polysaccharides are therefore
less soluble compared to polyelectrolytes (whether charged or ionic). When
dissolved in water, they adopt various conformations (spherical, random coil or
rod-like) depending on the type of monosaccharides and their linkage (α or β)
and ability to associate by intra and intermolecular interactions. This will in turn
determine the degree to which they can affect the flow behaviour of the solution
and thus determines their functionality in a given application. The degree of
polymerization (molecular weight) is another factor that determines the physical
properties of a polysaccharide. In the food industry, their ability to modify the
flow properties of aqueous foodstuffs and their gelling ability is greatly utilized.
2.3. EXTRACTION AND PROCESSING
One of the first steps commonly employed in the extraction of
polysaccharides is the careful selection of the raw materials and removal
of impurities by washing with water. Pigments, waxes and oil, if present, are
usually removed by the use of an organic solvent such as toluene, chloroform or
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FIG. 2.1. (Above) structure of α D-glucopyranose and repeating units of amylose; (below)
structure of β D-glucopyranose and repeating units of cellulose.

methanol. Subsequent steps could involve alkaline or acid extraction or extraction
by heating and cooling, particularly for gelling polysaccharides.
The next step is the clarification of the extract by filtration and addition
of monovalent salt (NaCl) in excess to exchange the multivalent counterions.
Finally, purification is carried out by a precipitation step using a non-solvent
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such as ethanol or isopropyl alcohol (in a water/alcohol ratio of ~1:1) [2.3, 2.4].
The slurry is then dried and milled for use.
Microbial polysaccharides can be commercially produced and extracted
from a pure culture of a certain type of bacterium in a fermentation process
where the uptake of oxygen is controlled throughout. The bacterium acts as
an extremely efficient enzyme mini-factory converting >70% of the substrate
(a monosaccharide such as D-glucose or a related monosaccharide) to a polymeric
material [2.5]. At the final stage of fermentation, the broth is pasteurized to kill
the bacteria, which are subsequently removed by centrifugation. The final slurry
obtained by alcohol precipitation is then dried and milled.
Other examples of polysaccharides are tree exudates such as GA (Fig. 2.2).
Gummosis is promoted when the tree is subjected to stress conditions such as
heat, drought and insect attack [2.6]. Systematic wounding, called tapping, is
used in the plantation of Acacia senegal. The timing and intensity of tapping
influences gum yield [2.7, 2.8]. The gums are secreted as a sticky fluid and grow
up to 1.5–7.5 cm in diameter. They gradually dry and harden on exposure to the
atmosphere. Collectors harvest the partially dried gum, and as many as three
collections at three week intervals from the same tree are possible. A yield of
0.5–2 kg is obtained per tree annually. The gum nodules can be further processed
by mechanical kibbling, milling or spray drying.

FIG. 2.2. GA nodules obtained following the manual wounding of an acacia tree.
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2.4. VISCOSITY
One of the main functionalities of polysaccharides is to increase the viscosity
of aqueous solution. The states of solutions as a function of concentration are
shown in Fig. 2.3. The solution is considered dilute if clusters contain no more
than two molecules.
There is only a negligible probability of interaction among three molecules
or particles. The semi-dilute region is where the molecules start to touch each
other and its flow behaviour is controlled by the degree of chain overlapping.
In molecular terms, the transition from the dilute to the concentrated region
corresponds to the onset of coil overlap between the polymer chains and
the critical concentration (c*) at which it occurs; it therefore depends on the
volume occupied by each molecule in isolation. At a concentration, c, above c*,
accommodation of the polymer coils within the available volume is possible only
by the interpenetration of segments of neighbouring chains, so that molecular
motions are no longer independent, and the chains form an entangled network.
The relationship between viscosity and concentration can be generally described
as shown in Fig. 2.4. At low polymer concentration, i.e. in a dilute region, the
zero shear viscosity increases more or less linearly with increasing concentration.
With a further increase in concentration, however, a point is reached at which the
slope changes abruptly to a much higher value. The variation with concentration
of the specific viscosity determined at a zero shear rate for polysaccharides
was found to scale as slopes of 1.4 for dilute solutions and 3.3 following the
onset of coil overlap between polymer chains [2.9]. Deviation from the value of
3.3 in this region has been taken as evidence for aggregation, otherwise called
hyper-entanglement [2.10]. The zero shear specific viscosity, for polysaccharides,
was found to be close to 10 mPa·s at c*.

FIG. 2.3. States of solutions as a function of increasing concentration.
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FIG. 2.4. Schematic illustration of zero shear rate specific viscosity dependence on concentration.

Morris et al. showed that the behaviour of random coil polysaccharides can
be generalized by the use of a master plot to describe the effect of concentration
(c) and molecular weight dependence on shear rate [2.11, 2.12]. For random
coil polysaccharides with a wide polydispersity of chain length, the double log
plots of viscosity against shear rate are identical in shape and differ only in
their position relative to the two axes. The limiting viscosity number or intrinsic
viscosity, [η], is an index of the size of isolated polymer coils. For random coil
solutions, the intrinsic viscosity varies with coil dimensions, according to the
Flory-Fox equation.
[η] =

Φ 6 3/2 R 3

M

(2.1)

where R is the radius of gyration, M is the molecular weight, and Φ is a constant
(for a flexible random coil polymer, it has a value of 2.6 × 1026 kg−1). If each coil
is regarded as a sphere of radius R, the hydrodynamic volume is proportional
to [η]M. Since the total number of coils is proportional to c/M, the degree of
occupancy of space can be characterized by the dimensionless coil overlap
parameter, C[η]. Polysaccharides have been shown to behave similarly with c*,
and the transition from the dilute to the concentrated regime occurs at a value of
C[η] that is close to 4, therefore, giving c* ~ 4/[η] [2.12]. Rinaudo subsequently
proposed Eq. (2.2) to describe the zero shear viscosity of a polysaccharide
10
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solution in the dilute and semi-dilute regions. Deviation from the master curve is
taken as evidence of interchain interaction or aggregation [2.13].
η sp =
c[η](1 + k 1(c[η]) + k 2 (c[η]) 2 + k 3 (c[η] 3 ) (2.2)

where k1 = 0.4, k2 = k1/2! and k3 = k1/3!. The k1 value represents the Huggins
constant and is about 0.4 for many completely water soluble polysaccharides.
Rheological measurements have been used to gain a better understanding
of the structure–property relationship of polysaccharides. Different rheological
experiments such as oscillation, flow, creep and stress relaxation provide
information about the microstructure, gelation behaviour, association, presence
of junction zones and structural conformation of polysaccharides. Some
of the common terms generally used in the rheological characterization of
polysaccharide solutions or fluids are defined below [2.14, 2.15].
Newtonian fluids are those with a viscosity that does not change with
changes in the shear rate, such as water and thin motor oil, whereas the viscosity
of non-Newtonian fluids responds to changes in shear rate in a variety of ways.
Non-Newtonian fluids are subcategorized as pseudoplastic fluids, dilatants and
plastic fluids. Pseudoplastic fluids include paints, emulsions and dispersions
and their viscosity decreases when the shear rate increases, a response that is
known as shear thinning. Shear thinning ceases immediately when shear is
removed. Dilatants exhibit the opposite behaviour, shear thickening, meaning
that their viscosity increases with the shear rate, and are often fluids with high
levels of deflocculated solids, for example, compounds used in confectionary,
mixtures of corn starch and water, clay slurries and sand in water. Plastic fluids
exhibit solid-like behaviour when they are static, but flow may be induced by
the application of force. The amount of force needed to disrupt the structure of
the fluid and thereby to induce flow is known as the yield value, and once flow
begins, the behaviour of the fluid may be Newtonian, pseudoplastic or dilatant.
Tomato ketchup is a plastic fluid [2.16].
There are two further categories of fluid behaviour, thixotropy and
rheopexy, that describe how viscosity can change with time although the
shear rate remains the same. Thixotropic fluids are a type of pseudoplastic
fluid that decrease in viscosity over time under a constant shear rate, usually
rapidly and then more gradually, and when the shear rate is removed, they
require some time to recover their initial viscosity. Examples of thixotropic
fluids are greases, heavy inks and paint. Rheopexic fluids exhibit increasing
viscosity under a constant shear rate; examples are gypsum pastes and
printing inks. Two different substances in combination may provide a
stronger rheological effect than the addition of the rheological effects of
both would suggest, a phenomenon known as synergism [2.16]. Strong synergies
11
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are obtained upon combination of xanthan with galactomannans such as LBG,
GG and TG, and glucomannans such as konjac gum.
Figure 2.5 shows the flow properties of selected polysaccharides, and Table
2.1 gives their main structural features and conformation in aqueous solution.
At 1 weight % (wt%) only xanthan gives the highest viscosity at a low
shear rate and is thus preferred as a thickener or stabilizer for dispersed solids or
emulsions. Its high shear thinning behaviour gives a low viscosity when subjected
to mixing or pouring. It is relatively unaffected by ionic strength, pH (1–13),
shear or temperature and is therefore used in products such as salad dressings.
Carboxymethyl cellulose (CMC) is cellulose that is chemically modified
by replacing the hydroxyl group with a carboxymethyl (CM) group that makes it
water soluble depending on the degree of substitution (DS). The water solubility
characteristics of CMC depend not only on the DS, but also on the uniformity
of the distribution of the substituent CM group on the polymer chain. A uniform
distribution is described as blockiness. The uniformity of the substituent group
also affects its flow behaviour.
When compared with another linear polysaccharide, such as hyaluronan,
the main difference can be attributed to the molecular weight and hydrodynamic
volume it can occupy. Generally, high weight average molecular weight (Mw)
polymers exhibit higher viscosity than low Mw ones. With increased Mw, the
shear rate at which shear thinning appears shifts to a lower value [2.18].

FIG. 2.5. Shear flow viscosity profile as a function of shear rates for selected polysaccharides
dissolved in distilled water and determined using a controlled stress rheometer at 25°C [2.17].
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Microbial

Plant
(cellulose
derivative)

Xanthan

Carboxymethyl
cellulose

Pectin

Plant

Plant exudates

Animal,
bacterial

Hyaluronan

Gum arabic

Source

Polysaccharide

Backbone consists of α (1–4) linked
D-galacturonic acid units interrupted by
(1–2) linked L-rhamnopyranosyl residue in
adjacent or alternate positions, whereas the
side chains consist mainly of D-galactose
and L-arabinose

1, 3 linked β D galactose core with
branching through 3 and 6 linked
galactose and 3 linked arabinose

Anhydroglucose unit with β 1,4 glucosidic
linkage

Anhydroglucose unit with β 1,4 glucoside
linkage and glucoronic acid and
mannopyranose in side chains

β 1–4 linked D-glucuronic acid linked to
N-acetyal glycosamine

Structural features

Anionic polymer (COO- group), smooth region and branch
(hairy) region, random coil conformation

Anionic polymer (COO- group), highly branched

Anionic polymer (COO- group), linear polymer, coil
conformation at high concentration

Anionic polymer (pyruvate and acetate groups), very stiff
double stranded helical, rod-like conformation

Anionic linear polymer with stiff random coil conformation

Functional group, conformation, branching, etc.

TABLE 2.1. MAIN STRUCTURAL FEATURES AND CONFORMATION OF POLYSACCHARIDES SHOWN IN FIG. 2.5
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Another example of a slightly branched structure is found in pectin at
10 wt%. This can be clearly shown to have a Newtonian plateau where viscosity
does not change with increasing shear rate. The plateau is due to the dynamic
equilibrium between the molecules; although the deformation imposed in this
region results in the breaking of entanglements between molecules, an equal
number of new entanglements are formed, in the same or different places, and
therefore the viscosity of the solution stays the same. Subsequently, the onset of
shear rate dependence occurs when the rate of imposed deformation exceeds the
rate of re-entanglements, leading to a decrease in viscosity with increasing shear
rate. GA, owing to its highly branched structure, has the lowest viscosity of the
polysaccharides shown in Fig. 2.5. Owing to its low viscosity, it can be dissolved
up to 50 wt% to produce a solution of moderate viscosity.
In addition to concentration, conformation and hydrodynamic size,
there are other factors that affect the viscosity–shear rate dependency of
polysaccharides. Polysaccharides are in general polyelectrolyte (i.e. anionic, but
with the exception of chitosan, which is cationic; see Table 2.1). In the absence
of salt, intramolecular repulsion between charged sites within an individual chain
can expand the volume of the molecule and give a higher viscosity. The addition
of salts, which introduces counterions, can screen the electrostatic repulsion and
shrink the molecule volume and hence reduce the viscosity [2.19]. On the other
hand, there are some special cases where the addition of salt enhances the viscosity
of a polysaccharide solution as it promotes interactions such as cross-linking,
coordinating force or other specific interactions between polysaccharides and
metal ions. Alginate and pectin (polyuronates) have the ability to bind divalent
cations such as Ca2+ to form an egg box structure (Fig. 2.6), in which Ca2+ ions
are embedded between two parallel chains through coordinating force [2.20].
The presence of metal ions also affects the gelling behaviour, microstructure
and mechanical properties of gelling polysaccharides. For cold set gels such

FIG. 2.6. Egg box model proposed for the interaction between polyuronates and Ca2+ ions
(denoted as red circles between two polymeric chains).
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as gellan [2.21] and carrageenan [2.22] where conformational transition drives
gelation, the addition of metal ions stabilizes the ordered conformation and
therefore influences gelling temperature and the resulting gel properties.
2.5. FINE TUNING OF STRUCTURE
There has been significant interest in refining methods of extraction,
processing conditions and modification to obtain polysaccharides suitable for
specific applications. For example, alginates from different algae or even from
different tissues of the same plant can yield different glucuronic acid contents
required for its gelling property. The stipe and holdfast in Laminaria hyperborea,
an alage growing in very exposed coastal areas, have a high glucuronic
acid content, which confers mechanical rigidity, whereas the leaves have an
alginate characterized by a low glucuronic acid content, which confers a flexible
texture [2.23].
Another example is pectin, which is widely used in the food industry as
an emulsifier and stabilizer. It is commercially extracted from plant cell walls
such as those of citrus fruits, tomatoes and apples. In the past, pectin has most
often been used to make jams and jellies, but it has more recently been used as
a stabilizer in fruit juice and acidic dairy drinks. Pectin can be classified into
high methoxyl pectin (HM pectin) with a degree of esterification > 50% and low
methoxyl pectin (LM pectin) with a degree of esterification < 50% [2.24, 2.25].
Both forms are capable of forming physical gels. LM pectin can form gels in the
presence of calcium and other divalent ions or at acid pHs [2.26–2.28], while HM
pectin forms gels at pH < 4.5 and in the presence of more than 55% sugar or a
similar cosolute [2.29]. Figure 2.7 shows the main groups present on pectin chain
molecules and how they contribute to its gelling property.

FIG. 2.7. The main groups present in pectin which confer its gelling properties.
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These interactions are influenced by both intrinsic factors (molecular
weight, distribution of methyl esters, side chains, degree of esterification)
and extrinsic factors (pH, ionic strength, Ca concentration and temperature)
[2.25, 2.28, 2.30–2.33]. The strength of pectin’s gelling properties has received
significant attention in order to refine the fine structure required for specific
applications.
Irradiation is another method that has been used to modify polysaccharides.
However, polysaccharides are generally degraded by the direct or indirect action
of ionizing radiation. Both direct actions (irradiation in the solid state) and
indirect actions (irradiation in aqueous solution) result in free-radical-induced
scission of the glycosidic bonds in polysaccharide chains, which subsequently
leads to a loss of viscosity and functionality [2.34–2.37]. Carrageenan has been
the subject of many investigations to produce new materials with either a higher
gelling strength [2.38, 2.39] or a lower molecular weight (oligomers) to be used
as plant growth promoters [2.40, 2.41].
Carrageenans are widely utilized in the food industry owing to their
excellent physical functional properties, such as their thickening, gelling and
stabilizing abilities, and they have been used to improve the texture of cottage
cheese, to control the viscosity and texture of puddings and dairy desserts, and
as binders and stabilizers in the meat processing industry, for the manufacture
of patties, sausages and low fat hamburgers. Carrageenans are also used in
various non-food products, such as pharmaceutical, cosmetic, printing and textile
formulations [2.42]. Carrageenans stabilize toothpaste preparations, absorb body
fluids when used in wound dressings and interact with human carotene to improve
the texture of skin and hair when used in hand lotions and shampoos. They have
proved to be useful as tableting excipients owing to their good compatibility, high
robustness and the persistent viscoelasticity of the tablet during compression.
Carrageenans are obtained from different species of Rhodophyta:
Gigartina, Chondrus crispus, Eucheuma and Hypnea. These polysaccharides
are traditionally split into six basic forms: iota (ι), kappa (κ), lambda (λ), mu
(μ), nu (ν) and theta (θ) carrageenan [2.39]. Carrageenans belong to the family
of hydrophilic linear sulphated galactans. They mainly consist of alternating
3 linked β D-galactopyranose (G units) and 4 linked α D-galactopyranose
(D units) or 4 linked 3,6-anhydro α D-galactopyranose (DA units), which form
the disaccharide repeating unit of carrageenans. The gelation of carrageenans,
especially κ carrageenans, involves two separate and successive steps; coil to
helix transition upon cooling and subsequent cation dependent aggregation
between helices. The presence of a suitable cation, typically potassium or
calcium, is an absolute requirement for gelation to proceed. For both ι and κ
carrageenans, the alkali metal ions (Li+, Na+, K+, Rb+ and Cs+) are all capable
of inducing gelation, but K+ and Rb+ are considerably more effective than the
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other ions in inducing gelation at much lower concentrations of both the cation
and the carrageenan [2.43]. A novel radiation modification technique in the solid
state in the presence of unsaturated alkyne gas has recently been reported [2.22].
These results demonstrate that by careful selection of absorbed dose it is possible
to obtain a novel gelling material from κ carrageenan without the use of a gelling
agent. The result is a hydrogel form of carrageenan produced in the absence of
a gelling agent. A dose of around 5 kGy is preferred for modification, because
at higher doses, the degradation induced reduces the proportion of hydrogel in
the substance. The irradiation of carrageenan can produce 78% hydrogel with an
almost fourfold improvement in viscosity compared with control. The proposed
cross-linking mechanism using radiation modification in the solid state suggests
that a three dimensional hydrogel structure is produced from superhelical rods
that are responsible for the increase in viscosity, elasticity and mechanical
properties as shown in Fig. 2.8 [2.22].
GA, a tree exudate, also exhibits inherent natural variations which have
been attributed to factors such as location, age of tree, soil type, rainfall, time
of picking, drying, storage and subsequent treatments. It contains three main
fractions with different molecular weights and protein contents, namely:
arabinogalactan protein, arabinogalactan and glycoprotein. By studying the
mentioned factors and identifying structural characteristics, it has been possible
to produce specific products with the defined molecular weights required for oil
in water emulsion [2.44, 2.45]. Furthermore, the association of the proteinaceous
components, an integral part of the structure, induced by maturation treatment
(heating) resulted in a hydrogel form with greatly enhanced viscosity and water
binding ability (Fig. 2.9). When the gum is matured, the protein associated with
the lower molecular weight is transferred, leaving an increased concentration of
the high molecular weight fraction. Gums such as gum ghatti and Acacia kerensis
have been treated in this way and used in denture care [2.46].
Another area that has received considerable interest in recent years is the
interaction between proteins and polysaccharides, which has been advanced
to contribute to applications that control the texture of food formulations or
increase emulsification performance and stability. Their applications in the food
industry have been well reviewed [2.47–2.51]. Proteins carry positive charges at
pH values below their isoelectric point (pI). Polysaccharides bearing carboxylic,
phosphate or sulphate groups confer an anionic character. The interaction between
positively charged proteins with anionic polysaccharides is highly dependent
on factors such as pH, weight ratio, ionic strength and the charge density of
the bio-polymers. Experimentally, this is achieved by acidification of a given
protein/polysaccharide ratio and measurement of the pH, light scattering intensity
and the zeta potential of the mixed solution to determine the phase diagram.
For example, investigation revealed that soluble sodium caseinate / sugar beet
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FIG. 2.8. Proposed cross-linking mechanism of κ carrageenan following irradiation in the
solid state in the presence of unsaturated alkyne gas.

FIG. 2.9. Maturation of GA to induce aggregation of the proteinaceous part of molecules
leading initially to higher molecular weight materials with enhanced functionality and
subsequently to a highly aggregated hydrogel network.
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pectin complexes first form on acidification, and then aggregate into insoluble
complexes that disassociate into soluble polymers upon further decreasing the
pH [2.52]. The critical pHs for the formation of soluble and insoluble complexes
and the disappearance of insoluble complexes are designated as pHc, pHφ and
pHd, respectively. These critical pH values define four regions in the phase
diagram whereby soluble complexes formed between sodium caseinate and sugar
beet pectin can be identified. Subsequently, emulsions were prepared in these
regions and a stable emulsion was obtained at a low sodium caseinate / sugar beet
pectin ratio (0.3% sodium caseinate and 1.2% sugar beet pectin) at acidic pHs
where the properties of the emulsion are controlled by both emulsifiers. Only
under the condition described above was it possible to significantly to improve
the stability of emulsions stabilized by sugar beet pectin, which is otherwise not
possible.
The most recent work to fine-tune the physicochemical properties
and/or biological activities of polysaccharides utilizes enzymatic modifications.
By selecting specific enzymes to target and control the pattern of substitution
(acetylation in chitosan [2.53], sulphonation in carrageenan [2.54] or methylesterification in pectin [2.55, 2.56]), the sequence of monosaccharide building
blocks (alginate) or their glycosidic linkage type [2.57, 2.58], or the distribution
patterns of acetylated and/or pyruvylated side chains in bacterial xanthan gums
[2.59, 2.60], modifications can be achieved. The results demonstrate that it will
be possible to produce specific products with defined structural characteristics
following enzymatic modification.
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3.1. INTRODUCTION
Ionizing radiation is a very efficient, versatile and clean tool for modifying
polymers in general, and polysaccharides in particular. The advantages of using
radiation include the possibility of processing materials in any physical form,
at a convenient temperature (often at room temperature), typically with no need
for any added initiators nor for other chemicals. Moreover, the treatment can
be homogeneous, is easily conducted with high reliability, generates no waste
and requires only a short processing time. High speed production and high
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productivity is one of the important considerations for the industrial application
of ionizing radiation, and in particular, the use of electron accelerators.
This chapter is intended as a brief general introduction to the radiation
chemistry of polymers, illustrated by a few representative examples. The
interaction of high energy radiation with organic monomers and polymers
induces various chemical transformations of increasing importance from both a
scientific and a technological standpoint. Cross-linking and scission in polymers
and networks, polymerization of pure and blended monomers, grafting onto
synthetic and natural polymers as well as the chemical activation of organic
materials by oxidation can be induced by irradiation under soft conditions.
After more than fifty years of complementary basic and application orientated
research, an improved understanding of the radiation chemistry of polymers has
been found to lead to many applications of current technological, economical and
societal interest. A better understanding of the primary events and subsequent
chemical reactions mediated by ionic or free radical intermediates has led to an
increasing number of industrial processes that include food, drug and medical
device sterilization, cross-linking of thermoplastics and elastomers, grafting
polymerization, surface patterning for micro or nanotechnologies and curing of
coatings and composites.
3.2. IONIZING RADIATION
Radiation chemistry deals with the study of chemical changes induced
by high energy charged particles or electromagnetic radiation, which is termed
ionizing radiation, with energy in the range of 102–107 eV. Radiation–matter
interaction can cause the ionization and excitation of molecules and atoms within
the substrate by various possible pathways, resulting in the formation of a variety
of reactive species. Ionizing radiation is almost completely absorbed by the
electronic structure of the absorber and is therefore a very effective and efficient
method for generating reactive species that can initiate chemical reactions. The
basic modes of interaction between ionizing radiation and atoms or molecules
are non-specific and thus non-selective in nature. As a comparison, chemical
processing requires the use of chemicals that will always leave residues that need
to be removed from the system. Another alternative technology uses enzymes,
which are expensive; their availability is limited and it is difficult to control
the enzymatic process. However, the choice of the processing technology also
depends on the characteristics of the material that needs to be processed.
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3.3. RADIATION SOURCES
Radiation processing has been extensively used in industry since the 1950s.
The main sources of radiation used in radiation chemistry and technology are
electron beams generated from electron accelerators, and gamma radiation from
radioactive sources, mainly 60Co, although 137Cs is used in small units for research
purposes. Both types of radiation are used for a variety of applications such as
the curing of thin layer coatings, the cross-linking of polymeric products, the
modification of polymer compounds by grafting, coupling and chain scissioning,
as well as sterilizing medical items. Table 3.1 lists the main advantages and
disadvantages of using gamma ray sources and electron accelerators.
TABLE 3.1. ADVANTAGES AND DISADVANTAGES OF GAMMA
RAY SOURCES AND ELECTRON ACCELERATORS FOR RADIATION
PROCESSING
Source type

Gamma sources

Advantages

High penetration (uniform dose,
possibility to irradiate large objects
or boxes)

Safety of operation (beam off
— radiation off)

Easy operation

High dose rate means a high
throughput

Relatively low operation costs
Disadvantages

Necessity to replace the sources to
keep activity at the desired level
High safety requirements on-site
and during transport of sources

Electron accelerators

No radioactive waste

Low penetration depth of electron
beam (large objects cannot be
irradiated, smaller items can only be
irradiated in flat boxes)

Problems and costs with utilization
of the sources
Radiation cannot be ‘switched off’

Electron accelerators can be designed to provide a wide range of energy,
typically from 80 keV to 10 MeV. The penetration depth of the electron beam
depends on the electron energy. The thickness and density of the products will
determine the type of energy of the electron accelerator required to perform the
process. Energies below 1 MeV are used mainly for surface treatment, while
electrons with energy of a few MeV (E > 2 MeV) can penetrate more than 1 cm
into a material exhibiting a density corresponding to water.
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Electron accelerators come in a variety of types. Van de Graaff machines
are known for their reliability and relative simplicity of design, although their
beam power is limited, and the electron energy typically does not exceed 3 MeV.
Linear accelerators using microwave energy to speed up electrons to a few MeV,
or even above 10 MeV, have been most widely applied in pilot scale and industrial
irradiation. Recently, more compact accelerators of a comparable energy but with
a significantly higher output have been designed, where electrons pass through
the circular cavity of the accelerator multiple times before being driven to the
target. An example, the Rhodotron, is shown in Fig. 3.1.
Owing to a smaller interaction cross-section with matter, gamma radiation is
much more penetrating; it is mainly used for the sterilization of medical products
and the irradiation of food items that are bulky and packed with high density
products. A diagram of a simple research scale gamma irradiator is shown in
Fig. 3.2, while Fig. 3.3 shows a medium sized, dry storage panoramic irradiation
system that may be used for technology development or small scale industrial
irradiation. A design for a large scale irradiation facility based on isotope sources
is presented in Fig. 3.4.
(a)

FIG. 3.1. The IBA Rhodotron is an electron beam accelerator able to generate beam energies
of up to 10 MeV and a beam power of up to 560 kW. (a) The Rhodotron’s operating principle:
The electron source generates electrons which are accelerated multiple times through the
cavity; when the desired energy is reached, the beam of electrons is extracted from the cavity.
(b) External view. (Images courtesy of IBA.)
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(b)

FIG. 3.1. (Cont.) The IBA Rhodotron is an electron beam accelerator able to generate beam
energies of up to 10 MeV and a beam power of up to 560 kW. (a) The Rhodotron’s operating
principle: The electron source generates electrons which are accelerated multiple times
through the cavity; when the desired energy is reached, the beam of electrons is extracted from
the cavity. (b) External view. (Images courtesy of IBA.)

At the time of writing, there were more than 200 industrial gamma
irradiation units around the world, 85% of which were being utilized for
sterilization purposes. On the other hand, more than 1400 electron accelerator
units were in operation for research and/or industrial processing in 2012 for
polymer modification only [3.1, 3.2].
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(a)

(b)

FIG. 3.2. Diagram of a laboratory scale gamma irradiator, with gamma sources located
at a fixed position within the shield and a moving column containing the sample holder:
(a) Cross-section and (b) external view. (Images courtesy of Izotop, Hungary.)

A new, emerging technique exploits the possibility of converting electron
beams into X rays. Although no radioactive isotope is involved, the conversion
results in high energy electromagnetic radiation that is highly penetrating,
comparable in terms of physical nature and penetrating power to conventional
gamma rays. In this technique, an electron beam hits a target which emits X rays
by bremsstrahlung, which in turn are orientated by design towards the material to
be modified or sterilized. An example is shown in Fig. 3.5. Although the energetic
efficiency of the conversion process is relatively low, the method is claimed to be
attractive because it combines the advantages of electron accelerators and gamma
sources while eliminating the main disadvantages of both, i.e. low penetration
depth of the electron beam (EB) and the use of radioactive isotopes.
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FIG. 3.3. Diagram of a panorama type, dry storage gamma irradiator, with gamma sources
located in a column which is pulled up from the shield to irradiate the goods located
in the irradiation chamber (for instance, on the turntables located around the irradiator).
(Image courtesy of Izotop, Hungary.)

FIG. 3.4. Diagram of a large scale gamma irradiation facility. (Image courtesy of Nordion, Canada.)
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FIG. 3.5. High power X ray generator. An EB accelerator generates a beam of electrons which
is directed towards an X ray target. The X ray target converts the beam of electrons into highly
penetrating X rays. (Image courtesy of IBA.)

It should be stressed that, owing to high investment costs, establishing a
new irradiation facility is not always the most cost effective way of employing
radiation technology in industry, especially for production on a small scale, such
as during the introduction of new products or the performance of pilot scale tests.
In many countries, industrial scale irradiation facilities act as service centres that
provide irradiation on demand, on a commercial basis.
Currently, about 30 000 particle accelerators are operated world-wide,
for applications in medicine, industry, security, defence and basic science.
The market for medical and industrial accelerators currently exceeds US $3.5
billion dollars a year, and it is growing at more than ten per cent annually. All
digital electronics now depend on particle beams for ion implantation, creating
a US $1.5 billion annual market for ion beam accelerators. However, if one
includes all the products that are processed, treated or inspected by particle
beams, the total collective annual value is more than US $500 billion [3.3].
3.4. INTERACTION OF IONIZING RADIATION WITH MATTER
A thorough knowledge of the processes by which high energy radiation
interacts with matter is a prerequisite for understanding radiation-chemical
effects, as it is the absorbed energy which finally results in the observed chemical
changes. The extent and process of energy absorption depends on the nature of
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the radiation as well as that of the material. The high energy radiation commonly
used in industry to process material is ≤10.0 MeV, at which level the energy
of the radiation is not sufficient to induce changes in the nucleus of the atoms
that could result in the formation of a radioisotope. The important parameters
are energy, mass and charge of the radiation, and the atomic number or electron
density of the material [3.4]. The mechanism of interaction of (i) electromagnetic
radiation such as gamma radiation and (ii) charged particles such as electrons,
which are of relevance to radiation processing and radiation-chemical studies, are
briefly explained below.
3.4.1.

Interaction of gamma radiation with matter

High energy penetrating electromagnetic radiation that arises from the
decay of atomic nuclei is termed γ rays. The γ rays emitted by radioactive isotopes
are mono-energetic and possess at least one discrete energy. For example, 60Co
emits γ photons of energy 1.332 MeV and 1.173 MeV. For a narrow beam, the
intensity of gamma radiation transmitted through an absorbing material (Fig. 3.6)
decays exponentially as a function of the distance, as indicated by Eq. (3.1).
=
I I 0 (exp(− µ x)) (3.1)

where I0 is the incident radiation intensity, x is the thickness of material
penetrated by radiation, and μ is the linear attenuation coefficient. The attenuation
coefficient is the sum of a number of partial coefficients representing different
processes occurring inside the absorber. These are: (i) the photoelectric effect,
(ii) Compton scattering, (iii) pair production, (iv) coherent scattering and (v)
photo-nuclear reactions (Fig. 3.7). The relative importance of each process
depends on the photon energy and on the atomic number of the absorbing
material. Whereas coherent scattering is of importance for low energy photons
(<0.1 MeV), photo-nuclear reactions are possible with photons of energies in the
range of 2–8 MeV for low atomic number (Z) materials, and in the region of
7–20 MeV for high Z materials. Thus, for gamma radiation emitted by 60Co or
137
Cs sources, only the first three interaction processes are operating. Depending
on the incident photon energy, the photon flux is attenuated and the total linear
attenuation coefficient (μ) is given by Eq. (3.2).
μ = τ + σ + κ(3.2)
where τ, σ and κ are the linear attenuation coefficients in units of cm−1 for the
photoelectric effect, Compton scattering and positron electron pair production,
respectively.
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FIG. 3.6. Absorption of a narrow beam of gamma rays by an absorber layer of thickness x.

FIG. 3.7. Excitation and ionization processes by gamma rays. Adapted from Ref. [3.5].
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3.4.2. Interaction of electrons with matter
In the case of accelerated electrons, the most important processes by
which the charged particles interact with matter are (i) elastic scattering,
(ii) inelastic collisions and (iii) emission of electromagnetic radiation. The
relative importance of each process depends mainly upon the energy of the
electrons, and to a smaller extent, on the Z value of the stopping material. High
energy electrons are relativistic charged particles. Passing close to the nucleus of
an atom, they are decelerated and radiate energy in the form of electromagnetic
radiation such as X rays (bremsstrahlung).
Another type of radiation known as Cherenkov or Vavilov–Cherenkov
radiation is the electromagnetic radiation emitted when a charged particle
(such as an electron) passes through a dielectric medium at a speed greater than
the phase velocity of light in that medium. The charged particles polarize the
molecules of that medium, which then rapidly turn back to their ground state,
emitting radiation of a blue colour in the process, as shown in Fig. 3.8.

FIG. 3.8. Cerenkov radiation emitted by a 60Co source in water.

Radiation emission is the predominant process taking place in the matter
at high electron energies and for high Z materials, whereas elastic and inelastic
scattering predominates at low electron energies. Elastic scattering occurs
when the electrons passing close to the nucleus of an atom are deflected by its
electrostatic field. Inelastic scattering occurs when electrons interact with the
electrostatic field of atomic electrons so that the atomic electrons are either raised
to a higher energy level (excitation) or are ejected from the atom (ionization).
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Inelastic scattering is the only process that generates excited or ionized species in
the absorber material and results in significant chemical or biological change. The
incident primary electrons are gradually slowed down and cascades of secondary
and tertiary electrons are produced. The overall absorption of ionizing radiation
by matter results in the formation of tracks of excited and ionized species.
3.4.3. Depth–dose profiles for gamma and electron radiation
When a beam of radiation interacts with the substrate, the secondary
electron radiation builds up to generate a maximum of energy deposition at a
distance below the impinging surface related to the maximum range of secondary
electrons. The dose then falls off as the primary beam is attenuated. The depth–
dose distribution curves for electrons and γ rays in water show maxima for energy
absorbed per unit volume element shifted to a larger distance from the surface as
the energy of the photon or electron increases. The γ rays emitted by 60Co that
have an average energy of 1.25 MeV show a maximum depth dose at 0.5 cm
from the surface. For 0.5 MeV and 3.0 MeV electrons, the maximum is located at
1 mm and 4.5 mm from the surface, respectively. Typical depth–dose curves for
the irradiation of water by electromagnetic radiation and by electron irradiation
are shown in Fig. 3.9, in parts (a) and (b) respectively.

FIG. 3.9. (a) Per cent depth–dose curve for the irradiation of water by
(b) Depth–dose curve for 2 MeV electrons in water.

60

Co γ radiation;

3.4.4. Radiation dosimetry and parameters for the quantification of
chemical effects induced by radiation
Management of the physical, chemical or biological changes produced by
ionizing radiation necessitates knowledge of the amount of energy absorbed per
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unit mass of the absorber and of the distribution of the absorbed energy in the
absorbing material. Radiation dosimetry encompasses the methodologies and
tools for the determination of these quantities.
Absorbed dose: The absorbed dose is the amount of energy absorbed from
the radiation beam per unit mass of the irradiated material. Absorbed dose is a
measure of that part of the energy that, when transferred to the irradiated material,
induces the formation of ions and excited molecules. The SI unit for absorbed
dose is joules per kilogram (J/kg), known as gray (symbol Gy). The previously
used units were rad (1 rad = 0.01 Gy).
Absorbed dose rate: The absorbed dose rate is the absorbed dose per unit of
time, for example, Gy/s.
Radiation-chemical yield: Traditionally, radiation-chemical yields have
been reported in terms of G values, where G(A) represents the number of events
or chemical species of type A formed per 100 eV of energy absorbed [3.6]. In
SI units, the radiation-chemical yield, G, is defined as the change in moles of
events or of chemical species formed or decomposed by an energy absorption of
1 J [3.7]. G values reported in terms of number of species formed per 100 eV are
converted into SI units using the following relationship (3.3).
G (mol/J) = 1.036 × 10−7 G (1/100eV)

(3.3)

Primary and secondary dosimeters: Dosimeters can be classified into two
categories: primary dosimeters and secondary dosimeters. Primary dosimeters
utilize a physical measurement such as temperature rise in a calorimeter,
ionization produced in a gas or the charge carried by a beam of charged particles
of known energy [3.8, 3.9]. Secondary dosimeters are those dosimeters whose
response to radiation has to be calibrated against a primary dosimeter. These
include Fricke dosimeters, solutions of various dyes, clear as well as red
perspex dosimeters, cellulose acetate and other thermoplastic films, and alanine
dosimeters [3.10]. The choice of a dosimeter for a particular application depends
on many factors including (i) the state of the system, (ii) the dose range to be
monitored and (iii) the nature of the radiation. Changes of absorbance in the
ultraviolet visible (UV-Vis) domain can be easily measured from radiochromic
films. However, alanine dosimeters that are based on quantitative electron spin
resonance measurements have the advantage of a higher stability for free radicals
generated by irradiation, as well as a lower dependence on temperature, humidity
and dose rate [3.11].
Low dose dosimetry (Fricke dosimeter): Doses up to a few hundred Gy are
typically used in research and only exceptionally in radiation processing. There
are many dosimetric systems available for this dose range, the classical example
being the chemical Fricke dosimeter. It is based on radiation induced oxidation of
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ferrous ions to ferric ions in acidic aqueous solutions [3.12, 3.13]. The standard
Fricke dosimeter consists of an aerated solution of 1 × 10−3 mol dm−3 ferrous
ammonium sulphate, 1 × 10−3 mol dm−3 NaCl dissolved in 0.4 mol dm−3 sulphuric
acid (pH = 0.46) [3.14]. The yield of Fe3+ ions produced is determined by
absorption spectrophotometry employing the Lambert–Beer law (ΔA = Δε c l) at
304 nm with ε(Fe3+) = 220.5 ± 0.3 m2/mol and ε(Fe2+) = 0.1 m2/mol at 25°C. The
G(Fe3+) × ε value accepted for electron and photon radiation in the range (1–30)
MeV is 352 × 106 m2·kg−1·Gy−1 at 25°C [3.10]. The Fricke dosimeter can be used
to accurately determine doses only up to 400 Gy because of oxygen depletion
in the system. Using oxygenated solutions, this limit can be enhanced to 2 kGy.
The Fricke dosimeter is independent of dose rate between (0.2–2) × 106 Gy/s. A
modified version of the Fricke dosimeter, sometimes referred to as a super Fricke
dosimeter, containing 10−2 mol dm−3 ferrous ions, which are oxygenated but
without any sodium chloride, is dose rate independent up to absorbed dose rates
of the order of 108 Gy/s. The upper limit of absorbed dose that can be measured
using a super Fricke dosimeter is 2 kGy.
The Fe3+ generates a blue colour that can be quantified through a
spectrophotometer [3.15] by plotting the absorbance at 304 nm for solutions
irradiated for different periods of time. The colorimetric dose response for the
solution is linear up to 400 Gy while complete oxidation takes place at a dose of
about 700 Gy. The chemical reactions involved in Fricke dosimetry are detailed
below:
H• + O2 → HO2•
HO2• + Fe2+ → HO2− + Fe3+
HO2− + H+ → H2O2
HO• + Fe2+ → HO− + Fe3+
H2O2 + Fe2+ → HO− + HO• + Fe3+
From the reactions above, it can be concluded that each H• will produce
three Fe3+. Each H2O2 (radiolytic) will produce two Fe3+ ions and each HO• will
produce one Fe3+. So, the overall yield in presence of O2 will be:
G(Fe3+) = 3G(H•) + 2G(H2O2) + G(HO•)
When organic impurities are present in the Fricke dosimeter solution, an
increase in the yield of ferric ion is observed [3.16]. The addition of chloride
ions in a Fricke dosimeter reduces the effect of impurities by converting the HO•
radicals to the chloride atom so that a normal yield is obtained.
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Cl− + HO• + H+ → Cl• + H2O
Cl− + Cl• → Cl2•−
Cl2•− + Fe2+ → 2Cl− + Fe3+
Dosimetry for radiation processing: Industrial EB accelerators and large
gamma irradiation facilities are generally employed for high dose irradiation
and hence require different kind of dosimetric systems. A variety of solid state
dosimeters, especially polymer based dosimeters in the form of thin films, are
utilized for dosimetry at this type of accelerator. Of these, FWT-60 radiochromic
dye film and cellulose triacetate film dosimeters are commercially available and
have been reported to be particularly useful in various applications [3.17–3.19].
These are secondary dosimeters that must be calibrated against a primary
dosimeter or a well characterized dosimeter. Another option is alanine dosimetry.
Radiation generated radicals trapped in alanine crystals are stable and can be
quantified by electron paramagnetic resonance. Complete systems consist of
alanine tablets and/or strips used as small size dosimeters, dedicated electron
paramagnetic resonance setups and software, and calibration sets (see Refs [3.11,
3.20–3.24]).
Dose mapping requires the placement of dosimeters throughout a
representative product load. For consistency in positioning and ease of locating
the dosimeters, it is helpful to define a three dimensional grid throughout the
product load. The points of planar intersection provide reference locations. The
use of multiple dosimeters at a given location will increase the confidence in the
dose reading at that location.
In the industrial EB sterilization of medical items such as boxes of surgical
gloves, the dosimeters, for example, cellulose triacetate films of 125 μm thickness,
are positioned at several places on the surface and in the bottom part of the box to
represent the overall surface dose distribution and depth–dose distribution in the
box. The absorbed doses are measured by the increment of optical densities of
the cellulose triacetate film at 280 nm. The optical density can be measured using
a UV spectrophotometer. The cellulose triacetate film dosimeter is calibrated
using the primary dosimeter, which is a calorimeter that includes a graphite probe
placed in a thermally insulating box made of expanded polystyrene.
For a gamma irradiation plant, routine dosimeters such as ceric-cerous
sulphate solution, radiochromic, PMMA and Fricke dosimeters are among the
common dosimeters used by the industry.
Absorbed dose in sample: The measurement of the absorbed dose by the
product is important to ensure that a dose sufficient for the intended purpose has
been given. This is to avoid overexposure to radiation, which can cause damage
to the products, or underexposure, which can mean that the dose absorbed by the
product is not sufficient to fulfil the intended purpose.
39

COQUERET et al.

The absorbed dose measured by the dosimeter will effectively represent the
dose absorbed by the sample only when the following conditions are met: (i) the
dosimeter and the sample are homogeneous; (ii) both have the same size, density
and atomic composition; and (iii) both are irradiated under the same conditions.
A simple and widely used method to achieve these conditions is to use equal
volumes of dilute solutions of the sample and the dosimeter, and to irradiate
them in turn using the same container at the same position in the radiation field.
Therefore, experimental conditions must be suitably controlled for accurate
measurement of the absorbed dose, D, in the sample. However, often these
conditions cannot be met and in such cases a calculation must be carried out to
obtain the absorbed dose in the sample. For electromagnetic radiation such as
60
Co γ rays, the absorbed dose in the dosimeter (DD) and in the sample material
(DM) are related as shown in Eq. (3.4).
DM = DD × (µ/ρ)D(µ/ρ)M

(3.4)

where (µ/ρ)D and (µ/ρ)M represent the mass energy absorption coefficients of the
dosimeter and of the material sample, respectively.
3.4.5. Comparative aspects of radiation chemistry of solids and liquids
Solids: The nature of the changes produced in a solid depends upon the type
of material being irradiated, and for this purpose, solids can be divided into metals,
ionic crystals and organic compounds. All types of ionizing radiation produce
ionized and excited atoms in the solids. In addition, the irradiation of solids with
heavy particles (protons, deuterons, α particles) can result in the dislodging
of an appreciable number of atoms from their normal lattice positions [3.4].
Gamma rays and X rays can also cause atomic displacements if their energies
are sufficiently high. The irradiation of metals using ionizing radiation does
not generally lead to any permanent effect as the positive holes created by the
ionization are rapidly refilled by recombining with other electrons available from
the common pool. However, the displacement of atoms can cause some changes
in physical properties such as the electrical resistance of the material. Irradiation
of ionic crystals such as alkali halides results in the development of absorption
bands in the UV and visible regions. These bands are called F bands and the
defects responsible for these bands are called F centres. The coloured F bands are
generally easily bleached when exposed to light or heat. Besides this, covalent
bonds present in the solid may also be broken, resulting in chemical changes,
e.g. nitrates may decompose to yield nitrites and oxygen. Organic compounds,
whether of low molecular weight, or of high molecular weight, as polymers are,
can also undergo radiolysis when exposed to ionizing radiation. Monomers such
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as trioxane can be polymerized in the solid state to yield polymeric materials. On
the other hand, long chain polymeric materials can undergo cross-linking and
chain scission reactions when exposed to ionizing radiation (see Section 4.5). In
addition, trapped free radicals in the irradiated solid substrates have also been
reported [3.25].
Liquids: Although the initial effect of ionizing radiation on liquids is the
same with regard to ionization and excitation, the nature of the final products
depends upon the properties of the liquid, such as viscosity and dielectric
constant. For example, the irradiation of water mainly leads to the formation of
radical species, HO• and H•, and hydrated electrons (as well as some molecular
products such as H2 and H2O2), while benzene mainly gives singlet and triplet
excited states and a small yield of polymeric material on irradiation [3.26, 3.27]
3.4.6. Radiation-chemical reactions in aqueous solutions
3.4.6.1. Generation of the primary species
Understanding the radiation chemistry of water is important, particularly
in the context of the radiation processing of carbohydrates, since they can be
irradiated in aqueous solution, suspensions or pastes, and even solid state
irradiation may involve the presence of absorbed moisture. The sequence of
processes occurring can be divided into three stages:
—— The physical stage, consisting of energy transfer from radiation (photons
and particles) to the atomic or electronic system of molecules. Its duration
is of the order of 10−15 s.
—— The physicochemical stage, consisting of processes leading to the
establishment of thermal equilibrium to form chemical species in the spur.
The time frame is typically 10−11 s.
—— The chemical stage, consisting of the diffusion of the chemical species
from the spur and their reaction with surrounding reactants.
The whole process can be summarized as: electron ejection → further
ionization → thermalization → solvation by orientated water molecules, as
described in detail below.
The passage of high energy ionizing radiation through water or dilute
aqueous solutions initially gives electrons, positively charged water ions and
excited water molecules [3.28]:
H2O → e−, H2O*, H2O•+
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The ejected electron loses energy via further ionization and excitation
events and finally becomes thermalized and solvated [3.29].
e− + n H2O → eaq−
The positive radical ions, H2O•+, are thought to be energetically very unstable
and to decompose in 10−13 seconds, giving H+ ions and HO• radicals [3.28].
H2O•+ → H+ + HO•
H2O•+ + H2O → H3O+ + HO•
H2O* represents an excited water molecule which may ionize, dissociate or
simply return to the ground state [3.29].
H2O* → H+ + HO•
or
H2O* → e− + H2O•+
The primary species either react with one another within the spur or diffuse
into the bulk of the solution [3.30].
Further H atoms are produced through the reaction of the solvated electron
with protons [3.25].
eaq− + H+ → H•
(k = 2.2 × 1010 mol−1∙dm3∙s−1)
The molecular products H2 and H2O2 are formed through the reactions [3.31]:
H• + H• → H2
(k = 7.8 × 109 mol−1∙dm3∙s−1)
eaq− + eaq− → H2 + 2OH−
(k = 5 × 109 mol−1∙dm3∙s−1) 
HO• + HO• = H2O2
(k = 5.5 × 109 mol−1∙dm3∙s−1)
A considerable fraction of radicals formed in the spur are reconverted to water
[3.30, 3.32]:
H• + HO• = H2O
(k = 2 × 1010 mol−1∙dm3∙s−1)
H3O+ + OH− → 2H2O
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(k = 1.4 × 1010 mol−1∙dm3∙s−1)
eaq− + HO• → OH−
(k = 3 × 1010 mol−1∙dm3∙s−1)
In summary, hydrated electrons, hydrogen atoms and hydroxyl radicals are
formed in the spurs very close to one another, and some of them are able to react
with other species to regenerate water or the molecular products H2 as well as
H2O2, while the remainder escape into the bulk solution. This spur expansion
is completed in about 10−7 s. Thus, in the nanosecond timescale, the different
processes ultimately produce hydrated electrons (eaq‒), HO•, H• and the molecular
products H2 and H2O2. These species are also known as primary species, though
this is not intended to mean that they are the first entities to be formed, as shown
below.
H2O → eaq−, HO•, H•, H2O2, H2, H+, OH−…
For low linear energy transfer radiation such as γ rays from 60Co and fast
electrons (compared to swift heavy ions undergoing high linear energy transfer),
in the pH range of 3–11, the following G values of the primary species (in mol/J)
are generally accepted [3.33].
G(eaq−) = G(HO•) = 0.28 µmol J−1
G(H•) = 0.6 G(H2) = 0.047 µmol J−1
G(H2O2) = 0.0725 µmol J−1
The hydrated electrons and hydrogen atoms are powerful reducing agents, while
the hydroxyl radical is a powerful oxidizing agent. These species subsequently
react with solutes present in the system at low concentrations. Their main
properties are outlined in Section 3.4.6.2.
3.4.6.2. Properties of the primary species
(a)

The hydrated electron

The hydrated electron may be represented as an electron surrounded by a
small number of orientated water molecules and behaving in many ways like a
single charge anion of about the same size as the iodide ion. It is a powerful
reducing agent and its reaction is an electron transfer process represented by:
eaq− + Sn+ → S(n − 1)+
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where n is the charge on the solute, the rate constant for this reaction range from
16 dm3∙ mol−1∙s−1 (reaction with water) up to the diffusion controlled limit, but the
activation energy is invariably small ((6−30) kJ ∙ mol−1 ∙ K−1). This suggests that
the magnitude of the rate constant is governed by the entropy of the activation,
and the controlling factor here appears to be a suitable vacant orbital in the
acceptor molecule. Thus, molecules with no vacant low lying orbitals, such as
water, simple alcohol, amine or ether molecules, react slowly [3.29].
The absorption spectrum of eaq− has a maximum at approx. 715 nm. Some
important features of hydrated electrons are listed in Table 3.2.
TABLE 3.2. PROPERTIES OF THE HYDRATED ELECTRON
Property

Value

Reference

2.7 (at time ≤10−7 s)

[3.32]

(0.21–3) nm

[3.33]

2.9 V

[3.27]

Half-life

2.1 × 10–4 s
(in neutral water)
7.8 × 10–4 s
(in basic solution)

[3.25]
[3.25]

Diffusion constant

4.96 × 10−5 cm2 s–1

[3.33]

715 nm

[3.33]

1.85 × 104 mol·dm–3·s–1

[3.33]

G value (1/100 eV)
Radius of charge distribution
Redox potential

Absorption maximium
ε at 715 nm

The intense absorption band in the visible region of the spectrum makes the
reactions of eaq− very easy to follow using pulse radiolysis combined with kinetic
spectroscopy, i.e. an optical detection system [3.34].
(b)

Hydrogen atoms

Hydrogen atoms are the minor reducing radicals in neutral and alkaline
solutions, whereas more are formed in acidic solutions through the reaction:
eaq− + H3O+ → H• + H2O
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H• does not absorb in the accessible wavelength range. Nevertheless, many
of its rate constants have been measured using competition kinetics [3.35].
The hydrogen atom generally reacts with organic compounds by abstracting
H from saturated molecules and adding to the centres of unsaturation. In strongly
basic solutions (pH > 10), the H atom may react with OH− through the reaction:
H• + OH− ↔ eaq− + H2O
The standard electrode potential of the hydrogen atom, E°, is given to
be −2.3 V [3.25]. Hydrogen atoms are less powerful reducing agents than are
hydrated electrons [3.27].
(c)

Hydroxyl radical

Hydroxyl radicals, HO•, have a standard reduction potential of +2.8 V in
acidic solution and are therefore a strong oxidant. In addition to radiolysis of
water, HO• radicals can be produced by the photodissociation of H2O.
The HO• radical absorbs weakly in the UV region. Its absorption coefficient,
ε = 370 × mol−1 ∙ dm3 ∙ cm−1 at 260 nm, is very small. For this reason, rate
constants for its reaction are obtained using competition methods or by observing
the formation of the products [3.36].
Hydroxyl radicals readily oxidize inorganic ions; the reaction is usually
represented as an electron transfer process:
HO• + Sn → Sn+1 + OH−
The HO• radical is electrophile when reacted with organic molecules and,
like the hydrogen atom, abstracts H from saturated molecules and is able to add to
unsaturations. However, the hydroxyl radical is less selective and more reactive
than the hydrogen atom in abstraction reactions, as can be seen in Table 3.3.
To study the action of hydroxyl radicals, solutions may be saturated with
nitrous oxide, when radiolytically produced eaq– are converted to HO• radicals
that represent almost 90% of the free radical pool [3.27].
eaq− + N2O → HO• + OH− + N2
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TABLE 3.3. RATE CONSTANT FOR SELECTED REACTION OF HO•
RADICAL AND H• ATOM
Solute

× 10−7 dm3·mol−1·s−1

Reaction type
HO•

H•

CH=CHCONH2

Addition

450

1800

C6H6

Addition

530

53

C6H5NO2

Addition

340

170

C2H5OH

Abstraction

180

1.7

CH3OH

Abstraction

84

0.16

The logarithmic acid dissociation constant, pKa, of the HO• radical has been
measured as 11.9 ± 0.2 [3.31]. The significance of this reaction is that in alkaline
solution, hydroxyl radicals are converted into O−−•, which does not readily add
to olefinic or aromatic groups, although it abstracts hydrogen atoms at a rate
comparable to that of the hydroxyl radical.
HO• ↔ O−• + H+
(d)

The perhydroxyl radical and its anion

The perhydroxyl radical is not a significant primary radical under low linear
energy transfer irradiation. It is an important secondary species in oxygenated
solutions [3.37] as a result of the reaction of oxygen which is an efficient
scavenger for eaq− and H• atoms, according to:
eaq− + O2 → O2−•
H• + O2 → HO2•
The two reactions have approximately equal rate constants
(k ≈ 1.9 × 1010∙mol−1∙dm3∙s−1 [3.30]).
HO2• is formed in acidic solutions, whereas in neutral solutions, the O2−•
form is found as shown:
HO2• ↔ O2−• + H+
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The pKa of HO2• is 4.9. Both forms can act as mild oxidants and are
reductant, although HO2• tends to be the stronger oxidant and O2•− the stronger
reductant (E° = 0.56 V and 0.3 V for O2•− and HO2•, respectively).
The perhydroxyl radical is unreactive with most organic compounds unless
the latter contain weakly bonded hydrogen, e.g:
HO2• + RSH → H2O2 + RS
The reaction of certain metal ions with H2O2 also produces HO2•:
H2O2 + Ce4+ → Ce3+ + HO2• +H+
In the absence of other reactions, perhydroxyl radicals react together
forming H2O2.
HO2• + HO2• → H2O2 + O2 		
HO2• + O2•− + H+ → H2O2 + O2
O2•− + O2•− + 2 H+ → H2O2 + O2

(rate constant kaa)
(rate constant kab)
(rate constant kbb)

where kaa = 8.6 × 105∙mol−1∙dm3∙s−1, kab = 1.0 × 108 mol−1∙dm3∙s−1, and kbb ≤ 0.35
mol−1∙dm3∙s−1 [3.30, 3.38].
3.4.7.

The radiation chemistry of simple organic compounds

When an organic molecule A–B is exposed to high energy ionizing radiation,
two processes occur simultaneously, namely: (1) ionization of the molecule by
expulsion of a low energy electron from the bonding orbital, resulting in the
formation of ions AB+ and e− and (2) excitation of the molecule, which brings
the A–B bond to a high energy state AB*. These primary species undergo several
secondary processes such as recombination and molecular, dissociation. At the
same time, the excited state A–B* can either relax by energy emission or undergo
homolysis leading to the formation of a pair of free radicals (Fig. 3.10). The exact
nature of the reaction depends on the nature of the bond, the rigidity of the matrix
and on irradiation conditions, such as dose rate, the temperature of irradiation
and the presence of dissolved gases or other impurities.
The former homolytic process may induce chain reactions that can
turn into a chemical amplification of the primary effect. Most of the chemical
processes caused by ionizing radiations are interpreted in terms of free radical
mechanisms [3.39].
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FIG. 3.10. Scheme of radiation effects on organic materials.

3.5. RADIATION EFFECTS ON POLYMERS
The use of radiation in the processing of synthetic polymers for
cross-linking purposes is one of the most successful applications of radiation
technology after sterilization. In this case, radiation technology is considered
the most efficient technique, is cost effective compared to the conventional
techniques and has high productivity, while maintaining if not exceeding quality
standards. For natural polymers such as polysaccharides, radiation is used mainly
to degrade the large molecules into smaller sizes, in terms of oligomers at room
temperature, and is easy to control. However, with a certain arrangement and
under specific conditions, radiation has been shown to cross-link polysaccharides.
Therefore, such techniques have been used for producing commercial products
(see Chapter 4).
3.5.1. Irradiation of polymers in the solid state
When a polymer in a solid state is subjected to ionizing radiation, the initial
physical processes are the same as those occurring with simple organic molecules,
i.e. ionization and excitation of the polymer molecules, which occur owing to the
direct effect of radiation. Depending on the ultimate use, the range of absorbed
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dose that is applied to materials covers several orders of magnitude [3.40].
However, at low doses, polymers are generally not significantly degraded, in
contrast with bacteria and viruses, which can be killed. This difference makes
it possible to widely apply radiation induced sterilization processes to medical
supplies, which are often made of and packaged in polymers. Chain reactions,
essentially polymerizations, can be achieved with medium doses, as a result of
the chemical amplification by purely thermal processes of radiation induced
initiation. Processes involving single steps or short kinetic chain length
reactions require much higher doses. This is generally the case for the radiation
cross-linking of rubbers and thermoplastics.
When polymers are submitted to high energy radiation, contrasting
behaviours are observed, with a dominant effect of cross-linking or of chain
scission (Fig. 3.11), depending on the nature of the repetition units. The general
trends of the competition between cross-link formation (x) and chain scission (s)
can be discussed for some common polymers on the basis of the values of G(s)
and G(x) listed in Table 3.4.
The formation of gaseous products such as H2, CH4 and CO generally takes
place with two dominant reactions affecting the polymer chains, namely scission
and cross-linking. When irradiation is carried out in the presence of air or
oxygen, oxidation is an additional reaction that may interfere with the radiation
induced free radical processes. Polyethylene (PE) and poly(vinyl chloride) form
networks, whereas poly(methyl methacrylate) (PMMA) degrades strongly with
the evolution of low molecular weight fragments. EB lithography utilizes this
degradative property to engrave nanometric lines in PMMA films for electronic
applications. Copolymers including repeating units with intrinsically opposite
behaviour can be synthesized with appropriate compositions to control the

FIG. 3.11. Schematic representation of competing radiation induced polymer scission and
cross-linking.
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TABLE 3.4. RADIOLYTIC YIELD VALUES OF CROSS-LINKING G(x) AND
OF SCISSION G(s) FOR SOME COMMON POLYMERS
Polymera

Physical state

Chemical structure

Polyethylenec

Semi-crystalline

CH2 CH2

n

Polypropylenec

Semi-crystalline

CH2 CH

n

Polybutadiene

Elastomer

CH3

CH2 CH CH CH2

CH2 CH

n

n

CH

*

G(x)b

G(s)b

0.3

0.09

0.25

0.11

0.38

—

0.055

0.018

0.063

0.018

0.016

0.018

—

0.12–0.35

0.033

0.023

0.005

<0.002

0.003–
0.02

0.007–
0.02

CH2

Poly(methyl
acrylate)

Amorphous

Poly(n-butyl
acrylate)

Amorphous

Poly(t-butyl
acrylate)

CH2 CH
O

CH2 CH
O

O

CH3

n

O CH2 CH2 CH2 CH3

CH2 CH

Amorphous

n

O

n

CH3
O C CH3
CH3

Poly(methyl
methacrylate)

CH3
CH2 C

Glassy

Poly(vinyl
chloride)d

Essentially glassy

Polystyrene

Glassy

O

n

O

CH2 CH
Cl
CH2 CH

Poly(ethylene
terephtalate)
a

Semi-crystalline

O

O

C

C

Ionization at 25°C in the absence of oxygen.
In µmol/J, data from Ref. [3.41].
c
Dependent on microstructure and of crystallinity.
d
Unplasticized.
b
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overall behaviour [3.42]. The presence of tertiary or quaternary carbon atoms
in the main chain has a determining influence on behaviour under irradiation,
though the reactivity of side chains can compensate or even overcome the
behaviour assigned to the main chain. Polymers including aromatic moieties
as side groups (polystyrene) or in the main chain poly(ethylene terephthalate)
give a strongly attenuated response to high energy radiation. It must be added
— to avoid oversimplification — that morphological and ambience parameters
(microstructure, crystallinity, glassy or rubbery state, degree of plasticization and
presence of oxygen) may strongly affect the results.
3.5.1.1. Cross-linking
Cross-linking is the largest commercial application for which the radiation
processing of plastic materials is used. Polymers with interbridged chains can
withstand higher service temperatures without flowing and/or while retaining
their functional properties. Generally, the materials exhibit better mechanical
and chemical resistance after cross-linking. Processing is performed at high
speed under the EB without requiring heating to high temperature or the use of
cross-linkers necessary in the conventional chemical method.
Many types of plastic based products containing elastomers are processed
by radiation cross-linking to improve their performance in insulated electric
wires and cables, multilayered films for cooking pouches, shape memory tubes,
pressure resistant water pipes, expandable foams, automotive parts exposed to
motor heat, etc. Unsaturated additives are sometimes used to promote radiation
cross-linking, in order to improve productivity or to favourably influence the
inherent trend to competing cross-linking and scissioning.
Irradiation can be usefully exploited for stabilizing polymer blends,
avoiding physical phase separation of the components or making it possible
to block an unstable morphology of practical interest by sudden cross-linking.
Various other applications take advantage of the shape memory effect that results
from the radiation cross-linking of semi-crystalline thermoplastic polymers and
blends. As an example, resettable fuses for electrical engineering, heat-shrinkable
tubings and multilayered complexes for food packaging are produced on an
industrial scale.
3.5.1.2. Degradation and post-irradiation oxidation
Other important industrial applications are based on the various chemical
effects induced by radiation and resulting in scissioning, branching and partial
oxidation. If those effects are well-controlled, the cumulated degradation effects
can improve the processability or the compatibility of the plastic in blends
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with other materials. A representative example is the treatment of fluorinated
polymers that facilitates their melt processing. Radiation oxidized polypropylene
is also used for elaborating fibre reinforced composite materials with enhanced
performance. However, for many other applications, the very efficient
reaction of generated macroradicals with dissolved and gradually diffusing
oxygen forms peroxy derivatives that will induce the long term degradation of
polymer properties. Chain reactions induced by the thermal or photochemical
decomposition of peroxy compounds may result in the ruin of the structural
and functional properties of the materials. Irradiated polymers therefore usually
include antioxidants in order to minimize the detrimental effect of radio-oxidation.
The risk of degradation on ageing is a limitation to the development of radiation
sterilizable materials for biomedical devices. Some nanolithographic processes
take advantage of the surface oxidation induced by X rays or EB for enhancing
resolution.
3.5.1.3. Changes in physical properties
Irradiation of polymeric material may alter the physical properties of
polymers either reversibly or irreversibly. The reversible changes generally
occur at low doses while irreversible changes are typically associated with high
doses. The irradiation of polymers generally increases their electric conductivity
owing to the formation of mobile charge carriers (electrons, holes or ions) and is
termed radiation conductivity. It generally consists of two components: (1) pulse
conductivity induced by the high transient dose rates of pulse irradiation, and
(2) stationary conductivity induced by a lower sustained dose rate in continuous
irradiation. Once the radiation source is removed, radiation induced conductivity
decays over a period that varies from a few minutes to hours, depending upon the
nature of the polymer. The electric properties of a polymer can also be altered as
a consequence of the chemical changes produced by irradiation. For example,
cross-linked PE retains its high specific resistance at high temperatures making it
useful as an insulator. On the other hand, the conductivity of poly(vinyl chloride)
is permanently increased by irradiation and the increase is proportional to the
degree of de-chlorination.
The mechanical properties of polymers are significantly dependent on the
molecular weight of the polymer. Cross-linking and chain scission reactions
can significantly alter these properties. Cross-linking reactions are generally
associated with an increase in elastic modulus, while an increase in creep rate is
associated with chain scission reaction.
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3.5.2. Radiation grafting on polymers
Grafting is when a monomer is polymerized onto the backbone of a
preformed polymer that has a different monomer unit. Either chemical reagents
or high energy irradiation is used to activate the polymer chains. Branching,
and even cross-linking, occurs when functional monomers grow on activated
macroradicals. The growth of functional monomers on activated macroradicals
leads to branching and possibly to cross-linking (Fig. 3.12).
Radiation grafting can be performed by a number of methods. In
simultaneous grafting, the polymer backbone (in the form of a solid material
or dissolved chains) is irradiated in the presence of a monomer, usually in a
deoxygenated solution of the latter (Fig. 3.13). This is the easiest, one step
approach to radiation grafting. The main drawback is the parallel formation of
homopolymer. This leads to monomer losses and to the necessity of removing
the homopolymer after synthesis. Homopolymer formation can be reduced by
applying suitable additives, for instance Fe(II) salts, when grafting is performed
in aqueous solution.

Polymeric material
Chemical treatment
Gamma ray exposure
Electron beam exposure
Plasma treatment
Activated surface

Functional monomer
Inert atmosphere

Grafted surface

FIG. 3.12. Grafting of a monomer on preformed polymeric backbone leading to infinite
branching and cross-linking.
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The idea of pre-irradiation grafting is based on irradiation of the polymeric
backbone alone in order to generate labile reaction centres, which can be
subsequently used to trigger grafting when, after irradiation, the backbone
is contacted with the monomer. In principle, at least when dealing with a
semi-crystalline polymer, one may use free radicals trapped in the crystalline
regions as the labile reaction centres (Fig. 3.14) during irradiation in the absence
of oxygen. More often, another option is used, based on irradiation of the
polymeric backbone material in the presence of oxygen (Fig. 3.15).
This results in the formation of peroxides and hydroperoxides, which
are relatively stable at room temperature. When such an activated polymer is
contacted with a monomer at an elevated temperature, the labile O−O bonds in
peroxides and hydroperoxides break, giving rise to radicals, which in turn initiate
grafting as shown in Fig. 3.15. While pre-irradiation grafting is a more complex
and time consuming two step process, it reduces the risk of homopolymer
formation, and the two steps can be separated in time and space.

FIG. 3.13. A scheme of direct (simultaneous) radiation grafting. Red dots denote radicals,
yellow dots — monomer molecules, blue dots — monomer molecules incorporated in the
grafted chains, pale blue dots — monomer molecules incorporated in the homopolymer chains.
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FIG. 3.14. A scheme of pre-irradiation grafting (irradiation in the absence of oxygen).
Red dots denote radicals, yellow dots — monomer molecules, blue dots — monomer molecules
incorporated in the grafted chains.

FIG. 3.15. A scheme of pre-irradiation grafting (irradiation in the presence of oxygen). Red
dots denote radicals, yellow dots — monomer molecules, blue dots — monomer molecules
incorporated in the grafted chains.
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3.5.3. Irradiation of polymers in solution
An important aspect of the radiation treatment of polymers is irradiation in
solution, where indirect effects, caused by the absorption of ionizing radiation
energy by solvent molecules, dominate over direct action on macromolecules.
Since in the case of polysaccharides the solvent is usually water (pure or
containing low-molecular-weight additives), this subsection will focus on the
irradiation of polymers in aqueous solution.
When dilute aqueous solutions of polymers are subjected to ionizing
radiation, most of the energy is absorbed by water. Hydroxyl radicals, hydrogen
atoms and solvated electrons are formed as the initial reactive intermediates (see
Section 3.4.6.). These very active species may in turn attack the macromolecules,
leading to the formation of reactive sites on the polymer chains. If the polymer
does not possess any groups capable of a fast reaction with the solvated electrons,
or if such a reaction is not desirable, it is common to saturate the solution with
nitrous oxide that scavenges electrons and that converts them into additional
hydroxyl radicals. A typical reaction of the latter species with macromolecules,
unless the repeating unit contains one or more aromatic rings and/or double
carbon–carbon bonds, is the abstraction of a hydrogen atom. As a result of
this process, a radical is formed on the polymer chain. H atoms formed by the
radiolysis of water react with polymers in a similar way to OH radicals; however,
this reaction is usually less important because a much lower number of H atoms
are formed (approximately 10% of the HO• yield in the N2O saturated solutions)
and the rate constants of their attack on polymer chains are lower.
In an oxygen-free system, the fate of polymer radicals depends to some
extent on the chemical structure of the polymer, but a general scheme of the
possible reactions can be drawn, as shown in Fig. 3.16.
Transformations of polymer radicals (reactions 2–7 in Fig. 3.16) can be
divided into reactions involving one radical (2–3) and reactions involving two
radicals. The former group includes chain scission (degradation) (2) and radical
transfer (H atom transfer), which may occur between two separate chains or
within the same chain. Reactions involving two radicals are recombination
(cross-linking, 4–5) and disproportionation (6–7). Each of them may occur either
between two radicals localized on two separate chains or along the same chain.
From the practical point of view, the most important processes are degradation
and intermolecular cross-linking, which lead to a decrease in molecular weight or
an increase in molecular weight, the formation of branched structures and, under
suitable conditions, to the formation of three dimensional cross-linked structures,
e.g. gels. Intramolecular cross-linking may be of importance for synthesizing
nanogels and microgels.
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FIG. 3.16. Formation and typical reactions of carbon centred, mid-chain polymer radicals
generated by the irradiation of a polymer in aqueous solution.

