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Abstract

Thisthesisisfocused on the devel opment of new bioplastics made from starch
and its by-product which was wheat gluten. This thesis has two parts, i.e, the
preparation of cassava starch grafted with a polystyrene copolymer (PS-g-starch
copolymer) and investigation of additives that affect the crosslinking of wheat gluten-
based bioplastics.

A PS-g-starch copolymer was synthesized via free-radical polymerization
using the suspension polymerization technique, without any surfactant, in an agueous
medium under a nitrogen gas atmosphere. Potassium persulfate (PPS) was used as an
initiator. The chemical structure, morphology, degree of crystallinity, thermal
decomposition temperatures and thermal behavior of the PS-g-starch copolymer were
investigated using fourier transform infrared spectroscopy (FTIR), scanning election
microscopy (SEM), X-ray diffraction (XRD), thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Before Soxhlet extraction, PS spherical
microbeads were observed on the surfaces of starch granules. Porous patches of PS
were present on starch granules after Soxhlet extraction. This confirmed that
homopolystyrene was removed by Soxhlet extraction. The FTIR spectra aso
confirmed the presence of the PS-g-starch copolymer. The degree of crystallinity of
the PS-g-starch copolymer was not changed from that of the cassava starch. The
effects of starch:styrene monomer ratios, amounts of PPS, reaction times and reaction
temperature on the percentage of grafting (G (%)), were investigated. The maximum
G (%) was determined to be 32.80% under the optimized conditions when the
starch:styrene monomer ratio, the amount of PPS, the reaction temperature and the

reaction time was 25:75, 0.4 g, 50 °C and 2 h, respectively. This study demonstrated



the capability of polymerization of polystyrene onto the granular starch in the absence
of emulsifier and the synthesis of a graft copolymer without the starch being
gelatinized. The PS-g-starch copolymer at G (%) = 21.80% was subsequently mixed
with cassava starch in various proportions in a mixer by using glycerol and water as
plasticizers. It was found that the samples shrank when the amount of PS-g-starch was
lower than 40%. When the PS-g-cassava starch copolymer content was 40% - 60%,
the shrinkage of samples disappeared showing that the PS-g-cassava starch copolymer
can enhance dimensional stability. However, the samples were very brittle and their
surfaces were very sticky when the PS-g-cassava starch copolymer content was higher
than 60%. From that result, it was difficult to measure the tensile properties. This can
be attributed to the deplasticization effect.

In Part Il, chemical interactions between Kraft lignin (KL) and wheat gluten
were investigated by determining the extent of crosslinking in the protein to KL. To
clarify the role of different chemical functions found in lignin, the effect of KL was
compared with esterified lignin (EL) and with a series or ssimple aromatic and
phenolic structures with different functionalities (i.e. conjugated double bonds,
hydroxyl, ester, aldehyde, carboxyl and ortho-methoxy groups). EL was produced via
the esterification reaction of the KL hydroxyl groups. The chemical structure and
morphology of EL was investigated by using FTIR and SEM, respectively. Whesat
gluten was mixed with glycerol and additives in an internal mixer. Torque and
temperature were recorded during the mixing. The thermal treatment was performed
by using compression molding at 100 °C for 10 min. The soluble protein content in
the sodium dodecyl sulfate (SDS) solution was determined by using the Kjeldahl
method to identify the protein crosslinking that was related to the radical scavenging
capability of each additive. The additives that consisted of hydroxyl groups
demonstrated the plasticizing properties. However, KL and EL did not act as
plasticizers because they have very large structures and a low polarity. The radical
scavenging properties of KL were due to the different functional chemica groups
found on KL. The phenol structures and the conjugated double bonds were able to
trap the free radicals and interact with the thiolate anions produced from wheat gluten

under the shearing forces.

Vi
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Preface

The purposes of this thesis were to modify and develop the bioplastics that
made from starch and its by-product. Therefore, this thesis composed of two parts.

The first part is related to starch-based polymers produced by modifying the
starch molecule using chemica method via graft copolymerization. Starch-based
bioplastics have some limitations such as poor long-term stability, poor mechanical
properties, a strong ability to absorbe water and the difficulty in processing. A starch
grafted copolymer was one example of the use of a chemical method to improve the
physical and chemical properties of starch-based bioplastics. As this method is
regards as a powerful technique to modify properties. We prepared cassava starch
grafted with polystyrene (PS) (PS-g-starch copolymer) via a suspension
polymerization method using potassium persulfate (PPS) as an initiator.

The second part describes the modification and properties of bioplastics made
from wheat gluten by a physical method. Wheat gluten is a plant protein often a by-
product of wheat starch fabrication and the food processing industry. Wheat gluten
has advantages because it is renewable, biodegradable and has suitable properties for
use as a plastic. However, the effect of shearing forces during processing and thermal
treatment causes the protein aggregation (crosslinking) that affects the quality of the
final product. Therefore, we investigated the use additives that can control the
aggregation of wheat gluten protein. These were composed of Kraft lignin (KL),
Esterified lignin (EL) and other additives that presented the different functional
groups (i.e. conjugated double bonds, hydroxyls, adehydes, carboxyl and ortho-
methoxy groups). EL was carried out via the esterification reaction of KL hydroxyl
groups.

This thesis demonstrates how to improve the quality of bioplastic products to
help to solve the worldwide environmental pollution problems caused by plastic waste
materials.
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CHAPTER 1

INTRODUCTION

1.1 Background and rationale

Synthetic plastics are major materials in dailg.liBecause of their durable
properties, ease of production, convenience andptess, synthetic plastics are ideal
materials for a large number of applications. Riasfind uses as containers,
packaging materials for the fast food, picnic talelee and agricultural films or in
combination with other materials as part of tramsimn vehicles, computers, tools,
etc. The significant increase in plastic waste besome a worldwide environmental
problem. This results in accumulation of synthetestics in nature as a consequence
of their excellent mechanical properties as welltlasir resistance to chemicals,
weather and biodegradability.

As aresult, it is recognized that one solutiothie plastic waste problem is to
produce and use biodegradable polymers. Some biadigge polymers include
polycaprolactone, poly(lactic acid) and bacterialolypsters such as
polyhydroxybutyrate (PHB) and polyhydroxyvaleraBHY). However, they are not
widely used because of their high production cobtscontrast, starch has been
considered to be a good candidate for preparingegi@adable products because it is
inexpensive, abundant, biodegradable, has versatile and is a readily available and
renewable agricultural resource (Athawale and LE®®8; Qudsieh et al., 2004; Chen
et al., 2005; Don et al., 2006; Yin et al., 2008).

Useful starch-based plastic materials can be peepaising common
thermoplastic processing such as vacuum thermofgrand compression molding
(Soest and Borger, 1996; Soest et al., 1996; Aweama Fringant, 2001; Souza and
Andrade, 2002; Roz et al., 2006; Corradini et 2007; Orts et al., 2007; Wang and
Huang, 2007). However, starch-based materials banee drawbacks including their
poor long-term stability, poor mechanical propestighe strong ability to absorbe
water and the difficulties in processing (Averoaisle, 2000; Averous and Fringant,
2001; Sacak and Celik, 2002; de Graaf et al., 2000 et al., 2003; Chen et al.,
2005; Corradini et al., 2007). Chemical modificatiof starch via free radical graft



copolymerization with vinyl monomers is one of thest effective methods for
improving the properties of starch (Wurzburg, 198hawale and Lele, 1998; Sacak
and Celik, 2002; Chen et al., 2005). The initiati@f free radical graft
copolymerization begins when free radicals gendrate the starch molecules react
with vinyl monomers. The free radicals can be ot#diby two methods which are
chemical and irradiation initiation. The graft cdhpuoerization of vinyl monomers
(i.e., methyl methacrylate, methacrylonitrile, stye, acrylonitrile, acrylamide and
methyl acrylate) with various starches has beenesed with various types of
chemical initiation, including benzoyl peroxide (B)P(Pimpan and Thothong, 2006),
2,2 -azobis(isobutyronitrile) (AIBN) (Suat, 2001; Sacahd Celik, 2002; Brockwary
and Moser, 2003; Brockwary and Seaberg, 2003) spota persulfate (PPS) (Khalil
et al., 1993; Taghizadeh and Mafakhery, 2001; Gitblaee, 2002; Fang et al., 2005)
and ceric ammonium nitrate (Silong et al., 200(hadtale and Lele, 2000; Qudsieh et
al., 2001; Janarthanan et al., 2003; Don et ab6pMoreover, there have been many
research groups that have prepared various typestasth grafted with vinyl
monomers by using-rays from a*°Co-source. (Fanta et al., 1975; Henderson and
Rudin, 1981; Lyer et al., 1990; Kiatkamjornwongakt 1999; Kiatkamjornwong et
al., 2000; Geresh et al., 2002; Fang et al., 2B@4ag et al., 2005).

However, there have been fewer reports of starelftegt with polystyrene
(PS). Trimnell and coworkers (2003) reported thaolated starch grafted with PS
was carried out using hydrogen peroxide as theéatoit The acryloylated potato
starch grafted with polystyrene was prepared bgguBIPS in aqueous solution (Fang
et al., 2005). Gelatinized sago starch grafted wibthystyrene was produced using
ceric ammonium nitrate as a redox initiator (Jdvearan et al., 2003). Starch grafted
with polystyrene prepared byray irradiation was reported by Fanta and cowarker
(1975), Henderson and coworker (1981) and Kiatkamyong and coworkers
(1999). However, it is difficult to prepare starghafted with PS by free radical
initiation (Cho and Lee, 2002). There have beemeports of starch grafted with PS
via suspension polymerization using PPS as thiaioit Cho and Lee (2002) reported
that corn starch granules grafted with PS couldioe@ an emulsion polymerization
method using PPS as an initiator, sodium dodecydegsulfonate as an emulsifier

and tetraethylthiuram disulfide as a chain transigent. They suggested that the



starch graft copolymerization did not occur withdbe emulsifier because it is
difficult to prepare PS by using a water-solubldtiator. For starch graft
copolymerization, it is better to employ a watelubte initiator because water is the
medium that provides the starch slurry. In thissthecassava starch grafted with PS
(PS-g-starch copolymer) was prepared via suspemgilymerization using PPS as an

initiator in aqueous medium.

1.2 Objectives of the research

1. To synthesize the PS-g-starch copolymer viaspension polymerization
method using PPS as an initiator.

2. To determine the most suitable conditions fa graft copolymerization
reaction referred to in 1.

3. To investigate the properties of the PS-g-ktaopolymer derived from 1.

1.3 Benefits

It was expected that the PS-g-starch can be usettlg as the compatibilizer
for PS/starch blends and for use as a biodegradalbiic. Moreover, it could
increase the value of agriculture products and gedine accumulation of plastic

waste.



CHAPTER 2

LITERATURE REVIEW

2.1 Biodegradable polymers

Biodegradable polymers consist of four familiescleaobtained from
renewable resources and fossil origin (Figure 2Pglysaccharides (e.g., starch,
cellulose and chitin) and protein (e.g., gluteninzand casein) are agro-polymers.
Starch is deposited in granules in plants (seesse2t2). Gluten is a composite of the
proteins gliadin and glutenin (see Chapter 7). Squokmers are obtained from
micro-organisms such as polyhydroxy-alkanoates (®HAhey are synthesized by
several bacterial species and are accumulated esyyerand/or carbon storage
materials. Poly(lactic acid) (PLA) is a biodegra@abpolymer obtained by
biotechnology. It can be produced from lactic acigrmentation product from crops
(e.g., maize or other starch-rich substances lisze) sugar or wheat). Biodegradable
polymers can also be obtained from petrochemiaadgsses such as polycaprolactone
(PCL), polyesteramide (PEA) and aliphatic or aramebpolyesters.

Riodegradahle polymers
|
| | | |
Biomass products From micro-organisms From hiotechnology From petrochemical products
From agro-resources obtained by extraction (conventional systhesis from (conventiorllal systhesis from
(Agro-polymers) ‘ bio-derived monomers) synthetic monomers)
I
|
Polysaccharides Proteins PolyHydroxy- Alkanoates Polyactides — Polycaprolactones
Starches: . (FHA) (PCL)
Animals:
— Cassava, Wheat, —Casein
Maize, ... ’ Poly(lactic acid) _ Polvest id
Whey Polythydroxy butyrate) (PLA) olyesteramides
. . (FEA)
| Ligno-cellulosic (PHE)
products: Poly(hydroxyhutrate . .
Wood, Straws, ... _ glla-“t: B co-valerate) —Aliphatic co-polyesters
uten, Sova, (PHBRV) (e.g., PBSA)
Others: Zein
~ Pectins,
Chitosan/Chitin, — Aromatic co-polyesters
Gutns, ... (e.g., FBAT)

Figure 2.1 Categorization of biodegradable polynfékserous and Boquillon, 2004).



2.2 Starch

Starchis a polysaccharide carbohydrate consisting of rgelanumber of
glucose units joined together by glycosidic bon8arch is produced by all green
plants as an energy store and is a major food sdarchumansStarch is derived
from seeds, (e.g. wheat, corn, rice and barleytsrée.g. potatoes and cassava) and
legumes (e.g. peas, lentils, kidney beans and neags). Pure starch is a white,
tasteless and odorless powder that is insolubleold water or alcohol (Eliasson,
2000). Starch consists of two types of moleculks:linear and helicaamylose and
the branche@amylopectin (Bettelheim and March, 1990; Thomas and Atwell, 4,99
Steinbuchel and Rhee, 200BDepending on the plant, starch generally consis&)o
to 25% amylose and 75 to 80% amylopecitine structural differences between these
two polymers contribute to significant differences starch properties and
functionality (Eliasson, 2000; Steinbuchel and RI2885). The approximate amylose
and amylopectin contents of several starches agepted in Table 2.1. The major
physical and chemical properties of starch aretigétation, retrogradation, solubility
and water absorption power. These physical and ida¢properties are influenced by
the shape of the starch granule, molecular strecimd botanical source of native
starches from different vegetable sources (Whistied., 1984; Eliasson, 2000).