In polymer solutions that contain oxygen, the initially generated carbon
centred macroradicals react with oxygen to form the corresponding peroxyl
radicals. This is a fast, practically diffusion controlled reaction with a rate constant
of the order of 109 dm3 ∙ mol−1 ∙ s−1 (cf. Ref. [3.43]). The chemistry of peroxyl
radicals is often complex (for a review, see Ref. [3.44]). The following facts seem
to be important in the current context. Neither peroxyl nor oxyl radicals can form
stable bonds (cross-links) upon recombination (recombination of oxyl radicals is
expected to proceed with low yields only, and the formed peroxide bond cannot
be considered a stable cross-link). Peroxyl radicals may initiate chain reactions
owing to their ability to abstract hydrogen atoms from:
—— A neighbouring carbon atom along the chain;
—— Another chain segment (as shown in Fig. 3.17);
—— Another chain.
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In this way, a carbon centred radical is regenerated, which, upon reaction
with oxygen, re-creates a peroxyl radical, leaving behind a hydroperoxide
(Fig. 3.17). Since a peroxyl radical is re-formed, the kinetic chain may go on, and
in fact, it is often found that oxygen consumption and/or yield of peroxides and
hydroperoxides by far exceeds the initial radical yield [3.43, 3.45].
If located in a favourable structural position, the peroxyl radical may also
undergo a transformation where the HO2•/O2−• radical is eliminated (for details,
see Section 4.3) [3.30, 3.46]. In this way, the number of radicals on the polymer
chain may decrease.
However, the main reaction by which peroxyl radicals at aliphatic polymer
chains in solution are believed to decay is their mutual reversible recombination
to form an unstable tetroxide, which decomposes mainly by forming unstable
oxyl radicals [3.47, 3.48]. The latter are prone to rearrange on chain breakage,
leaving behind a terminal alkyl radical. Such a radical reacts with oxygen, and,
if it happens to abstract an H atom from a mid-chain position, the kinetic chain
may propagate with further oxidation and/or chain breakage (Fig. 3.18) [3.49].
Such chain processes have been observed for a number of synthetic hydrophilic
polymers, for instance, poly(ethylene oxide) [3.45] and poly(acrylic acid) [3.43].
In the latter case, the yield of chain scission was as high as 14 × 10−7 mol/J,
i.e. much higher than the initial yield of peroxyl radicals. The hypothesis that

FIG. 3.17. Diagram of chain oxidation reaction in a polymer irradiated in the presence
of oxygen (poly(acrylic acid) in this example).
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FIG. 3.18. Schematic representation of chain reaction leading to degradation (chain scission)
in polymers irradiated in the presence of oxygen.

the mutual recombination of peroxyl radicals forms the transient tetroxide
is supported by kinetic data, in which the decay of peroxyl radicals has often
been found to be kinetically of second order with respect to the free radical
concentration (e.g. Ref. [3.50]).
3.6. EVALUATION OF RADIATION INDUCED EFFECTS IN POLYMERS
The effects induced by radiation in macromolecular systems can be
investigated and quantified by a number of techniques (see Chapter 6), bringing
valuable information at different dimension scales (at the functional group,
monomer unit and macromolecule level).
The preferred approach consists of monitoring the changes occurring
during continuous or pulsed irradiation with time resolved spectroscopic,
conductometric or light scattering methods. Post-irradiation measurements of
chemical and structural modifications allow the assessment of most of the major
transformations induced by radiation by more conventional and readily available
methods.
3.6.1.

Experimental methods for studying radiation induced reactions

The radiation induced transformations of the highest importance in
polymer processing, i.e. degradation and intermolecular cross-linking, manifest
themselves as changes in molecular weight distributions and average molecular
weights. A number of methods can be used to follow and quantify these changes.
The most significant ones are mentioned below.
Probably the simplest method is based on viscometry. It may be time
consuming, but it is a robust method that is relatively insensitive to minor
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amounts of impurities, aggregates and microgels formed in the system, and
measurements do not require sophisticated, expensive equipment. Using a simple
Ubbelohde viscometer in a temperature controlled bath and measuring the flow
time of the solvent and several dilutions of the polymer solution obtains the
value of intrinsic viscosity, which, using the Mark–Houwink equation, can be
recalculated into the viscosity-average molecular weight [3.51]. A disadvantage
is that viscosity measurements must be made at precisely the same conditions for
which the Mark–Houwink constants are known. Moreover, the result indicates
only whether degradation or cross-linking prevails, while no information is
provided on the change in molecular weight distribution. In addition, the value
determined as the viscosity-average molecular weight corresponds neither to the
absolute number-average nor to the weight-average molecular weight, both of
which are necessary for calculating the radiation-chemical yields of degradation
and cross-linking.
Static light scattering allows the determination of the weight-average
molecular weight, and changes in the latter, caused by irradiation of the
studied polymer [3.52, 3.53]. Being an absolute method, it does not require any
calibration. The intensity of light scattered by a polymer solution is measured as
a function of polymer concentration and scattering angle. Readings obtained for
pure solvent are subtracted from the results. The data are most often subsequently
processed according to the Zimm method, yielding weight-average molecular
weight. While it used to be a relatively time consuming method when performed
using a goniometer-type apparatus, modern set-ups allow for simultaneous
measurements at multiple angles, thus significantly shortening the measurement
time. Disadvantages are a high cost of equipment, a complete or near complete
lack of information about molecular weight distribution and a sensitivity to even
minor amounts of large impurities (aggregates, microgels or dust). In addition,
the refractive index increment (dn/dc) of the studied polymer should be known or
needs to be determined accurately.
In a form of gel permeation chromatography (GPC), high performance
liquid chromatography GPC, a polymer is fractionated on a porous column
filling according to macromolecular size [3.54, 3.55]. As a result, a distribution
of retention times is obtained. Re-calculation of this distribution to give
the distribution of molecular weights can be accomplished in a number of
ways, the choice of which may depend on the availability of standards of the
studied polymer and/or on the availability of detectors. A single detector
(usually a differential refractometer) can be used, and can yield precise results
when standards of the studied polymers are available. At the other extreme, a
combination of three detectors including a light scattering detector means that the
method can be treated as absolute, and no standards are required. The equipment
and columns are relatively expensive, but when all parameters are properly set, the
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measurement is relatively fast. There may be problems if cross-linking dominates
(leading to branched structures) while calibration is made based on linear chains
— the accuracy at a high molecular weight range may be less than perfect, but
this problem should not occur if three detectors are used. The big advantage is
the result — a distribution of molecular weights, which is particularly useful for
studying radiation induced reactions, especially in cases where degradation and
cross-linking occur concomitantly. From the chromatographic trace, number- and
weight-average molecular weights can be calculated and these can be applied for
calculating the radiation-chemical yields of degradation and cross-linking.
Changes in molecular weights of polynucleotides (mainly DNA) and
proteins can be assessed by gel electrophoresis [3.54, 3.56–3.60].
Molecular weight is not the only parameter of polymers affected by the
action of ionizing radiation. Radiation induced reactions and physical processes
can also alter the molecular size, chemical composition and physical structure
(including crystallinity).
The size of macromolecules is related to the molecular weight, but strict
correlation between these two parameters exists only for linear chains, e.g. when
irradiation of linear chains causes only degradation. In other cases, especially
involving inter- and/or intramolecular cross-linking, size, if this is of interest,
should be determined independently. The choice of method depends on the
parameter to be determined. The radius of gyration (Rg) of a macromolecule
(nanogel, aggregate, etc.) can be determined by static light scattering (see
above), using either a standalone apparatus or a light scattering detector coupled
with GPC. The practical lower limit of Rg that can be determined by static
light scattering is approximately 0.05 of the wavelength of the incident light.
The hydrodynamic radius, Rh, can be measured by dynamic light scattering
[3.60–3.64]. Using modern apparatus, measurements are technically easy and
fast, although attention should be paid to the choice of algorithms used in the
calculations.
Changes in the chemical composition of a polymer induced by irradiation
can be assessed by spectroscopy (Fourier transform infrared spectroscopy
(FTIR), UV-Vis, nuclear magnetic resonance (NMR)), elemental analysis or by
specific tests for the presence and quantity of functional groups. At moderate
doses, the extent of chemical changes when compared to the number of groups
retaining their structure may be very small and difficult to follow, in particular by
FTIR. The spectrum of available methods can be broadened and the precision for
qualitative and quantitative detection of chemical changes can be increased by
performing model studies on molecules that are low-molecular-weight analogues
of the studied polymer, for instance, an analogue of a monomer unit or a few
monomer units. The precise analysis of irradiation products for such models can
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be performed by liquid or gas chromatography (usually after derivatization of
products), coupled with mass spectrometry detection.
The crystallinity of polymer samples can usually be determined by
differential scanning calorimetry [3.65–3.67]. Usually, data on the enthalpy
of melting of a fully crystalline sample of the same polymer are necessary to
quantify the degree of crystallinity.
Radiation induced reactions are usually very fast, especially in the liquid
phase. While studying final products, e.g. by determining molecular weight
after irradiation or by identifying and quantifying stable molecular products,
can provide valuable information regarding the reaction mechanism, a precise
description of this mechanism usually requires an insight into the structures
of reactive intermediates and into the kinetics of radiation induced reactions.
For solid state irradiation (and in exceptional cases, also in liquids), this can be
accomplished by room temperature electron spin resonance measurements as a
function of time after irradiation. Even more can be learned by either performing
the irradiation at a low temperature (e.g. 77 K) and making electron spin
resonance measurements while gradually raising the temperature of the irradiated
sample, or by using spin traps [3.68–3.84].
Radiation induced reactions in polymer solutions can be studied by pulse
radiolysis [3.85, 3.86]. A short pulse of fast electrons from an accelerator initiates
the reactions, which are subsequently followed using fast detection methods.
For most studies on polymer solutions, a nanosecond time resolution is sufficient;
many reactions of interest take place in micro- or milliseconds. A typical method
of detection is fast spectrophotometry. A beam of light passes through the cell in
which the solution is pulse irradiated. Time resolved measurements of changes
in absorbance after the pulse are recorded at various wavelengths. This allows
the construction of absorption spectra of reactive intermediates and the following
of their time evolution. A knowledge of the spectra and reaction kinetics of
intermediates often allows the determination of the reaction mechanism (cf. Refs
[3.82, 3.87, 3.88]). For studies on polymer solutions, two other detection systems
can be applied in pulse radiolytic experiments. Polyelectrolytes, including
charged polysaccharides, can be studied using conductometric detection
[3.89–3.93]. Light scattering detection is used to selectively follow kinetics
and yields of reactions involving changes in molecular weight (degradation,
cross-linking) [3.43, 3.94–3.99].
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3.6.2. Calculation of radiation-chemical yields of degradation and
cross-linking
3.6.2.1. Radiation yields of degradation and of intermolecular cross-linking
When studying radiation effects in polymers in the solid state, in solution
or in more complex systems, there is a need to quantify the efficiency of two
main reactions, i.e. degradation (chain scission, not to be confused with
depolymerization) and intermolecular cross-linking. In a single act of degradation
(chain scission), a polymer chain is split into two shorter fragments. In a single
act of intermolecular cross-linking, two independent polymer chains are linked
together to form a larger macromolecule, the mass of which is the sum of the
masses of the two parent chains.
The radiation-chemical yield of degradation, G(s) (mol/J), is defined as:
G ( s) =

n cb
(3.5)
E

where ncb [mol] is the number of chain break events which took place in the
polymer sample (irrespective of whether it is a dry polymer or a solution) upon
absorption by the sample of energy E (J) of ionizing radiation.
Similarly, the radiation-chemical yield of intermolecular cross-linking,
G(x) (mol/J), is defined as:
G(x) =

nx
	
E

(3.6)

where nx (mol) is the number of intermolecular cross-linking events that took
place in the polymer sample (irrespective of whether it is a dry polymer or a
solution) upon absorption by the sample of energy E (J) of ionizing radiation.
The number of cross-linking events, nx, can also be understood as the number of
cross-links (cross-linking bonds) formed in the sample.
For simplicity, further in this section the term cross-linking will be solely
used to refer to intermolecular cross-linking.
3.6.2.2. Solid polymers
In solid polymer samples, the general equations allowing the determination
of G(s) and G(x) in polymers undergoing simultaneous degradation and
cross-linking on the basis of changes in average molecular weight of the polymer
are:
G ( x ) − G(s) =

1 1
1 
−
 (3.7)

D  M n 0 M n 

63

COQUERET et al.

4G ( x ) − G(s) =

2 1
1 
−
 (3.8)

D  M w 0 M w 

where D (J/kg) denotes the dose of ionizing radiation absorbed by the sample,
and Mn0 and Mn (kg/mol) are number-average molecular weights before and after
absorbing the dose, D, respectively, and Mw0 and Mw (kg/mol) are the weightaverage molecular weights before and after absorbing D, respectively. Equation
(3.7) is valid for any initial molecular weight distribution of the polymer, while
Eq. (3.8) is valid for the most probable distribution where Mw0 / Mn0 = 2 .
Equations (3.7) and (3.8) can be simplified if, as is the case for most
irradiated polysaccharides under typical conditions, it can be assumed that no
cross-linking takes place or that its yield is negligible.
Assuming G(x) = 0, the following is obtained:
G(s) =

1 1
1 
−
 (3.9)

D  M n M n 0 

G(s) =

2 1
1 
−
 (3.10)

D  M w M w 0 

These equations are based on the works of Charlesby [3.100, 3.101]. Since then,
they have been used by many research groups in various forms and versions, and
for various polymeric systems [3.102–3.106]. As questions may arise as to the
correctness of the particular forms of these equations and, what is of significant
importance, on their applicability to systems other than solid polymer samples,
these questions are addressed below.
Equation (3.9) is derived for the case of a solid polymer sample (containing
no or negligible amounts of other components). It is assumed that our solid
polymer sample of a mass m (kg) consists of chains of the initial number-average
molecular weight of Mn0 (kg/mol). The number of chains present in the sample
before irradiation, n0 (mol), is:
n0 =

m
(3.11)
M n0

It is assumed that the sample is now irradiated, causing the chains to break
into shorter fragments. It is easy to imagine that if p breaks of each chain (p is a
dimensionless number) are caused, the number of resulting chains will be p + 1.
Moving from the breaking of a single chain to a real situation where n0 (mol)
chains are broken, each of them at p sites on average, the number of resulting
chains, n (mol), will be:
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n = n 0 × ( p + 1) (3.12)

where p (the average number of breaks of each chain) can be written as:
p=

n cb
(3.13)
n0

ncb (mol) being the total number of chain break events which took place in the
polymer sample. Thus:

n
n = n 0 ×  cb + 1  (3.14)
n

 0

The final number-average molecular weight is denoted Mn (kg/mol). Since n is
defined as:
n=

m
(3.15)
Mn

the following is obtained:

m
m  n cb
=
× 
+ 1  (3.16)
M n M n0  n 0


Equation (3.17) can be rearranged to obtain ncb:

1
1  n cb × M n0
=
×
+ 1
M n M n0 
m
 (3.17)
n cb
1
1
(3.18)
= =
Mn
m M n0

 1
1 
n cb =m 
−
 (3.19)
 M n M n0 

Since the absorbed dose, D (J/kg), is defined as the energy of ionizing radiation,
E (J), absorbed by the sample, which is of a mass equal to m (kg):
D=

E
	
m

G=
(s)

n cb
n cb
=
	
E
Dm

(3.20)
(3.21)
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G(s) =

1 1
1 
−
 	

D  M n M n0 

(3.22)

Using this form requires using Mn0 and Mn in (kg/mol), which is numerically
equivalent to kilodalton (kDa). A dose value in Gy = J/kg gives G(s) in mol/J,
which is a SI compatible unit, and no numerical factors or unit recalculations are
necessary.
3.6.2.3. Multicomponent systems including polymer solutions
Polymer solutions are an interesting example of systems where the polymer
in question is a component in a bi- or multicomponent system. In Eq. (3.19),
m (kg) denotes the mass of the polymer. The dose for a multicomponent system
is defined as:
D=

E
(3.23)
ms

where ms (kg) is the total mass of the sample which absorbed the energy, E. It
should be noted that if components other that the polymer are present, m ≠ ms.
Therefore:
(s)
G=

n cb
n cb
=
(3.24)
E
D ms

G(s) =

1 
m  1
−


D ms  M n M n0  (3.25)

In a polymer solution, ms (kg) is the mass of the solution. The solution
volume is denoted V (dm3) and the solution density as ρ (kg/dm3). Since
ms = V × ρ:
G(s) =

1 
m  1
−


DV ρ  M n M n0 

(3.26)


The polymer concentration is denoted c (kg /dm3), and c = m / V, giving:
=
G(s)

c  1
1 
−

 (3.27)
D ρ  M n M n0 

Equations (3.25) and (3.27), which are valid for multicomponent systems,
are clearly different from Eq. (3.9), which is valid for neat, solid polymer samples,
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since the polymer content (or concentration) in the multicomponent system must
be taken into account. Similarly, instead of Eq. (3.9), for a multicomponent
system the following is valid:
G(s) =

2c  1
1  (3.28)
−


D ρ  M w M w0 

3.6.3. Calculation of gelation parameters
The sol-gel analysis is important for characterization as it can be used to
estimate parameters such as cross-linking and degradation yields and gelation
dose, which can be correlated with some physicochemical properties. The
relationship between sol fraction and absorbed dose according to the Charlesby–
Pinner equation [3.101, 3.107, 3.108] is shown in Eq. (3.29). This equation has
been widely reported for linear polymers such as CMC [3.109].
s+ s =

p0
2
(3.29)
+
q 0 q 0 µ 2,0 D

where:
s
is the sol fraction (s = 1 gel fraction);
p0 is the degradation density, i.e. the average number of main chain scissions
per monomer unit and per unit dose;
q0 is the cross-linking density, i.e. the proportion of monomer units
cross-linked per unit dose;
μ2,0 is the initial weight-average degree of polymerization;
and D is the absorbed dose in Gy.
The Charlesby–Rosiak equation, Eq. (3.30), is used to avoid inaccuracies
resulting from unknown molecular weight distributions of polymers [3.108,
3.110]. Equation (3.30) can be used to estimate the radiation parameters of linear
polymers of any initial weight distribution and is also applicable in systems with
a monomer or branched polymer as the initial material [3.111].
s+ s =

p0 
p  Dv + Dg
+  2 − 0 
(3.30)
q0 
q 0  Dv + D

where:
D
is the absorbed dose in Gy;
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Dg is the gelation dose — the dose required for the first insoluble gel to appear;
and Dv is the virtual dose — the dose required to change the distribution of
molecular weight of the polymer in such a way that the relation between weightaverage and number-average molecular weight would be equal to 2.
However, a limitation of the Charlesby–Pinner equation is that it neither
considers the eventuality of chain reactions nor the possible dose dependence
of the reactivity of monomer units. As a consequence, most of the experimental
data of radiation polymerization will not obey this equation. It has recently been
shown that chain reactions, as well as polydispersity and structure, explain most
of the deviation from the ideal Charlesby–Pinner behaviour that is found in
irradiated polymers [3.112].
Equations (3.29) and (3.30) allow the calculation of not only the gelation
dose, Dg, but also the ratio between the radiation yields of scission and
cross-linking, by:
G ( s ) / G ( x ) = 2 p0 / q 0 (3.31)

It should be noted that Dg, G(s) and G(x) can also be assessed by other methods
(see e.g. Ref. [3.83]).
3.7. CONCLUSION
The main features of radiation processing in the domain of polymers
have been briefly presented in this chapter. Efficient treatments aiming at the
improvement of the properties of thermoplastics and rubber have been made
available for decades and continue to be improved. The current trends show
the enormous potential of radiation based processes to address environmental
concerns by proposing equally performing and societally acceptable alternatives
to outdated technologies based on unsuitable chemistries and unreasonable energy
consumption. Both commodity and technological products will increasingly rely
on radiation treatment of polymers. Use of radiation in recycling technologies
and for the utilization of biomass is expected to play an increasing role in a near
future. In this respect, polysaccharides occupy a central position, the various
basic and applied aspects of which will be developed in the following chapters.
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4.1. INTRODUCTION
There has been significant interest in the application of ionizing radiation
for the modification of polysaccharides. The fact that polysaccharides are
natural, biocompatible and biodegradable has resulted in their application in
various fields such as healthcare, agriculture and environmental protection. This
chapter, therefore, provides (a) an overview of the basic radiation chemistry
of polysaccharides in dilute aqueous solution and in paste-like and solid states
and (b) a review of the historical as well as contemporary literature in this field.
Additionally, the mechanisms leading to these significant changes in structural
and subsequently physical properties are highlighted.
Table 4.1 lists selected references that specifically discuss the effects of
radiation on polysaccharides. The methodology used in these studies observed
changes in molecular weight, rheology, viscometry, UV spectroscopy and FTIR.
Since the mechanism and yields of the main radiation-induced reactions differ
between irradiation of the substances in the solid state and in aqueous solutions
(including paste-like states), the references in the table are categorized by state.
4.2. IRRADIATION OF POLYSACCHARIDES IN THE SOLID STATE
When polysaccharides are irradiated in the solid state, the formation of
radicals in molecular chains is induced; macroradicals are produced by direct
energy transfer to the macromolecule, and primarily radicals are generated
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TABLE 4.1. LIST OF SELECTED REFERENCES SHOWING THE EFFECTS
OF RADIATION ON POLYSACCHARIDES IN AQUEOUS SOLUTION AND
IN THE SOLID STATE
Material

References for radiation effects
In aqueous solution

In solid state

[4.1–9]

[4.1, 4.10–12]

Hydroxyethyl cellulose,
hydroxypropyl cellulose

[4.1, 4.13–17]

[4.1, 4.2, 4.13, 4.15, 4.18]

Chitin, chitosan
& derivatives

[4.5, 4.19–37]

[4.19, 4.25, 4.30, 4.32, 4.34,
4.37–56]

[4.13, 4.20, 4.57–60]

[4.13, 4.20, 4.59, 4.61–80]

[4.5, 4.20, 4.57, 4.81–84]

[4.79, 4.82, 4.85–97]

[4.58, 4.98–104]

[4.105–109]

[4.20, 4.57, 4.110–119]

[4.113, 4.118, 4.120–122]

[4.123–125]

[4.125–131]

[4.27, 4.57, 4.132–141]

[4.135, 4.136, 4.142–146]

[4.138, 4.147–152]

[4.143, 4.150, 4.152–155]

Dextran

[4.57, 4.62, 4.156–163]

[4.62, 4.164, 4.165]

Pectin

[4.57, 4.164, 4.166–171]

[4.62, 4.142, 4.171, 4.172]

Agar

[4.57, 4.149, 4.173–175]

[4.143, 4.176–183]

GA

[4.184, 4.185]

[4.186–189]

[4.190–193]

[4.194–196]

CMC

Cellulose & derivatives
Starch & derivatives
D-glucose
Hyaluronan
& hyaluronic acid
Glucomannan,
galactomannan
Alginate
Carrageenan

Xanthan, β glucan
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owing to the moisture present. Figure 4.1 shows the process of degradation of
polysaccharides to low molecular weight products.
The scission of glycosidic bonds is predominantly responsible for the
reduction in the molecular weight of macromolecules during the irradiation of
polysaccharides in the solid state.
Degradation and the resulting changes in average molecular weights are
often quantified as radiation yields of degradation (G(s), see Section 3.6.2), which
is defined as the number of chain break events per unit of absorbed energy. Care
should be taken when measuring, reporting or comparing radiation-chemical
yields in solid polysaccharides, since moisture content can strongly influence the
reaction pathways and yields. This is due to the contribution of water radiolysis,
where the yields of radicals are significantly higher than in dry polysaccharides
(see Section 4.3).

FIG. 4.1. Events in the solid state radiation of carbohydrates; the glycosidic bond cleavage
and chain scission of cellobiose upon solid state irradiation.
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4.3. IRRADIATION OF POLYSACCHARIDES IN AQUEOUS SOLUTION
When the dilute aqueous solution of a polysaccharide is subjected to
ionizing radiation, most of the radiation energy is absorbed by water, while
the absorption of ionizing radiation by the polymer itself can be neglected (see
Chapter 3, Sections 3.4.6 and 3.5.3). Thus, the free radical reactions in the studied
polysaccharide are induced by indirect effect, i.e. not through direct absorption
of energy by the solute itself, but by absorption of radiation energy by water
molecules leading to the formation of water-derived radicals [4.197], which
subsequently attack polysaccharide molecules.
Understanding the mechanism and kinetics of radiation induced reactions
is important for the rational design of applications and technological processes.
In particular, knowledge of the radiolytic yields and rate constants of elementary
reactions involved in what are often complex processes allows the prediction,
by calculation and/or simulation, of the optimum conditions (concentrations of
substrates and additives, dose, dose rate, temperature, etc.) to reach the desired
irradiation outcome.
As stated in Sections 3.4.6.1 and 3.4.6.2, the radiolysis of water yields
HO• radicals, hydrated electrons and hydrogen atoms. Their radiation-chemical
yields, expressed as G values (mol/J) are identical for 60Co γ rays and high energy
electrons.
The reactivity of hydrated electrons towards carbohydrates is low (typically
k < 5 × 106 dm3·mol−1·s−1) [4.110, 4.197, 4.198]. In laboratory tests, the hydrated
electron can be readily converted into further HO• by saturating the solution with
N2O (k = 9.1 × 109 dm3·mol−1·s−1) [4.198].
Hydroxyl radicals react with low-molecular-weight carbohydrates by
abstraction of carbon-bound hydrogens with a rate constant of k > 1 × 109
dm3·mol−1·s−1, while the reactivity of H atoms is more than an order of magnitude
lower [4.112, 4.198]. It has been shown that selectivity of the reaction of HO• with
carbohydrates is low [4.197, 4.199, 4.200], i.e. hydrogen atoms are abstracted
from all positions with a similar probability. This leads to the formation of
radicals located at various carbon atoms (Fig. 4.2).
Owing to a different reaction geometry, the rate constants of the reactions of
•
HO radicals with polymers, when expressed in dm3·(mol of repeating unit)−1·s−1,
are lower than for low-molecular-weight analogues. The rate constants depend on
the molecular weight, the conformation of the macromolecules and, to a certain
extent, also on their concentration [4.201–4.205].
Only a small amount of data on the rate constants of H abstraction from
polysaccharides by HO• radicals are available. For hyaluronic acid (polyanionic)
of an average molecular weight Mw > 106 Da, k = 7–9 × 108 dm3·mol−1·s−1 has
been reported [4.110, 4.111], while for dextran (neutral) of Mw ≈ 105 Da, a value in
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FIG. 4.2. Structures of radicals formed upon HO• attack on a polysaccharide molecule, shown
in the example of chitosan.

the order of only 1 × 107 dm3·mol−1·s−1 is calculated from the data of Ref. [4.201].
The difference is attributed mostly to the different charge density, and partially to
various different conformations of these polymers. Phillips and Moody [4.62]
showed that neutral carbohydrates show no significant reaction with e−aq, but that
the connective tissue glycosaminoglycans (such as hyaluronic acid) have a
measurable activity. Hydroxyl radicals are about twice as effective as hydrogen
atoms in attacking hyaluronic acid and inducing chain cleavage, while solvated
electrons induce very little degradation [4.110]. Hydroxyl radicals react very
rapidly with another ionic polysaccharide, CMC; the rate constant is about 1 × 109
dm3·mol−1·s−1 for the polymer bearing charges along the chain (at neutral pH),
and it is independent of the DS of the CMC [4.6]. However, this value decreases
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to 6 × 108 dm3·mol−1·s−1 for the neutralized form of carboxyl moieties, in which
a more coiled conformation of chains is expected. For chitosan, a polycationic
polysaccharide of a weight-average molecular weight of 4 × 105 Da, the rate
constant of the reaction with HO• radicals is 6.4 × 108 dm3·mol−1·s−1 [4.21].
While somewhat slower than for simple sugars, these reactions are still very
fast, in most cases providing complete scavenging of hydroxyl radicals by
polysaccharide molecules even at low concentrations, so that the yield of the
formed polysaccharide radicals is close to the initial HO• yield.
The polymers listed in Table 4.1 above degrade upon irradiation in diluted
aqueous solution, irrespective of their conformation and structure, because, owing
to the low polymer concentration, the chains of these polymers are not dense
enough (i.e. the critical overlap concentration is not reached) for recombination
of the chain derived radicals to occur. Additionally, the glycosidic bond breaks
caused by radical transformations occur quite quickly [4.21, 4.111]. These radical
transformations may cause other changes in the chemical structure as well as
degradation [4.197, 4.206]. Figure 4.3 illustrates the reactions that occur during
the aqueous radiolysis of chitosan in the absence of oxygen and shows how chain
breakage is caused by hydrolysis, rearrangment and fragmentation.
Radiation degradation yields have been reported (Table 4.1) for κ, ι, and λ
carrageenans in the solid state, in a paste-like state of 4% concentration and in 1%
aqueous solution. The yield, G(s) was 2.3–2.7 × 10−7 mol/J for irradiation in the
solid state and 1.0–1.2 × 10−7 mol/J for irradiation in the aqueous state, showing
that carrageenan is more susceptible to degradation when in its solid state. In
the paste-like state, yields were found to be 0.3 × 10−7 mol/J, probably owing
to simultaneous cross-linking [4.150]. The degradation yield for κ carrageenan
in aqueous solution was dependent on its conformation, with the helical
conformation giving a G(s) value of 0.7 × 10−7 mol/J, compared with the value of
1.2 × 10−7 mol/J given by the coiled conformation. This difference results from
the interchain stabilization offered by the helical conformation, which makes it
more likely that interchain cross-linking of the free radicals will occur [4.151].
Lower G(s) values were found for galactomannans, 0.85–1.07 × 10−7 mol/J,
suggesting that they are less susceptible to degradation.
Several polysaccharides such as α D-glucose [4.58, 4.207–4.209], cellulose
and its derivatives [4.1], amylose and starch [4.82, 4.209, 4.210], and chitin and
chitosan [4.27, 4.211] have reportedly undergone degradation when subjected to
radiation in their solid state.
In Sections 4.1 and 4.2, this chapter has only considered irradiation in
oxygen-free conditions. However, in oxygenated solutions, the initially formed
carbon-centred radicals such as those shown in Fig. 4.2 react with oxygen
forming the corresponding peroxyl radicals (as shown in the first step of the
reaction in Fig. 4.2). The latter may in turn undergo a variety of reactions, leading
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FIG. 4.3. Various hydrolysis, rearrangement and fragmentation reactions during radiolysis
of chitosan in oxygen-free aqueous solution.

to chain breaks, ring opening and stable oxidation products typically containing
carbonyl groups.
In contrast to many synthetic polymers that preferentially undergo
cross-linking when irradiated in the absence of oxygen, and degrade when
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irradiated in its presence, polysaccharides degrade when irradiated, irrespective
of the presence or absence of oxygen. An interesting effect observed for a number
of polysaccharides irradiated in solution is that the radiation-chemical yield of
degradation, G(s), tends to be lower in the presence of oxygen than in its absence.
Such a protective effect, in contrast to the oxygen enhancement of degradation
typical for synthetic polymers, has been observed for cellobiose [4.206, 4.212],
hyaluronic acid [4.110, 4.111] and chitosan [4.21].
An example of a peroxyl radical reaction other than chain scission is shown
below for chitosan. Peroxyl radicals located in an α position to a hydroxyl or
amino group have a tendency to spontaneously eliminate HO2•/O2−•. A diagram of
this reaction is shown in Fig. 4.4.
This effect can be utilized to quantify α hydroxyalkyl peroxyl radicals.
The formation of O2•− can be monitored with tetranitromethane by following the
formation of the nitroform anion, which absorbs strongly at 350 nm [4.213].
O2− • + C(NO2)4 → C(NO2)3− + NO2•
For chitosan, it has been found that the fraction of radicals eliminating
HO2•/O2− • is approx. 55%, while the expected fraction of H atoms abstracted by
HO• from the positions which can lead to α hydroxy or α amino radicals is 57%.
This indicates that in fact HO• attack on a polysaccharide is close to random,
i.e. the probabilities of abstracting any one hydrogen atom are similar [4.21].
In oxygenated solutions, superoxide radicals are produced by hydrated
electrons reacting with oxygen, and perhydroxyl radicals are formed by hydrogen
atoms. The perhydroxyl radicals are generally unreactive with organic compounds
unless they contain hydrogen that is weakly bonded [4.214, 4.215].
Superoxide radicals play an important role in joints affected by arthritis
because they interact with the bio-polymers, such as hyaluronan, that lubricate
the joint. Reference [4.114] reviews two potential mechanisms by which
hydroxyl radicals are generated. These mechanisms involve the reaction of
superoxide radicals in processes catalysed by metal ions, and their dismutation
and subsequent reaction with hydrogen peroxide. These processes may influence
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FIG. 4.4. Diagram of a peroxyl radical reaction in chitosan.
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the radiolysis of polysaccharides in oxygen-containing aqueous solutions by
increasing the yield of degradation in the presence of transition metal ions.
4.4. RADIATION GRAFTING ON POLYSACCHARIDES
Grafting is most often performed to combine valuable properties of two
or more polymers, for instance, to link in a single material the good mechanical
properties and low price of a commodity polymer with the desired special
properties or functionalities at the surface. For example, the grafting of acrylic
acid (AAc) onto polypropylene leads to a sturdy polymeric material with an
hydrophilic, pH sensitive, ion-binding surface. The general mechanism and
methods of radiation induced grafting are discussed in Section 3.5.2. Grafting
on polysaccharides can be initiated by the use of high energy radiation such as
gamma and EB. A few examples are described below.
Reference [4.216] reports the preparation of CMC in hydrogel form by
grafting it with AAc under irradiation with EB in aqueous solution. EB irradiation
initiates free radical polymerization of AAc on a backbone of CMC. The product
of water radiolysis is helpful for abstracting protons from macromolecular
backbones. The irradiation of CMC and the monomer produces free radicals that
can combine to form a hydrogel. The authors suggested that such an AAc based
hydrogel could be used for the recovery of metal ions such as copper, nickel,
cobalt and lead. They also reported the use of hydrogels in skin dressings.
Reference [4.217] describes a starch based hydrogel prepared by grafting
poly(vinyl alcohol) (PVA). Starch was first dissolved in water to form a
gel-like solution, then added to a PVA solution, heated at 90°C for 30 mins and
continuously stirred to form a homogeneous mixture. The investigation showed
that there was a grafting reaction between PVA and starch molecules in addition
to the cross-linking of the PVA molecules caused by irradiation. It was found that
amylose of starch was an important reactive component, which also governed the
properties of the starch/PVA blend hydrogel.
Reference [4.218] reports the preparation of thermo- and pH sensitive
hydrogels from chitosan and N-isopropylacrylamide (NIPAAm) using graft
copolymerization of chitosan. The grafting percentage and grafting efficiency
was shown to increase in proportion with the monomer concentration and the
total absorbed dose. The hydrogels that were prepared displayed good thermoand pH sensitivity and swelling properties.
A new approach to grafting on polysaccharides has recently been proposed
by Barsbay and Güven [4.219]. It is based on the combination of radiation
initiation and controlled free radical polymerization techniques [4.220–4.222].
The main advantage of this method is that the graft chains are of uniform length.
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This allows the preparation of surfaces with desired, tunable and well-defined
properties. This approach has been used, for instance, to graft styrene and sodium
4-styrene sulphonate on cellulose [4.223, 4.224].
4.5. RADIATION CROSS-LINKING OF POLYSACCHARIDES
A generalization frequently met in the literature is that polysaccharides are
classified as radiation-degrading polymers and degradation is the only direction
of molecular weight change observed upon irradiation of polysaccharides. This
is, in fact, true in most cases under typical conditions. While controlled radiation
induced degradation of polysaccharides can be useful for many applications, it has
been a longstanding desire of radiation and polymer chemists and technologists to
design processes where polysaccharide chains could be cross-linked by radiation.
This would allow for a full control (decrease and increase) of molecular weight by
radiation techniques and, what is more important, for synthesizing polysaccharide
based gels. Owing to the many beneficial properties of natural polymers, chiefly
biocompatibility, biodegradability and derivation from sustainable resources,
products that use them are expected to have a broad application range and in
some aspects to have comparable or even better properties than gels based on
synthetic polymers [4.225].
Within the last decade, a number of methods to achieve radiation induced
cross-linking of polysaccharides have been invented and developed. Some of
them are briefly described below. For other options, see Refs [4.54, 4.226, 4.227].
4.5.1. Cross-linking mediated by alkyne gas
References [4.184, 4.228] report a process that can modify natural
polysaccharides such as CMC, GA, dextran and gelatin in the solid state using
high energy radiation to first increase the molecular weight and then produce a
hydrogel. The process uses ionizing radiation in the presence of an alkyne gas
that serves as a meditator, and is illustrated in Fig. 4.5. It offers the possibility of
modifying the structure of polysaccharides in a controlled manner, and could be
applied to other similar substances.
The method has already been used with polysaccharides from a variety
of origins and with a variety of structures, such as collagen, gelatin, casein
and combinations of these with plant proteins. In these polymers, cross-linking
occurs upon irradiation in the presence of acetylene gas, leading to the formation
of macromolecules that have an increased molecular weight and improved
functionalities. The increase in molecular weight may be four fold if the
polysaccharide structure is highly branched at doses up to 10 kGy; doses up
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FIG. 4.5. Formation of hydrogel as a function of absorbed dose for polysaccharides irradiated
in the solid state in the presence of alkyne gas. The percentage of hydrogel was calculated
from the mass recovery obtained by the GPC multi angular laser light scattering method
as described in Chapter 6.

to 50 kGy can produce hydrogels. If the polysaccharide structure is a straight
chain, similar changes can be achieved at doses of 1–3 kGy. A dose of as much as
25 kGy may be needed to produce similar results in proteins.
A potential mechanism for cross-linking upon irradiation in the solid state is
shown in Fig. 4.6. R1H and R2H are macromolecular chains. A free radical (R1•) is
produced by direct radiation and adds to the acetylene, producing a radical with a
double bond. The addition takes places slowly. The resulting reactive radical with
a double bond abstracts a hydrogen atom from a nearby polysaccharide chain to
produce two radicals, one on the original acetylene adduct and another on a nearby
polysaccharide chain (R2•). The radicals recombine, creating a cross-linked stable
radical with a fair degree of mobility. The stable radical either recombines with
acetylene, with a radical generated by the action of the ionizing radiation or with
another similar radical thereby forming a cross-linked network [4.228].
The irradiation of CMC in the solid state also shows that irradiation can be
used to achieve structural changes. An initial mean of 1.55 × 105 Da is increased
three fold to 4.44 × 105 Da at a dose of 1.5 kGy. Additionally, polydispersity
increases from 2 to 2.8 and Rg from 36 nm to 52 nm. At the higher doses,
a hydrogel is formed and can be seen in solution. The gelation of this solution, if
controlled, can give stable gels and a range of consistencies from soft and pourable
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FIG. 4.6. Schematic illustration of radiation cross-linking in polymers in the solid state when
irradiated in the atmosphere of acetylene.

to very firm can be achieved. A ten fold increase in G' and G" can be achieved
at a frequency of 0.1 Hz [4.184, 4.229]. The increase in molecular weight can
be controlled, and hydrogel formation increases linearly with absorbed doses.
As shown in Fig. 4.5, 83% hydrogel formation can be achieved at a dose
of approximately 50 kGy and visco-elastic properties were shown to have
increased. An increase in Mw from initial value of 2.34 × 106 Da to a maximum
of 4.58 × 106 Da was observed [4.184].
The irradiation of pullulan, which is a hydrocolloid that is also slightly
branched, showed that the Mw increases from 4.17 × 105 Da to 6.81 × 105 Da at a
dose of 1.7 kGy and that, as shown in Fig. 4.5, 30% of the original substance was
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converted to hydrogel. As expected with the increase in Mw, the G' values show
that the rheological properties are enhanced.
An investigation of gelatin found that its molecular weight can be increased
if it is irradiated in the solid state. The increase in molecular weight and the
resultant gelling properties can be varied, meaning that different products with
different properties can be produced [4.184]. Identical behaviour has been
induced in casein in the form of its sodium salt. The same processes can be
applied to other polysaccharides such as xanthan, pectin, carrageenan, gellan,
welan, GG, LBG, alginate, starch, heparin, chitin and chitosan [4.229, 4.230].
The modification of κ carrageenan by irradiation in the solid state shows
that even without using gelling agents, hydrogel formation and increased
visco-elasticity can be achieved [4.231]; the optimum dose range for this
purpose is 5–10 kGy as the gel fraction is reduced by degradation caused by
a higher dose. The irradiation of carrageenan led to the production of nearly
78% hydrogel with an improvement in viscosity nearly four fold that of control
material. Visco-elasticity could be improved at moderate doses owing to the
increased molecular weight and resultant formation of hydrogel. Following this
modification by irradiation, the strength of κ carrageenan was shown to have
increased compared with the control. The increase in strength was proportional
with absorbed dose and reached its maximum at an absorbed dose of 5 kGy. The
mechanical properties of the sample also improved owing to the aggregation of
longer superhelical rods.
Various mixes of water soluble polymers, of both synthetic and natural
origins, were investigated using the same technique and it was found that
such mixes confer synergistic benefits on the functionalities of the mixes.
For example, a 1:1 mixture of poly(N-vinylpyrrolidone) (PVP) and GA in
the solid state was irradiated at 3.1 kGy and at 10.4 kGy, and a significant
improvement in visco-elasticity (G') was achieved when the components
were processed together compared with when they were processed separately.
The results are shown in Fig. 4.7.
The same technique was applied to various mixed systems of water soluble
polymers of synthetic and natural origin and the result showed synergistic effects
on the functionalities of these mix systems. One such example is the irradiation
of a mixture (1:1) of PVP and GA in the solid state, which was then prepared as a
solution for rheological measurements.
4.5.2. Cross-linking in the paste-like state
As discussed earlier, in aqueous solutions of polymers, ionizing radiation
interacts with the solute chiefly through indirect effect, i.e. involving transient
species of water radiolysis. Water soluble polysaccharides subjected to
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FIG. 4.7. Elastic modulus (Gʹ) at 0.1 Hz plotted as a function of oscillation frequency for 10%
aqueous solution of a PVP-GA blend system modified in the solid state.

irradiation in diluted solutions undergo instant degradation, typically with a
degradation yield greater than that for degradation in the solid state [4.26].
The search to cross-link polysaccharides without additives using irradiation
has led to an innovative method, which relies on irradiation in the paste-like
state. Several etherified cellulose derivatives with various values of DS with
functional side groups irradiated in concentrated solutions were found [4.26] to
undergo cross-linking simultaneously to the commonly observed degradation. In
such cases water, besides generating radicals at a relatively high yield, acts as a
plasticizer, allowing for a nearly unrestricted motion of polysaccharide segments
and whole macromolecules. A certain mobility of chain segments is critical
for the recombination of macroradicals, i.e. the cross-linking reaction, which
results in an increase of the average molecular weight of the polymer. Thus, the
presence of water definitely changes not only the mechanisms of energy transfer
to macromolecules, but also the further reactions of macroradicals.
Hydroxypropyl cellulose, methyl cellulose (MC) and hydroxyethyl
cellulose irradiated in concentrations exceeding 10–20% in water (depending
on the irradiation conditions and initial molecular weight of the polymer) form
hydrogels. For instance, hydroxyethyl cellulose polymers of DS 2.0 and weightaverage molecular weight of 200 kDa, 310 kDa and 580 kDa irradiated by EB
(vacuum-deaerated samples irradiated without access of air) form gels up to
the maximum gel fraction 50–60%, for which gelation doses (Dg) were 21 kGy,
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9.6 kGy and 4.6 kGy, respectively [4.14]. Similarly, for synthetic polymers
cross-linked in aqueous solution, the maximum gel fraction that can be obtained
for the same irradiation conditions does not depend on the initial molecular
weight of the polymer, which, on the other hand, greatly affects the Dg.
A strong dependence of cross-linking and degradation yields on the
concentration was observed for various polysaccharides exposed to ionizing
radiation in aqueous solutions. CMC with a broad range of DS values irradiated by
either gamma rays or EB easily forms hydrogels when irradiated in concentrated
solutions. For instance, the yield of degradation during irradiation of aqueous
solutions of CMC with a DS of 2.2 remains constant (0.5 × 10−7 mol/J) but the
yield of cross-linking steadily increases (from 0.2 × 10−7 mol/J to 2.2 × 10−7 mol/J)
with increasing concentration (at 10 wt% and 60 wt%, respectively; the limit is
maintained homogeneity of the CMC–water mixture). Therefore, the maximum
gel fraction increases, and the Dg decreases with increasing concentration (Figs
4.8 and 4.9) [4.2]. The possibility of the recombination of radicals on adjacent
chains increases if the chains are in close proximity to one another (i.e. the
concentration is high), especially when electrostatic repulsion of macromolecules
is an obstacle, as in the case of polyions such as CMC.
DS by side groups plays an important role in directing pathways of radiation
initiated reactions. In certain conditions, irradiation of CMC with a lower DS,
e.g. 0.8, results in a somewhat smaller maximum gel fraction, which increases for
CMC with higher DS. Also, for the same irradiation conditions, the Dg decreases
with increasing DS of the CMC. This is evident because radicals created on side
chains of polysaccharide derivatives participate in cross-linking reactions of the
macromolecules [4.4].
The general conclusion can be drawn that high concentration and high DS
of cellulose derivatives, and more generally, water soluble polysaccharides with
certain functional groups, are beneficial for the radiation formation of gels, owing
to the advantage of the cross-linking yield over the degradation yield. Both the
high concentration and high DS of cellulose derivatives and, more generally,
water soluble polysaccharides with certain functional groups favour cross-linking
over degradation when they are irradiated, and are therefore appropriate for
gel formation. This idea is schematically presented for the example of CMC
irradiated in aqueous solution in Fig. 4.10. A relatively higher concentration is
required to obtain macroscopic gel for CMC with lower DS, whereas for a high
DS of 2.2, the gels are obtained at a concentration as low as 5 wt%.
The radiation processing of polysaccharides at high concentration have
been further explored in other examples cross-linked by irradiation without
additives, which include GA [4.185], carboxymethylated starch [4.81], CM chitin
and chitosan [4.232, 4.233] and others (details given in Table 4.2).
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FIG. 4.8. Gel fraction as a function of dose and concentration of CMC (DS = 2.2) upon
irradiation in oxygen-free solution by gamma rays (upper panel) and by EB (lower panel).
CMC concentrations are indicated in the graph. Data from Ref. [4.2].
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FIG. 4.9. Radiation-chemical yields of cross-linking G(x) and chain scission G(s) as a function
of CMC (DS = 2.2) concentration for EB irradiation in deoxygenated aqueous solution. Data
are from Ref. [4.2].

FIG. 4.10. Dependence of the dominating reaction (cross-linking vs. degradation)
on concentration and DS of CMC. Data from Ref. [4.1].
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TABLE 4.2. IRRADIATION OF DIFFERENT POLYMERS IN A PASTE-LIKE
STATE WITH THE MAXIMUM AMOUNT OF HYDROGEL OBTAINED
AND THEIR PROPOSED APPLICATIONS
Polymer

Maximum
hydrogel yield

CMC

55% at 30 kGy
50% at 80 kGy

CM chitin

Proposed application

Reference

Wound care,
anti-bedsore mats,
superabsorbent
for stock excrement

[4.1]

40% at 100 kGy

[4.234]

60% at 80 kGy

[4.5]

70% at 100 kGy

Biomedical field

70% at 80 kGy
CM chitosan

55% at 200 kGy

70% at 10 kGy

Biomedical field

GA

Food and cosmetics

[4.82]
[4.81]

50% at 150 kGy
50–60% at 49.8 kGy

[4.233]
[4.232]

40% at 2 kGy
Dihydroxypropyl
chitosan

[4.233]
[4.232]

45% at 70 kGy
CM starch

[4.2]

[4.235]
Food, cosmetic,
agricultural and
hygienic materials

[4.185]

Hydroxyethyl cellulose

60% at 200 kGy

[4.14]

Hydroxypropyl cellulose

90% at 50 kGy

[4.13]

Methyl cellulose

65% at 50 kGy

[4.14]

Carageenan

[4.149]

As well as macroscopic hydrogels, nano-structures of cross-linked
polysaccharide chains have also been developed [4.84]. Taking advantage of
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knowledge of the concentration and dose rate factors influencing the outcome
of radiation treatment, the conditions of irradiation of CM starch were chosen to
promote intramolecular cross-linking. Such nanogels made of a natural polymer
containing culture medium may be applied as an efficient feed or substrate for the
culture of microorganisms or cells.
Dose rate is an important factor in radiation initiated reactions. For most
polysaccharides (hydroxypropyl cellulose, hydroxyethyl cellulose, MC, CM
chitosan), a high dose rate, i.e. irradiation with EB, is preferred. During processing
with gamma rays, polysaccharides may also form cross-linked structures, but the
maximum gel fraction is usually not as high as in the case of EB irradiation,
the gelation dose is higher and in some cases (e.g. MC, hydroxyethyl cellulose)
the gels degrade at higher absorbed doses [4.14, 4.232, 4.233]. On the other
hand, CMC behaves in the same manner across a broad range of dose rates, from
1 kGy/h to 10 kGy/h to more than 10 kGy/min (Fig. 4.11). It was found that very
stable radicals are responsible for these phenomena. Long lived radicals, with
half-lives of tens of minutes, were detected by pulse radiolysis and laser flash
photolysis methods, both with spectrometric detection [4.6, 4.236].
Another important factor, the pH of the solutions subjected to irradiation,
deeply affects the susceptibility of ionic polysaccharides to cross-link. The

FIG. 4.11. Gel fraction as a function of dose in deoxygenated aqueous solutions
of CMC (Mw = 5.2 × 105 Da, DS = 2.2, concentration 40%) and hydroxypropyl
cellulose (Mw = 1.25 × 106 Da, DS = 3, concentration 20%) irradiated by gamma rays or EB.
Data from Refs [4.2, 4.13].
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neutralization of charges of the side groups greatly facilitates the recombination
of radicals localized on distinct macromolecules. Therefore, a reduction of
concentration of CMC may achieve efficient cross-linking when the ionic groups
are in a neutral state. Irradiation even of dilute (e.g. 0.7%) solutions of CMC
of a DS of 2.3 at a pH of 2 results in the formation of macroscopic gels. This
is illustrated in Fig. 4.12, along with the equilibrium degree of swelling (mass
of water embedded by 1 g dried gel, as determined after neutralization and the
removal of the soluble material) of obtained CMC hydrogel [4.234, 4.237].
Gel is formed at doses as low as 1–2 kGy with a relatively high insoluble
part, i.e. about 45%. In diluted solution when the polymer chains are kept at a
certain distance from one another by electrostatic repulsion, radicals on the chains
have very little possibility to recombine to form cross-linking bonds, despite their
relatively long lifetime.
Therefore, not only concentration and DS, but also other factors, such
as dose and dose rate and the pH of the solution subjected to irradiation, are
important variables that, if correctly selected, facilitate the mechanism leading to
the cross-linking of polysaccharides.
Similarly to networks based on synthetic polymers, polysaccharide
based hydrogels formed by radiation techniques are susceptible to swelling in
appropriate media. The manner of swelling is characteristic for radiation formed
hydrogels; that is, the degree of swelling is the highest just after the network
has been created and decreases sharply with increasing absorbed dose when

FIG. 4.12. Gel fraction and equilibrium degree of swelling as a function of dose in EB
irradiated N2O saturated solutions of CMC (Mw = 7.4 × 105 Da, DS 2.34, pH 2 (HClO4), CMC
concentration 0.7% wt/wt.) [4.235].
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the number of cross-links increases, resulting in a firm gel with smaller voids
within the mesh. Hydrogels of polysaccharides that undergo stimuli responsive
transitions retain these characteristics. For instance, networks of temperature
responsive hydroxypropyl cellulose reveal quite a broad transition at approx.
40°C, below which the gel is in a swollen state, while at a higher temperature, the
gel contracts rapidly [4.13]. Poly-ion based gels are prone to swelling–shrinking
behaviour depending on the pH and ionic strength of the environment. CMC gels
exist in a swollen form at a pH over the pKa value of carboxyl groups, which for
polysaccharides bearing these anionic groups is usually about 4.2–4.4. Below this
specific pH, the hydrogel reduces its volume several folds for CMC of a DS of 2.2
formed from 30 wt% aqueous solution by gamma rays at a dose of 100 kGy [4.4].
For this polymer, the degree of swelling reduces continuously with the increasing
ionic strength of the immersing solution. Gels of polysaccharides with two
distinct ionic groups of opposite charge may reveal two transitions as a function
of change of medium pH in their swelling characteristics. Hydrogels of CM
chitosan bearing carboxyl groups (DS 0.96) and amine groups (DDA 94%)
formed in 30 wt% aqueous solution by EB irradiation at 30 kGy reveal pH
responsive swelling (Fig. 4.13 [4.233]). Expansion of the network is due to
ionization of one of the groups — the electrostatic repulsion of charges on the
macromolecules causes maximum extension of the cross-linked chains, which is
limited by the tensile contraction of the polymer network. Whereas in a solution
of a pH between 3 and 6, the hydrogel tends to reduce in size owing to mutual

FIG. 4.13. Swelling of CM chitosan gel obtained by radiation cross-linking as a function
of pH of the swelling medium. Data are from Ref. [4.233].
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neutralization of the charges, the attraction of functional groups with opposite
charges contracts the gel. The % hydrogel produced by irradiation of various
polysaccharides together with their proposed applications are summarized in
Table 4.2.
The basic mechanism of polysaccharide cross-linking in a paste-like state
can be summarized as follows. Since such a system, in general, comprises a
significant fraction of a polymer, radicals generated on polymer chains result
either from the direct effect of radiation when radiation interacts directly with
a polymer or from an indirect effect involving the products of water radiolysis,
predominantly OH radicals. In such a system, the concentration of polymer
should be optimum, i.e. the higher the concentration, the better, yet assuring
uniform hydration of chains, without clusters devoid of water molecules, to
ensure that polymeric material is well plastified with water, i.e. in order to reduce
segmental mobility restictions. At the same time chains are at the closest possible
distance for the polysaccharide radicals to recombine and form a cross-linked
hydrogel network. The concentration needed for the modification depends on the
structure, DS, distribution of substitution group and initial molecular weight. The
other important factor contributing to gel formation is the DS — a higher DS is
advantageous for cross-linking. Besides the fact that, in some cases, substituting
groups can make macromolecules more hydrophilic, the radicals localized
on side chain methylene groups may participate in recombination resulting
in cross-linking bond formation. Other conditions such as temperature and
especially the pH variation of the solution influence the yield of cross-linking and
degradation, as they may directly control conformation of the macromolecules.
4.6. POST-IRRADIATION EFFECTS
When a polysaccharide is irradiated in solution, free radical reactions are
fast and occur in principle only during irradiation. When irradiation is stopped,
radicals decay almost instantly (although some exceptions to this rule may be
found, see e.g. Refs [4.6, 4.238–4.241] for discussion of long lived polymer
radicals in aqueous medium), and radiation effects cease just after irradiation.
However, if a partially crystalline polysaccharide is irradiated in the solid
state (or in any other state where the partially crystalline structure is retained),
some of the initially formed radicals may become trapped in crystalline regions
and may remain there for a long time (hours, months or even longer) after
irradiation [4.242]. These ‘frozen’ radicals may slowly migrate to the boundaries
of crystalline regions, where they may undergo reactions governed by similar
mechanisms to those occurring directly under irradiation. Besides the very
slow migration, other processes (changes in crystalline structure due to external
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conditions and migration of traces of water) may make these dormant radicals
available for reaction. Post-irradiation effects may occur for samples irradiated
and stored both in the presence and absence of oxygen.
Figure 4.14 shows changes in the number-average molecular weight of
chitosan following gamma irradiation. A slow but distinct decrease of molecular
weight is observed, indicating chain scission taking place for a few weeks after
irradiation [4.41, 4.243].
Protecting a polysaccharide against such post-irradiation effects is difficult.
Typically, one cannot melt crystallites without destroying the polysaccharide by
thermal degradation. One may destroy the radicals by dissolving and recovering
chitosan after irradiation, but when performing the synthesis on a large scale, this
may be a costly operation.
Post-irradiation processes should be taken into consideration in applications
of radiation technology for polysaccharide processing or sterilization if
the crystalline phase is present during irradiation (typically when solid
polysaccharides are irradiated). These processes may lead to long term changes
in properties and may reduce the shelf life of products. This could be mitigated to
some extent by the proper planning of radiation processing, taking post-irradiation
effects into account, i.e. by degrading a polysaccharide to the upper limit of the
useful range of molecular weight, and allowing the post-irradiation effects to

FIG. 4.14. Number-average molecular weight of chitosan as a function of time after gamma
irradiation (50 kGy). Sample irradiated and stored in air (based on Ref. [4.243]).
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cause a very slow degradation while the molecular weight still remains in the
acceptable range for a relatively long time.
For more detailed information, the reader is directed to reviews of the
radiation chemistry of carbohydrates [4.20, 4.33, 4.66, 4.197, 4.244–4.248] and
references cited therein.
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Chapter 5
EFFECTS OF POLYSACCHARIDE STRUCTURAL
PARAMETERS ON RADIATION INDUCED DEGRADATION
M. SEN, P. TASKIN, O. GÜVEN
Department of Chemistry,
Hacettepe University,
Ankara, Turkey
5.1. INTRODUCTION
Considerable attention has recently been directed to the modification and
preparation of low-molecular-weight fractions by radiation induced degradation
of oligosaccharides of κ carrageenan, sodium alginate (NaAlg) [5.1–5.4] and
chitosan [5.5–5.10] for agricultural and biomedical applications.
For example, Nagasawa et al. [5.10] have investigated the effect of
radiation on alginates in the solid state and in aqueous solution. It was found that
NaAlg degraded after irradiation in both the solid state and aqueous solution, and
the degradation in solution was considerably greater than that in the solid state.
Degradation yields, G(s), of NaAlg were found in this study to be 1.9 (sc/eV)
(0.197 µmol/J) and 55 (sc/eV) (5.72 µmol/J) in the solid state and in aqueous
solution, respectively.
In another study performed by Wasikiewicz et al. [5.11], ultrasonic,
UV and gamma degradations of NaAlg and chitosan were investigated. It was
found that for both polymers the most effective degradation method, from the
energetic point of view, was gamma radiation with a G(s) of 0.55 × 10−7 mol/J
for 1% alginate, and 4.53 × 10−7 mol/J for 1% chitosan. However, considering
the reaction time, the UV method was the most effective, with a reaction rate
constant, k, of 0.52 h−1 for alginate and 1.6 h−1 for chitosan.
In Refs [5.10, 5.11], as in other studies [5.12], the effect of the structural
parameters of the polysaccharide type of natural polymers was not considered.
Only in the recent studies by Sen et al. [5.13–5.15] are the effects of the structural
parameters of some polysaccharides on radiation induced degradation considered
in detail.
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5.2. EFFECT OF MANNOSE–GALACTOSE RATIO (M/G) ON THE
RADIATION STABILITY OF GALACTOMANNANS
Galactomannans are polysaccharides that are found in the endosperm
of the seeds of legumes. Structurally, they consist of a β(1-4)-D-mannose
backbone to which galactose units are attached with an α(1-6) linkage. Of the
known galactomannans, GG, LBG and TG are the most used in applications in
the food, pharmaceutical and chemical industries. GG has a mannose–galactose
ratio (M/G) of approximately 2, whereas the M/G ratio is 3 for TG and 4 for
LBG, respectively [5.16]. The functional and physical properties of these
polysaccharides (including solubility, gelling behaviour and viscosity) are related
to their molecular structure, polymerization, sugar composition and degree
and distribution of branching [5.17]. Their popularity as thickening agents or
stabilizers is mainly due to their high viscosity at low concentrations.
The degradation of linear polysaccharides is essential for many industrial
applications. For example, guar solutions, which are used as hydraulic fracturing
fluids in oil and gas recovery, need to be degraded to facilitate the outflow of
oil. In addition, to understand the solution properties of guar as well as other
water soluble bio-polymers, it is often necessary to degrade the native polymer
to prepare samples with various molecular weights [5.18]. The degradation of
polysaccharides has been widely studied. Though acid and enzymatic hydrolysis
[5.19–5.21] are the most common methods of degradation, other methods such
as thermal [5.18], γ irradiation [5.22], extrusion, ultrasonication [5.21, 5.23] and
free radical degradation have also been reported [5.24].
The method most commonly used for the degradation of galactomannans
is enzymatic hydroloysis. Only one source on the degradation of GG with
γ rays in solution is available: Jumel et al. [5.25] investigated the effect of
gamma irradiation in a 0−10 kGy dose range on the absolute molecular weight
and viscosity properties of GG samples in solution. The molecular weight
and viscosity of the GG was found to decrease on irradiation, and to decrease
particularly steeply at low absorbed doses (0.1 kGy to 0.8 kGy). The decrease
in both molecular weight and viscosity was much slower at high doses.
Reference [5.25] also reports investigations in the change in the number of chain
breaks per molecule G(s). They concluded that G(s) values at the lower absorbed
doses were higher than that at the higher absorbed doses, i.e. more molecules
were affected by the low absorbed doses [5.25].
In the recent study of Sen et al. [5.13], GG, TG and LBG samples
underwent irradiation in the solid state. Changes in their molecular weights were
determined by size exclusion chromatographic analysis. The authors recorded
changes in viscosity in relation to temperature and absorbed dose, and G(s) and
the degradation rate were studied.
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From the result of this study, the GPC chromatograms of LBG irradiated
in the dose range of 2.5−75 kGy are shown in Fig. 5.1 as examples. Similar
unimodal distributed chromatograms can also be obtained for GG and TG
samples. As the absorbed dose increases, the GPC of the LBG sample shifts to
higher retention volumes indicating that the molecular weight of the sample is
decreased by irradiation.
The change of weight (Mw) and of number-average (Mn) molecular weights
with absorbed dose is shown in Figs 5.2(a) and 5.2(b), respectively.

FIG. 5.1. Size exclusion chromatograms of irradiated LBG [5.13].

FIG. 5.2. The change in (a) weight-average molecular weight (b) number-average molecular
weight of galactomannans with dose [5.13].
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For the determination of the G(s) values, 1/Mnwas plotted against dose for
all samples, which is shown in Fig. 5.3, as are the degradation rate constants.
G(s) values were calculated using the intercepts. The calculated G(s) values are
0.113 ± 0.002, 0.111 ± 0.006 and 0.088 ± 0.010 µmol/J for GG, TG and LBG,
respectively. It is concluded that G(s) values are dependent on the structure
(G/M ratio) of the sample and follow an order of GG > TG > LBG for these initial
molecular weights. When the chemical structures of these gums are examined, it
is found that GG has one galactomannan unit attached to the backbone per two
monomeric units of the backbone, while TG has one per three monomeric units
and LBG has one per four monomeric units. It can be concluded that the G(s)
value increases with an increase in the G/M ratio and/or molecular weight of the
unirradiated sample.
The equation given by Jellinek [5.26] is modified and used in the
determination of degradation rate. If N is the average number of bond cleavages
per original polymer molecule, this value can be calculated by:
N = M n 0 / M nD - 1 (5.1)

where Mn0 and MnD are the Mn at time zero and after irradiation to a certain dose
(D), respectively. N is also named the degree of scission. If the rate of chain

FIG. 5.3. 1/Mn vs. dose plot to determine G(s) values of GG, TG and LBG [5.13].
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scission is assumed to be independent of the length of the chain and of chain
position, N can be assumed to be a linear function of absorbed dose:
=
N M n0 / =
M nD − 1 k(M n0 / m0 )D (5.2)

where k is the rate constant and m0 is the molecular weight of a monomer unit.
Equation (5.2) can be rewritten as:
1 / M nD - 1 / M n 0 = (k / m0 )D (5.3)

Degradation rate constants for GG, TG and LBG were determined using
the information shown in Fig. 5.4. Determined degradation rate constants for
GG, TG and LBG are given in Table 5.1; their values show that the degradation
rate is at least partly dependent on the initial chain length found in the gum. As
can be seen from Fig. 5.2, the molecular weights of the gums also follow the
same order. It can be concluded that as the G/M ratio and the original molecular
weight increase, the effect of irradiation on the molecular weight and rheological
properties of the sample become more pronounced and the M/G ratio is one
factor affecting the chain scission yield of galactomannans.

FIG. 5.4. Plot of (1/Mn – 1/Mn0) against dose to determine degradation rate constants of GG,
TG and LBG [5.13].
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TABLE 5.1. DEGRADATION RATE CONSTANTS OF GG, TG AND LBG [5.13]
Polymer

Degradation rate constant (1/kGy)

GG

12.9 ± 0.95

LBG

7.93 ± 0.56

TG

7.44 ± 0.98

5.3. EFFECT OF GULURONIC ACID/MANNURONIC ACID RATIO ON
THE RADIATION INDUCED DEGRADATION OF NaAlg
Alginate is a natural polysaccharide and is found in seaweed. It is an
unbranched binary copolymer of (1-4)-linked residues of β D-mannuronic acid
and α L-guluronic acids. Alginic acid and its water soluble sodium salt have
long been used for food, pharmaceutical and chemical applications that require
highly viscous solutions. They are used as thickening agents, in medicines, as
stabilizers and as plant growth stimulators [5.1, 5.27, 5.28]. Aqueous solutions
of NaAlg form stable gels in the presence of multivalent cations such as
Ca2+ and Mg2+. Reference [5.29] reports that gel formation occurs because of
ionic interaction between guluronic acid residues from at least two alginate
chains and cations, and yields a 3-D network of alginate molecules that fit the
‘egg-box model’ (see Fig. 2.6). The properties of alginate gels vary according
to their ratio of mannuronic to guluronic acids, the frequency and size of the
guluronic acid blocks they are made up of and the molecular weight of the
polymer [5.30, 5.31]. The selective binding of certain alkaline earth metal ions
increases with increasing content of the α L-guluronic acid (g) residues in the
chain. However, polymannuronate blocks and alternating blocks are close to
being non-selective.
The radiation induced degradation of NaAlg with different G/M ratios was
first investigated by Sen et al. [5.14]. The results of this study found changes
in the weight (Mw) and number-average (Mn) molecular weights related to
irradiation dose, and these are shown in Fig. 5.5.
The rapid decrease in Mn and Mw shows that degradation was the only
mode of action of radiation on NaAlg. For the determination of the G(s) values,
1/Mn was plotted against dose for all samples (Fig. 5.6). G(s) values were then
calculated using the intercepts. The calculated G(s) values were 0.073 ± 0.009,
0.100 ± 0.005 and 0.1088 ± 0.003 µmol/J for LF120, LF200 and LF240
NaAlg, respectively. It was concluded that G(s) values were dependent on the
structure (guluronic acid to mannuronic ratio) of the sample and followed the
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order LF240 > LF200 > LF120 or 70/30 < 50/50 < 45/55 guluronic acid to
mannuronic acid ratio.
When the chemical structures of NaAlgs were examined, it was seen that
their properties varied widely depending on the composition of the alginate
molecule (i.e. the ratio of mannuronic to guluronic acids, the frequency and
size of guluronic acid blocks and the molecular weight of the polymer), and the
concentrations of alginate and cations at the time of gelation. It was concluded
that the G(s) value increased with a decrease in the guluronic acid to mannuronic
acid ratio. This increase was attributed to the decrease of radical–radical

FIG. 5.5. Change in the (a) number-average molecular weight and (b) weight-average
molecular weight of NaAlgs with dose [5.14].

FIG. 5.6. Plot of 1/Mn0 versus dose for the determination of the G(s) values of NaAlgs [5.14].
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recombination reactions due to the stiff and extended nature of alginate chains.
Reference [5.32] reports that the diaxial linkage in guluronic blocks causes a
large, hindered rotation around the glycosidic linkage that could account for the
stiff and extended nature of alginate chains.
The modified Jellinek equation [5.26] was used by Sen at al. [5.14] in the
determination of the degradation rate. Degradation rate constants for NaAlgs
were determined using the (1/Mn –1/Mn0) versus dose curves. The determined
degradation rate constants for NaAlgs are given in Table 5.2. The results reported
in Ref. [5.14] show that the degradation rate was dependent on the G/M ratio for
these initial molecular weights.
TABLE 5.2. DEGRADATION RATE CONSTANTS OF NaAlgs [5.14]
Polymer

G/M

k (kGy−1)

LF120

70/30

4.27 × 10−10 ± 4.2 × 10−11

LF200

50/50

5.86 × 10−10 ± 4.0 × 10−11

LF240

45/55

6.30 × 10−10 ± 2.0 × 10−11

Reference [5.14] reports that changes in viscosity upon irradiation at
different polymer concentrations and with different shear rates were investigated
for NaAlg samples. Figure 5.7 shows the change of viscosity with shear rate for
LF120 NaAlg when unirradiated and when irradiated at 2.5 kGy and at 5.0 kGy.
Shear rate versus shear stress and shear rate versus viscosity curves
become linear at an absorbed dose of approximately 2.5 kGy for LF120 NaAlg.
The same behaviour was observed for the other NaAlgs. The linearity of these
plots indicated that the samples showed Newtonian fluid properties. It could be
concluded that LF120 NaAlg lost its pseudoplastic fluid behaviour, and that the
change in flow behaviour from non-Newtonian to Newtonian took place upon
irradiation even at very low doses.
Viscosimetric studies performed using different polymer concentrations
and at different shear rates clearly indicate that the change in specific viscosity of
NaAlg solutions depends on the shear rate and concentration of the solution. For
the determination of the limiting viscosity number of NaAlgs for zero shear rate
and concentration, the rheological data were reanalysed and the ηsp/c values were
plotted against (c + 0.001 × γ). The representative curves for the determination
of [η] are shown in Fig. 5.8. Similar curves were obtained for the other NaAlgs.
The percentage decrease in [η] upon irradiation is shown in Fig. 5.9. These
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FIG. 5.7. Change in the viscosity with shear rate for LF120 NaAlg irradiated at the indicated
doses [5.14].