Table 2.1 Approximate amylose and amylopectin cuntef common starches
(Thomas and Atwell, 1999)

Starch type Amylose content Amylopectin content
(%) (%)
Waxy corn <1 > 99
High-amylose corn 55 — 70 (or higher) 30 — 45 ¢over)

Cassava 17 83
Potato 20 80
Wheat 25 75

Rice 19 81




2.2.1 Amylose

Amylose is considered to be emsentially liner polymer composed
almost entirely otx-1,4-linked D-glucopyranose (Figure 2.2) (Bettetheind March,
1990; lkan, 1991; Eliasson, 2000; Steinbuchel anedeR2005). Less than 0.5% of the
glucoses in amylose are #Al,6-linkage, resulting in a low degree of branghiBach
chain of amylose is comprised of in the region 60-Z00 glucoses residues per
molecule which includes 9-20 branch points (Whist¢ al., 1984; Thomas and
Atwell, 1999; Steinbuchel and Rhee, 2005). The asg/lchains display a natural
twist giving a helical conformation (Figure 2.2 )c)l'he formation of a helical
complex between amylose and iodine gives rise ¢otypical deep blue color of
starch dispersions stained with iodine and forms Hasis for the quantitative
determination of amylose content (Whistler et 2884; Thomas and Atwell, 1999).
Amylose is ability to form a gel and paste. Thisperty is evident in the behavior of
certain amylose-containing starches. Corn starcheatv starch, rice starch and
particularly high-amylose corn starch are usuatinsidered gelling starches. A gel
can be formed quite rapidly from the liner polynaenylose (Bettelheim and March,
1990; Thomas and Atwell, 1999; Eliasson, 2000).

2.2.2 Amylopectin

Amylopectin is a branch polymer that isialn larger than amylose
(Figure 2.3). It has a large influence on the pripe of starch. Amylopectin is
composed ofi-1,4-linked glucose segments connecteduy,6-linked branch points.
Amylopectin has about 5% of its glucosesdifl,6-linkage (lkan, 1991; Eliasson,
2000; Steinbuchel and Rhee, 2005). In recently,ctister model is an acceptable
model for amylopectin (Figure 2.4). The A chaine anbranched and are linked to
the molecule through their reducing end-group,Bhghains which are jointed to the
molecule in the same way but carry one or more Airhand the C chain has the

reducing end-group of the molecule (Eliasson, 20@fja et al., 2009).



a-1,4-linkage

Reducing
End a-1,6-linkge . D-glucopyranose unit

| “KJ_\_\f AW, +
6656666600006

-1.4-linkge
(b)

SO

Lo

e eNe
()

Figure 2.2 The structure of amylose showiid,4-linkage (a)p-1,6-linkage and D-

glucopyranose unit (b) and helical structure (cgt{@®heim and March,
1990; Thomas and Atwell, 1999).



Figure 2.3 The structure of amylopectin (Steinblicinel Rhee, 2005).
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Figure 2.4 The cluster model of amylopectin (Masn&©39).



Due to the highly branched nature of arpgtdin, its properties differ
from those of amylose. For example, the retrogradaand gel formation can either
be delayed or prevented (Bettelheim and March, 19%@mas and Atwell, 1999;
Eliasson, 2000). Moreover, iodine does not forntadle complex with amylopectin.
Some important characteristics of amylose and apegin are displayed in Table
2.2.

Table 2.2 Characteristics of amylose and amylopd@thomas and Atwell, 1999)

Characteristic Amylose Amylopectin
Shape Essentially liner Branched
Linkage a-1,4 (somex-1,6) a-1,4 ando-1,6
Molecular weight Typically < 0.5 million 50 -500 Hnon

Gel formation Firm Non-gelling to soft

Color with iodine Blue Reddish brown

2.2.3 Starch granules

Amylose and amylopectin do not exist fire@ature, but as components
of discrete, semi-crystalline aggregates callecctgranules (Figure 2.5). The size,
shape and structure of these granules vary sul@baramong botanical sources, as
presented in Table 2.3. The diameters of the gesnggnerally range from less than 1
um to more than 10Qum. The shape of starch granules can be regular, (e.g
polygonal, spherical, ovoid or angular) or quiteegular depending on the content,
structure and organization of the amylose and apagtin molecules, the branching
architecture of amylopectin and the degree of aftlysity (Lindeboom et al., 2004).
The granules derived from tubers are larger thasehfrom cereals. The starch
granules are not broken and the cross polarizagorains unchanged under dry heat
conditions (Eliasson, 2000). The scanning electracroscope (SEM) is a valuable
tool for the study of starch granules. Figure Z2édnstrates the SEM micrographs of

various starch granules.
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Figure 2.5 The organization of amylose and amylopen starch granule (Thomas

and Atwell, 1999).

Table 2.3 Starch granule characteristics (Elias2080)

Starch Type Diameter Morphology Gelatinizatiorn
(um) temperature
°C)
Maize Cereal 5-30 Round and Polygona 62-72
Waxy maize Cereal 5-30 Round and Polygonal 63-72
Cassava Oval and Truncated
Root 4-35 62-73
“kettle drum”
Potato Tuber 5-100 Oval and Spherical 59-68
Wheat Cereal 1-45 Round and Lenticular 58-64
_ Polygonal, Spherical and
Rice Cereal 3-8 68-78
Compound granules
Sago Pith 15-65 Oval and Truncated 69-74
High amylose Polygonal and Irregular "
J _ Y Cereal 5-30 Y9 J 63-92
maize elongated

" Cassava is also often referred to as “tapiocétmamioc”.
™ High amylose maize starches are not completebtigéted in boiling water.

"Maize is also often referred to as “corn”, “dentrécor “regular maize”.
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(d)

Figure 2.6 Scanning electron micrographs of (ay@es starch, (b) potato starch, (c)
rice starch and (d) corn starch (Kiatkamjornwon@let 2006; Uttapap et
al., 2008).

2.2.4 Crystalline structure

The degree of crystallinity of nativarsh granules ranges from about
15% for high-amylose starches to about 45-50% f@xyw starches. Multiple
concentric layers of so-called growth rings of @asing diameter extend from the
hilum (the center of growth) towards the surfacethed granules (Figure 2.7). The
growth rings are typically 120-400 nm in thickng&teinbuchel and Rhee, 2005;
Copeland et al., 2009). The concentric growth ringsturn, contain alternating
crystalline and amorphous regions of higher andelodensity, respectively. Within
the lamellae, the crystalline layers are considévdae formed mainly by the ordering

of the amylopectin chains packed into a crystallatéce. The linear chain within the
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high molecular order region can form double heliaed pack into a crystal structure,
A, B, C and V types according to the type of staesh explained below. The
amorphous layers contain the amylopectin branchpioigts and free amylose in a
disordered conformation (Steinbuchel and Rhee, PORSay diffraction patterns
have been used to study the crystalline naturéaotls. Native cereal starches such as
wheat, corn and rice exhibit the A-crystalline patt tuber starches and amylose-rich
starches present the B-crystalline pattern and gyeh bean starches show the C-
crystalline pattern which is a mixture of A-typedaB-type. The difference between
A-type and B-type is that the helices in the A-tygse more compact than in the B-
type (Steinbuchel and Rhee, 2005; Copeland e2@09). The V-type conformation is
a result of amylose being complexed with substarsteh as aliphatic fatty acid,
emulsifiers and long-chain alcohol (Cheetham and, T#98; Thomas and Atwell,
1999; Noda et al., 2009). The V-type can be diviged two subtypes. They are Va
(anhydrous) with peaks at 18.2nd 20.6 and Vh (hydrated) with peaks at 124#hd
19.# (Corradini et al., 2007). The X-ray diffractiontfgn of A, B and Vh types of

starch was displayed in Figure 2.8.

i Amorphous
lamella

Y

Cr'-yaial'lins B
lamella

Figure 2.7 Structure of starch granule with alténgpamorphous and semi-crystalline
zones constituting the growth rings (Donald etX997).
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Figure 2.8 X-ray diffraction patterns of A, B andh Wype of starch (Bulemon et al.,
1998).

2.2.5 Gelatinization

Gelatinization occurs when starch granules aréelda the presence of
water, leading to the loss of crystalline orderekwg and leaching of amylose
(Whistler et al., 1984; Steinbuchel and Rhee, 2@é&peland et al.,, 2009). As the
water is heated, water is absorbed into the stgrahules which naturally begin to
swell. As water absorption and heating continues starch granules burst and release
amylose to the outside of the granules, causing ¢eder in amylopection and an
increase in viscosity of the medium (Donald et #098; Thomas and Atwell, 1999;
Eliasson, 2000). The product that was obtained frlmsstep is called a starch paste
as shown in Figure 2.9 (Whistler et al., 1984). phste viscosity reaches a maximum
but some intact starch granules are still pres@nthis point, the starch is fully paste.
The gelatinization temperature of most starcheseisveen 50C and 80C (Table
2.3). Many tools can be used to identify the gmelasition temperature, for example
differential scanning calorimetry (DSC), X-ray gdeaing, light scattering, optical
microscopy, thermo-mechanical analysis (TMA) angidavisco analysis (RVA)
(Eliasson, 2000; Steinbuchel and Rhee, 2005; Cogdedtal., 2009).
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Figure 2.9 Influence of hydrothermic processingtbe physical characteristics of

starch granule (Eliasson, 2000).

2.2.6 Retrogradation

As the starch paste cools, the viscosity increakes to the amylose
chains forming a cross-linked network. This procesgeferred to as “gelation”
(Eliasson, 2000). A rearrangement between amylosainghoccur. A three-
dimensional network is rapidly constituted and gh@ch granules are ruptured. As
amylose chains rearrange, hydrogen bonds betweaimscheappear and a novel
crystalline structure is created; this is refertedas retrogradation. More amylose
chains initially develop into more extensively ameld regions (Thomas and Atwell,
1999; Eliasson, 2000).

2.3 Copolymer

A copolymer is a polymer made from two or more eéint monomers. Any
monomer must have at least two functional groud tdan react or at least one
double bond that can become a single bond whendtresponding residue has been
incorporated into the polymer (Campbell, 1994; Kuraad Gupta, 1998). At the
general level, there are several types of copolgmiégure 2.10 shows the simplest
structure of copolymers containing A and B repesatinits.
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2.3.1 Random copolymer
The arrangement of random copolymer es@nted in Figure 2.10 (a).
The various repeat units occur randomly along tarclink structure.
2.3.2 Alternating copolymer
The regular copolymers camtairegular alternating sequence of two
monomer units (Figure 2.10 (b)).
2.3.3 Block copolymer
Block copolymers composeadfiock of one monomer connected to a
block of another (Figure 2. 10 (c)).
2.3.4 Graft copolymer
Graft copolymers combining two long chaafgifferent homopolymer.
In their simplest structure they are composed ofnain homopolymer chain
(backbone) and a branch of the second homopolyiRigure 2.10 (d)).

Graft copolymers can be performed by free radiaalmerization. Graft
copolymers often display properties that are charetic of each homopolymer
(Odian, 1991; Young and Lovell, 1991). Graft comoérs can be obtained by two
general methods: (i) The formation of free radicalsmolecules of the monomer was
occurred by initiator. In this step, the side csamh monomers (branch) were obtained
and it can be linked directly to the backbone. Ifiifiators produce free radicals on
the backbone directly, so, that they can react wmibnomers to yield the graft
copolymer.

Both chemical (thermal decomposition initiator aretlox initiator) and
irradiation methods can be used to produce therideals of the graft copolymer
(Allcock and Lampe, 1990; Fried, 2003; Pimpan ahdthong, 2006).
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Figure 2.10 The simplest structure of copolymerga@aing A and B repeating units:
random copolymer (@), alternating copolymer (bhckl copolymer (c)

and graft copolymer (d).

2.4 Starch graft copolymer

Starch itself is unsuitable for use as a plasticabee it shows poor physical
and mechanical properties. As a result, graft cgpelization of vinyl monomers
onto starch by a free radical initiating systenaisexcellent method for improving
starch properties (Qudsieh et al., 2001; Sacak Gelik, 2002). In this way, it is
possible to modify the starch properties for examplasticity, sorbancy, ion
exchange thermal resistance and resistance to lmotogical attack. The initiation
step of the graft copolymerization reaction begiwigen free radicals generated on
starch molecules react with vinyl monomers. Irridiaand chemical initiation are

general methods that have been used to generateetheadicals for the starch graft
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copolymerization reaction. Many vinyl monomers wemployed to prepared the
graft copolymer with starch such as methyl methatey(Sacak and Celik, 2002;
Brockwary and Moser, 2003; Brockwary and Seabe®§3) styrene (Pimpan and
Thothong, 2006), acrylonitrile (Taghizadeh and Magxy, 2001; Trimnell, et al.,
2003), acrylamide and methyl acrylate (Silong et2000). These monomers can be
prepared as graft copolymer with starch in a ramigdifferent forms e.g. granules,
slurry, gelatinized and modified forms (Cho and ,L2@02). Starch grafted with those
polymers have potential uses for the agriculturdustry, medical treatment,
sanitation, compatibilizer, hydrogels, flocculanisn exchangers, a biodegradable
mulch film in agriculture, food packages and supsasbents (Silong et al., 2000;
Sacak and Celik, 2002; Don et al., 2006). A nundfestudies that have investigated
the graft copolymers of vinyl monomers with stangsing various initiators are

further explained below.