FIG. 5.8. A plot for the determination of the limiting viscosity number of LF120 NaAlg for
zero shear rate and zero concentration [5.14].

results clearly indicate not only that the rheological properties of the irradiated
and molecular-weight-reduced alginates were solely controlled by the ratio of
guluronic acid to mannuronic acid, but also that the frequency and size of the
guluronic acid blocks were important parameters. Despite the lower molecular
weight and lower G/M ratio, the slower decrease in the value of [η] for LF240
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FIG. 5.9. Percentage decrease in the limiting viscosity number for LF120 NaAlg with dose [5.14].

on irradiation was probably because of the presence of more gg blocks in the
main chain. Experimental viscosimetric data of alginate solutions indicate that
the stiffness of the chain blocks increased in the order mannuronic–guluronic
< mannuronic–mannuronic < guluronic–guluronic [5.32].
The authors concluded that as the guluronic acid to mannuronic acid ratio
decreased, the effect of irradiation on the molecular weight and rheological
properties of the sample became more pronounced and that the G/M ratio was
one of the factors affecting the chain scission yield of NaAlg irradiated in the
solid state. All NaAlg samples showed a pseudoplastic behaviour up to a certain
dose, and Newtonian flow behaviour above that dose.
In recent years, studies have focused on the degradation of natural polymers
in accelerated conditions using additional OH radical generating systems such as
hydrogen peroxide [5.33, 5.34], ammonium persulphate [5.35] and nitrous oxide
[5.36], in order to reduce absorbed dose in large scale production. OH-radicalinduced chain scission of chitosan in the absence and presence of dioxygen are
explained in detail in Ref. [5.37].
Sen and Atile [5.15] investigated the effect of water and H2O2 on the
radiation induced degradation of NaAlgs with different G/M ratios in 2%
aqueous solutions and in H2O2-containing solutions by irradiating at various
doses (2.5 kGy, 5 kGy, and 10 kGy) using a Gammacell 220 type 60Co gamma
irradiator at room temperature in air. The dose rate was 30 Gy/h. For aqueous
solution irradiations, NaAlg was firstly dried in a vacuum oven and then dissolved
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in pure water by stirring for 24 h. For the irradiation in H2O2 solution, H2O2 was
added to the polymer solution. The concentration of H2O2 in solution was 2%.
For the investigation of the effect of gamma rays on the molecular weight
of NaAlgs, their Mn and Mw values were evaluated using GPC. Unimodal
chromatograms were obtained for all NaAlg samples. As the absorbed dose
increased, higher retention volumes were found using GPC, suggesting that
irradiation decreased the sample’s molecular weight. Figure 5.10 shows changes
in the weight and in number-average molecular weights against absorbed dose.
Figure 5.10 indicates that H2O2 shows a synergistic effect on the degradation
of NaAlg. The G/M ratio is also an important factor controlling this synergistic
effect. To obtain a better understanding of the effect of irradiation media on
the accelerated degradation of NaAlg, LF240 NaAlg was irradiated both in the
solid state and in aqueous solution. The changes in Mw with absorbed dose are
illustrated in Fig. 5.11.
The synergistic effect of H2O and H2O2 was also analysed with chain
scission yield G(s) value. The G value, equal to mmol of scission events per J
of energy absorbed, has been customarily used to measure radiation-chemical
yield. Chain scission decreases the molecular weights of polymer molecules and
cross-linking processes increase it. Therefore, measurement of the changes in
molecular weight averages and distribution with dose can help to quantify these
processes.
If scission is the only mode of action of radiation, Refs [5.38, 5.39] state
that the radiation-chemical yield of degradation, G(s) (mol/J), can be determined
with the following equation:
=
G(s) c / Dd (1 / M nD − 1 / M n0 ) (5.4)

FIG. 5.10. Change in the (a) weight and (b) number-average molecular weight of NaAlgs with
dose in aqueous solution with and without H2O2 [5.15].
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As has been indicated above, in order to obtain quantitative information on chain
scission yields, (1/Mw – 1/Mw0) and (1/Mn – 1/Mn0) vs. dose diagrams can be
constructed (Figs 5.12 (a) and (b)).
From the overall slope of the linear parts of the curves in Fig. 5.12
(0–2.5 kGy), it was found that the only mode of action of radiation is chain
scission. Although it is possible to calculate a value for G(s) from the overall
slope of the linear parts of the curves in Fig. 5.12, the authors have preferred

FIG. 5.11. Variation of Mw values of LF240 NaAlg with dose in dry state and in aqueous
solution with and without H2O2 [5.15].

FIG. 5.12. Variation of (a) (1/Mw–1/Mw0 ) and (b) (1/Mn–1/Mn0 ) values of LF240 NaAlg
with dose [5.15].
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to calculate individual values of G(s) as a function of dose using Eq. (5.4). The
effects of irradiation media and dose on the G(s) value for NaAlgs with different
G/M ratios are given in Table 5.3. The effect of NaAlg type or the G/M ratio
on the radiation induced degradation yields in aqueous solution irradiations was
also examined. As can be seen from Fig. 5.13, the G/M ratio is an important
factor controlling the degradation rate of NaAlg not only in dry irradition but
also in aqueous solution irradiation. The conclusion is that chain scission yield
(G(s)) values are dependent on the G/M ratio of the sample and followed the
order LF240 > LF200 > LF120 or 70/30 < 50/50 < 45/55, with the G/M ratio
similar to the dry state.
TABLE 5.3. DEGRADATION YIELD OF NaAlgs IRRADIATED WITH
GAMMA RAYS IN DRY FORM (γ/DRY) AQUEOUS SOLUTION (γ/H2O) AND
HYDROGEN PEROXIDE SOLUTION (γ/H2O2) [5.15]
G(s) value of NaAlg (µmol/J)
Irradiation
mode

LF120

LF200

LF240

2.5 kGy 5.0 kGy 10 kGy 2.5 kGy 5.0 kGy 10 kGy 2.5 kGy 5.0 kGy 10 kGy
γ/dry

0.127

0.115

0.102

0.196

0.162

0.148

0.382

0.240

0.186

γ/ H2O

0.903

0.618

0.363

1.180

0.628

0.328

1.751

0.939

0.562

γ/H2O2

4.498

4.924

4.240

4.494

4.924

4.241

6.011

7.849

6.070

FIG. 5.13. The effect of guluronic acid/mannuronic acid ratio on the radiation induced
degradation yields in aqueous solution irradiations. Absorbed dose is 2.5 kGy [5.15].
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5.4. EFFECT OF THE DEGREE OF DEACETYLATION (DD) ON THE
RADIATION INDUCED DEGRADATION OF CHITOSAN
Chitin, which is a structural element of the exoskeletons of crabs and shrimp
and of the cell walls of fungi, is one of the most abundant biodegradable natural
polymers in the world, after cellulose. Chitosan is produced commercially by the
deacetylation of chitin. The degree of deacetylation (DD), which determines the
content of free amino groups in polysaccharides, can be employed to differentiate
between chitin and chitosan. It is very well known that the DD is one of the most
important chemical characteristics of chitin and chitosan, and could influence the
performance of chitosan in many of its applications [5.40].
Considerable attention has recently, especially in the last decade, been
directed to the modification and preparation of low-molecular-weight fractions
or oligosaccharides of chitosan by radiation induced degradation in the dry
state or in aqueous solutions with various concentrations. These were intended
for use mainly in plant growth promoter, plant protector and tissue engineering
applications [5.35, 5.41].
In the literature, the general consensus is that the irradiation state
(dry, or aqueous solution), the presence of hydroxy generating groups and the
initial molecular weight of chitosan are important factors in controlling its
radiation induced degradation behaviour. However, no relationship has yet been
established between the DD and the radiation stability of chitosan.
In a more recent study, the effects of the DD of chitosan with a molecular
weight of ∼330 kDa and various DDs (78%, 80%, 88.6% and 97.4%) on their
radiation stability were investigated [5.43]. The chitosan samples were irradiated
with gamma rays at doses of 0–35 kGy, employing a low dose rate (3 Gy/h) in air
at ambient temperature in the solid state. The DD of the unirradiated or irradiated
chitosan was determined by 1H-NMR spectroscopy and the degradation was
monitored in detail by careful GPC and viscosimetric analyses of their respective
molecular weights before and after irradiation. The Charlesby–Pinner equation
was used to determine the radiation-chemical yield, G(s). It was found that the
G(s) values increased with the DD value of chitosan at every absorbed dose
within a dose range of 0–35 kGy. The results of this study, changes in the numberaverage molecular weight with absorbed dose, are shown in Fig. 5.14.
For the determination of the G(s) values, (1/Mn−1/Mn0) was plotted against
dose for all samples (Fig. 5.15). Then, G(s) values were calculated by using the
intercepts. The calculated G(s) values were 1.36, 1.37, 1.62 and 2.07 μmol/J for
78, 80, 88.6, and 97.4% deacetylated chitosan, respectively. The change in the
scission yield and % reduction of limiting viscosity number (Fig. 5.16) was
attributed to the change in the coiled and extended nature of the chitosan chains
that is a result of a change in the DD.
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It is known that the extent of the coiling character of chitosan is inversely
proportional to its DD. It was concluded that the high degree of coiling in the
chitosan chains could result in a more compact structure that might enhance the
radical–radical combinations on the chains, which would thus lower the rate of
degradation and hence reduce the G(s) values.

FIG. 5.14. Change in the number-average molecular weight of chitosan with dose [5.43].

FIG. 5.15. Variation of (1/Mn−1/Mn0) values of chitosans with dose [5.40].
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FIG. 5.16. Percentage decrease of viscosity-average molecular weight of chitosan with dose [5.40].
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Chapter 6
ANALYTICAL TECHNIQUES FOR THE
CHARACTERIZATION OF POLYSACCHARIDES
S. AL-ASSAF
Hydrocolloids Research Centre, Institute of Food Science and Innovation,
University of Chester,
Chester, United Kingdom
6.1. INTRODUCTION
The biological, physical and physiological functions of polysaccharides
are directly related to their molecular weight, shape and size. Accurate
characterization is, therefore, vital for a better understanding of their structure–
property relationships. This chapter reviews some of the techniques and
methodologies commonly used for the characterization of polysaccharides,
with a specific focus on methods related to size and conformation in aqueous
solution. Additionally, this chapter places an emphasis on how these techniques
(absolute or relative) are used to determine the effect of irradiation qualitatively
and quantitatively. Furthermore, it discusses specific techniques designed for the
characterization of polysaccharide based hydrogels.
6.2. METHODS
6.2.1. Percentage loss on drying
The loss on drying is simply the amount of water (moisture) present in the
solid sample, which gives an indication of the nature of sample (e.g. whether it is
fresh or old) and whether it has been stored properly. This parameter is typically
defined as not more than 10%, 12% or 15% for spray dried GA, carrageenan
and xanthan, respectively. The measurement is typically carried out as follows:
Around 0.5–1.0 g of test material (powder form) should be accurately weighed
directly into an aluminium pan and placed in an oven (preferably a convection
oven) and dried at 105°C to a constant weight. The Joint Expert Committee on
Food Additives of the Food and Agriculture Organization of the United Nations
and the World Health Organization defines the heating time of 2 h, 2.5 h and 5 h for
the spray dried forms of pectin, xanthan and GA, respectively. The sample is then
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moved to a desiccator and allowed to cool for 30 min to reach room temperature.
The loss of weight can be calculated using the following equation:
Percentage loss on drying = (Wi − Wd)/Wi × 100

(6.1)

where Wi and Wd are the weight of the initial and the dry sample, respectively.
6.2.2. Solubility
Polysaccharides are water soluble owing to the presence of many hydroxyl
groups. The quality of the solvent is determined according to its solubility and a
solvent can be described as good when the molecules are fully hydrated. It should
be noted, however, that heating is sometimes necessary to obtain a true solution.
Aggregation due to the presence of hydrophobic groups or batches can lead to
partial solubility. Other factors such as the presence of metal ions or ability of the
polymer chains to associate via hydrogen bonding can also lead to the presence of
an insoluble fraction which is often referred to as hydrogel or gel. Hydrogel can
also be produced following the modification of polysaccharides (see Chapter 4).
An uncomplicated approach to the determination of an insoluble gel fraction in a
system involves the observation of the formation of insoluble matter on dispersal
of the polysaccharide in water in a cylindrical vial. Whether shaking or stirring is
needed and how long either is needed for are dependent on the molecular weight
of the polymer, with high-molecular-weight materials needing a longer shaking
or stirring time than low-molecular-weight polymers. Bulk viscosity can be
measured by turning the vial upside down.
The basic techniques for the characterization of hydrogels derived from
polysaccharides or from water soluble polymers are concerned with measuring and
quantifying the absorption and swelling as described in Sections 6.2.2.1 and 6.2.2.2.
6.2.2.1. Method A
A more accurate measure of solubility than simple observation that is
recommended by the Joint Expert Committee on Food Additives is essentially
the determination of the insoluble fraction, i.e. the hydrogel fraction. This can
be determined by weighing after vaccum filtration has been carried out. This
method has been modified by changing the solvent from a mild alkaline to water
[6.1, 6.2]. The weight (W1) of a 70 mm glass fibre paper (pore size 0.7 or 1.2 μm)
is determined following drying in an oven at 105°C for 1 hour and subsequent
cooling in a desiccator containing silica gel. Depending on the test material,
1−2 %wt (s) dispersion can be prepared in distilled water, which is then subjected
to overnight hydration at room temperature. The hydrated dispersion is then
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centrifuged for 2−5 minutes at 2500 rpm prior to filtration under vacuum. Drying
of the filter paper is carried out in an oven at 105°C, following which it is cooled
to a constant weight (W2). The percentage of soluble and insoluble fractions can
then be calculated using the equation below:
Per cent insoluble fraction = (W2 − W1)/S × 100

(6.2)

Different sizes of mesh will be chosen depending on the material being
investigated. In Ref. [6.3], a 20 mesh steel screen (1041 µm) was used to
determine the gel fraction.
6.2.2.2. Method B
Another method specifically defines the dispersion time of the test
materials in deionized water for 16 h [6.4] or 48 h at room temperature [6.5].
The gel fraction (insoluble) is then measured as follows:
Gel fraction = (Wd / Wi) × 100

(6.3)

where Wi is the initial weight of the dried sample and Wd is the weight of the
dried insoluble part of the sample following extraction with water.
6.2.3. Swelling
6.2.3.1. Method A
The Japanese Industrial Standard K8150 method is used to measure the
swelling of hydrogels. The dry hydrogel is immersed in deionized water on a
roller mixer for 48 at room temperature. After swelling, the hydrogel is filtered
by a stainless steel 30 mesh net (681 µm). The following equation is used to
calculate the swelling [6.5]:
Swelling = (Ws − Wd) / Wd(6.4)
where Ws is the weight of hydrogel in the swollen state and Wd is the weight
of hydrogel in the dry state. Various terms such as “swelling ratio” [6.6],
“equilibrium degree of swelling” [6.7] and “degree of swelling” [6.8] have been
used for this type of measurement.
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6.2.3.2. Method B
An alternative method of measuring the swelling of a hydrogel is to
disperse it in a dry state into 25–30 mL of water in a universal vial for 48 h at
room temperature. This mixture is centrifuged to separate the water bound matter
from the free unabsorbed water, which is removed. Method A, as described in
Section 6.2.3.2, is then used to measure the swelling.
6.2.3.3. Method C
The Japanese Industrial Standard K7224 also offers a method for measuring
the swelling of a hydrogel. The gel, in a dry state, is immersed in deionized water
for 16 h at room temperature. The mixture is then filtered using an 100 mesh
stainless steel filter (149 µm). The following equation is used to calculate the
swelling [6.9]:
Swelling = (C/B) × 100

(6.5)

where C is the weight of hydrogel obtained after drying and B is the weight of the
insoluble portion after extraction with water.
6.3. LIMITING VISCOSITY NUMBER (INTRINSIC VISCOSITY)
Dilute polymer solutions exhibit a characteristic feature: their viscosity
is considerably higher than that of either a pure solvent or a dilute solution of
small molecules. Dilute solution viscometry is based on the measurements of the
increase in viscosity of a dilute polymer in solution in a particular solvent and
at a particular temperature. The magnitude of the viscosity increase is related to
the dimensions of the polymer molecules in solution, which is affected by the
polymer’s structure, the shape of its molecules, its degree of polymerization and
by polymer–solvent interactions [6.10]. Capillary viscometry is based on the time
it takes for a certain volume of polymer solution to flow through a thin capillary
compared to the time for the solvent to flow (see Fig. 6.1). The flow time for
either is proportional to the viscosity of the liquids, and inversely proportional
to the density. For dilute polymer solutions, the density term is assumed to be
that of the solvent. At least four dilutions can be made in situ using the solvent.
Two or three readings should be made for each dilution and the average taken.
The relative viscosity for the lowest and highest concentrations should be in
the region of 1.2–2.0 to ensure that all measurements are in the diluted region.
Capillary viscometric measurements of dilute polymer solutions are, therefore,
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FIG. 6.1. Ubbelohde dilution viscometer housed in a water bath to maintain the desired
temperature for measurements.

extremely valuable for the characterization of polymers, as attested by their
widespread use. Charged polymers (polyelectrolytes) at low ionic strength exist
in solution as extended coils owing to intramolecular charge repulsions. Charge
repulsions can be eliminated by charge screening, when the polymer is dissolved
in a solvent with a high concentration of electrolyte. Experimentally, the viscosity
of a polymer solution is measured relative to that of the solvent, thus giving the
relative viscosity:
ηrel = tsolution / tsolvent

(6.6)

where tsolution and tsolvent are the flow times of the polymer solution and solvent,
respectively. The specific viscosity, ηsp, can be obtained from:
ηsp= (ηsolution − ηsolvent) / ηsolvent

(6.7)

ηsp = (ηrel – 1)

(6.8)

The reduced viscosity and inherent viscosity may be defined as follows:
ηred = ηsp/c

(6.9)
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ηinh = lnηrel/c

(6.10)

where c is the polymer concentration (mg/dL). If relative viscosity measurements
are made under constant high ionic strength and by extrapolating the plot of the
reduced or the inherent viscosity against concentration to infinite dilution, the
intrinsic viscosity can be obtained in the same way as for uncharged polymers as
given in Eq. (6.11).
=
[η] lim
=
η red lim η inh (6.11)
c→0

c→0

Experimentally, a plot of reduced viscosity as a function of concentration
will give a straight line with an intercept equal to the intrinsic viscosity as given
by the Huggins equation, Eq. (6.12). Alternatively, the intrinsic viscosity could
be obtained by plotting the inherent viscosity as a function of the concentration
as shown by Kraemer’s equation, Eq. (6.13).
ηsp/c = [η] + kʹ[η]2c(6.12)
(ln ηinherent)/c = [η] + kʺ [η]2c(6.13)
A typical Huggins and Kraemer plot to determine intrinsic viscosity is
shown in Fig. 6.2. Generally, Huggins and Kraemer plots intersect at zero
concentration as shown in Fig. 6.2, and the average value of the intercepts is used
as the intrinsic viscosity. However, in the presence of aggregation, the Huggins
and Kraemer plots will not intersect at zero concentration [6.11]. In such cases,
the value of the intercept of the Huggins plot at zero concentration is often used
as the intrinsic viscosity. Huggins and Kraemer constants can be calculated with
following equations:
kʹ = dHuggins/[η]2(6.14)
kʺ = dKraemer/[η]2(6.15)
where d is the slope of the curve. The value for the Huggins constant is
approximately 0.4 for many completely water soluble polysaccharides, and any
higher values (>1) are usually taken as an indication of aggregation [6.12–6.14].
The limiting viscosity number or intrinsic viscosity [η] is an index of the
size of isolated polymer coils, and it has units of reciprocal concentration.
The molecular weight or, more accurately, the viscosity-average molecular
weight (Mv) can be evaluated from viscosity data if a correlation can be
established between [η] and the weight-average molecular weight. This approach
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FIG. 6.2. Plot of reduced and inherent viscosities as a function of concentration for the
determination of the intrinsic viscosity of sugar beet pectin in 0.1M NaCl at 25°C.

requires knowing or being able to determine the appropriate K and a values in the
Mark–Houwink equation:
[η] = KMva(6.16)
Mark–Houwink parameters are constants for a given polymer, which depend
on the ionic strength and temperature of the solution and can be determined
from a plot of log intrinsic viscosity versus log Mw. Mw can be determined by an
absolute technique such as light scattering, as described below. The a value is an
effective parameter of polymer conformation and polymer–solvent interactions.
If a is 0.6−0.8, the polymer is in random coil configuration in solution, and if the
a value is greater than 0.8, the polymer behaves as a rigid rod. A value of zero
indicates a spherical conformation.
A further variable in intrinsic viscosity measurements is the capillary
viscometer itself. Ideally, all measurements should relate to the zero shear rate
and a shear rate correction factor should be used specifically for high molecular
weight polysaccharides that exhibit non-Newtonian behaviour even in diluted
solutions (see Chapter 2). A further variable that can affect measurements is
the purity of the sample and it is therefore recommended to dissolve the test
material in the solvent and dialyse against the same solvent to ensure the same
composition of the solvent throughout the measurements.
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Both the Huggins and Kraemer equations are applicable in the diluted
region. At higher concentrations (c > 1/[η]), experimental data show upward
curvature when plotted according to the Huggins equation. However, some other
equations have been reported for the determination of intrinsic viscosity using
the extrapolation of experimental data and are below. Equation (6.17) is the linear
Martin equation and Eq. (6.18) is the Schulz−Blaschke equation.
ln (ηsp/c) = ln[η] + kM[η]c(6.17)
ηsp/c = [η] + kSB[η]ηsp(6.18)
where c is the polymer concentration, and kM and kSB are the respective constants.
ηsp is dependent on concentration and interaction forces. Plots of ln (ηsp/c) against
c and ηsp/c against ηsp are straight lines with the intrinsic viscosity as the intercept.
These two equations are applicable to a relatively higher range of concentrations
than the Huggins and Kraemer equations.
6.4. GPC
GPC is a technique used for the separation of macromolecules by molecular
size. It has been generally considered synonymous with other terms such as size
exclusion chromatography, gel filtration chromatography and steric exclusion
chromatography. GPC is primarily used to obtain molecular weight distribution
information for polymeric materials. It provides information about the molecular
weight, i.e. number, weight and Z averages (Mn, Mw, Mz) as well as the molecular
weight distribution (and polydispersity) of a polymer sample. When a sample is
injected into a GPC column, the polymer molecules are separated according to
their hydrodynamic volumes; therefore, polymer molecules larger than the pores
of the packing material cannot enter the pores and are eluted at the interstitial
volume Vi (also known as the void volume of the column). It should be noted
that no fraction of the sample can be eluted before the interstitial volume has
passed through the column. Small molecules, however, have access to the pores
and will therefore elute at the sum of both the interstitial and pore volume, i.e. Vi
+ Vp. Molecules that have sizes between the above two extreme values will have
access to only a part of the pore volume and will therefore be eluted at the elution
volume Ve:
V=
e Vi + K SEC Vp (6.19)
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where Ve is the elution volume, Vi is the interstitial volume and Vp is the
pore volume. KSEC is the equilibrium constant of a sample in size exclusion
chromatography (0 < KSEC < 1). Although GPC is an easy, economical and
reproducible technique for the molecular weight characterization of a polymer
sample, a limitation of using it alone is that it only gives correct weight-average
molecular weight (Mw) values for polymers for which standard polymer samples
with well known molecular weights are available. In order to obtain an absolute
molecular mass value for a sample, standards with known molecular masses must
be used to obtain a suitable calibration curve. Also, the technique is very sensitive
to flow rate variation, and to avoid any misinterpretation, internal standards
should be used whenever possible.
6.5. LIGHT SCATTERING
Light scattering from dilute polymer solutions is another method for the
determination of Mw, radius of gyration and the second virial coefficient. When
a beam of electromagnetic waves strikes atoms or molecules in a medium, the
electrons are displaced and oscillate about their equilibrium positions with the
same frequency as the incident exciting beam. This forces the electrons to move
in one direction and the nuclei in the opposite direction, which results in an
induced transient dipole in the atoms or molecules. As a consequence, the atoms
or molecules will act as a secondary scattering centre by re-emitting the light in
all directions. If a plane polarized light source is used, 99%+ of this re-emitted
light will be in a plane perpendicular to the direction of the polarization. The
intensity of the scattered light is proportional to the molar mass of the sample
multiplied by the concentration of the sample and, crucially, this measurement is
independent of the sample conformation.
Light scattering can be affected by intermolecular interaction (interaction
between two neighbouring chains) producing a non-ideality. This non-ideality,
the second virial coefficient, can be measured with light scattering using a
series of different concentrations, but researchers most often prefer to work
with dilute solutions to minimize these interactions since in this regime, the
polymer molecules are separated by large distances. This situation is typified by
chromatographic separation. In practice, molecular weights (Mw) as low as that
of sucrose (3.4 × 102) and as high as those of proteins of a magnitude of 109 can
be measured.
Light of a uniform wavelength is emitted from a source, typically a laser,
and passes through a cell containing the polymer solution of interest (Fig. 6.3).
Multi-detectors are positioned at varying angles to simultaneously measure the
intensity of light scattered I(θ).
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FIG. 6.3. The path of light scattered through a polymer solution. Reproduced with permission
from Wyatt Technology.

The incident light, I0 and scattered light, I(θ), in light scattering experiments
are related by the Rayleigh ratio, R(θ), given by Eq. (6.20):
R(θ ) =

I (θ ) 
I0

(6.20)

The light scattering intensity of a polymer solution is proportional to the product
of its molecular weight (M), concentration (c) and the specific refractive index
value (dn/dc), as given in Eq. (6.21):
2

 dn 
I scattered ∝ M c 
 (6.21)
 dc 

The weight-average molecular weight can be calculated using Eq. 6.22:
K*c
1
=
+ 2 A2c + ...(6.22)
R(θ ) M w

where:
K* is an optical constant given by Eq. (6.23) below;
c
is the solute concentration by weight of the polymer;
R(θ) is the excess scattered intensity ratio (Rayleigh ratio) of the molecular
solution of concentration c at angle θ;
Mw is the weight-average molecular weight;
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and A2 is the second virial coefficient that accounts for the solvent–solute
interactions mentioned above.
2
4p 2 n 02  dn 


N A l 04  dc 

(6.23)

Equation (6.22) is only valid at all angles for small particles or molecules
of dimensions of less than λ'/20, where λ' = λ0/n0, as small particles scatter the
light isotropically. This is known as the Rayleigh–Gans–Debye limit. Here, λ0
is the wavelength in vacuo of the incident beam and n0 is the refractive index of
the solvent. Polymer molecular dimensions are usually much larger than λ'/20.
The obvious way to improve this limit would be to increase the wavelength
of the incident light; however, in practice this is not done on a routine basis as
problems of fluorescence and absorption tend to occur at the higher wavelengths.
Larger particles or polymer molecules can still be examined as in a multiple
angle detector system; the intensity of the light scattered is recorded at many
angles [6.15, 6.16].
The light scattering intensity exhibits an angular dependence for particles
above 10 nm in size (i.e. molecules with a major dimension larger than λº/20 of the
light’s wavelength). This is usually the case in polymer solutions. Consequently,
such variation depends on the size of the molecule, the wavelength of the light λ,
and the observation angle θ. The Rayleigh-Gans-Debye approximation combines
the light scattering principles of Eq. (6.22) and its angular dependence according
to Eq. (6.24):
K* =

I scattered (q ) ∝ R (q ) = K * McP (q ) 1 − 2 A2 McP (q ) (6.24)

where
M
c

is the molecular weight;
is the polymer concentration;

and P(θ) is the form factor, corresponding to the angular variation of the scattered
intensity as a function of the mean square radius, Rg, of the particle.
The larger the Rg, the larger the angular variation will be. A2 enters the light
scattering equation as a correction factor for concentration effects.
The dn/dc is the specific refractive index increment, which is the change
in the refractive index of a polymer solution relative to the change of polymer
concentration (see Eq. 6.23). The dn/dc value depends on (a) the type of polymer;
(b) the type of solvent in which it is measured, and (c) the wavelength, and it is
required to accurately determine the molecular weight by light scattering. For
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greatest accuracy, the dn/dc used in light scattering experiments should have
been obtained for the polymer solvent system at the wavelength and temperature
used in the light scattering detector. The dn/dc can be obtained from the literature
or measured directly with a differential refractive index detector using a series
of polymer concentrations and measuring the change in refractive index, Δn, at
the wavelength of the incident beam. A plot of Δn as a function of concentration
is then constructed and by extrapolation to zero concentration, the dn/dc value is
obtained.
The technique of multi angular laser light scattering (MALLS) can be
used in batch mode by constructing a Zimm plot. A Zimm plot is a graphical
representation of light scattering data in which the angular and concentration
dependence of the scattering is displayed in a single plot. The weight-average
molecular weight (Mw), the radius of gyration (Rg), and the second virial
coefficient (A2) can be determined by measuring the scattered intensity as
a function of angle for a series of dilute concentrations. These parameters are
obtained by plotting K*c/R(θ) against sin2(θ/2) + kc, where k is the stretch
factor, an arbitrary constant used to spread out the data and is only present to
give a suitable scale to the graph obtained (changing the value has no effect on
the results). A value of k = 1/cmax, where cmax is the maximum concentration
used, has been reported [6.15]. Extrapolation of the data to zero concentration is
needed to calculate the second virial coefficient. The double extrapolation to zero
angle and zero concentration intercepts the K*c/R(θ) axis at a value equal to the
inverse of molecular weight (Eq. (6.25)). The second virial coefficient is obtained
from the initial slope of the concentration dependence after extrapolation to zero
concentration, while the root mean square radius is obtained from the initial slope
of the angular dependence after extrapolation to zero angle.
 K * c 


 R(q = 0) 

=
c→0

1
Mw 

(6.25)

There are a variety of mathematical formulas that can be used to project to
zero angle, with the Zimm formula being the most commonly used, but Debye
and Berry methods are also possible (as are others based on models). These
methods differ in the quantity used on the ordinate (Y axis) but the abscissa (X
axis) is always the same, i.e. sin 2 (θ / 2) + kc , whereas, the ordinates are Rq / (K * c),
(K * c) / Rq and (K * c) / Rq for Debye, Zimm and Berry plots, respectively. The
choice of extrapolation method can have a large impact on the obtained results in
terms of accuracy. For polymer molecules with a smaller size (root mean square
radius of <50 nm), the errors due to extrapolation are rather small, and are often
independent of the method used. However, for large sized random coil polymers,
the Berry method with a linear fit shows the highest accuracy of all three methods.
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A linear fit to the lowest reliable angular data plotted according to the Berry
method is the most advisable procedure when there is no prior knowledge of the
polymer structure and size [6.17]. In each event, it is essential for an accurate
determination to be made in order to be able to see the relationship between the
line used by the relative formalisms and the real data, so as to be able to judge
accurately which should be used.
One of the difficulties associated with static light scattering in the batch
mode is the need to ensure that all solutions are dust free to obtain a true
measure of the scattering intensity. Even a few particles of μm size will have
a disproportionate effect on the result as these particles scatter so much light.
Additionally, the concentration needs to be accurately determined. Furthermore,
some polysaccharides have been shown to be sensitive to shear degradation
following the passage through the kind of small size filters often used to obtain
a dust free solution [6.18]. This mixer can be coupled with MALLS and a
concentration detector as shown in the flow chart (Fig. 6.4) using the example
of Calypso system. Figure 6.5 shows an example of a Berry plot for the
determination of the molecular weight of hyaluronan using CG-MALLS.

FIG. 6.4. Flow chart of concentration gradient linked to the MALLS detector (also known as a
MALS detector) and concentration detector used for the generation of the Berry plot shown
in Fig. 6.5. Reproduced with permission from Wyatt Technology.
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FIG. 6.5. Example of a Berry plot where (Kc/Rθ )0.5 is plotted against sin2(θ/2) + kc over
a range of concentrations of hylauronan in 0.1M NaCl.

6.6. GPC-MALLS
The coupling of GPC with an on-line light scattering detector and a
concentration sensitive detector (refractive index detector) results in a powerful
tool for polymer characterization. Other detectors, such as viscometric or UV,
can also be added to the system to provide additional information about the test
material. The advantage of such a system over the conventional GPC method
is that it is an absolute method and as such does not require either polymer
standards or calibration curves to determine a value. Also, such a coupled system
is insensitive to flow rate and other changes in chromatographic conditions.
It will also give a measure of the molecular weight that is not affected by
conformation changes or column interactions, an important factor when dealing
with large, complex molecules, along with radius data where the size is large
enough (>10–15 nm).
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To obtain consistent interpretation, highly polydisperse samples need to be
separated using fractionation techniques, the most common of these being GPC.
GPC-MALLS techniques offer additional information such as weight-average
and number-average values for both mass and size, distributions of the molecular
weight and mean square radii. Additionally, they are also useful in obtaining
information on branching conformations and the shapes of macromolecules in
solution, a factor which is found in the log ratio of the molecular weight and Rg.
A schematic presentation of a typical GPC-MALLS system is shown in Fig. 6.6.
There are many available commercial suppliers of the various detectors
used in this system. All essentially measure the light scattering intensity and use
the refractive index detector to determine the concentration of the fraction (often
called slice) to create a plot similar to that already explained in the batch mode
above. When the sample is fractionated through a GPC-MALLS-RI system, the
software measures the excess Rayleigh ratio (R(θ)) and sample concentration for
each slice. A Debye, Zimm or Berry plot, for example, can be constructed for
each slice by the extrapolation method, as shown in Fig. 6.7 below.

FIG. 6.6. A typical GPC-MALLS flow diagram. Solvent enters the degasser and is pumped
through an in-line filter before the sample is injected and passes through the columns. The
fractions are then detected by various detectors.
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FIG. 6.7. Example of extrapolating the data obtained from multiple detectors corresponding
to one slice (fraction) using Berry fitting method with a fit degree of 1.

In a Debye plot, the intercept at zero angle will give the value. Astra
software, for example, can compute weight-average molecular weight (Mw),
number-average molecular weight (Mn), molecular weight distributions,
polydispersity index (Mw/Mn) and radius of gyration (Rg) by using the following
equations. Equation (6.26) to obtain the weight-average molecular weight,
Eq. (6.27) to obtain the number-average molecular weight and Eq. (6.28) to
obtain the z average mean square radius:

Mw =

∑ (c M )
∑c

(6.26)

∑c
c
∑M

(6.27)
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where ci and Mi are the concentration and the molecular weight for each slice,
respectively. The z average mean square radius of gyration, defined as the average
distance from the centre of gravity of a polymer coil to the chain end, is shown
schematically in Fig. 6.8 and given by rg 2 = Σri 2 mi / M .
A typical elution profile of GA following fractionation by GPC is shown in
Fig. 6.9. References [6.19–6.22] report an elution profile of Acacia senegal and
the determination of the weight-average molecular weight (Mw) for the whole
gum and for two of its components.

FIG. 6.8. Schematic representation of the mean square radius relating to the distribution
of the mass within the molecule.

FIG. 6.9. GPC elution profile monitored by light scattering, refractive index and UV for
control GA.
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Molecular weight distribution can be depicted as cumulative or differential.
The cumulative molecular weight distribution is defined as the weight fraction
of a sample with a molar mass of less than M. For low molecular weight,
the cumulative molecular weight distribution approaches zero, and for high
molecular weight W(M) approaches unity. An example is shown in Fig. 6.10 for
various polysaccharides using a GPC-MALLS system, which not only shows
the differences in molecular weight distribution but also the effect of treatment
on the same samples. The technique can be also used to show the difference in
molecular weight parameters following processing or a given treatment [6.23].
Figure 6.11 shows the molecular weight distribution of hyaluronan aqueous
solution following irradiation for various radiation doses [6.24].
Additionally, an accurate characterization of the material using
GPC-MALLS allows the subsequent determination of the insoluble fraction
(hydrogel) in a polymeric system to be quantified [6.25, 6.22]. The GPC-MALLS
technique can also be used to quantify the hydrogels of several hydrocolloids such
as GA, gelatin and pullulan using mass recovery [6.22, 6.26]. The mass recovery
data calculated from the GPC refractive index correlate with the actual amount
of hydrogel (insoluble fraction) obtained for dextran following irradiation in the
solid state and in the presence of alkyne gas [6.22] (Fig. 6.12).

FIG. 6.10. Cumulative molecular weight plot of native GG, processed GG, CMC,
oligochitosan, chitosan, pulluan, GA, xanthan gum and poligeenan obtained by GPC-MALLS.
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FIG. 6.11. An example of the molecular weight distribution of hyaluronan solutions following
the reaction with hydroxyl radicals. Hyaluronan aqueous solution at pH7 saturated with N2O
was irradiated at various radiation doses using a gamma source at a dose rate 0.55 Gy/min
and then injected into the GPC-MALLS system.

FIG. 6.12. Correlation between mass recovery data obtained from GPC-MALLS for dextran
and the amount of hydrogel formed as a function of radiation dose.
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6.7. DYNAMIC LIGHT SCATTERING (DLS)
Dynamic light scattering (DLS) is a well established technique for
measuring particle size over the size range from a few nanometres to a few μm.
Dynamic light scattering (also known as quasi-elastic light scattering and photon
correlation spectroscopy) is particularly suited for the measurement of the size
and size distribution of particles, emulsions and molecules dispersed or dissolved
in a liquid.
Particles, emulsions and molecules in suspension undergo Brownian
motion. This is the motion induced by the bombardment by solvent molecules
that themselves are moving owing to their thermal energy. If the particles
or molecules are illuminated with a laser, the intensity of the scattered light
fluctuates at a rate that is dependent on the size of the particles. Analysis of
these intensity fluctuations yields the velocity of the Brownian motion and hence
the particle size can be calculated using the Stokes–Einstein relationship given
below.
RH =

k BT
(6.29)
6πη 0 D0

Traditionally, rather than presenting the data in terms of diffusion
coefficients, the data are processed to give the size of the particles (radius or
diameter). The hydrodynamic diameter or Stokes radius, RH, derived from
this method gives the size of a spherical particle that would have a diffusion
coefficient equal to that of the polymer molecule, and the data are commonly
presented as the fraction of particles as a function of their diameter. The diameter
that is measured in DLS is called the hydrodynamic diameter and can be used to
understand how a particle diffuses within a fluid. The diameter obtained by this
technique is that of a sphere that has the same translational diffusion coefficient
as the particle being measured. Most polysaccharide molecules are not spherical.
They have a hydrodynamic size that can be different from their true size and that
may not be a reliable measure of molecular mass [6.27].
Reference [6.28] describes how, in the DLS technique, dynamic information
of the particles is derived from an autocorrelation of the intensity trace recorded
during the experiment. The following equation can be used to generate the second
order autocorrelation curve from the intensity trace [6.28]:
g 2 (q;τ ) =

156

I (t ) I (t + τ )
I (t )

2



(6.30)

THE CHARACTERIZATION OF POLYSACCHARIDES

where g2(q;τ) is the autocorrelation function at a particular wave vector, q, and
delay time, τ, and I is the intensity. The autocorrelation function g2(q;τ) is the
measure of correlation between the scattered intensity of the initial and final states.
With time, eventually the correlation starts to exponentially decay to zero [6.29].
A typical correlation function of correlation coefficient against time for a xanthan
aqueous solution is shown in Fig. 6.13.
Relevant equations are the Siegert equation, which is shown in Eq. (6.31),
Eq. (6.32), which is used to derived the translational diffusion coefficient, and the
Stokes-Einstein equation, which is shown in Eq. (6.33).
2

g 2 (q;τ ) = 1 + β  g 1 (q : τ ) (6.31)

where β is a correction function dependent on the geometry and alignment of the
laser beam in the light scattering set-up.
g 2 (q=
;τ ) exp ( −Γτ ) ... (6.32)

Γ =q 2 Dt (6.33)

where Г is the decay rate. For Eq. (6.32) it is necessary to calculate a wave vector,
q, for which Eq. (6.34) can be used. The wave vector q is the difference between
the scattered and non-scattered beam, which relates to the refractive index of the
solvent.

FIG. 6.13.
Correlogram for xanthan showing the decay of intensity with time
obtained using Zetasizer Nano ZetaSizer (Malvern Instruments, UK). Measurement
conditions: 0.25 mg/mL xanthan dissolved in 0.1M LiNO3, heated for 20 min in a sealed vial
and subsequently filtered through 0.8 and 1.2 μm filters.
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q=

q 
4p n 0
sin  
 2 
l

(6.34)



where:
λ
is the incident laser wavelength;
n0 is the refractive index of the sample
and θ is the angle at which the detector is located with respect to the sample cell.
Most polymers, and therefore most polysaccharides, are polydisperse
systems. For such systems the autocorrelation function is calculated as shown in
Eq. (6.35).
g 1(q=
; r)

n

τ ) ∫ G ( Γ ) exp ( −Γτ ) dΓ (6.35)
∑G ( Γ ) exp ( −Γ=
i

i

i

i =1

Some methods that have been developed to extract information from
autocorrelation functions are described in Refs [6.30, 6.31] and include the
CONTIN algorithm. A CONTIN fit to obtain size distribution from the first order
autocorrelation function is shown in Fig. 6.14 for xanthan gum using the same
data shown in Fig. 6.13.

FIG. 6.14. Experimental data for the first order autocorrelation function (g1) obtained by DLS
and its corresponding fit (CONTIN) to obtain size distribution. Measurements were performed
as described for Fig. 6.13.
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6.8. RHEOLOGY
Rheology is the study of deformation and flow of matter and can be defined
in terms of viscosity and elasticity. A good understanding of the terms stress
and strain is essential for understanding this technique. The type of deformation
commonly found in rheology using a rotational rheometer is simple shear. This
can be illustrated with a rectangular bar of height h (Fig. 6.15). The lower surface
is stationary and the upper plate is linearly displaced by an amount equal to
δL. Each element is subject to the same level of deformation so the size of the
element is not relevant. The angle of shear, γ, may be calculated as:
tan(γ ) =

δL
h



(6.36)

With small deformations, the angle of shear (in rad) is equal to the shear
strain (also denoted γ), tan γ = γ. The shear stress, τ, on a material is defined as
force, F, acting per initial unit area, A, which results in deformation or strain, γ.
τ=

F
(6.37)
A

It is important to measure the rheological properties of polymers under
varying conditions of stress and strain in order to understand their performance
in a process or under particular end use conditions. Shear strain may be generated
using parallel plate, cone and plate or concentric cylinder fixtures as shown in
Fig. 6.16 [6.32].

FIG. 6.15. Shear deformation of a rectangular bar. The solid lines represent the original shape.
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FIG. 6.16. Velocity profile between rotating cone and stationary plate.

6.8.1. Shear viscosity
The shear viscosity of a polysaccharide solution can be studied by
subjecting the solution to continuous shearing at a constant rate which can be
accomplished using either cone plate, cylindrical or parallel plate geometry with
solution in the gap between the plates. Cone plate geometry has an advantage
since it has low inertia and generates a uniform shear rate across the sample,
but owing to the small gap between the plates, it is not fit for the measurement
of large particle dispersion (containing hydrogels). For dispersions or solutions
containing hydrogels, parallel plates with adjustable geometry gaps are more
appropriate. In theory, both geometries produce similar velocity profiles. The
lower plate is fixed and the upper plate moves at a constant velocity, u, which
can be thought of as an incremental change in position divided by a small time
period, δL/δt. A force per unit area on the plate is required for motion resulting in
a shear stress (τ) on the upper plate that conceptually could also be considered to
be a layer of fluid. The flow described above is steady simple shear and the shear
rate (also called the strain rate) is defined as the rate of change of strain:
γ=

dγ d  δ L  τ
= 
 = (6.38)
dt dt  h  η

The shear viscosity (η) of the fluid is defined as the ratio of applied stress,
τ, to the shear rate, γ .
η=
160

τ
(6.39)
γ

THE CHARACTERIZATION OF POLYSACCHARIDES

When the viscosity of a fluid is independent of the shear rate it is said to
be a Newtonian fluid (see Chapter 2.4); examples are low molecular weight
materials such as water and glycerine. However, non-Newtonian fluids are
classified in two categories: (a) shear thinning fluids whose viscosity reduces
because of applied shear (most polymeric solutions fall into this category);
(b) shear thickening fluids whose viscosity increases with increasing shear rate
(such as sand and corn flour). Figure 6.17 shows the different flow curves of
these different categories of fluids.
For a few of the polymeric solutions, viscosity remains unaltered at a
very low shear rate, i.e. they show a Newtonian trend. This can be attributed
to the fact that although the imposed deformation in one region leads to the
breaking of entanglements in the polymeric solution, an equal number of new
entanglements are formed; therefore, the overall solution viscosity remains the
same. For other polymeric solutions, no Newtonian region is observed at a low
shear rate, indicating the presence of yield stress (i.e. an energy barrier that must
be overcome if a solution is to flow) in such solutions. It is possible to determine
zero shear viscosity for the first kind of solution by extrapolating the flow curve
to zero shear rates. However, at a reasonably high shear rate, entire solutions
exhibit shear thinning behaviour [6.32, 6.33].
Flow behaviour of a fluid is represented by a plot of viscosity, η, versus
shear rate, γ . A typical flow curve of a polysaccharide solution (CMC, 1 wt%
aqueous solution in distilled water) is shown in Fig. 6.18. Owing to the chain’s
characteristics, the flow curves usually show a non-Newtonian character, which is
characterized by a critical shear rate over which the viscosity decreases when the
shear rate increases. The first part of the curve is called the Newtonian plateau,
where the viscosity is independent of γ ; in this domain the viscosity has to be
measured to determine the intrinsic viscosity as discussed above.

FIG. 6.17. Flow curve of Newtonian and non-Newtonian fluids of the shear thinning and
shear thickening types.
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The critical shear rate γ c decreases when the molecular weight increases or
when the polymer concentration increases [6.34, 6.35].
Using steady shear data (an example is shown in Fig. 6.18), the zero
shear viscosity of samples can be determined using different fitting models.
The equation for the Cross model is shown in Eq. (6.40) below [6.32, 6.36]. This
model can be broken down into two components — a model known as the Sisko
model (Eq. (6.41)) that includes the infinite shear plateau and the power law
region (Eq. (6.42)), and the Williamson model (Eq. (6.43)) covering the zero
shear plateau and power law region. Other models of a similar form to the Cross
model have been developed, such as the Carreau model (Eq. (6.44)).
=
η η∞ +

η0 − η∞
1 + K 1 (γ ) n

(6.40)

=
η η ∞ + K 1 [ dγ / dt ]

η = K 1 [ dγ / dt ]

n−1

(6.42)

n−1

=
η η 0 + K 1 [ dγ / dt ]

(6.41)

n−1

η − η∞
1
=
1/2
η − η 0 1 + (K γ ) 2  ( n − 1)
1



(6.43)
(6.44)

FIG. 6.18. Flow curve of CMC solution prepared at 1 wt% concentration in distilled water,
measured at 25°C.

162

THE CHARACTERIZATION OF POLYSACCHARIDES

where
η0
is viscosity at zero shear rate;
η∞
is viscosity at infinite shear rate;
[ dγ / dt ] is change in shear rate with time;
and K1 is the time constant.
The power law is the simplest model to describe the shear rate dependency
of polymeric fluids. The Sisko model can be used at high shear rates, where the
power law fails. The Williamson model can be used for low shear rate data where
the power law fails to be fit. The Cross model can be applied only when there is a
full range of data including the high and low shear Newtonian plateaux as well as
a non-Newtonian shear thinning region [6.37, 6.38].
Figure 6.19 shows the zero shear viscosity data for a CMC sample obtained
by using the best fitted model option, i.e. the Williamson model. Despite the lack
of a steady state plateau in the low shear rate region, the standard error was only
about 5% when extrapolating the shear viscosity to the zero axis.
Additionally, the data was also fitted to the modified Cross model suggested
by Morris (Fig. 6.20). The relation between shear rate and zero shear viscosity
for a random coil polysaccharide is given as follows [6.39]:
η=

η0
(6.45)
1 + (γ / γ 1/2 ) 0.76 

where γ 1/2 is the shear rate required to reduce η0 to η0/2. In order to determine
the zero shear viscosity of hydrocolloids by the Morris method, the stepped flow
measurements were carried out in a range of shear rate (0.1–1000 s−1). At each
shear rate, γ , the value of 0.76 was calculated and the result was multiplied by
the corresponding viscosity, η, to obtain η * γ 0.76 . The graph was plotted for η
(vertical axis) against η * γ 0.76 (horizontal axis) and the best straight line was
fitted. The intercept on the vertical axis gives zero shear viscosity (η0). The result
obtained by the alternative Morris method for the same sample, 5, was 12.87 Pa/s
(Fig. 6.20). The two values are very close to one another, suggesting that the data
are reliable.
6.8.2. Oscillation measurements
Polymer solutions exhibit neither completely liquid- nor completely
solid-like behaviour and are termed viscoelastic solutions. The viscoelasticity of
a polymer solution can be quantified by carrying out oscillation measurements,
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FIG. 6.19. Zero shear viscosity determined using the best fitting model option in TA software
for a CMC sample (sample 5 measured at 2.5% in distilled water, at 25°C).

FIG. 6.20. A plot of viscosity as a function of η * γ ɺ 0.76 for the determination of zero shear
viscosity according to the Morris method.
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the principle of which involves oscillating the polymer solution back and forth
(using geometries such as parallel plate, cone and plate or cylinder) at a low
frequency instead of rotating it at a high shear rate as for flow measurement. It is
a non-destructive test in which the structure of the polymer is not broken, so it can
show the properties of a solution under deformation before flow. The test solution
is oscillated through a fixed stress or strain amplitude at an angular frequency, ω,
and the resultant storage and loss modulus are derived. The data is often presented
as a function of frequency, F, as this allows simulation of multiple timescales
in one test. Typically, stress and/or strain-controlled, rotational rheometers are
used to measure properties such as storage modulus, G′, loss modulus, G″, and
phase angle, tan δ, as a function of frequency, ω = 1/time, and temperature.
An example of an experiment with a stress-controlled rheometer, in which a fixed
stress is applied and the resulting deformation is measured, is shown in Fig. 6.21.
The ratio of input stress to the measured strain is defined as the complex
modulus, G*. It is the measure of stiffness of material, and higher the G* value,
the tougher the material will be. The phase angle, δ, is the measure of the
elasticity of the material. A high phase angle indicates a viscous solution, while
lower phase angles indicate a material with elastic behaviour. For a purely
elastic material, the input stress and measured strain are exactly on phase,
therefore the phase angle is zero. For a purely viscous material, the input
stress and measured strain are a quarter of a cycle out of phase, so the phase
angle is 90°. The following equations are involved in measuring the viscosity
(η*) and the viscous–elastic ratio of a polymer solution when oscillated at an
angular frequency (ω = 2π × frequency in Hz). At low frequency, since elastic
contribution to the viscosity is negligible, complex viscosity is equal to dynamic
viscosity in magnitude; i.e. η*= η′. This is shown in Eq. (6.46) (storage modulus),
Eq. (6.47) (loss modulus) and Eq. (6.48) (complex viscosity).
G' = G * cos δ (6.46)

FIG. 6.21. Principle of oscillation measurement.
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G' = G * sin δ

η* =

(G') 2 + (G") 2

ω

(6.47)
(6.48)

A prerequisite for oscillation measurement is making sure that within
the frequency region, the input stress or strain is not high enough to break the
structure of a polymeric solution. In other words, the test must be carried out
within the linear viscoelastic region of the polymer solution being tested. The
linear viscoelastic region of a polymeric solution is defined as a region wherein
the entity of structure does not break when stress or strain is applied. Initially, a
strain sweep test is conducted by varying the amplitude of a signal at a constant
frequency to determine the limits of linear viscoelastic behaviour by identifying
the critical value of the sweep parameter (Fig. 6.22). In the linear region, the
rheological properties are independent of stress or strain [6.32, 6.40–6.42].
In oscillation measurement, a sinusoidal deformation is imposed on the
solution in a large range of frequencies, and the response is a complex modulus
decomposed in an in-phase response (G′ reflecting the elastic character) and an
off-phase response (G″ reflecting the viscous response). An oscillation curve for
a polysaccharide solution (CMC, at 1 wt% aqueous concentration in distilled
water) is shown in Fig. 6.23. Generally for a polysaccharide solution G″ is larger
than G′ at low frequencies until the ‘cross-over’ frequency (ω0), beyond which G′
becomes larger than G″ [6.43]. The parameter ω0 is shifted to a lower frequency
when the polymer concentration or molecular weight increases.

FIG. 6.22. Amplitude sweep curve for determining linear viscoelastic region.
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FIG. 6.23. Oscillation curve of CMC solution prepared at 1% concentration in distilled water,
measured at 25°C. ω0 is the cross-over frequency.

6.8.3. Cox–Merz relationship
The Cox–Merz relationship is used in rheology and is described in further
detail in Refs [6.36, 6.44–6.46]. It states that the dynamic viscosity of a polymer
is nearly equal to its steady shear viscosity at equivalent shear rate and angular
frequency and is shown in Fig. 6.24.
6.9. ATOMIC FORCE MICROSCOPY
Atomic force microscopy (AFM) is a powerful technique capable of
visualizing the structure of individual molecules. The images are obtained by
touching the structure of the surface under investigation with a sharp tip or stylus
that is mounted at the end of a flexible cantilever, allowing it to be placed gently
on or very close to the sample surface with extraordinary precision (Fig. 6.25).
The force with which the tip rests on the surface under investigation
should be very small in order to obtain a reliable image. When the tip is held
in extremely close proximity to the sample surface, the cantilever, during the
scan, bends freely up and down in response to features on the sample surface,
as a result of repulsive forces. A low power laser is focused on the back of the
cantilever and its deflection is detected by a photosensitive detector. Movements
167

AL-ASSAF

FIG. 6.24. Plot of shear flow viscosity and complex viscosity as a function of shear rate or
angular frequency.

on the tip cause deflections of the laser beam which are amplified by the distance
between the tip and the photo detector. An optical lever technique is the most
common method for detecting and amplifying the tiny deflections experienced
by the cantilever. Using this simple technology, subnanometer undulation of
the tip can be detected. Methods have been described for the routine imaging

FIG. 6.25. Main features of the AFM. Image courtesy of A.P. Gunning (Institute of Food
Research, Norwich, UK).
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of polysaccharides by AFM using the most commonly used techniques: contact
mode, non-contact mode and tapping mode [6.23, 6.47–6.50].
For example, AFM was used to investigate the effect of irradiation on
modified hyaluronan (hylan) aqueous solution [6.51]. Samples were deposited
on to freshly cleaved mica, air dried, and then imaged under a precipitant liquid
in order to inhibit desorption or dissolution. This is a relatively mild preparative
treatment and the molecules may reside within a thin film of water on the
mica surface. Diluted solutions in a quantity of 10 μg mL−1 or 1 μg mL−1 were
deposited onto freshly cleaved mica and allowed to dry for 10 min in air. The
mica was then transferred to the liquid cell of the AFM for imaging. Examples
of AFM images of hylan (modified hyaluronan) before and after irradiation in
aqueous solution saturated with N2O are shown in Fig. 6.26. The results shown
in Fig. 6.26(a) show single chains and thicker bundles which have branch points
to other continuous chains. Figure 6.26(b) shows long strands of molecules with
little or no entanglement after the attack by OH radicals.
This technique can also provide height measurements of individual
molecules that have been used to further clarify xanthan’s double helical
conformation [6.23]. In addition to imaging, AFM has been successfully used to
measure forces (in the nano-newton range) and record the amount of force felt
by the cantilever as the probe tip is brought close to a sample surface and then
pulled away. Consequently, the extent of cantilever bending provides information
about the mechanics of the tip–sample interaction. Thus, information such as the
mechanical modulus of the sample as well as long-range attractive or repulsive
forces between the probe tip and the sample surface can be determined through
such measurements. The application of AFM force measurements have been
described in detail [6.52].
There have been significant advances in the field of AFM. The technique
is now widely established and applied in various industrial sectors to solve

(a)

(b)

FIG. 6.26. AFM images showing the structure of cross-linked hyaluronan (Hylan) (a) before
and (b) after gamma irradiation.
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processing and material problems. In addition to polymeric materials, other
materials being investigated include synthetic and biological membranes, metals,
semiconductors, composites, glasses and thin and thick film coatings.
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7.1. INTRODUCTION
Chitosan is a product of the degradation of chitin by a specific enzyme,
chitinase, or a chemical treatment using, for example, an alkaline solution. Chitin
and chitosan are the major constituents of shells of arthropods such as crabs,
shrimps, lobsters and insects, and they are also produced extracellularly by fungi
and brown algae. The structures of chitin and chitosan (Fig. 7.1) are close to
cellulose, which is a polysaccharide linear of β (1→4)–D-glucose. The difference
between chitin, chitosan and cellulose is the replacement of the hydroxyl group
positioned in C2 with an acetamide (–NHCOCH3) group and a primary amine
(–NH2) for chitin and with a primary amine (–NH2) for chitosan; this gives
chitosan a cationic charge.
Due to this net charge, chitosan can be solubilized only in acidic
solvents. Neutral and basic solvents are inadequate. Chitosan has a wide range
of applications in various fields such as biotechnology, environmental and
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FIG. 7.1. Structure of chitin and chitosan.

biomedical engineering, cosmetics and photography. Chitosan also displays
antibacterial and antifungal activities; see also Chapters 8 and 10.
There are a number of reports in the literature that deal with various aspects
of chitosan solution properties and its functionality in certain applications. It
should be noted that its structure, molecular weight and size as well as its DD
greatly influence its functionalities. To date, there are a number of methods in
use for the determination of DD as it is one of the key parameters that determine
chitosan’s solubility. An accurate characterization a bio-polymer is essential to
understand how it can be used in a given application. Therefore, the objective
of the work described in this chapter was to apply various techniques commonly
used for the determination of DD and compare these methods. The final outcome
of this project, as part of the Coordinated Research Project on the Development
of Radiation Processed Products of Natural Polymers for Applications in
Agriculture, Healthcare, Industry and Environment was to determine how various
methods and treatments can affect the DD and explain the possible reasons why
the values found are similar or different.
7.2. MATERIALS AND REAGENTS
Chitosan (Batch Chi 90/1000) from Heppe Medical Chitosan (Germany)
with the following parameters (pH of 3–4 for 1% solution in 1% acetic acid,
viscosity >10 Pa/s and a DD of 91.8%). Glacial acetic acid (CH3COOH, assay
> 99.7%), ammonium acetate (CH3COONH4, assay > 99%), hydrochloric acid
(HCl, assay ≈ 36%), sodium chloride (NaCl) and sodium hydroxide (NaOH)
were obtained from Fisher Scientific, United Kingdom. D-(+) Glucosamine HCl
and N Acetyl D Glucosamine were obtained from Sigma.
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7.3. RESULTS
7.3.1.

FTIR

FTIR is also a widely used techniques for the determination of the DD of
chitosan. Various band ratios reported in previous studies are summarized in
Table 7.1 [7.1–7.13]. Contractions of the baseline in these methods are given in
representative FTIR curves of chitosan in Fig. 7.2.
TABLE 7.1. SUMMARY OF FTIR METHODS WITH EVALUATED BANDS
AND CALIBRATION CURVES USED IN THE DD
Method no. Peaks evaluated

Calibration curve

Ref.

1

A1321/A1421

DD% = [2.58 − (A1320 − A3450)]/0.0104]

[7.1]

2

A1655/A3450

DD% = 100 − [(A1655 − A3450) × 155]

[7.2, 7.5]

3

A1655/A3450

DD% = 100 − [(A1655 − A3450) × 100/1.33] [7.3, 7.7, 7.12]

4

A1655/A2870

DD% = 100 − [(A1655 − A2870) × 100/1.33]

[7.7]

5

A1320/A1420

DD% = 100 − [((A1320 − A3450)
− 0.03146)/0.00226]

[7.4]

6

A1320/A3450

DD% = 100 − [((A1320 − A1420)
− 0.03822)/0.003133]

[7.4]

The FTIR spectrum of the test material is shown in Fig. 7.3 with the
baselines drawn according to the methods used to obtain Fig. 7.2. and the results
are given in Table 7.1.
The results obtained by FTIR spectroscopy clearly show greater uncertainty
when little variation in the peak height (intensity) is observed. For example, a
change of 0.02 in the absorbance intensity of a peak could change the DD value
by ~4%. Additionally, other factors such as the calibration curve range, the
baseline correction and correction type, and the smoothing of the peaks influence
the uncertainty. It was therefore concluded that the FTIR technique would not be a
reliable technique for the determination of the DD value of an unknown chitosan
sample if the calibration curve were not prepared in that particular laboratory
and if the manipulations on the spectrum such as the baseline correction and
smoothing were not well described in advance.
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FIG. 7.2. Baseline contractions for the determination of DD in the FTIR calculations.

FIG. 7.3. The FTIR spectrum of Chi 90/1000 chitosan and the bands used in the calculation
of the DD.
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TABLE 7.2. DD VALUES OF A CHITOSAN SAMPLE DETERMINED BY
FTIR
Method No.

Institute

Evaluated bands

DD value (%)

1

HU

A1321/A1421

95.0 ± 1.0

2

HU

A1655/A3450

75.8 ± 1.5

2

UL

A1655/A3450

78.0 ± 2.0

3

HU

A1655/A3450

64.8 ± 4.0

3

UL

A1655/A3450

85.6 ± 2.0

4

UL

A1655/A2870

44.9 ± 9.2

5

HU

A1655/A3450

89.8 ± 1.2

6

HU

A1320/A3450

82.8 ± 1.8

6

UL

A1320/A3450

89.5 ± 5.8

Note: HU = Hacettepe University, Laboratories for Radiation & Polymer Science; UL =
Institute of Applied Radiation Chemistry of the Lodz University of Technology

7.3.2. Determination of DD by NMR
Many researchers have found that for the determination of DD of chitosan
the H-NMR technique is simple, rapid and more precise than other known
techniques such as FTIR or titration [7.14–7.16]. The structures of acetylated
(glucosamine) and deacetylated (N acetyl glucosamine) units of chitosan are
presented in Fig. 7.4.
Figure 7.5 presents the 400 MHz 1H-NMR spectrum of chitosan
(DD ∼75%) at 70°C. The assignment of chitosan peaks has already been reported
in the literature [7.13–7.16] and is summarized in Table 7.3. The peak at 2.0–2.1
ppm represents three protons of N acetyl glucosamine (GlcNAc) and the peak
at 4.1–4.2 ppm represents an H-2 proton of glucosamine (GlcN) residues.
The non-anomeric protons which are connected to the ring-skeleton in a glycosyl
residue have similar electron densities and thus have similar chemical shifts. In the
spectrum of the molecule, the signals of the non-anomeric protons partially overlap
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FIG. 7.4. Acetylated and deacetylated repeating units of chitosan.

and produce a broad envelope of signals in the middle of the spectrum [7.14].
All the signals are observed between 4.5 and 4 ppm. Anomeric protons (H1)
are observed at higher chemical shifts. The protons of H-1 [GlcN (H-1D) and
GlcNAc (H-1A)] resonate at 4.6 and 4.8 ppm, respectively. Among various
bands of 1H NMR spectra, the methyl protons, 2.0–2.1 ppm, possess the highest
resolution. The protons of H-1 [H1(Glc-NAc) 4.8 and H1(GlcN) 4.6 ppm] have
the lowest resolution. The resolution of the H-3, H-4, H-5 and H-6 protons is also
low. The signals of the latter protons overlap with the chemical shift for water
value for a solvent (D2O/CD3COOD) at 4.05 ppm.
The typical NMR spectra of chitosan (shown in Fig. 7.5 and described
above) clearly shows the protons of H-1(D), H-1(A), H-2/6, H-2(D) and H-Ac.
The slight shift in the position of the protons compared with Table 7.3 is due to
the working temperature.
Method 1: The DD is calculated using integrals of the peak of proton H1
of the deacetylated monomer (H1-D) and of the peak of the three protons of the
acetyl group (H-Ac) [7.14, 7.17].
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FIG. 7.5. 1H-NMR spectrum of chitosan (DD is 75).

TABLE 7.3. CHEMICAL SHIFTS FOR PROTONS IN CD3COOD/D2O OR
DCL/D2O SOLUTION AT 65ºC
Type of proton

Position (δ, ppm)

H1 (H1 of GluNAc or H-1(A))

4.62–4.85

H1 (H1 of GluNH2 or (H-1(D))

4.85–4.97

H2 (H2 of GluNH2 or H-2(D))

4.18–4.24

H2 (H2 of GluNAc or H-2(A))

4.38–4.65

H3 (H3 of GluNH2 or H-3(D))

4.52–4.87

H3 (H3 of GluNAc or H-3(A))

4.52–4.65

H3, H4, H5, H6, H6’

4.74–4.34

HN–COCH3 or H-Ac

1.95–2.09
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H1D


(7.1)
DD (%) = 
 100
 H1D + HAc / 3 

Method 2: The DD is calculated with the method proposed by Hirai
et al. [7.11] using the signal from protons H-2, H-3, H-4, H-5, H-6, H-6ʹ (H2-6)
of both monomers and the peak of acetyl group (H-Ac).
  HAc  
  3 
DD (%=
)  1 −  H26
  100 	
 
 
  6 

(7.2)

Method 4: A DD lower than 90% can also be calculated by using the peaks
of protons H1 of both the deacetylated and the acetylated monomer (H1-D,
H1-A). However, this equation is not suitable for high DD values because H1-A
cannot be observed in the spectrum.
H1D


DD (%) = 
 100
 H1D + H1A 



(7.3)

The 1H-NMR spectrum of test material is shown in Fig. 7.6. As a result of
the evaluation of the 1H-NMR spectra, the calculated DD values of the chitosan
samples are given in Table 7.4.
TABLE 7.4. THE DD VALUES OF THE CHITOSAN SAMPLE DETERMINED
BY 1H-NMR
Institute

Method 1

Method 2

Method 3

HU

91.5 ± 0.5

91.9 ± 0.6

89.3 ± 0.8

UL

91.3 ± 0.7

89.4 ± 0.3

84.9 ± 1.3

Note: HU = Hacettepe University, Laboratories for Radiation & Polymer Science; UL =
Institute of Applied Radiation Chemistry of the Lodz University of Technology

As can be seen from the table, the DD values calculated by Method 1 are
very close to those calculated by Method 2. However, the DD values obtained
by Method 3 are slightly different from those obtained by Methods 1 and 2. This
difference was attributed to the low intensity of the H1A peak in the spectra.
Table 7.4 also indicates that the values experimentally calculated for chitosan
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FIG. 7.6. The 1H-NMR spectra of chitosan 90/1000.

90/1000 at Hacettepe University and at the Lodz University of Technology are
very close to the value reported by the supplier (i.e. 91.8%). In conclusion,
therefore, NMR seems to be the most reliable technique, particularly when used
according to Methods 1 and 2.
7.3.3. Determination of DD values by titration
Various titration procedures are reported in previous studies for the
determination of the DD value of chitosan. These procedures and related
equations are summarized below [7.18–7.24].
7.3.3.1. Titration procedure I
In titration procedure I, dried chitosan (0.2 g) was dissolved in 20 cm3 0.1M
hydrochloric acid and 25 cm3 deionized water [7.18]. After 30 min continuous
stirring, the next portion of deionized water (25 cm3) was added and stirring
continued for 30 min. When the chitosan was completely dissolved, the solution
was titrated with a 0.1M sodium hydroxide solution using an automatic burette
(0.01 cm3 accuracy). A typical titration curve is shown in Fig. 7.7.
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FIG. 7.7. A typical titration curve of a chitosan sample.

A curve with two inflexion points is obtained from the titration of the
chitosan solution. The difference of the volumes of these two points (V1 and V2)
corresponds to the acid consumed by the amine groups and allows the calculation
of the DD values. Determination of the first derivative helps in the precise
reading of V1 and V2. The DD of chitosan was calculated using Eq. (7.4).



(V2 − V1 )
DD(%) = 100 −  2.03 
  (7.4)

 m + 0.0042(V2 − V1 )  

where:
m
V1 and V2
2.03

is the weight of the sample;
are the volumes of 0.1M sodium hydroxide solution corresponding
to the deflection points (Fig. 7.7);
is a coefficient resulting from the molecular weight of the chitin
monomer unit;

and 0.0042 is a coefficient resulting from the difference between the molecular
weights of chitin and chitosan monomer units.

184

DETERMINATION OF THE DEGREE OF DEACETYLATION OF CHITOSAN

7.3.3.2. Titration procedure II
In titration procedure II, the method described by Jiang et al. [7.22] and Tan
et al. [7.23] was applied, with a few modifications. Chitosan (0.20–0.25 g) was
dissolved in 20 mL of 0.10M HCl and diluted with 10 mL of distilled water. The
pH of the solution was adjusted to ≈2 with 0.01M NaOH and taken as the start
point. Under continuous stirring, 0.250 mL of 0.1M NaOH was added, allowed
to equilibirate and the pH recorded. This sequence was repeated until the pH
reached a value of 4. A value of f(x) of the corresponding volume of NaOH added
was calculated using the following equation:
V +V 

(

)

+
−
o
 ×  H  − OH  
f ( x ) = 
NB  



(7.5)

where:
Vo is the volume of chitosan solution (mL);
V
is the volume of NaOH added (mL);
NB is the concentration of NaOH (M);
[H+] is the concentration of hydronium ions (M);
and [OH−] is the concentration of hydroxyl ions (M).
The linear titration curve was obtained by plotting f(x) against the
corresponding volume of NaOH. The volume of NaOH at the end point of the
titration, Vo, was estimated by extrapolating the linear titration curve to the x axis.
The DD of the chitosan sample was calculated using the following formula.
DD(%) =

∅
× 100 
 W − 161 × ∅

+
∅
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(7.6)

where:
∅

NA
VA
NB
Ve

N A ⋅ VA − N B ⋅ Ve
;
1000
(7.7)

is the concentration of HCl (M);
is the volume of HCl (mL);
is the concentration of NaOH (M);
is the volume of NaOH at the end point (mL);

and W is the sample mass.
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The results obtained following the determination of the DD value of
chitosan 90/1000 are given in Table 7.5, with other parameters used in the
equation.

TABLE 7.5. TITRATION DATA OF CHITOSAN 90/1000
VNaOH
(mL)

pH

[H+]
(M)

pOH

[OH-]
(M)

f(x)

0.00

2.00

1.00E-02

12.00

1.00E-12

3.23

0.25

2.04

9.12E-03

11.96

1.10E-12

2.95

0.50

2.08

8.32E-03

11.92

1.20E-12

2.69

0.75

2.14

7.24E-03

11.86

1.38E-12

2.34

1.00

2.20

6.31E-03

11.80

1.58E-12

2.04

1.25

2.27

5.37E-03

11.73

1.86E-12

1.74

1.50

2.36

4.37E-03

11.64

2.29E-12

1.41

1.75

2.48

3.31E-03

11.52

3.02E-12

1.07

2.00

2.63

2.34E-03

11.37

4.27E-12

0.76

2.25

2.86

1.38E-03

11.14

7.24E-12

0.45

2.35

3.00

1.00E-03

11.00

1.00E-11

0.32

By plotting the f(x) vs VNaOH values given in Table 7.5, Fig. 7.8 was
obtained. Then the extrapolation of the line x-intercept Ve value was calculated
from Fig. 7.8:
Ve =

−3.2783
= 2.6147 (7.8)
−1.2538

This value is used to calculate the value of ∅ using Eq. (7.6):
=
∅
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= 1.254 × 10 −2 (7.9)
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FIG. 7.8. Linear relationship between f(x) and volume of NaOH.

And finally, the DD was calculated from Eq. (7.10) as 88.8%:

DD(%) =

1.254 ×10 −2
×100 = 88.8% (7.10)

 (0.2341 − 161×1.254×10 −2 )

+ 1.254×10 −2 


204



7.3.3.3. Titration procedure III
This procedure is a modified form of titration procedure II [7.23]. Chitosan
(0.20–0.25 g) was dissolved in 20 cm3 of 0.1 mol/dm3 HCl and diluted with 10
cm3 of deionized water. Under continuous stirring, 0.50 cm3 of 0.1 mol/dm3
sodium hydroxide was added, allowed to equilibrate and the pH of the solution
was measured and recorded. This sequence was repeated until the pH reached a
value of 4. The same calculation as in titration procedure II was used.
7.3.3.4. Titration procedure IV
In this procedure, 0.125 g of chitosan was dissolved in 25 cm3 aqueous
solution of 0.1 mol/dm3 hydrochloric acid and stirred for 30 min for complete
dissolution. The solution was titrated with 0.1 mol/dm3 NaOH. The degree of
deacetylation was calculated as follows [7.24]:
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 (C V − C 2V2 ) 0.016 
 100
NH 2% =  1 1



G(100 − W )



(7.11)

where:
C1
C2
V1
V2
0.016
G

is the concentration of HCl (mol/dm3);
is concentration of NaOH (mol/dm3);
is the volume of HCl (cm3);
is the volume of NaOH (cm3);
is the molecular weight of NH2 in 1 cm3 0.1 mol/dm3 HCl (g);
is the sample weight (g);

and W is the water percentage of the sample; DD (%) = NH2 % / 9.94% × 100%
where 9.94% is the theoretical NH2 percentage obtained.
Figure 7.7 shows an example titration curve for chitosan solution using
titration procedure IV. The first maximum corresponds to the neutralization of
HCl and the second to the amount of NaOH needed for the neutralization of
the protonated amine groups. Because chitosan had previously been dried to a
constant weight, expression (100 − W) was skipped.
The procedures used, the experimentally calculated DD values of chitosan
90/1000 determined by titration are summarized in Table 7.6; the centre at which
the work was performed is also indicated. Results indicate that the experimentally
calculated values of the chitosan 90/1000 at the three different centres are very
close to each other.
TABLE 7.6. THE DD VALUES OF THE CHITOSAN SAMPLE DETERMINED
BY TITRATION
Institute

Titration procedure

DD value

UL

I

87.7 ± 1.4

GU

II

88.8 ± 1.2

HU

III

88.9 ± 0.5

UL

IV

85.6 ± 0.4

Note: HU — Hacettepe University; UL — Lodz University of Technology; GU — Glyndwr
University.
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7.3.4. Determination of DD by the UV method
For the determination of the DD of chitosan samples, the method proposed
by Wu and Zivanovic [7.25] was used. The diagram of the three step procedure
for the determination of the degree of acetylation values for chitin and chitosan
is given in Fig. 7.9. The standard solutions of GlcNAc and GlcN were prepared
in 0.85% phosphoric acid at concentrations of 0, 10, 20, 30, 40 and 50 μg/mL.
The calibration curve was obtained by plotting the first derivative UV values
at 200 nm (H200) as a function of GlcNAc and GlcN concentration. The UV
spectra of GlcNAc and GlcN are shown in Fig. 7.10. The first derivative curves
of GlcNAc and GlcN are presented in Fig. 7.11. By plotting the first derivative
UV values at those wavelengths against the concentrations of GlcNAc to perform
linear regression analysis, the best linear regression was obtained at 200 nm.
Thus, the first derivative value at 200 nm was chosen for the DD measurements
in this study and represented by the symbol of H200. A plot of H200 values
against the concentrations of N acetyl D glucosamine in the range of 0–50 μg/mL
resulted in a good linear regression with the R2 value of 0.994 (Fig. 7.12).
The value of the DD was calculated as:
m1




203.21
DD(%) =
100 − 
 × 100 (7.12)
 m1 + m 2 
 203.21 161.17 

where:
m1
m2

is the mass of GlcNAc in the 1 mL chitin or chitosan solution (Step 2;
Fig. 7.9), calculated from the calibration curve by the corresponding H200;
is the mass of glucosamine in the 1 mL chitin/chitosan solution (Step 2;
Fig. 7.9), and is given by Eq. (7.13).
m=
M − m1 (7.13)
2

where M is given by Eq. (7.14):
M=
(M 1 × M 3 ) / (M 1 + M 2 ) 	

(7.14)

where
m1
m2

is the mass of the solid chitin/chitosan sample taken for analysis (100 ± 10 mg);
is the mass of 20 mL of 85% phosphoric acid (Step 1; Fig. 7.9);
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and M3 is the mass of the 1 mL chitin/chitosan solution in the concentrated
phosphoric acid (Step 2; Fig. 7.9).

FIG. 7.9. Diagram of the three step procedure for the determination of the DD values for
chitosan.

FIG. 7.10. UV spectra of GlcNAc and GlcN standards at concentrations from 0 to 50 μg/mL.
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FIG. 7.11. (a) First derivative UV spectra of GlcNAc. (b) First derivative UV spectra of GlcN.

FIG. 7.12. UV calibration curves for GlcNAc, and GlcN from the first derivative peak
maximum at 200 nm.

The UV spectra of the chitosan 90/1000 sample and their first derivative
curves are shown in Fig. 7.13. The DD values determined are summarized in
Table 7.7. As can be seen from the table, the DD values determined for the
chitosan samples are very close to those found by the 1H-NMR technique.

191

SEN et al.

FIG. 7.13. (a) UV spectra; (b) first derivative of UV spectra of the chitosan 90/1000 samples.

TABLE 7.7. THE DD VALUES OF THE CHITOSAN SAMPLE DETERMINED
BY TITRATION
Institute

DD value chitosan 90/1000

HU

91.2 ± 0.5

UL

89.4 ± 0.1

Note: HU — Hacettepe University; UL — Lodz University of Technology.

7.4. SUMMARY AND CONCLUSION
Four different techniques were used for the determination of the DD
values of the chitosan 90/1000 samples in this study. The DD values determined
experimentally by each method are summarized in Table 7.8.
TABLE 7.8. THE DD VALUES OF THE CHITOSAN SAMPLE DETERMINED
BY DIFFERENT METHODS
Method
FTIR

Potentiometric
titration

UV

NMR

HMC
value

HU

64.8−95.0

98.9 ± 0.5

91.2 ± 0.5

91.5 ± 0.5

91.8

UL

44.9–89.5

87.7 ± 1.4

89.4 ± 0.1

91.3 ± 0.7

91.8

GU

—

88.8 ± 1.2

—

—

91.8

Institute

Note: HU — Hacettepe University; UL — Lodz University of Technology; GU — Glyndwr
University.
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On the basis of all these experiments (the results shown here are for one
standard chitosan sample, but in fact the same experiments were performed
for many samples of different DD), it is concluded that a laboratory intending
to use FTIR for determination of the DD of chitosan should first establish its
own calibration curve based on the 1655 cm−1 and 3450 cm−1 peaks using
well characterized standard samples, and then use this curve or equation for
measurements on real samples, keeping conditions constant and applying a
baseline correction as recommended by Tahtat el al. [7.1]. The main advantages
of FTIR techniques are the low price of the chemicals used, the easy sample
preparation and measurement, and the moderately priced and generally available
equipment (FTIR spectrometer). The main disadvantages of FTIR techniques are
their moderate to poor reproducibility, the difficulties involved in the setting the
baselines (operator dependent results) and their sensitivity to humidity, impurities
(particularly protein residues) and instrument settings.
1
H-NMR is currently the best and most accurate method for the
determination of the DD of chitosan. While this technique itself cannot be
treated as ideal or absolute, it is justified to consider it the reference method.
The main advantages of this technique are the more precise methods for the
determination of the DD of chitosan, making it suitable as the reference method,
the relatively easy sample preparation (except for the solubilization problem) and
its highly reproducible results with small standard errors. Its disadvantages
are the very expensive chemicals and apparatus involved, the needs for highly
qualified staff for maintenance and operation, the great length of time needed for
sample preparation, and the limited solubility and long dissolution time of some
chitosan samples at the required high concentrations.
Potentiometric titration, when based on selected procedures and standard
analytical solutions of well known concentrations, is the most reliable and robust
of the non-NMR methods. The main advantages of this technique are that it
yields reasonable DD values (but still 3–5% lower than 1H-NMR), it is a simple
experimental procedure, using easily accessible chemicals and equipment that
has a low cost. Its disadvantages are the time consuming measurements needed
and the requirement for standard solutions of precisely known concentrations.
UV-Vis, when carefully performed, seems to produce good results, but
the procedure is quite time consuming and the presence of contaminants may
influence the spectra and hence the final result.
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8.1. INTRODUCTION
This chapter will specifically discuss the extraction, radiation processing
and application of alginate, chitosan and carrageenan as plant growth promoters.
Furthermore, the biological activities of oligosaccharides derived from the above
mentioned polysaccharides will also be addressed.
8.2. RADIATION PROCESSING
8.2.1. Radiation degradation of alginate
Alginate is a natural polysaccharide composed of two building blocks of
monomer units, namely D-mannuronic and L-guluronic acid, attached by random
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1,4-glycoside linkages [8.1, 8.2]. Alginates are extracted from brown seaweeds,
in which 18−40% of the total plant expressed as alginic acid. The brown seaweed
Sargassum is shown in Fig. 8.1.
The annual production of alginate is about 30 000 t [8.2]. For most
applications, for example, for use in food and drink, pharmaceutical products,
cosmetics, bioengineering and agriculture, alginates are sold for US $5–20/kg [8.2].
Alginate is a linear copolymer with homopolymeric blocks of (1-4)-linked β
D-mannuronate (M) and its C-5 epimer α L-guluronate (G) residues, respectively,
covalently linked together in different sequences or blocks (Fig. 8.2).

FIG. 8.1. Sunlight dried brown seaweed (Sargassum) used for alginate extraction in Viet Nam.

FIG. 8.2. The molecular structure of alginate.
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Oligoalginate was reported to have several novel properties, such as plant
growth promotion [8.3–8.5], plant elicitation [8.6] and effects on bifidobacterial
growth [8.7]. Nagasawa et al. studied in detail the radiation degradation of NaAlg
in powder form and in solution by irradiation with gamma rays from a 60Co
source [8.8], as shown in Fig. 8.3.
A detailed methodology for calculating chain scission yield is presented
in Chapter 3. Radiation degradation yield G(s) can be used to evaluate the
susceptibility of a polymer to degradation upon irradiation as a bulk material.
G(s) is calculated based on Eqs (8.1) and (8.2) [8.9, 8.10]:
G(s)( scissions / 100 eV) = N A (1 / M n − 1 / M n 0 ) / 6.24×10 16 D

(8.1)

G(s)( scissions / 100 eV) = 2× N A (1 / M w − 1 / M w 0 ) / 6.24×10 16 D

(8.2)

where
Mn0 and Mn are the number-average molecular weight;
Mw0 and Mw are the weight-average molecular weight of the polymer before and
after irradiation;
D
is the absorbed dose (kGy);
and NA is Avogadro’s number.

FIG. 8.3. Changes in the number-average molecular weight (Mn) of alginate irradiated
in form powder and in aqueous solutions 1% and 4% with various doses in air.
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Alternatively, G(s) (scissions/100 eV) can be converted to G(s) (μmol/J) by
multiplying by 0.10364 [8.11]. Thus, as presented in Fig. 8.4, Nagasawa et al.
calculated the G(s) to be 1.9, 55 and 18 scissions/100 eV, that is, equal to
0.197 μmol/J, 5.700 μmol/J and 1.866 μmol/J for alginate in powder form,
1% and 4% aqueous solution, respectively [8.8]. Generally, if one uses Eq. (8.1)
or Eq. (8.2) for the calculation, G(s) will increase with decreasing polymer
concentration in the solution. Accordingly, the higher the concentration of the
polymer in the solution, the lower the G(s) value is.
In addition, taking into account the concentration, C, of polymer in solution,
then G(s) is calculated with Eqs (8.3) and (8.4) [8.11]:
(8.3)
(8.4)
where C is the concentration of the polymer in solution (g/dm3).
If Eq. (8.3) or Eq. (8.4) is used for calculation, the G(s) will decrease with the
polymer concentration in the solution. Accordingly, the lower the concentration of
the polymer in solution, the lower the G(s). In the particular case of the G(s) values
reported by Nagasawa et al. [8.8], if Eq. (8.3) is used then the G(s) values will be
0.057 μmol/J and 0.076 μmol/J for 1% and 4% alginate solution, respectively.

FIG. 8.4. GPC elution curves of alginate irradiated at 0, 50 and 100 kGy in aqueous solution.
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Furthermore, low energy electron beams can be used for the degradation
of polysaccharides and particularly for alginate in aqueous solution. Table 8.1
shows the molecular weight (Mw) and Mw distribution index (Mw/Mn) of alginate
subjected to gamma 60Co radiation and a low energy electron beam [8.12].
TABLE 8.1. MOLECULAR WEIGHT OF ALGINATE IRRADIATED BY
GAMMA CO-60 RADIATION AND A LOW ENERGY ELECTRON BEAM
Alginate powder

0 kGy

Alginate solution 5%
Gamma Co-60
(10 kGy/h)
40 kGy

Low energy electron
beam (250 keV, 10 mA
35 min)

Mw

136 700

8 900

12 700

Mn

50 700

7 400

7 800

Mw/Mn

2.70

1.20

1.62

In general, when polysaccharides are irradiated, oligosaccharides are
produced as a result of chain scission, as seen from the shifting of the GPC peaks
to longer retention times (Fig. 8.4). These oligosaccharides usually also have a
narrower molecular weight distribution (Table 8.1).
8.2.2. Radiation degradation of chitosan
Chitosan is a linear aminopolysaccharide (polyglucosamine) derived from
chitin, a naturally abundant mucopolysaccharide poly β (1→4)-linked N acetyl
D-glucosamine, by alkali deacetylation. Its molecular structure is shown in Fig 8.5.

FIG. 8.5. The molecular structure of chitosan with a DD of ~70% (NH2 70%, NH-COCH3 30%).
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Chitosan has a wide range of applications, for example in wastewater
treatment, in medicine and cosmetics, in food, including functional food, and in
agriculture [8.13–8.16]. The production of chitin and chitosan is currently based
on crab and shrimp shells discarded as food industry waste and Fig. 8.6 shows
various sources of chitin and chitosan. The global annual estimate of shellfish
processing discards is more than one million metric tonnes [8.13] and the disposal
of shellfish wastes has been a challenge for most shellfish processing countries.
Therefore, production of value added products such as chitin, chitosan, oligomers
and their derivatives for utilization in different fields is of utmost interest.
The production of low molecular weight oligochitosan by irradiation
(γ ray, EB) is being carried out in many radiation processing research centres
because of the beneficial properties and potential applications of the end
products in different fields. Chitosan of a weight-average molecular weight
from 10 000 to about 100 000 is considered low Mw chitosan, while the Mw of
oligochitosan is generally less than 10 000. Chitosan prepared from chitin by the
deacetylation process generally has a high Mw, which in many cases limits its
applications. The low Mw chitosan and its oligomer have some special biological
properties which are different from those of the ordinary high Mw chitosan,
such as an antioxidant property [8.17–8.18], antimicrobial property [8.19–8.22],
antitumor activity [8.23] and immunity stimulation in animals [8.24, 8.25] and
plants [8.26–8.28]. Recent reviews on the topic have been published by Kim and
Rajapakse [8.29] and Xia et al. [8.30]. A variety of techniques including chemical

FIG. 8.6. The major sources for chitin and chitosan production from shrimp, crab shells and
squid pens.
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and enzymatic hydrolysis and radiation degradation processes can be used to
prepare low Mw chitosan and its oligomer, as described by Makuuchi [8.31].
However, radiation (γ ray, EB) is a useful environmentally friendly processing
technology for the degradation of polymers [8.32]. Figure 8.7 shows the effect of
gamma irradiation on the degradation of the molecular weight of dry chitosan in
the form of powder or flakes.
Accordingly, low Mw chitosan can be conveniently prepared by the
irradiation of high Mw chitosan in powder or flake form [8.26, 8.33–8.35]. Ulanski
and Rosiak [8.33] reported G(s) values of 0.9, 1.1 and 1.3 scissions/100 eV
for chitosan powder irradiated in a vacuum, in air and in oxygen, respectively.
However, Czechowska-Biskup et al. [8.36] reported the highest G(s) value for
chitosan irradiated in air (G(s) = 0.6 μmol/J equal to 5.79 scissions/100 eV). The
reason for the difference in G(s) may be due to many factors that need further
study.
Oligochitosan has been produced in most cases by the irradiation of
chitosan in solution [8.26, 8.36, 8.37]. G(s) values were found to be 0.058 μmol/J,
0.08 μmol/J and 0.10 μmol/J for 1%, 3% and 5% chitosan solutions, respectively,
based on the molecular weight presented in Fig. 8.8 and calculated using Eq.
(8.4). Wasikiewicz et al. reported a rather higher G(s) (0.353 μmol/J) for
1% chitosan solution [8.38]. The reason for this may be the difference in the DD
of chitosan used for these studies.

FIG. 8.7. Molecular weight of chitosan irradiated by 60Co gamma ray in powder and flake
form in air as a function of absorbed dose.
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FIG. 8.8. Molecular weight of chitosan in solutions of 1%, 3% and 5% irradiated with
60
Co gamma rays as a function of absorbed dose.

It is usually more expensive to produce oligochitosan using enzymatic
hydrolysis than using oxidative degradation [8.31]. In addition, this chemical
process has some drawbacks, such as low production yields and higher pollution
risks to the environment [8.29]. Unfortunately, there are some disadvantages
associated with oxidative degradation, such as the chemical structure changes
caused by the formation of carboxyl groups, deamination, breakage of the
glucoside ring [8.39] and high irradiation doses.
Thus, in order to degrade chitosan effectively, synergistic degradation by
combination of hydrogen peroxide (H2O2) with γ ray [8.40–8.42], UV light [8.43]
and microwave irradiation [8.44] has been studied. According to the results
reported by Kang et al. [8.40] and El-Sawy et al. [8.41], chitosan in a suspension
or paste form mixed containing a rather high H2O2 concentration (10–30%) was
degraded by γ irradiation to prepare oligochitosan in a high dose range from
20 kGy to more than 100 kGy. Furthermore, according to the the synergic effect
of γ ray and H2O2 for the degradation of β chitosan in solution reported by Hien
et al. [8.42], oligochitosan with a Mw of less than 10 000 can be produced in a
low dose range of up to 16 kGy with the addition of a small amount of 1% H2O2
to a 5% beta chitosan solution; this method reduces the cost of production to an
acceptable level (see Fig. 8.9).
However, according to the experiences of large scale oligochitosan
production plants, where chitosan solution is irradiated (200 L/batch
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FIG. 8.9. Changes in weight-average molecular weight of β chitosan treated with H2O2, γ ray
and H2O2/γ ray versus treatment time and dose (dose rate: 1.33 kGy/h).

in Viet Nam, 500 L/batch in Indonesia and 2000 L/cycle in Malaysia),
it was recognized that highly viscous chitosan solution (>3%) is not suitable
for processing. Therefore, a study on preparing oligochitosan with various Mw
below 10 000 by γ irradiation of 3% chitosan solution containing H2O2 at various
concentrations (0.25–1%) has been proposed [8.45]. The influence of varying
dose on the change in molecular weight and in the radiation degradation yield
of chitosan was investigated. The synergistic degradation effect induced by
γ rays and H2O2 was also calculated based on the percentage of the reduction
(Mw × 100/Mw0) of chitosan molecular weight [8.42].
8.2.3. Radiation degradation of carrageenan
Carrageenan is a collective term for polysaccharides prepared by alkaline
extraction (and modification) from red seaweed (Rhodophyceae), mostly of the
genera Chondrus, Eucheuma, Gigartina and Iridaea. Different seaweeds produce
different types of carrageenan. Carrageenan consists of alternating 3-linked β
D-galactopyranose and 4-linked a D-galactopyranose units.
All carrageenan are high molecular weight polysaccharides including
repeating galactose units and 3,6 anhydrogalactose, both sulphated and
non-sulphated. The units are joined by alternating α 1-3 and β 1-4 glycosidic
linkages as shown in Fig. 8.10.
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FIG. 8.10. The molecular structure of carrageenan.

There are three main commercial classes of carrageenan:
— Kappa (κ): strong and rigid gels. Gels with potassium ions that contain
1 sulphate (−OSO3) group per repeating unit.
— Iota (ι): soft gels. Gels with calcium ions that contain 2 −OSO3 groups per
repeating unit.
— Lambda (λ): does not gel, contains 3 −OSO3 groups per repeating unit.
Carrageenans are large and highly flexible molecules that curl, forming
helical structures. This gives them the ability to form a variety of different gels at
room temperature. They are widely used in sectors such as the food industry as
thickening and stabilizing agents.
Relleve et al. [8.46] showed that carrageenan degraded easily upon
irradiation without adding any chemical additives at ambient temperature.
The weight-average Mw of κ carrageenan at various absorbed doses in solid form
and at 1% and 4% concentration is shown in Fig. 8.11. The Mw of carrageenan
decreases continuously with increasing dose. The dose needed to degrade
carrageenan in the gel state is very much less than for solid carrageenan. This
is due to the indirect effect of radiation brought about by the water molecules.
As shown in Fig. 8.11, the dose required to obtain κ carrageenan with a molecular
weight of 2.5 × 104 is about 500 kGy in the solid state, 100 kGy at 4% and 10 kGy
at 1% gel. Thus, carrageenan of different molecular weights can be readily
obtained by gamma ray irradiation of the carrageenan powder or gel at various
absorbed doses.
Since the three types of carrageenan have varying amounts of sulphate
content, the obtained carrageenan oligomers have varying degrees of sulphation.
It was also shown that radiation has caused the loss of sulphate groups in κ, ι and
λ carrageenan, as shown in Fig. 8.12. The study also showed that desulphation
almost remained constant above 10 kGy. About 90%, 83% and 71% of the
sulphate remained in the irradiated κ, ι and λ carrageenan, respectively.
206

ALGINATE, CHITOSAN AND CARRAGEENAN AS PLANT GROWTH PROMOTERS

FIG. 8.11. Weight-average molecular weight of κ carrageenan irradiated at various doses
in the solid and 1% and 4% gel states.

FIG. 8.12. Degree of sulphation of carrageenan at various absorbed doses.

From the extensive study by Relleve et al. [8.46], it can be concluded
that the radiation degradation of carrageenan will cause the degradation of the
molecular weight of the carrageenan as well as the loss of part of the sulphate
groups that are important factors influencing the applications of radiation
processed carrageenan in agriculture.
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8.3. PILOT SCALE PRODUCTION OF OLIGOCHITOSAN BY GAMMA
IRRADIATION
In the region of Asia and the Pacific, several pilot scale facilities for the
gamma irradiation of liquid such as natural rubber latex and aqueous solutions
of chitosan have been established in several countries: in India, Indonesia
(Fig. 8.13), Malaysia (Fig. 8.14) and Viet Nam. All the pilot scale plants are
batch type irradiation plants except the plant in Malaysia, which is designed
for the continuous irradiation of the natural rubber latex and later designed for
the production of radiation processed oligochitosan for use as a plant growth
promoter and plant elicitor as shown in Fig. 8.14.
In the pilot scale production of oligochitosan in Malaysia, a two step
gamma irradiation process was employed [8.47]. Currently, the liquid gamma
irradiator is set to deliver an absorbed dose of 12 kGy, and for this reason, the
chitosan powder has to be partially degraded using another gamma irradiation
plant that delivers 50 kGy. The viscosities of chitosan powder, 2% or 3% chitosan
powder in 2% lactic acid, before and after irradiation, are shown in Table 8.2.
The viscosity of 3% chitosan in 2% lactic acid after irradiation at 50 kGy is
slightly higher than the viscosity of natural rubber latex and this formulation was
selected for this study. In view of the low activity of the 60Co of the plant, i.e.

FIG. 8.13. Irradiation tank used for gamma irradiation of chitosan aqueous solution for the
production of oligochitosan, 1000 m3 per batch, in Indonesia.

208

ALGINATE, CHITOSAN AND CARRAGEENAN AS PLANT GROWTH PROMOTERS

FIG. 8.14. Mixing and storage tanks (top left), pumping system (top right), irradiation
room (bottom left) at the gamma irradiation pilot plant facility for continuous production
of oligochitosan (bottom right), 2000 m3 per cycle, in Malaysia.

94.0 kCi (3.478 TBq), with a dose rate of 0.86 kGy/hr, the cycle time for 1500
m3 of oligochitosan at 12 kGy is 14.0 h. However, the cycle time can be shorter
if the 60Co is higher in strength. The gamma plant in Malaysia is a dry source
type and was designed for a 1.0 MCi (37 000 TBq) 60Co source. The irradiated
chitosan solution, which is in the form of oligochitosan, is continuously pumped
into the storage tank. The oligochitosan was in an acidic condition and was
neutralized using a sodium hydroxide solution before being applied to the field
as shown in Table 8.3. Whenever necessary, a preservative can also be added to
the oligochitosan solution to enable a long period of storage. A total volume of
2300 m3 of oligochitosan with a concentration of ~20 000 ppm per cycle can be
prepared.
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TABLE 8.2. VISCOSITY COMPARISON OF DIFFERENT CHITOSAN
CONCENTRATIONS BEFORE AND AFTER IRRADIATION AT 50 kGY
Formulation

Dose (kGy)

2CL2

3CL2

Latex

Viscosity (mPa·s)

0

234.98

50

15.16

0

315.26

50

35.50

0

20.00

TABLE 8.3. pH OF THE IRRADIATED CHITOSAN
Formulation
3CL2

pH
at 50 kGy

pH
at 12 kGy

Final pH
(adjusted with NaOH)

4.40

4.58

5.03

In Table 8.4, the viscosity-average molecular weight of irradiated chitosan
dropped significantly [8.47]. However, the drop in molecular weight is reduced
to 9% when the absorbed dose further increases to 75 kGy. Further increases
in absorbed dose did not compensate for the decrease in the molecular weight
of the chitosan. Therefore, an absorbed dose of 50 kGy was chosen to degrade
the chitosan for further processing in the liquid formed using a liquid gamma
irradiator.
After the degradation of chitosan powder at 50 kGy, the chitosan was further
degraded to produce small molecules of oligochitosan with a molecular weight of
10 000 or below. In this process, the irradiation was carried out on the degraded
chitosan in solution form, 3% chitosan in 2% lactic acid (3CL2) in the presence
of 0.1–0.3% hydrogen peroxide. Hydrogen peroxide is used to impact synergetic
effects that facilitate the reduction of the molecular weight of degraded chitosan
powder in aqueous solution when exposed to 12 kGy gamma radiation. Table 8.4
shows the molecular weights of degraded chitosan and oligochitosan produced
after the irradiation of chiotsan powder and 3CL2 aqueous solution made from
chitosan powder at different doses.
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TABLE 8.4.
MOLECULAR
WEIGHT
OF
CHITOSAN
AND
OLIGOCHITOSAN: PRE-IRRADIATION OF CHITOSAN POWDER AND
SUBSEQUENT IRRADIATION OF OLIGOCHITOSAN
Chitosan powder
pre-irradiation

Mw

Mw after irradiation at 12 kGy
(3CL2 + 0.3% H2O2)

0 kGy

218 269

—

25 kGy

81 574

12 684

50 kGy

36 564

10 453

75 kGy

33 358

10 000

100 kGy

32 219

6 657

There was a slight reduction in the molecular weight of the oligochitosan
(3CL2) above 12 kGy. The Mw of oligochitosan from degraded chitosan
of 50 kGy and 75 kGy are not much different at around 10 000, as shown in
Fig. 8.15 [8.47]. The pre-irradiation process of chitosan powder that produces
low-molecular-weight chitosan was carried out at 50 kGy, and was followed by
the irradiation of the lactic acid solution of low-molecular-weight chitosan at
12 kGy to produce oligochitosan.

FIG. 8.15. Mw of oligochitosan after 12 kGy absorbed dose.
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A brief protocol for the preparation of oligochitosan to be used as a plant
elicitor and growth promoter for agriculture applications is as follows:
—— Take chitosan with a DD of 70–80% and an Mw of approx. 2.0 × 105. If the
molecular weight of the dry chitosan is rather high, it can be reduced using
gamma irradiation.
—— Dissolve chitosan in lactic acid (1.5–2%) with a concentration of 30 g/L.
—— Keep standing overnight and then filter through a stainless steel net
(100 mesh).
—— Add H2O2 to the chitosan solution to a final concentration of 0.3–0.5%.
—— Irradiate the chitosan/H2O2 solution at an average dose of 10.0–12.0 kGy.
—— Neutralize the irradiated chitosan solution by adding NaOH 2M to
pH5.0–6.0.
—— Add preservative (0.2% sodium benzoate, alcohol or other).
—— Package final product as a biotic elicitor for plants.
—— Characteristics of the biotic elicitor and plant growth promoter
oligochitosan:
●● Oligochitosan concentration: 20–30 g/L (20 000–30 000 ppm);
●● Molecular weight (Mw): 5.0–10.0 × 103;
●● pH ~5.0–6.0;
●● Appearance: yellowish liquid;
●● Maximum storage period: 2 years.
8.4. BIOLOGICAL EFFECT OF OLIGOSACCHARIDES ON PLANT
TISSUE CULTURE
Degraded alginate was found to have several novel properties that can be
useful in agriculture. It was reported that degraded alginate had successfully
acted as a plant growth promoter [8.3, 8.6, 8.48, 8.49] and had enhanced the
activity of some enzymes such as alcohol dehydrogenase, lactate dehydrogenase
and chitinase [8.6, 8.50, 8.51]. Degraded chitosan has also been reported to have
various biological activities in plants [8.16, 8.52–8.60]. It has been shown that
various plant cells can respond to fragments of chitin and chitosan and initiate
defence reactions leading to an accumulation of antibiotic phytoalexins to
prevent infection of fungal diseases, stimulate plant growth and induction of the
root system and strengthen plant stems [8.49, 8.59, 8.61].
Degraded alginate is usually produced using an alginate degrading enzyme
such as alginate lyase [8.3, 8.6, 8.49, 8.60, 8.62, 8.63] and degraded chitosan
that has been used for study has so far been obtained by enzymatic [8.64–8.68]
or chemical degradation methods [8.39, 8.68–8.70] Irradiation has been found
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to be a useful method for the degradation of polysaccharides and it is expected
to be applied as a simple and useful tool for the degradation of alginate and
chitosan [8.4, 8.71]. In addition, the biological activities of irradiated alginate for
plants have not been investigated in detail. Recently, it has been found that the
irradiated product of alginate, chitosan and carrageenan have interesting effects
on plants [8.5, 8.46, 8.72–8.75], therefore, this section presents the biological
activity of radiation degraded alginate, chitosan and carrageenan on the growth
and development of plants in tissue culture.
Some plants used for tissue culture are chrysanthemum (Chrysanthemum
morifolium), lisianthus (Eustoma grandiflorum), limonium (Limonium latifolium)
and potato plants. Some bioactivity tests are described below.
8.4.1. Shoot proliferation activity test
To investigate the effect of absorbed dose (for the degradation of alginate)
on the growth of shoot clusters, 20 shoots of chrysanthemum, limonium and
lisianthus were cultured in a vessel containing Murashige and Skood’s
medium [8.76] with 3% sucrose, 0.8% agar, 0.3 mg/L 6-benzylaminopurin,
0.1mg/L 1-napthylacetic acid and 50mg/L alginate or chitosan of various Mw. To
investigate the effect of concentration on plant growth promotion, alginate
(Mw ~14 kDa) or chitosan (Mw ~16 kDa) was supplemented into the culture medium
at a concentration of 5–200 mg/L. The cultures were incubated for 25 days.
8.4.2. Plantlet propagation test
For plantlet culture, 20 plant shoots of chrysanthemum, limonium and
lisianthus were cultured in a vessel containing half-strength Murashige and
Skood’s medium, 3% sucrose, 0.8% agar and 100 mg/L alginate or 50 mg/L
chitosan that was irradiated at various doses; this was used as is for chrysanthemum
and supplemented with 1 mg/L indole 3-butyric acid for lisianthus and limonium.
To investigate a suitable concentration for the intended use, irradiated alginate
and chitosan were supplemented at 5–200 mg/L. The media was adjusted to
pH5.8 before autoclaving at 121°C for 15 min. All the cultures were incubated in
a Biotron at 25 ±1°C with a photoperiod of 12 h per day. Cultures were incubated
for 15 days for chrysanthemum and 20 days for limonium and lisianthus.
8.4.3. Transfer to soil
A hundred plantlets of chrysanthemum, limonium and lisianthus were removed
and washed gently with tap water. The plantlets were then transferred to pots
containing a mixture of soil and fertilizer and cultivated for 30 days in a greenhouse.
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8.4.4. Data collection and statistical analysis
For the alginate test, the controls were carried out under the same conditions
but without the supplementation of alginate. In the case of chitosan, the control
was supplied with the same content of acetic acid used for dissolving the chitosan
sample. All the cultures were incubated in a Biotron with a photoperiod of 12 h
per day.
To evaluate the shoot proliferation rate, the number of shoots was determined
by counting those that were higher than 0.5 cm. For the plantlet propagation test,
the shoot height and root length were measured with a millimetre ruler. All the
experiments were run as three blocks with three replicates for each treatment.
The data were statistically analysed by variance analysis (ANOVA) with LSD0.05
(the least significant difference at 5% probability level) and mean ± SE. The
degree of growth promotion was calculated by the following expression: [Growth
promotion degree, %] = [100 × (Evaluation of the treated bed)]/[Evaluation of
the untreated bed].
8.4.5. Biological activity of irradiated alginate
8.4.5.1. Treatment with irradiated alginate leads to enhancement of shoot
proliferation
Oligosaccharides have been reported to have biological effects on the
growth of plants, particularly on the morphogenetic process, root and shoot
elongation, antibiotic induction and enzyme activity [8.59]. The weight-average
molecular weight (Mw) of polysaccharides is proposed to determine its biological
activity [8.63, 8.77]. This study investigates the most appropriate Mw of alginate
for use for growth promotion activity in plants in tissue culture.
Alginates of various Mw are used to grow the shoot cluster, and the
effect is quantified by observing the shoot proliferation rate. Table 8.5 shows
that the supplementation of the growing media with irradiated alginate of
Mw ~ 5.7–20.5 kDa increased the number of shoots. The Mw of alginate that
offered the most efficient growth promotion of the shoot clusters of the tested
plants was found to be about 14.2 kDa.
The effect of the concentration of enzymatically degraded alginate on
various plants was studied and the optimum concentration was found at 300 mg/L
[8.3, 8.49]. The data in Table 8.6 indicate that supplementation with irradiated
alginate at a concentration of 50–70 mg/L exhibited a significant effect on the
enhancement of the shoot proliferation rate for all the tested plants.
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TABLE 8.5. EFFECT OF DOSE ABSORBED BY ALGINATE ON SHOOT
PROLIFERATION RATE OF PLANTS
Absorbed dose
Mw × 103
(kGy)

Number of shoots
Chrysanthemum

Lisianthus

Limonium

—

2.87

4.37

2.62

0

904.9

2.77

4.60

2.82

10

97.2

2.95

4.85

2.68

30

34.9

2.90

4.58

4.01

50

20.5

4.34

4.30

4.20

75

14.2

4.41

4.67

4.65

100

10.9

4.21

4.87

4.37

150

7.9

4.14

4.88

4.31

200

5.7

4.42

4.87

4.42

Controla

a

Control without supplement of irradiated alginate.

TABLE 8.6. EFFECT OF IRRADIATED ALGINATE (14.2 kDa)
CONCENTRATION ON SHOOT PROLIFERATION RATE OF PLANTS
Irradiated alginate
concentration (mg/L)

Number of shoots
Chrysanthemum

Lisianthus

Limonium

0

2.63

4.83

4.58

5

2.77

4.92

4.58

10

2.95

4.48

5.07

30

4.32

4.66

5.20

50

4.10

4.95

5.40

70

4.70

4.33

5.47

100

4.25

4.32

5.28

150

4.58

4.33

5.20

200

4.42

4.29

5.11
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8.4.5.2. Growth promotion activity of irradiated alginate in plantlet propagation
Tomoda et al. [8.49] revealed that degraded alginate had high positive
effects on the root length of barley seedlings (2.4 mm/h) and on the tuber
mass of Japanese radishes (324% increase in mass). For plantlet propagation,
the induction of the root is an important stage in the formation of a plantlet
from a shoot. The irradiated alginate promotes the growth of chrysanthemum
plantlets, which are shown in Fig. 8.16 [8.5]. Treatment with alginate of a Mw
of 10.9–14.2 kDa increases plants’ shoot height (by 9.0–20.5%), root length (by
11.6–12.1%) and fresh biomass (by 19.0–32.6%). The treatment of plants with
alginate of a Mw higher than 14.2 kDa or lower than 5.6 kDa gives no significant
difference. The growth promotion effects of irradiated alginate on lisianthus and
limonium are shown in Fig. 8.17 and Fig. 8.18 [8.5]. A remarkable increase in
shoot height, root length and fresh biomass are observed in beds supplemented
with alginate with Mw from 5.7–20.5 kDa for lisianthus and from 7.9–20.5 kDa
for limonium. Alginate of a Mw higher than 20.5 kDa shows no significant effect
on the development process for both plants, suggesting that these products are not
suitable as plant growth promoters. Based on these results, it can be concluded
that the alginate of a Mw of ~14.2 kDa shows the highest growth promotion
effect in tissue culture for all tested plant varieties. Therefore, an irradiated
alginate product of a Mw of ~14.2kDa was selected to investigate the optimal
concentration of alginate.

FIG. 8.16. Effect of irradiated alginate Mw on the growth of chrysanthemum.
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FIG. 8.17. Effect of irradiated alginate Mw on the growth of lisianthus.

FIG. 8.18. Effect of irradiated alginate Mw on the growth of limonium.

Using irradiated alginate with an Mw ~ 14.2 kDa, the optimum concentration
for plant growth was investigated and the results are shown in Fig. 8.19. It can
be observed that the supplementation of the growing medium with 50–200 mg/L
irradiated alginate of an Mw ~ 14.2kDa shows a significant effect on the induction
and development of roots, enhances the shoot height and fresh biomass of
chrysanthemum. Treatment with 50–200 mg/L irradiated alginate increases
the root length, shoot height and fresh biomass of this plant by 16.9–39.4%,
14.1–24.2% and 9.7–19.4%, respectively, compared with the untreated control.
In case of lisianthus, the increase in root length (8.9–14.6%), shoot height
(6.2–14.4%) and fresh biomass (8.1–9.9%) were observed with 50–200 mg/L
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FIG. 8.19. Effect of irradiated alginate concentration on the growth of chrysanthemum.

irradiated alginate (Fig. 8.20). For limonium, the results in Fig. 8.21 show that
the same concentrations of irradiated alginate enhanced root length (9.7–12.9%),
shoot height (9.3–16.6%) and fresh biomass (11.7–16.6%). The most effective
concentration of irradiated alginate for plantlet culture of chrysanthemum,
limonium and lisianthus was found to be 100 mg/L.

FIG. 8.20. Effect of irradiated alginate concentration on the growth of lisianthus.
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FIG. 8.21. Effect of irradiated alginate concentration on the growth of limonium.

8.4.6. Biological activity of irradiated chitosan
8.4.6.1. Enhancement of shoot proliferation by irradiated chitosan
Chitosan solution of 10% was selected for the preparation of irradiated
chitosan. The effect of the Mw of irradiated chitosan on the growth of
shoot clusters was investigated. The results in Table 8.7 indicate that the
supplementation of irradiated chitosan of Mw ~ 16.4–27.8 kDa significantly
increased the shoot proliferation rate of chrysanthemum (by 14.5%), limonium
(by 17.9%) and lisianthus (by 69.0%) compared to the untreated control.
Chitosan with a Mw ~ 16.4 is found to be the optimum product for promoting
the growth of all the tested plants. Table 8.8 records the effect of irradiated
chitosan concentration on the proliferation rates of chrysanthemum, limonium
and lisianthus. When irradiated chitosan is added to culture media, the growth of
the shoot cluster is promoted.
The optimum concentration of chitosan degraded by enzymatic and
chemical methods has been investigated on plants by several authors and has
been reported to be 100 mg/L for wheat and 500 mg/L for tomato plants [8.56].
In the present study, as indicated in Table 8.9, the growth effect of appropriate
concentrations of irradiated chitosan was different for the plants studied. In
particular, chrysanthemums treated with solutions containing 70–150 mg/L
irradiated chitosan were found to have increased their shoot proliferation
rates by 5.7–6.6%. For lisianthus, supplementing with irradiated chitosan of
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TABLE 8.7. EFFECT OF IRRADIATED
PROLIFERATION RATE OF PLANTS
Absorbed dose
(kGy)

CHITOSAN

ON

SHOOT

Number of shoots

Mw × 103

Chrysanthemum

Lisianthus

Limonium

—

2.71

22.2

2.90

0

194.66

2.83

2.25

4.13

10

129.50

2.80

2.32

4.93

30

66.07

2.92

2.43

4.47

50

39.20

2.79

2.57

4.53

75

27.79

4.04

2.53

4.53

100

16.40

4.10

2.61

4.90

150

11.34

2.72

2.38

4.75

200

9.90

2.30

2.35

4.09

Controla

a

Control treated with the same content of acetic acid but without chitosan.

TABLE 8.8. EFFECT OF DOSE ABSORBED BY CHITOSAN ON SHOOT
PROLIFERATION RATE OF PLANTS
Absorbed dose (kGy)

Number of shoots
Chrysanthemum

Limonium

Lisianthus

Control

2.71

2.22

2.22

0

2.83

2.25

2.25

10

2.80

2.32

2.32

30

2.92

2.43

2.43

50

2.79

2.57

2.57

75

4.04

2.53

2.53

100

4.10

2.61

2.61

150

2.72

2.38

2.38

200

2.30

2.35

2.35
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concentrations of 50–100 mg/L promotes a shoot proliferation rate of 19.8–22.4%.
Treatment with 30–100 mg/L irradiated chitosan increased the shoot proliferation
rate of limonium by 16.8–35.7%. It can be said that, as with irradiated alginate,
irradiated chitosan can also have a positive effect on the shoot proliferation of
plants.

TABLE 8.9. EFFECT OF IRRADIATED CHITOSAN CONCENTRATION ON
THE SHOOT PROLIFERATION RATE OF PLANTS
Concentration (mg/L)

Number of shoots
Chrysanthemum

Limonium

Lisianthus

0

4.18

4.17

4.95

5

4.13

4.32

4.75

10

4.25

4.53

4.67

30

4.24

4.85

4.63

50

4.34

5.45

4.73

70

4.39

4.82

4.82

100

4.36

5.15

4.83

150

4.37

4.50

4.07

8.4.6.2. Growth promotion activity of irradiated chitosan on plantlet propagation
Irradiated chitosan was also tested for its effect on the growth of
chrysanthemum, lisianthus and limonium plantlets. As shown in Fig. 8.22,
treatment with irradiated chitosan of a Mw of ~39.2–11.3 kDa led to a remarkable
increase in the shoot height (14.6–22.3%) and fresh biomass (5.0–7.1%)
of chrysanthemums compared with those of the untreated control, while a
significant effect on root length (growth of 21.6–23%) is only observed upon
treatment with irradiated chitosan of Mw ~ 17.8–16.4 kDa. The supplementation
with irradiated chitosan also increases the growth of lisianthus plantlets. In
particular, treatment with irradiated chitosan of a Mw ~ 17.8–16.4 kDa increases
shoot height by 10.4–17.5%, while the increase in root length (18.6–44.6%)
and fresh biomass (36.0–55.2%) is observed upon treatment with irradiated
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FIG. 8.22 . Effect of irradiated chitosan Mw on the growth of chrysanthemum.

chitosan of a Mw ~ 39.2–11.3 kDa and 17.8–16.4 kDa, respectively. Similarly,
the treatments of irradiated chitosan with Mw ~ 39.2–11.3 kDa show a significant
effect in limonium on the root length (increase of 76.9–167.9%), shoot height
(increase of 9.0–11.4%) and fresh biomass (increase of 37.2–48.3%) compared
with those of untreated control. The highest effect for the root growth of this
plant is obtained with irradiated chitosan of Mw ~ 11.3 kDa, while the greatest
increase in fresh biomass is observed upon treatment with the irradiated chitosan
product of Mw ~ 16.4 kDa.
Thus, irradiated chitosan products with Mw ~ 39.2–11.3 kDa have a positive
effect on the growth of shoot clusters and plantlets of all the tested plants. The
combination of all the results obtained from the three tested plants indicates that the
irradiated chitosan of a Mw ~ 16.4 kDa is the optimal product for growth promotion.
8.4.7.

Biological activity of irradiated carrageenan

The molecular weights of the irradiated carrageenan obtained at 10, 20, 30
and 50 kGy are determined by GPC to be 24 kDa, 13 kDa, 10 kDa and 7 kDa,
respectively [8.46]. As shown in Fig. 8.23, unirradiated carrageenan evidently
inhibited the growth of potato plants in tissue culture while carrageenan irradiated
at 30 kGy (Mw ~ 10 kDa) showed the highest inhibition effect. Compared
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with control, the fresh biomass and shoot height increased by 35% and 15%,
respectively. However, the effect of irradiated carrageenan on root length was
insignificant.
In summary, the irradiation of of alginate, chitosan and carrageenan can
confer plant growth promotion properties on them. The products of irradiated
natural polysaccharides show positive effects on plant growth promotion in tissue
culture.

FIG. 8.23. Effect of irradiated carrageenan on the growth of potato plants.

8.5. FIELD TRIALS OF OLIGOCHITOSAN AS A PLANT ELICITOR AND
GROWTH PROMOTER
A field trial is an experiment conducted on a large area or a large quantity
of plants under conditions that are thought to be representative for a particular
type of commercial operation. This type of trial is important when transforming
a traditionally small scale, production based sector into a large scale agribusiness
that contributes to economic growth and sustainability.
In Malaysia, a field trial was conducted on 24 ha of rice fields. It was the
largest field trial conducted on the application of oligochitosan as a plant growth
promoter and plant elicitor on rice plantations in the region. Basically, the field
trial was designed using 8 field plots of 1.0 ha size per plot, in triplicate, with a
total area of 24 ha [8.78]. The plots were used as described below.
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Plots T1 and T2 (3 replicates in each plot) were the control plots and were
soaked in commercial local growth promoter for 24 h and tossed for another
24 h before sowing to the fields. These rice plots were given pesticide treatment
according to the normal local practices.
Plots T3, T4 and T5 (3 replicates in each plot) were soaked in water for
24 h and tossed for another 24 h before sowing to the fields. These rice plots were
sprayed with oligochitosan at concentrations of 20 ppm, 40 ppm and 100 ppm,
respectively, 42 days and 72 days after planting.
Plots T6, T7 and T8 (3 replicates in each plot) were soaked in water for
24 h and then soaked in 20 ppm oligochitosan for 30 min. They were then tossed
for another 24 h prior to sowing to the fields. These rice plots were sprayed with
oligochitosan at concentrations of 20 ppm, 40 ppm and 100 ppm, respectively,
42 days and 72 days after planting.
A smaller field trial, of slightly less than 1.0 ha, of the application of
oligochitosan as a plant growth promoter on rice plantations was also conducted
in another rice field in a different area 150 km away from the first field trial.
The second rice field is well known for its fertility for rice growing. In this field
trial, only 3 plots were designated: control, 40 ppm and 100 ppm oligochitosan,
with triplicates in each plot. In each 1 ha plot, 5 quadrants of 1 m2 in size were
identified for the collection of data on physical growth, fungal diseases, yield and
rice seed characterization.
8.5.1. Field trial of the use of oligiochitosan on rice seedlings for
transplanting
Rice seedling trials have been conducted at both rice plantation areas
described above. The following compares the growth rates of rice seedlings
treated with oligochitosan with those treated with a commercial product 15 days
before being transferred to the paddy field.
The effects of oligochitosan on the growth of rice seedlings were significant,
as shown in Figs 8.24 to 8.26, and can be summarized as follows:
—— The growth of rice seedlings increased by 22.8–24.3% on burned rice
husk substrate and by 14.0% on commercial soil when sprayed with
oligochitosan compared with when they were sprayed with commercial
nutrients. This indicates that the type of soil or substrate also significantly
affected the growth rate of the rice seedlings. However, relatively, the
growth of rice seedlings sprayed with oligochitosan in any soil or substrate
is much faster than when they are sprayed with commercial nutrients,
although oligochitosan has no nutrients that can provide additional essential
elements to the seedling. Figure 8.25 clearly shows that the height of the
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rice seedlings at 8 days after treatment with oligochitosan was much greater
than that of the seedlings treated with commercial nutrients. Similarly, the
root growth of the rice seedlings treated with oligochitosan was significantly
increased compared with rice seedlings treated with commercial nutrients,
as shown in Fig. 8.27.
— The usual time taken for rice seedlings to become mature plants can be
shortened from 15 days to 10–12 days. The growth of roots was faster
and was well spread on the substrates and the seedlings were ready to be
transferred to the field 10–12 days after planting rather than at the usual
15 days.
From the above rice seedling trials, it can be concluded that oligochitosan
enhances the growth of rice seedlings without adding nutrients and can
consequently reduce the time taken for rice seedlings to become mature plants
and thereby reduce costs.
Figure 8.28 shows the rice seedlings at the site waiting to be transferred to
the fields on the 15th day. Figure 8.29 shows the method of transplanting the rice
seedlings to the fields using a transplanter.

FIG. 8.24. Growth rate of rice seedlings in the wet season (October–February).
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FIG. 8.25. Height of rice seedlings at 8 days.

FIG. 8.26. Growth rate of rice seedlings during the dry season (March–July).
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FIG. 8.27. Root growth at 8 days.
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FIG. 8.28. Rice seedlings.

FIG. 8.29. Transplanting rice seedlings.
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8.5.2. Field trials of the use of oligiochitosan during rice planting
Rice seeds were harvested 112 days after planting. The total yield of rice
seeds per experimental plot at the Federal Land Consolidation and Rehabilitation
Authority at Seberang Perak and in the Agriculture Department of the Ministry of
Agriculture at Tanjung Karang are given in Table 8.10 and Table 8.11 respectively.
The field trials at FELCRA were designed as described below.
TABLE 8.10. RICE YIELDS 2008–2010 FOR FIELD TRIALS CONDUCTED
AT FELCRA (M) BERHAD, SEBERANG PERAK
Rice yield when sprayed with 40 ppm oligochitosan
Large area, 24 ha

Small area, 1 ha

Season 2/2008

Season 1/2009

Season 1/2010

Season 2/2010

% increase over control
T1

7.3

5.5

9.14

20

% increase over control
T2

4.5

4.6

4.1

14.6

The T1 and T2 plots were not treated with oligochitosans but one was
sprayed with fungicides and one was not; both were used as controls. Plots T3–
T8 were not sprayed with fungicides but were only sprayed with oligochitosan at
different concentrations.
FELCRA’s Seberang Perak rice crop plantation area is a low yield rice area,
with a yield per ha of not more than 5.9 in 2008−2010. Unfortunately, the rice
yields decreased between 2008 and 2010. The average increase in rice yield when
oligochitosan is used is about 4.5% to 7.0% higher than the control plots T1 and
T2; the large field trial area was 24 ha in size. However, when the field trial was
conducted in a smaller plot area of about 1 ha, the increase in rice yield is quite
significant at 9.0–20.0% [8.78]. The vast differences in the increase in yield were
due to the management of the field trial plots against pests such as rats, golden
snails, birds and weedy rice and against unfavourable weather. For a 24 ha field
trail, more workers would be required to manage the plots in the same way.
Nevertheless, most of the rice plots sprayed with oligochitosan had
higher yields than the plots sprayed with fungicides (T2). This demonstrates the
effectiveness of oligochitosan as a plant elicitor inducing the rice crops to protect
themselves against fungi.
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40 ppm oligochitosan

100 ppm oligochitosan

T2

T3

Average

0.0437

Control, no fungicides,
no oligochitosan

T1

0.0437

0.0437

Area (ha)

Treatment

Plot

0.430

0.433

0.420

Weight (t)

9.7890

9.8398

9.9161

9.6110

Weight/ha (t)

2nd trial, Jul.–Dec. 2011
(wet season)

2.38

4.17

—

Increase
(%)

TABLE 8.11. RICE YIELDS IN 2011 IN TANJUNG KARANG, SELANGOR

0.276

0.276

0.240

Weight (t)

6.0513

6.3310

6.3310

5.4920

Weight/ha (t)

1st trial, Jan.–Jun. 2011
(dry season)

15.28

15.28

—

Increase
(%)
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The average rice yield at Tanjung Karang during the dry season was about
6.0 t/ha, and during the wet season it was 9.0 t/ha. Tanjung Karang is one of
Malaysia’s high yield rice areas. During the dry season, the rice plots that were
sprayed with oligochitosan produced a 15% increase in yield compared with
control [8.78]. However, during the high season, when the yield of rice is at the
optimum 9.0 t/ha, the application of oligochitosan does not produce a significant
effect [8.78].
From the results of the above field trials, it can be concluded that:
—— Oligochitosan enhances the yield of rice crops.
—— An oligochitosan concentration of 40 ppm is sufficient to enhance the yield
of rice crops.
—— The effectiveness of oligochitosan as a plant growth promoter can be
clearly seen during the wet season (off season).
—— Oligochitosan seems capable of acting as a plant elicitor against fungus,
hence the use of chemical fungicides may become unnecessary.
In Viet Nam, field tests were carried out to investigate the effect of
oligochitosan on sugarcane and rice growth. A randomized block design in
triplicate was used for the study. Oligochitosan of Mw 6000–10 000 with a
DD of 70–90% was sprayed three times on crop plants [8.56]. In the case of
sugarcane, the optimum concentration of oligochitosan was found to be 30 ppm.
This concentration achieved a disease index reduction for Ustilago scitamines
and Colletotrichum falcatum of 50–80% and a productivity increase of 11–13 %
(which amounts to 6–8 t/ha) [8.56]. Figure 8.30 shows the field trial in rice, while
the effect of oligochitosan on disease index and productivity is summarized in
Table 8.12 [8.56].
It has been shown that an oligochitosan concentration of 15 ppm reduced
the disease index of Pyricularia grisea on the leaves to 63% and increased
productivity by 26%.
Additionally, Dzung and Thang have carried out investigations in peanut
[8.61], soybean [8.79] and coffee (Dzung et al. [8.80]) plants. They used a 20–50
ppm oligochitosan solution for the foliar spraying of peanut leaves, and obtained
a productivity increase of 20–40% (Table 8.13).
The productivity of soybean plants increased by about 30% when the seeds
were soaked in a 0.4% oligochitosan solution, which also decreased the rate of
rust disease [8.79].
In a field test of the effect of oligochitosan on the growth of coffee plants, it
was shown that when sprayed with a 60 ppm oligochitosan solution, the growth
of branches increased by about 20%, and an increase in the height of the plants,
their stem diameter and number of leaves was observed [8.80].
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FIG. 8.30. Field test of the elicidation and growth promotion effects of oligochitosan, produced
by gamma irradiation, on rice in Viet Nam.

TABLE 8.12. THE EFFECT OF OLIGOCHITOSAN ON DISEASE INDEX
AND PRODUCTIVITY IN RICE
Conc. of
oligochitosan
ppm

Leaf DI

Panicle DI

Productivity

Index (%) Compared with Ratio (%) Compared with Tonne/ha Increase
control (%)
control (%)
(%)

15

14.4

62.88

10.0

34.1

6.8

25.93

30

15.3

66.81

12.0

40.9

6.0

11.11

60

16.0

69.87

15.3

52.2

6.3

16.67

Control (H2O)

22.9

5.4

—
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TABLE 8.13. EFFECT OF OLIGOCHITOSAN ON THE PRODUCTIVITY OF
PEANUTS
Oligochitosan (ppm)
0 (control)

20

30

40

50

Productivity (kg)

4.05

4.64

4.74

4.29

4.81

Compared with control (%)

100

119.3

122.6

140.7

124.8

In addition, El-Sawy et al. studied the effect of radiation-degraded chitosan
on the growth of broad bean plants [8.41]. They concluded that degraded chitosan
has a positive effect not only on plant growth but also on the productivity of
broad bean plants.
In conclusion, oligochitosan is very effective at inducing a defence response
to disease infection in plants. In addition, the treatment with oligochitosan
not only reduced the disease index but also increased productivity. Thus,
oligochitosan has a potential application in agriculture as a biotic elicitor and a
growth promoter for plants.
8.6. APPLICATION IN HYDROPONICS CULTURE
The plants tested were rice, soybean, barley and lettuce. Irradiated alginate
was used in a growth promotion test. The results shown in Fig. 8.31 indicate that
a suitable concentration of degraded alginate for the growth promotion of rice
was found to be about 50 ppm [8.4, 8.20]. Alginate irradiated in powder form
also exhibited an effect for plant growth promotion (Fig. 8.32).
The results given in Table 8.14 show that irradiated alginate product
enhances the growth and development of plants, increases the activity of
phytoalexin enzymes and increases the crop yield.
Irradiated alginate of various Mw has also been tested for the production of
‘clean’ vegetables (i.e. produced without artificial chemicals) using hydroponics
systems. It was shown that all irradiated alginate products affect the stimulation
of growth and development of Chinese mustard (Fig. 8.33) and lettuce plants
(Fig. 8.34) compared to the control (not treated with irradiated alginate) and the
unirradiated sample (Mw ~ 930 kDa). The optimal Mw of irradiated alginate for
growth promotion activity in Chinese mustard and lettuce was also found to be
14.2 kDa.
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FIG. 8.31. Effect of the concentration of irradiated alginate (Mw ~ 7000) on the growth
of rice plants.

FIG. 8.32. Growth of rice plants: (1) not treated with alginate, (2) treated with 20 ppm
alginate irradiated at 100 kGy in 4% solution and (3) treated with 20 ppm alginate irradiated
at 500 kGy in powder form.
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TABLE 8.14. ENHANCEMENT OF THE CROP YIELD OF SOYBEAN
PLANTS CULTURED IN HYDROPONICS WITH IRRADIATED ALGINATE
Samples

Weight of dried seed, g/plant

Control
Irradiated alginate

4.47 ± 0.13 (100%)
4.73 ± 0.08 (107.5%)

In Viet Nam, irradiated alginate has been applied by Saigon Thuy Canh for
clean vegetable production using hydroponics technology on a large scale
(see Fig. 8.35) because of the high yield and increased quality indicated
by parameters such as a high dried matter content and a low nitrate content.

FIG. 8.33. Effect of Mw of alginate on the growth of Chinese mustard in hydroponics culture.

FIG. 8.34. Effect of Mw of alginate on the growth of lettuce in hydroponics.
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FIG. 8.35. Large scale application of irradiated alginate for production of vegetables without
using artificial chemicals.

8.7. APPLICATION BY LEAF FOLIAR SPRAYING ON PLANTS
The treatment of seedlings of horticulture plants such as carrots, cabbage,
tea, spinach, tomato and lettuce plants with foliar spraying of various irradiated
polysaccharides has been shown to have positive effects. Leaf foliar spraying of
carrot plants with oligoalginate produced by the radiation degradation method
increases their productivity by about 50% compared with that of the control, and
the optimum concentration is 40–80 ppm [8.81]. In addition, the quality of carrots
was improved, giving a higher total sugar content and lower nitrate content
(see Table 8.15). The maximum level of nitrate content in green vegetables is
500 mg/kg fresh (equal to 500 ppm).
Leaf foliar spraying of oligoalginate on tea plants was shown to increase
productivity by about 20% compared with that of control at the optimum
concentration of 50–100 ppm [8.81]. In addition, the content of soluble substances
and the tanin of the tea product was higher (Tables 8.16 and 8.17), indicating that
the quality of tea treated with oligoalginate is higher (Figs 8.36 and 8.37).
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TABLE 8.15. EFFECT OF FOLIAR SPRAYING WITH OLIGOALGINATE
ON CARROT PRODUCTIVITY AND QUALITY
Oligoalginate
concentration
(ppm)

Leaf
biomass
(t/ha)

Productivity

Compared with
control (%)

Nitrate content

mg/kg
fresh

Sugar content

Compared with g/kg
control (%)
fresh

Compared
with
control
(%)

Control

21.1

35.8

100.0

615

100.0

6.29

100.0

20

27.3

46.9

130.9

491

79.9

7.26

115.5

40

26.5

50.7

141.5

458

74.5

8.25

131.4

60

29.6

57.3

159.5

448

72.9

8.64

137.4

80

28.4

52.8

147.5

446

72.6

9.02

144.3

100

25.3

47.2

131.7

451

74.4

10.37

165.0

120

26.0

47.0

131.2

453

74.7

10.02

159.4

—

4.3

LSD0.05

TABLE 8.16. EFFECT OF OLIGOALGINATE ON PRODUCTIVITY OF TEA
PLANTS
Oligoalginate concentration (ppm)

0 (control)

Productivity (ton/haa)
Compared with control (%)
a

5.35
100

25
5.91
110.5

50
6.32
118.1

100
6.39
119.4

200
5.75
107.3

Least significant difference 0.05 = 0.25.
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FIG. 8.36. Field application of oligoalginate (T&D 4DD) to tea plants.

FIG. 8.37. Oligoalginate commercial product produced by γ irradiation method in Viet Nam.
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TABLE 8.17. EFFECT OF OLIGOALGINATE ON TEA PRODUCT
CONTENT OF SOLUBLE SUBSTANCES AND TANIN
Oligoalginate

Soluble substances Compared with
(g/100 g)
control (%)

Tanin content
(g/100 g)

For control (%)

Control, 0 ppm

38.9 ± 2.0

100

12.3 ± 0.9

100

50 ppm

46.2 ± 2.3

118.7

15.9 ± 1.4

128

It was also reported by Mollah et al. [8.82] that foliar spraying of irradiated
alginate on red amaranth plants increased their average weight gain (Fig. 8.38).
Some of the work that was carried out at the University of Buenos Aires
under a N–S orientated greenhouse improved for seedling production (Fig. 8.39)
is described below. The growth and development of seedlings of horticultural
species that were foliar sprayed with various irradiated polysaccharides were
compared with those grown in untreated control plots. Plants were obtained in
plugs and grown in soilless culture in order to control the presence of all essential
nutrients, using a perlite and sphagnum peat (50% volume/volume) substrate
(Fig. 8.40) and a nutrient solution (Hoagland). The spray solutions were applied
twice a week, and prepared from the solid form just before application. At the

FIG. 8.38. Effect of irradiated alginate treatment (150 ppm) on weight gain of red amaranth
(Amarathus cruentus L.).
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FIG. 8.39. Greenhouse for production of seedlings in plugs and pots.

FIG. 8.40. Soilless culture components: compost, vermiculite, perlite and sphagnum peat.

end of the experiments, the seedlings and plants were harvested, the dry weights
(drying was carried out in a ventilated oven at 60ºC for a week) of their leaves
(including petioles), stems and roots were registered and their shoot–root ratio
calculated. The data were analysed using the statistical software InfoStat and
Duncan test.
Four groups of alginate samples irradiated with 0, 500, 750 and 1000 kGy
and a control (water) were applied to spinach (Spinacia oleracea L.), cabbage
(Brassica oleracea L.) and tomato (Solanum lycopersicum L.) (Figs 8.41–8.43).
Polysaccharide solutions for foliar spraying were prepared in 20 and 100 ppm
concentrations. The aerial biomass, shoot–root ratio, chlorophyll (measured
using a soil plant analysis development (SPAD)-502 meter), Polyphenol
(measured using the Folin–Ciocalteu method) and Anthocyanin (measured using
the differential pH method) were measured [8.83].
Radiation-processed alginate, carrageenan and chitosan were used as plant
growth promoters in cabbage, tomato and lettuce (Lactuca sativa L.) (Fig. 8.44).
The alginate, carrageenan and chitosan were dry gamma irradiated with 0, 50,
100 and 300 kGy doses. The average Mw of alginate and carrageenan versus
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absorbed doses are shown in Figs 8.45 and 8.46. They were foliar sprayed as
aqueous solutions in 100 ppm concentration. To analyse a possible vegetal
growing compensation effect under nutrient stress conditions, different nitrogen
availability was provided (N200: complete solution, 200 ppm N; N50: deficient,
50 ppm N). The chlorophyll leaf content was estimated using a SPAD-502
meter [8.84].

FIG. 8.41. Spinach plants at an early stage of the growing period.

FIG. 8.42. Cabbage plants at an early stage of the growing period.
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FIG. 8.43. Tomato plants at an early stage of the growing period.

FIG. 8.44. Lettuce plants at the final stage of the growing period.

The alginate, carrageenan and chitosan were irradiated in air in the solid
state (in powder form) with gamma rays of 60Co at the semi-industrial irradiation
plant of the National Atomic Energy Commission’s Ezeiza Atomic Centre and at
the private industrial irradiation plant IONICS, in Don Torcuato, Buenos Aires
Province. The irradiation took place in air at room temperature at a dose rate of
10 kGy/h.
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FIG. 8.45. Average viscosity molecular weight of alginate in Da vs. absorbed dose in kGy.

FIG. 8.46. Average viscosity molecular weight of carrageenan in Da vs. absorbed dose in kGy.
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In this study, the allometric measures or proportions that are usually used
in the analysis of plant growth were employed, for example, to estimate leaf area
and leaf chlorophyll content, by non-destructive methods.
8.7.1.

Leaf area estimation

The most common measurements for the determination of plant growth are
the length and width of leaves to estimate leaf area; the length or diameter of the
fruits to estimate growth; and the exchange of CO2 and water vapour from leaves
or fruits measured with cameras. In general, it is assumed that such measurements
do not alter the normal development of plants (even if thigmomorphogenesis is
sometimes cited as affecting the morphology and physiology of plants, it is
impossible to make an exact quantitative prediction because different mechanical
disturbances are not comparable, and there may also be interaction with
environmental factors).
A non-destructive model has been adjusted to estimate leaf area for each
species. Leaf areas of a representative number of leaves from all experiments
and at different crop stages were measured with an area meter (LI-COR Model
3100 Area Meter), and correlated to their respective length and width. In this
way, growth analysis can be done avoiding periodic harvests (destructive
measurement). In tomatoes, 315 leaves were measured, obtaining a high
correlation model between length and leaf area (Fig. 8.47).
8.7.2.

Leaf chlorophyll content

The determination of chlorophyll by acetone extraction is a method used
to estimate a crop’s nutritional status as regards nitrogen, magnesium and iron
content, and has the drawback of requiring specialized equipment and a lengthy
analysis time. The amount of chlorophyll determined by this traditional method
has a high correlation with the units registered by a chlorophyll meter. Based
on the principle that part of the radiation reaching the foliage is absorbed by
chlorophyll, and the rest of the light detected by the device is converted into
an electrical signal, this methodology is widely used in crops with the aim of
instantaneously determining nitrogen needs. Non-destructive techniques to
estimate chlorophyll content have been adjusted for all the horticultural species in
the study. The objective was to correlate extractable chlorophyll with the values
obtained by means of a SPAD-502 meter (a Soil Plant Analysis Development
chlorophyll meter manufactured by Minolta), avoiding destructive measurements.
Leaves of different colours, from pale yellow (chlorotic) to intense green,
were selected from several plants. These were cut in 1 cm2 fragments and readings
were immediately taken with the chlorophyll analyser. The concentration of
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FIG. 8.47. Calibration curve of tomato leaf area vs. leaf length.

extractable chlorophyll was determined by N, N dimethylformamide (Inskeep and
Bloom method) and measured with a spectrophotometer (Life Science UV/VIS
Spectrophotometer DU530, Beckman).
The leaf chlorophyll content was correlated with the SPAD meter reading and
converted to absolute values using the calibration curves shown in Figs 8.48–8.50.
In the high dose experiment, different biomass accumulations and
partitioning was found in spinach, cabbage and tomato, Tables 8.18–8.20
respectively, depending on the radiation level received by the alginate and its
spray concentration.
For aerial biomass, shoot–root ratio and chlorophyll content, treatments
are considered effective when the statistical values are higher than the control
values, as these parameters indicate a better growth performance and therefore a
yield increase. When polyphenol and anthocyanin values are lower than controls,
treatments are considered positive.
In spinach, the aerial biomass and shoot–root ratio increased with the
application of alginate in any dose or concentration, whereas the chlorophyll
content was higher when the lower concentration of 20 ppm was used. Polyphenol
decreased with the spray applications compared with the control, but no effect in
anthocyanin content was caused. In cabbage, both aerial biomass and chlorophyll
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FIG. 8.48. Calibration curve of extractable chlorophyll content of spinach vs. SPAD
meter readings.

FIG. 8.49. Calibration curve of extractable chlorophyll content of cabbage vs. SPAD
meter readings.
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FIG. 8.50. Calibration curve of extractable chlorophyll content of tomato vs. SPAD
meter readings.

content increased with the lower concentrations, but shoot–root ratio only
increased with the 100 ppm concentration, independent of the radiation doses.
The polyphenol and anthocyanin contents were not modified. Tomato
presented higher aerial biomass only with 20 ppm concentrations, but a lower
shoot–root ratio, which means a proportionally greater radicular biomass than
the other treatments. No differences in chlorophyll, polyphenol or anthocyanin
contents, compared with the control, were shown.
In the low dose experiments, different chlorophyll contents were found in
the three species depending on the polysaccharide, radiation level and nitrogen
availability (Table 8.21).
High dose experiments with 120 determinations gave a whole efficiency
of the treatments of 80%, 70% and 35% for spinach, cabbage and tomato,
respectively. Analysing the use of alginate solutions of 20 ppm or 100 ppm
concentration, a more effective result for the former dilution was found: 66.6%
for the average, but 95%, 75% and 35% for spinach, tomato and cabbage,
respectively. The dose of radiation led to an increase in effectiveness of 64.3%,
60%, 70% and 50% for 0 kGy, 500 kGy, 750 kGy and 1000 kGy, respectively.
In a low dose experiment, the application of polysaccharides had different
effects on the chlorophyll contents depending on the crop and N availability
(Table 8.22). When nitrogen was provided in 200 ppm concentration, tomato and
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TABLE 8.18.
AERIAL BIOMASS, SHOOT–ROOT RATIO AND
CHLOROPHYLL, POLYPHENOL AND ANTHOCYANIN CONTENTS IN
SPINACH
Aerial biomass
(mg)

Shoot–root
ratio

Chlorophyll
content
(μg/cm2)

Polyphenol
(mg/100 g
fresh weight)

Anthocyanina
(mg/100 mg
fresh weight)

36

2.60

10.67

0.34

0.30

Control
kGy

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

0

127

86

4.93

4.32

11.20

10.32

0.20

0.17

0.20

0.43

500

136

88

5.02

4.28

11.49

10.51

0.16

0.11

0.23

2.53

750

120

80

5.11

4.70

11.45

10.79

0.14

0.12

0.13

1.23

1000

124

90

1.68

4.97

10.68

9.66

0.16

0.20

0.00

2.77

a

Anthocyanin (mg/100 mg) × 10−2 fresh weight.

TABLE 8.19.
AERIAL BIOMASS, SHOOT–ROOT RATIO AND
CHLOROPHYLL, POLYPHENOL AND ANTHOCYANIN CONTENTS IN
CABBAGE
Aerial biomass
(mg)

Shoot–root
ratio

Chlorophyll
content
(μg/cm2)

Polyphenol
(mg/100g
fresh weight)

Anthocyanina
(mg/100 mg
fresh weight)

448

2.34

16.37

0.20

0.40

Control
kGy

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

0

536

447

2.80

4.89

17.74

16.67

0.21

0.26

0.00

0.03

500

512

456

4.42

6.12

17.48

16.99

0.21

0.18

0.07

0.63

750

534

452

2.35

4.34

17.87

16.49

0.22

0.17

0.27

0.73

1000

562

434

2.63

4.21

17.86

16.53

0.22

0.27

0.57

1.93

a

Anthocyanin (mg/100 mg) × 10−2 fresh weight.
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TABLE 8.20.
AERIAL BIOMASS, SHOOT–ROOT RATIO AND
CHLOROPHYLL, POLYPHENOL AND ANTHOCYANIN CONTENTS IN
TOMATO
Aerial biomass
(mg)

Shoot–root
ratio

Chlorophyll
content
(μg/cm2)

Polyphenol
(mg/100g
fresh weight)

Anthocyanina
(mg/100 mg
fresh weight)

290

4.83

8.81

0.34

0.17

Control
kGy

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

20
ppm

100
ppm

0

397

341

2.28

4.51

8.71

8.74

0.34

0.39

0.27

0.13

500

412

278

2.45

4.80

8.79

8.71

0.39

0.39

0.17

0.33

750

392

378

2.30

4.55

8.69

8.89

0.34

0.30

0.00

0.43

1000

388

368

2.09

4.19

8.63

8.63

0.37

0.46

0.23

0.10

a

Anthocyanin (mg/100 mg) × 10−2 fresh weight.