2.4.1 Chemical initiation
2.4.1.1 Thermal decomposition initiator

Thermal decomposition of an initiator[) is most widely used
to produce the free radicals to initiate graft dgpeer. This type of initiator is
decomposed by the application of heat. It presdr@swo molecules of free radicals
when the initiators were decomposed. The structfrethermal decomposition
initiators include of -O-O- or -N=N- bonds. Exampté thermal decomposition
initiators are benzoyl peroxide (BPO) and &2obis(isobutyronitrile) (AIBN). BPO
decomposes by an initial cleavage of the oxygergerybond (Figure 2.11). AIBN
decomposes thermally and provides two alkyl radieald a nitrogen (Figure 2.11)
(Allcock and Lampe, 1990; Odian, 1991).

AIBN is commonly used at 50-AC and BPO is normally used
at 80-85°C. The percentage of grafting depends on the wrag@@arameters such as
monomer concentration, reaction time and reacgamperature. BPO is more reactive
than AIBN because the effect of resonance in AlBicture reduces the efficiency
of the free radical that generates the active sitethe backbone (Bhattacharya and
Misra, 2004).
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Recently, many researcher works have preparedhsiguarft
copolymer by using this thermal decomposition atdr. AIBN was used as an
initiator for preparation of starch grafted withvitdy 2-pyrrolidone (n-VP) (Suat,
2001) and methyl methacrylate (Sacak and Celik,2p0Gtarch grafted with
polyacrylonitrile and starch grafted with polymetmethacrylate (PMMA-g-starch
copolymer) by using AIBN as the initiator were pmegd by Brockwary and Moser,
2003 and Brockwary and Seaberg, 2003, respectiv@ley found that
polyacrylonitrile is more reactive with starch gués than PMMA. Trimnell and
coworkers (2003) used hydrogen peroxide as anaiaitito prepare the thiolated
starch grafted with acrylonitrile, styrene, acrylde) acrylic acid and
dimethylaminoethyl methacrylate. Pimpan and Thotho(2006) successfully
prepared a PMMA-g-cassava starch copolymer by uBiRQ as the initiator in an

aqueous medium at 8C.

i i g T
—C—0—0—C—\ / _A> 2 —C— Oe
(a)
C=N C=N |, C=N
H3C C—N_N—C—CH3 —>2H3C Co + N2
A
CH3 (:H3 (:H3
(b)
Figure 2.11 Dissociation of (a) BPO and (b) AIBNo{dg and Lovell, 1991; Fried,

2003).

2.4.1.2 Redox initiation
In this case free radicals were preduthrough redox reactions
(oxidation-reduction reaction). The advantage aloseinitiation is that free radical
production occurs at reasonable rates over a vede wange of temperatures.

Examples of redox initiators are potassium pergeyfananganic pyrophosphate,
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potassium permanganate, ferrous ammonium sulfatesggn peroxide and ceric
ammonium nitrate. However, potassium persulfate gt ammonium nitrate have

been extensively used as an initiator for starelft gopolymers.

(i) Potassium persulfate (PPS)

Hebeish and coworkers (1998) prepared stagcdfted with
polymethacrylic acid by using a potassium persel&tdium thiosulfate redox
initiator system. Starch grafted with polyacrylami(Khalil et al., 1993) and starch
grafted with polyacrylonitrile (Taghizadeh and Mdiary, 2001) were prepared by
using the potassium persulfate redox system. A fieadstarch, acryloylated potato
starch, was grafted with polystyrene using potasgoersulfate in agueous solution
(Fang et al., 2005). Cho and Lee (2002) used arssamupolymerization method in
order to prepare corn starch grafted with polystgrby using potassium persulfate as
an initiator, sodium dodecylbenzenesulfonate agranlsifier and tetraethylthiuram
disulfide as a chain transfer agent. They propaksatithe graft percent value had an
attainable limit because the graft copolymerizatieaction occurred at the surface of
the starch particle. The maximum graft percent a@ained when the surface area of
the starch particles were covered with polystyré@edsieh and coworkers (2004)
prepared a PMMA-g-sago starch copolymer by usinggsium persulfate as a redox
initiator. They presented the mechanism for formig PMMA-g-sago starch

copolymer as shown in Figure 2.12.
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52082‘—> 250, ®
SO;*+ HO —» HSO; + HO®
2 HO®* —» HOOH
HO®+ HOOH — H,0 + HO;
067+ HO, —® HSO; + SO,°+ O,
AGU-OH + R®*—» AGU-O *+ RH
AGU-O ®+ CH,C(CH;)COOCH, ~— —3»

[ J
AUG-0O-CH,C(CH;)COOCH,

CH,C(CH,;)COOCH,
» Graft Copolymer

Figure 2.12 The mechanism of PMMA-g-sago starctobyoper, where AGU-OH is

sago starch and’Rs a free radical species (Qudsieh et al., 2004).

(i) Ceric ammonium nitrate

Sago starch grafted with polymethgkyéate and sago starch
grafted with polystyrene were prepared by usingccammonium nitrate as a redox
initiator (Silong et al., 2000; Janarthanan et 2003). Preparation of maize starch
grafted with polymethacrylonitrile, polyacrylaminepolymethacrylamine and
polyacrylic acid was initiated by usinggric ammonium nitrate (Athawale and Lele,
2000). The modified starch, carboxymethyl staraiaftgd with polyacrylamide was
prepared by using ceric ammonium nitrate as amaioit (Cao et al., 2002). Ceric
ammonium nitrate and PPS were used to preparéhgjeafted with polyvinyl acetate
(Don et al.,, 2006) and PMMA-g-starch copolymer (Qet et al., 2001). They
concluded that a higher percentage of grafting etdained from the ceric ammonium
nitrate initiated system under the same reactiamdition. Figure 2.13 presents the
mechanism of PMMA-g-sago starch copolymer usingcc@mmonium nitrate as an
initiator. In the first step, cerium ion attackdtetstarch molecules and obtained a
starch-ceric complex. The &dons in the complex are then reduced to &' @éth
the release of the protons. At that time, the fslicals are formed onto the starch
backbone. The starch radicals react with monomers iritiate the graft

copolymerization reaction.



21

Initiation I.‘.“_-{'I‘Hn r_-_uzuH{:'
/M g cot ity it H
+ e —_—
C [1[ I H H ﬁlrFI H c
H OH H ',‘ JOH
{Starch) o
Complex
Pro H CHOH
fropagation ( 0
CHy OH H X‘
=0 H oH H
Ll ’ ! (
H i ) I
H on u ‘ -~ H Ef, H s od"
7 Yoo N +Ce
L T CH2OH
Y LOH
o = K H >LH
.4
Ce % N L e
0 (l)ll
Free Radicals

CHz

I

L

Free Radicals + ¢ [ == — o

{Mi‘!] \

CHoOH
(8]

Termination

[Starch—pMMA],, + [Starch—pMMA]

[Starch pMMA]

n+m

Figure 2.13 The mechanism of PMMA-g-sago starcholyoper by using ceric

ammonium nitrate as an initiator (Qudsieh et &0D).

2.4.2 Irradiation initiation

Free radical polymerization can also béioled by irradiation of the
monomer with high energy radiation such as X-raysys, a-particles, high energy
electrons and protons (Allcock and Lampe, 1990F ativantages of this method are
ease of grafting, high grafting efficiency and ggm@perties of the resultant graft
copolymers (Pimpan and Thothong, 2006). This metteodproduce free radicals in
three different ways and these simple mechanismsl@scribed below (Bhattacharya
and Misra, 2004; Bucio et al., 2009).
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(a) Pre-irradiation technique
The polymer backbone is first irradiated in wam or in the presence of

an inert gas to form radicals.
P—» P*+ M —» PM*®

(b) Peroxidation technique
The polymer backbone is irradiated first in thesprece of air or oxygen to
form hydroperoxides or diperoxides. Then, the paymeacts with the monomer to
initiate the graft copolymerization. The advantage this method is that the
intermediate peroxy products can be stored for lormges before performing the

grafting step.

0
P—2» P-0-O-H or P-O-O-P
—» P-0®+ HO® or2 P-O°®

—>» P-O-M

(c) Mutual irradiation technique
The polymer and the monomers are irradiated simettasly, to produce

free radicals and their subsequent addition.
P+ M —» p*+ M.—>p|\/|

Although it seems to have many advantages the vhsaalges of the
irradiation method are scission of the base polyduer to its direct irradiation, which
can result in the formation of block copolymers,exipensive and hazardous method
(Bhattacharya and Misra, 2004; Pimpan and Thoth20g6).

The irradiation method can efficiently prepare atagrafted with various
monomers. Polystyrene-g-starch copolymers were gpoeeb by the technique of

simultaneous irradiation by-rays from a°Co-source (Fanta et al., 1975; Henderson



23

and Rudin, 1981; Kiatkamjornwong et al., 1999) idev to use as a part of styrene-
based polymers (Kiatkamjornwong et al., 1999). Salpsorbent polymers,
nanosuperabsorbent polymers and drug-delivery mygsteere prepared by using
starch grafted with polyacrylic acid, polyacrylami@Kiatkamjornwong et al., 2000;
Fang et al.,, 2004; Fang et al., 2005), polyacrytoai (Lyer et al., 1990) and
polymethyl acrylate (Geresh et al., 2002) througjamma ray radiation method.

2.5 Suspension polymerization

Polymerization of a monomer in a medium (i.e.,ekabvercomes many of
the disadvantages of bulk and emulsion polymeprafihe medium assists the heat
transfer and acts as a diluent. The medium all@ggee stirring, since the viscosity of
the reaction mixture is decreased. Suspension lyation (also referred to as bead
or pearl polymerization) is carried out by suspagdhe monomer as droplets (50 —
500 um in diameter) in the medium. This is smaller tithe monomer droplets
obtained from emulsion polymerization. When the oraer droplets are small, it is
easy to eliminate the solvent in the final steperEfore, the products are very
immaculate. The low viscosity of the reaction mnetand the high surface area of the
dispersed droplets provide good heat transfer.e8&yracrylic, methacrylic esters,
vinyl chloride, vinyl acetate and tetrafluoroethyde are polymerized by the
suspension method. Each monomer droplet in a sssperpolymerization is
considered to be a mini bulk polymerization syst@ime kinetics of polymerization
within each droplet is the same as those for threesponding bulk polymerization
(Odian, 1991). Near the end of the polymerizatitwe, particles harden and can then
be recovered by filtration which is followed by iadl washing step (Fried, 2003).
These suspension polymerization reactions are smee{but not always) referred to
as dispersion polymerization. The term microsusp@nsolymerization has also been

used, especially when the monomer droplet size& ane or smaller (Odian, 1991).

2.6 Polystyrene (PS)
Polystyrene is a vinyl polymer. Structurally, itaslong hydrocarbon chain,
with a phenyl group attached to every other carbdtim. Polystyrene is prepared

from the styrene monomer by free radical vinyl podyization in bulk or suspension
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with peroxides or trace oxygen as initiators (Fri2@03). The styrene monomer is
obtained from the reaction between benzene andeethy(Figure 2.14) (Ulrich,
1993).

Figure 2.14 Manufacture of styrene monomer (Ulrkc993).

Polystyrene has a great chemical stability (towadsls, alkalis, etc.) and
stability to water (Ulrich, 1993)However, polystyrene is especially susceptible to
photooxidative degradation which results in britdes and yellowing. Degradation is
initiated by the phenyl group, which absorbs UViatidn from sunlight. This energy
is transferred to other sites along the polymerirgheesulting in bond cleavage,
radical formation and reaction with oxygen to fohmdroperoxide and carbonyl
groups (Fried, 2003).

Polystyrene has been used for many applicationsieSmmmon applications
include containers, cups, dining utensils and .t&ygandable PS (EPS) is a closed-
cell structure made from PS beads and a hydrocapbopellant or blowing agent
such as isopentane and butane. Impact modificafi®® can be obtained through the
incorporation of polybutadiene. For example, higtpact PS (HIPS) is produced by
the emulsion polymerization of styrene in a polgudligne or styrene-butadiene (SBR)
latex. ABS was produced by blending latex emulsiarfs SAN and NBR
(acrylonitrilebutadiene rubber) or by grafting smwye and acrylinitrile with
polybutadiene in a form of latex (Ulrich, 1993;édj 2003).
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

Cassava starch was kindly supplied by GSL Genewaicls Ltd., Thailand.
The native cassava starch had standard specificaidollows: maximum moisture
content = 12.2%, maximum ash = 0.07%, fiber conte®dt1%, pH = 5.6, S£content
= 21.59 ppm, maximum viscosity = 630 Brabendersuaitd sieve test = 99.61% after
passing through 100 mesh. The starch was dried avan at 100C for 48 h and kept
in a desiccator before use. Styrene monomer washased from FluKaand used
after inhibitor was extracted with 5% sodium hyddexaqueous solution and distilled
water sequentially. The inhibitor-free styrene wadged with anhydrous calcium
chloride and stored at 4C. Potassium persulfate (PPS), toluene and metheaa

analytical or reagent grade and obtained from Figthemicaf.

3.2 Experimental Procedure

3.2.1 Preparation of cassava starch grafted with pgstyrene (PS-g-starch

copolymer)
3.2.1.1 Graft copolymerization process
A mixture of dried starch and 100 midastilled water were

stirred magnetically for 30 min under & dtmosphere to make the homogeneous
slurry at the reaction temperature. After addin@Rét 10 min, styrene monomer was
added. The nitrogen atmosphere and agitation atrg@0of slurry were maintained
throughout the experiment. After the reaction tiwas over, the PS-g-starch
copolymer was precipitated by dropping into methambe precipitate was filtered
and repeatedly washed with methanol. The preceitats dried in an oven at 5C
until a constant weight. To determine the optimuenditions for this graft
copolymerization system, the reaction parametersluding the amount of PPS,

cassava starch, styrene monomer, the reaction tataupe and the reaction time were
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varied. The amount of PPS used were 0.2, 0.4,0086,1.0 and 1.2 g, The amount of
cassava starch used were 2.5, 5.0 and 7.5 g, Thararof styrene monomer used
were 2.5, 5.0 and 7.5 g, the reaction times indutle?, 3, 4 and 5 h and the reaction

temperature was varied between 30 an@@&0

3.2.1.2 Soxhlet extraction

The homopolystyrene was removed usyng the Soxhlet
extraction process. The total dried product wasghed and then added into the
thimble inserted in the Soxhlet extractor. Toluemas used as the solvent. The
extraction was done at 12@ for 10 h. The extracted solution was dropped into
methanol which is a non-solvent of PS, if no préatmpn was observed, complete
extraction was confirmed. The PS-g-starch copolywas dried in a vacuum oven at
60 °C until a constant weight and kept in the desiacdtbe product was weighed to
calculate the percentage of grafting, G (%) andgtadting efficiency, GE (%). The
product prior to Soxhlet extraction was called then-extracted product”, and the
product after extraction was called the “un-extats product”.

A polymer blend of cassava starch and PS weapaped in
order to attest the efficiency of the Soxhlet esticmm process. The same extraction

condition was applied to the polymer blend.

3.2.2 Preparation of PS by the suspension polymeation technique
Styrene monomer (7.5 g), PPS (0.4 g) and didtivater (100 g) were
mixed together and stirred at 420 rpm. The readiiole and temperature were 2 h
and 50°C, respectively. The mixture was precipitated inthraaol. The precipitate

was filtered and dried until a constant weight ket in the desiccator.
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3.2.3 Effects of reaction parameters
3.2.3.1 The amount of cassava starch, styrene monemand
reaction temperature
The amountcaksava starch, styrene monomer and reaction
temperature are shown in Table 3.1. The syntheas carried out using a reaction
time of 2 h and 0.2 g of PPS.

Table 3.1 The amount of starch, styrene monomereaxction temperature

Starch (g) Styrene monomer (Q) Temperature°C)
2.5 7.5 30
2.5 7.5 40
2.5 7.5 50
2.5 7.5 60
5.0 5.0 30
5.0 5.0 40
5.0 5.0 50
5.0 5.0 60
7.5 2.5 30
7.5 2.5 40
7.5 2.5 50
7.5 2.5 60

3.2.3.2 The PPS content
To investigate teffect of PPS, the PPS content was varied:
0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 g. The synthesis garied out using the reaction
temperature of 50C, a reaction time of 2 h, 2.5 g of starch and ¢.6f styrene

monomer.
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3.2.3.3 The reaction time
To determine an appropriate reaction time, ghafting reaction
time was varied in the range of 1, 2, 3, 4 and 9 he synthesis was carried out using
the reaction temperature at°8l) 2.5 g of starch, 7.5 g of styrene monomer addy0.
of PPS.

3.2.4 Preparation of PS-g-starch copolymer /cassassarch blend

The blends were prepared byimgi the PS-g-starch copolymer (G (%)
= 21.80%) and cassava starch ratios of 100:0, 9@B@€20, 70:30, 60:40, 50:50,
40:60, 30:70, 20:80, 10:90 and 0:100. The glyceonitent was controlled at 25, 30,
35, 40 and 45 phr (parts per hundred of total weafhpolymers) and the water
content was controlled at 0, 5 and 10 phr (parts mendred of total weight of
polymers). Mixing was carried out in the mixer abm temperature for 10 min. The
mixture was thermo-molded (12 cm110.5 cmx 0.4 mm) by using a compression
molding machine, KT-7014 produced by Kao Tieh L({faipei, Taiwan) at 160C
for 10 min and a pressure of 100 kgfonas directly applied to the sample. The sheet
sample was cooled to room temperature at about BBP&and was stored under the
same previous condition for 4 weeks then X-rayrddfion measurement were

performed.

3.3 Characterization of PS-g-starch copolymer and $-g-cassava starch

copolymer/cassava starch blend

3.3.1 Determination of percentage of grafting (G (%
The G (%) indicates the amount of the cassavabsigranules grafted
with PSand it can be determined based on equation (3ahg(Et al., 2005; Singh et
al., 2006):

G(%): Wy -W,

x100 (3.1)
1

where w was the original weight of cassava starch andvas the weight of un-

extractable products (after Soxhlet extraction).
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3.3.2 Determination of grafting efficiency (GE (%))
The GE (%) described the capability of the monotoegraft onto the
starch and it can be determined based on equaiah (Singh et al., 2006; Fang et
al., 2005):

Y(%):%XNO (3.2)
3

where w was the original weight of cassava starch, was the weight of un-
extractable products (after Soxhlet extraction) andwas weight of the styrene

monomer.

3.3.3 Fourier transform infrared analysis
The Fourier Transform Infrared Spectroscopy (FTtBghnique was
performed by using BRUKEREQUINOX 55 to characterize the chemical structure
of the cassava starch, PS-g-starch copolymer, B$alymer blend (cassava starch
and PS). The dried powder samples were mixed wBi &d pressed into a disc
form by hydraulic compression. The samples werarsea at a frequency range of

4000 - 400 critwith 128 consecutive scans in a 4 tresolution.

3.3.4 Morphological analysis
A scanning electron microscope (JEDISM-5800LV) was used to
study the morphology of cassava starch, PS-g-staypblymer and PS. The samples
were first mounted on the brass stub with doubiekgttape. Samples were then
coated with a thin evaporated layer of gold in ortte improve conductivity and
prevent electron charging on the surface. The sognalectron microscopy was
operated at 10 kV.

3.3.5 Thermogravimetric analysis
The thermal decomposition temperatures of casstarch, PS-g-starch
copolymer and PS were obtained using a PerkinEIM&A 7. Thermogravimetric

analyzer(TGA) was operated at a heating rate of@min from 50 to 950C under
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a nitrogen atmosphere. Prior to the analysis, éingpges were dried in a vacuum oven
at 60°C for 24 h.

3.3.6 Differential scanning calorimetry analysis

The differential scanning calorimetry (PerkinEMh®SC 7) was used
to study the thermal properties of cassava st&€hg-starch copolymer and PS. The
samples were initially heated using a heating oate °C/min from 25 to 180C in a
nitrogen atmosphere and then cooling to°@5at a rate of 100C/min in order to
ensure that there was no influence of thermal histad moisture. The samples were
subsequently rescanned from 25 to 3@ at a heating rate of 8C/min under a
nitrogen atmosphere. Prior to the analysis, thepsesmwere dried in a vacuum oven
at 60°C for 24 h.

3.3.7 X-ray diffraction analysis

Wide angle X-ray diffraction (XRD) studies werarged out using a
Phillips diffractometer (Model PW 1830) with coppas a target material. The
voltage, the current and the wavelength of the Ksaurce were 40 kV, 30 mA and
0.154060-0.154438 nm, respectively. The scanniggme of the diffraction angle
20 were 53-80° which covered all the significant diffraction pealof starch
crystallites.

The degree of crystallinityX;) of the materials can be determined by
analyzing the intensity of X-ray scattering whichmost conveniently measured by
means of a diffractometer and an example of aatiftrmeter trace is shown in Figure
3.1. The degree of crystallinity calculated frore thtio of the crystallized area to the
total area (the crystallized area + the amorpheaa)avas quantitatively estimated
using the equation (3.3) (Odian, 1991; Kumar angt&ul998).
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Diffraction angle (26)

Figure 3.1 Crystalline and non-crystalline regi¢8kujun et al., 2005).

Xe=Ad(Ac+ Ay (3.3)

where X is the degree of crystallinity, Ais the crystallized area on the X-ray

diffractogram and Ais the amorphous area on the X-ray diffractogram.

In this thesis, the ratios of the crystallizedaate the total area were
obtained by cutting the relevant areas and weigthiegn (Campbell et al., 1989). The
same measurements were made at room temperataeetiimes by using the same

paper density mass.

3.3.8 Shrinkage determinations
Shrinkage determinationgere conducted aftehe samples were stored
at room temperaturé65%RH) for 4 weeksShrinkage can be determined based on
equation (3.4) (Averous and Fringant, 2001; Avereual., 2001):



32

Shrinkage (%) = (1-(L/§)) x 100 (3.4)

where L is the length of the dumbbell specimerradtorage fod weeksand Ly is

the initial length of the dumbbell specimen.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Suspension polymerization of polystyrene

After the reaction time was over, the water phdsnged from transparent to
opaque and very fine particles of PS were presetite aqueous phase. Because of
the stirring and the hydrophobic characteristicshag styrene monomer, monomer
droplets were formed. Therefore, polymerizatio®8fhad occurred in these droplets.
The SEM micrographs in Figure 4.1 (a) exhibited #gygregation of the spherical
microbeads of PS.

20kY  100um

Figure 4.1 SEM micrographs of PS spherical micrdbea

The formation of the agglomerates can be explaibgdhe fact that no
surfactant was added to the polymerization systeégure 4.1 (b) shows the spherical
microbeads of PS which were smaller than @60 The glass transition temperature
(Ty) of the PS spherical microbeads was 10C.gFigure 4.2), a similarglof PS was
found by Janarthanan and coworkers (2003). Thexefocan be concluded that the
suspension polymerization method was successfpreparing PS using potassium
persulfate (PPS) as an initiator and water as teédium. As the results, indicate the
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graft copolymerization between PS and cassavahstangld occure using the present

conditions.

10.5

10.38 Tg = 107.5°C

10.25

Heat flow (W/q)
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Figure 4.2 DSC thermogram second-heatfrRS spherical microbeads.

4.2 Effects of reaction parameters

4.2.1 Cassava starch:styrene monomer ratios and reton temperature

The effect of cassava starch:styrene monomer raim$ reaction
temperature was studied and the grafting efficiemcyerms of the percentage of
grafting, G (%) and grafting efficiency, GE (%) werompared. The effect of cassava
starch:styrene monomer ratiass investigated in three cases composed of 2,5:7.5
5.0:5.0 and 7.5:2.5 and the reaction temperatusewaged from 30C to 60C. The
conditions of the reaction were 100 g of water,@d& PPS and the reaction time of 2
h was fixed for each set. The G (%) and GE (%) veateulated based on equation
3.1 and 3.2, respectively (see Chapter 3). The LHafd GE (%) were not the same
number because they are obtained from differenatans and meanings. G (%)
refers to the percentage of PS in the graft copetyamd GE (%) was used to describe
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the capability of the monomer to graft onto thedtaFigure 4.3 presents the G (%)
and GE (%) which were obtained from different caasatarch:styrene monomer
ratios and reaction temperatures. The data showatl dt the lowest reaction
temperature (30C) the G (%) increased by increasing the amourttaséava starch
but the G (%) was quite low. At the higher reactiemperatures (40C and 50°C),

the G (%) increased with decreasing amounts ofawvasstarch and the G (%)
decreased when the amount of cassava starch iadreés$ the highest reaction
temperature (60C) the G (%) significantly decreased. These resealtte to the two
parameters that were the rate of decompositionitétor and the swelling of starch
granules. Both parameters depended on the reattimperature(Odian, 1991,
Copeland et al., 2009). The swelling of starch glkes occurred when starch granules
were heated in the presence of sufficient moisfline. starch granules absorbed water
and swelled. Amylose molecules began to be relersed the starch granules and
the viscosity of the system increas@tihistler et al., 1984; Steinbuchel and Rhee,
2005; Copeland et al., 2009). This process wasregfd¢o as gelatinization. Cassava
starch typically became gelatinization at 62-7@ and this was the proposed
gelatinization temperature (Eliasson, 2000) (seap@r 2).