TABLE 8.21. CHLOROPHYLL CONTENT IN LETTUCE, CABBAGE AND
TOMATO
Chlorophyll content (µg cm−2)
Dose
(kGy)

Lettuce

Cabbage

Tomato

Nitrogen availability

N200

N50

N200

N50

N200

N50

Control

4.90

4.67

17.35

15.34

8.42

7.50

0

4.67

4.42

19.15

15.56

9.34

7.84

50

4.80

4.69

18.75

14.76

9.01

7.49

100

5.05

4.73

19.46

15.64

9.40

7.64

300

4.80

4.48

19.51

17.21

9.03

7.42

Alginate
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TABLE 8.21. CHLOROPHYLL CONTENT IN LETTUCE, CABBAGE AND
TOMATO (cont).
Chlorophyll content (µg cm−2)
Dose
(kGy)
Carrageenan

Chitosan

Lettuce

Cabbage

Tomato

0

4.40

4.80

18.79

17.04

9.44

7.16

50

4.94

4.54

19.87

15.79

9.18

7.39

100

4.94

4.58

18.98

14.81

9.37

7.22

300

5.26

4.42

18.93

15.19

9.13

7.51

0

5.05

4.64

19.77

15.16

8.98

7.58

50

5.50

4.79

18.43

14.73

9.38

7.45

100

5.80

4.73

19.06

15.28

9.32

7.63

300

5.57

4.88

19.32

15.63

9.11

7.59

TABLE 8.22. CHLOROPHYLL AVERAGE INCREASE
Chlorophyll increase (%)
Nitrogen
availability

Cabbage

Tomato

Lettuce

200

10.48

9.50

4.46

50

1.50

−0.13

−0.81

mg/L

cabbage increased their chlorophyll content by 10% in all treatments compared
with control. Lettuce increased its chlorophyll content by a similar percentage
but only upon application of chitosan.
In general, the 100 kGy dose showed the best results, with 77.7%
effectiveness. Tomato, lettuce and cabbage had an improvement in chlorophyll
content of 83%, 66.6% and 54.1%, respectively. Chitosan, alginate and
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carrageenan were more effective in producing increments in chlorophyll, with
increases of 84.3%, 66.6% and 58.3%, respectively.
Under N deficiency (50 ppm N), all the species and treatments presented
lower chlorophyll contents than with 200 ppm N. However, with alginate and
chitosan applications, independent of the dose, higher values were obtained in
tomato. The same response was observed for lettuce in chitosan treatments.
In conclusion, irradiated alginates applied as a foliar spray did not improve
chlorophyll content in lettuce, cabbage or tomato when less nitrogen was
available. However, under N200 treatments, alginate application increased the
chlorophyll content in cabbage and tomato, independent of the radiation dose.
Carrageenan applications showed the same response, and also the same
values as those registered under alginate treatments. On the other hand, chitosan
presented the best performance for the three species, with a similar chlorophyll
content under nitrogen low availability, and a higher content when this element
was available.
Aerial biomass as leaf content was 377% higher in spinach treated with
alginate irradiated with 500 kGy dose and a solution containing 20 ppm N.
Leaves increased the aerial biomass by 125% in cabbage and 142% in tomato
when treated with alginate irradiated with 500 kGy.
Generally, the decrease of anthocyanin and polyphenol was in the order of
212% and 130% respectively.
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9.1. INTRODUCTION
In recent years, the potential antimicrobial activity of oligosaccharides
(such as chitosan, alginate and carrageenan) and their derivatives has received
considerable attention. Numerous studies were conducted showing that
oligosaccharides could be effective against different groups of microorganisms,
such as bacteria, yeast and fungi. Some of the results reported are summarized in
this chapter.
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9.2. THE ANTIMICROBIAL ACTIVITY OF CHITOSAN
Chitosan or its derivatives have been proven more effective against
gram-positive bacteria than gram-negative bacteria [9.01]. The effect may
be attributed to their cell wall composition: the cell wall of a gram-positive
bacterium (e.g. Bacillus subtilis) is composed of the peptide polyglycogen, which
forms a network with many pores, allowing chitosan to enter the cell easily and
disturb its metabolism. However, the cell wall of a gram-negative bacterium
(e.g. Escherichia coli) is made up of a thin membrane of peptidoglycan and an
outer membrane of lipopolysaccharides and phospholipids, which constitute a
barrier against chitosan. For gram-positive bacteria (except for Lactobacillus sp.),
chitosan with 470 kDa was the most effective antimicrobial substance , whereas
for gram-negative bacteria, chitosan with 1106 kDa was the most effective.
In one study [9.2], a chitosan derivative, N carboxybutyl chitosan, was
tested against 298 different pathogenic microorganisms displaying bactericidal
and bacteriostatic activities. Marked morphological alterations in treated
microorganisms were found [9.2]. Low-molecular-weight chitosan did not
display systematically higher antimicrobial activity, but this was found for a
specific molecular weight range.
These results were confirmed by antibacterial tests conducted in solid and
liquid media against Escherichia coli with chitosan of a molecular weight of
Mw1 = 88.3 kDa and Mw2 = 17.4 kDa, respectively. The inhibition diameters in
the solid medium were 35 mm and 28.25 mm for Mw1 and Mw2, respectively.
More significant results were obtained in the liquid medium, where the counts
were 28 × 102 cfu/mL and 294 × 102 cfu/mL for Mw1 and Mw2, respectively. The
initial bioburden was 615 × 106 cfu/mL. These two tests confirmed that the
chitosan of a molecular weight of 88.3 kDa is more effective in bacterial growth
inhibition than that of a molecular weight of 17.4 kDa [9.1].
Qin et al. [9.3] studied the antibacterial activity of chitosan in a molecular
weight range of 1.4 to 400 kDa, and found that the highest antimicrobial
effect was obtained for Mw 78 kDa and 48 kDa. Liu et al. [9.4] reported that
antimicrobial activity is more pronounced for low Mw in the range of 55 to
155 kDa. Lam and Diep [9.5] studied the antifungal activity of chitosan of an Mw
varying from 72.5 to 139 kDa and found that the highest activity corresponded
to a Mw of 122 kDa.
Li et al. [9.6] reported that the molecular weight of chitosan and the
species of bacteria made a big difference to the antibacterial activity. Chitosan
with a molecular weight of 50 kDa exhibited higher antibacterial activity
against Pseudomonas aeruginosa and Escherichia coli than against Proteus
mirabilis. In the presence of 3 kDa chitosan oligomers, higher inhibition was
observed against Pseudomonas aeruginosa and Proteus mirabilis than against
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Escherichia coli. However, high molecular weight chitosan of 1000 kDa
inhibited Proteus mirabilis more effectively than it did the other two bacterial
species. This study [9.6] demonstrated the excellent antibacterial activity
of chitosan against three species of gram-negative bacteria, although to a
different extent. This difference can be attributed to the different molecular
weight of chitosan and the characteristics of the bacterial species. Chitosan’s
antibacterial activity is related to the surface characteristics of the cell wall and
increases in proportion with increasing hydrophilicity or a negative charge of
the cell surface. Chitosan increases the permeability of the outer membrane and
disrupts bacterial cells membranes. Interactions between −NH3 in chitosan and
−C=O or −P=O groups in Escherichia coli were analysed by FTIR.
Several studies have found a higher antibacterial activity of chitosan
compared with chitosan oligomers. Sekiguchi et al. [9.7] investigated the
antibacterial activities of chitosan oligomers of a molecular weight from 2.35 to
21.6 kDa against various bacteria [9.7]. The growth of Bacillus cereus on agar
plates was suppressed by 0.2%−0.3% chitosan oligomer with a Mw of 11 kDa.
Uchida et al. [9.8] reported that chitosan oligomer II, which is a mixture of triose
and tetraose, failed to display antibacterial activity against Escherichia coli at a
concentration of 0.5 g/100 mL, while chitosan oligomer I, which is a mixture of
tetraose and heptose, possessed antibacterial activity [9.8].
Chitosan’s antimicrobial action is influenced by intrinsic and extrinsic
factors, for example, by the type of chitosan, its degree of polymerization, the
host nutrient constituency, the substrate chemical and/or nutrient composition
and the substrate water activity [9.9]. The inactivation and growth inhibition of
mould and yeasts seems to depend on the concentration of the chitosan and the
pH and temperature of the media [9.10].
A higher temperature and a lower pH of food increased the bactericidal
effect of chitosan prepared from shrimp against Escherichia coli. This effect
might be explained by the changed permeability of the membrane, induced by
crosslink formation between polycations of chitosan and anions on the bacterial
surface [9.11].
The DD of chitosan plays also a very important role in antibacterial activity.
When the antimicrobial activity of chitosans with different DD was investigated
against three gram-negative bacteria and five gram-positive bacteria, it was
found that the 75% deacetylated chitosan showed more effective antimicrobial
activity compared with that of 90% and 50% deacetylated chitosan [9.12].
An increase in the positive charge of chitosan resulted in stronger binding
to the bacterial cell walls [9.13]. The relationship between antimicrobial activity,
number of charges and Mw has been studied. It was shown that degraded chitosan
was more effective than plain chitosan, which was attributed to the interaction of
the −COOH group with the NH2 group [9.14].
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The concentration of chitosan also plays a very important role in
antibacterial activity. It was observed that the antibacterial activity of chitosan
increased in proportion with the concentration of chitosan, the minimum
inhibitory concentration being 0.005 g/L for both Escherichia coli and for
Bacillus subtilis, for the initial bioburden of DO = 0.08 at λ = 625 nm [9.15].
It was reported that when PVA blend was prepared with chitosan (471 kDa),
the diameter of inhibition zone for Escherichia coli and Bacillus subtilis did
not change when the concentration of chitosan (0.05%−1%) in the blend was
increased. This may suggest that the release of chitosan is governed by its
molecular weight, independently of its concentration. Indeed, when chitosan
of a molecular weight of 101 kDa replaced chitosan of a molecular weight of
471 kDa in the blend, with an increase of chitosan concentration from 0.25%
to 1%, the diameter of inhibition zones also increased. The amount of released
chitosan increased with the increase of its concentration in the blend, owing
to its low molecular weight [9.1]. Several mechanisms have been suggested
as the cause of the inhibition of bacteria cells by chitosan. The first proposed
mechanism is that the interaction with anionic groups on the cell surface,
because of its polycationic nature, causes the formation of an impermeable
layer around the cell, which prevents the transport of essential solutes. It has
been demonstrated by electron microscopy that the site of action is the outer
membrane of gram-negative bacteria. The permeabilizing effect has been
observed at slightly acidic conditions in which chitosan is protonated [9.16].
The second proposed mechanism involves the inhibition of the RNA and protein
synthesis by permeation into the cell nucleus [9.17].
Other mechanisms have also been proposed. Chitosan may inhibit bacterial
growth by acting as a chelating agent rendering metals, essential nutrients or
trace elements unavailable for the organism to grow at its normal rate. Chitosan
is able to interact with flocculate proteins, but this action is highly pH dependent
[9.18]. The antimicrobial action of chitosan against filamentous fungi could be
explained by a more direct disturbance of membrane function [9.19]. However,
it is not clear whether the antimicrobial activity of chitosan is caused by growth
inhibition or cell death.
9.3. ANTIMICROBIAL ACTIVITY OF LOW-MOLECULAR-WEIGHT
CHITOSAN FOR USE ON PLANTS
It has been reported that foliar spraying with chitosan can control infection
caused by fungal, bacterial and viral pathogens on plants [9.20]. In addition to
the direct effect of antimicrobial activity, chitosan induces a series of defence
reactions correlating with the activation of the immune system. It has also been
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recognized in many studies that the antimicrobial activity of chitosan depends
on its molecular weight (Mw), DD, pH of medium, concentration and of course,
the strains of the microbes [9.21–9.30]. The radiation degradation of chitosan
can cause enhancement of antifungal and antimicrobial activity [9.25, 9.26,
9.29]. Table 9.1 shows the inhibition effect of chitosan and irradiated chitosan
on the growth of various fungi [9.25]. The same results were also obtained by
Matsuhashi and Kume [9.24] and Liu et al. [9.26]. Their studies showed that
low-molecular-weight chitosan (Mw ~ 100 000) has good antibacterial activity.
TABLE 9.1. INHIBITION EFFECT OF CHITOSAN AND IRRADIATED
CHITOSAN ON GROWTH OF VARIOUS FUNGI

Fungi

Minimum inhibiting concentration (μg/mL) of chitosan for
suppression of fungi
Non-irradiated

Irradiateda

Enhancement
ratio (%)

Phytophthora cactorum

300

250

16.7

Fusarium oxysporum

1150

800

30.4

Aspergillus awamori

400

250

37.5

Exobasidium vexans

1000

550

45.0

Septoria chrysanthemum

700

350

50.0

Gibberella fujikuroi

400

250

37.5

Septobasidium theae

1450

1000

31.0

Colletotrichum sp.

1500

1050

30.0

a

Chitosan irradiated at 75 kGy in powder form.

Ben-Shalom et al. [9.29] investigated whether grey mould caused by
Botrytis cinerea could be controlled in cucumber plants by foliar spraying with
0.1% chitosan before and after inoculation. The results revealed that spraying
on leaves 1 h after inoculation induced less control of the disease (48%) than
spraying before inoculation (35%). By foliar spraying of irradiated chitosan, the
blast disease index was reduced remarkably (see Fig. 9.1).
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FIG. 9.1. Effect of foliar spraying of irradiated chitosan for suppression of disease on rice.

There are few published references related to the effect of chitosan on
yield, but some studies reported that pre-harvest application of chitosan solutions
increased yield at harvest [9.30–9.33]. An increase of tomato yield was correlated
with the concentration of chitosan applied to soil inoculated with Fusarium
oxysporum before transplanting seedlings [9.31]. The yield of rice and soybeans
increased remarkably (20–40%) upon foliar spraying with chitosan solution
[9.32–9.34].
Based on the results of antimicrobial activity, it can be concluded
that chitosan has potential as a natural agent for controlling plant diseases.
A commercial fungicide product made from irradiated chitosan (Gold Rice) in
Viet Nam is shown in Fig. 9.2.

FIG. 9.2. Commercial fungicide product made from irradiated chitosan (Gold Rice) in
Viet Nam.
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9.4. EFFECTS OF OLIGOCHITOSAN ON RICE
One of the most important defences of plant tissues against disease
infection is their ability to produce phytoalexin which is an antibiotic
synthesized in response to pathogens or elicitors. At an effective concentration,
phytoalexins can slow phytopathogen growth and development. Phytoalexins in
rice leaves, momilactones, were first reported by Cartwright et al. [9.35]. The
study of Agrawal et al. also indicated that after 72 h of treatment with chitosan,
momilactone-A in rice leaves increased to values higher than 10 000 ng/50 mg
fresh weight (FW) (Fig. 9.3) [9.36].
Rodiguez et al. [9.37] investigated whether the treatment of rice seed,
Oryza sativa L., with chitosan and hydrolysed chitosan induced a defensive
response against Pyricularia grisea, the fungus that causes rice blast [9.37]. They
found that plants grown from seeds treated with chitosan and hydrolysed chitosan
(oligochitosan) were more resistant to blast disease compared with non-treated
plants (positive control). A similar study in China was reported in Ref. [9.38] and
is summarized in Table 9.2.

FIG. 9.3. Phytoalexin momilactone A content in rice leaves treated with chitosan.
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TABLE 9.2. THE EFFECT OF OLIGOCHITOSAN ON PLANT DISEASE
CONTROL [9.38]
Plants

Plant diseases

Control rates (%)

Tobacco mosaic virus, potato virus

76.49–87.5

Panax notoginseng

Viral disease

>90

Tulip

Peronospora

84.24–88.6

Piper nigrum L.

Mosaic virus

74.54–81.3

Solani, infestans, viral disease,
bacterial wilt

84.47–88.24

Peronospora

78.96–82.65

Tobacco

Tomato
Cucumber
Pepper

Viral diseases, blight, anthracnose,
pepper phytophthora blight

78.58–90

Viral diseases

94.18–100

Chinese cabbage

Erwinia carotovora subsp.

78.62–85

Asparagus lettuce

Peronospora

Aubergine

45.80–62.3

Wax gourd

Blight

Cauliﬂower

Blackrot

64.60–64.2

Blight

45.50–57.6

Cowpea

Viral diseases

31.13–58.8

Papaya

Mosaic virus

70.00–96

Green cucumber

84.81–95

Watermelon

Blackrot, Didymella bryoniae,
blight, viral diseases

81.71–85.40

Muskmelon

Powdery mildew

71.34–86.26

Banana

Banana bunchy top virus

84.70–94.6

Apple

Mosaic virus, Venturia inaequalis

76.68–94.85

Soybean
Cotton plant
Maize
Rice
Peanut
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Viral diseases

75.10–100

Cotton yellow wilt

85.50–87.2

Sphacelotheca Reiliana, corn northern
leaf blight, corn southern leaf blight

24.90–45.35

Rice blast

71.41–92.0

Viral diseases

24.90–26.5
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9.5. SURVIVAL RATIO OF PLANTLETS TREATED WITH IRRADIATED
ALGINATE
Studies have concluded that, in plant cells, oligosaccharides can be
considered signalling chemicals inducing phytoalexins that protect plants from
fungal infection [9.39–9.41]. Furthermore, degraded alginate has exhibited
not only a remarkable growth promotion effect but also a protection effect
for plants [9.42]. In the study described in Ref. [9.42], the survival ratio of all
chrysanthemum, lisianthus and limonium plantlets treated with irradiated alginate
was investigated after 30 days’ acclimatization in greenhouse conditions. The
results in Table 9.3 show that there is no significant effect on the survival ratio of
the treated and untreated plantlets.
However, it can be seen from Fig. 9.4 that the treated plantlets show better
growth compared with the untreated control. These results suggest that the
plantlets treated with irradiated alginate show a better response to environmental
influence during acclimatization in a greenhouse. Degraded alginate was reported
to increase the activity of phytoalexin enzymes such as chitinase [9.43].
TABLE 9.3. THE SURVIVAL RATIO OF PLANTLETS TREATED WITH
IRRADIATED ALGINATE AFTER 30 DAYS’ ACCLIMATIZATION IN A
GREENHOUSE
Absorbed dose
(kGy)

Mw × 103

Plant survival (%)
Chrysanthemum

Lisianthus

Limonium

n.a.

84.3

81.4

87.1

0

904.9

79.9

75.1

84.0

10

97.2

84.6

76.8

92.1

30

34.9

75.5

77.1

92.6

50

20.5

87.0

84.8

92.5

75

14.2

98.7

86.0

91.9

100

10.9

89.9

86.3

91.9

150

7.9

81.8

85.2

92.5

200

5.7

78.6

80.2

91.6

Control
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(a)

(b)

(c)
FIG. 9.4. Growth of transferred flower plantlets treated with irradiated alginate after 30 days’
acclimatization in a greenhouse; (a) chrysanthemum, (b) lisianthus and (c) limonium.
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9.6. THE ANTIOXIDANT PROPERTIES OF OLIGO NaAlgs
In recent years there has also been considerable interest in the identification
of antioxidant properties of different type of oligosaccharides [9.44–9.46].
These include κ carrageenan [9.47], NaAlg [9.48], chitosan [9.49–9.50],
carboxymethylchitosans [9.51], fucoidan and laminarin [9.52], guar and LBG [9.48].
In Refs [9.53–9.55] there is general agreement that there is a strong
relationship between the molecular weight of polysaccharides and their
antioxidant properties. Reference [9.56] is the only example in the literature
suggesting a relationship between the molecular weight and the structural
properties of a polysaccharide and its antioxidant properties. This study [9.56]
investigated a NaAlg fraction with a molecular weight of 12–35 kDa with
various G to M ratios. The NaAlg samples were irradiated in the solid state with
gamma rays in air at ambient temperature at low dose rates. Molecular weight
changes were monitored by GPC and the variation in their antioxidant properties
was characterized by scavenging activity for 1,1-diphenyl-2-picrylhydrazyl free
radicals (DPPH). The effect of absorbed dose this scavenging efficacy of NaAlg
is shown in Fig. 9.5. Additionally, the number-average molecular weight of the
NaAlg fractions was plotted against their DPPH scavenging activity (Fig. 9.6).
The evaluation of the relationship between the structural and antioxidant
properties of NaAlgs showed that its antioxidant activity was independent

FIG. 9.5. Effect of absorbed dose on the DPPH scavenging activity of NaAlgs.
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FIG. 9.6. Effect of the molecular weight and G/M of NaAlg on its DPPH scavenging activity.

of its molecular weight whereas the G/M appeared to be an important factor
determining the DPPH scavenging activity of NaAlg of 12–35 kDa molecular
weight.
Reference [9.57] investigated the radiation induced degradation of NaAlg
with different guluronic to mannuronic acid ratios. The scavenging efficacy of
the unirradiated and the dry state irradiated LF240 NaAlg was compared with
LF240 NaAlg irradiated in aqueous solution in the presence of H2O2. As seen
in Fig. 9.7, the antioxidant behaviour of NaAlg could be easily controlled by
changing the irradiation medium, and 100% of the radicals (0.1 mM/mL) could
be removed using only 10 mg of NaAlg. The IC50 values of the oligosaccharides
prepared in solution by 2.5 kGy irradiation were higher than 10 mg/mL, and this
value reduced to 3 mg/mL for the fractions prepared in the presence of H2O2.
In order to investigate the effects of the G/M of NaAlgs on their antioxidant
properties, the number-average molecular weight of the fractions was plotted
against their DPPH radical scavenging activity (Fig. 9.8). Figure 9.8 clearly
shows that for the fractions with molecular weights below 12 kDa, the G/M was
not a significant factor in controlling the antioxidant behaviour of NaAlgs. The
main factor in controlling the antioxidant behaviour of the oligo NaAlgs was
their molecular weight. The promotion of the antioxidant behaviour of chitosan
with the decrease in molecular weight was attributed to two factors: (i) an
increase in chain flexibility or a decrease in the compact structure, with radiation
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FIG. 9.7. Comparison of the scavenging efficacies of LF240 NaAlgs in the unirradiated state;
after irradiation in the dry state, and after irradiation in solution in the presence of H2O2.

FIG. 9.8. Effects of molecular weight and G/M on the DPPH scavenging activity of NaAlgs.
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inducing the degradation; (ii) the formation of more hydroxyl groups as a result
of the cleavage of the glycosidic linkages in the skeletal structure [9.58] and
formation of more carboxylic acid groups in the terminal mannuronic acid due
to the reduction with H2O2 [9.59]. It is well known that these groups are the main
groups controlling the antioxidant behaviour of polysaccharides.
It was concluded that the radical scavenging efficacy of NaAlgs is
dependent on the structure (G/M) of the sample between the molecular
weight range of 12–35 kDa, and followed the order LF240>LF200>LF120 or
70/30<50/50<45/55; the decrease in the radical scavenging efficacy with the type
of NaAlg was previously attributed to the decrease in the G content [9.56].
On the other hand, as observed in this present study, below a molecular
weight of approximately 12 kDa, the only parameter controlling the radical
scavenging efficacy was the molecular weight, not the G/M. The independence
of the radical scavenging efficacy of NaAlg below 12 kDa from the initial G/M
was probably due to the change in the chain conformation or the G content, which
was a result of stiffness and of the extent of degradation in aqueous solutions.
9.7. ANTIOXIDANT ACTIVITY POTENTIAL OF GAMMA IRRADIATED
CARRAGEENAN
Algal polysaccharides have been demonstrated to play an important role as
free radical scavengers in vitro and to provide antioxidants for the prevention of
oxidative damage in living organisms [9.60]. The activity of algal polysaccharides
is dependent on their structure, indicated by values such as the DS, molecular
weight, sulphation position, type of sugar and glycosidic branching [9.61].
Reference [9.62] states that phosphorylated and sulphated glucans show a higher
antioxidant property than glucans and other neutral polysaccharides, suggesting
that polyelectrolytes such as glucan sulphate (e.g. carrageenan) might display
increased scavenging activity [9.62].
Very few studies on the antioxidant properties of oligosaccharides derived
from algal polysaccharides are available. Moreover, the relationships between
the molecular weight of oligosaccharides and their biological activity are hardly
known. It has been demonstrated that the antioxidant activities of oligosaccharides
such as chitosan and κ carrageenan improve with lower molecular weights
[9.63–9.65]. These low-molecular-weight polysaccharides are produced by the
degradation of the parent carrageenans by chemical or enzymatic hydrolysis.
Recently, degradation by radiation processing has gained much attention due to
its technological effectiveness in producing low-molecular-weight fragments.
Low-molecular-weight fragments from gamma irradiated seaweed
polysaccharides show enhanced antioxidant properties [9.52]. In a recent study [9.66],
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κ, ι, and λ carrageenan polysaccharides were subjected to degradation by gamma
irradiation and the relationship between the low-molecular-weight oligosaccahrides
of different structural types, and their antioxidant activities were evaluated.
The antioxidant properties of oligo κ, ι and λ carrageenans were determined by
evaluating their hydroxyl radical scavenging activity, reducing power and DPPH
radical scavenging capacity [9.66].
The hydroxyl radical scavenging assay is based on the degradation of
deoxyribose by hydroxyl radicals generated by Fenton’s reaction. The degraded
products, when heated with thiobarbituric acid at an acidic pH, form a pink
chromogen, the abundance of which can be measured at 532 nm. If another
molecule that can react with hydroxyl radicals is added to the mixture, it will
compete with deoxyribose for HO• and thereby decrease the rate of deoxyribose
degradation.
Figure 9.9 shows the scavenging effect of irradiated κ carrageenan on
hydroxyl radicals. It shows that the potential of aqueous κ carrageenan to
scavenge hydroxyl radicals increased with increasing concentration and radiation
dose. However, at lower doses (5–10 kGy), the scavenging effects of aqueous κ
carrageenan were not significantly different from one another. Likewise, solid
κ carrageenan irradiated at 100 kGy showed OH radical scavenging effects
comparable with those of aqueous κ carrageenan irradiated at these doses.
Irradiated carrageenan at all doses exhibited a lower OH radical scavenging effect

FIG. 9.9. Hydroxyl radical scavenging effect of irradiated κ carrageenan at different doses
with increasing concentration.
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than the reducing sugar galactose. This might be explained by the irradiation
induced degradation of κ carrageenan [9.67]. Higher degradation is expected
in an aqueous medium owing to the indirect effect of water radiolysis, and
therefore a lower scavenging effect is observed in solid κ carrageenan irradiated
at 100 kGy. Table 9.4 confirms this trend of increases in reducing sugar with
increasing dose in κ carrageenan, with irradiated solid κ carrageenan having the
lowest amount of reducing sugar. On the basis of these results, the source of the
OH radical scavenging activity of irradiated κ carrageenan could come from its
reducing end.
This result may also be caused by intramolecular and intermolecular
hydrogen bonds of low-molecular-weight κ carrageenan, which become
weaker than those of the high-molecular-weight ones. The weakening of the
intramolecular hydrogen bonds can make the free hydroxyl in the polymer chain
susceptible to attack by hydroxyl radicals [9.68].
The reducing power assay method is based on the principle that substances
that have reduction potential react with potassium ferricyanide (Fe3+) to form
potassium ferrocyanide (Fe2+), which then reacts with ferric chloride to form a
ferric ferrous complex that has an absorption maximum at 700 nm [9.69]. It has
been reported by some researchers that antioxidant effect is concomitant with
the development of reducing power [9.70]. Reducing properties are generally
associated with the presence of reductones. These break the free radical chain by
hydrogen atom donation. Additionally, they also react with certain precursors of
peroxide, thus preventing its formation [9.71]. In this assay, the yellow colour of

TABLE 9.4.
REDUCING SUGAR CONTENT
CARRAGEENANS AT DIFFERENT DOSES

OF

IRRADIATED

% Reducing sugar
Dose (kGy)

1% aqueous κ

1%
aqueous ι

1% aqueous λ

Solid κ

5

4.9

4.1

2.5

—

10

6.1

4.2

4.3

—

15

6.7

6.3

5.0

—

20

8.3

6.9

6.7

—

100

—

—

—

2.1
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the test solution changes to various shades of green and blue, depending upon the
reducing power of each sample.
Figure 9.10 shows the reducing power of κ carrageenan at different doses
with respect to a known antioxidant — ascorbic acid. The reductive potential of
the κ carrageenan increased proportionally to oligomeric concentration and dose.
It was found to reach a maximum at 50 kGy within the dose range investigated.
The reducing capacity of κ carrageenan was low compared with ascorbic acid.
The efficacy of κ carrageenan irradiated at 50 kGy was 40 times lower than
ascorbic acid. This corresponds to a concentration of 1 000 μg/mL and 2 000 μg/mL
κ carrageenan for every 25 and 50 μg/mL of ascorbic acid, respectively.
Figure 9.11 shows the reducing power of oligosaccharides from irradiated
κ, ι and λ carrageenan with increasing concentration. Aqueous κ carrageenan, as
could be expected, had a higher reducing power than solid κ carrageenan irradiated
at 100 kGy. The reducing power of the different carrageenan oligosaccharides
increased as follows: κ>ι>λ. This order has a similar trend to that of the amount
of reducing sugar produced from the different carrageenans. κ carrageenan,
followed by ι carrageenan, generally had higher reducing sugar (Table 9.4) than

FIG. 9.10.
Reducing power of κ carrageenan (κC) at different doses with
increasing concentration.
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FIG. 9.11. Reducing power of irradiated κ, ι and λ carrageenan (5 kGy) with
increasing concentration.

λ carrageenan. At increasing concentrations, however, the reducing power of κ
carrageenan tended to approach the values of ι carrageenan. This would imply
that the reducing sugar is not the only causal factor in increasing the reducing
power of carrageenans. It is likely that the amount of sulphates may also play a
role in the reducing power of carrageenan; κ carrageenan has only one sulphate
compared with ι and λ carrageenan, which have two and three, respectively.
Figure 9.12 shows the reducing power of κ, ι and λ carrageenan irradiated
at different doses. At lower doses (<10 kGy), κ carrageenan had higher reducing
capacities that the other two carrageenans. However, beyond a dose of 10 kGy,
its reductive potential tended to be lower than ι and λ. This again is in accordance
with the values of reducing sugar, although the amount of reducing sugar in κ
carrageenan leveled off at 10 kGy. In addition, cleavage of the sulphate group
is expected with dose [9.72]. Thus, decrease in reducing power ability is more
pronounced at higher doses.
These results indicate the dependence of the reducing power of the
carrageenans with their reducing sugar. The reducing capacity is generally
associated with the presence of reducing sugars and might be due to hydrogendonating ability [9.73]. A similar study conducted on irradiated chitosan also
shows increasing reductive capacity with increasing dose [9.74]. In addition,
these results also suggest that degree of sulphation may influence the reducing
power of carrageenans.
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FIG. 9.12. Reducing power of irradiated κ, ι and λ carrageenan (500 μg) as a function of dose.

The DPPH radical is a stable radical that can readily undergo reduction by
an antioxidant, AH, which can be demonstrated by the following reaction:
DPPH + AH → DPPH – H + A
It has been reported that the radical scavenging activity of seaweeds is
mostly related to their phenolic or polyphenolic contents. Aside from phenolic
groups, the presence of other functional groups in the whole molecule, such as
double bonds, and their conjugation to –OH groups and ketonic groups (as in the
case of ascorbic acid) also play an important role in their antioxidant properties.
If two active hydroxyl groups are present in the polymer chains, this may affect
the scavenging ability of carrageenan via the typical H-abstraction reaction
with free radicals [9.75]. Low-molecular-weight polysaccharides have also an
influence on antioxidant activity [9.74], which can be attributed to their reducing
sugar content. The DPPH radical scavenging capacity of irradiated κ carrageenan
is shown in Fig. 9.13. The curves indicated an increasing trend with increasing
concentration as well as with increasing dose. At higher doses of 15 and 20 kGy,
its radical scavenging effect reached saturation at concentrations of 1500 and
1000 μg/mL, respectively.
Figure 9.14 shows the DPPH radical scavenging capacity of the different
types of carrageenans as a function of dose. Similar to the results on the reducing
power and OH radical scavenging capacity of irradiated aqueous carrageenan, it
275

SEN et al.

FIG. 9.13. DPPH radical scavenging capacity of aqueous κ carrageenan at different doses
with increasing concentration.

FIG. 9.14. DPPH radical scavenging capacity of carrageenans (500 μg) at different doses.

276

ANTIMICROBIAL AND ANTIOXIDANT PROPERTIES

had higher radical scavenging capacity than that of solid carrageenan irradiated
at 100 kGy. This again is mainly due to the amount of reducing sugar generated
by irradiation. Carrageenan solutions irradiated at 20 kGy had a DPPH radical
scavenging capacity approximately ten times lower than that of ascorbic acid.
Its scavenging capacity increased in the order of λ<ι<κ at doses of 5–10 kGy,
which is comparable to the results of the reducing power capacity. Reference
[9.76] reports that sulphated polysaccharides from red and brown algae display
scavenging action, with and λ carrageenan being more effective than κ and ι
carrageenans [9.76]. However, current results find that the scavenging capacity
of carrageenans increases in the following order: λ<κ/ι<κ/β<κ<iks1 [9.77]. This
indicates that sulphation degree is not the only parameter responsible for this
property.
Unlike the results on the reducing power of κ carrageenan showing that
beyond a dose of 10 kGy, its reductive potential tended to be lower than ι and λ,
the increase in DPPH radical scavenging capacity proportional to concentration
was not affected by dose. Thus, it can be assumed that the degree of sulphation,
as explained earlier, does not affect DPPH radical scavenging capacity in
carrageenans. A related study [9.72] also indicates that the scavenging capacities
of different carrageenans strongly depends on their concentration, and structure of
a sample, e.g. the degree of sulphation, is not considered an important factor for
this action. Aside from the formation of reducing ends, irradiation can promote
the formation of double bonds and ketonic groups in κ carrageenan that could
possibly explain its consistency in increasing DPPH radical scavenging activity
with dose.
To summarize, carrageenan oligomers obtained by gamma irradiation
exhibited antioxidant properties as determined by hydroxyl radical scavenging
activity, reducing power and DPPH radical scavenging capacity assay. The type
of carrageenan has also an influence on its antioxidant activity, which follows
the order λ<ι<κ. The degree of sulphation and the cleavage of sulphate groups
with irradiation have also an influence on the reducing power of the carrageenan
oligomers. These results may be useful in looking for an effective, non-toxic
bioactive substance that could play an important role as a free radical scavenger
for preventive medicine applications.

1

This is a new type of carrageenan, iks carrageenan, which is not discussed elsewhere
in this publication.
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Chapter 10
RADIATION PROCESSING OF NATURAL POLYMERS
FOR MEDICAL AND HEALTHCARE APPLICATIONS
L.V. ABAD
Philippine Nuclear Research Institute,
Quezon City, Philippines
10.1. INTRODUCTION
Hydrogels are cross-linked networks composed of polymer chains with
hydrophilic structures, and are sometimes found as gels with water as the
dispersion medium. Some examples are soft contact lenses, wound dressings, drug
delivery systems, implants, biosensors and crystals of superabsorbent polymers.
These have found wide application, especially in the biomedical field and in other
healthcare areas. Moreover, their functions have recently been extended to the
agricultural, industrial and environmental fields. Hydrophilic polymeric networks
can absorb water in amounts from 10% of their dry weight up to thousands of
times their dry weight; examples are found in super water absorbents for farming
and hydrogels used in healthcare products. The networks attain an equilibrium
swelling state that depends on the polymer–water interaction parameter and
cross-link density. The network chains (cross-links) are usually formed by
covalent or ionic bonds, although physical cross-links, such as entanglements,
hydrogen bonds, hydrophobic and van der Waals interactions, can also provide
three dimensional networks but with different characteristics (Fig. 10.1).

FIG. 10.1. Network structure in hydrogels.
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They are called permanent or chemical gels when they are composed of
covalently cross-linked networks. On the other hand, if they are composed of
physically cross-linked networks, they are called reversible or physical gels,
as their network interactions are reversible, and can easily be disrupted by changes
in physical conditions or the application of stress. Hydrogels can be made up of
synthetic polymers, natural polymers or a combination of both. Hydrogels can
be synthesized by polymerization and cross-linking of a monomer or monomer
mixtures (in bulk or in solutions), or by cross-linking of polymers. Details about
these various methods are given below.
In the design of hydrogels for biomedical applications, certain considerations
have to be taken into account. Medical devices that would come into contact with
blood, tissues and body fluids or implants that would replace certain tissues have
to fulfill specific requirements such as non-toxicity, functionality, sterilizability
and biocompatibility (i.e. not provoking a toxic, injurious or immunological
response in living tissue) [10.1].
The first known chemically synthesized hydrogel for biomedical
applications is poly(vinyl alcohol) (PVA), which is used in surgery under the
trade name Ivalon. It was cross-linked with formaldehyde that can withstand
autoclaving temperatures. Tissue reaction to the implanted Ivalon was reported
to be very mild, but after prolonged periods, shrinkage and calcification has
been observed. However, Ivalon’s application in plastic surgery and as bone
and post nucleation implants was widely reported as successful [10.2]. In the
1950s, a hydrophilic polymer, based on hydroxyethyl methacrylate (HEMA),
and cross-linked with diesters of methacrylic acid and mono, di and triethylene
glycols was synthesized [10.3]. This poly-HEMA was primarily used as the main
component of contact lenses. Between then and now, it has been used for various
medical purposes in combination with other hydrophilic and hydrophobic
polymers.
The interest in the application of radiation to obtain hydrogels for biomedical
purposes began in the late 1960s. Research was mainly focused on using hydrogel
matrices to immobilize biologically active species and on using hydrogels as
drug delivery systems and enzyme traps. The modification of material surfaces
was also investigated, with the aim of improving hydrogel’s biocompatibility and
ability to bond antigens and antibodies [10.4, 10.5]. Recently, hydrogels prepared
by radiation processing have gained more attention because of the ‘cleanliness’
of the process; materials can be cross-linked without the addition of additives
(e.g. sensitizers and catalysts), meaning that no chemical residues are left in the
products. This improves the biocompatibility of the hydrogel. Other advantages
of the radiation processing of hydrogels include: (a) the possibility of initiating
the reaction at any temperature; (b) the wide variety of monomers and polymers
to choose from, including those that cannot be polymerized by classical chemical
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initiation; (c) the possibility of controlling the degree of cross-linking; (d) the
possibility of simultaneous synthesis and sterilization; and (e) the possibility
of the simultaneous immobilization of bioactive materials without any loss in
their activity [10.6]. The properties of hydrogels (such as pore size, swelling–
shrinking kinetics and water content) can be controlled by the synthesis
conditions. Absorbed dose, dose rate, type of monomer(s) and concentration
(ratio), and irradiation temperature all affect the properties of the gel, which
permits the appropriate selection of a tailor-made preparation of a product for a
specific application.
Most commercially available hydrogels are made up of synthetic polymers.
In recent years, natural polymers have been looked at with renewed interest
because of their unique characteristics such as inherent biocompatibility,
biodegradability and easy availability. The first successfully commercialized
radiation processed hydrogel for burn dressings was made up of a water soluble
polymer, PVP, and PE glycol and a natural polymer, agar. It was commercialized
under the trade name HDR or AQUA-GEL and marketed mainly in Central
Europe [10.7, 10.8]. Since then, efforts have been made by the IAEA to promote
the use of radiation technology for the modification of natural polymers for use
as hydrogels for biomedical applications. Various IAEA CRPs and regional
cooperative agreements (RCAs) have been implemented specifically for this
purpose [10.9].
10.2. THE RADIATION CHEMISTRY OF HYDROGELS
The radiation chemistry of aqueous polymeric solutions has already been
described in Chapters 3 and 4. When a polymer solution is subjected to ionizing
radiation, reactive intermediates are produced in the form of macroradicals.
This can result from the direct action of radiation on polymeric chains or from
the indirect effect, i.e. the reaction of the intermediates generated in water with
macromolecules. Among all the water radiolysis products, hydroxyl radicals
have been shown to be the main species responsible for reactivity transfer from
water to the polymer chains. The values of the rate constants of the reaction
of OH radicals with water soluble polymers (polyethylene oxide, PVAL, PVP
and poly(vinyl methyl ether)) are higher than 108 dm3·mol−1·s−1 as determined
by pulse radiolysis [10.10–10.13]. Hydroxyl radicals abstract hydrogen atoms
from macromolecules forming macroradicals. The macroradicals generated
from the polymers recombine to form intermolecular cross-links. The yield of
intermolecular cross-links, G(x), defined as the number of cross-links formed
in the system upon absorption of 1 J of ionizing radiation energy, expected
for this reaction (without considering other side reactions, e.g. intramolecular
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cross-linking) would be G(x) = 1.6 × 10−7 mol/J for deoxygenated (i.e. saturated
with Ar or N2) solutions and approx. 3.0 × 10−7 mol/J for solutions saturated
with nitrous oxide [10.14]. The concentration of the polymer and the dose
rate influences the competition reactions between inter- and intramolecular
cross-linking. The higher the polymer concentration, the more likely it becomes
that two recombining radicals can be found on different chains. On the other
hand, high dose rates combined with a low polymer concentration may result
in the generation of a large number of radicals on each chain. This reduces the
probability and yield of intermolecular recombination. Figure 10.2 illustrates both
intermolecular (a) and intramolecular (b) cross-linking. Chain scissions may also
occur simultaneously with intermolecular cross-linking, especially in oxygenated
solutions. In oxygen-containing polymer solutions, the macroradicals react with
oxygen to form peroxyl or oxyl radicals. These peroxyl or oxyl radicals do not
form stable cross-links upon recombination [10.14]. One of the main reaction
pathways leads to chain scission. When radical terminating reactions are slow,
peroxyl radicals can undergo a chain reaction of hydrogen atom abstraction
followed by a reaction of the alkyl radical formed with oxygen. In this way, the
degradation products, terminal peroxyl radicals, can rearrange into mid-chain
peroxyl radicals that can initiate further chain scissions [10.15]. Such chain
processes have been observed in PAAc [10.16]. Degradation products from the
chain scission reaction of poly(ethylene oxide) in the presence of oxygen have
also been observed [10.17, 10.18]. Thus, in the synthesis of hydrogels, gel
formation can generally be efficiently formed in oxygen-free systems. These
simultaneous cross-linking and scission reactions are well discussed theoretically
using mathematical expressions to calculate gel (cross-link) and sol (scission)
fractions [10.19, 10.20].

FIG. 10.2. Schematic representation of (a) intermolecular and (b) intramolecular cross-linking
in polymers. The dots on the macromolecules are free radical sites.
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Gamma or EB irradiation of water soluble polymers blended with natural
polymers results in the simultaneous cross-linking of the water soluble polymers
and the degradation of the natural polymer. A combination of these processes
may form a hydrogel with a network structure of a semi-interpenetrating
polymer network whereby the natural polymer is physically entangled within
the cross-linked water soluble polymers. Aside from this network, there is a
possibility that portions of the degraded natural polymer can be grafted onto the
PVP. A study on PVP κ carrageenan shows the presence of a grafted network
in which κ carrageenans are grafted onto a PVP backbone. Thermal gravimetric
analysis indicates a new degradation peak found between the peaks of κ
carragenan and the cross-linked PVP [10.21].
10.3. RADIATION CROSS-LINKING OF NATURAL POLYMER
DERIVATIVES
Natural polymers are known to degrade upon exposure to ionizing
radiation. Thus, natural polymers alone could not form hydrogels by the
radiation method. They have to be blended with water soluble polymers to form
a semi-interpenetrating polymer network. Synthetic polymers without natural
polymers can be useful as hydrogels but the addition of natural polymers can
improve their physicomechanical properties remarkably. This function will
be discussed in Section 10.6. Recently, studies have shown that derivatives of
natural polymers, such as carboxy methyl (CM) cellulose [10.22, 10.23], CM
starch [10.24], CM chitin/chitosan [10.25] and CM carrageenan [10.26] can be
cross-linked. The initial process involves the derivatization reaction of the desired
polysaccharide with monochloroacetic acid in the presence of sodium hydroxide
[10.27–10.29]. The carboxymethylation process may be performed in repetitive
cycles to increase its DS. The titration method and NMR spectroscopy can
determine the DS of the derivative [10.30–10.34]. The CM polysaccharides are
then irradiated in a paste-like state (20–50% concentration) to form a hydrogel.
The process is illustrated in Fig. 10.3. The cross-linking of the CM derivatives
depends on the initial polymer concentration and the DS. Figure 10.4 shows
that a higher DS is favourable to cross-linking. For the same dose, a higher gel
fraction is achieved at a higher DS [10.35].
10.4. CHARACTERIZATION OF HYDROGELS
The most important properties of hydrogels related to their functions are
gel fraction, degree of swelling and tensile strength (TS) or gel strength. These
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FIG. 10.3. Synthesis of cross-linked CM carrageenan hydrogel.

FIG. 10.4. Gel fraction of CM-κ-carrageenan at varying DS and concentrations.
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properties are interrelated and depend on the degree of cross-linking as well as
the cross-linking density of the polymer. A hydrogel that has a low degree of
cross-linking will naturally have lower non-soluble fractions (gel fractions).
The three dimensional network forms a loose network structure which allows
more free water to diffuse into the network and therefore increases the degree
of swelling. Hydrophilic functional groups such as –OH, –COOH, –CONH2 and
–SO3H present in the hydrogel are capable of absorbing water and increase the
degree of swelling. More cross-links would mean more stable chemical bonds
and consequently they give a higher TS or gel strength. When the cross-link
density becomes so high, the network becomes so tight that the hydrogel loses
its flexibility and becomes brittle. Both the degree and density of cross-linking
depend on the absorbed radiation dose. Typical curves showing the relationship of
gel fraction, degree of swelling and TS or gel strength as a function of irradiation
dose are shown in Fig. 10.5.
Another factor affecting the cross-linking of hydrogels is the presence
of inhibitors such as glycols and even natural polymers themselves since they
compete with the available free radicals. Thus, the parameter related to the
concentration of polymers can be tailored in such a way that the final product

FIG. 10.5. Relationship of gel fraction, equilibrium degree of swelling and gel strength with dose.
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would have the appropriate properties needed for a specific purpose. It should
be noted, as mentioned earlier, that the presence of air (oxygen) can also inhibit
the formation of cross-links in hydrogels. Some practical procedures for the
measurement of gel fraction and degree of swelling (as discussed in Chapter 6)
are suggested below.
10.4.1. Calculation of the gel fraction
The dried sample of hydrogel is immersed in distilled water (changing
the water several times) for 48 h at room temperature. Alternatively, the dried
hydrogel is placed in a wire mesh (small enough so that disintegrated hydrogels
will not pass through) and placed in bottled containers with sufficient water.
The hydrogels are then autoclaved for 30 min. The autoclaved hydrogels are
washed with distilled water and dried. The gel fraction is calculated as follows:
Gel fraction =

Wd
(10.1)
Wi

where Wd is the dried weight of the insoluble fraction after extraction with water
and Wi is the initial weight of dried hydrogel.
10.4.2. Calculation of the degree of swelling
The dried sample of hydrogel is immersed in distilled water and allowed
to swell. The hydrogels are weighed several times until no changes in weight
are observed. For practical purposes, weighing can be done every 8 to 12 h.
The equilibrium degree of swelling, EDS, is calculated as follows:
EDS =

Ws
	
Wi

(10.2)

where Ws is the weight of hydrogel in its swollen state and Wi is the initial weight
of the dried hydrogel. Alternatively, percentage swelling can also be used for the
computation.
Percent swelling
=

Ws − Wi
× 100 (10.3)
Wi

10.5. STIMULI RESPONSIVE HYDROGELS
Some hydrogels undergo changes in swelling behaviour in response to
stimuli such as a change in pH, ionic strength or temperature or electric currents.
Gels exhibiting a phase transition in response to changes in external conditions
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are known as stimuli-responsive or ‘smart’ gels. Stimuli responsive hydrogels
undergo abrupt volume changes in response to changes in these environmental
parameters, as shown in Fig. 10.6.
The key element of pH sensitive hydrogels is the presence of polymers
containing ionizable weak acidic (e.g. −COOH/−COO−) or basic moieties
(e.g. −R2N/−R2NH+) attached to a hydrophobic backbone. External pH changes
cause pH sensitive hydrogels to undergo conformational chain transitions
from extended to coil states or vice versa. Upon ionization, the coiled chains
extend dramatically, responding to the electrostatic repulsions of the generated
charges (anions or cations). Typical examples are CM cellulose, CM chitin and
CM chitosan containing the negatively charge carboxy methyl group and –NH2
groups. These undergo conformational transition from an extended to a coil
state upon a change in pH [10.36, 10.37]. Many synthetic hydrogels have been
found to display this kind of pH sensitivity. Lipid/polypeptide coated polyamide
gel shows swelling behaviour in response to changing pH [10.38]. Poly(Nisopropylacrylamideco-methacrylic acid) gel membrane shows a pH response in
a very narrow range, pH4.9–5.2 [10.39]. Polyaspartic gels show abrupt changes
in swelling behaviour at pH7.3 [10.40]. Recent works on natural polymer blended
or grafted synthetic polymer hydrogels (κ carrageenan, starch, chitosan, alginate,
cellulose) also show pH sensitivity [10.41–10.45].
Thermosensitive hydrogels, on the other hand, make the chains swell or
collapse at a lower critical solution temperature (LCST) owing to adjustments
of the hydrophobic and hydrophilic interactions between the polymer chains and
the aqueous medium. A critical solution temperature is the temperature at which
a polymer solution separates from one phase to two. Therefore, the volume of
temperature sensitive polymers changes as abruptly when the temperature of the
medium reaches the LCST. A typical example of a thermosensitive hydrogel is

FIG. 10.6. Swelling behaviour of stimuli responsive hydrogels.
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poly-N-isopropyl acrylamide (PNIPAAm) gel. The LCST of PNIPAAm has been
determined to be 32°C [10.46]. PNIPAAm is hydrophilic and exists in individual
chains with a coil conformation; while above the LCST, it undergoes a sharp
coil-to-globule transition to form inter- and intra-chain associations, resulting in
hydrophobic aggregation and depositing from the aqueous solution [10.47–10.50].
These conformational changes primarily result from dehydration at the isopropyl
side groups. The LCST can be changed by modifying the functional groupings
in the polymer chain, e.g. modifying PNIPAAm with a carboxyl end group that
changes the LCST to 20°C [10.51]. Many hydrogels derived from synthetic
copolymers of PNIPAAm have been studied for their thermosensitive attributes
[10.52–10.56]. Natural polymers (cellulose, methyl cellulose, dextran, GG, CM
chitosan, pullulan and chitosan) have been used as copolymers or grafted onto
PNIPAAm for use as a thermosensitive gel [10.57–10.63].
The unique characteristics of stimuli responsive hydrogels are of great
interest in drug delivery (the controlled release of drugs is shown in Fig. 10.7), cell
encapsulation and tissue engineering [10.64]. From a biomedical point of view,
the most important systems are those that are sensitive to the temperature
and/or pH of the surroundings. The human body exhibits variations of pH along
the gastrointestinal tract, and in some specific areas, such as certain tissues (and
tumoural areas) and subcellular compartments. Quite a number of studies have
been performed utilizing hydrogels for these purposes. Many of these hydrogels
have been synthesized using the ‘classical’ chemical method. As mentioned in the

FIG. 10.7. Schematic diagram of hydrogels for controlled release of drugs.
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early part of this chapter, ionizing radiation has been recognized as a very suitable
alternative to this process as this does not contain the monomers, initiators,
cross-linking agents and additives present in the conventional method. Several
studies have already been carried out on the use of radiation for the synthesis of
hydrogels for drug delivery systems:
—— N vinyl pyrrolidone was studied as a therapeutic system for local release of
prostaglandins for the induction of labour [10.65].
—— A polymeric rod containing a mixture of poly(ethylene oxide), poly(ethylene
glycol) (PEG) and the drug medroxyprogesterone was studied for the local
release of anticancer agent for the treatment of endometrial carcinoma
[10.66].
—— Injectable PEG–morphine mixtures were studied for the prolongation of the
effects of anaesthesia for patients after operation [10.67].
—— Injectible PNIPAAm/anticancer (5–FU) mixtures were studied for the local
chemotherapy of tumour tissue [10.67].
—— pH sensitive hydrogels from β cyclodextrin grafted PEG and AAc was
studied for the release of a model drug (5-Fluorouracil) [10.68].
—— Psyllium N vinylpyrrolidone based hydrogels were studied for the release
of an anticancer model drug (5-fluorouracil) [10.69].
—— Poly[(dimethylaminoethyl methacrylate)-co-(diallyl dimethyl ammonium
chloride)] hydrogels were studied as a carrier for notoginsenoside delivery
[10.70].
—— Polydimethylsiloxane was studied as a matrix for the release of progesterone
[10.71].
—— pH sensitive interpolymer polyelectrolyte complex from AAc and dimethyl
aminoethyl methacrylate was studied as a colon-specific drug delivery
system [10.72].
—— Thermally reversible gels based on acryloyl L proline methyl ester were
studied for the release of acetaminophen, an analgesic and antipyretic drug
[10.73].
One of the interesting studies on stimuli responsive hydrogels
produced by radiation processing has been performed by Nho et al. [10.74].
They synthesized a pH sensitive hydrogel based on PVA grafted with
AAc / methacrylic acid for the oral delivery of insulin. Oral delivery of peptides
and proteins to the gastrointestinal tract is one of the most challenging issues.
There are many hurdles, including protein inactivation by digestive enzymes
in the gastrointestinal tract, mainly in the stomach, and the poor epithelial
permeability of these drugs. However, certain hydrogels may overcome some
of these problems by appropriate molecular design or formulation approaches.
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In Ref. [10.74], pH responsive hydrogel was used as an oral delivery carrier for
insulin in order to protect the insulin from the acidic environment of the stomach.
The insulin release profile of these pH responsive hydrogels both in vitro and in
vivo has been investigated. The in vitro release profile of insulin obtained in both
simulated gastric fluid and simulated intestinal fluid indicate that these hydrogels
could be applied successfully for oral drug delivery to the gastrointestinal tract.
The oral administration of insulin loaded hydrogels to rats was found to decrease
their blood glucose levels for at least 4 h owing to the absorption of insulin in the
gastrointestinal tract (Fig. 10.8).

FIG. 10.8. Insulin release profile of insulin-loaded PVA-g-AAc hydrogel: (a) in vivo
experiments in rats and (b) in vitro experiments at different pH.

10.6. PRODUCTS DEVELOPED FROM RADIATION PROCESSED
POLYMERS FOR MEDICAL AND HEALTHCARE APPLICATIONS
A great effort has been made to use established products from radiation
processed natural polymeric materials for biomedical and healthcare purposes.
The IAEA, through its CRPs and RCAs, has played a significant role in fostering
developments in this area. However, only very few such materials have ever
reached the full commercial scale.
10.6.1. Wound care coverings
Hydrogel dressings produced using radiation technology form a small part of
the global market in hydrocolloid and hydrogel products. Brands of hydrocolloids
and hydrogels for wound dressing such as ConvaTec’s Duo-Derm, Coloplast,
Comfeel, Hollister’s Restore, Smith & Nephew United’s IntraSite and Replicare,
none of which used radiation technology at the time of writing, dominate the
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international market. Since the development of the first dressing from radiation
processed PVP-agar in Poland, a number of similar wound dressings have been
developed and commercialized in the local market. The formulation varies only
in the type of water soluble polymer (PVP, PVA or poly(ethylene oxide)) and
natural polymer (agar, carrageenan, chitosan or a combination of these natural
polymers) that is used. The polymer effectively absorbs body fluids and prevents
their loss, acts as an efficient barrier against bacteria, adheres well to the wound
but adheres more strongly to healthy skin, exhibits high elasticity but also some
mechanical strength, shows good transparency and enables oxygen to penetrate
through the volume of the dressing to the wound surface [10.2]. The main
advantage of the product is that sterilization and cross-linking are both carried
out in a single step process by irradiation.
10.6.1.1. PVP-agar carrageenan hydrogel wound dressing
PVP hydrogel produced by irradiation in aqueous solution has been
successfully applied to local wound repair in many pathologies (such as
burns, ulcerations and postoperative wounds), thereby confirming its excellent
biomedical properties [10.75]. It is prepared by dissolving and mixing at elevated
temperature and cast into moulds, which can also be used as final packages;
the moulds are irradiated at the optimum absorbed dose [10.8]. The addition of
natural polymers such as carrageenan, and increasing the amount of PVP, can
substantially improve the mechanical properties of the hydrogel, as shown in
Fig. 10.9 [10.76]. Such improvements are essential especially when applied to
wounds, as they allow the absorption of exudates without breaking, as well as
comfortable handling by physicians.

FIG. 10.9. The effect on the gel strength of the hydrogel of varying concentrations of
(a) κ carrageenan — A (5%), B (3%), C (1%) and D (0%), and (b) PVP — A (15%),
B (10%), C (5%).
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The type of natural polymer added to PVP and other water soluble
polymers can influence the physicomechanical properties of the hydrogel.
Differences in functional groupings, e.g. of sulphate in carrageenan, can
substantially increase the swelling behaviour of the hydrogel. The network
structure becomes more hydrophilic, which can attract more water molecules
inside the structure. This is illustrated in Fig. 10.10 where the degree of swelling
of PVA-κ-carrageenan is higher than PVA-agar [10.77]. Aside from the degree
of swelling, PVP-carrageenan forms a tougher hydrogel than PVP-agar, giving
PVP-carrageenan higher mechanical properties. By nature, κ carrageenan
forms a hard gel while agar is a soft gel. This property of κ carrageenan would
be advantageous in the preparation step since the PVP-carrageenan gels can be
easily taken out from their moulds after forming without destroying their shape.
This cannot be easily done with PVP-agar. On the other hand, PVP-agar is a
very flexible hydrogel while PVP-carrageenan has a tendency to become brittle.
A combination of both natural polymers may form hydrogels with enhanced
physicomechanical properties.
Similar to PVP-agar hydrogel, the swelling behaviour and gel fraction of
PVP-κ-carrageenan are influenced by quantities of the natural polymer present
in the hydrogel, as shown in Fig. 10.11 [10.78]. For the practical application of
PVP-carrageenan as a wound dressing, it would require only a small amount of
κ carrageenan (1–2%). At a lower concentration, κ carrageenan would not form
a physical gel, while a concentration higher than 2% would be detrimental to

FIG. 10.10. Equilibrium degree of swelling of hydrogel (27 kGy) containing PVA (8%)
at varying concentrations of agar and carrageenan.
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FIG. 10.11. The effect of varying concentrations of κ carrageenan — A (5%), B (3%), C (1%)
and D (0%) on (a) the gel fraction and (b) the EDS of PVP-κ-carrageenan hydrogel.

the physicomechanical properties of the resulting hydrogel. Less cross-linking is
expected as the quantity of the natural polymer is increased.
In the Philippines, a PVP-carrageenan hydrogel has been developed and
patented [10.79]. It has been tested for use as a burn dressing. Figure 10.12 shows
that the healing period of wounds dressed with the PVP-carrageenan hydrogel is
similar to a wound treated with a commercial hydrocolloid. The market price of
the commercial hydrocolloid would be expected to be three times higher than
the PVP-carrageenan hydrogel. A similar product in the Republic of Korea also
contains a PVP-carrageenan formulation. The degree of evaporation, a common
problem for most hydrogels, has been minimized with the use of a polyurethane
membrane. Aside from burns, this hydrogel dressing is also quite effective for
decubitus ulcers [10.79]. In developing countries, where prices of imported
hydrocolloid dressings are excessively high, decubitus ulcers are generally
treated by daily washing with saline solution and covered with gauze. The use
of PVP-carrageenan hydrogel could be a good alternative as a dressing for this
type of wound. The hydrogel can cover the wound for the duration of three days,

FIG. 10.12. Healing of wound using PVP-carrageenan hydrogel and a commercial
hydrocolloid [10.80].
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which minimizes the disturbance of the growth of new epithelial cells caused
by the daily removal of gauze and the accompanying washing. In effect, this
hydrogel can be more economical than gauze as labour expenses due to daily
nursing care are minimized.
10.6.1.2. Other formulations of hydrogels for wound dressing
Different formulations of radiation processed natural polymer hydrogels for
wound dressings have been developed by Member States under the IAEA RCA
RAS Projects 8096, 8098 and 8106. Various improvements in the synthesis of
these hydrogels have also been made. In the Republic of Korea, the incorporation
of aloe vera, a plant extract known to be effective in healing wounds, has been
studied [10.81]. PVA/PVP/aloe vera hydrogels have a better healing effect than
either the absence of a dressing or commercial polyurethane membranes. The
wounds were found to heal 15 days after the PVA/PVP/aloe vera hydrogels are
applied, while wounds with no dressing healed after 21 days [10.80]. A PVA/
Thai silk fibroin hydrogel has also been developed in Thailand. The texture of
the PVA/Thai silk fibroin hydrogel films is softer than that of pure PVA. Animal
testing shows that wounds covered with PVA/silk fibroin heal faster than those
covered with a commercial dressing [10.80].
Indian researchers have incorporated iodine into a hydrogel to form a
blue-black complex with PVA hydrogel. Iodine is slowly released to the wound,
which facilitates its healing [10.82]. In some cases of wounds with dents, e.g.
bed sores, hydrogel flms are not useful since they cannot penetrate the dent in
the wound. An injectable hydrogel may be useful. Malaysian researchers are
developing such a kind of hydrogel from oligochitosan (Fig. 10.13).
The advantages of hydrogels from radiation processed natural polymers for
topical wound coverings are unmistakable. Potential expansions of the functions
of these hydrogels, for example, by incorporating them into transdermal patches
for the slow release of drugs, need to be further explored.
10.6.2. Face mask
Sago starch is isolated from the trunks of the sago palm (Metroxylon spp.),
which is otherwise known as rumbia and is found abundantly in south-east Asia.
It contains high levels of polyphenolic substances with antioxidative, anti-ageing
and antibacterial properties. Nuclear Malaysia has developed, by radiation
processing, a sago hydrogel made up of a sago starch-PVA polymer blend
to be used as a facemask [10.84]. The production process involves blending
appropriate concentrations of PVA and sago starch in water, coating the mixture
in a flexible cloth material as a backing, cutting, packaging and performing
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FIG. 10.13. Injectable chitosan gel [10.83].

e-beam irradiation for simultaneous cross-linking and sterilization of the polymer
blend. The resulting facemask provides the skin with antioxidant protection, as
well as boosting its moisture level. It has bio-cleansing abilities, removes dead
skin cells and has been clinically shown to treat acne.
10.6.3. Hydrogel mat
Bed sores, also known as decubitus ulcers, pressure sores and pressure
ulcers, are commonly developed in patients who are bedridden and who are not
properly repositioned. These are ulcerations or sores on the skin, typically over
bony prominences, resulting from prolonged pressure. Bed-sores are a localized
area of tissue injury that develops when soft tissue is compressed between a bony
prominence and an external surface for a prolonged period of time. The external
surface may be a mattress, a chair or wheelchair, or even other parts of the body.
A bed sore develops when blood supply to the skin is cut off owing to prolonged
pressure for more than two to three hours. As the skin dies, the bed sore first
starts as a red, painful area, which eventually turns purple. If the skin is left
untreated, it can break open and become infected. One concrete way to prevent
the formation of bed sores is by providing soft padding in wheelchairs and beds
to reduce pressure.
An innovative way of preventing bed sores has been developed in Japan
[10.85]. It makes use of a CMC hydrogel mat prepared by radiation induced
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cross-linking (20% CMC in water). Figure 10.14 shows the CMC mat being used
in a bed. Clinical studies reveal that no bed sore was observed in 64 out of 68
subjects after their surgical operations when CMC hydrogel mats were used. This
result implies that the CMC hydrogel mats can disperse body pressure and sustain
the circulation of blood. These CMC hydrogel mats are commercially available
in Japan with the product name ‘Non-bedsore’. CMC gels are biodegradable
and the waste coming from these gels can easily be converted into fertilizer by
degradation with bacteria in soil.

FIG. 10.14. CMC hydrogel mat [10.83].

10.6.4. Thai silk soap
Thai silk is a well known product of Thailand and has various unique
properties that make it suitable for a variety of applications in addition to uses
in clothing. For example, Thai silk protein can be used as a wound dressing
(Section 10.6.1) and as a skin moisturizer. Thai silk powder can easily be degraded
by gamma radiation to make it miscible with water. The degraded powder can
then be easily incorporated into various products such as Thai silk soap [10.86].
10.7. OTHER POTENTIAL USES OF RADIATION PROCESSED NATURAL
POLYMERS
10.7.1. Bioimplant for the endoscopic treatment of vesicoureteral reflux
(PVP-chitosan hydrogel)
Vesicoureteral reflux (VUR) refers to the retrograde flow of urine from the
bladder into the upper urinary tract. It predisposes an individual to renal infection
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or pyelonephritis by facilitating the transport of bacteria from the bladder to the
upper urinary tract [10.87]. It is the most common urologic anomaly in children,
has been reported in 30–50% of those who present with urinary tract infections
and is a risk factor for progressive renal damage. Open surgical re-implantation
or uretero neocystostomy has a high success rate of up to 98% in correcting
VUR. It is an major invasive clinical procedure reserved only for persistent
urinary tract infections and high grade reflux. The endoscopic treatment of
VUR has gained favour in recent years as a therapeutic alternative to long term
antibiotic prophylaxis and open surgery. This makes use of different tissue to
augment implants injected in the peri-ureteral area. The most effective and stable
subureteral implant material is a dextranomer-hyaluronic acid copolymer. The
gel is injected into the bladder wall where the ureter enters the bladder, forming a
bulge at the opening. The bulge reduces the size of the opening, to prevent urine
from flowing backwards into the ureter. The opening is still flexible so urine can
flow into the bladder, as it should. The gel is gradually replaced by the body’s
own tissue, so the bulge remains.
In the Philippines, an injectable gel of radiation cross-linked PVP-chitosan
has been developed as a possible alternative to a dextranomer implant [10.88].
The viscosity of the material has been tested by passing the gel implant through
a gauge 26 needle. Preliminary animal testing has been conducted by injecting
rats subcutaneously with chitosan-PVP and using a commercial dextranomer
implant as the control. The results of the test revealed comparable results for
both materials. Monthly examination of the implanted sites showed no local
inflammatory reactions in either group. The volume of the subcutaneous nodule
indicates that after six months, the decrease in volume of subcutaneous nodules
for PVP-chitosan does not differ significantly from the commercial dextranomer
implant (Fig. 10.15). Histological examination of both groups showed no signs
of granulation tissue formation, foreign body reaction or scar formation. The
migration potential was evaluated by histological studies in the liver, kidneys and
lungs for both groups, which did not show any inflammation, irritation, foreign
body responses, tissue necrosis or scarring. These results reveal the potential of
PVP-chitosan hydrogel as a VUR.
10.7.2. Hydrogels for treatment of atopic dermatitis (PVA-natural herb
extract)
Atopic dermatitis is a common chronic pruritic inflammatory skin condition.
It causes dry skin, intense itching and a raised, red rash. In severe cases, the rash
forms clear, fluid-filled blisters. Atopic dermatitis is most common in babies
and children. The cause of atopic dermatitis is not clear. People with atopic
dermatitis seem to have very sensitive immune systems that are more likely to
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FIG. 10.15. PVP-chitosan injectable gel as a bioimplant for VUR tested subcutaneously
on rats [10.89].

react to irritants and allergens. Most people who have atopic dermatitis have a
personal or family history of allergies, such as hay fever (allergic rhinitis) and
asthma. Its origin can be caused by both genetic (hereditary) and environmental
factors. Atopic dermatitis is treated with moisturizing creams and lotions.
Immunosuppressive drugs (creams and ointments) such as glucocorticoids are
effective for atopic dermatitis, however, the prolonged use of these drugs may
cause adverse effects owing to their non-specific immune modulation [10.90].
Recently, herbal medicines have been used to treat atopic dermatitis in some
countries [10.91].
A novel therapeutic hydrogel for atopic dermatitis has been developed in
the Republic of Korea. It is prepared from a radiation processed PVA hydrogel
with herb extracts (Houttuynia cordata Thunb. and Ulmus davidiana var.
japonica (Japanese elm) (Ato-gel)) [10.92]. Houttuynia cordata Thunb. has
been used for the treatment of herpes simplex. The Japanese elm is a deciduous
broad-leaved tree widely distributed in Asia, and its stem and root barks have
been used as a traditional medicine for the treatment of oedema, mastitis, cancer,
inflammation and rheumatoid arthritis. The hydrogel also contains propylene
glycol as a moisturizer, which improves skin adherence. An atopic dermatitis
study using BALB/c mice indicated that the application of hydrogel containing
herbal extracts can minimize scratching tendency in mice to a greater extent than
if the extracts are injected directly into the affected area (Fig. 10.16). Atopic
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FIG. 10.16. Atopic dermatitis treatment with Ato-gel in BALB/c mice [10.93].

dermatitis patients commonly exhibit hyperproduction of immunoglobulin E.
Immunoglobulin E synthesis is primarily regulated by cytokines such as IFN-γ
and IL-4.
The animal study further showed that an increase in both IFN-γ and IL-4
is observed after treatment with dinitrochlorobenzene. After two weeks of
application of the Ato-gel, a decrease in the levels of IFN-γ and IL-4 was observed
in the mice treated with dinitrochlorobenzene mice. The effect is even higher
than the effect of the commercial control gel (Fig. 10.17). The results of clinical
trials suggest atopic dermatitis may heal with no recurrence. These studies reveal
the efficacy of the hydrogel with herbal extracts for the treatment of AD and the
synergetic effect of the combination of moisture and medicine.

FIG. 10.17. Cytokine change (a) after treatment with dinitrochlorobenzene and (b) 2 weeks
after Ato-gel treatment in BALB/c nude mouse [10.92].