Although, the swelling of starch granules did aotur at 30C because
30°C was lower than the gelatinization temperature thet G (%) was quite low
because the rate of decomposition of initiator eéased when the reaction
temperature was too low. Moreover, the G (%) degeavith increasing amounts of
styrene monomer because the increasing monomerectvaton accelerated the
homopolymerization reaction rather than througttorg The rate of decomposition
of the initiator at the higher reaction temperasuf#0°C and 50°C) was higher than
that at 30°C causing a significant increase in the G (%) wtienamount of cassava
starch was lower than the amount of the styreneomen. The GE (%) tended to
decrease when the amount of styrene monomer ireddedbis was because a higher
amount of styrene monomer resulted in a higher ymtion of both the PS-g-starch

copolymer and the homopolystyrene.
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Figure 4.3 Effect of cassava starch:styrene monaaigson the G (%) and GE (%)

at different reaction temperatures; (a) &) (b) 40°C, (c) 50°C and (d)

60°C.
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The G (%) decreased at the higher amount of casst&rch because
when the reaction temperature was high, it hadlyeaached the gelatinization
temperature; therefore, starch granules began éll.s&s a result, the viscosities of
the systems increased so it was more difficultafbradical species to react with each
other, thus reducing the potential for graft copudyization (Athawale and Lele,
2000; Fang, et al.,, 2005; Pimpan and Thothong, R0OB&hough, the rate of
decomposition of PPS increased and the amountsshea starch was low both the G
(%) and GE (%) significantly decreased when thetiea temperature was 6
because the starch granules became extremely swiiligas due to 60C being very
close to the gelatinization temperature and the bminof radicals available for
grafting decreased with the increase of reactiorptrature, so this combination with
reduced monomer radicals resulted in a low grafidyi

It can be concluded that the maximum G (@as 15.07 %, obtained
when the reaction conditions were the reaction tatpre of 50C and the ratio of

cassava starch:styrene monomer was 25:75.

4.2.2 The amount of PPS

The PPS content was one of the factors to deterthie extent of graft
copolymerization. The amount of PPS was studigtienrange of 0.2-1.2 g at a fixed
amount of cassava starch (2.5 g), styrene monomegrg) and reaction time (2 h) at
50°C in 100 g of water. The effect of the amount oBR#n the G (%) and GE (%) is
presented in Figure 4.4. The G (%) and GE (%) emxed after increasing the amount
of PPS from 0.2 g to 0.4 g, as the G (%) incredsmd 15.07% to 31.47% and GE
(%) increased from 5.02% to 10.49%, respectivelliese phenomena could be
explained by the fact that the increased amoumivétor produces greater numbers
of oligomer chains due to the increased numberctwaradicals. (Fang et al., 2005;
Pimpan and Thothong, 2006). As a result, the pntibabf graft initiation increased.
When the amount of PPS was higher than 0.4 g, HbwhG (%) and GE (%)
significantly decreased. It may be due to the opmaty for the styrene monomer to
form PS oligomers and homopolystyrene increaseldr(&iet al., 2000; Qudsieh et
al., 2004; Tiwari et al., 2006). However, both Rigamers and PS could dissolve in

toluene; therefore, they were removed by using $tmxhlet extraction process.
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Moreover, when the amount of PPS increased themieication of starch free
radicals was more thermodynamically favorable ttrenformation the PS-g-cassava
starch copolymer. Thus, it can be concluded trabtitimum G (%), 31.47% and GE
(%), 10.49% were obtained when the amount of tHe w&s 0.4 g.
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Figure 4.4 Effect of PPS content on the G (%) akd(%) of samples polymerized at
50 °C for 2 h with 100 g of water, 2.5 g of cassavacstaand 7.5 g of

styrene monomer.

4.2.3 The reaction time

The reaction time was the important parameter affgdhe G (%) and
GE (%). The reaction time was investigated in #gge of 1-5 h at a fixed amount of
cassava starch (2.5 g), styrene monomer (7.5 gP&%®i(0.4 g) at 5¢C in 100 g of
water. Figure 4.5 shows the effect of the reactime on the G (%) and GE (%). The
G (%) and GE (%) presented a maximum at 2 h andesplently decreased. The G
(%) and GE (%) increased with increasing reactiometup to 2 h, as the G (%)
increased from 21.07% to 31.47% and GE (%) incokdsem 7.02% to 10.49%,
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respectivelyA decrease of the G (%) and GE (%) after the maximaaution time (2

h) was observed.
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Figure 4.5 Effect of reaction time on G (%) and 8®) of samples polymerized at
50°C with 100 g of water, 2.5 g of cassava starch, ¢.bf styrene

monomer and 0.4 g of PPS.

The G (%) and GE (%) exhibited a limit value beeauke graft
copolymerization reaction occurred at the surfacthe starch granules (Figures 4.6,
4.9, 4.10 and 4.11). The surface of the starchulearnwas covered with PS spherical
microbeads completely at 2 h. Therefore, the optinreaction time was 2 h. The
grafting reaction did not complete at shorter neactime (1 h). When the reaction
time was too long (over 2 h), the G (%) and GE ¢{fgreased from 31.47% to 7.07%
and from 10.49% to 2.36%, respectively. It may be tb degrafting after a certain
time (Patra and Singh, 1994; Sangramsigh et alDAR0The latter phenomenon
occurred more easily than graft copolymerizaticaction when the reaction time was

increased from 2 hto 5 h.
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Figure 4.6 shows the SEM micrographs of the PSsgaaa starch
copolymer before Soxhlet extraction at differeraateon time with G (%) = 9.57%.
Those samples were obtained from different readtroas including 15 min, 30 min,
1 h and 2 h. Figure 4.6 (a) shows the smooth sesfa¢ starch granules that were
obtained from the reaction solution at the reactiome of 15 min. They looked
similar to the starch granules of pure cassavalstgrigure 4.8) (see part 4.3.2), and
indicate that the graft copolymerization reactioth ot occur. The surfaces of starch
granules were covered with the very fine PS sphkEbeads at the reaction time of 30
min (Figure 4.6 (b)). It shows that the PS sphénuarobeads continuously increased
as the reaction time increased (Figures 4.6 (c) @y Many of the larger PS
spherical microbeads covered the starch granuldstteare were some connections
between starch granules that were most clearly setre reaction time of 2 h (Figure
4.6 (e) and (f)). From these results, it can beckated that the graft copolymerization
reaction occurred at the surface of the starchujearand the reaction time of 2 h was

suitable for this graft copolymerization.

(b)
Figure 4.6 SEM micrographs of the PS-g-cassavalsteopolymer before Soxhlet
extraction at different reaction time (G (%) = 2&)7 (a) 15 min, (b) 30

min, 1 h ((c) and (d)) and 2 h ((e) and (f)).
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Figure 4.6 (cont.).

4.2.4 Mechanisms of grafting between polystyrene drcassava starch
Figure 4.7 presents the most probable mechanismsthie graft
copolymerization of styrene monomer onto the casssarch granules by using PPS
as an initiatarWhen an aqueous solution of persulfate is he@tedmposes to yield
a sulfate radical along with other free radicalcsge The grafting of PS onto the
cassava starch granules could occure either viarobgd abstraction or the
homopolymerization of PS via free radical additiontiated by these radicals.

Termination of the graft copolymerization is thrbus combination of two radicals.
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S,05% 250, Initiation
SO, " +H,0—HSO,” +OH" Propagation
Starch- OH+ OH* — Starch-0* +H,0 Propagation
Starch- O* + Styrene— Starch- O—Styrené Propagation
Starch- O-Styrené +nStyrene- Starch- O - Styrenén.1 Propagation

Starch- O - Styrenén.1 + Starch- OH — Starch- O - Styreng,,;H + Starch-O* Propagation

Starch- O—Styrenén.1 + Starch- O — Styrenén.1 — Graftcopaymer Termination
Styrener OH® — OH - Styrené Propagation
OH-Styrené +nStyrene-> OH-Styrenén.1 Propagation
OH-Styrenén.1 + Starch- OH — OH - Styreng,,;H + Starch- O* Propagation
OH-Styrenén.1 + OH—Styrenén.1 — Homopolyme Termination

Figure 4.7 Mechanisms of grafting between polystgrand cassava starch.

According to the rachanisms in Figure 4.The products obtained from the
graft copolymerization were mostly a mixture of &Starch copolymer and

homopolystyrene, and this was confirmed by furttieracterization.

4.3 Characterization of the graft copolymer

4.3.1 Fourier transform infrared analysis
Fourier transform infrared spectroscopy was usednt@stigate the
chemical structure of cassava starch, PS and RSspea starch copolymer. FTIR
assignment of starch and PS had been reported by research groups (Athawale et
al., 2000; Kiatkamjornwong et al., 2000; Janartmaea al., 2003; Qudsieh et al.,
2004; Fang et al., 2005; Meng et al., 2005; Pimgaah Thothong, 2006; Liao and
Wu, 2009; Zaragoza-Contreras et al., 2009). Theaacheristic peaks of cassava
starch and PS are described in Table 4.1. FiguBesHows the FTIR spectra of

cassava starch, PS and the PS-g-cassava stardignesepo



Table 4.1 FTIR assignment of cassava starch angtyotne

Wavenumber (cif)

Assignment

Cassava starch

3600-3000
2933 and 2881
1190-950

Polystyrene
3100, 3000, 760 and 700
2920 and 2850
1700-2000
1601, 1490 and 1450

O-H stretching
C-H stretching of ¢H
C-O stretching

C-H stretching of aronraiiy
C-H stretching of ¢H
overtones of the phenyl ring

C=C stretching of aromatig rin

However, the assignment of the peak of cassavehstarl640-1650cth
was not clear but was debatable as it had beemteglpim many articles. Ezekiel and
coworkers (2007) commented on the bending modeatémat 1800-1600 cf while
the bending mode of O-H in starch was assigne®4® tm" (Meng et al., 2005) and
at 1650 crit (Athawale and Lele, 2000). The peak of the firgtrane of OH bending
appeared at 1653 ¢h{Sing et al., 2005). Mano and coworkers (2003) tinerd the
8(OH) bend of absorbed water at 1640 crifurthermore, the wavenumber at 1650
cm™ was presented as a peak of the COC stretchingdLak, 2004). Nevertheless,
this peak was not the main characteristic of stafclittle peak at 3444 cththat
appeared in the PS spectrum may be due to theurmsbntent in the PS.

The FTIR spectra of a PS-g-cassava starch copolpefere and after
Soxhlet extraction with a G (%) = 22.80% is preednin Figure 4.8 (c) and (d),
respectively. The FTIR spectrum of the PS-g-cassstaach copolymer before
Soxhlet extraction displayed the characteristickpeaf both cassava starch and PS
(Figure 4.8 (c)) but all characteristics of the W&e the main peaks in this spectrum
because this sample is composed of both graftecarlShomopolystyrene. After
Soxhlet extraction, the characteristic peaks werdla to the characteristic peaks of
both cassava starch and PS but the characterisikspof PS exhibited smaller

intensities. This confirmed that homopolystyrend baen removed and only grafted
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PS still appended on the starch backbone. Fromrésiglt, it can be concluded that

the PS-g-cassava starch copolymer had been obtained

% Transmittance

1190-?50

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cml)

Figure 4.8 FTIR spectrum of cassava starch (a), (B)S PS-g-cassava starch
copolymer before Soxhlet extraction (c) and PS<gpawa starch

copolymer after Soxhlet extraction with G (%) =&®46 (d).

4.3.2 Morphological analysis
The surface appearance of cassava starch, PS agec&&Sava starch

copolymers was observed by using SEM. The SEM mragghs of the spherical
microbeads of PS are presented in Figure 4.1. €id% had the SEM micrograph of
pure cassava starch powder and clearly showed srappth and compact surfaces.
The granules of cassava starch varied in shapesiaadas some were round, others
egg-shaped, cap-shaped or truncated “kettle drund’tlae size was in the range of 4-
35 um. A similar morphology has been detected by otnghors (Whistler et al.,
1984; Eliasson, 2000; Kiatkamjornwong et al., 200@&ng et al., 2009).
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Figure 4.9 SEM micrograph of cassava starch.

SEM micrographs of the PS-g-cassava starch copogmi¢ch a G (%) =
22.80% at the reaction time of 2 h before Soxhtétaetion are shown in Figure 4.10.
After the graft copolymerization reaction, the swds of starch granules were
covered with spherical beads of PS. The PS sphenicaobeads adhered to both the
surfaces of the starch granules and onto themseélhesSEM micrographs supported
the hypothesis that the graft copolymerization tieacoccurred at the surfaces of the
starch granules. lhis can be confirmed from Figud® (d) that shows the fibrils of
PS spherical microbeads embedded onto the surbstsrch granules.

Figure 4.11 shows the PS-g-cassava starch copolwfter Soxhlet
extraction. The PS spherical microbeads had disapdebut show that irregular
crater-like shapes and the PS network had formeddemnt pores linked between the
starch granules. The holes on the PS network waraefd from the PS spherical
microbeads that had been dissolved by toluene gluha Soxhlet extraction. From
the SEM micrographs of the PS-g-cassava starchlyopo both before and after
Soxhlet extraction (Figures 4.10 and 4.11), thecktgranules still presented under
the polymerization temperature of 30, indicating that the gelatinized starch did not
occur because the graft copolymerization reactioas vcarried out at lower
temperature than the gelatinization temperatueae$ava starch which was 6213
(Eliasson, 2000).
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Figure 4.10 SEM micrographs of the PS-g-cassavalstaopolymer with G (%) =
22.80% at the reaction time for 2 h before Soxékttaction.
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Figure 4.11 SEM micrographs of the PS-g-cassavalstopolymer with G (%) =
22.80% at the reaction time for 2 h after Soxhketaetion.

SEM micrographs of the PS-g-cassava starch copolgfter Soxhlet
extraction with a G (%) = 14.00% and 32.80% arewshon Figure 4.12. The
morphology of the graft copolymer correlated to treue of the G (%). The PS
network showed that abundant pores were still pteseon the PS-g-cassava starch
copolymer at the low G (%) value (Figure 4.12 (af gb)). The highest G (%)
showed a denser graft copolymer (Figure 4.12 (d)(d}).
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PSU : 10kY  10um

Figure 4.12 SEM micrographs of the PS-g-cassavalstzopolymer (after Soxhlet
extraction); G (%) = 14.00% ((a) and (b)) and G €@432.80% ((c) and

(d)).

4.3.3 Thermogravimetric analysis
TGA is a simple and accurate method to investiglaedecomposition
pattern and thermal stability of the polymers. Fegu4.13 — 4.16 displayed the TGA
and derivative thermogravimetry (DTG) thermograrhsassava starch, PS and PS-g-
cassava starch copolymer before and after Soxkteaation from different G (%).
The TGA and DTG thermograms of cassava starch (&igul3) showed the first
weight loss, at around 108C. This was merely due to evaporation of absorbed

moisture(Janarthanan et al., 2003; Kiatkamjornwong et28l06; Yin et al., 2008, Yu



49

et al., 2008). A significant weight loss that ocedr in the second step in the

temperature range of 275 — 360 could be attributed to the decomposition of the
starch (Silong et al.,, 2000; Sacak and Celik, 200&2narthanan et al., 2003;

Kiatkamjornwong et al., 2006). After thermal degradn, cassava starch provided

20% of ash.
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Figure 4.13 TGA and DTG thermograms of cassavalstar

Figure 4.14 presents the TGA and DTG thermogran®Sivhich show
a weight loss from 360 — 46%C. This was due to the decomposition of PS
(Janarthanan et al., 2003; Kiatkamjornwong et 2006). Furthermore, PS showed

very little ash £ 0%) after thermal degradation.
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Figure 4.14 TGA and DTG thermograms of PS.

Figure 4.15 presents the TGA and DTG thermogramB3y-cassava
starch copolymer before (a) and after Soxhlet etttra (b) with a G (%) = 22.80%. It
can be seen that there were three steps of weagktih both samples. First, the
weight loss from 50C to 110°C, that was assigned to water evaporation. Thenseco
step involved the decomposition of starch in theftgropolymer at the decomposition
temperature of 280 — 34C. Finally, the weight loss in the range from 37850°C,
that was due to the decomposition of PS in thetgrapolymer. However, the
guantity of percentage of the weight loss (Wight))(%f starch and PS in the
thermograms of both samples was different (Figut® 4a) and (b)).



51

100 -
80 -
S
—~ 60}
=
f=)
()
; 40 -
20 -
0 | S mrpEss==—y

| | |
0 100 200 300 400 500 600
Temperature (°C)

5

—~ 0
g=
£ 5
S
= -10-
2
<]
= -15-
]
2  -20F
©
=
o 25
()

30 -

-35 | |

| | |
0 100 200 300 400 500 600
Temperature CC)

Figure 4.15 TGA and DTG thermograms of PS-g-casstarah copolymer before (a)
and after Soxhlet extraction (b) with G (%) = 2280
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The thermograms of the PS-g-cassava starch copolgeiere Soxhlet
extraction exhibited a higher quantity of perceptafthe weight loss of PS than the
thermograms of PS-g-cassava starch copolymer &fighlet extraction because the
homopolystyrene had been removed after Soxhleaetxdn. Therefore, the quantity
of percentage of the weight loss of PS decreastst aking Soxhlet extraction
(Figure 4.15 (b)).

Figure 4.16 shows TGA and DTG thermograms of P&ggava starch
copolymer after Soxhlet extraction from different(%) values including a G (%) =
14.00%, 22.80% and 32.80%. The three steps of Wwhkigh were again obtained. The
initial step of weight loss in the range of from &0about 100°C, was a result of
water evaporation. The second step is the weigistfimm 280 — 350C and the third
step is the weight loss from 380 — 400 which could be the decomposition of starch
and PS in the graft copolymer, respectively. Thebypolystyrene in all samples was
completely extracted by the Soxhlet extraction pss¢ therefore, the quantity of
percentage of the weight loss of PS was lower thamuantity of percentage of the
weight loss of starch. This confirmed that the P&gsava starch copolymer had
been obtained.

Furthermore, the different G (%) exhibited the @léint value of
percentage of weight loss of a synthetic polymexftgd onto the starch backbone
(Kiatkamjornwong et al., 2006; Yin et al., 2008heTvalue of percentage of weight
loss of PS in the extracted sample with a G (%3960% was 8%. When the G (%)
increased from 22.80% to 32.80%, the value of peage of weight loss of PS
increased from 17.5% to 20.5%, respectively (Figude). This result indicated that
the extracted sample with a G (%) = 14.00% was atkgt more rapidly than the
extracted samples with a higher G (%) (22.80% &h8®%).
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Figure 4.16 TGA and DTG thermograms of PS-g-cassasech copolymer after
Soxhlet extraction with G (%) = 14.00% (a), 22.8(pand 32.80% (c).
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4.3.4 Differential scanning calorimetry analysis (3C)

DSC is an important tool used to explain the foramatof graft
copolymers. A DSC thermogram from the first heasogn of cassava starch, PS and
PS-g-cassava starch copolymer after Soxhlet exdrafrom different G (%) values is
presented in Figure 4.17. They show a broad enduotbgeak at around 10G. This
peak was also observed by other authors. Mano @andrkers (2003) believed that a
broad endothermic peak from room temperature ugp temperature of above 1%D
may be due to water adsorption occurring above rteanperature during the heating
scan. The endothermic peak at 126.9vas due to the melting of crystalline starch
that had been formed between the water residué¢h@ntholecular chains of starch via
hydrogen bonding@Meng et al., 2005). Hamdan and coworkers (200ppnted that
the peak between 50 and 260was due to the melting of the amylopectin frattio
The additional stage observed at P@4was due to the loss of water contained in the
starch sample (Rudink et al., 2005; Yin et al., &00rhe source of this peak is
controversial and there is no conclusion. Howetles, peak was not apparent on the
DSC thermogram from the second heating scan.

Figure 4.18 shows the DSC thermogram from the skbeating scan of
cassava starch. An exothermic reaction was detett&¥5°C and this correlated
with its TGA and DTG thermograms, for the startolgcomposition temperature of
starch. The PS exhibited a heat flow change at517, and this corresponded to the
T4 of PS (inserted in Figure 4.19) and the thermadiation at 400°C (Figure 4.19)

corresponding to its TGA and DTG thermograms.
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Figure 4.17 DSC thermograms from the first heasogn of cassava starch (a), PS-g-

cassava starch copolymer after Soxhlet extractitin & (%) = 14.00%

(b), 22.80% (c), 32.80% (d) and PS (e).
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Figure 4.18 DSC thermogram from the second heatiag of cassava starch.
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Figure 4.19 DSC thermogram from the second heatiag of PS.

The DSC thermogram from the second heating scaR3fj-cassava
starch copolymer before and after Soxhlet extracttoshown in Figure 4.20. The
DSC thermogram of the PS-g-cassava starch copolyatare Soxhlet extraction
with a G (%) = 22.80% (Figure 4.20 (a)) looked $amito the starch characteristic
(Figure 4.18). The thermal oxidation of the staptiase in the samples after Soxhlet
extraction occurred at a higher temperattr@{5°C) and the thermal oxidation peak

of PS at about 400C was more clearly visible as the G (%) increaséduie 4.20
(b)-(d)).
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Figure 4.20 DSC thermograms from the second heatag of PS-g-cassava starch
copolymer before Soxhlet extraction with G (%) =86 (a), PS-g-
cassava starch copolymer after Soxhlet extractibim @ (%) = 14.00%
(b), 22.80% (c) and 32.80% (d).

4.3.5 X-ray diffraction analysis

Starch granules were semi-crystalline in nature.e Téxtent of
crystallinity of native starch was determined bya¥- diffraction ranged from about
15% to 45% depending on the starch sources (Capelaal., 2009). The crystallinity
of cassava starch was about 38% (Steinbuchel aerd,RI005). The XRD pattern of
the cassava starch and the PS-g-cassava starclymepafter Soxhlet extraction
with a G (%) = 22.80% are shown in Figure 4.21. degree of crystallinity of the
samples was quantitatively evaluated following thethod previously explained in
section 3.3.7. The XRD pattern of the extracted ganwas similar to the XRD
patterns of the cassava starch. The degree ofaligagy of the cassava starch and
graft copolymer G (%) = 22.80% were in the sameeawhich was 37% and 39%,
respectively. Therefore, it obviously showed thia¢ treaction conditions did not

rupture the starch granules and this correlatech wite results from SEM.
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Undoubtedly, this was due to the polymerizatiorctiea being carried out at a low
reaction temperature that was lower than the getatiion temperature of the cassava

starch. If the system used gelatinized starch, tiwecrystal state could be observed.

Cassava starch

Counts

PS-g-cassava starch
copolymer

|
O 10 20 30 40 50 60 70 80

2-Theta

Figure 4.21 XRD pattern of the cassava starch bedPB-g-cassava starch copolymer
after Soxhlet extraction with G (%) = 22.80%.

4.3.6 The efficiency of Soxhlet extraction
The Soxhlet extraction was the important processl us remove the
homopolystyrene that was obtained from the grgiobpmerization reaction between
cassava starch and the styrene monomer. Everyceatravas checked by dropping
the extracted solution into methanol which is a-solvent of PS. If a precipitate did
not occur, this confirmed that the extraction wasnplete. The polymer blend
(cassava starch and PS blend) was prepared fotiowie method described in
Chapter 3 in order to check the efficiency of tloxI8et extraction process. The FTIR
spectrum of cassava starch and the polymer bletet &oxhlet extraction are
displayed in Figure 4.22. The FTIR spectrum of godymer blend after Soxhlet
extraction (Figure 4.22 (b)) looked similar to tR&€IR spectrum of virgin cassava

starch (Figure 4.22 (a)). This indicated that P& been completely removed from the
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polymer blend. It confirmed that the homopolyst@drad been completely extracted
by the Soxhlet extraction process and merely giaft® still adjoined on the starch

backbone. Therefore, the Soxhlet extraction prosassefficient and reliable.
(a) M

| | | | |
4000 3500 3000 2500 2000 1500 1000 500

% Transmittance
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Figure 4.22 FTIR spectra of virgin cassava staagta(d the product of the starch and
PS blend after Soxhlet extraction (b).

4.4 PS-g-cassava starch copolymer/cassava starcler
Starch-based plastics have received more attebgoause of its availability

and low price. However, starch-based plastics héwee drawbacks that are their
brittleness, poor mechanical properties, shrinkage remarkable sensitivity to
moisture content that limit its wide application phasticizer is required for preparing
starch-based plastics because the plasticizer aves brittleness and avoids the
cracking of the material during handling and steraghe addition of plasticizer
reduces internal hydrogen bonding between thelstaecules while increasing its
molecular volume (Laohakunjit and Noomhorm, 2004anyy and Huang, 2007).
Various plasticizers have been used for starchebassterials such as water, glycerol,
sorbitol, sugars, ethanolamine, urea, citric amdnamide and poly(ethylene glycol)

(Laohakunijit and Noomhorm, 2004; Jiugao et al.,.2@iang et al., 2006; Yang et al.,
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2006; Orts et al., 2007; Wang and Huang, 2007)c@&bl is a well known good
plasticizer of starch-based materials becauseoiiges good qualities is cheap and
non-toxic. Blending with some other synthetic pomis another way to improve
the properties of starch-based plastics. In thiglyst starch-based plastics were
prepared by blending cassava starch with PS-gksteopolymer with a G (%) =
21.80%) using glycerol and water as plasticizerhie TPS-g-cassava starch
copolymer/cassava starch blends were preparedwiollpthe method described in
Section 3.2.4.

Table 4.2 presents the appearance of starch-l@astics that made from a
PS-g-starch copolymer of (G (%) = 21.80%)/cassaaecls blend as affected by the
plasticizer type and concentration. The sampleg wery brittle and heterogeneous at
lower glycerol and water concentrations, whereasesy high concentrations, i.e.
glycerol 45 phr (parts per hundred of total weighpolymers) and water 10 phr, the
samples were very soft and homogeneous becauke better compatibility between
cassava starch and the PS-g-starch copolymer.

Table 4.3 presents the composition and appearahstach-based plastics
that were made from a PS-g-starch copolymer of %} £ 21.80%)/cassava starch
blends as affected by the amount of PS-g-starclolgm@r and cassava starch
(glycerol (45 phr) and water (10 phr) as plastigiz&hree different characteristics
can be identified.

First, when the PS-g-cassava starch copolymer ocontere higher than 60%,
the samples could not be handled and performedetigle properties because they
were extremely brittle and their surface were vetigky. This phenomenon is
proposed to be called the deplasticizing effect cwhdecreases the material
processability (Shi et al., 2007). It may be duedssava starch being hydrophilic and
susceptible to compete for the glycerol and wabsogption. When the amount of the
PS-g-cassava starch copolymer increased, glyceigidated to the surface of the
samples and the water easily volatilized at theh higmperatures during the
compression molding because the absorption of ghy@nd water took place with
difficulty due to the PS being hydrophobic. Therefahis phenomenon might be the
cause of the sticky surface and brittleness ok#mple
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Table 4.2 Appearance of the starch-based plastiedfacted by plasticizer type and
concentration (The ratios of PS-g-cassava starpblgmer (GS):.cassava
starch (CS) = 50:50)

Plasticizer (phr) Characteristic of compounds
Glycerol Water

25 0 Heterogeneous
5 Heterogeneous

10 Heterogeneous

30 0 Heterogeneous
Heterogeneous

10 Heterogeneous

35 0 Heterogeneous
5 Heterogeneous

10 Heterogeneous

40 0 Heterogeneous
5 Heterogeneous

10 Heterogeneous

45 0 Heterogeneous
5 Heterogeneous

10 Homogeneous

Second, when the PS-g-cassava starch copolymezrntomas 40% - 60%, the
samples did not shrink. Shrinkage results at 65%arRHreported in Table 4.4. The
PS-g-starch copolymer leads to a significant radocbof shrinkage. It can be
considered to be a dimensional stability enhancénmeadifier. Moreover, the
samples were less brittle and sticky when compaoetiigher amounts of PS-g-
cassava starch copolymer. It is due to there bkisg influence on achieving the
deplasticizing effect.