303

ABAD

10.7.3. CM cellulose hydrogels and solutions for the prevention of
postsurgical adhesion
Adhesions are fibrous bands that form between tissues and organs, often as
a result of injury during surgery. Adhesion formation is a natural consequence of
surgery that occurs when the body tries to repair itself following the trauma of
incision, cauterization or suturing, or as a result of handling or drying out of tissue
owing to exposure. At the site of such damage, internal tissues that normally
remain separate often become joined together, causing fibrous scar tissue to form.
This process generally occurs within the first few days following surgery and
can lead to further serious complications, including difficult re-operations, small
bowel obstruction, female infertility and chronic debilitating pain. Adhesion can
be prevented with the use of synthetic barrier membranes that stick to the internal
tissues and separate the organs to prevent them from attaching to one another as
they heal. The most commonly used barriers are oxidized regenerated cellulose
or films of chemically modified sodium hyaluronate and CMC. Membranes from
oxidized regenerated cellulose and polytetrafluroethylene have demonstrated
some limited inhibition of adhesion formation in humans [10.94].
In the Republic of Korea, radiation processed CMC/PEG hydrogels
and CMC/PEG hydrogel solution (2%) have been tested for the prevention of
intra-abdominal adhesion in rats [10.94]. The control animals developed dense
adhesions between their caecal and abdominal walls. Animals treated with the
CMC/PEG hydrogel or the 2 wt% solution of the CMC/PEG hydrogel had a
significantly lower average adhesion score than the controls (Fig. 10.18). At
day 14, almost no residual CMC hydrogels were visible in the treated animals.
These hydrogels were found to significantly reduce postsurgical adhesions in a

FIG. 10.18. Effect of prevention of intra-abdominal adhesion by CM chitosan hydrogels [10.95].
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rat caecal abrasion model. The results are quite promising, with both materials
decreasing significantly the degree of adhesion.
10.7.4. Microbial cellulose membrane for guided bone regeneration
Bone grafts and guided bone regeneration (GBR) are needed when a part
of the body has a missing bone. A missing portion of bone is frequently called
a bony defect. Examples of jaw bone defects are: defects surrounding roots
of teeth (periodontal defects); defects which occur following tooth extraction;
generalized decrease in quantity of jaw bone from trauma or long term tooth loss;
defects surrounding dental implants; and defects resulting from cyst or tumour
surgery. It is known that bone heals more slowly than gum tissues. Without GBR
techniques, the faster healing gum would prevent the bone from maximizing its
full healing potential following surgical procedures, as shown in Fig. 10.19. The
concept of treatment is simple. A biocompatible membrane is placed between the
gum and bone which acts as a barrier. This barrier prevents downgrowth of the
gum into the underlying bone as it heals. Oftentimes, a bone graft is placed into
the underlying bony irregularities, under the membrane, to help the body grow
new bone. Membranes around teeth are typically designed to dissolve away, or
resorb, after several weeks of healing have passed. The materials that are used as
a barrier membrane for GBR procedures should meet several prerequisites. As
the membrane is supposed to be implanted in the body, it must be biocompatible,

FIG. 10.19. The effect of GBR membrane for restorative dental work.
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non-immunogenic and non-toxic. As avoiding the removal of the membrane
after healing would be advantageous, it would be better if it were composed
of biodegradable materials. The degradation time should be long enough to
achieve bone regeneration before membrane disintegration. There are various
commercially available products, ranging from non-resorbable materials, such
as expanded polytetrafluorethylene, to bioabsorbable membranes composed of
poly(lactic) acid (PLA), poly(glycolic acid), polyurethane, and so on [10.96].
An initial study on irradiated microbial cellulose membrane for possible
use in GBR has been conducted in Indonesia [10.97]. Microbial cellulose is
a natural polymer derived from the fermentation of Acetobacter xylinum in
a specific growth medium. An edible gel commonly known as nata de coco
is a type of MC produced by Acetobacter xylinum using coconut water as the
micronutrient medium. It is easily produced in a variety of shapes and as a
membrane, gel or film. The gamma irradiation of microbial cellulose produces
two effects, sterilization and degradation. The TS results of irradiated microbial
cellulose reveal a decreasing trend with time (within weeks), a property needed
for an ideal GBR membrane. The pore size of irradiated microbial cellulose is
far below the size of pores of soft tissue (2–15 µm), which makes it possible
to use this membrane as a physical barrier for tissue invasion. Because of these
properties, microbial cellulose may be used as scaffolds in GBR.
10.7.5. PVA/PVP/chitosan polymer-hydroxyapatite composite as bone
substitute
Bone grafts are bone that is transplanted from one area of the skeleton
to another to promote healing, strengthen bones or improve function. Bone or
bone-like materials used in bone grafts may be transplanted directly from one
area of an individual’s skeleton to another (autografts) or from a donor (allografts)
or from an artificial source. In many cases, they are used to fill in an empty
space that may have been created in or between the bones by disease, injury or
deformity. While the use of allograft bone has become quite common, it has some
limitations due to the chance of disease transmission, and lessened effectiveness
since the bone growth cells and proteins are removed during the cleansing
and disinfecting process. Owing to this drawback, researchers are looking for
materials that can substitute the bone. Some of these bone graft alternatives
include: demineralized bone matrix containing collagen, proteins and growth
factors that are extracted from the allograft bone, ceramics, coral, graft composites
(combination of demineralized bone matrix and ceramics), bone morphogenetic
proteins and alloplastic grafts made from hydroxylapatite (a naturally occurring
mineral that is also the main mineral component of bone). Hydroxylapatite is a
synthetic bone graft, which is now, like other synthetics, commonly used owing
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to its osteoconduction (a three dimensional scaffold or matrix facilitating bone
repair), hardness and acceptability by bone. However, the lack of mechanical
properties (brittleness) and osteoinduction (acceleration of new bone formation
by chemical means) limits its clinical use. Often, a combination of ceramic and
polymer materials is exploited to augment bone integration of the graft material
and the native host tissue e.g. poly-ɛ-caprolactone (PCL)-grafted hydroxyapatite
nanocrystals [10.98].
To improve the mechanical and osteoinduction properties of hydroxylapatite,
Indonesian researchers are developing a synthetic bone graft composite made
up of irradiated PVA-PVP–chitosan polymer and hydroxylapatite [10.99]. The
presence of chitosan may improve osteoinduction, whereas the elasticity of
the PVA-PVP polymer may improve its mechanical properties. The resulting
composite is an injectable type of synthetic bone substitute with a gel fraction of
around 0.35, which can flow through a syringe. The hydroxyapatite has a particle
size of 50–300 nm and is distributed homogenously in suspension. This may be
applied in orthopaedic and periodontal surgeries, especially for non-invasive
techniques.
10.7.6. Radiation processed natural polymers for stimuli responsive
hydrogels
A small number of studies on radiation processed stimuli responsive natural
polymer hydrogels have been carried out. Most of them are synthesized as grafted
natural polymers. A new pH and temperature responsive hydrogel based on the
chitosan grafted with PAAc, PVA, PHPMA and gelatin was developed for oral
drug delivery using oxttetracycline as a model drug [10.100]. NIPAAm alginate
was synthesized and showed temperature sensitivity in the release of the model
drug IMC (1-[p-chlorobenzoyl]5-methanoyl-2-methylindole-3-acetic acid)
[10.100]. Non-irritant bioadhesive drug release systems based on starch– AAc
graft copolymers prepared by the irradiation of starch and AAc has been studied
for the release of model drug theophylline (TPL) [10.101]. Hydrogels from
grafted natural polymers are prepared by first dissolving the natural polymer in an
appropriate solvent or by forming a film. The synthetic monomers/polymers are
then added into the solution or film and irradiated at a certain dose. Drug release
(antibiotic drug amoxicillin) assays from new chitosan/pHEMA membranes
has also been studied [10.102]. The synthesis of AAc/chitosan hydrogels by the
polymerization of AAc in the presence of chitosan has been reported to release
5-fluorouracil (5-FU, a model antimetabolic drug) using simulated gastric
fluid and simulated intestinal fluid at a constant temperature of 25°C [10.103].
Figure 10.20 shows the swelling behaviour at different pH levels and the in vitro
5-FU release profiles of this hydrogel.
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(a)

(b)

FIG. 10.20. (a) Swelling behaviour of AAc/chitosan hydrogel as a function of pH (0.1 wt %
chitosan, temperature = 25°C; radiation dose = 30 kGy); (b) In vitro 5-FU release profiles
of AAc/chitosan hydrogels in simulated gastric fluid (broken lines) and simulated intestinal
fluid (solid lines) (radiation dose = 30 kGy).

10.8. CONCLUSION
Many of the possible medical and healthcare applications of radiation
processed natural polymers mentioned in this chapter are still in the
developmental stage. It may still take a long way to have these products reach
the market with all the difficulties posed by passing from one stage to another,
from in vitro testing to animal testing to clinical trials and obtaining the final
approval from the appropriate authorities. However, intense efforts have been
made to overcome these difficulties. The search for new and novel applications
of these materials continues. It is hoped that these radiation processed natural
polymers and products will soon be commercially and competitively available as
alternatives to established products.
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Chapter 11
RECENT DEVELOPMENTS IN SYNTHETIC AND
NATURAL POLYMER BASED HYDROGELS
D. TAHTAT, S. BENAMER, A. NACER KHODJA
Department of Irradiation Technology,
Nuclear Research Center of Algiers,
Algiers, Algeria
11.1. INTRODUCTION
Polymer hydrogels are a group of materials that are gaining wide application
in many fields, such as pharmacy, medicine and agriculture. During the last
four decades, many works dedicated to hydrogel synthesis, characterization,
formulation and application have been published.
Hydrogels are defined as three dimensional networks of hydrophilic
polymers that can absorb large quantities of water and hold it while maintaining
their structure [11.1, 11.2]. In the swollen state, the mass fraction of water in
a hydrogel is generally much higher than the mass fraction of the polymer.
The ability to swell and the extent of swelling of hydrogels are mainly governed
by two factors, namely the hydrophilicity of polymer chains and the density of
the cross-linking.
The three dimensional structure of the hydrogel is formed and maintained
by junctions that are formed during the gelation process. Gelation is the result
of the process in which the chains are connected with each other to form a three
dimensional network. This may be formed by covalent bonds, hydrogen bonds,
electrostatic interactions, hydrophobic interactions or physical entanglements.
Depending on the nature of the cross-links that form the structure of hydrogels,
these materials can offer moderate to high physical, chemical and mechanical
stability in their swollen state [11.3]. The preparation and characterization of
hydrogels was described in more detail in Chapter 10.
There are numerous applications of natural and synthetic hydrogels,
in particular in the medical and pharmaceutical sectors. Some of the recent
developments in natural and synthetic polymer based hydrogels are summarized
below.
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11.2. AGRICULTURE APPLICATIONS
The beneficial use of radiation cross-linked hydrogels in agriculture was
studied in Egypt [11.4]. A predetermined amount of PAAm/NaAlg hydrogels
was added to sandy soil and the water retention improvement within the soil and
the growth of broad bean plant was monitored. An increased growth rate of the
broad bean planted in PAAm/NaAlg treated soil was observed as compared with
plants grown both in soil treated with only PAAm hydrogels and in untreated
soil. The authors of Ref. [11.4] reasoned that the PAAm/NaAlg hydrogel, besides
increasing water retention, also provides the plant with oligoalginate from the
degradation of the hydrogel, thus providing the plant with a growth promoter.
11.3. MEDICAL APPLICATIONS
The development of a synthetic wound dressing that can be used for the
treatment of burns, blisters, fissures and herpes labialis is currently a subject
of great commercial interest [11.5]. An ideal wound dressing material should
have several properties [11.6]. The first commercial synthetic hydrogel wound
dressing produced by radiation processing is Aqua-gel [11.7]. It is claimed that
this hydrogel is transparent, has over 90% water content, can be used to control
drug dosage, offers good handling and owing to radiation processing is fully
sterile. An example of a PVA hydrogel is shown in Fig. 11.1.

FIG. 11.1. Hydrogel prepared by radiation processing.
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Hydrogels, which are cross-linked hydrophilic polymers, represent an
important class of biomaterials in biotechnology and medicine because many
hydrogels exhibit excellent biocompatibility, causing minimal inflammatory
responses, thrombosis, and tissue damage [11.8]. Various formulations have been
developed. A wound dressing needs to be biocompatible and protect the wound
from bacterial infection while providing the moisture necessary for healing
[11.9–11.11].
It was reported by Benamer et al. [11.12] that microbiological analyses
show that no bacteria pass through hydrogels based on PVP during day-by-day
observation over 14 days. In Figs 11.2(a) and 11.2(b) the development of bacteria
on the upper surface of the gel is shown, but no bacteria colonies were found on
the opposite side or deeper in the gel.
The diffusion of the culture medium into the hydrogel is shown by the
change in its colouration and by the discolouration of the culture medium that
had been in contact with the hydrogel (Fig. 11.2(c)). From these observations
it has been concluded that nutrients from the culture medium have diffused
through the hydrogel, reached the upper side and have been used by the
bacteria for their development. In the absence of culture medium under the gel

FIG. 11.2. Bacterial development on the surface of the hydrogel after 14 days’ incubation.
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sample, no bacterial development was observed on the upper surface of the gel
(Fig. 11.2(d)). PVP hydrogel seems to be a good barrier against bacteria. So if
used as a wound dressing, it assures a good protection to the wound from bacterial
infection [11.12].
Hydrogels have been considered to be advantageous as a wound dressing
material [11.13]. During the last decade, promising materials for wound dressing
have been produced using PVP [11.12, 11.14], poly (vinyl alcohol) [11.10, 11.15],
poly (ethylene oxide) [11.16] and polysaccharides such as chitosan, alginate,
collagen and cellulose [11.17, 11.18].
A hydrogel produced for wound dressings should have the following
properties [11.6, 11.19]:
—— Forms an efficient barrier against bacteria, and also for preventing the
excessive loss of body fluids;
—— Allows the diffusion of oxygen to the wound;
—— Soft and elastic, but mechanically strong enough;
—— Good adhesion to the wound and to healthy skin, but without a tendency for
excessive sticking, enabling a painless removal or exchange of the dressing
without disturbing the healing process;
—— Transparent, so that the healing process can be monitored without the
necessity of removing the dressing;
—— Enables an easy treatment of the wound with drugs;
—— Absorbs exudates and bacterial toxins;
—— Non-antigenic and does not provoke allergic reactions;
—— Soothes pain and provides an optimal wound healing environment of
constant humidity;
—— Sterile, easy to use and not expensive.
Hydrogels have been used as barriers in order to improve healing response
following tissue injury, and to deliver bioactive agents such as chitosan that
encourage the natural reparation process. The comparative study of a hydrogel
based on poly (vinyl alcohol) containing 0.25% of chitosan synthesized by
gamma irradiation and evaluated as a wound dressing material in a rat burn
model found that the wounds treated with PVA/chitosan hydrogel healed on
the 9th day, while those treated with paraffin gauze dressing and cotton gauze
(conventional treatment) healed on the 16th day. A histological analysis found
that the production of new granulation tissue and epithelialization progressed
better in wounds treated with hydrogel PVA/chitosan than in wounds covered
with gauze. The determined values of a primary skin irritation test and mucosal
membranes irritation test of the PVA/chitosan hydrogel were, respectively 0.5
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FIG. 11.3. Photographs of the macroscopic appearance of wound repair: (a) in an uncovered
wound; (b) in a wound covered with paraffin gauze dressing; and (c) a wound covered with
PVA/chitosan at day 0, day 2, day 6 and day 9, respectively.

and 0; these values indicate that PVA/chitosan hydrogel can be considered
non-irritating to the skin [11.11].
The macroscopic appearance of the treated and untreated wounds is shown
in Fig. 11.3. Two days after the burn, a hard brown scab formed, induced by
inflammatory reaction. The scab was excised because it may have constituted a
barrier to the chitosan contained in the hydrogel. Two days after the removal of
the scab, in the group treated with PVA/chitosan, fibrin had formed (Fig. 11.3(a));
fibrin is an exudate fibrino-leukocytic. The presence of exudates on the wounds
is critical as it could delay wound healing and granulation [11.20, 11.21] and
therefore the fibrin was removed.
In the group that was treated with paraffin gauze and left untreated, the scab
that had been removed two days earlier reformed (Figs 11.3(b) and 11.3(c)), but
this did not occur in the group treated with PVA/chitosan (Fig. 11.3(a)) because
hydrogel absorbs excess exudates caused by the inflammatory reaction and
prevents the reconstruction of a scab, although fibrin was formed. Between day 2
and day 6, there was homogeneous formation of fibrin in the wound treated by
PVA/chitosan hydrogel, whereas in the wound treated by paraffin gauze dressing
and in the untreated wound (natural healing), fragments of scab (spontaneous
detersion of the scab), fibrin and a coagulated area were observed. Between day 6
and day 9, in the untreated group, a light coat of scab persisted in the wound
(Fig. 11.3(a)). The group that was treated with paraffin gauze dressing began to
show healing and furrows at the level of closure of the wound (Fig. 11.3(b)).
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In the group treated with hydrogel PVA/chitosan, full good quality healing was
observed [11.11].
After removing the scab, the hydrogel PVA/chitosan is not disruptive to
any of the major phases of wound healing — the inflammatory, proliferative and
maturation phases — because it can be peeled off easily from the wound when
the dressing needs changing, unlike paraffin gauze dressing, which adheres very
closely to the wound during dressing changes, causing additional damage to the
wound and disturbing healing processes [11.11].
Hydrogel is about 95% water. It has been reported that epidermal cells
migrate more easily over a wet wound area than under a scab in dry wounds
[11.22]. Paraffin gauze dressings and a lack of dressings produce a dry
environment. Epidermal cells can migrate at a speed of about 0.5 mm/day over
a moist wound surface, which is twice as fast as under a scab in dry wounds
[11.23]. Chitosan molecules induce migration and enhance the functions of
inflammatory cells, such as polymorphonuclear leukocytes, macrophages and
fibroblasts, which are activated to produce multiple cytokines [11.24–11.26].
Figure 11.4 shows photographs of healing wound quality. Homogenous
formation of the skin with a very good healing quality can be observed on day 12
(Fig. 11.4(c)), whereas on the 16th a furrow at the level of closure of the wound
can be seen in groups untreated and treated with paraffin gauze, and a scar was
caused (Figs 11.4(a), 11.4(b)) [11.11].

FIG. 11.4. Photographs showing the typical cicatrization wound: (a) control (untreated) on the
16th day, (b) paraffin gauze dressing on the 16th day and (c) PVA/chitosan on the 12th day.
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Because of its high water absorption capacity and biocompatibility,
hydrogel has been also used in drug delivery systems [11.27–11.29], sanitary
pads and transdermal systems [11.30, 11.31], dental materials [11.32, 11.33],
implants [11.34], injectable polymeric systems [11.35] ophthalmic applications
[11.36], hybrid-type organs and stimuli-sensitive systems [11.37], in the
purification of wastewater [11.38], as localized drug depots [11.39, 11.40] and
for macromolecular drugs [11.41].
Researchers have engineered the physical and chemical properties
of hydrogels at the molecular level to optimize their properties, such as
permeability (sustained-release applications), enviro-responsive nature (pulsatile
release applications), surface functionality (PEG coatings for stealth release),
biodegradability (bioresorbable applications), surface biorecognition sites
(targeted release and bioadhesion applications) and for controlled drug delivery
applications (Fig. 11.5) [11.42].
Environmentally responsive hydrogels have been applied in a wide variety
of controlled drug delivery applications. The intelligent response of these systems
allows for a release that is controlled by the conditions of the environment
[11.42]. Temperature responsive hydrogels have been widely used to create
drug delivery systems that exhibit a pulsatile release in response to temperature
changes [11.43]. In addition, pH responsive hydrogels have been applied in
numerous controlled release applications. For example, pH responsive hydrogels
composed of alginate/chitosan gel beads have been applied for the oral delivery
of insulin [11.27].
In clinical therapy, insulin is mainly administered via the subcutaneous
route, which can be the cause of pain and possible infections and therefore
reduced patient compliance; oral delivery of insulin could address these issues.
However, several problems are encountered in the development of oral systems
for insulin delivery to the blood stream, among which are the degradation of
insulin by proteolytic enzymes and the acidic environment in the stomach, and
the low penetration of insulin into the blood stream [11.44]. Several methods
have been proposed to improve the oral bioavailability and gastrointestinal uptake
of a poorly absorbable drug such as insulin. Among these are encapsulation
using a hydrogel composed of synthetic or natural polymers, which represents
a promising concept. Natural polymers (polysaccharides) are attractive because
they are biodegradable, biocompatible, non-toxic and safe. Alginate and chitosan
cross-linked by glutaraldehyde have been successfully used [11.27].
Spherical and oval gel beads have been obtained from a NaAlg/chitosan
solution at 2%, after the alginate was cross-linked with CaCl2 (Fig. 11.6(a)). The
beads were white and opaque after the first step and became light brown because
of the cross-linking of chitosan with glutaraldehyde (Fig. 11.6(b)) [11.27].
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FIG. 11.5. Various delivery and release mechanisms of hydrogels [11.42].

The insulin release behaviour of alginate/chitosan gel beads was studied
in simulated gastric fluid and simulated intestinal fluid, and the obtained results
are represented in Fig. 11.7. The cumulative release of insulin seems to be
proportional to the swelling rate of the beads [11.27]. The cumulative quantity of
insulin released in the simulated intestinal fluid was enough to meet glycaemic
goals. The alginate/chitosan blend gel beads could be used with a wide range
of insulin dosages and at different times of release. Therefore, the investigated
alginate/chitosan beads can be considered potential oral insulin carriers [11.27].
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FIG. 11.6. Photographs of the typical gel beads at different steps of their preparation:
(a) wet alginate/chitosan gel beads crosslinked with CaCl2, (b) wet alginate/chitosan gel beads
cross-linked with glutaraldehyde and (c) dry alginate/chitosan gel beads.

FIG. 11.7. Insulin cumulative release by alginate/chitosan beads over time.
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11.4. ENVIRONMENTAL APPLICATIONS
Environmental degradation caused by human activities is a serious problem;
enhanced industrial activities are responsible for a large number and amount of
pollutants being emitted to the environment. Among these, toxic metal species
mobilized from industrial activities and fossil fuel consumption impacts the
atmospheric environment as well as water and soil, leading to their degradation
[11.45].
Many environmental applications of hydrogels have been investigated.
One example is the modification of raw chitosan gel beads by cross-linking
with glutaraldehyde to increase their resistance to chemical and biological
degradation and introducing, by a radiation grafting reaction, carboxyl groups
to increase their sorption capacity. The efficiency of modified and unmodified
chitosan gel beads to adsorb cadmium and lead ions, which are considered
highly toxic, was investigated [11.46]. Radiation induced grafting of AAc onto
chitosan gel beads was performed in solution with gamma rays from a cobalt-60
source. The removal of Pb and Cd ions with grafted chitosan gel beads from
aqueous solutions was investigated. The sorption behaviour of the sorbents was
examined through pH, kinetics and equilibrium measurements. Grafted chitosan
beads presented a higher sorption capacity for metal ions than did unmodified
chitosan gel beads [11.46]. The effect of the grafting degree on the sorbent’s

FIG. 11.8. Effect of grafting degree on adsorption capacity of Cd and Pb (initial concentration
200 mg/L, ambient temperature).
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capacity to adsorb metal ions, at the same initial concentration (200 mg/L),
is shown in Fig. 11.8. The general trend is that, with the increase of grafting rate,
the adsorption capacity of the sorbent increases. The difference in the adsorption
behaviour against the two metal ions is observed below a 33% grafting rate,
where ion uptake is more pronounced for the cadmium than for the lead. Beyond
33% grafting, the adsorption capacity of both metals increased significantly. It is
understandable that the increment in the adsorption capacity may be attributed
to the increase of carboxylic groups that appear to play an important role in the
ability to adsorb metal ions [11.46].
The effect of pH on metal ion removal by chitosan gel and chitosan-AAc
gel beads is shown in Fig. 11.9. It was observed that the adsorption capacity of
metal ions by chitosan gel and chitosan-AAc gel beads was almost constant over
a wide pH range, though the adsorption was lower at pH3 for chitosan gel beads
and almost zero for chitosan-AAc gel beads. The amino groups of chitosan gel
beads are protonated in acidic pH values, which renders the sorbent positively
charged. Owing to the positive charge of metal, strong coulombic repulsions are
developed between them. At a higher pH of the solution, the amino groups of
the sorbent are deprotonated, the repulsive forces weaken and the metal uptake
increases. Chitosan becomes strongly anionic after grafting with AAc. On
increasing the pH of the solution, deprotonation of the chitosan-AAc gel bead
derivative is realized, and strong attractive forces between the positively charged
metal and the negatively charged chitosan gel beads result in high metal ion
uptake [11.46].
Hydrogel from cross-linked polyacrylamide (PAAm)/GG graft copolymers
for the sorption of hexavalent chromium ions has been applied as a sorbent

FIG. 11.9. Effect of pH on the sorption of Cd (a) and Pb (b) onto chitosan gel bead and
chitosan-AAc gel bead. Initial concentrations of 10 and 50 mg/L for Cd and Pb, respectively,
ambient temperature, stirred at 150 rpm.
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material prepared by the polymerization grafting of acrylamide (AAm) onto
GG, using a potassium bromate/thiourea dioxide redox system for initiating the
polymerization reaction. The PAAm/GG graft copolymer prepared in this way
was further cross-linked with glutaraldehyde to obtain a sorbent material in
the form of hydrogel. It was found from the study that the sorption of Cr (VI)
by the hydrogel is pH dependent and that maximum sorption was obtained at
pH4. The sorption data obeyed Langmuir and Freundlich sorption isotherms.
The Langmuir sorption capacity (Qmax) was found to be 588.24 mg/g [11.47].
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Chapter 12
RADIATION SYNTHESIS AND CHARACTERIZATION OF
NATURAL POLYMER BASED SUPERABSORBENTS
M. SEN, H. HAYRABOLULU
Hacettepe University, Department of Chemistry,
Ankara, Turkey
12.1. INTRODUCTION
Superabsorbent polymers (SAPs) are moderately cross-linked, 3-D,
hydrophilic network polymers (hydrogels) that can absorb and conserve
considerable amounts of aqueous fluids even under heat or pressure. Because
of their unique properties, which are superior to conventional absorbents,
SAPs have applications in many fields, for items such as hygienic products,
disposable diapers, horticulture products, gel actuators, drug delivery systems,
water-blocking tapes, coal dewatering polymers and water managing materials
for the renewal of arid and desert environments [12.1]. In recent years, naturally
available resources, such as polysaccharides, have drawn considerable attention
for the preparation of SAPs. However, since the mechanical properties of
polysaccharide based natural polymers are low, researchers have mostly focused
on their improvement using natural/synthetic polymer/monomer mixtures to
obtain novel SAPs [12.2].
12.2. SYNTHESIS AND CHARACTERIZATION OF THE SWELLING
PROPERTIES OF AAc SODIUM SALT / LBG HYDROGELS
Sen and Hayrabolulu [12.3] synthesized a novel superabsorbent polymer
with high mechanical strength by radiation induced polymerization and
cross-linking of AAc sodium salt (AAcNa) in the presence of the natural polymer
LBG, and characterized the substance’s network structures. Liquid retention
capacities and absorbency under load analyses were performed in water.
For the characterization of the network structure of the semi-interpenetratingpolymer-network hydrogels, the average molecular weight between cross-links
(Mc) was evaluated through uniaxial compression and oscillatory rheological
measurements; the advantages and disadvantages of these two techniques were
compared.
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The network structure was characterized by studying the swelling
properties of the substances in water. The effect of degree of neutralization (DN)
and pressure on the swelling behaviour of the hydrogels was examined by the
swelling experiments carried out under the pressure of 2.1 kPa.
Each swelling experiment was performed until a constant value of swelling
was reached for the sample in question. From the result of this study, the swelling
kinetics of the AAcNa/LBG hydrogels in water under 0.0 kPa and 2.1 kPa at
25°C are presented in Figs 12.1 and 12.2. As can be seen from these figures, the
AAcNa/LBG hydrogels reached equilibrium swelling in 10–20 minutes. On the
other hand, the equilibrium swelling degree was lower under pressure than in
pure water for each DN value (Fig. 12.3). This decrease was attributed to the
increase in osmotic pressure on the gel system.
According to the experimental results, the swelling behaviour of the
AAcNa/LBG hydrogels was the most affected by the DN. The swelling degree
of the gels was increased from 245 to 587 with an increase in degree of DN
from 50 to 90 in the absence of force. This was attributed to the increase in
the number of the carboxylate groups in the gel with DN and the change in
the Donnan equilibrium. The water absorbency of the completely neutralized
gel (AAcNa/LBG-DN100) was lower than that of the AAcNa/LBG-DN90 gel.
This decrease was probably due to the buffer action and the screen effect caused
by the counterions inside the gel [12.4].

FIG. 12.1. Swelling kinetics of the AAcNa/LBG double network hydrogels under zero pressure.
The DN of AAc is indicated by the legend [12.3].
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FIG. 12.2. Swelling kinetics of the AAcNa/LBG double network hydrogels under a pressure
of 2.1 kPa. The DN of AAc is indicated by the legend [12.3].

FIG. 12.3. Effects of pressure and DN on the equilibrium swelling of the AAcNa/LBG double
network hydrogels [12.3].
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12.2.1. Characterization of the network structure of AAcNa/LBG hydrogels
In order to determine the molecular weight between cross-links of
the hydrogels prepared by means of the shear modules value, two different
evaluation techniques were used in this study. The first technique was the uniaxial
compression analysis performed on the swollen gels and followed with the use of
a universal testing instrument. Figure 12.4 shows typical stress–strain curves for
AAcNa/LBG. Shear modulus values of the hydrogels (Gm) were calculated using
the elastic deformation theory and Eq. (12.1) [12.5–12.7].
=
f Gm (λ − λ −2 ) (12.1)

where λ is the deformation ratio and is equal to L/L0, and L0 and L are the length
of the undeformed and deformed hydrogels during compression, respectively.
When the equation is applied to the initial stages of deformation, plots of f vs.
(λ − λ−2) yield straight lines (inset Fig. 12.4). The Gm value was calculated from
the slope of the lines and is listed in Table 12.1. Using the Gm values and other
relevant experimental parameters, the molecular weight between cross-links
(Mc)m values were calculated using Eq. (12.2) and collected in Table 12.1.
Gm = GR = A

r
RT (v 2 r ) 2 / 3 (v 2 m ) 1/ 3 (12.2)
Mc

FIG. 12.4. Curves of strain vs. stress and −(λ−λ−2) vs. stress for the AAcNa/LBG hydrogels [12.3].
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TABLE 12.1. STRUCTURAL
HYDROGELS
Gel Name

AAcNa/
LBG-DN50

PROPERTIES

AAcNa/
LBG-DN60

AAcNa/
LBG-DN80

OF

THE

AAcNa/
LBG-DN90

AAcNa/LBG
AAcNa/
LBG-DN100

(ν2m)1/3

0.1479

0.1440

0.1241

0.1104

0.0932

(ν2r)2/3

0.2482

0.2349

0.2334

0.2010

0.1401

ρ
(kg/m3)

1072

1100

1118

1263

1494

Gm
(Pa)

2305

2120

990

850

390

GR
(Pa)

2665

2290

1020

715

180

(Mc)m
(g/mol)

42.320

44.570

81.050

81.500

124.580

(Mc)R
(g/mol)

36.570

40.280

78.820

97.120

265.580

2.533 ×10−5

2.525 ×10−5

1.379 ×10−5

1.550 ×10−5

1.199 ×10−5

(νe)R
(mol/cm3)
(ξR)
(nm)

92

96

152

172

252

where
ρ
is the polymer density;
(Mc) is the average molecular weight of the network chains;
ν2m
is the polymer volume fraction of the cross-linked polymer in equilibrium
with the swollen gel;
and ν2r is the polymer volume fraction in the relaxed state, i.e. after cross-linking
but before swelling.
The prefactor A equals 1 for an affine network and 1 − 2/Φ for a phantom
network [12.5].
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The polymer volume fractions ν2x (ν2r and ν2m) are determined by Eq. (12.3):
Q = 1 / v 2 x = (1 + r / r w (w −1 − 1)) (12.3)

where ρ and ρw were the densities of the swollen gel and water and w was the
weight fraction of the polymer in the relaxed and swollen gel for the determination
of ν2r and ν2m, respectively.
As can be seen from Table 12.1, the DN of AAc strongly affected both the
distance between two entanglement points and the molecular weight between
cross-links of the AAcNa/LBG hydrogels. The results clearly indicate that DN
was one of the important parameters affecting radiation induced polymerization
and the cross-linking of AAcNa/LBG mixtures. As explained previously, the
decrease in cross-link reactions is probably due to the increase in the macroradical
stability with the increase in the ionization degree of AAc.
The second technique used in this study for the determination of the shear
modules of the hydrogels was rheology [12.8]. The oscillatory frequency sweep
test was performed in the linear viscoelastic region. Stress sweep was performed
to determine the linear viscoelastic region at a frequency of 1 Hz. The results
(Fig. 12.5) showed that the network structure strongly influenced the type of the
deformation (elastic vs. viscose) above a critical shear rate. The shear stress was
constant between 0.01–0.5% to ensure the linearity, and all frequency sweep tests
were carried out at γ = 0.01%.
The storage or elastic moduli, GR, of the double networks, exhibited a low
frequency dependence and the slopes of GR vs. frequency curves were almost
zero in a frequency range of 0.01–1 Hz (Fig. 12.6). Figure 12.6 shows that for the
cross-linked hydrogels, the magnitude of GR decreased with increasing DN up to
90% and then to 100%, similarly to the case of equilibrium swelling.
An ideal oscillatory curve has a plateau in the intermediate frequency region,
which corresponds to the rubber-elasticity region. In this region, the relaxation
ability of the segments is smaller than the stress velocity, thus preventing the
large molecules from freely passing one another [12.8]. In the linear viscoelastic
range, the network parameters, i.e. the molar mass between the two entanglement
points, (Mc)R, the cross-link density (υe), and the mesh size (ξ) were calculated
using Eqs (12.1), (12.4) and (12.5). For a homogenous network of Gaussian
chains, the elastic modules of the gels swollen to equilibrium GR were related to
the network cross-link density through Eq. (12.1). The space between the chains,
or mesh size, is usually characterized by the correlation length, or the distance
between two adjacent cross-links [12.9–12.11].
ve =
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FIG. 12.5. Variation shear moduli of the AAcNa/LBG hydrogels as a function of the strain
at ω = 1 Hz for various DNs [12.3].

FIG. 12.6. Variation shear moduli of the AAcNa/LBG hydrogels as a function of frequency at γ
= 0.01% for various DNs [12.3].
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ξ=
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1/ 2

l (12.5)

where ξ is the Flory characteristic ratio or rigidity factor of the hydrogel (in this
case, 6.7) [12.12], l is the carbon–carbon length (154 pm) and Mr is the molecular
weight of the monomeric unit.
The elastic module values determined are listed in Table 12.1. Using the
values and other relevant experimental parameters, (Mc)R and νe were calculated
and are given in Table 12.1. The results clearly show that changes in the DN of
AAc will influence the distance between adjacent cross-links in the AAc/LBG
hydrogel network. Except for the completely neutralized gel system, the values
obtained from rheological measurements closely followed the values calculated
from the mechanical properties of the same hydrogel. The large difference
in the values in the neutral gel system was attributed to their softness and the
practical difficulties in the preparation of the perfectly smooth cylindrical gel
pieces required for mechanical analyses. Because of the difficulty in detecting
very small force values for rough surfaces, the determination of the actual
onset point of the compression and the viscoelastic deformation range of the
gel system was not straightforward. On the other hand, the rheological analyses
were independent of the size and shape of the gel, and thus for such soft gels,
the rheological measurements can provide more accurate values. Owing to the
ease of adjustments of the gap distance between the plates, the initial preload
value on the gels could be controlled by the user prior to the experiment.
In this way, the viscoelastic deformation range can be accurately determined
by a strain sweep test.
As a result of all these analyses, it could be concluded that the uniaxial
compression technique could be used for the characterization of the network
structure of a hydrogel along with the rheological analyses. However, a very
precise control of the gel size was also needed. Since a very small deformation
force could be applied in the linear viscoelastic deformation range on the gel
system irrespective of its shape, rheology was an easier and more reliable
technique for the characterization of the network structural parameters of the gel
systems.
12.2.2. Swelling properties of AAcNa/LBG hydrogels in urine solutions
Knowledge of the swelling behaviour of superabsorbent polymers (SAPs)
in salt or urine solutions is very important for the identification of their potential
for use in hygiene products. The swelling kinetics of the AAcNa/LBG hydrogels
in urine solutions at different temperatures and under different loads are shown
338

NATURAL POLYMER BASED SUPERABSORBENTS

in Fig. 12.7. As can be seen from the figures, AAcNa/LBG hydrogels reach
equilibrium swelling in ten minutes at all pressures. On the other hand, the
equilibrium swelling degree is lower in pseudo urine solutions than in pure water.
This decrease was attributed to the Donnan effect.
For the comparison of the swelling capacity of SAP prepared in this study
(see Fig. 12.8) with that of commercial products already in use in hygiene
products such as incontinence pads or baby’s nappies (see Fig. 12.9), swelling
analyses were performed, and the maximum swelling capacity of AAcNa based
SAP obtained from these products was determined [12.14].

FIG. 12.7. Variation of the swelling kinetics of the AAcNa/LBG hydrogels with load in pseudo
urine solutions at temperatures of: (a) 25°C and (b) 37°C [12.13].

FIG. 12.8. Absorbency under load values of the AAcNa/LBG SAPs in water and pseudo urine
solution at different temperatures. The loads applied on the gels are given above the respective
bars [12.13].
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FIG. 12.9. Absorbency under load values of the commercial SAPs in water and pseudo urine
solution, at temperatures of (a) 25°C (b) 37°C. The loads applied on the gels are given above
the respective bars [12.13].

The maximum swelling or water retention capacities of the commercial
SAPs in water and pseudo urine solution are shown in Fig. 12.9. As in the
AAcNa/LBG SAP systems, the swelling degree of the commercial gels also
decreased, but it decreased more abruptly with the ionic strength of the swelling
medium. This decrease was attributed to the high ionic nature of the SAP system.
The absorbency under load values for AAc/Na/LBG SAP and the
commercial SAP in urine solution are compared in Fig. 12.10. Figure 12.10
clearly indicates that the hydrogels prepared in this study (the LBG natural
polymer interpenetrated with a synthetic monomer) are comparable, especially
at high pressures.
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12.3. SYNTHESIS AND CHARACTERIZATION OF CARBOXYLATED
LBG HYDROGELS
In a recent study [12.15], carboxylated LBG hydrogels were prepared by
irradiation in a paste-like condition, as well as by irradiation in solid state in the
presence of acetylene. Sol-gel analysis was carried out in order to determine the
polymer to gel conversion ratios. It was found that the swelling capacity of the
hydrogels prepared in the presence of acetylene increased with dose from 19
000% to 34 000%, and the gelation percentage increased rapidly up to 5.0 kGy,
and then slowed down at higher doses. While a lower gelation was observed, the
cross-link density of the CLBG hydrogels prepared in the paste-like conditions
was high. For the characterization of the network structure of the hydrogels, the
average molecular weight between cross-links (Mc) was evaluated by means of
rheological analyses.
12.3.1. Preparation and characterization of CLBG
LBG was first carboxylated using a technique known as TEMPO,
which is performed as follows: 0.5 g of LBG was suspended in 250 mL
of deionized water overnight and then stirred at 60°C for two hours.
The solution was then cooled to room temperature, and catalytic amounts
of (2,2,6,6−tetramethylpiperidin−1−yl)oxyl and NaBr were added. The
oxidation reaction was initiated by the drop wise addition of a NaOCl solution
(the active Cl value was 11%) at 4°C. In order to obtain various oxidation ratios,
4.5 mL, 7.0 mL, 14.5 mL, 18.0 mL or 35 mL of the NaOCl solution was added to
the mixture. The NaOCl/primary alcohol mol ratio was 1.2, 1.9, 4.6, 4.8 and 9.3,
respectively. For the selective oxidation of polysaccharides, the pH should be
around 10.2 [12.16]. The pH in this study was kept at 9−10 during the reaction by
adding 0.5M of aqueous NaOH solution. When the pH decrease was very slow,
the reaction was quenched by adding MeOH. Finally, the CLBG was precipitated
by use of acetone.
In order to change the carboxylation degree, the NaOCl/primary alcohol
mol ratio was controlled during the oxidation reaction. The effect of NaOCl/
primary alcohol mol ratio on the structural changes was firstly monitored
by FTIR. In Fig. 12.11(a), the spectra of the virgin LBG, and of the samples
synthesized using a 4.5 mL, 7.0 mL, 14.5 mL, 18.0 mL or 28 mL of the NaOCl
solution in the carboxylation reaction, respectively, are shown. For the pure LBG
(Fig. 12.11), the band at 3430 cm−1 represents the O–H stretching vibration.
The band at 2924 cm−1 is due to the C–H stretching of the –CH2 groups. The
bands due to ring stretching of galactose and mannose appear at 1641 cm−1 and
1657 cm−1. In addition, the bands in the region of 1350–1450 cm−1 are due to
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FIG. 12.10. Absorbency under load values of AAcNa/LBG and a commercial SAP in pseudo
urine solution at 25°C and 37°C [12.17].

the symmetrical deformations of the CH2 and COH groups. The bands due to
the primary alcoholic –CH2OH stretching mode and CH2 twisting vibrations
appear at 1078 cm−1 and 1021 cm−1, respectively. The weaker bands around 770
cm−1 are due to the ring stretching and ring deformation of the α D-(1-4) and α
D-(1-6) linkages. The peak at 1729 cm−1 in the b–f spectra is the stretching bond
of the C=O groups in the carboxylic acids. As can be seen in Fig. 12.11, the peak
intensity of the C=O groups continuously increased with the amount of NaOCl.
The carboxylation of the LBG was also evidenced by 13C NMR analyses [12.17].
The effect of the carboxylation or the amount of NaOCl added in the
reaction mixture on the molecular weight of the LBG was investigated by GPC.
The chromatograph was combined with refractive index and MALLS detectors.
The variations in the weight and number-average molecular weights of the CLBG
as a function of the NaOCl/primary alcohol mol ratios are given in Table 12.2. As
can be seen, the molecular weight of the CLBG increased with the amount of
NaOCl. This increase was attributed to side esterification reactions and partial
cross-linking of the LBG structure. Owing to the solubility problem of the
CLBG-18 in water, the CLBG-4, CLBG-7 and CLBG-13 systems were used in
the gelation experiments.
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(a)
(b)
(c)
(d)
(e)
(f)

FIG. 12.11. FTIR spectrum of virgin LBG (a) and CLBGs prepared by using (b) 4.5 mL,
(c) 7 mL, (d) 13.5 mL, (e) 18 mL and (f) 28 mL NaOCl in the carboxylation experiments [12.15].

TABLE 12.2.
NUMBER AND
WEIGHTS OF CLBG POLYMERS

WEIGHT-AVERAGE

MOLECULAR

Amount of
NaOCl (mL)

Mw

Mn

Polydispersity index

LBG

0.0

510 430

390 200

1.31

LBG-4

4.5

614 000

291 000

2.10

LBG-7

7.0

780 000

456 000

1.71

LBG-13

14.5

1 200 000

630 000

1.90

LBG-18

18.0

1 570 000

870 000

1.80

LBG-28

28.0

385 000

228 000

1.69

Sample name
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12.3.2. Preparation of CLBG gels in paste-like states
For the preparation of CLBG hydrogels in the paste-like state, solutions of
20% (weight/volume) LBG and CLBG were placed in tightly closed tubes and
irradiated at a dose of 5.0 kGy in a Gammacell 220 type 60Co gamma irradiator at
room temperature, in air. Sol-gel analysis and swelling experiments were performed
using the sintered gooch crucible apparatus shown in Fig. 12.12. [12.15].

FIG. 12.12. Sintered gooch crucible apparatus used for the determination of the gelation and
swelling ratios of the gels [12.15].

The gelation and swelling percentages of the prepared gels were calculated,
and the results are given in Table 12.3. A gelation of 71.6% was observed for
non-carboxylated LBG and the swelling percentage of this gel was only 1225%.
As can be seen in Table 12.3, the swelling degree (4700%) of the CLBG of 26%
was approximately four times higher than that of the LBG. On the other hand, a
reduction was observed in the gelation ratio of the system.
When the carboxylation degree of the LBG was increased from 26% to 40%
and 70%, neither a regular increase nor a decrease was observed in the gelation
and swelling percentages of the CLBG samples. This behaviour was attributed to
the partial and local cross-links formed during the carboxylation reactions that
led to the inhomogeneous diffusion of water inside the gels.
12.3.3. Preparation of CLBG gels in the presence of acetylene
In order to prepare the CLBG gels in the presence of acetylene gas, 0.5 g
ground dry carboxylated polymer samples were placed in glass tubes with
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TABLE 12.3. EFFECT OF NaClO/PRIMER ALCOHOL MOL RATIO ON THE
CARBOXYLATION DEGREE AND GELATION AND SWELLING DEGREE
OF CLBG GELS PREPARED IN PASTE-LIKE STATES
NaClO/primer
mol ratio

CD

Gelation % at 5 kGy dose

Swelling
(%)

0.0

0.0

71.6

1225

1.2

26

25.5

4700

1.9

40

45.1

1090

4.6

70

35.8

2020

rubber lids. The glass tubes were filled with nitrogen gas and then with acetylene
gas for 5 minutes. The samples were then irradiated in the gamma source up to
10 kGy.
Additionally, powdered CLBG was also irradiated in the presence of
acetylene up to 10 kGy at a dose rate of 30 Gy/h. The effects of the dose and
degree of carboxylation on the gelation and percentage swelling of gels are
presented in Table 12.4.
TABLE 12.4. GELATION AND SWELLING % OF CLBG GELS PREPARED
IN THE PRESENCE OF ACETYLENE GAS IN THE FUNCTION OF THE
NaOCl/PRIMARY ALCOHOL MOL RATIO AND THE ABSORBED DOSE
(DOSE RATE; 30 Gy/HOUR) [12.14]
NaClO/primary alcohol
mol ratio

2 kGy
Gelation
(%)

5 kGy

Swelling
(%)

Gelation
(%)

10 kGy

Swelling
(%)

Gelation
(%)

Swelling
(%)

0.0

85.0

490

88.3

443

70

700

1.2

61.3

19020

99.5

17730

46

33945

1.9

58.0

2600

64.5

2415

35

1244

4.6

50.0

975

48.6

935

45

4270
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As can be seen in Table 12.4, higher gelation ratios were observed for the
gels prepared in the presence of acetylene gas in comparison to the ones prepared
in paste-like conditions. The results showed that the increase in carboxylation
degree had a reverse effect on gelation, as the gelation and swelling percentages
decreased with the carboxylation ratio. The results also demonstrated that the
cross-linking reactions occurred via different mechanisms depending on the
extent of the carboxylation of the LBG when irradiations were performed in the
presence of acetylene gas. When the absorbed dose was increased from 5 kGy
to 10 kGy, for all carboxylation degrees, the degrees of gelation were found to
decrease. As is well known, polysaccharides in dry form or in solution degrade
upon irradiation [12.18–12.23]. The decrease in gelation and increase in swelling
at relatively high absorbed doses (at 10 kGy, for instance) showed that the chain
scission yield was more dominant than the cross-linking reactions.
Dose rate is an important parameter that controlls the degradation and
cross-linking of natural polymers. For the investigation of the effect of dose rate
on the gelation and swelling of the CLBG gels in the presence of acetylene gas,
a CLBG sample with a carboxylation degree of 26% was also irradiated with
gamma rays at a dose rate of 300 Gy/h at 2 or 5 kGy. The gelation and swelling
values were calculated and are shown in Table 12.5.
TABLE 12.5. GELATION AND SWELLING % OF CLBG GELS PREPARED
IN THE PRESENCE OF ACETYLENE GAS
NaClO/primary alcohol mol ratio/
Carboxylation degree

1.2/26

2 kGy

5 kGy

Gelation
(%)

Swelling
(%)

Gelation
(%)

Swelling
(%)

81

2250

89.5

2115

When the gelation and swelling ratio of the gels prepared at different dose
rates were compared, it was found that dose rate was also an important parameter
for the CLBG gels prepared in the presence of acetylene gas. For both dose rates,
the gelation values increased as the absorbed dose increased. When the dose
rate increased from 30 Gy/h to 300 Gy/h, the swelling percentages of the gels
decreased from 19 000% to 2000%. These results indicated that the dose rate had
a positive effect on gelation with a significant detractive effect on the swelling
values.
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As a result of the irradiation studies performed in the presence of acetylene,
it was concluded that an absorbed dose of 5 kGy and a carboxylation degree
of 26% were the optimal conditions for the preparation of the super adsorbent
polymer of CLBG.
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Chapter 13
IRRADIATION OF SUGARCANE BAGASSE
FOR ETHANOL PRODUCTION
C.L. DUARTE
Energetic and Nuclear Research Institute,
Radiation Technology Centre,
São Paulo, Brazil
13.1. INTRODUCTION
In recent years, there has been an increasing trend towards more efficient
utilization of agro-industrial residues such as sugarcane bagasse as raw materials
for industrial applications. However, the remaining bagasse continues to be
a menace to the environment and a suitable utilization of this residue is an
important objective to be pursued. Several processes and products that utilize
sugarcane bagasse as a raw material have been reported. These include electricity
generation, pulp and paper production, and products based on fermentation.
Biofuels only provided around 3% of total transport fuel at the time of writing,
and the development of new technologies is necessary to change this parameter
over the coming decades. To change from 3% to 27% by 2050, it will be necessary
to develop and commercialize new advanced fuel technologies [13.1].
The installation of power generating capacity at sugar mills is increasing
all around the world. For example, Brazil recently saw this capacity grow by
500 MW in a three year period, and a significant part of the energy used on
Mauritius and Réunion, France, originates from this kind of power generation.
Both the federal and regional Governments of India are pushing for this kind of
energy generation to be increased [13.1].
Brazil has a long tradition of using renewable energy. A review of primary
energy supplies in 2010 showed that 47% was renewable, with a hydropower
contribution of 14% and biomass making up 30%. This large proportion is both
an advantage and a disadvantage, as Brazil is in part dependent on uncontrollable
factors such as rainfall for its energy supply. The energy shortage of 2001 led
to the Brazilian Government’s decision to diversify its energy supply sources,
favouring the inclusion of a reasonable share of thermal power plants and creating
a market share for other renewable sources of energy such as wind power and
biomass [13.1, 13.2].
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One third of the energy that sugarcane contains is present as ethanol. The
remainder is contained in fibre in the stalks and in the leaves. The sugarcane
processing plants use around 93% of the bagasse — the material that remains
after the juice has been extracted from the sugarcane — as fuel, and 85% of the
leaves are burned before the harvest to reduce harvesting costs. The remaining
leaves are left to rot on the ground. This means that for 100% of the leaves, the
carbon they contain makes its way back to the atmosphere as CO2 [13.1, 13.2].
The production rate of ethanol from sugarcane is about 6400 L/ha, and the
utilization of sugarcane bagasse will make it possible to produce an additional
5600 L/ha. In addition, as a large source of lignocellulose biomass, sugarcane
bagasse is a cheap and annually renewable resource suitable for producing
natural cellulose fibres, and the exploitation of this by-product will also benefit
the environment. The chemical modification of cellulose for the production of
cellulose derivatives is one method for the production of value added products.
Hemicelluloses are the second most abundant bio-polymer in sugarcane bagasse
after cellulose. The preparation and the property characterization of new
polymers from hemicelluloses are an important part of any research programme
for the replacement of polymers prepared from petrochemicals [13.1].
Lignocellulose is the most abundant renewable biomass, and the biological
conversion of different lignocellulosic feedstock, such as forest and agricultural
residues, or of crops dedicated to biomass production, offers numerous benefits
but its development is still hampered by economic and technical obstacles.
The application of ionizing radiation can potentially enhance the processes of
lignocellulosic to biofuel conversion.
13.2. FIRST GENERATION ETHANOL BIOFUEL
Conventional technologies for the production of first generation biofuels
include well established processes on a commercial scale, including sugar and
starch based ethanol, oil crop based biodiesel and pure vegetable oil, as well as
biogas derived through anaerobic digestion.
This generation of bioethanol utilizes as its main feedstock sugarcane and
corn. While these two crops have helped to stimulate the demand for bioethanol
and to provide added value to the farming communities, their widespread use
introduces some limitations. The use of corn is not sustainable owing to its high
energy requirements during growth and the elevated cost of agricultural lands.
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13.3. SECOND GENERATION ETHANOL BIOFUEL
Second generation ethanol biofuels are produced by biomass conversion to
produce biofuel from lignocellulose feedstock, animal fat and plant oils, and algae
as well as by converting sugar into diesel using biological or chemical catalysts.
The main benefits of the production of ethanol from biomass are the protection
and recovery of the environment, and the reduction of greenhouse gas emissions
compared with the emissions that would have been produced by oil derivatives,
and the increase in ethanol production per cultivated hectare. The production
of second generation ethanol faces a number of technical constraints subject
to the structural and chemical complexity of the lignocellulose feedstock and,
more specifically, the conversion of cellulose and hemicellulose to fermentable
sugars [13.2].
Lignocellulose biomass is a heterogeneous complex of carbohydrate
polymers such as cellulose, hemicelluloses and lignin, a complex polymer of
phenylpropanoid units, as well as other minor components depending on the
source. The cellulose and hemicelluloses, which typically make up 65–80% of
the dry mass, are polysaccharides that can be hydrolysed to sugars and eventually
fermented to ethanol or converted to biodiesel. Table 13.1 gives the composition
of several lignocellulose raw materials. Sugarcane bagasse contains almost
70% carbohydrates [13.2–13.6].
Cellulose shows a highly crystalline structure with rigid linear chains
essentially free from side branching. Cellulose is a linear polymer of cellobiose
repeating units, and the degree of polymerization is normally 10 to 100 times
greater than that found in hemicelluloses. The hydroxyl groups attached
to the chains provide strong intermolecular bonding. Lignin is a complex,
variable, hydrophobic, cross-linked, three dimensional aromatic polymer of
p-hydrophenylpropanoid units connected by C−C and C−O−C links. Lignin and
hemicellulose molecules are joined through ester linkages formed by the carboxyl
groups in the lignin [13.4].
Sugarcane bagasse generally contains up to 40% glucose polymer cellulose,
a large part of which is in a crystalline structure; about 30% hemicellulose, as
an amorphous polymer usually composed of xylose, arabinose, galactose and
mannose; and 20% lignin, which cannot be easily separated into readily utilizable
components owing to their recalcitrant nature towards hydrolysis. The remaining
components are mineral, wax, protein and other compounds [13.5, 13.6].
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TABLE 13.1. COMPOSITION OF VARIOUS LIGNOCELLULOSE RAW
MATERIALS [13.2–13.6]
Corn
stover

Wheat
straw

Rice
straw

Sugarcane Cotton gin
bagasse
trash

News
print

Urban
residues

Carbohydrates (%)
Glucose

39.0

36.6

41.0

38.1

20.0

64.4

40.0

Mannose

0.3

0.8

1.8

n.a.

4.1

16.6

8.0

Galactose

0.8

4.4

0.4

1.1

0.1

—

—

14.8

19.2

14.8

24.3

4.6

4.6

14.0

4.2

4.4

4.5

4.5

4.3

0.5

4.0

Xylose
Arabinose

Non-carbohydrates (%)
Lignin

15.1

14.5

9.9

18.4

17.6

21.0

20.0

Ash

4.3

9.6

4.4

4.8

14.8

0.4

1.0

Protein

4.0

4.0

—

4.0

4.0

—

—

—: not determined

13.4. STEPS TO PRODUCE BIOETHANOL FROM BIOMASS
The process of converting biomass to ethanol biofuel consists of three
steps, namely pretreatment, hydrolysis and fermentation. The pretreatment
is related to the delignification step, which is the liberation of cellulose and
hemicelluloses from lignin. The hydrolysis process causes the depolymerization
of the carbohydrate polymer, and the fermentation of the mixed hexose and
pentose sugars produces ethanol.
13.4.1. Pretreatment
Pretreatment is the first step in cellulose conversion processes for
bioethanol production from biomass [13.3, 13.7]. The main challenge of this step
is to modify the structure and morphology of the biomass to render cellulose
more accessible to the enzymes that convert the carbohydrate polymers into
fermentable sugars. An effective pretreatment step must (a) reduce the size of
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the particle, (b) preserve pentose units (hemicelluloses), (c) limit the formation
of degradation products that adversely affect the growth of the fermentative
microorganisms or inhibit enzymes, and finally, (d) minimize the energy costs.
Hydrothermal treatment consists in submitting the lignocellulosic material
to a high temperature, which varies in a range of 150–220°C, and low pressure
of between 827–1655 kPa in the presence of water or acid. The major reactions
in hydrothermal and acid pretreatment under these conditions involve acid
catalyzed hydrolysis of the lignin and hemicelluloses into low-molecular-weight,
water soluble products. At higher temperatures (170–230°C) and pressures
(1655–3310 kPa), the major products are carboxylic acids, mainly acetic
and formic acid, formed by oxidation and fragmentation of the cellulose and
hemicelluloses [13.3, 13.8–13.11].
The major drawback is the formation of by-products such as carboxylic
acids, furfural and hydroxymethylfurfural formed by the dehydration reaction
of xylose. This is why it is very important to keep a compromise between the
temperature and time of the hydrolysis in order to obtain a maximum of glucose
and cellobiose liberation while minimizing the formation of by-products
[13.12–13.14].
The steam explosion process is a process in which vapour that is subject to
high pressure and temperature is then subjected to a violent decompression of the
system, completely disarranging the raw fibres of the lignocellulosic material.
This opening in staple fibres makes a bigger area of contact with enzymes
possible and increases the conversion of the cellulose to free sugars. Steam
explosion is recognized as one of the most cost effective pretreatment processes
for hardwoods and agricultural residues. The disadvantages of steam explosion
include the destruction of a portion of the xylan fraction and the incomplete
disruption of the lignin–carbohydrate matrix. The process causes hemicellulose
degradation and lignin transformation due to high temperature, thus increasing
the potential of cellulose hydrolysis [13.15–13.17].
13.4.2. Hydrolysis
The hydrolysis reaction breaks the cellulose down into simple sugars
suitable for fermentation. The hydrolysis processes that are commonly used are
chemical (acid) and enzymatic reactions. These reactions are very harsh and
frequently produce toxic degradation products that interfere with the fermentation
process.
The primary enzymes used in the hydrolysis of lignocellulosic materials
are celullases (generally complexes of three enzymes) that break the cellulose
into cello-oligomers and cellobiose (two glucose molecules). Generally, the
enzymatic load is supplemented with β glucosidase, which is responsible for
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the conversion of cellobiose into glucose. The enzyme dose is based on the
calculation of total solids in the dry mass. This dose can vary significantly, owing
to the composition of the lignocellulosic material and the nature of chemical
and physical pretreatment. The cellulases and β glucosidase are inhibited by
cellobiose and glucose. Sometimes surfactants can be added to reduce the
adsorption of enzymes by lignin [13.5, 13.15, 13.16].
13.4.3. Fermentation
Alcoholic fermentation is a process that converts the sugar in sugarcane
biomass, mainly sucrose, glucose and fructose, to ethanol. Ethanol is produced
primarily from sugarcane juice, utilizing the yeast Saccharomyces cerevisiae for
fermentation. In this process, one molecule of glucose produces two molecules
of ethanol:
C6H12O6  2 CH3-CH2-OH + 2 CO2 + 98.2 kJ
At the end of the fermentation process, the average alcohol content typically
ranges from 7% to 10%.
Glucose, galactose and mannose are six-carbon sugars (hexoses), and are
readily fermented to ethanol by many naturally occurring organisms, but xylose
and arabinose, which have five carbons (pentoses), are fermented by few native
strains and usually at a low yield. When cellulose hydrolysis is carried out in
presence of fermenting microorganisms, the process is called simultaneous
saccharification and fermentation. The hydrolysis temperature, the reaction time
and the acid concentration influence the generation of fermentation inhibitors
[13.7, 13.13].
13.5. A REVIEW OF THE USE OF IONIZING RADIATION IN
BIOETHANOL PRODUCTION
Several studies have shown that the irradiation of cotton cellulose
degenerates the mechanical parameters by chain scission reaction within the
cellulose molecules. It has also been reported that high energy radiation causes
a decrease in the degree of polymerization and an increase in the carbonyl
content of cotton cellulose. Other studies have shown that, as a pretreatment
method, irradiation has similar results in terms of increasing digestibility to
NaOH treatment, which is one of the most commonly used methods to upgrade
foliage digestibility. When cotton cellulose is subjected to high energy radiation,
free radicals are produced and react with them. This reduces the extent of
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polymerization while leading to a higher carbonyl content caused by chain
scission reactions in the cellulose and hemicellulose [13.12, 13.17–13.20].
Radiation processing is a powerful technology for accelerating this
hydrolysis reaction because, compared with most other natural polymers,
cellulose shows an unusual susceptibility to degradation by irradiation. The use
of ionizing radiation increases the reactivity of cellulose towards certain reagents
and decreases the violence of the process. The effects of high energy radiation on
purified cellulose materials such as cotton and wood pulp have been studied, but
comparatively little work has been carried out on natural biomass. Pure cellulose
is readily depolymerized by radiation, but in biomass, the cellulose is intimately
bound to lignin [13.3, 13.12, 13.18–13.23].
The main challenge of EB treatment is obtaining the desirable effects while
applying doses no higher than those which is necessary to cause some breaks in
the polysaccharide chains. The control of absorbed dose in sugarcane bagasse
irradiation is very important, so that the degradation of the glucose, xylose
galactose and arabinose just after liberation can be avoided, because when the
sugar is irradiated alone it is more susceptible to degradation than when it is
part of a mixture, as shown by experimental results [13.24], shown in Fig. 13.1,
where two kinds of standard sugars were prepared by dilution in distilled water
and irradiated by a gamma source in sealed vials to obtain different absorbed
doses. One of them was a standard with a mixture of glucose, xylose, galactose
and arabinose with concentrations of 511.3 mg/L, 520.2 mg/L, 498.1 mg/L and
483.1 mg/L, respectively. The other was a standard with 500.0 mg/L of each
sugar, irradiated separately. When the mixture of different sugars were irradiated
as a unique sample, the degradation results reached a much lower percentage
(see Fig. 13.1).
13.5.1. The effects of radiation on the structure and composition of
sugarcane bagasse
Understanding the chemical and physical mechanisms that play a role
during pretreatment and improving the comprehension of the relationship between
the chemical composition and physicochemical structure of lignocelluloses
as it relates to the enzymatic digestibility of cellulose and hemicelluloses is
fundamental for the generation of effective pretreatment models.
The structural and compositional modification of sugarcane bagasse
(50% humidity) with absorbed doses from 5–150 kGy show that almost
all the cellulose and hemicelluloses are converted to oligosaccharides at
70 kGy. The main by-product identified is acetic acid, which originates from
the de-acetylating of hemicelluloses. There is some break in the structure
of lignin, but not enough to degrade it. On the other hand, cellulose of a high
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FIG. 13.1. Degradation of the sugars after gamma irradiation in (top) a sample with single
sugar and (bottom) a mixed sample [13.24].

molecular weight presents a total reduction at an absorbed dose of 50 kGy.
It is important to point out that the changes observed in cellulose suggest that
there are some effects on the lignin structure, since the cellulose is protected
by lignin and hemicelluloses. The main sugars identified are glucose and
arabinose, and the water soluble cello-oligosaccharides formed by the partial
degradation of cellulose and hemicelluloses is also detected. These compounds
show a maximum concentration at 50 kGy and a total degradation at 100 kGy of
absorbed dose. However, they are not hydrolysed to a significant extent during
radiation pretreatment, because no significative increase in glucose or xylose is
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found. Acid hydrolysis of the soluble extract shows a total degradation of the
oligomers and an increase in xylose and glucose, as shown in Fig. 13.2. This
confirms that the partial degradation of cellulose and hemicelluloses leads to the
formation of cello-oligosaccharides of glucanases and xylanases [13.24].
Radiation acts initially on the branches of hemicelluloses, liberating
arabinose, and then acts on the xylose polymers. The main by-product is
acetic acid originating from the deacetilation of hemicelluloses. The removal
of acetyl groups enhances the accessibility of the enzyme to the cellulose and
increases enzymatic hydrolysis [13.24]. This sequence of interaction probably
occurs because of the location of xylose in the backbone of arabinoxylan, while
arabinose is located in the branches of the macromolecules where the glycosidic
bonds are easier to hydrolyse, as shown in Fig. 13.3 [13.25].

FIG. 13.2. Oligomer decomposition and xylose and glucose increase found in irradiated
sugarcane bagasse (SCB) (top) after irradiation and (bottom) after acid hydrolysis [13.24].
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FIG. 13.3. Structure of hemicellulose of sugarcane bagasse [13.4, 13.25].

The composition of the biomass is strongly dependent on the crop, its
varieties and the season. The compositional analysis is related to the proportion
of cellulose, hemicelluloses, lignin, ash and soluble parts in the biomass.
The National Renewable Energy Laboratory (NREL) [13.26] has developed
standard procedures for the determination of the composition of different types
of biomass that analyse the monosaccharide using GPC, after performing acid
hydrolysis in an autoclave (121°C, 60 min).
Figure 13.4 shows a compositional analysis of untreated and EB irradiated
sugarcane bagasse. Radiation processing promotes an increase in the soluble
portion that is related to hemicellulose and cellulose cleavage, as shown in
Fig. 13.2 [13.27].
EB irradiation was responsible for conversion of 0.5% of cellulose to
glucose at a dose of 20 kGy in sugarcane bagasse with 50% moisture content.
On the other hand, when the bagasse was dried for 12 h, 24 h, 36 h and 48 h,
the conversion decreased, as shown in Table 13.2.
These results highlight the importance of moisture content in the
formation of OH● radicals, in addition to the radiation effect. The conversion of
hemicelluloses to xylose and arabinose reaches 2% at 70 kGy, with the major part
remaining as oligosaccharides. Hemicellulose conversion is calculated taking
into account the mass of xylose and arabinose, and the mass of the by-products
such as furfural and acetic acid, applying the respective conversion factors of
the hemicelluloses (0.88 × xylose mass, 0.88 × arabinose mass, 0.72 × acetic
acid mass and 1.37 × furfural mass). Furfural is the main compound formed by
the oxidation of arabinose and xylose, and its degradation produces formic acid
[13.3, 13.14, 13.24, 13.27].
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FIG. 13.4. Composition of sugarcane bagasse after EB irradiation [13.24].

TABLE 13.2 CONVERSION OF CELLULOSE TO GLUCOSE IN
IRRADIATED SUGARCANE BAGASSE WITH DIFFERENT MOISTURE
CONTENT [13.17]
Sugarcane bagasse
samples

Absorbed
dose
(kGy)

Moisture
content
(%)

Solubility
(%)

Conversion
(%)

Untreated

30

49.6

9.1

0.58

Dried for 12 h

30

24.3

4.2

0.13

Dried for 24 h

30

9.5

2.3

0.12

Dried for 36 h

30

8.6

2.0

0.11

Dried for 48 h

30

5.0

1.5

0.10
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13.5.2. Enzymatic conversion of irradiated sugarcane bagasse
Studies on enzymatic hydrolysis of sugarcane bagasse treated with EB
irradiation were carried out using 100 g total mass in a reactor with 8% solid
load (dry base) and commercial Trichoderma reesei cellulose preparation
(Celluclast 1.5 L) supplied by Novozymes (Bagsvaerd, Denmark), with
5 FPU/g of cellulose and beta-glycosidase 0.5% (p/p), 0.08 mL surfactant EDTA
and 11 mL of sodium citrate (pH4.5). The incubation was performed at 50ºC,
under stirring at 175 rpm for 48 h. Conversion yields on the basis of glucose
formation are calculated according to Eq. (13.1).
Yield =

Glucose final concentration − Glucose initial concentration

(

)(

CF M bagasse / V M glucose / M cellulose

)

(13.1)

where
CF
Mbagasse
V
Mglucose

is the fraction of cellulose in bagasse (0.420);
is the mass of bagasse;
is the volume of the reaction;
is the molar mass of glucose (180 g/mol);

and Mcellulose

is the Mw of cellulose (162 g/mol).

The observed yields for the enzymatic conversion of bagasse cellulose into
glucose are shown in Fig. 13.5.
When irradiated at 20 kGy, the yield increases from 6% to 10% within the
first 24 h of incubation, and to 20% after 48 h [13.17]. The conversion yield of
cellulose to glucose did not increase for doses higher than 150 kGy. One reason
for these results is the degradation of glucose by radiation, and the formation of
inhibiting products.
13.6. COMBINATION OF IRRADIATION AND CONVENTIONAL
PRETREATMENT TECHNOLOGIES
The combination of pretreatment technologies is intended to decrease
the violence of the process and to avoid excessive sugar degradation. Another
important point is the limiting of the formation of by-products with inhibiting
properties during the saccharification of lignocelluloses, such as aliphatic
acids (e.g. acetic, formic and levulinic acid), furan derivatives (e.g. furfural
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FIG. 13.5. Enzymatic conversion yield (%) of cellulose to glucose after EB irradiation of two
different samples (S1 and S2) and enzymatic hydrolysis for 24 h and 48 h [13.17].

and 5-hydroxyl-methyl-furfural) and phenol compounds. These compounds
might seriously inhibit enzyme activity and hence decrease the yield of glucose
formation.
13.6.1. Radiation combined with hydrothermal treatment of sugarcane
bagasse
The hydrothermal hydrolysis of sugarcane bagasse at 180°C after
irradiation at 50 kGy leads to a total reduction in oligosaccharides, mainly
because of the liberation of xylose. However, the presence of formic acid and
furfural after 40 min of thermal treatment suggests that xylose and glucose
decompose immediately following their liberation from hemicelluloses and
cellulose. If diluted acid is used, the same amount of xylose can be liberated as
before, but in this case, the time of thermal treatment is reduced from 40 min to
10 min and the absorbed dose is reduced from 50 to 10 kGy. Figure 13.6 shows
the increase in solubility that is proportional to the radiation dose and hydrolysis
time. Considering only irradiation, there is an increase of 16% in solubility when
applying 150 kGy. Taking into account only thermal hydrolysis for 10 min, an
increase of 22.7% can be observed, and with the addition of dilute acid, the
solubility rate increases to 42.2%. Considering the solubility of samples that are
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FIG. 13.6. Solubility after hydrothermal and dilute acid treatment of sugarcane bagasse
irradiated at different absorbed doses [13.17].

non-irradiated and irradiated at 150 kGy, acid hydrolysis presented an increase
of 1%, 3% and 6% for 10 min, 20 min and 30 min, respectively, while thermal
hydrolysis showed 13%, 11% and 3% for 10, 20 and 40 min, respectively [13.27].
The conversion of hemicelluloses reached 42% after thermal treatment
by 40 min for sugarcane bagasse irradiated at 50 kGy. After the addition of
diluted sulphuric acid (0.1% v/v), almost all of the hemicellulose is converted
to xylose and by-products, mainly furfural. Boussarsar et al. [13.28] obtained a
55% conversion of hemicellulose to xylose after 4 h at 170°C, but for 2 h the
yield decreased to 48.8%. Rodrigues et al. [13.14] obtained 74.4% conversion of
hemicelluloses at 130°C for 20 min and 100 mg acid/g of dry bagasse.
The enzymatic hydrolysis of cellulose in sugarcane bagasse samples
submitted to EB irradiation and thermal treatment is shown in Fig. 13.7. The
enzymatic conversion yield reached almost 72% in samples irradiated at 50 kGy
and subjected to 60 min of thermal treatment. When dilute sulphuric acid was
added, an increase in cellulose conversion was observed, however, the time was
reduced. The higher value (74%) was reached after 40 min thermal treatment and
24 h enzymatic hydrolysis. Reference [13.16] describes the obtaining of 69.2%
cellulose conversion when treating sugarcane bagasse at 195°C for 10 min, and
72 h of enzymatic hydrolysis, and 89.2% after delignification of these samples
with NaOH 1.0% at 100°C for 1 h.
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FIG. 13.7. Enzymatic conversion yield (%) of cellulose to glucose after 24 h and
48 h of enzymatic hydrolysis of irradiated sugarcane bagasse followed by thermal and acid
treatment for 40 and 60 min [13.17].