Finally, when the PS-g-cassava starch copolymetecbrvas lower than 40%,
the samples could not be monitored for their tenprioperties because they shrank
when exposed to relative humidity (RH) of about 68%ble 4.4). This could be due
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to the water acting as a plasticizer, but beingatiited rapidly at the high

temperature used during the compression moldingen\the samples were exposed

to a higher relative humidity (%RH = 65%), stardserbed sufficient water to reduce
its Ty, and resulting in sample shrinkage (Patil and £dr@95; Willett, 2008).

Table 4.3 Composition and appearance of the staaskd plastics as affected by the

amount of PS-g-starch copolymer and cassava s{atgberol (45 phr)
and water (10 phr))

Of

as o Characteristic of Visual and handling characteristics
compounds samples

100:0 Homogeneous Opaque, very brittle and veckti
90:10 Heterogeneous Opaque, very brittle and veskys
80:20 Heterogeneous Opaque, very brittle and veskys
70:30 Heterogeneous Opaque, very brittle and weriyys
60:40 Homogeneous Opaque, less flexible and stick
50:50 Homogeneous Opaque, less flexible and stick
40:60 Homogeneous Opaque, less flexible and stick
30:70 Homogeneous Translucent, flexible and sticky
20:80 Homogeneous Translucent and flexible
10:90 Homogeneous Translucent and flexible
0:100 Homogeneous Translucent and flexible

<

"GS is PS-g-starch copolymer (G (%) = 21.80%).
" CS is cassava starch.

X-ray diffraction was used to investigate the chem@n crystallinity during

the ageing of the PS-g-cassava starch/cassavé $timred. The XRD pattern of the

original materials and the PS-g-cassava starctaeasstarch blends (conditioning in
RH of 65% for 24 h and 4 weeks) are presentedgurgi4.23.
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Table 4.4 Shrinkage (%) for PS-g-starch copolynaesgava starch blends (65% RH)

GS.CS Shrinkage (%)
60:40 0

50:50 0

40:60 0

30:70 1.04
20:80 2.61
10:90 3.39
0:100 7.80

The PS-g-cassava starch/cassava starch blend hBdpAferns that differed
from the cassava starch granules and the PS-gveastach copolymer. A complete
change in the XRD pattern of the PS-g-cassavalgtarssava starch blend in relation
to the original materials can be seen, confirmimg disruption of the cassava starch
granule. From Figure 4.23, when the ratios of GSu&$e 100:0 and 90:10, the
intensity of the crystalline peak was higher anel tiatios of GS:CS were 10:90 and
0:100 within 24 h due to the deplasticizing efféidte influence of the deplasticizing
effect brings about migration of glycerol to thefage of the samples. From that
result, glycerol cannot reduce internal hydrogendiog between starch molecules.
Therefore, the intermolecular and intramoleculactens between starch molecules
were rebuilt and a novel crystalline structure vimsnediately obtained after the
samples were compression molded. This is refepegstretrogradation. The sample
with a ratio of GS:CS of 0:100 showed a similar dabr but had a longer delay
before significant crystallization could be obsetv@here were weak peaks in the
XRD pattern, when the ratio of GS:CS was 0:100 witB4 h. This is because
glycerol formed the strong hydrogen bonds with sit@ch molecules (Ma et al.,
2006; Yang et al., 2006). Therefore, the interactod starch molecules and the re-
crystallization (retrogradation) occurred with ditflty. However, when it was stored

for 4 weeks obvious peaks due to the retrogradai@massava starch were observed.
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Figure 4.23 XRD patterns of the cassava starchg-B&sava starch copolymer and

the PS-g-cassava starch/cassava starch blend.
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CHAPTER 5

CONCLUSIONS

The preparation of polystyrene (PS) was succegsiuéipared via suspension
polymerization using potassium persulfate (PPSpamgnitiator. The PS spherical
microbeads that were smaller than 2@@h were occurred under suspension
polymerization in an aqueous medium. Thermogravimeinalysis (TGA) was used
to determine the glass transition temperatugg ¢Tthe PS spherical microbeads. The
T4 of those PS spherical microbeads was 10C.5

The synthesis of cassava starch grafted with PSy{&t&rch copolymer) was
carried out via suspension polymerization usingagsium persulfate (PPS) as an
initiator. The effect of the amounts of cassava starch, stymemnomer, PPS, reaction
time and reaction temperature were investigated. idmopolystyrene was extracted
by using the Soxhlet extraction process. The optint (%) (31.47%) and GE (%)
(10.49%) were obtained when using 2.5 g of cassseech, 7.5 g of styrene
monomer, 0.4 g of PPS, a reaction time of 2 h aadtion temperature of 5C.

The chemical structures, morphology, degree of talysity, thermal
decomposition temperatures and thermal behaviaraséava starch, PS and PS-g-
starch copolymer were investigated by using FouriBransform Infrared
Spectroscopy (FTIR), scanning election microsc&iyNl), X-ray diffraction (XRD),
TGA and differential scanning calorimetry (DSC),spectively. These results
indicated that the preparations of PS and PS-gfstappolymer via suspension
polymerization using PPS as an initiator were sssite.

The PS-g-starch copolymer with a G (%) = 21.80% wased with cassava
starch in order to prepaieS-g-starch/cassava starch blends using glycebopk¢)
and water (10 phr) as plasticizers. When the amofi®S-g-starch increased the
blends were very brittle and their surfaces weng wticky. From that result, it was
difficult to measure the tensile testing. This da attributed to the deplasticizing

effect and the retrogradation of cassava starch.
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CHAPTER 6

INTRODUCTION

6.1 Background and rationale

Nowadays, research and development on bioplagtiegtiactive because of
the increase in fossil energy costs and the enwiemtal pollution by synthetic
plastics which are now regarded as being a worldwathivironmental problem.
Renewable bioplastic materials such as starch aotkips have a huge advantage
because of their abundant resources, low cost, ¢padegradability and suitable
properties for usage. Therefore, this thesis fatuse the development of the
bioplastics that made from starch and protein (wigkgen) which is the by-product
of the wheat starch fabrication and the food prsiogsindustry. A starch-based
polymer which was cassava starch grafted with pplgee (PS-g-cassava starch
copolymer) was explained in part 1 (Chapter 1 —T)is part (Chapter 6 — 10)
explained about the bioplastic that made from pmoteroteins derived from plants
such as wheat gluten, soya and zein are classicalvable materials. Wheat gluten is
unique among plant proteins, because of its low, @a&ilability in large quantities,
good biodegradability and uniquescoelastic properties. Wheat gluten is a mixtfre
the (monomeric) gliadin and (polymeric) glutenirbdat 52/48, w/w, respectively)
(Auvergne et al., 2008). Gliadin provides the vissacomponent of gluten while
glutenin contributes to the elastic properties €deet al., 2005). Wheat gluten is
composed of many types of amino acids. Cystinehés @amino acid that plays an
important role in the wheat gluten-based bioplastisithough, cystine is a minor
amino acid of wheat gluten but it consists of SHugr which can form disulfide (SS)
bonds between protein chains. The SS bonds infesetie quality of the bioplastics
made. Wheat gluten can be processed into a biapléistough extrusion or
compression molding (Pommet et al., 2003). The temidiof a plasticizer can
overcome the brittleness of the wheat gluten-basederials and facilitates its
processability. Small polar molecules such as gblcevater, sorbitol, sugars and
fatty acid can be used as plasticizer but accorttirtge literature glycerol is the most
commonly used (Pouplin et al., 1999; Pommet eR803; Pommet et al., 2005).
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Mechanical mixing and thermal treatment play andngnt role in wheat
gluten-based bioplastics because they cause whéahgggregation (crosslinking)
through SS bonds. Gluten crosslinking occurs thoogg radical and nucleophilic
mechanisms (Auvergne et al., 2008). The origin fpoinforming radical species
occurs during mixing (Auvergne et al., 2008). Dgrithe thermal treatment, proteins
unfold at temperatures above 75°C and this famktarosslinking (Schofield et al.,
1983). The structure and properties of wheat gludea strongly modified by
crosslinking. A loss of solubility in sodium dodéulfate (SDS) buffer provides
good evidence of the extent of crosslinking (Safidfiet al., 1983; Hayta and
Schofield., 2004; Rosell and Foegeding., 2007} ftecessary to control the extent of
protein crosslinking that occurs during the mecbalnmixing and thermal treatment
because protein crosslinking plays a key role enghoperties of wheat gluten-based
bioplastic. The protein crosslinking of gluten fiwas controlled by using gamma-
irradiation (Lee et al., 2005). Sun and cowork@®0g) also have studied control of
protein crosslinking for wheat gluten-based bioptady varying the molding
temperature from 2& to 125C.

Polyphenolic structures such as tannin and ligmteract readily with
proteins, leading to the formation of protein-pdigpol complexes. Tannin can
precipitate salivary proteins via hydrophobic faand hydrogen bonding (Sarni-
Manchado et al., 1999). Zahedifar and coworker®Z2Mave shown that lignin can
precipitate protein and protect protein from degtash in the rumen. Keaft lignin
(KL) and lignosulfonate can form a crosslinkingwetk with soy proteins (Huang et
al, 2003 (a); Hung et al., 2003 (b)). The additmihKL was able to control the
crosslinking of a wheat gluten-based bioplasticr{#uopparat, 2008). KL can impair
the free radicals that cause crosslinking durirgyrthixing and thermal treatment, of
wheat gluten leading to an increase of the solpbiein content. In this study two
possible mechanisms were described. The first wegothe formation of a complex
between KL and wheat gluten during processing itiadifies the 3D structure of the
wheat gluten protein, and modifies its reactiviljhe second involves a direct
influence of some functional chemical groups foundKL on the wheat gluten

crosslinking mechanism.
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Lignin is a complex phenolic polymer obtained frarees and agricultural
crops (Pouteau et al., 2003; Boeriu et al., 2084).is a by-product of the alkaline
(Kraft) pulping process, and is the main type dadustrial lignin produced in the
world. Kraft lignin exhibits complex structures, switing from the alkaline
modification of the native lignin found in the waodts structure, generally speaking
has been poorly characterized, and is dependetiteoproperties of the native lignin
(wood species, agricultural conditions of growtimdaon the intensity of the Kraft
process. Native lignin is basically formed by thmmbination of three monomers,
namely p-coumaryl, coniferyl and sinapyl alcohol$he resulting structure is a
polyphenolic compound, of very high molecular weigRalph et al., 2004). The most
important chemical functional groups in KL are cased of the hydroxyl (phenolic
or alkyl), methoxyl, carbonyl and carboxyl groupse phenolic structures are known
for their radical scavenging properties and thgugmation of the aromatic nucleus can
induces the resonance stabilization of the phemadicals (Graf., 1992; Zang et al.,
2000; Butterfield et al., 2002).

Some research groups have studied modifying ligmough various methods
such as acid treatment (Pouteau et al., 2005)asacand laccase-mediated with
methyl syringate treatment (Liu et al., 2009), czdreatment (Severtson and Guo,
2002) and oxidation (Crestini et al., 2006). Moreg\the available reactive hydroxyl
groups in lignin can be chemically reacted by é#tation and etherification (Lora
and Glasser, 2002).

In this part of this thesis, the effect of KL oretbrosslinking of wheat gluten,
in terms of providing a chemical interpretation wasestigated. Two routes were
followed. The first one was to compare the effddfb with an Esterified lignin (EL)
in order to clarify the influence of hydroxyl graaimn the reactivity with the 3D
structure of the wheat gluten protein. The secamel was to evaluate independently
the effect of different simple aromatics structufgaaiacol, ferulic acid, coumaric
acid, cinnamaldehyde, cinnamyl alcohol, trans asletland vanillin) commercially
available in order to check for the effects of thaifferent functions on the wheat
gluten reactivity. All the chemical functions cae lound in KL itself (or in its
degradation products obtained by oxidation, vanmilliMoreover, the effect of

hydroxyl and conjugated double bonds (in whichrheleophilic reactivity has been
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reinforced by addition of carboxylic or aldehydesups), all of them located on an
aromatic structure. The effects of those compoumlsprotein plasticization and

crosslinking were separately investigated.

6.2 Objectives of the research

1. To synthesize the esterified lignin via the gitation reaction of hydroxyl
groups in Kraft lignin.

2. To investigate the plasticizing properties ofafiignin, esterified lignin
and other additives on wheat gluten-based bioglasti

3. To investigate the effect of Kraft lignin, edfied lignin and different

simple aromatics structures on wheat gluten-basgudstic.