13.6.2. Radiation combined with steam explosion treatment of sugarcane
bagasse
Studies on the combination of steam explosion with EB irradiation were
carried out using sugarcane bagasse samples steam exploded using a sealed
reactor, pressurized at 15.7 kg/cm2, heated to 200°C and kept in this condition
for 10 min. After this time, the valve on the bottom of the reactor was opened,
making the materials undergo an explosive decompression. These steam
exploded samples were irradiated at different absorbed doses. In Fig. 13.8, the
compositional analysis of these samples irradiated with an absorbed dose from
5–200 kGy are presented, including natural sugarcane bagasse and samples that
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FIG. 13.8. Compositional analysis of sugarcane bagasse after steam explosion and
EB irradiation at various doses [13.17].

were steam exploded without irradiation. The steam explosion showed a total
removal of hemicelluloses, but lignin did not change, and after EB irradiation
there was an increase in the soluble fraction.
The steam exploded sugarcane bagasse samples contained very high
concentrations of furfural, which originated from the decomposition of
hemicelluloses. Radiation processing can contribute to its removal, as shown
in Fig. 13.9. The furfural concentration underwent a gradual reduction with the
increase in absorbed dose, reaching about 60% at 200 kGy.
The FTIR spectra obtained from attenuated transmission reflectance of
raw sugarcane bagasse that had been steam exploded and irradiated after steam
explosion are presented in Fig. 13.10.
The band at 3350 cm−1 corresponds to the hydrogen bonds and its reduction
indicates the disruption of hydrogen bonds of cellulose. The band at 2900 cm−1
corresponds to the methyl/methylene group in cellulose. The aromatic skeleton of
lignin absorbs at 1660, 1630 and 1480 cm−1. The bands at 1033 cm−1 and 900 cm−1
are related to crystalline and amorphous cellulose, respectively. After irradiation,
the exploded bagasse does not show any modification in these structures. The
main modifications after steam explosion are observed in the band at 1730 nm
referring to the acid group in the structure of hemicelluloses and in the band at
1254 cm−1 that refers to the acetyl group. These peaks disappeared owing to the
removal of hemicelluloses [13.15, 13.25, 13.29, 13.30].
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FIG. 13.9. Furfural removal after EB processing of steam exploded sugarcane bagasse [13.17].

FIG. 13.10. FTIR spectra of raw sugarcane bagasse, after steam explosion, and EB processing
at 50 kGy and 100 kGy [13.17].

The results of the enzymatic hydrolysis of sugarcane bagasse submitted to
steam explosion and EB irradiation is shown in Fig. 13.11. An expected increase
in the yield of enzymatic hydrolysis in these samples as a result of furfural
degradation by irradiation has not occurred. However, the radiation showed no
effect on the enzymatic hydrolysis of cellulose for absorbed doses lower than
30 kGy. At higher doses, the yield decreased. This evolution could result from
glucose degradation upon irradiation, because in the steam exploded bagasse, the
cellulose is not protected by the hemicelluloses.
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FIG. 13.11. Conversion yield of cellulose to glucose after enzymatic hydrolysis of 24 h and
48 h of steam exploded sugarcane bagasse at different absorbed doses [13.17].

13.7. FINAL CONSIDERATIONS
Concerning the present interest around the world in the development and
production of second generation bioenergy, there are some areas that still need
research and improvement. Examples are the development of economically
feasible physical and chemical pretreatments of biomass for the hydrolysis
of lignocelluloses, the development of acid catalysed and biocatalysed
saccharification, the development of high performance cellulases and hydrolases,
the removal of fermentation inhibitors and the development of microorganism
strains. EB irradiation could be used as a competitive pretreatment method to
increase the conversion yield and the production of ethanol biofuel.
The structural and chemical modifications produced by ionizing radiation
in sugarcane bagasse are very important aspects of the development of second
generation energy production. Improvements that will arise from the combination
of pretreatment technologies will enhance the efficiency and reduce the cost of
future bioethanol production.

366

IRRADIATION OF SUGARCANE BAGASSE FOR ETHANOL PRODUCTION

ACKNOWLEDGEMENTS
The authors gratefully acknowledge the Research Foundation of São Paulo
State, FAPESP, (BIOEN Project 08/056066-1) and the IAEA (Research Contract
4709) for their financial support.
REFERENCES TO CHAPTER 13
[13.1] HASSUANI, S.J., Biomass Power Generation: Sugar Cane Bagasse and Trash, (2005),
http://www.sucre-ethique.org/IMG/pdf/CTC_energy_-_biomass_1_.pdf
[13.2] INTERNATIONAL ENERGY AGENCY, Technology Roadmap: Biofuels for
Transport (2011), 
http://www.iea.org/publications/freepublications/publication/technology-roadmapbiofuels-for-transport.html
[13.3] BRENNER, W., RUGG, B., ARNON, J., Radiation pretreatments for optimizing the
sugar yield in the acid hydrolysis of waste cellulose, Radiat. Phys. Chem. 14 (1979)
299–308.
[13.4] GLASSER, W.G., KELLY, S.S., Encyclopedia of Polymer Science and Engineering,
John Wiley & Sons, New York (1987) p. 796.
[13.5] SANCHEZ, O.J., CARDONA, C.A., Trends in biotechnological production of fuel
ethanol from different feedstocks, Bioresour. Technol. 99 (2008) 5270–5295.
[13.6] SUN, J.X., SUN, X.F., ZHAO, H., SUN, R.C., Isolation and characterization of
cellulose from sugarcane bagasse, Polym. Degrad. Stab. 84 (2004) 331–339.
[13.7] MOSIER, N., et al., Features of promising technologies for pretreatment of
lignocelluloses biomass, Biores. Technol. 96 (2005) 673–686.
[13.8] McGINNIS, G.D., PRINCE, S.E., BIERMANN, C.J., LOWRIMORE, T., Wet
oxidation of model carbohydrate compounds, Carbohydr. Res. 128 (1984) 51–60.
[13.9] SILVA, V.F.N., ARRUDA, P.V., FELIPE, M.G.A., GONÇALVES, A.R., ROCHA,
G.J.M., Fermentation of cellulosic hydrolysates obtained by enzymatic saccharification
of sugarcane bagasse pretreated by hydrothermal processing, J. Ind. Microbiol
Biotechnol. 38 7(2010) 809–817.
[13.10] VAN WALSUM, G.P., ALLEN, S.C., SPENCER, M.J., LASER, M.S., ANTAL, M.J.,
LYND, L.R., Conversion of lignocellulosics pretreatment with liquid hot water to
ethanol, Appl. Biochem. Biotechnol. 57 58 (1996) 157–170.
[13.11] YU, Y., LOU, X., WU, H., Some recent advances in hydrolysis of biomass in
hot-compressed water and its comparisons with other hydrolysis methods, Energy
Fuels 22 (2008) 46–60.
[13.12] McLAREN, K.G., Degradation of cellulose in irradiated wood and purified celluloses,
Intern. J. Appl. Rad. Isot. 29 (1978) 631–635.

367

DUARTE

[13.13] PALMQVIST, E., HAHN-HAGERDAL, B., Fermentation of lignocellulosic
hydrolysates. II: inhibitors and mechanisms of inhibition, Bioresour. Technol. 74
(2000) 25–33.
[13.14] RODRIGUES, R.C.I.B., ROCHA, G.J.M., RODRIGUES, D., JR., FILHO, H.J.I.,
FELIPE, M.G.A., PESSOA, A.P., JR., Scale-up diluted sulfuric acid hydrolysis for
producing sugarcane bagasse hemicellulose hydrolysate, Bioresour. Technol. 101
(2010) 1247–1253.
[13.15] KADAM, K.L., RYDHOLM, E.C., McMILLAN, J.D., Development and validation
of a kinetic model for enzymatic saccharification of lignocellulosic biomass,
Biotechnol. Progr. 20 (2004) 698–705.
[13.16] SANTOS, V.T.O., ESTEVES, P.J., MILAGRES, A.M.F., CARVALHO, W.,
Characterization of commercial cellulases and their use in the saccharification of a
sugarcane bagasse sample pretreated with dilute sulfuric acid, J. Ind. Microbiol.
Biotechnol. 38 8 (2010) 1089–1098.
[13.17] DUARTE, C.L., RIBEIRO, M.A., OIKAWA, H., MORI, M.N., NAPOLITANO,
C.M., GALVÃO, C.A., Study of thermal treatment combined with radiation on the
decomposition of polysaccharides in sugarcane bagasse, Radiat. Phys. Chem. 84
(2013) 191–195.
[13.18] HAN, Y.W., CATALANO, E.A., CIEGLER, A., Chemical and physical properties of
sugarcane bagasse irradiated with γ rays, J. Agric. Food Chem. 311 (1983) 34–38.
[13.19] KHAN, F., AHMAD, S.R., KRONFLI, E., γ Radiation induced changes in the
physical and chemical properties of lignocelluloses, Biomacrom. 7 (2006) 2303–2309.
[13.20] SMITH, G.S., KIESLING, H.E., GALYEAN, M.L., BADER, J.R., Irradiation
enhancements of biomass conversion, Radiat. Phys. Chem. 25 1–3 (1985) 27–33.
[13.21] FOLDVÁRY, C.M, TAKÁCS, E., WOJNÁROVITS, L., Effect of high-energy
radiation and alkali treatment on the properties of cellulose, Radiat. Phys. Chem. 67
(2003) 505–508.
[13.22] TAKÁCS, E., WOJNÁROVITS, L., BORSA, J., FOLDVÁRY, C., HARGITTAI, P.,
ZOLD, O., Effect of γ irradiation on cotton-cellulose, Radiat. Phys. Chem. 55 (1999)
663–666.
[13.23] TAKÁCS, E., WOJNÁROVITS, L., FOLDVÁRY, C., BORSA, J., SAJÓ, I., Effect of
combined gamma-irradiation and alkali treatment on cotton-cellulose, Radiat. Phys.
Chem. 57 (2000) 399–403.
[13.24] RIBEIRO, M.A., OIKAWA, H., MORI, M.N., DUARTE, C.L., Degradation
mechanism of polysaccharides on irradiated sugarcane bagasse, Radiat. Phys. Chem.
84 (2012) 115–118.
[13.25] KUMAR, R., MAGO, G., BALAN, V., WYMAN, C., Physical and chemical
characterizations of corn stover and poplar solids resulting from leading pretreatment
technologies, Biores. Technol. 100 (2009) 3948–3962.
[13.26] NATIONAL RENEWABLE LABORATORY, Analytical Procedures for Standard
Biomass Analysis (2010), 
http://www.nrel.gov/biomass/analyticalprocedures.html

368

IRRADIATION OF SUGARCANE BAGASSE FOR ETHANOL PRODUCTION

[13.27] DUARTE, C.L., RIBEIRO, M.A., OIKAWA, H., MORI, M.N., NAPOLITANO, C.M.,
GALVÃO, C.A., Electron beam combined with hydrothermal treatment for enhancing
the enzymatic convertibility of sugarcane bagasse, Radiat. Phys. Chem. 81 (2012)
1008–1011.
[13.28] BOUSSARSAR, H., ROGÉ, B., MATHLOUTHI, M., Optimization of sugarcane
bagasse conversion by hydrothermal treatment for the recovery of xylose, Bioresour.
Technol. 100 (2009) 6537–6542.
[13.29] CHUNDAWAT, S.P.S., VENKATESH, B., DALE, B.E., Effect of particle size based
separation of milled corn stover on AFEX pretreatment and enzymatic digestibility,
Biotechnol. Bioeng. 96 2 (2007) 219–231.
[13.30] STEWART, D., WILSON, H.M., HENDRA, P.J., MORRISON, M., FourierTransform Infrared and Raman Spectroscopic study of biochemical and chemical
treatment of oak wood (Quercus rubra) and barley (Hordeum vulgare) straw, J. Agric.
Food Chem. 43 (1995) 2219–2225.

369

Chapter 14
RADIATION PROCESSED POLYSACCHARIDES FOR
ENVIRONMENTAL APPLICATIONS
T. KUME
Dalat University,
Dalat, Viet Nam
14.1. INTRODUCTION
Nuclear technology has contributed to creating a cleaner environment in
many ways through, for example, the cleaning of water by reducing contaminants,
contributing to cleaner agriculture via the sterile insect technique, food irradiation
and mutation breeding, and recycling resources from wastes. The modification
of natural polymers by radiation is another example of reducing environmental
pollution by using an environmental friendly technology to prepare products
from naturally occurring polymers such as cellulose, starch, chitin, chitosan,
alginate and carrageenan.
Cellulose is the most abundant natural polymer on this planet, but a large
quantity of cellulosic agricultural wastes or by-products such as sugarcane
bagasse and rice straw are produced throughout the world. It has been estimated
that 2 billion t of cereal straw, 500 million t of leguminous crop residues,
200 million t of sugarcane bagasse and 300 million m3 of forest residues are
generated. These agricultural wastes generated during the harvesting, handling
and processing of cellulose containing plants are discarded or burned, causing
serious environmental pollution problems world wide.
Chitin is the second most abundant naturally occurring polysaccharide
and is found in the exoskeleton of marine organisms such as shrimps and crabs,
and in cuttlebone recovered from the waste of fisheries. The utilization of chitin
and its derivative chitosan is far less widespread than that of cellulose but the
development of commercial applications for chitin and chitosan has expanded
rapidly in recent years.
By using irradiated natural polymers, the use of chemicals, pesticides and
fumigants such as ethylene oxide and methyl bromide, which are environmental
biohazards, can be effectively decreased. This chapter discusses the radiation
treatment of natural polymers for environmental applications such as the recovery
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of wastes from industrial plants, decontamination of pathogenic microorganisms
in various wastes and sewage sludge and improvement of quality of natural
polymers by radiation degradation and cross-linking.
14.2. RADIATION TREATMENT OF CELLULOSIC MATERIALS
The burning and incineration of cellulosic wastes emits considerable
amounts of smoke and pollutants and thereby affects surrounding areas. A number
of experiments have shown that the radiation treatment of cellulosic materials
induces a partial breakdown of the molecular structure that increases digestion by
ruminant animals, fermentation and enzymatic degradation.
14.2.1. Recycling of cellulosic waste
A large quantity of cellulosic agricultural wastes and by-products are
generated worldwide and a great deal of these becomes waste. The upgrading
of these wastes by radiation technology into useful end products is a potential
solution to environmental pollution. One of these applications is to convert these
wastes into animal feed. Forest biomass contains 40–60% cellulose, 10–25%
hemicellulose and 13–18% lignin, while agricultural waste contains 30–45%
cellulose, 16–29% hemicellulose and 3–13% lignin.
For animal feed, it is strongly suggested to bring the lignin content down
to less than 10% for better digestibility. A radiation fermentation process using
oil palm cellulosic wastes has been shown to reduce lignin to the desired
levels [14.1]. The palm oil industry is expanding in Asia and cellulosic wastes such
as empty fruit bunch (EFB) and palm press fibre are increasing. Incineration of
these wastes emits considerable amounts of smoke and pollutants (Fig. 14.1).
Oil palm cellulosic wastes can be converted to a material that can be
used for feeding animals or growing mushrooms by radiation and fermentation
treatment. The process is as follows: microorganisms in the fermentation media
of EFB are removed by radiation, useful fungi are inoculated, and subsequently
proteins and edible mushrooms are produced (Fig. 14.2). Among many fungi
used for the digestion of EFB, Coprinus cinereus and Pleurotus sajor-caju were
the most suitable microorganisms for the fermentation of EFB. The protein
content increased to 13% and the crude fibre content decreased to 20%. A high
yield of edible mushrooms was obtained during fermentation using P. sajor-caju
(Fig. 14.3). EFB is a good substrate for mushroom and animal feed production,
and radiation and fermentation treatment is effective for utilizing cellulosic
wastes as well as reducing pollution problems. Similar results are obtained using
rice straw and sugarcane bagasse.
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FIG. 14.1. Environmentally polluting smoke from a factory processing oil palm [14.1].

FIG. 14.2. Processing EFB into animal feed using radiation and fermentation [14.1].

14.2.2. Degradation of cellulose wood pulp for the production of viscose rayon
Viscose from cellulose wood pulp is used to produce clothing, fabric,
filament, automobile tyres, packaging film and so on. It is currently manufactured
mainly by a process that involves dissolving the cellulose pulp in toxic chemicals
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FIG. 14.3. Products from cellulosic waste obtained by radiation and fermentation treatment
[14.1]. EFB was irradiated at 10 kGy and fermented at 30°C for 1 month.

such as carbon disulphide (CS2) and also uses high concentrations of alkali and
acids. In many plants, the CS2 and hydrogen sulphide (H2S) formed on spinning
are vented to the atmosphere. These chemicals, and the zinc used in the spin bath,
are toxic and cause environmental problems.
In the viscose process, cellulose is first treated with high concentrations
of alkali (18–20%) to produce alkali cellulose. The alkali cellulose is incubated,
or aged, in air for hours at 40°C or higher. During this ageing step, oxygen
reacts with the alkali cellulose causing cleavage of the cellulose chains, which
is necessary for producing viscose with the right viscosity for spinning. High
concentrations (28%–36% based on cellulose) of CS2 are then added to make
a xanthate. These xanthate groups are sufficient to disrupt the forces holding
the crystalline structure, thereby promoting solubilization in alkali. When
the xanthate is dissolved in alkali, the resulting solution is called viscose. The
viscose is spun in a bath containing high concentrations of sulphuric acid, sodium
sulphate and zinc sulphate. During the spinning process, solid cellulose and CS2
are regenerated, and H2S is produced as a side product.
Radiation can easily react with the crystalline regions in cellulose to
cause cleavage of the cellulose chains. Therefore, radiation technology can be
effectively used to control the degree of polymerization of cellulose pulp as well
as to enhance its reactivity towards solvents. EB processing of cellulose pulp
to produce viscose can reduce CS2 and NaOH usage [14.2]. If less CS2 is used
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(reductions of 25–40%), less CS2 and H2S are produced during the spinning
process and smaller amounts of these chemicals are released into the atmosphere.
In practice, these advantages can be utilized for reducing the concentrations of
hazardous chemicals, thereby lowering the pollution emitted. The need for fewer
ventilators owing to reduced emissions of toxic gases also results in significant
energy savings.
14.3. THE PRODUCTION OF BIODEGRADABLE PLASTICS FROM
STARCH
Synthetic polymers produced from petroleum are a major source of
environmental pollution. Natural polysaccharides such as starch are totally
biodegradable and are the most promising materials for the production of
biodegradable plastics. Replacing these synthetic materials with biodegradable
ones can contribute substantially to reducing pollution and increasing
environmental friendliness.
14.3.1. Bio-foams and bio-films from sago starch
Sago starch, which is produced from the pith of the sago palm, a plant
that is abundant in Malaysia, is a useful indigenous resource for biodegradable
raw materials and/or composites. Sago starch on its own cannot be expanded to
produce foam. However, blending sago starch with other water soluble polymers
enables the blends to be expanded. EB irradiation is used to induce cross-linking
in the sago blends that prevents the foam from collapsing once it has cooled down
[14.3]. In comparison with the raw materials used to create other foam materials,
sago starch is much cheaper than synthetic polymers of PE or polystyrene
(Table 14.1). Some sago blends such as sago−PVP formulations foam very well
but produce hard foams. On the other hand, sago−PVA blends produce softer and
more resilient foams. Irradiation at high dose levels leads to the formation of
rigid foams. As much as 80% of sago starch can be added into blends for eventual
foam production (Fig. 14.4). A biodegradability test showed that more than 90%
of weight was lost after 3 months burial.
Sago film is 100% biodegradable, and is designed to replace
non-biodegradable film made from synthetic polymers such as PE or
polypropylene. The film can be produced at various thicknesses depending on
the intended application. Blends of sago film have been prepared in soft and
hard formulations depending on their final applications. Sago film has good
mechanical strength and good water permeability [14.3].
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TABLE 14.1. DENSITY OF SAGO FOAM IN COMPARISON WITH OTHER
COMMERCIAL FOAM PRODUCTS [14.3]
Foam materials

Sago

Density (kg/m3)

0.2

0.7

Cost of raw materials (RMa/kg)

0.80

1.70

a

Wheat

Corn

Polyethylene

Polystyrene

0.9

0.06

0.05

2.30

>5.00

>5.00

RM: Malaysian Ringgit; US $1 was equivalent to RM 4.13 at the time of writing.

FIG. 14.4. Sago based biodegradable foam produced by radiation cross-linking of sago starch
and PVA blends (photograph courtesy of Nuclear Malaysia).

14.3.2. Radiation cross-linking of PLA
PLA is a bioplastic that can be produced by the fermentation of glucose
and saccharose. Enzymes (amylase, for example) act on starches such as cassava,
potato, corn or sugarcane extract and produce L-lactic acid. Chemical conversion
to lactide and subsequent polymerization yield PLA, which is biodegradable
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and is considered a carbon neutral resource. Plants absorb carbon dioxide in air
and photosynthesize starch. Although PLA synthesized from starch releases the
carbon dioxide by digestion of microorganisms, it is not considered to increase
the carbon dioxide concentration in the atmosphere (Fig. 14.5).
PLA has good properties as a plastic material with high strength,
transparency, biodegradability and biocompatibility. However, it has low
heat resistance, which leads to deformation above the glass temperature,
60°C. Cross-linking of PLA by radiation is an effective way to overcome this
disadvantage and expand the utilization of PLA. Among many polyfunctional
monomers tested as inducers of cross-linking of this degradable type of polymer
during irradiation, it was found that triallylisocyanurate (TAIC) was the most
effective [14.4]. A TAIC concentration of 3% in PLA gives a gel fraction of 80%
(Fig. 14.6). The heat stability of PLA is improved by cross-linking under EB
irradiation in the presence of TAIC (Fig. 14.7) and the product does not melt even
at temperatures higher than 200°C. Furthermore, softness and flexibility for thin
film and sheets of cross-linked PLA can be improved by soaking in plasticizer.

FIG. 14.5. Renewable material of PLA (figure courtesy of Japan Atomic Energy Agency).
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FIG. 14.6. Insoluble fraction of PLA after irradiation in the presence of TAIC as a cross-linker
at a concentration ranging from 0–5 %wt [14.4].

FIG. 14.7. Heat stability of unirradiated pure PLA and 50 kGy irradiated PLA with 3% TAIC [14.4].

14.4. RECOVERY AND UTILIZATION OF WASTE PROTEIN
Proteins are an important source of food and feed, but at the same time,
protein by-products resulting from food processing are often discarded and can
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cause environmental pollution. Radiation technology can be applied for the
recovery and reuse of these proteins from waste.
The recovery of protein from wastewater from the food industry could
be improved with a combination treatment of radiation and chitosan. The
pathogenic microorganisms in blood wastewater from slaughterhouses were
eliminated by radiation and the recovered materials could be used for animal feed
[14.5]. The suspended solids in wastewater were coagulated by the addition of
chitosan. The coagulation was accelerated by pre-irradiation treatment, and the
acceleration reached its maximum at around 30 kGy (Fig. 14.8). Radiation causes
the denaturation and aggregation of proteins via the rupture of hydrogen bonds
with subsequent unfolding of molecules (Fig. 14.9). As the result, the soluble
proteins become insoluble, which promotes their coagulation in wastewaters.
Combined radiation and chitosan treatment was also effective at recovering
organic substances from potato starch wastewater [14.6]. Furthermore, the
reduction of browning in potato starch wastewater due to the oxidation of
polyphenols was also initiated by radiation treatment (Fig. 14.10). Results also
showed that the irradiation at the sterilization dose was effective to recover the
proteins from wastewater for animal feeds without pathogenic microorganisms.

FIG. 14.8. Dose dependence of the coagulation efficiency of irradiated blood wastewater
measured from the optical density (absorbance) of the supernatant after the addition of 0.01 %
of chitosan [14.5].
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FIG. 14.9. Schematic diagram of the denaturation and structural changes in proteins
upon irradiation.

FIG. 14.10. Reduction of discolouration of potato starch wastewater by radiation [14.6].

14.5. UTILIZATION OF RADIATION DEGRADED POLYSACCHARIDES
FOR ENVIRONMENTAL PURPOSES
Polysaccharides such as starch, cellulose, chitosan, carrageenan, and
NaAlg undergo cleavage of the glycosidic link, producing lower fractions such
as oligosaccharides. Particularly chitosan (poly β D-glucosamine) prepared
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from chitin by deacetylation has unique properties as a coagulant and chelating
agent. These polysaccharides can be rendered more efficient by radiation induced
degradation.
14.5.1. Application as a coagulant for wastewater treatment
Polysaccharides can be irradiated in either dry or solution form at ambient
temperature without any additive. Table 14.2 [14.7] shows the changes in the
properties of chitosan irradiated in the dry state [14.8]. The solubility of chitosan
in acetic acid (0.005%) increased with the increase in dose but the changes were
small even at high doses. Surface charge was also stable and only 13% of charge
decreased at 1000 kGy. The effectiveness as a coagulant for protein suspension
decreased with the increase in dose and at 1000 kGy was 60% of the effectiveness
as a coagulant of unirradiated chitosan. On the other hand, the viscosity of the
irradiated chitosan decreased significantly at low dose (Fig. 14.11). These results
show that viscosity is more radiosensitive than other properties when chitosan is
irradiated in the dry state. Suspensions of heat denatured protein at pH10 were
clarified with irradiated chitosan (Fig. 14.12). Chitosan irradiated at high doses
in the dry state undergoes coagulation of the suspended solids even in alkaline
solutions, while unirradiated chitosan is ineffective. However, the amount of
chitosan required to clarify the alkaline suspension was about 10 times higher
than that required for a neutral suspension. Solubility increased with increase in
dose (17% for 100 kGy and 40% for 500 kGy in Fig. 14.13), contributing to the
effectiveness of coagulation in alkaline suspension.
TABLE 14.2. CHANGE IN THE PROPERTIES OF CHITOSAN IRRADIATED
IN THE DRY STATE [14.7]
Dose
(kGy)

Solubility
(%)

Relative charge
(%)

Relative coagulation
ability (%)

Unirradiated

2.3

100

100

1

2.3

100

97

10

2.4

101

97

100

4.0

97

87

500

16.5

92

78

1000

27.6

87

60
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FIG. 14.11. Changes in viscosity as a function of dose for a chitosan sample irradiated in the
dry state [14.8].

FIG. 14.12. Coagulation properties of irradiated chitosan solution at pH10: chitosan
irradiated at 100 kGy (○) and 500 kGy (∆) doses in the dry state [14.8].
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FIG. 14.13. Change in the solubility of chitosan at pH10 after irradiation in the dry state [14.8].

14.5.2. Suppression of environmental stress on plants
The potential for contamination of the environment by vanadium (V) is
increasing with industrialization, since V compounds are present in fossil fuel
deposits and mineral ores. When absorbed by plants, heavy metals such as V
can induce stress within them. Tham et al. [14.9] investigated the effect of V on
wheat, barley, soybean and rice. They concluded that although wheat and barley
are more sensitive to V than rice and soybean, all seedlings were damaged at
2.5 μg/mL V, and their growth was severely reduced. The authors reported that
this damage could be reduced by the application of radiation degraded chitosan.
The recovery of growth and reduction of V levels in seedlings are obtained by
treatments with 10–200 μg/mL chitosan irradiated at 70–200 kGy of γ rays in
1% solution (Fig. 14.14, Table 14.3) [14.9]. The reduction of V content in plants
was attributed to the ability of chitosan to chelate metals in solution (Table 14.4).
The transportation of V from root to shoot was visualized by bioimaging, and
it became clear that this transport was suppressed by irradiated chitosan. From
these results, it could be concluded that chitosan of a certain molecular weight,
obtained by controlled radiation degradation, can effectively supress heavy metal
stress in plants.
Lignocellulosic materials are also degraded by radiation, and extracts
from oil palm fibre, sugarcane bagasse and sawdust of fagus are increased at
500–1000 kGy [14.8]. Figure 14.15 shows the effect of fermentation and radiation
on the extraction of lignocellulose from sawdust of fagus in hot water. These
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FIG. 14.14. Suppression of V damage to rice by irradiated chitosan (image courtesy of JAEA).
Seedlings of plants grow for 9 days under V stress with chitosan.

TABLE 14.3. SUPPRESSION OF V DAMAGE ON RICE BY IRRADIATED
CHITOSAN [14.9]
V + chitosan treatment

Dry weight of seedlings (mg/10 plants)
Wheat

V (ppm)

Rice

Chitosan (ppm)

Biomass

%

Biomass

%

0

0

385 ± 42

100

190 ± 17

100

0

100

544 ± 47

141

0

200

540 ± 39

140

236 ± 30

124

10

0

229 ± 37

59

143 ± 12

75

10

100

350 ± 35

91

214 ± 18

113

10

200

392 ± 39

102

210 ± 18

111

384

2061 ± 6
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FIG. 14.15. Effect of fermentation and irradiation on the solubility of sawdust in hot water
(figure courtesy of JAEA).

extracts in hot water show show a strong activity to suppress heavy metal and
salt stress on plants. Salt stress at 5 mg/mL strongly inhibited the growth of rice
seedlings causing a lower biomass production (62.6%) but the growth of plants
suffering salt stress was clearly improved by the application of lignocellulosic
extracts, especially 90 kGy irradiated extracts (Fig. 14.16). Polysaccharides
irradiated at suitable doses could be used as heavy metal and salt eliminators in
crop production.
TABLE 14.4. V CONTENT IN SEEDLINGS TREATED WITH IRRADIATED
CHITOSAN [14.9]
V + chitosan treatment
V (g/mL)

V content in seedling (g/g dry weight)

Chitosan (g/mL)

Wheat

Rice

Shoot

Root

Shoot

Root

0

0

<1

10

—

—

10

0

560

3820

530

1730

10

200

140

2100

74

1360
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FIG. 14.16. Suppression of salt stress on rice growth by irradiated extract (image courtesy
of JAEA). Salt stress: 0.5% NaCl, extract: 0.04%, dose: 90 kGy.
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14.6. UTILIZATION OF RADIATION CROSS-LINKED HYDROGEL FOR
ENVIRONMENTAL PURPOSES
Cellulose and its derivative CMC are well known to be radiation degradable
in the solid phase and in dilute solution (below 10%). On the other hand, it
was recently found that CMC can be cross-linked by irradiation in a paste-like
condition of high concentration (Fig. 14.17) [14.10]; see also Chapter 4.5.2. CMC
hydrogel is commercially used as a biodegradable coolant for the transportation
of refrigerated fish and vegetables (Fig. 14.18).

FIG. 14.17. Radiation cross-linking of CMC [14.11].

FIG. 14.18. Coolant using radiation cross-linked CMC (photograph courtesy of JAEA).
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14.6.1. Treatment of industrial and agricultural wastes with CMC dry gel
Since excrement and urine from domestic animals, such as cattle and pigs,
causes the pollution of river and underground water, the conversion of excrement
and urine into organic fertilizer by fermentation is strongly recommended.
However, excrement and urine from cattle contain 85–90% water, so a smooth
fermentation process is challenging. The addition of 0.2% CMC dry gel to the
fermentation process can reduce the water content to 65–70%, which is suitable
for fermentation. The method developed using CMC hydrogel can enhance
fermentation and reduce odour diffusion in the environment (Fig. 14.19).
The Japanese liquor shochu (alcohol content 25%) is produced by the
fermentation of rice, wheat and sweet potato. Residues are formed during this
process, which contain 90% water, and these are discarded in the deep sea. This
sea pollution can be avoided by the utilization of shochu residue for animal feeds.
In plants for the processing of animal feeds from shochu residue, the volume of
corncob needed to absorb the water can be decreased from 650 kg to 200 kg/t
of shochu residue by addition of 0.2% (2 kg) CMC dry gel. It is confirmed that
water absorption by CMC dry gel is effective at converting shochu residue into
animal feed [14.12].

FIG. 14.19. Composting process of livestock excrement using CMC dry gel (images courtesy
of JAEA). The moisture content of excrement (90%) can be decreased to 70%, a level more
suitable for composting, by adding dry CMC gel.

388

ENVIRONMENTAL APPLICATIONS

14.6.2. Adsorption of heavy metals by CM chitosan gel
Resins derived from petroleum products are commonly used for the
adsorption of heavy metals. For the security of petroleum resources and the
decrease of environmental burdens, naturally occurring polymers can form the
raw materials for metal ion adsorbents. Among many natural polymers, chitin/
chitosan is considered to be the most interesting raw material because of its amine
group. Amine groups can recover several kinds of metal ions such as copper (Cu),
mercury (Hg), uranium (U), lead (Pb), chromium (Cr), molybdenum (Mo) and V,
as well as the noble metals platinum (Pt) and palladium (Pd).
The cross-linking of chitin and chitosan increases the chemical stability of
the adsorbent in acid media and, in particular, decreases solubility in most mineral
and organic acids. Such modified chitin and chitosan has been used for metal
ion recovery in acid media. Radiation is considered an environmentally friendly
method for cross-linking CM chitin and CM chitosan without any cross-linking
agent (Fig. 14.20). Using CM chitin and CM chitosan hydrogels cross-linked by
radiation, adsorptions of various metal ions have been tested (Fig. 14.21) [14.12].
CM chitosan hydrogel adsorbed Pd, Sc, Au, Cd, V and Pt in the order of high
adsorption at 240 min. The adsorption of Sc increased and attained the highest
adsorption percentage in all-metal ions after 480 min. In the case of CM chitosan,
Au and Pt, which are expensive noble metals because of their rare occurrence
in nature, were preferentially adsorbed. The selectivity of CM chitin and CM
chitosan hydrogels to noble metals can be applied not only to reduce heavy metal
pollution but also to recover and recycle these important rare metals.
Radiation cross-linked CM chitosan also has a potential for use in
applications relating to the separation and concentration of humic acid [14.13].
Humic substances are the most common natural polymers on the earth and it

FIG. 14.20. Absorption of Cu2+ by CM chitosan gel (images courtesy of JAEA).
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FIG. 14.21. Adsorption of various metal ions onto CM chitin and CM chitosan hydrogels [14.12].

is desirable to minimize the presence of humic substances in drinkable and
industrial waters. Cross-linked CM chitosan is effective at removing humic acid
under acidic pH conditions (pH < 6). The amino groups of cross-linked CM
chitosan in a protonated state, which can form a surface complex with humic
acid, were found to play the major role in the adsorption process.
14.7. EMERGING APPLICATIONS AND CONCLUSION
Radiation technology has contributed to improving public welfare and
cleaning the environment. The main effects of radiation on natural polymers used
for environmental treatment are the degradation of components, enhancement
of coagulation and killing of pathogenic microorganisms. These radiation
effects on natural polymers have directly contributed to the conservation of the
environment in applications such as the cleaning of wastewater and utilization of
discarded natural polymers. Radiation pasteurization is effectively used to utilize
sewage sludge for fertilizer and for recycling of cellulosic wastes to animal
feeds. Radiation treatment of proteins causes the aggregation and coagulation in
solution improving the recovery from wastewater with aid of chitosan.
Bioethanol is considered a promising form of sustainable energy because of
the limitation of the petroleum supply and increasing worldwide concerns about
carbon dioxide emissions. An alternative source of bioethanol to corn that costs
less to produce and avoids the use of food and animal feed, lignocellulose is also
an abundant and suitable raw material. The rate and extent of saccharification is
increased by radiation treatment, but a high dose of up to 1000 kGy is required
for the degradation of lignocellulose. When radiation is combined with alkali
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treatment, a reduction of cellulose crystallinity and a decrease of lignin and
hemicellulose could greatly improve the hydrolysis of cellulose to fermentable
reducing sugars (more details are given in Chapter 13). Further investigation is
necessary, but a combination treatment with radiation and with another chemical
treatment such as alkali is expected to emerge as an effective pretreatment of
lignocellulose for bioethanol production.
The modification of natural polymers using radiation is an emerging
technique to reduce environmental pollution. The products of degradation
or cross-linking of polysaccharides by radiation can avoid damage to the
environment indirectly by reducing the use of synthetic chemicals and removing
toxic metals. Radiation degraded polysaccharides induce antimicrobial activity,
coagulation activity, plant growth promoter and elicitor activities resulting in
fewer synthetic chemicals and fertilizers being used, the cleaning of wastewater
and the suppression of heavy metal and salt stress in plants. Radiation cross-linked
hydrogel is also useful as a heavy metal adsorbent to remove such metals from
water.
Natural polymers, which can be regenerated by the metabolism of
microorganisms and plants, are materials with the potential to reduce the
production of carbon dioxide, and thereby global warming. PLA synthesized
from starch is one of these promising bio-polymers and radiation cross-linking
enhances properties such as heat stability and softness. It is strongly suggested,
wherever feasible, to replace polymers produced from fossil fuel with
bio-polymers, in order to protect the environment.
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15.1. INTRODUCTION
15.1.1. Bio-based plastics
There is an increasing interest in renewable and environmentally friendly
polymers from biomass for substituting synthetic polymers in various sectors
and for various applications, as well as in finding new applications. Basic and
applied research aims particularly to develop bio-sourced polymers for materials
(for example, materials for packaging, soil mulching and for manufacturing
automobile interiors), specialty products (for example, adhesives, absorbents,
humectants and surfactants) and high value added products (for example,
cosmetics and pharmaceutical applications) [15.1]. Despite the promising growth
and inherent potential of bio-based plastics, they still account for only 1% of the
total polymer market. The total technical substitution potential of the bio-based
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market is considered to be almost 270 Mt, but market projections are always only
a few Mt, simply because the major barriers hindering potential growth are the
high production costs and technical challenges involved in scaling up the process
from the laboratory to an industrial production scale [15.2].
There has been a steep growth in the market of bio-based plastics of almost
38% per year since 2003. According to the projected growth of bio-plastics,
starch plastics would form the greatest proportion of bio-based plastics by
the year 2020 (1.3 Mt), followed by PLA (0.8 Mt), bio-based PE (0.6 Mt),
and poly(hydroxyalkanoates) (PHA) (0.4 Mt). The importance of starch can
be understood from the fact that it is a renewable agricultural resource and is
economical, easy to process into a thermoplastic material and biodegradable. The
interest in bio-based plastics has grown over the years mainly for environmental
and economic reasons rather than because of their physical or mechanical
properties [15.3].
Starch polymers have played an important role for many decades in
non-plastic applications. Owing to their low cost and excellent biodegradability,
the use of starch as a raw material for bio-plastic production has been considered
for several years and is still by far the most important of the bio-based plastics
[15.4]. Research on starch based plastics began with the value addition of
synthetic polymers; initially, blending bio-polymers to synthetic polymers was
carried out to obtain a certain degree of biodegradability. Starch based plastics
have consisted of a polyolefin including 5–20 wt% starch powder as a filling
material. The starch content in blends varies from 30–80 wt% depending on the
end application, with the loss of mechanical properties becoming critical at starch
contents above approximately 40 wt%. Since then, the majority of polymers
associated with starch have been biodegradable oil based polymers (for example,
polycaprolactone (PCL), poly(butylene-succinate), poly(butylene-succinateco-terephtalate), poly(butylene-succinate-lactate) and poly(hydroxyalkanoatebutyrate) (PHAB). Therefore, most starch blends are partially bio-based and
essentially biodegradable; one example is Mater-Bi, which is prepared from
starch and the copolyester Ecoflex. However, some of the polyesters with which
starch is blended can potentially be made from bio-based instead of petrochemical
feedstock. PLA is attracting a growing interest since it is fully bio-based. Also, the
succinic acid and butane-1,4-diol present in other polyesters can now be produced
industrially from biomass and can be used as a monomer for poly(butylenesuccinate), poly(butylene-succinate-lactate-adipate), poly(butylene-succinatelactate) and poly(butylene-succinate-co-terephtalate).
Starch can be used for various other applications if structural modifications
conferring new functionalities are made, for example, by chemical grafting of
hydrophobic moieties onto hydrophilic polysaccharides in order to improve
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drug retention for drug delivery, or by complexation of metal ions for imparting
electrical or magnetic properties to the final biodegradable product.
15.1.2. Starch: Structure and properties
Starch is a bio-polymer composed of anhydroglucose units that form either
a linear chain, i.e. amylose, or branched chains, i.e. amylopectin (Fig. 15.1).
Depending on the botanical origin of the starch, the proportions of these two
main components vary.
Generally, in non-bioengineered starch, the percentage of amylose in native
starch is between 25% and 40%, whereas amylopectin constitutes the major part,
accounting for 60–75% of the starch granule [15.5]. Amylose-free starch also
exists and is called waxy starch, which has an amylopectin content as high as
90%. The molecular weight of amylose is anywhere between 100 000 g/mol to
106 g/mol, with a degree of polymerization of 100 to 10 000 anhydroglucose
units; amylopectin is almost 100 times larger with a molecular mass between
107 and 109 g/mol. Amylopectin is the largest known bio-polymer with a very
extensively branched structure where almost 95% of the glucosidic bonds are
α−1,4, and 5% of the other glucosidic bonds are α−1,6 and are involved in
branching [15.6].

(a)

(c)
(b)

FIG. 15.1. Structure of anhydroglucose units (a), amylose (b) and amylopectin (c).
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Because of the amorphous character of amylose and the crystalline
character of amylopectin within the pristine granule, starch is a semi-crystalline
material, with a degree of crystallinity varying between 0.17 and 0.42 [15.7].
After granule destructuring under high temperature and shearing, amylose chains
are more likely than amylopectin chains to crystallize over time. Thus, amylose
initially imparts an amorphous character to starch granules but after starch has
been converted into an amorphous polymeric material, it is the amylopectin that
retains an amorphous character for longer.
The arrangement of amylose and amylopectin chains in various definite
patterns results in concentric circles of amorphous and crystalline regions [15.8].
Amylopectin linear branches are arranged in the form of double helices, whereas
amylose chains adopt a single helix conformation. Depending on the arrangement
of these double helices in the amylopectin chains, starch crystallinity is
categorized as A type, B type or C type. The A type crystalline pattern is observed
in cereal starches, such as wheat starch, while the B type is seen in tuber starches,
such as potato starch. A crystalline pattern between the A and B types is called
the C type, which is found in peas, beans and high amylose rice starch [15.9].
In general, amylopectin chains in all the three types of starches have different
molar ratios of short and long branch chains, which is 8–12 for A type starches,
3–7 for B type starches, and 7–9 for C type starches [15.10].
For its main application as a thermoplastic material, native starch needs to
be destructurized and plasticized [15.11]. The transformation of crystalline starch
granules into an amorphous thermoplastic is achieved by combining mechanical
energy and heat while blending the powder with water and appropriately selected
additives.
For most packaging applications, thermoplastic starch needs to be blended
with hydrophobic polymers that can improve the water resistance of the final
material by reducing its hydrophilic character. Starch is then often extruded
with hydrophobic additives or polymers; however, the final blend is physically
unstable and results in the phase separation of the constituents. To overcome
or retard retrogradation, starch also needs structural modifications. Therefore,
conventional processing methods are essential for the preparation of thermoplastic
starch but are not enough to result in a performant thermoplastic material.
The covalent grafting of synthetic thermoplastics onto starch is an attractive
option for improving blend stability. This type of modification can be achieved
by a variety of chemical methods. An early attempt consisted of introducing
some polar functions onto a commodity plastic in order to enhance compatibility
and create covalent linkages between starch and the synthetic thermoplastic.
The use of EB on blends of thermoplastic starch with poly(ethylene-co-vinyl
alcohol) has been previously carried out and thermoplastic starch was found to
undergo degradation while poly(ethylene-co-vinyl alcohol) remained unaffected
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[15.12, 15.13]. In another application orientated study, sago starch was blended
with poly(vinyl alcohol), cross-linked by radiation processing and converted into
foam particles by microwave heating [15.14].
New routes based on radiation processing for the controlled modification of
the properties of starch based materials are being considered. Various approaches
are being considered:
—— The radiation grafting of a reactive plasticizer onto starch and its influence
on the physical stability of plasticized starch materials;
—— The blending and grafting of various types of lignin with the aim of
modifying bulk water sorption and surface hydrophilicity;
—— The study of the protective effects of aromatic additives including some
lignin monomers with respect to irradiation of destructurized starch or
model maltodextrins.
15.2. PHYSICAL STABILIZATION BY RADIATION GRAFTING OF
ALLYLUREA AS A REACTIVE PLASTICIZER
Starch materials are generally amorphized by mechanical mixing at
temperatures slightly higher than 100°C with low molecular weight additives
such as water and glycerol that act as destructuring agents and plasticizers. A
major problem with thermoplastic starch is the physical instability of the bulk
material, caused by migration or phase separation of the plasticizer, as well as
by retrogradation of the starch component [15.15–15.17]. A novel approach to
this problem has recently been explored, by treating, with accelerated electrons,
blends of native potato starch and N−allylurea (CH2=CH−CH2−NH−(C=O−NH2)
(AU), which result from intimate mixing at 130°C [15.18]. AU was selected
as a simple unsaturated homologue of urea and was expected to have similar
destructuring and plasticizing properties to starch, and poor aptitude for long
chain polymerization in the amorphous blend. The typical procedure for preparing
the starch based films is presented in Fig. 15.2. Starch and AU are blended in an
internal mixer at 130°C for 15 min with a screw rotation speed of 50 rpm.
The blends were chopped into small cubes and quenched at −17°C
immediately after processing in order to avoid physical evolution. To prepare
starch films, the starting material was ground into coarse powder and transformed
by compression moulding with a hydraulic press at 130°C at a pressure of 10 MPa
maintained for 5 min. The loss of water during this step is negligible and the
water uptake, measured after reconditioning the pressed sample at 58% relative
humidity, was insignificant. After pressing, the films were stored at −17°C until
the moment of analysis. Characterization of the materials and EB processing
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FIG. 15.2. Typical procedure for the preparation of destructurized starch blends and for the
preparation of films.

of films were performed with samples reconditioned from the frozen stock just
before use.
Immediately after pressing the coarse thermoplastic starch powder
conditioned at 58% RH, the films were transparent and appeared visually
homogeneous. This indicates that the granular structure was destroyed during
processing. After 1 h of ageing, the films obtained from Starch AU30, 40 and 50
became opaque with AU molecules blooming at the sample surface (Fig. 15.3).

FIG. 15.3. Photographs showing AU blooming in samples of destructurized starch blends
including excess amounts of AU (above 25 wt parts for 100 parts of dry starch).
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The phenomenon was not observed for the lowest amount of AU, indicating that
the compatibility limit was between 24 and 35 parts per 100 parts of dry starch in
the given storage conditions (Fig. 15.3 and Table 15.1).
TABLE 15.1. APPEARANCE OF THERMOPLASTIC STARCH FILMS
AFTER PRESSING AND AGEING
AU content
(wt-parts)a

Brittleness indexb

Optical aspect
Initial

After 1 h

Initial

After 350 h

24.5

Transparent

Transparent

0c

0c

35.3

Transparent

Opaque

0c

0c

47.1

Transparent

Opaque

0c

1

58.8

Transparent

Opaque

0c

9

a
b
c

expressed in g/100 g of dry starch.
curvature radius (mm) for folding without apparent damage.
folding backwards with an angle of 180° without apparent damage.

The quantification of blend plasticization was assessed by a flexibility test.
The critical curvature radius before observing breaking was used as a brittleness
index for rating the thermoplastic starch materials.
The preliminary investigation showed that AU propenyl group conversion
obtained by EB irradiation was associated with macroscopic physical and
mechanical stabilization. The blooming phenomenon was significantly delayed.
Physical ageing of the unstable blends was monitored for various initial
AU contents. EB processing of fresh films with AU contents above the solubility
limit was shown to prevent phase separation, essentially as a consequence of
radiation grafting onto starch of the unsaturated additive, as supported by FTIR
spectroscopy (Fig. 15.4) and by solution 1H-NMR. Both methods unambiguously
showed the consumption of allylic unsaturations.
The presence of nitrogen in the processed blends washed with methanol
supported the covalent binding of polymerized AU segments onto the base starch
material. However, AU homopolymerization cannot be excluded. The sketch
shown in Fig. 15.5, though somewhat simplified, gives an acceptable view of the
chemical transformations induced by radiation.
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FIG. 15.4. FTIR monitoring of AU conversion upon EB irradiation of destructurized starch
blends (50 wt parts for 100 parts of dry starch).

FIG. 15.5. Simplified representation of the reactions induced by EB treatment in AU blends.
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X ray diffractometry was performed at the different stages of the process
to check: (a) the effective amorphization of starch upon mixing; (b) the
recrystallization of the incompatible AU fraction from untreated blends in the
tetragonal form; and (c) the retardation or suppression of this phenomenon
after EB processsing (50–800 kGy). The physical stability of the blends treated
with a sufficient radiation dose was confirmed by dynamic thermomechanical
analysis of samples submitted to various hygrometric conditioning, as supported
by experiments conducted at stages 1, 2 and 3 of the ageing cycle described in
Figs 15.6 and 15.7 [15.19, 15.20]. The recorded thermomechanical spectra of
samples reconditioned at 57% relative humidity did not show any significant
reference, confirming the physical stability of the radiation processed blends,
presumably with low propensity to retrogradation or phase separation.
It was therefore demonstrated that AU, a radiosensitive additive, can
be efficiently grafted onto starch by radiation processing of fresh samples.
Radiation doses as high as 1400 kGy are required to approach complete allyl
group conversion. Interestingly, not only is the migration aptitude of grafted AU
molecules restricted by permanent immobilization at doses as high as 100 kGy,
but grafting also seems to increase the compatibility of the free AU with the
modified polysaccharide. Effective compatibilization can be induced with a

FIG. 15.6.
Ageing cycle applied to the starch-AU (50 wt parts per 100 parts
of dry starch) samples after 200 kGy EB irradiation to assess the stabilization of the
thermomechanical behaviour.
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FIG. 15.7. Effects of ageing in various hygrometric conditions on the thermomechanical
spectrum of reconditioned starch film plasticized with AU (50 pph) and treated with a 200 kGy
dose at the stage 1 (□), 2 (○) or 3 (◊) corresponding to Fig. 15.6.

moderate radiation dose. Blended starch films containing 50 pph of AU do not
show any sign of phase separation after a 200 kGy treatment. Ageing experiments
in wet and dry ambiences have shown that the thermomechanical properties of
the films are stable.
15.3. RADIATION PROCESSING OF STARCH–LIGNIN BLENDS
15.3.1. Potentialities of starch–lignin blends
Built on phenyl propane units linked by various carbon–carbon and
ether bonds (Fig. 15.8) [15.21], lignins impart strength and waterproofing to
specialized vegetal tissues [15.20]. Delignification processes employed by the
pulp and paper industry yield abundant and renewable by-products referred to as
industrial lignins. These lignins have been used as fillers in natural thermoplastics
such as cellulose derivatives, proteins and polyesters [15.22].
Lignin and their derivatives are therefore good candidates for limiting
the water sensitivity of starch based materials. In practice, they mix efficiently
and form segregated domains when blended with polysaccharides [15.23].
To overcome this poor compatibility, free radical coupling reactions similar to
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FIG. 15.8. Diagram of the structure of lignin [15.21].

those occurring in the lignification process of plants can be induced by high
energy irradiation of starch–lignin blends.
It is known that lignin compounds are subject to reactions initiated by
radicals upon irradiatation in an isolated state and within a polysaccharide
template [15.24–15.26]. To describe this approximately, it could be expected
that high energy irradiation will generate free radical species on starch and lignin
molecules, thereby inducing grafting and/or cross-linking of hydrophobic lignin
fragments onto starch, with some improvement in the water resistance of the
thermoplastic starch materials.
The following section includes results illustrating: (a) the effective
reduction of water sorption by blending starch glycerol mixtures with wheat
or bagasse lignin; (b) the modification of surface properties after the treatment
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of such blends by EB irradiation; (c) the biodegradability of irradiated and
unirradiated starch–lignin blends.
15.3.2. Surface properties and water sorption
Thermoplastic starch based films were prepared by extrusion in the presence
of glycerol as a plasticizer (30/70 glycerol/starch wt ratio), either without any
lignins or with 20% or 30% industrial lignin content (lignosulphonates, wheat
straw or bagasse alkali lignins). The lignin-free thermoplastic starch film that was
recovered had an initial contact angle with water of θ0 = 35°. This angle rapidly
decreased within a few seconds of water deposition and the water droplet was
totally absorbed by the film in less than ten seconds. This behaviour reflected the
hydrophilicity and wettability of the starch surface and could also be connected
with the high proportion of glycerol, a very hygroscopic plasticizer.
Lignin incorporation does not increase θ0 in the unirradiated film, but a
substantial reduction of the sorption rate was observed. The equilibrium water
sorption at 75% relative humidity was also found to be lower for films containing
alkali lignin. Both the hydrophobic characteristics of lignin and the lower
glycerol content in starch–lignin films could be responsible for this surface and
bulk hydrophobization phenomenon.
After EB irradiation at a dose of 400 kGy, the presence of lignin was shown
to induce an effect on the contact angle of a water droplet at the film surface.
Whereas the sample that was free of any lignin additive was subject to a slight
decrease of θ, a significant increase was observed with the wheat and the bagasse
lignins. This effect, enhanced by larger amounts of lignin, increased the θ value
from less than 30° to almost 60° for a content of 30 wt parts in bagasse lignins
(Fig. 15.9).
Reduction of surface hydrophilicity prevented water from spreading or
being absorbed for more than 10 min, irrespective of the lignin level (20% or
30%). Surprisingly, irradiation does not affect the water sorption of the bulk
material at 75% RH for any formulation (Table 15.2).
The above supports the idea that the irradiation generates a hydrophobic
surface barrier and that the overall decrease of moisture content in starch–lignin
blends results essentially from a lower glycerol content compared with the
lignin-free reference sample [15.27]. It has recently been shown that optimization
of the material processing and irradiation conditions could lead to a contact angle
as high as 110° for 80/20 starch/lignin blends, thus providing truly hydrophobic
materials [15.28].
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FIG. 15.9. Effects of the presence of lignin and EB irradiation on the contact angle of a water
droplet on starch based films.

TABLE 15.2. EFFECTS OF THE PRESENCE OF LIGNINS AND EB
IRRADIATION ON WATER SORPTION IN STARCH BASED FILMS

Blend

Water sorption (%)
at 73% RH, T = 25°C
Unirradiated

Irradiated

Starch glycerol (no lignin)

21

21

Starch glycerol–bagasse lignins (30 phr)

17

16

Starch glycerol–wheat lignins (30 phr)

16

14

21–23

19–23

Starch glycerol–lignosulphonates (20–30 phr)
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15.3.3. Physical effects of grafting on starch retrogradation
Thermoplastic starch samples including glycerol and cinnamyl alcohol
(CA) as plasticizers were prepared with various compositions. The resulting
thermoplastic starches were white materials that can be pressed into 2 mm thick
plates for obtaining samples to be submitted to physical characterization and
mechanical testing. One of the expected effects of the covalent grafting onto
amorphized starch was the prevention of starch retrogradation.
The X ray diffractograms in Fig. 15.10 clearly show the beneficial effect
of a 400 kGy irradiation on the stability of the amorphous state of the CA–starch
blend. After ageing for one year at room temperature, the unirradiated sample
exhibits some sharp and intense peaks characteristic of a retrograded material,
whereas the sample irradiated at a dose of 400 kGy essentially presents an
amorphous structure.

FIG. 15.10. X ray diffractograms of unirradiated and EB irradiated amorphized CA–starch blends.

15.3.4. Biodegradability of starch–lignin blends
Lignin incorporation combined with irradiation not only improves the
surface properties of starch but also preserves its biodegradability, in contrast
with systems involving synthetic polyolefins [15.29]. The kinetics of CO2
release from film samples during incubation in soils showed that the materials
undergo biodegradation, whatever the lignin content and absorbed dose
(Fig. 15.11) [15.30]. The proportion of total carbon mineralized during 100 day
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FIG. 15.11. Influence of lignin incorporation and irradiation on the biodegradation of starch
based films incubated in a controlled soil.

incubation was not modified by the presence of lignins. However, it affected
the biodegradation kinetics, which were linear (4% C−CO2 kg/day) during the
incubation period for the control thermoplastic starch film. Lignosulphonates
increase the mineralization rate in the early weeks of incubation; this is likely due
to their solubility in water.
15.4. STUDY OF MODEL BLENDS OF MALTODEXTRINES
In order to obtain an insight into the mechanism of the condensation
reactions likely to occur within thermoplastic starch–lignin films under EB
irradiation, the reactivity of model blends submitted to similar treatments was
examined using a variety of analytical methods. Aromatic alcohols, phenols and
acids with one or several functional groups present in lignins were studied and
their coupling efficiency with maltodextrins when subjected to EB irradiation
was evaluated. Para-methoxy benzyl (BA) and CA alcohols are simple and
interesting models exhibiting the main structural features of lignin compounds.
These models exhibit an aromatic ring with a benzylic or an allylic hydroxy
group. Other models, including various cinnamic acids, are shown in Fig. 15.12.
This section covers results illustrating: (a) the effective reduction of water
sorption by blending starch glycerol mixtures with wheat or bagasse lignin;
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FIG. 15.12. Aromatic model compounds and lignin-like monomers used as additives in starch
or maltodextrine blends.

(b) the modification of surface properties after the treatment of such blends by
EB irradiation; (c) the quantification of additive conversion after irradiation
of blends including model compounds, (d) the evidence of covalent coupling
between maltodextrines and p−MeO−benzyl or CA based on MALDI−TOF mass
spectrometry analyses.
Preliminary X ray diffraction data will be presented to support the
limitation, if not the absence, of any retrogradation in starch additive blends aged
for 1 year after EB irradiation.
BA and CA were blended with a maltodextrine of averaged degree of
polymerization value 7 (Glucidex G19) and maltotriose (MT) as a methanolic
aqueous syrup. A typical composition expressed in weight parts is: MT (70), H2O
(30), CA (10), MeOH (2). The blends were placed in sealed glass vials and were
treated with an EB dose ranging from 50 to 400 kGy under conditions similar to
the treatment applied to thermoplastic starch–lignin films.
MALDI−TOF mass spectrometry is a very informative method for analysing
scissions and couplings altering the molecular structure of compounds subjected
to various chemical treatments. The changes occurring in the maltodextrine-BA
blend upon EB irradiation can be examined by comparing the MALDI−TOF
spectra.
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The selected expansion shown in Fig. 15.13 represents the changes
observed after irradiation with a 100 kGy dose. Under these conditions, only
one new peak is observed between two consecutive peaks of the Na+ cationized
oligosaccharide distribution.
The new lines correspond formally to the coupling of a single methoxybenzyl
residue with loss of one molecule of water. Increasing the absorbed dose was
shown to induce the appearance in the MALDI−TOF spectra of new peaks that
were assigned to multiple occurrences of the same type of reaction. Adducts with
m/z values of each cationized oligomer that had increased by 1 to 3 times 120 Da
were clearly observable.
Determining precisely the location of the grafting reaction onto the
polysaccharide will require additional study on product separation as well as
spectroscopic analyses. Further studies are under way to assess the reactivity
of unsubstituted and substituted benzyl alcohol exhibiting chemical functions
resembling those appearing in lignins. A hypothetical mechanism following EB
irradiation of BA-maltodextrine blends rationalizes observed behaviour on the
basis of reported elementary free radical reactions [15.31]. The mechanism is as
follows:

FIG. 15.13. Selected expansion of the MALDI−TOF mass spectra of maltodextrine (Glucidex G19)
BA blend before and after irradiation with a 100 kGy EB dose.
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—— Radiolysis of the constituents:
UAG-UAG-UAG → [UAG-UAG-UAG-(H)]• + H•
H2O → H• + HO•
Ar-CH2-OH → Ar-CH2• + HO•
—— Secondary activation of polysaccharide by transfer:
UAG-UAG-UAG + R• → [UAG-UAG-UAG-(H)]• + RH
—— Coupling by combination of radical species:
[UAG-UAG-UAG-(H)]• + RHAr-CH2• →
[UAG-UAG-UAG-(H) + (CH2-AR)]
The situation is more complex with the second model of lignin used for
these experiments. Because of the multifunctional structure of CA, several
reactions are possible. MT, a well-defined glucose oligomer, has therefore been
used instead of the maltodextrine blend Glucidex G19, in order to facilitate mass
spectrometry spectra analysis (Fig. 15.14). In the unirradiated blend, the main
peak corresponds to the MT(Na+) cation appearing at m/z = 526.90 Da, and some
other peaks marked with a star in the figure are attributed to the matrix or to
impurities in the original MT sample.

FIG. 15.14. MALDI−TOF mass spectra of MT–CA blend before and after irradiation with
a 200 kGy EB dose.
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In the EB-treated sample, additional peaks are detected at m/z values 642.99,
660.99, 676.98, 777.02 and 795.04. These are observed above the baseline with
intensities of the unreacted MT(Na+) line of 5–20%. The mass increase relative
to the parent MT can be rounded to 116 Da, 134 Da, 150 Da, 250 Da and 268 Da.
Taking into account the molecular structure of CA and its expected reactivity,
a set of five plausible structures can be proposed for the adducts. The position of
the couplings on the MT and on the cinnamyl moieties cannot be deduced from
the spectroscopic data available at present. However, the general behaviour of
free radicals generated under similar conditions can be reasonably applied to the
system under consideration. Hydrogen abstraction from the anomeric C1 atom
in the anhydroglucose units is likely to occur, either by direct radiolysis or by
reaction with some free radicals propagating a chain mechanism. The coupling
of these free radicals MT(−H)• with cinnamyl radicals Ph−CH=CH−CH2• would
yield adducts with a mass increase of 116 Da relative to MT. The addition of
MT(−H)• radicals to the cinnamyl unsaturation would result in reactive adducts
that are unlikely to propagate any polymerization, because of the substitution of
the CA ethylenic group. Further transfer by hydrogen abstraction would lead to
adducts with a mass increase of 134 Da.
Obviously, the repetition of this addition process, or its combination with
the coupling of the cinnamyl free radical already described, can explain the
formation of adducts with a mass increase of 268 (= 2 × 134) Da and of 250
(= 116 + 134) Da, respectively. Finally, the adduct with a mass increase of 150 Da
might be formed by a similar addition process involving CA and an alkoxy free
radical, either produced by the radiolysis of a hydroxy group of MT or by the
decomposition of a hydroperoxide in an oxidized form of MT.
The proposed structure for the adducts observed after irradiation of
representative model compounds involves the reactivity of hydroxyl and cinnamyl
functions of the unsaturated aromatic alcohol. This supports the occurrence of
similar reactions in the blends of starch with industrial lignins [15.27].
From a quantitative point of view, the amount of converted CA in blends
with starch or Glucidex G19 maltodextrine has been assessed by 1H-NMR. The
decrease of olefinic proton integration compared with aromatic proton integration
allows the accurate evaluation of the amount of reacted cinnamic unsaturation.
Conversion degrees as high as 45% were measured in blends initially containing
about 0.5 mol/kg, after 400 kGy EB irradiation.
The resulting degree of conversion for CA does not correspond strictly
to the grafting yield since other phenomena should be taken into account. The
formation of adducts without reaction of the cinnamyl C=C bond (Fig. 15.15),
by a mechanism resembling the one observed in BA-maltodextrine blends, has
been mentioned above. Some reaction of CA without coupling to MT can be
anticipated, but with consumption of some olefinic functions.
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FIG. 15.15. Dose dependence of the mol fraction of reacted cinnamic C=C bonds in
CA–starch blends after EB irradiation.

15.5. LATEST DEVELOPMENTS AND PERSPECTIVES
15.5.1. Influence of glycerol
The studies carried out by various authors so far on the presence of glycerol
as a plasticizer in thermoplastic starch have shown it to have an impact on the
mechanical properties of starch and the overall water absorption of the final
blend. The amount of glycerol below 12 wt% in thermoplastic starch leads to
an anti-plasticization phenomenon [15.32], while a higher glycerol content
leads to plasticization but with an increased sensitivity to water sorption and
eventual phase separation [15.33]. The presence of glycerol is also found to
counterbalance the positive effects of the amylose content on the elongation and
TS seen in unplasticized starch [15.34]. The typical amount of glycerol reported
in studies devoted to thermoplastic starch varies between 20 and 30 wt% of the
dry starch content.
Glycerol has been studied as a plasticizer because of its preferred
interactions with the amorphous regions of starch over the crystalline domains
[15.35, 15.36]. These interactions between glycerol and the amorphous regions
of starch lead to the partial immobilization of glycerol [15.37]. The strong
glycerol−polysaccharide interactions were found to be reversed by the addition
of water, suggesting that water disrupts these interactions. It was also reported
that application of heat to glycerol–amylopectin mixtures further increases the
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immobilization of the plasticizer [15.35]. It is unclear, however, whether the
reason for these effects is the result only of the amorphization process of starch or
if the possibility of interchain interactions is affected by the presence of glycerol.
The resulting physical modification of starch was found to allow improvements
in the mechanical properties of the blends after irradiation.
The above results emphasize the importance of physicochemical interactions
between the polymer chains with the additives and their impact on the final
properties of the blend after irradiation. Such a phenomenon was shown to affect
the reactivity under radiation of thermoplastic starch blends, where glycerol is a
conventional plasticizer that is present together with aromatic additives such as
CA, cinnamic acid and their derivatives or other lignin compounds that can be
used for upgrading the properties of the materials.
Despite the various limitations imposed by the physical and chemical
complexity of the blends on various analytical techniques, this chapter reports
on the use of different complementary techniques for understanding the
radiation induced processes. The presence of CA mainly limits chain scission,
which is important in preventing the loss of mechanical properties of the actual
thermoplastic starch blends [15.38]. It has also been established that glycerol
limits — if not impedes — gel formation without inhibiting the grafting
process [15.39]. Thus, by varying the amount of water content or glycerol and
aromatic additive, the properties of the final blend after irradiation can be finely
tuned. Work is still under way to gain a deeper understanding of the specific
interactions between various aromatic compounds with lignin type substituents
and polysaccharides within the blends, along with improved quantification of the
grafting degree of CA in different polysaccharide blends.
15.5.2. Protective effects against radiation of lignin and lignin-like
monomers
It has been observed that the presence of aromatic additives induced
important structural modifications in the Mw of starch and maltodextrines,
together with positively altered physical properties, as a result of radiation
induced chain scission, grafting and interchain bridging. In particular, the study
of starch-derived maltodextrin blends containing cinnamyl alcohol showed that
the grafting of CA limits chain scission. It was also established from the study
of these model blends that the type of aromatic additive, blend composition,
presence of glycerol and applied dose affect the final characteristics and
properties of the blend. An interesting consequence of glycerol presence in the
blend was the absence of any gel formation resulting from the grafting of CA
in the irradiated maltodextrin blends. Attempts have been made to understand
whether the absence of gel in the presence of glycerol was a result of some
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attenuation in the radiation induced grafting of CA or changes in the interactions
between CA and maltodextrin. Glycerol can indeed behave as an HO• scavenger
and affect free radical reactions [15.40].
Glycerol can also associate with the polysaccharide by hydrogen bonding
and can influence the maltodextrin–CA interactions, thus changing the
distribution of reactants involved in the grafting process. Either of these effects
or a combination of both is conceivable. In an ongoing study, the radiochemical
yields for scission and cross-linking have been studied for a model blend system
based on the polysaccharide pullulan, which is an α glucan like starch and
cellulose, when subjected to EB radiation [15.41]. The G(s) and G(x) values
have been calculated for the aqueous pullulan blends containing relatively trace
amounts of an aromatic additive, cinnamyl alcohol, as a lignin-like compound
suspected to exert a radio-protective effect and to act as a grafting agent onto
glucose polymers. The emphasis in Ref. [15.41] has been laid on the understanding
of the influence of: (a) the concentration of CA required to achieve the desired
structural modifications in the pullulan chains, i.e. radio-protection against chain
scission and increase in molecular mass through grafting and cross-linking, and
(b) the physicochemical interactions between pullulan and CA in the absence and
presence of glycerol (a commonly used plasticizer in thermoplastic starch) on the
G(s) and G(x).
The combined information obtained from the use of the Saito method,
based on Mw evolution before the gel point, and the Charlesby–Pinner model,
based on gel fraction measurements, gave an insight into the influence of the
amount of the aromatic additive required for achieving the desired degree of
radio-protection and chain cross-linking in the EB irradiated pullulan. The study
also showed the presence of glycerol to affect G(x) arising mainly from its role
in physicochemical interactions rather than its capacity to act as an HO• radical
scavenger. The presence of CA was found to decrease both the G(s) and G(x),
the decrease in G(s) being greater than that observed in G(x). The presence
of glycerol in the blends was found to affect only the G(x) values, suggesting
that physicochemical interactions involving glycerol affect only the degree of
cross-linking between the chains and not the degree of scission under radiation.
For all formulations, the G(s) values always remained greater than the G(x)
values [15.42].
These findings will allow the design of radiation processable formulations
minimizing the degradation of the starch substrate, while allowing for the
hydrophobization and structural modifications limiting retrogradation of
thermoplastic material. Particularly the simultaneous enhancement of the
elongation and load at break of the starch based materials is the key issue. Efforts
are currently being undertaken in this direction.
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15.6. CONCLUSION
The studies reported in this chapter clearly demonstrate the potential
of radiation grafting for adjusting the properties of starch based thermoplastic
materials. The study of model blends allowed the quantitative assessment of the
conversion degree of the reactive additives added to amorphized polysaccharides.
It is clearly established by MALDI-TOF mass spectrometry that grafting
reactions take place and increase as a function of dose and of additive content.
The proposed structure for the observed adducts after irradiation of representative
model compounds involves the reactivity of hydroxyl and cinnamyl functions
of the unsaturated aromatic alcohol. This supports the occurrence of similar
reactions in the blends of starch with industrial lignins. The effect at the surface
of starch with industrial lignin can be interpreted in terms of exomigration and
grafting at the film surface. In addition, the radiation grafting of organic additives
onto starch is shown to impede retrogradation efficiently, whereas aromatic
compounds resembling lignin monomers exert a protective effect against
radiation, by limiting the extent of chain scission.
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Chapter 16
BIODEGRADABLE AND BIOACTIVE POLYMERIC
COATINGS AND FILMS FOR FOOD PACKAGING:
PREPARATION, CHARACTERIZATION AND
APPLICATION
R.A. KHAN, K.D. VU, M. LACROIX
Institute Armand-Frappier,
Canadian Irradiation Center, University of Quebec,
Laval, Canada
16.1. INTRODUCTION
Petroleum based synthetic polymers have become a major class of materials
since their development during World War II. Packaging is one application
area that was revolutionized by synthetic polymers such as PE, polypropylene,
polystyrene, poly(ethylene terephtalate) and poly(vinyl chloride). These
polymers quickly found wide acceptance in different packaging applications
owing to attractive properties such as their flexibility, toughness, low weight,
processability and reasonable price [16.1–16.3]. Almost all foods, whether fresh
or processed, are enclosed in some form of packaging at the various stages of
their preparation, during handling and storage and on their way to the consumer.
The main function of packaging is to protect food from the outside environment.
However, the growing dependence on synthetic polymers has raised a number
of environmental concerns. Most plastic materials are not biodegradable and are
derived from non-renewable resources. The property of durability which makes
these materials so useful for various applications also favours their persistence
in the environment, thus generating difficulties for their disposal. The three
main strategies available for the management of plastic wastes are incineration,
recycling and landfill. Various drawbacks associated with these three end-of-life
options drive the plastics industry to search for other solutions [16.4–16.5]. The
increasing need for food quality while reducing packaging waste has encouraged
the exploration of new packaging materials, such as edible and biodegradable
films from renewable resources. The use of such materials with their reduced
environmental impact is expected to reduce the waste problem by exploiting
the potential of cheap renewable biomass feedstock (crops) and agro-industrial
by-products [16.6–16.8].
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16.2. BIODEGRADABLE POLYMERS
By definition, biodegradable polymers have the capacity to be broken
down into small molecules (such as carbon dioxide, water and methane) or
converted into biomass by microorganisms (bacteria or fungi) and/or by enzymes
when placed in a suitable environment [16.9–16.10]. Biodegradable polymers
are generally classified either as natural polymers (bio-polymers), which are
derived from renewable or natural resources, or as synthetic biodegradable
polymers (fossil or non-renewable), which are made synthetically from
petroleum. Bio-polymers can in turn be divided into three main categories based
on their origin and production [16.11]: (a) polymers derived from bio-polymers
e.g. polysaccharides such as starch and modified cellulose and proteins such
as casein and gluten; (b) polymers produced by classical chemical synthesis
using renewable bio-based monomers, such as PLA, and (c) polymers produced
by microorganisms or genetically modified bacteria. To date, this last group
of bio-based polymers consists mainly of the poly(hydroxyalkanoates), but
developments with bacterial cellulose are in progress.
The basic materials investigated for their potential use as edible and
biodegradable films and coatings in food packaging are those directly
extracted from biomass (marine, agricultural animals and plants). The principal
polysaccharides of interest for material production are cellulose, starch and
chitosan [16.11]. Proteins have functional side chains that are highly suitable for
chemical modification and tailoring properties required for packaging material.
Owing to this molecular diversity, proteins have considerable potential for the
formation of linkages that differ with respect to their position, nature and energy.
Proteins can be divided into proteins of plant origin (e.g. gluten, soy, pea and
potato) and proteins of animal origin (e.g. casein, whey, collagen and keratin). All
these bio-polymers are hydrophilic by nature and somewhat crystalline, which
are factors that cause problems, especially in relation to the packaging of moist
products. The excess of disulphide cross-linking and thermal degradation of
these polymers are also two main problems in their processing and performance.
On the other hand, these polymers produce materials with excellent gas barriers
[16.12].
The films described in this chapter are prepared from polysaccharides,
essentially chitosan, alginate, starch and cellulose derivatives, as well as from
two biodegradable synthetic polyesters, PLA and PCL.
16.2.1. Edible films and coatings for food applications

People have been covering food products since ancient times. Wax has
been used to delay the dehydration of citrus fruits in China since the twelfth
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century [16.13]. The application of coatings to meat to prevent shrinkage has
been a usual practice since the sixteenth century at the latest, when meat cuts
began to be coated with fats [16.14]. Vegetable and milk proteins were used to
obtain edible films to preserve fruits and vegetables, as well as eggs and fish
[16.15, 16.16]. In the 19th century, sucrose was initially applied as an edible
protective coating for nuts such as almonds and hazelnuts to prevent oxidation and
rancidness during storage. An important discovery was an edible coating that is
an aqueous emulsion of oil and different waxes, which, when fruits are coated
with it, improves their shine and colour, prevents softening and the onset of
mealiness, and is able to control water loss and ripening. Polysaccharides
such as alginates, collagen, carrageenan, cellulose ethers, pectin and starch
derivatives have also been used extensively for the preparation of coatings in
order to improve the quality of stored meat. Such edible films and coatings
developed during the past 40 years are described in many scientific papers
and patents [16.15–16.17].
Coatings are either applied to or made directly on foods whereas films are
independent structures that can wrap food after its manufacture. They are located
on the food surface or are thin layers between several parts within the product,
for example, between the fruits and the dough in a pie. Questions can be raised as
to whether edible packaging should be considered a food ingredient or whether
we should be more cautious and qualify it as a food additive. There is currently
no regulation in the European Community to specify how edible packaging has to
be classified. Foods are defined in the Codex Alimentarius as: “all raw, partially
treated or treated substances used for human nutrition and feeding”. This includes
drinks, chewing gum and all components used in the formulation, preparation,
making and treatment of foods, but does not include substances used as drugs and
cosmetics, or tobacco. According to this definition, edible coatings would qualify
as food. On the other hand, since they do not provide significant nutritional value,
edible coatings are more properly classified as food additives. In cases when an
edible coating is used in order to improve the quality of food, it could be regarded
as an ingredient. In such a case, the coating should be tasteless and not detectable,
or if this is not possible, the taste of the edible coating should be compatible
with the food. Although many functions of edible packaging are identical to those
of plastic films, particularly their barrier properties to gas, vapours and solutes,
their use strictly requires an over packaging, notably for handling and hygienic
reasons [16.18, 16.19]. Edible packaging and coating, being both food packaging
and a food ingredient, has to fulfil requirements for both of these two roles: good
mechanical and barrier properties; free of toxins; good physicochemical and
microbiological stability; good sensory qualities, made from low-cost materials
by a simple and environmentally friendly technology [16.15, 16.17, 16.18, 16.20,
16.21].
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Edible packaging must have some functional and specific properties.
Indeed, first of all it has to be selective towards mass transfers, but in some cases
it has active properties, or it can be both selective and active. In most cases, the
water barrier efficiency of films is desirable to retard the surface dehydration of
both fresh (meat, fruits and vegetables) and frozen products. The water absorption
that induces caking in food powder or the loss of crispness in dried cakes, for
example, could be delayed by coatings. The control of gas exchanges, particularly
of oxygen, allows better control of the ripening of fruits or a significant reduction
in the oxidation of oxygen sensitive foods and the rancidity of polyunsaturated
fats, for example. Organic vapour transfers have to be diminished with the aim
of retaining aroma compounds in the product during storage or to prevent solvent
penetration in foods, which can introduce toxicity or off-flavors. The penetration
of oil during frying and of sucrose or sodium chloride during osmotic dehydration
can be limited by an edible film.
One of the more interesting applications of edible films and coatings is
their use inside a composite food to control mass transfers between the different
compartments of the product, for example, in order to reduce water migration
in a pie. The effect of light and the effect of UV light that lead to free radical
reactions in foods could be reduced. In the latter case, the efficiency of the
film at preventing light effects can be improved by the addition of pigments or
light absorbers. Thus, when films are carriers or used for encapsulation of food
additives or ingredients, they are active.
Edible packaging can improve the mechanical properties of food to
facilitate handling and transportation. Sensorial characteristics such as colour,
shininess, transparency, roughness and sticking can be improved. Edible films and
coatings enable the protection or separation of small pieces or food portions for
individual consumption, or the isolation of pre-dosed quantities of food additives
or ingredients with the aim of facilitating the formulation and the preparation of
food in industrial plants. Functional efficiency strongly depends on the nature
of the components and the film’s composition and structure. The choice of film
forming substance and/or active additive is a function of the objective, of the
nature of the food product and of the application method. So lipids or hydrophobic
substances such as resins, waxes and some non-soluble proteins are the most
efficient for moisture transfer retardation [16.15, 16.22]. On the contrary, water
soluble hydrocolloids, such as polysaccharides and proteins, are not efficient
barriers against water transfer; however, their permeability to permanent gases is
often lower than those of plastic films. Moreover, hydrocolloids usually provide
higher mechanical properties to edible packaging than do lipids and hydrophobic
substances. Therefore, the advantages of all substances can be used in composite
films made from both hydrocolloids and lipids.
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Natural film forming substances, particularly proteins, require the use of
film additives, such as plasticizers, to improve film resistance and elasticity
and emulsifiers to increase the hydrophobic globule distribution in composite
emulsion based edible films. Different types of edible packaging can be
obtained as a function of the composition and manufacturing technique. Indeed,
homogeneous films with a smooth surface are obtained from homogeneous
solutions of polysaccharides or proteins, or from molten lipids. Their appearance
depends on the nature of the main component; for example, water soluble
cellulose derivatives give transparent and shiny films whereas gluten or casein
based films are coloured and unpolished. Some mixtures of proteins and
polysaccharides make homogeneous edible packaging if all components are
completely soluble in water or in a hydro alcoholic solution.
Composite packaging is defined as films or coatings whose structure is
heterogeneous, that is, composed of a continuous matrix with some inclusions,
such as lipid globules in the case of an emulsion, or solid particles in the case
of non-soluble substances (e.g. fibres or hydrophobic proteins), or composed of
several layers. Usually, multilayered films have better mechanical and barrier
efficiencies than emulsion based films and coatings, but their manufacturing
requires one step of spreading or lamination and drying for each layer. Therefore,
their use industrially does not seem very interesting because there are too many
steps in their making; emulsion based edible films provide nearly the same
properties but only require one operation in their preparation [16.23].
16.2.2. Biodegradable films for packaging
The purpose of developing biodegradable polymer films is to offer
commercially interesting replacement alternatives to existing synthetic,
non-biodegradable products for food packaging applications. Despite the number
of investigations under way relating to modified bio-polymers and blends, still
further research and development is needed before they become competitive to
the commonly used synthetic polymers [16.3]. Biodegradable packaging has the
advantage of being produced from renewable resources, being non-toxic and
degrading into non-polluting substances. Edible packaging is consumed with the
product, and therefore no disposal is required. At the same time, these materials,
like their synthetic counterparts, offer the possibility of layering, incorporating
additives (flavouring, colouring and sweeteners) and supplementing the
nutritional value of food.
Films can regulate the transfer of moisture, oxygen, carbon dioxide, lipid
and aroma and flavour compounds in food systems to increase product shelf life
and improve quality. The most common materials used to form edible films are
polysaccharides, proteins and lipid compounds. Many of these materials have
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good film forming properties. Films formed from polysaccharides are hydrophilic
and provide efficient barriers to oils and lipids, but their moisture barrier
properties are poor. Protein based films are highly interesting, as they confer
more potential functional properties. Many lipid compounds such as animal and
vegetable fats have been used to make edible films and coatings. Lipid films have
excellent moisture barrier properties but they can cause textural and organoleptic
problems due to their oxidation and waxy taste [16.5]. The properties of
bio-polymers and biodegradable polymer films depend on the raw material that
they are based on, the additives used and on the (chemical) modifications that
take place during production. Water vapour, oxygen permeability and tensile test
are the most frequently used methods to determinate film characteristics for food
packaging films [16.1–16.3].
16.3. BIOACTIVE FILMS FOR PACKAGING
Antimicrobial agents incorporated into edible films or coatings are released
onto the surface of food to control microbial growth. Such coatings can also serve
as a barrier to moisture and oxygen. The main cause of spoilage of many foods is
microbial growth on the product surface. The application of antimicrobial agents
to packaging can create an environment inside the package that may delay or
even prevent the growth of microorganisms on the product surface and thereby
lead to an extension of the shelf life and/or the improved safety of the product.
To control undesirable microorganisms in foods during storage and distribution,
antimicrobial substances can be either incorporated into food packaging materials
or coated onto the surface of food. Based on how effectively they influence
the food, antimicrobial films can be divided into two types. The first category
comprises films that contain an antimicrobial agent that migrates to the surface of
the food. The second category comprises films that are effective against surface
growth without any migration of the active agents to the food.
Both synthetic and naturally occurring compounds have been tested for
antimicrobial activity in packaging. Antimicrobial enzymes may be bound to
the inner surfaces of food contact films. Enzymes may be released into foods
from packaging materials where they would produce microbial toxins. Glucose
oxidase has exerted antimicrobial effects due to the production of hydrogen
peroxides [16.24]. Benzoate, sorbate, bacteriocins, essential oils and lysozymes
are also used as natural antimicrobial compounds [16.15, 16.25, 16.26].
Antimicrobial absorbent food pads are used in trays for meat packaged for retail
to soak up meat juice. Absorbent food pads that inhibit foodborne pathogens
contain an antimicrobial element comprising an anionic surfactant in the form of
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alkyl sulphonate salts, alkyl sulphate salts and one or more acids, such as citric
or malic acid.
Another possibility for antimicrobial films is to incorporate radiation
emitting materials into them. Japanese researchers have developed a material
that emits long wavelength infrared radiation on exposure to water or water
vapour. This is thought to be effective against microorganisms without any
of the risks associated with high energy radiation [16.27]. Future work in
antimicrobial films may focus on the use of biologically derived antimicrobial
materials that are either bound or incorporated into films and do not need to
migrate to the food to be effective. For example, a group of substances known
as bacteriocins, which are proteins derived from microorganisms such as nisin,
has been approved for food use [16.15, 16.24, 16.25]. Fresh foods may contain
microorganisms both on their surfaces and within. These microorganisms, if not
destroyed, lead to food spoilage. The prevention of food spoilage by inhibiting
or destroying microorganisms is the basis of food preservation. Different types
of antimicrobial agents are used in food packaging. Examples are essential oils,
chitosan, bacteriocins, weak organic acids, fungicides, enzymes and grapefruit
seed extract. A brief discussion is given below.
16.3.1. Essential oils
Essential oils and their components are becoming increasingly popular as
naturally occurring antimicrobial agents. The antimicrobial properties of thyme
essential oils are mainly related to their high phenolic content. The essential
oil of Sardinian Thymus [16.28] contains substances such as carvacrol and
thymol. Melaleuca alternifolia [16.29], Pelargonium and Cultivas [16.30],
Senecio graveolens (Compositae) [16.31], Picea excels [16.32] and Ocimum
gratissimum leaf [16.33] are showing popularity as sources of naturally occurring
antimicrobial agents. Ouattara et al. [16.34] evaluated the combined effect
of low dose gamma irradiation and protein based coatings with thyme oil and
trans-cinnamaldehyde to extend the shelf life of precooked shrimp. The product
shelf life was significantly extended without altering the appearance and taste of
shrimp for thymol treatment concentrations of up to 0.9%.
16.3.2. Chitosan
Chitosan is inherently antimicrobial and has been used in films and coatings.
Chitosan, a cationic polymer, promotes cell adhesion, as charged amines interact
with negative charges on the cell membrane causing leakage of intracellular
constituents [16.35]. Chitosan has been used as a coating and appears to protect
fresh vegetables and fruits from fungal degradation. Chitosan has two functions.
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It produces antifungal activity and acts as a barrier between the produce and
microorganisms [16.36]. Rhoades and Roller studied [16.37] the antimicrobial
activity of degraded and native chitosan against spoilage microorganisms. Mild
hydrolysis of chitosan resulted in improved inhibitory activity in saline and
greater inhibition of the growth of spoilage yeasts, whereas highly degraded
products of chitosan exhibited no antimicrobial activity.
16.3.3. Bacteriocin
The bacteriocin nisin has been used as an antimicrobial agent in foods since
the 1960s. Nisin, produced by the lactic acid bacterium, Lactococcus lactis, is
most effective in its antimicrobial activity against lactic acid bacteria and other
gram-positive organisms, notably the Clostridia species [16.38]. Recently, the
use of nisin in packaging materials has been attracting intense interest [16.39–
16.45]. Pediocin is another bacteriocin that was found to be effective against
L. monocytogenes. Ming et al. [16.46] applied nisin and pediocin to cellulose
casings to reduce levels of Listeria monocytogenes in meats and poultry. Pediocin
coated bags completely inhibited the growth of inoculated L. monocytogenes
during 12 weeks storage at 4°C.
16.4. NANOCOMPOSITE FILMS FOR PACKAGING
Recent advances in nanoscience and nanotechnology make it possible to
manipulate packaging materials at the level of atoms and molecules in order to
improve the products, particularly from the viewpoints of physical properties
and biological activity. Polymer nanocomposites traditionally include mineral
fillers in the range of 10–50% by weight (clay, silica or talc), incorporated into
the film during preparation. The properties of the nanocomposite film that can be
improved this way as compared with conventional polymer or composite films
include increased modulus, strength, solvent and heat resistance, and decreased
gas permeability and flammability [16.47].
However, the mechanical strength of the films in general decreases
when fillers are present [16.48]. Inclusion of nanocrystalline cellulose, carbon
nanotubes (CNTs), and chitin/chitosan nanofibres was shown to bring about
other improvements [16.49–16.52].
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16.5. PREPARATION AND CHARACTERIZATION OF BIODEGRADABLE
FILMS
Typically, for the preparation of biodegradable films, solution casting is
widely used, whereby solutions are cast on a support, allowed to dry, and the
formed film is then detached from the support. Compression moulding is also
used for the fabrication of thermoplastic biodegradable films. Examples of
bio-polymers (chitosan, methylcellulose and alginate) films were prepared
by solution casting from its 1% aqueous solution. The mechanical and some
barrier properties of these bio-polymer films are presented in Table 16.1. All the
bio-polymers are strongly hydrophilic in nature, so the water vapour permeability
(WVP) of bio-polymers is higher than that of synthetic polymers. The mechanical
properties of the films vary depending of the film composition and treatments
applied on film formulations [16.1, 16.53, 16.54].
TABLE 16.1. MECHANICAL AND BARRIER PROPERTIES OF BIO-POLYMERS

Polymer

Tensile
Tensile modulus Elongation at
strength (MPa)
(MPa)
break (%)

Oxygen
WVP (g·mm
transmission
−2
−1
·m ·d
rate (cm3. /
·kPa−1)
mm2·day)

Chitosan

65–80

1590–2000

6–10

4.0–4.0

0.8–1.4

MC

48–56

1200–1400

12–15

6.0–7.0

20–25

Alginate

57–80

2000–2200

10–12

5.0–6.0

1.0–1.5

PET a

75

2800

60

0.2

1

PE [16.1, 16.8,
16.53–16.55]

18

300

600

0.12

300

a

PET: Poly(ethylene terephthalate);

16.5.1. Effect of gamma radiation on chitosan films
All bio-polymer films are very susceptible to gamma radiation. It is reported
[16.53] that chitosan films lose 36.66% of their TS after exposure to 25 kGy
of gamma radiation. At a 5 kGy dose, the TS of chitosan films improved by
10%. At a low dose, some cross-links could have been formed between chitosan
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molecules and thus improved the TS of the films but at a higher dose, chitosan
molecules might be broken down and show lower strength. Similarly, the tensile
modulus (TM) of the chitosan films was reported to rise slightly from 450 MPa
to 478 MPa upon irradiation at 5 kGy, but decreased significantly at higher doses
(343 MPa at 25 kGy).
16.5.1.1. Effect of gamma radiation on alginate films
For alginate films, it was found that at lower absorbed doses (0.1–0.5 kGy),
the puncture strength (PS) and puncture deformation (PD) values increased
significantly (p ≤ 0.05). The increase of mechanical properties of alginate based
films at low absorbed doses (0.1–0.5 kGy) may be attributed to the generation
of free radicals and cross-linking of alginate molecules. However, at doses
higher than 1 kGy, both PS and PD values decreased significantly (p ≤ 0.05).
The decrease in PS and PD values may be due to chain scission when alginate is
exposed to gamma irradiation, as previously reported [16.54].
16.5.1.2. Effect of gamma radiation on methylcellulose based films
MC based films were exposed to γ radiation (60Co source) from 0.5–50 kGy
doses and PS, PD, viscoelasticity coefficient and WVP values of the films were
measured. The results are presented in Table 16.2.

TABLE 16.2. EFFECT OF GAMMA RADIATION ON THE MECHANICAL
PROPERTIES OF MC BASED FILMS [16.1, 16.55]
Dose
(kGy)

Puncture
strength
(N/mm)

Puncture
deformation
(mm)

Viscoelasticity
coefficient
(%)

WVP
(g ·mm ·m−2 ·d−1
·kPa−1)

0

146 ± 6

4.5 ± 0.2

41.2 ± 2.0

6.3 ± 0.2

0.5

144 ± 9

4.4 ± 0.2

40.2 ± 1.2

6.6 ± 0.3

1

145 ± 10

4.50 ± 0.1

41.0 ± 1.8

6.3 ± 0.2

5

146 ± 4

4.6 ± 0.1

38.9 ± 2.2

6.3 ± 0.1

10

140 ± 12

4.6 ± 0.1

35.4 ± 1.1

6.0 ± 0.3

25

132 ± 3

4.6 ± 0.1

34.4 ± 0.6

5.9 ± 0.1

50

124 ± 5

4.7 ± 0.1

32.2 ±1.2

5.8 ± 0.2
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The results show that up to a 10 kGy dose, no significant changes (p > 0.05)
were observed in PS and PD values. However, WVP and the viscoelasticity
coefficient decreased significantly (p ≤ 0.05) at doses ≥1 kGy and ≥5 kGy,
respectively. At a dose of 50 kGy, films lost 15% PS, 9% viscoelasticity
coefficient and 9% WVP, whereas a significant (p ≤ 0.005) increase of PD
(6%) was observed. Indeed, irradiation treatment may have affected the internal
structure of cellulose leading to a reduction of mechanical strength of the films
but improving the barrier and deformation properties significantly. In this
context, it is suggested that the action of gamma irradiation induced a decrease
in molecular weight that leads to a loss in film strength. The improvement in
barrier properties may be attributed to rearrangements and hydrogen bonding that
involves the new additional chain ends [16.1, 16.55].
16.6. PREPARATION OF BIODEGRADABLE FILMS BY COMPRESSION
MOULDING
Compression moulding is one of the main techniques for the preparation of
films. In this section, examples are shown of how to prepare biodegradable films
and how mechanical and other properties can be further enhanced. Additionally,
applications of monomers, grafting and irradiation on various films are discussed
together with the resultant properties.
16.6.1. MC reinforced PCL based biodegradable films
16.6.1.1. Mechanical properties
Compression moulding was used to prepare films from methylcellulose and
MC reinforced polycaprolactone. The MC content in the composite was 10–50%
by weight. The PS of PCL and MC based films was found to be 94 N/mm and
147 N/mm, respectively. Figure 16.1 shows the effect of MC content on the PS of
PCL based biodegradable films.
The incorporation of MC in a PCL matrix caused a significant increase of
PS (p ≤ 0.05). With 10% MC reinforcement, the PS of the films increased by
8.3% compared with PCL films (control). On the other hand, 20%, 30%, 40%
and 50% MC contents raised the PS of the films by 19%, 25%, 32% and 32%,
respectively. It is clear that PS values reach a plateau after 40% MC content in
PCL based films. Therefore, MC films acted as a reinforcing agent in a PCL
matrix. The PS values of the PCL based films were increased because of the
higher PS values of MC (147 N/mm) compared with the PS of PCL (94 N/mm).
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FIG. 16.1. Changes in puncture strength of composite films with absorbed dose [16.8].

No significant changes in PS values were observed after 40% MC addition,
which indicated saturation of the strength of the PCL/MC/PCL based films.
The PD values of PCL and MC based films were measured and were found
to be 7.84 mm and 4.46 mm, respectively. Figure 16.2 shows the effect of MC
content on the PD of PCL based composite films. A monotonous decrease of PD
values was observed with an increase of MC percentage in the PCL based films.
The incorporation of MC films caused a significant decrease of PD (p ≤ 0.05). For

FIG. 16.2. PD of the composite films [16.8].
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the addition of 10% MC film in the PCL matrix, the PD value of the composite
decreased to 34%. For the 50% MC content composite, it reached 4.23%, which
indicated a 59% decrease of PD values compared with PCL films. This is caused
by the low PD values of MC films compared with PCL films. It is clear that the
MC films had lower PD values than the PCL films did. At a higher content of
MC, which acts as a reinforcing material, the film tends to become somewhat
more rigid. This is a common observation in conventional composite materials.
Here, MC is acting as a reinforcing agent in PCL based composite films, so a
higher amount of MC can make the composites stiffer. The decreased PD values
may be related to the increased stiffness of the composite films caused by the
addition of MC films. The visco-elasticity (Y) coefficient values of PCL and MC
based films were found to be 19% and 41%, respectively [16.8].
Figure 16.3 shows the effect of MC content on the viscoelasticity coefficient
(Y) of the PCL based films. A continuous increase of Y coefficient values was
observed with an increase of MC percentage in the PCL based composite films.
For 50% MC content films, the Y coefficient value reached 31%, which is 63%
higher than PCL films but still lower than MC based films. Since MC films have
higher Y coefficient values, with increasing MC concentration, the Y coefficient
values of the films increased. The increase of Y coefficient values indicates the
flexibile nature of biodegradable films and seemed to increase proportionally
with MC content. This is a promising result because the PS of the films was also
improved. This is a rare combination in composite films. Generally, with a rise in
strength, the flexibility of the composite films decreases [16.8].

FIG. 16.3. Viscoelasticity coefficient of the composite films [16.8].
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16.6.1.2. Water vapour permeability
The water vapour permeability (WVP) of PCL and MC based films was
measured. The values of WVP for PCL and MC based films were found to be
1.51 g·mm·m−2·day−1·kPa−1 and 6.34 g·mm·m−2·day−1·kPa−1, respectively.
Figure 16.4 shows the effect of MC content on the WVP of the PCL based
biodegradable films.
The WVP values increased continuously with increased MC content in PCL
based films. The WVP of 10% MC content films was 1.6 g·mm·m−2·day−1·kPa−1
and reached 2.6 g·mm·m−2·day−1·kPa−1 for 50% MC composites, which is an
82% increase compared with PCL films. This can be explained by the higher
WVP of MC based films. Owing to the large amount of hydrogen bonds, most
bio-polymeric films are strongly hydrophilic, i.e. they are poor barriers to water
vapour. The presence of MC films in PCL based composites is responsible for
slightly higher WVP values compared with MC based films. But the important
finding is the drastic decrease in the WVP values of the composite films compared
with the MC based films. The 50% MC containing PCL based films gained much
higher (144%) barrier properties than MC based films. The fabricated composite
films consist of three layers. The upper layer is PCL, which is protective against
water vapour penetration, and this caused drastic reductions of WVP. The WVP
values indicated that the biodegradable PCL based films are excellent barriers.

FIG. 16.4. WVP of the composite films as a function of MC content [16.8].
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16.6.1.3. Oxygen transmission rate
The oxygen transmission rate (OTR) is defined as the quantity of oxygen
gas passing through a unit area of the parallel surface of a film per unit time
under a predefined partial pressure of oxygen, temperature and relative humidity.
The transfer of oxygen from the environment to food has an important effect
on food quality and shelf life. Oxygen causes food deterioration such as lipid
and vitamin oxidation, leading to sensory and nutrient changes. OTR is very
important since oxygen gas influences the rates of oxidation and respiration in
the enclosed food, which may be, for example, fruits and vegetables. Figure 16.5
represents the OTR of PCL, MC based films and composite (50% MC based
film content). It is clear that PCL based films displayed a much higher OTR
than did the native PCL and MC based films. Generally, synthetic polymers
(PCL, polypropylene, PE, etc.) have higher OTR values than bio-polymers
(chitosan, MC, whey protein, alginate, etc.). Owing to their large amount of
hydrogen bonds, bio-polymer films are hydrophilic, which makes them excellent
barriers to non-polar substances, such as oxygen. Biodegradable composite films
fabricated using PCL and MC showed very promising results. It is clear that
composite film has an even lower OTR than MC based films, which indicates a
better interface between MC and PCL. This interface, as well as the use of MC
film within the composite, decreases the OTR of composite films compared with
PCL or bio-polymeric films (MC based films) when they are used as a reinforcing
agent.

FIG. 16.5. OTR of the constitutive composite films [16.8].
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16.6.1.4. Degradation tests of the composite films
Degradation tests performed on the composite films (50% MC content)
were carried out in a static water bath at room temperature (25°C) for different
time periods. After certain periods of time, samples were taken out from the
bath and wiped using tissue paper, and their mechanical properties were then
measured. Figure 16.6 shows the loss of PS of the films after degradation in
aqueous medium.
It seems that the PS of the films declined continuously with time during
aqueous degradation. After two weeks, the PS of the films had decreased to 8%,
while after 4 and 6 weeks, the films had lost 11% and 12%, respectively. The
reduction of strength occurred because of the presence of MC based films; MC
is strongly hydrophilic and rapidly degradable in nature. Water diffused at the
cutting edges of the composite samples and the MC films started to swell out
very slowly. Hydroxyl (–OH) is one of the important functional groups in MC,
and causes the formation of a large amount of hydrogen bonds in the presence of
water and induces their swelling. After six weeks of aqueous degradation, the PS
of the composite reached 109.4 MPa, which is still higher than the PS of PCL. This
is a very good sign that the composites retained a major fraction of their strength
after six weeks, which is likely to be due to the use of MC films as they are
readily soluble in water. The PD, Y coefficient and WVP of the degraded samples
were also investigated. After six weeks, the PD values of the composite films
reached 5.40 mm, which is 67% higher than the PD of the non-degraded samples.

FIG. 16.6. The loss of PS of the composite films after degradation in deionized water
at 25°C [16.8].
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On the contrary, the Y coefficient values were reduced to 17% from 31%. This is
caused by the degradation of the MC based films included in the composites. The
values of PD and Y coefficient of the degraded composite samples were found
to be close to the PCL films. After six weeks of aqueous degradation, the films
were shown to lose mass. The results are shown in Fig. 16.7 [16.8]. After 2, 4
and 6 weeks, composite films lost 5.5%, 8.9% and 14.4% of their original mass
(i.e. weight), respectively. The WVP values of the degraded samples increased
to 26%, which indicates reduced barrier properties compared with non-degraded
composite films. The MC based films, which are used as the reinforcing agent, is
responsible for the weight loss of the composite samples.

FIG. 16.7. Mass loss of the composite films after degradation in deionized water at 25°C [16.8].

16.6.2. Modification of bio-polymeric films using monomers and gamma
radiation
16.6.2.1. Effect of silane monomer on the mechanical properties of chitosan
films and PCL based composites
Figure 16.8 represents the effect of gamma radiation on the TS values of
chitosan films (without silane) and silane (0.25% w/w) grafted chitosan films
(with silane). For chitosan films (control), the TS was found to be 30 MPa.
When chitosan films were exposed to gamma radiation, the strength of the
films improved significantly up to 5 kGy (33 MPa at 5 kGy) and then decreased
(19 MPa at 25 kGy). But all the silane grafted films showed significantly higher
TS values than the control sample [16.56].
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FIG. 16.8. The TS of unmodified chitosan (●) and silane grafted chitosan (▲) films as a
function of gamma radiation dose [16.56].

The highest TS value (44 MPa) was observed at 10 kGy. At 25 kGy, the
TS of the films reached 41 MPa, which is still significantly higher than the
TS of the control sample. Thus, it is clearly observed that the TS of the silane
grafted chitosan films was improved significantly by gamma radiation. The
silane undergoes a condensation reaction with the naturally occurring hydroxyl
group on the chitosan, which improved the TS values. Cross-linking and chain
scission occurred when polymers are irradiated using gamma radiation. Thus,
with higher radiation dose, there are more possibilities of grafting between silane
and chitosan. As a result, the TS values of the silane containing films increased.
Higher radiation doses were responsible for the degradation of the films and
hence a decrease of the TS values was observed. Figure 16.9 showed the effect
of gamma radiation on TM values of chitosan and silane grafted chitosan films.
The TM of the chitosan films was found to be 450 MPa [16.56].
The irradiated chitosan films reached 478 MPa at 5 kGy dose and were then
found to decline, but silane coupled chitosan films gained significantly higher TM
values compared with the control sample. The highest TM values were 590 MPa
at 10 kGy for silane grafted chitosan films, which were then found to slightly
decrease with further radiation dose. Improvement in the TM values of the silane
composite films is due to the increased cross-linking between the hydroxyl group
of chitosan and the amino group of silane with the applied radiation dose.
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FIG. 16.9. Effect of gamma radiation dose on the TM of unmodified chitosan (●) and silane
grafted chitosan (▲) films [16.56].

16.6.2.2. Mechanical properties of the PCL based insoluble composite films
Figure 16.10 shows the effect of silane on PCL based composites. The
silane-containing chitosan film reinforced PCL based composites (the silane
content is 0.25% w/w, at 10 kGy) was compared with chitosan film reinforced
PCL based composites. It was found that the composites that included silane
underwent a significantly higher increase in TS values than did the composites
that did not include silane. At 20% (w/w) chitosan content, the TS value of
the PCL based composite was found to be 18 MPa but a value of 22 MPa was
observed for the silane composites. The highest TS values were observed at
20% chitosan content. With the increase of chitosan content, the TS values of
the composite films showed significant improvement. Improvement in the TS
values of the composite films is due to the higher TS value of chitosan (30 MPa)
compared with PCL (12 MPa). Chitosan therefore acts as a reinforcement agent
in the composite films. Again, chitosan is strongly hydrophilic and PCL is
strongly hydrophobic, which attributes to the poor interfacial adhesion between
them. However, when a silane coupling agent was added, the surface of chitosan
films were covered by a silane network through oxane bonds with the chitosan
surface. This silane bridge improves the adhesion between chitosan and PCL in
the silane composite. Thus, silane improves the interfacial adhesion between PCL
and chitosan and enhances the strength of films significantly [16.56].
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FIG. 16.10. Effect of chitosan content on the TS of two series of PCL based composite
materials, one without silane content (●) and the other including silane (▲) modification (0.25
% w/w in aqueous media); both were subject to irradiation at 10 kGy [16.56].

16.6.3. Nano biocomposite films
16.6.3.1. Mechanical and barrier properties of PCL based composite films
reinforced with CNTs and the effects of gamma radiation
(a)

The effect of CNT on the mechanical properties of PCL based biodegradable
films

CNTs were mixed by blending with melted PCL and films were then formed
by compression moulding. The TS of PCL was found to be 16 MPa. The addition
of a minute amount of CNT significantly (p ≤ 0.05) improved the TS values of
PCL films. Figure 16.11 shows the effect of the addition of CNT on the TS of
PCL films. With 0.05%, 0.1%, 0.2% and 0.5% (by wt) incorporation of CNT, the
TS values reached 20 MPa, 29 MPa, 37 MPa and 41 MPa, respectively. A mere
0.2% wt addition of CNT caused a 131% improvement in the TS of PCL films.
The drastic improvement of strength of PCL occurred owing to the addition of
CNT, which has a very high strength (1−2 GPa). The reinforcing effect of CNTs
was due to the strong interfacial interaction between the polymer matrix and the
CNTs.
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FIG. 16.11. TS of the composite films [16.57].

Similarly, the TM of PCL films was also improved by the incorporation of
CNT. Figure 16.12 shows the effect of CNT content on the TM values of PCL
films. The TM of PCL film was found to be 156 MPa. The incorporation of CNT
into PCL films caused a significant (p ≤ 0.05) enhancement of the modulus. At
0.05%, 0.1%, 0.2% and 0.5% (by weight) CNT content PCL films, the TM values
were found to be 173 MPa, 181 MPa, 193 MPa and 206 MPa, respectively. Thus,
by incorporating only 0.2% CNT, the PCL films underwent a 24.71% increase
of TM values. The increased TM values of the CNT reinforced PCL films may
be attributed to the increased stiffness of the films caused by the addition of
CNT. Moreover, the increased TM values indicated a better dispersion of the
CNTs in PCL matrix. The ‘elongation at break’ (Eb) of PCL was found to be
555%. With the incorporation of CNT, the Eb values of PCL films were also
significantly enhanced (p ≤ 0.05). Figure 16.13 illustrates the effect of CNT on
the Eb (%) values of PCL films. With 0.05%, 0.1%, 0.2% and 0.5% (by weight)
incorporation of CNT, the Eb values reached 760%, 910%, 1047% and 1215%,
respectively. This investigation clearly reveals that CNTs caused a significant
increase in the mechanical properties of PCL films. This is a rare combination in
that all of the tensile properties (TS, TM and Eb) of the PCL films significantly
improved with the addition of CNT. During the melt blending process, the
CNTs were dispersed homogeneously within the matrix PCL and, as a result,
strong interfacial interaction ocurred between CNTs and PCL and improved the
mechanical properties of the film [16.57].
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FIG. 16.12. Tensile modulus of the composite films [16.57].

FIG. 16.13. Eb (%) of the composite films [16.57].

(b)

Water vapour permeability (WVP)

The WVP of PCL films and CNT reinforced PCL based composites were
measured. The WVP for PCL films was 1.51 g·mm·m2·day−1·kPa−1. Figure 16.14
shows the effect of CNT content on the WVP of the PCL based composites.
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The values of WVP decreased continuously with the increase of CNT in
PCL based films. The WVP values of 0.05%, 0.1%, 0.2% and 0.5% (by wt) CNT
reinforced PCL films were 1.40, 1.22, 1.08 and 0.92 g·mm·m−2·day−1·kPa−1,
respectively (Fig. 16.14). With a 0.2% CNT addition to PCL films, the WVP
decreased to 39%, which indicates improved barrier properties. The presence
of nanotubes in CNT is thought to increase the tortuosity in PCL based
composite films leading to slower diffusion processes and hence to a lower
permeability [16.57]. The barrier properties are enhanced if the filler is less
permeable and has a good dispersion into the matrix. In the present study, the
interactions of CNT with PCL may have enhanced the water vapour barrier.
This can also be explained by the strong hydrophobic character of CNTs. Owing
to the higher amount of hydrogen bonds, most of the biodegradable polymeric
films are hydrophilic, and this is why they are poor barriers to water vapour. The
presence of CNTs in PCL based composites is responsible for lower WVP values
compared to control PCL films. The WVP values of the composites indicated that
they form excellent barriers to water vapour.
(c)

OTR of PCL and composites

The OTR of PCL and CNT reinforced composite films was measured.
Figure 16.15 shows the OTR of PCL, and CNT incorporated PCL films.
Composite films containing CNTs showed much lower OTR values than
PCL films. The OTR value of PCL film was found to be 175 cm3·m−2·day−1.

FIG. 16.14. Effect of CNT on WVP of PCL [16.57].
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FIG. 16.15. Effect of CNT on OTR of PCL [16.57].

Incorporation of 0.05%, 0.1%, 0.2% and 0.5% (by wt) CNTs in PCL films
decreased OTR values to 145%, 101%, 84% and 55 cm3·m−2·day−1, respectively.
Therefore, 0.2% CNT reinforced PCL based composites showed a 68% reduction
in OTR. OTR is explained in Section 16.6.1.3. The addition of CNT to PCL
created a barrier to non-polar substances, such as oxygen, and as a result, the
OTR values decreased [16.57].
(d)

Effect of CNT on carbon dioxide transmission rate (CO2TR)

The carbon dioxide transmission rate (CO2TR) value of PCL film was 1170
cm3·m−2·day−1. The composite films containing 0.1%, 0.2% and 0.5% CNTs
showed 1430 cm3·m−2·day−1, 2300 cm3·m−2·day−1 and 2734 cm3·m−2·day−1.
Figure 16.16 shows the CO2TR of PCL and CNT reinforced composite films. It
is clear that CNT containing composite films showed higher CO2TR values than
did the PCL films. The addition of only 0.2% CNT to PCL caused a 49% increase
in CO2TR values. It is to be noted here that modified atmosphere packaging has
gained considerable popularity over the last decades as a modern non-thermal
method of food preservation. The proper combination of gases (carbon dioxide,
nitrogen and oxygen) in the headspace of food packs results in suppression of the
microbial flora of perishable foods developed under aerobic conditions and with
retention of their sensorial attributes. Therefore, CO2TR is as important as OTR.
The CO2TR of bio-polymers is low because of its strong hydrophilic nature,
but the CO2TR of synthetic polymers is very high. The CO2TR of high density
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FIG. 16.16. Effect of CNT on CO2TR of PCL [16.57].

PE is 17 470 cm3·m−2·day−1. This is because synthetic polymers are strongly
hydrophobic and are therefore less of a barrier to non-polar gases such as carbon
dioxide. When CNT was added to PCL, the CO2TR was improved because the
composite was more hydrophobic in nature and thus the CO2TR was enhanced
[16.57].
(e)

Effect of gamma radiation on PCL and composite films

The PCL films and CNT (0.2%) reinforced PCL based composites were
exposed to gamma radiation at 2–25 kGy. The TS, TM and Eb of PCL and
composite films were measured. The results are presented in Figs 16.17–16.19.
It was found that gamma radiation had a significant influence on the strength of
PCL and composites (Fig. 16.17). The TS of PCL film was found to be 16 MPa
but 10 kGy irradiated films reached 28 MPa, which is 75% higher than the control
sample. After the 10 kGy dose, the TS values decreased and reached 22 MPa at
25 kGy dose, which is still higher than the control sample. The TS of composite
(0.2% CNT reinforced) film was 37 MPa but the strength of the films improved
significantly (41 MPa) after irradiation at 15 kGy. The TS value of the irradiated
film improved to 11% which is much less than that PCL films (75%). Similarly,
the TM values of PCL films improved significantly due to exposure of irradiation.
The results are depicted in Fig. 16.18. The highest TM value was observed at 10
kGy. The TM values of composites improved up to a 15 kGy dose, then slightly
decreased and reached 270 MPa at 25 kGy. The irradiated PCL films gained 76%
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FIG. 16.17. Effect of gamma radiation on TS of PCL and composites [16.57].

FIG. 16.18. Effect of gamma radiation on TM of PCL (▲) and composites (●) [16.57].

higher TM values at 10 kGy than did the control PCL films. On the other hand,
composites gained 61% higher TM values at 15 kGy dose than their counterpart
control composite. An unexpected result was observed for Eb (%) values. With
the rise of TS and TM values, the Eb values of the PCL films and composites
also increased with the increase in radiation dose. The effect of gamma radiation
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on Eb values of PCL and composites are presented in Fig. 16.19. Both PCL and
composites achieved higher Eb values than their control counterpart samples.
The maximum Eb values were obtained at 15 kGy dose for PCL and composites
[16.57].
From this investigation, it is clear that gamma radiation has a strong
role in the improvement of the mechanical properties of PCL films. The CNT
reinforced composites showed a positive trend of enhancement of mechanical
properties but the intensity is much lower than that of PCL. The nanotubes from
CNT may hinder the cross-linking of PCL and thus reduce the strong influence
of irradiation for CNT reinforced composites. It is reported that when polymeric
materials are subjected to gamma radiation, radicals are produced on the main
chain by hydrogen and hydroxyl abstraction. Gamma radiation also breaks some
carbon–carbon bonds and produces radicals. Chain scission may also take place
to form other radicals.
Gamma radiation produces various types of reactive species in polymers
during irradiation treatment. Peroxides are produced when polymers are
irradiated in the presence of oxygen. In this investigation, irradiation was
carried out in presence of oxygen. Therefore, the peroxides produced may react
with PCL and could produce PCL diperoxides and PCL hydroperoxides by a
radical chain reaction process. The reaction occurs in three steps: activation,
propagation and termination. It is also reported that the effect of gamma radiation
on polymers (such as PCL) produces ionization and excitation, and as a result
some free radicals are produced. The polymers may undergo cleavage or scission

FIG. 16.19. Effect of gamma radiation on Eb of PCL (▲) and composites (●) [16.57].
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(i.e. the polymer molecules may be broken into smaller fragments). Subsequent
rupture of chemical bonds yields fragments of the large polymer molecules. The
free radicals thus produced may react to change the structure of the polymer
and also the physical properties of the materials. Cross-linking may also occur
(i.e. the molecules may be linked together into large molecules) [16.57].
Gamma irradiation also affects the polymeric structure and can produce
active sites. Gamma irradiation of PCL may result in cross-linking which
produces higher mechanical properties up to a certain dose. Active sites inside
the polymer might be also produced by the application of gamma radiation.
However, at higher doses of gamma radiation, chain scission may dominate over
cross-linking reactions, resulting in a decrease of mechanical properties after a
certain dose. The barrier properties of non-irradiated and irradiated (10 kGy) PCL
and composites (0.2% CNT reinforced) were also measured. The WVP of PCL
film was found to be 1.51 g·mm·m−2·d−1·kPa−1, but the WVP of irradiated PCL
decreased to 1.32 g·mm·m−2·day−1·kPa−1, which is 13% less than that of control
PCL film. Similarly, the WVP of 0.2% CNT reinforced PCL based composites
showed 9% lower values following irradiation at 10 kGy. The values of WVP for
unirradiated and irradiated composites were 1.08 and 0.98 g·mm· m−2·d−1·kPa−1.
So, gamma radiation improved the water vapour barrier properties by reducing
the WVP values. It is expected that during irradiation of PCL and composites,
cross-linking of PCL molecules can happen and thus improve the water vapour
barriers. It is reported that active sites inside the polymeric matrix might be
produced by the application of gamma radiation and, as a result, more cross-linked
structures may form and thus improve the mechanical and barrier properties
[16.57]. A dramatic result was observed for OTR. The OTR of the irradiated (10
kGy) PCL increased to 224 cm3·m−2·day−1 from 175 cm−3·m−2·day. On the other
hand, the OTR of the irradiated (10 kGy) PCL based composite (0.2% CNT)
increased to 152 cm3·m−2·day−1 from 136 cm3·m−2·day−1. Similarly, the CO2TR of
irradiated PCL and composites were also improved. The CO2TR of the irradiated
PCL (10 kGy) increased to 1440 cm3·m−2·day−1 from 1170 cm3·m−2·day−1, and
the CO2TR of the irradiated (10 kGy) composite increased to 1830 cm3·m−2·day−1
from 1710 cm3·m−2·day−1. PCL is partly crystalline, and during irradiation
treatment structural changes may occur within it. Both oxygen and carbon dioxide
are non-polar in nature but PCL is polar. Active sites can form in PCL during
gamma radiation and chain scission may also occur. As a result, crystallinity can
decrease and the amorphous nature of PCL may improve [16.57], which may
help the passage of more oxygen and carbon dioxide.
Mechanical and barrier properties of modified methylcellulose (MC)
films containing cellulose nanocrystals (CNC). A preliminary study showed
that the utilization of 0.1% trimethylolpropane trimethacrylate (TMPTMA)
(as a monomer that function as a cross-linking agent) in methylcellulose (MC)
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based films and the application of an irradiation dose of 5 kGy were effective for
producing films with the highest TS and TM. Thus, cellulose nanocrystals (CNC)
at different concentrations (0%, 0.025%, 0.25% and 1.0%, w/w in aqueous
solution) were incorporated into MC based films containing 0.1% TMPTMA.
The impacts on mechanical and barrier properties on the films were evaluated.
The effect of the irradiation dose (0.1 kGy, 0.5 kGy, 1.0 kGy, 5.0 kGy and 10
kGy) on MC based films was also considered since radiation is required for the
initiation of the polymerization reaction between TMPTMA and MC.
(a)

The impact of CNC incorporation on TS and TM of MC based films

The impact of CNC at different irradiation doses on the TS of MC based
films is presented in Fig. 16.20.
It can be observed that without CNC (0%, w/w), increasing irradiation
doses from 0.1 to 5 kGy caused an increase in the TS of the MC based films from
37.9 MPa (at 0.1 kGy) to the maximum value of 48.2 MPa (at 5 kGy). There
was a slight decrease in the TS (46.2 MPa) of MC based films when applying an
irradiation of 10 kGy, which could be due to the degradation and or deformation of
the bio-polymer caused by the high dose treatment. In fact, Shahabi-Ghahfarrokhi
et al. [16.58] also observed that irradiation at a high dose of 9 kGy could destroy

FIG. 16.20. Impact of incorporation of CNCs on TS of the MC based films [16.2].
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the crystalline structure of kefiran bio-polymer and produce a mixture of oligo-,
di- and monosaccharides. It is known that the decrease in the crystallinity of the
polymer leads to a decrease in the TS of the film [16.59].
It is of interest to see that increasing CNC concentration in MC based films
caused an increase in the TS of the films. For example, at a low irradiation dose
of 0.1 kGy, the addition of 0.025% CNC caused a significant increase (p ≤ 0.05)
in the TS of the films, from 37.9 MPa (without CNC) to 52.45 MPa, which is
equal to an increase of 38.4% in the TS. The incorporation of 0.25% CNC into
MC based films only caused a slight increase in the TS value (55.3 MPa) as
compared with that of 0.025% CNC. A further increase of CNC at 1.0% did not
cause a significant increase (p > 0.05) in TS compared with that caused by 0.25%
CNC. The reason for this may be the aggregation of CNC particles after a certain
concentration is reached, which results in a lack of further improvement of the
TS value [16.60].
Similar patterns of TS were observed at higher irradiation doses of 0.5 kGy,
1.0 kGy, 5.0 kGy and 10.0 kGy. There was a significant increase in the TS of the
films when 0.025% CNC was incorporated, and the TS further increased slightly
at 0.25% CNC and finally reached a plateau thereafter (Fig. 16.20). It can be
observed that there were no significant differences among the TS values of the
films irradiated at 1.0 kGy, 5.0 kGy and 10.0 kGy when CNC was incorporated
into MC based films at concentrations of 0.25% or 1%. Thus, incorporation of
0.25% CNC and irradiation at 1 kGy can be considered suitable conditions to
produce film with a high TS (69 MPa). Under this condition, the TS value was
increased by 81% compared with that of MC based film without CNC that was
irradiated at 0.1 kGy. CNC has an important role as a reinforcing agent, which
has been demonstrated by several studies. For example, Dhar et al. [16.61]
incorporated 1% CNC with different polymorphs (CNC I, CNC II and CNC: 1 →
2) into PLA films and found that CNC I, CNC II and CNC: 1 → 2 could improve
the TS of the films by 34%, 72% and 74%, respectively, compared with PLA
film alone. Khan et al. [16.60] also observed that the incorporation of CNC into
chitosan improved the TS of the films. The authors found that incorporation of
1%, 3%, 5% and 10% CNC into chitosan film improved the TS of the films by
8.8%, 16.5%, 25.3% and 24%, respectively, compared with the control.
In the case of TM (Young modulus), a similar pattern to TS was obtained.
Without CNC incorporation in MC based films, increasing the irradiation dose
from 0.1 kGy to 5 kGy caused an increase in TM from 1446 MPa to 1791 MPa.
A further increase in the irradiation dose to 10 kGy caused a decrease in the TM
of the films. As mentioned above, the decrease in the TM of the MC based film
(1522 MPa) at 10 kGy could be due to the degradation or deformation of the
bio-polymer caused by the high dose of radiation [16.58].
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Similar to TS, increase the concentration of CNC in MC based films caused
an increase in the TM of the film. However, irrespective of irradiation doses, there
was no significant difference (p > 0.05) in TM values between 0.25% and 1.0%
CNC added to the MC based films. Similar to the values found for TS above,
the incorporation of 0.25% CNC into MC based film is a suitable concentration.
With 0.25% CNC added, the TM values of films irradiated at 0.1 kGy, 0.5 kGy,
1.0 kGy, 5.0 kGy and 10 kGy were 1978 MPa, 2071 MPa, 2149 MPa, 2202 MPa
and 2132 MPa. The increase in TM values was also observed in the study of
Khan et al. in which CNC was incorporated into chitosan film [16.60]. Thus,
the results confirm that the incorporation of CNC could improve the mechanical
properties of the MC based films.
(b)

Impact of CNC incorporation on Eb of MC based films

Profiles of Eb of the MC based films at different CNC concentrations are
presented in Fig. 16.21. Without incorporated CNC, the Eb value was increased
from 14.4%, when MC based films were irradiated at 0.1 kGy, to 24.7%, when
irradiated at 5 kGy; however, at 10 kGy, the Eb value was reduced to 18%. This
fact is similar to the observations made of the TS and TM of the film which

FIG. 16.21. Impact of incorporation of CNC on elongation at break of the MC based films [16.2].
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might be related to degradation and/or deformation of the bio-polymer at high
irradiation dose.
Higher Eb values were obtained when 0.025% CNC was incorporated
into the MC based films and irradiated at all doses, except at 5 kGy there was a
decrease in the Eb value compared with that of the film without CNC; however,
the difference was not significant (Fig. 16.21). It is of interest to find that the
highest Eb value (32%) was obtained in MC based film containing 0.025%
CNC and irradiated at 0.5 kGy. This means that at low concentrations of CNC
and under low dose irradiation, a better network might be created among the
CNC, methylcellulose and cross-linking agent (TMPTMA) which would help to
improve the elongation properties of the film.
However, it can be observed that increasing CNC concentration to 0.25%
and 1.0% in the MC based films caused a significant decrease in Eb values,
irrespective of irradiation dose (Fig. 16.21). The possible reason could be that
at high concentrations of CNC, the films become more brittle and stiff, reducing
their elasticity. Or there may be a strong intermolecular force between CNC
and methylcellulose which prevents the motion of the polymer [16.62]. Future
study may need to evaluate the impact of concentration of plasticizers (glycerol
or polyols) required to improve the Eb of the films containing 0.25% CNC
concentration since at this concentration, films have good properties in TS and
TM, as presented above.
(c)

Impact of CNC incorporation on WVP of MC based films

The impact of CNC at different irradiation doses on the WVP of MC based
films is presented in Fig. 16.22. Without CNC incorporation, the WVP of the MC
based films was from 5.3 to 5.9 g·mm·m−2·d−1·kPa−1. Incorporation of 0.025%
CNC into the film caused an increase in the WVP of the films that were irradiated
at 1 kGy, 5 kGy and 10 kGy; however, in cases of irradiation at low doses
(0.1 kGy and 0.5 kGy), there were no significant changes in the WVP of the films
(Fig. 16.22). The exact reason for this is not known. It is possible that at high
irradiation doses, the structure of the bio-polymer might be changed (decreasing
the level of crystallity) and with CNC added at a low concentration (0.025%), it
was not able to improve the barrier properties of the films.
However, it is of interest to observe that, irrespective of irradiation dose,
increasing the CNC concentration in the MC based films improves the barrier
properties of the films (lower WVP values compared with CNC at 0.025%)
(Fig. 16.22). The lowest WVP values were obtained with MC based films
containing 1% CNC and irradiated at 0.5 kGy. The results confirm that CNC
functioned as a reinforcing agent to improve the prevention of the diffusion of
water through vapour. The results are also in accordance with other studies that
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FIG. 16.22. Impact of incorporation of CNC on WVP of the MC based films [16.2].

demonstrated that the incorporation of CNC could improve the barrier properties
of bio-polymeric films [16.60–16.62].
16.7. APPLICATION OF COMBINED TREATMENT OF IRRADIATION
AND ANTIMICROBIAL COATINGS FOR REDUCTION OF FOOD
PATHOGENS IN BROCCOLI FLORETS
The effect of combined treatment of antimicrobial coatings and irradiation
on the sensitivity of Listeria monocytogenes has been studied [16.63]. D10 values
for L. monocytogenes in control samples and in samples coated with film
without antimicrobial agents (FWA) were 0.40 kGy and 0.42 kGy, respectively
(Table 16.3). The coating of broccoli florets with organic acids plus lactic
acid bacteria (LAB) metabolites (A-LAB), organic acids and citrus extract
(A-C), organic acids, citrus extract and spice mixture (A-C-S), and organic
acids and rosemary extract (A-R) caused a decrease in the D10 values of L.
monocytogenes (Table 16.3). The lower D10 values indicate the higher sensitivity
of L. monocytogenes to irradiation treatment (or increasing radiosensitivity). The
relative sensitivities (D10 value of control/D10 value of treatment) of 1.36, 1.31,
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1.45 and 1.34 were obtained for the antimicrobial coatings containing A-LAB,
A-C, A-C-S and A-R formulations. The results demonstrated that antimicrobial
coatings can be used to improve antibacterial effect against L. monocytogenes.
TABLE 16.3. D10 VALUES FOR SELECTED FOODBORNE PATHOGENS
ON BROCCOLI FLORETS COATED WITH VARIOUS ANTIMICROBIAL
FORMULATIONS [16.63]
D10 (kGy)
Bacteria

Control

FWA

A-LAB

A-C

A-C-S

A-R

L. monocytogenes

0.40 ±
0.05

0.42 ±
0.03

0.29 ±
0.09

0.30 ±
0.03

0.27 ±
0.10

0.30 ±
0.06

E.coli

0.38 ±
0.06

0.34 ±
0.11

0.20 ±
0.04

0.16 ±
0.10

0.24 ±
0.03

0.23 ±
0.10

S. Typhimurium

0.50 ±
0.10

0.60 ±
0.01

0.21 ±
0.12

0.29 ±
0.01

0.28 ±
0.07

0.25 ±
0.03

Note: Values are means ± standard deviations.

D10 values of 0.38 kGy and 0.34 kGy were observed for Escherichia coli
in control samples and for samples coated with FWA, respectively (Table 16.3).
All the bioactive coatings caused either a decrease in the D10 value of E. coli
to irradiation treatment or an increase in the radiosensitivity of E. coli. The
D10 values of E. coli in the samples coated with A-C-S, A-R, A-LAB and A-C
corresponded to the increase in sensitivity of E. coli to irradiation by 1.60, 1.64,
1.95 and 2.39 times compared with the control without antimicrobial coating.
It is of interest to observe that coating of the broccoli sample with a mixture
of organic acid and citrus extract (A-C) was the most effective way to reduce
the growth of E. coli. It was also found that E. coli was more sensitive than
L. monocytogenes towards combined irradiation and antimicrobial coatings.
D10 values were observed for Salmonella Typhimurium and are shown in
Table 16.3. It is not known why the coating of broccoli samples with FWA caused
an increase in the D10 value of S. Typhimurium (or a decrease in the sensitivity of
S. Typhimurium to irradiation treatment). It is possible that coating components
might protect S. Typhimurium during γ irradiation treatment. D10 values of S.
Typhimurium corresponded to the increase in sensitivity of S. Typhimurium
to irradiation by 1.73, 1.77, 1.96 and 2.40 times. The antimicrobial coating
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containing A-LAB was the most efficient formulation for eliminating
S. Typhimurium from broccoli florets.
16.8. ADDITIONAL COMMENTS
Bio-polymeric (chitosan, methylcellulose and alginate) films were prepared
by solution casting and their mechanical and barrier properties were evaluated.
The TS and TM of the bio-polymeric films are higher than the corresponding
values for synthetic non-biodegradable polymeric films. On the other hand, the
Eb of synthetic polymers is higher than that of bio-polymeric films. All of the
bio-polymers are strongly hydrophilic in nature, so the WVP of the bio-polymers
is higher. But the OTR of the bio-polymeric films is very promising as it was
much lower than that of synthetic polymers.
When irradiated at low gamma absorbed doses, bio-polymers become
cross-linked and their mechanical properties improve slightly. But at higher
doses, bio-polymeric films lose their strength. At a 5 kGy dose, the TS of
chitosan films improved to about 10% but at 25 kGy, the TS values were reduced
significantly (Fig. 16.8). At a low dose, chitosan molecules could cross-link
and thus improve the TS of the films but at a higher dose, chitosan molecules
are broken down and the films therefore showed lower strength. All of the
irradiated bio-polymeric films (up to 25 kGy) had better barrier properties than
the unirradiated ones. Vinyl monomers were grafted with these bio-polymers
using gamma radiation. A significant increase in the mechanical properties
was observed after grafting. Simultaneously, the barrier properties were also
developed. The study on radio-sensitization demonstrated that there were different
levels of radiosensitization of bacteria depending on the bioactive coating that
was applied to the broccoli florets. The A-C coating was the most effective for
increasing the radiosensitivity of E. coli, whereas the A-LAB coating was the
most effective for increasing the radiosensitivity of S. Typhimurium. All coatings
(A-LAB, A-C, A-C-S and A-R) had similar radio-sensitizing effects (p ≤ 0.05)
on L. monocytogenes. These results suggest that the use of bioactive MC based
coatings containing A-LAB and A-C mixtures could be a useful technology for
controlling the level of microbes on broccoli before γ irradiation because these
coating significantly radiosensitize various bacteria. These formulations could be
applied to other vegetables in combination with γ irradiation and offer a promising
and feasible industrial technology for eliminating foodborne pathogens.
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16.9. FUTURE TRENDS IN BIOACTIVE COATINGS AND FILMS FOR
FOOD PACKAGING
Biodegradable packaging based on bio-polymers represent a new generation
of materials emerging on the packaging market with an expanding range of
potential applications. This type of packaging is environmentally friendly and
its use is predicted to increase. Synthetic polymer based products are starting
to be replaced by bio-polymer based materials. However, bio-based packaging
materials have some drawbacks, such as lower mechanical strength and lower
water resistance than their petroleum based non-degradable polymer counterparts.
As a result, bio-polymer based packaging has not been widely used in the food
packaging industry. Many on-going studies are currently investigating means
of improving the mechanical strength and water resistance of the bio-polymer
materials by using various physicochemical treatments such as radiation grafting,
cross-linking and thermal or UV-curing.
Bio-nanocomposites have a high potential, but currently are not widely
produced and are too expensive to be used in many applications. In spite of
improvements in the mechanical and water barrier properties of several natural
bio-polymers through nanotechnology, these improvements are not sufficient
to compete with and replace petroleum based plastics. In particular, the water
resistance of bio-nanocomposites is too poor to utilize them as packaging
materials, especially in wet environmental conditions. Therefore, the most
important factors for the development of new packaging materials using natural
bio-polymer based nanocomposites include the development of the optimum
formulation for the individual polymer and processing method to obtain the
desired properties to meet a wide range of applications as well as achieving a cost
reduction of the bio-nanocomposites.
In nano-active packaging, a much lower amount of material would be
required to exert a specific effect which is particularly useful when dealing
with expensive bioactive agents. A timely and targeted release may improve
the effectiveness of micronutrients, broaden the application range of food
ingredients and ensure optimal dosage, thereby improving the cost effectiveness
of the product. Bio-polymers need to be modified to make them suitable as
matrix polymers for nanofibers and crystals. The optimum formulation for
each polymer must be developed through a combination of ingredients such as
polymers, nanofibers, plasticizers, compatibilizers or coupling agents. Blends of
more than two natural bio-polymers or of one natural bio-polymer with another
synthetic biodegradable polymer such as PLA or PCL can also provide a good
opportunity for improving the properties of the bio-nanocomposite materials. For
reducing the processing cost of bio-nanocomposites, a melt intercalation method
using extrusion or injection moulding is inevitable. It is essential to minimize
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the thermal degradation of the main polymer matrix during processing. It also
appears necessary to develop a thermally stable plasticizer or compatibilizer that
could improve the elongation properties of the films. Natural polymer based
nanocomposites can increase the barrier properties of packaging materials with
antimicrobial activity. They could also be used for active food packaging with
bio-functional properties and to address environmental concerns. However, they
are at an early stage of development and further research is needed.
The focus of packaging in the past has been on the appearance, the level
of physical protection of the product conferred and the size and integrity of the
package. A greater emphasis on the safety features associated with the addition
of antimicrobial agents may be the next area for development in packaging
technology. Many of the antimicrobial compounds that have been studied are not
permitted for food application, as they need to migrate to the food to be effective.
Technical challenges exist in incorporating appropriate antimicrobial agents into
packaging systems. The choice of an antimicrobial compound may be limited by
not only its compatibility with the type of packaging material used, but also to
the heat liability of the component during extrusion. Current trends suggest that
packaging will generally incorporate antimicrobial agents, and sealing systems
will continue to improve. Researchers have primarily focused their interest on
developing new approaches and on testing new methods with model systems, but
not quite as much on applications in real food products. Antimicrobial packaging
technology must focus on the technical feasibility, consumer acceptance
and food safety aspects of antimicrobial agents, in addition to their chemical,
microbiological and physiological effects.
Edible coatings are promising systems for the future improvement of food
quality and preservation during processes and storage. Indeed, they could be
used where plastic packaging cannot be applied, that is, they can separate several
compartments within a complex food product. Edible packaging can be described
as intelligent packaging because it is both active and selective and has infinite
potential uses. Edible films and coatings are natural polymers obtained from
agricultural productions such as animal and vegetable proteins, gums and lipids
and are perfectly biodegradable, and therefore perfectly safe for the environment.
Their cost is comparatively higher than those of synthetic polymeric films, but is
of the same order as complex, multilayered and active plastic films. However, the
cost of edible films is not a handicap to their development because the quantities
used are very low, and they are especially applied for very specific goals in value
added food products. Thus, the knowledge of edible polymers and that of plastic
materials should be used synergistically for the development of new applications,
new biodegradable materials and new environmental approaches. Consequently,
both plastic and edible packaging potentiality appears to be a successful key for
tomorrow’s food packaging. The commercialization of biodegradable packaging
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films faces numerous challenges, but also offers many opportunities. The raw
materials are abundantly available from replenishable resources and the capital
investments for mass production do not seem exorbitant. Multicomponent
coatings and films are gaining increased attention. Such materials exhibit
cooperative functional attributes. Another major requirement of such
biodegradable materials for packaging films is that they should comply with food
legislation; more specifically, they should not interact with food components
during extended storage. All these characteristics together should result in no
compromise on food quality and environmental friendliness. Though expensive,
bio packaging is needed for packaging, especially for value added products, and
it offers an alternative route for waste management. Biodegradable packaging
and coatings offer the potential for a clean, pollution-free environment in the
future.
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ABBREVIATIONS
AAc
AAcNa
AFM
AU
BA
C
CA
CM
CMC
CNC
CNT
CO2TR
CRP
DD
DLS
DN
DPPH
DS
Eb
EB
EDS
EFB
FTIR
FW
FWA
GA
GBR
GG
GlcN
GlcNAc
GPC
h
HEMA
LAB
LBG
LCST
M/G
MALLS

acrylic acid
acrylic acid sodium salt
atomic force microscopy
allylurea
para-methoxy benzyl
number of intermolecular cross-linking events
cinnamyl alcohol
carboxy methyl
carboxy methyl cellulose
cellulose nanocrystals
carbon nanotube
carbon dioxide transmission rate
coordinated research programme
degree of deacetylation
dynamic light scattering
degree of neutralization
1,1-diphenyl-2-picrylhydrazyl
degree of substitution
elongation at break
electron beam
equilibrium degree of swelling
empty fruit bunch
Fourier transform infrared spectroscopy
fresh weight
film without anti-microbial agents
gum arabic
guided bone regeneration
guar gum
D-glucosamine hydrochloride
N acetyl glucosamine
gel permeation chromatography
hour
hydroxyethyl methacrylate
lactic acid bacteria
locust bean gum
lower critical solution temperature
mannose–galactose ratio
multi angle laser light scattering
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MC
NaAlg
NMR
OTR
PAAc
PCL
PD
PE
PLA
PMMA
PNIPAAm
ppm
PS
PVA
PVP
SAP
SPAD
TAIC
TG
TM
TMPTMA
TS
UV
UV-Vis
VUR
wt
WVP

462

Methylcellulose
sodium alginate
nuclear magnetic resonance
oxygen transmission rate
poly(acrylic acid)
poly(caprolactone)
puncture deformation
polyethylene
poly(lactic acid)
poly(methyl methacrylate)
poly-N-isopropyl acrylamide
part per million
puncture strength
poly(vinyl alcohol)
polyvinyl pyrrolidone
superabsorbent polymer
soil plant analysis development
triallylisocyanurate
tara gum
tensile modulus
trimethylolpropane trimethacrylate
tensile strength
ultraviolet
ultraviolet-visible
vesicoureteral reflux
weight
water vapour permeability

NOTATION
a
A
A2
B
c
c*
C
CF
C[η]
d
D
DD
Dg
DM
dn/dc
Dv
D10
[ dγ / dt ]
E
E°
eaq−
F
g2(q;τ)
G
G*
Gʹ
Gʺ
Gm
GR
G(s)
G(x)
h
I
I0
k
kʹ
kʺ
K*

parameter of polymer conformation
initial unit area
second virial coefficient
weight of an insoluble portion after extraction with water
concentration
critical concentration
weight after drying
cellulose fraction
coil overlap parameter
slope of a curve
absorbed dose
dose absorbed in dosimeter
gelation dose
dose absorbed in the material
refractive index increment
virtual dose
absorbed dose reducing the amount of pathogen to 10%
change in shear rate with time
energy
standard electrode potential
hydrated electron
force
autocorrelation function at wave vector q
radiation-chemical yield
complex modulus
storage modulus
loss modulus
shear modulus
elastic modulus
radiation-chemical yield of chain scission
radiation-chemical yield of cross-linking
height
radiation intensity
incident radiation intensity
rate constant
Huggins constant
Kraemer constant
optical constant
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NOTATION

KSEC
l
L
m
Mn
Mn0
ms
M
(Mc)m
Mw
Mw/Mn
Mw0
ncb
n0
nx
NA
NA
NB
p
p0
P(θ)
pKa
pHc
pHd
pHφ
q0
R
Rg
Rθ
RH
s
t
tsolution
tsolvent
tan δ
V
VA
Ve
Ve
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equilibrium constant
carbon–carbon length
length
mass
number-average molecular weight
initial number-average molecular weight
total sample mass (solution mass if the sample is a solution)
molecular weight
average molecular weight of network chains
weight-average molecular weight
polydispersity index
initial weight-average molecular weight
number of chain break events
refractive index of the solvent
number of intermolecular cross-linking events
Avogadro’s number
concentration of HCl
concentration of NaOH
average number of breaks of each chain
degradation density (average number of breaks of each 		
chain per monomer unit and unit dose)
form factor or scattering function
(logarithmic) acid dissociation constant
critical pH of soluble complex
critical pH value for dissociation of insoluble complex
critical pH of insoluble complex
cross-linking density (the proportion of monomer units 		
cross-linked per unit dose)
radius of gyration
mean square radius of a particle
Rayleigh ratio (excess scattered intensity ratio)
hydrodynamic diameter or Stokes radius
sol fraction
time
flow time of a solution
flow time of a solvent
phase angle
volume
volume of HCl
volume at end point
elution volume

NOTATION

Vi
Vp
W
Wd
Wi
Ws
x
Y
β
γ
δL
Г
η
[η]
η*
η0
η∞
ηinh
ηrel
ηred
ηsp
θ
κ
μ
μ2,0
(µ/ρ)D
(µ/ρ)M
ξ
λ
λ0
ρ
σ
τ
ω

interstitial volume
pore volume
weight
weight of the dry sample
weight of the initial sample
weight of the swollen sample
thickness of material
viscoelasticity coefficient
correction function
shear strain
shear rate
amount of linear displacement
decay rate
viscosity
intrinsic viscosity (limiting viscosity number)
complex viscosity
zero shear viscosity
viscosity at an infinite shear rate
inherent viscosity
relative viscosity
reduced viscosity
specific viscosity
angle of a detector with respect to a sample cell
linear attenuation coefficients for positron electron pair 		
production
total linear attenuation coefficient
initial weight-average degree of polymerization
mass energy absorption coefficient of the dosimeter
mass energy absorption coefficient of the material sample
Flory characteristic ratio or rigidity factor
incident laser wavelength
wavelength in vacuo of the incident beam
density
linear attenuation coefficients for Compton scattering
shear stress
angular frequency
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