6.3 Benefits

The addition of Kraft lignin, esterified lignin arather additives appears as a
new promising and environmentally-friendly way tontrol gluten crosslinking
during processing which is useful to develop thepprties of bioplastic that made
from wheat gluten for various applications. Moreouhe environmental pollution
problems caused by the use of synthetic polymesgedan petrochemicals can be

decreased and the value of agriculture productsased.
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CHAPTER 7

LITERATURE REVIEW

7.1 Gluten

Gluten is a special protein commonly found in, rydeat, corn and barley.
There are some types of grain do not contain glatgnwild rice, buckwheat, millet,
amaranth, quinoa, teff and oats. Gluten from whieatr has the capability to form
strong and cohesive dough. Proteins from otheratdteurs do not have dough
forming properties except rye can form the weakgthouNVheat gluten is often the
protein by-product of the wheat starch fabricateord the food processing industry
(Hoseney, 1998; Domenek et al., 2004; Jerez e2@D5). During the production of
wheat starch, dough is first formed by mixing waded flour together. Wheat gluten
is easy to isolate from wheat starch because glatersoluble in water. Wheat flour
is rinsed and kneaded until all of the wheat staschemoved from the dough
(Hoseney, 1998).

Normally, there are four types of proteins presanivheat flour. The major
proteins are gliadin and glutenin and the minortgins are albumin and globulins.
Gluteninandgliadin are the two proteinthat can forngluten and are responsible for
the unique viscoelastic properties of gluten (Wald002). Wheat gluten contains
about 75-85% of the proteins with 40-50% gliadird &%-45% glutenin (Sun et al.,
2007).

Gluten is composed of many large protein compong@nésent as either
monomers or linked by interchain disulfide (SS) d®nsuch as oligomers and
polymers. They consist of many amino acid companerdluding a high content of
glutamine and proline. The structures of glutanand proline are presented in Figure
7.1. The amino acid composition of glutenine anddghe in the gluten are shown in
Table 7.1.



71

H
O, 1T H H S-H
,C—C—N_ o, | _H |
HOo L. H C—C—N CHy
2 4 / \ _H
| HO H-g o
CH, W e HzN—(F—COOH
.Cy H H I
H,N O
Glutamine Proline Cystine

Figure 7.1 The structures of glutamine, proline eystine (Walsh, 2002).

Table 7.1 Amino acid units of gliadine and glutenin gluten (Kunanopparat, 2008)

Amino acid Gliadine (%) Glutenine (%)
Arginine 2.7 4.1
Lysine 0.6 2.3
Asparagine 2.9 3.7
Cystine 3.0 2.4
Glutamine 38.9 33.1
Histidine 2.2 2.3
Serine 4.7 5.4
Threonine 2.2 3.1
Tyrosine 2.6 3.6
Alanine 2.0 2.8
Glycine 15 3.8
Isoleucine 4.3 3.7
Leucine 6.9 6.6
Methionine 1.4 1.7
Phenylalanine 5.5 4.8
Proline 13.8 10.3
Tryptophane 0.7 2.1
Valine 4.1 4.2
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Although, cystine is a minor amino acid of gluterotpin it has a huge
influence on the structure and function of glut@ystine has a SH group in its
structure (Figure 7.1). Therefore, cystines camfboth intrachain SS bonds within a
molecular and interchain SS bonds between pro(®iAsser, 2007). It is difficult to
identify the gluten structure because the SS bamdse gluten structure are cleaved
and reformed according to the disulfide interchatiggory (Tilley et al., 2001). SH
groups and SS bonds have a signification role tardening gluten properties and SS
bond formation within gluten are important in tlegrhation of protein networks that
affects the quality of the final product (Hayta éhofield, 2004).

7.1.1 Gliadin

Gliadin is a glycoprotein present in whaatl several other cereals. The
molecular weights of gliadin range from 30,000 #®0D0 (Walsh, 2002). Gliadin
presents viscous flow properties on the gluten (Redl., 2003; Jerez et al., 2005;
Rosell and Foegeding, 2007). The gliadins are duvighito four groups e.g. alphax-(
), beta- §-), gamma-+-) and omega-«f-) gliadins which are separated on the basis of
their electrophoretic mobility at low pH and isaghec focusing. The amino acid
compositions of thet-, B-, y- andw- gliadins are similar to each other. Theandf-
gliadins are closely related and thereby they denaeferred to as-type gliadins.
All cysteine ina- andy- gliadins are involved in intrachain SS bondscdmtrast, the

w-gliadins contain little or no cysteine (Lagraina¢t 2008).

7.1.2 Glutenin

Glutenin is one of the largest natural moleculBse glutenin fraction
consists of a mixture of 20% high-molecular weighitenin subunits (HMW-GS)
and 80% low-molecular-weight glutenin subunits (LM®8) (Lagrain et al., 2008).
The HMW-GS have molecular weights that range frd180,000 and LMW-GS
have molecular weights range from 30-51,000. Glatedmas a wide range of
molecular sizes (Redl et al., 2003). Glutenin piesi the elasticity properties of the
gluten (Redl et al., 2003; Rosell and Foegedin@,/20Both HMW-GS and LMW-GS

play important roles in the elasticity propertiésuheat flour.
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There are two mechanisms used to explain the SHpgrand SS bonds
exchange a method involving radicals and the othenucleophilic exchange

mechanism (Figure 7.2). Their mechanisms depentherthermal and mechanical
conditions (Auvergne et al., 2008; Kunanoppara®&0

é —_— S.
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R-S* + R’-SH —> R-SH +R’-S*
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Figure 7.2 Radical (a) and (b) nucleophilic excleangechanisms between a thiyl and

a disulfide bond (Walsh, 2002; Auvergne et al., 0Bunanopparat,
2008).

Heat treatment and mechanical processing causesgltiien protein to
aggregate (crosslinking). This occurs through SHrs&change reactions (Micard et
al., 2001; Hayta et al., 2004; Sun et al., 2007n&hopparat et al., 2008; Lagrain et
al., 2008). The extractability of proteins by sodiwodecyl sulfate (SDS) solution
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gives a good indication of the degree of crosstigkiAs aggregation progresses, the
SDS extractable fraction decreases and the SDStrantable fraction increases

(Hayta and Schofield, 2004; Lagrain et al., 2008kegels and coworker (1994a,b)
investigated the SH-SS interchange reaction okglaluring thermal treatment. They

found that free SH groups decreased and SS booc=ased.

7.1.3 Wheat gluten based materials
Wheat gluten has been produced either edible oreddre film,

biodegradable and packaging materials (Pommet.et2@03; Jerez et al.,, 2005).
Wheat gluterhas many advantages for preparing bioplastics Isedais inexpensive,
renewable, an abundant raw material, readily abiglan large quantities, fully
biodegradable does not release toxic products aagtoperties suitable for usage as
films and plastics (Irission-Mangata et al., 200ymenek et al., 2004; Sun et al.,
2007; Kunanopparat et al., 2008; Zuo et al., 2Q0Ry et al., 2009). However, gluten
based materials are brittle so are difficult to dian A plasticizer is a major
component of gluten based materials because iteduce the intermolecular forces
and increases the mobility of polymeric chains. réf@e, the flexibility and the
extensibility of gluten based materials are imptbw¥/ater and glycerol are very
common plasticizers of gluten based bioplasticdydts sugars ethylene glycol,
lipids and fatty acids can also be used as plastisifor gluten based bioplastics
(Irission-Mangata et al., 2001; Pommet et al., 200@mmet et al., 2005; Zuo et al.,
2008). Recently, two technological processes haen lused to prepare gluten based
materials. They are a wet and a dry process. Thexeeess uses a casting method,
based on dispersion or solubilization of the glutEime dry process uses a common
thermoplastic processing (e.g. extrusion and cosgwa molding) which consists of
mixing gluten and plasticizer to obtain a dougtelimnaterial (Micard et al., 2001;
Jerez et al., 2005; Pommet et al., 2005; Kunanepral., 2008). The mechanical
properties of wheat gluten based materials arerlthaa synthetic polymers resulting
in limited applications. Several research workeaveh attempted to improve the

performance of wheat gluten based materials.
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(i) Films made from wheat gluten

Films of wheat gluten can be processed througtsting,
thermoforming and extrusion (Domenek et al., 208dc¢hstetter et al., 2006; Min et
al., 2008). Films made from gluten have a good iualuch as being effective
barriers against oxygen, carbon dioxide and havewapolarity (Domenek et al.,
2004; Hernandez-Munoz et al., 2004; Zuo et al.,9208lowever, they are a poor
barrier against humidity due to the hydrophilicurat(Zuo et al., 2009). The factors
that influence the gluten films properties inclydasticizer, pH, relative humidity,
kind of solvent, concentration of solvent and tharmmeatment (Sun et al., 2007).
Chitosan (Park and Bae, 2006), cellulose acetatikafdtie (Fakhouri et al., 2004),
diethanolamine, triethanolamine (Irission-Mangattale 2001) and methylcellulose
(Zuo et al., 2009) have been used to mix with wighaten to prepare blended films
with improved mechanical properties and water vag@omeability. The effect of the
glycerol content on the water barrier and mechamoaperties of wheat gluten have
been studied (Park and Chinnan, 1995; Hochstettat.,e2006). They found that
glycerol improved the flexibility of gluten film kuts tensile properties, puncture
strengths and water barrier property were decrea¥éater vapor permeability
reduced after increasing the treatment temperdflreet al., 1997). Films obtained
from casting suspensions followed by evaporatiosad¥ent at pH 11 were stronger
than the films prepared at pH 4 and 6. This in@idahe formation of irreversible

intermolecular crosslinks upon forming films at pl (Kayseriliolu et al., 2001).

(ii) Other bioplastics made from wheat gluten
The degree of protein crosslinking decreasgden acid
plasticizers (e.g. citric, lactic and octanoic acikre added into wheat gluten based
bioplastics and this provided properties that vweeriéable for agricultural applications
(Pommet et al., 2005; Gomez-Martinez et al., 20089g properties of gluten based
bioplastics were also improved by using saturagty facids as plasticizer (Pommet
et al.,, 2003). A combination of hydrophilic plagtier (glycerol) and hydrophobic
liquids (castor oil, silicone oil or polydimethylskane (PDMS)) were an effective
method to improve the mechanical and moisture &aproperties of wheat gluten
based bioplastics (Song and Zheng, 2008). Hempveoad fiber were used as
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reinforcement for wheat gluten/glycerol based malterit was found that the tensile
strength and Young’s modulus increased but eloogatt break decreased. However,
the deplasticizing effect occurred at high fibentemts (Kunanopparat et al., 2008).
The crosslinking density of protein increased wite@ molding temperature was
increased from 25 to 128 (Sun et al., 2008). Zuo and coworker (2008) pregha
wheat gluten based bioplastics by using calciurharzaite as a filler and glycerol as a
plasticizer followed by compression molding the e at 120°C to crosslink the
wheat gluten matrix. Aldehyde increased both thgree of crosslinking and the
tensile strength of thermomolded glycerol-plasédiz wheat gluten based

biodegradable plastics (Sun et al., 2007).

7.2 Lignocellulosic materials of plant cell walls

Lignocellulosic materials of plant cell walls costsof cellulose, hemicellulose
and lignin (Figure 7.3). The hemicellulose and iigrare located between the
cellulose microfibrils and inter-laminar spaceseTratio of these three components
depends on the kind of plant and their growth ciowl (Table 7.2) (Lewin and
Goldstein, 1991).

Table 7.2Cellulose, hemicellulose and lignin content of as plant (McGinnis and
Shafizaden, 1991)

Cellulose Hemicellulose Lignin
Plant
(%) (%) (%)
Hardwoods 40-45 24-40 18-25
Softwoods 45-50 25-35 25-35
Monocotyledons(e.g. grasses
such as palms, bamboo, wheat  25-40 25-50 10-30
rice and sugar
Parenchyma cells of most
15-20 80-85 -
leaves
Fiber (e.g. seed hairs of cotton) 80-95 5-20 -
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7.2.1 Cellulose

Cellulose is one of the many polymers found in ratwhich is an
excellent fiber. Wood, paper, and cotton are altlenaf fibrous celluloseCellulose is
a structural polysaccharide that provides stremagith rigidity to plants. It is a linear
homopolymer consisting of glucose subunits linked #3(1,4) glucosidic bonds
(Figure 7.4) that can contain 5,000 or more tha)@@D glucose units (Allcock and
Lampe, 1990; Bettelheim and March, 1990; Rehm agedR1996; Walsh, 2002).

The linkage of cellulose iB-(1,4) makes it different from starch. There
are no branch chains in cellulose as there ar@aiohs The different configurations of
cellulose and starch cause the different propertizBnans cannot digest cellulose
because the hydrolytic enzymes needed to dedigded) glucosidic bonds do not
present in the human digestive tracts. Howeverjman animals (such as cows) and
other herbivores have bacterias that can degrallelose are exist in their gut.
Therefore, they can digest cellulose as a foodheaaction of symbiotic bacteria that

exist in the gut (Allcock and Lampe, 1990).

7.2.2 Hemicellulose
Hemicelluloses are covalently connected to ligninvbod cell walls but
are structurally more closely related to celluldisen to lignin. Hemicelluloses are
generally lower molecular mass polysaccharides.yTée heteropolymers of D-
galactose, D-mannose, D-glucose, D-xylose, L-amd@n 40-methyl-D-glucuronic
acid and various other sugars as well as theiricracids(Rehm and Reed, 1996;
Walsh, 2002).

7.2.3 Lignin
Lignin is a natural amorphous crosslinked resirt thes an aromatic
three-dimensional polymer structure containing enber of functionl groups such as
phenolic, hydroxyl, carboxyl, benzyl alcohol, methband aldehyde groups. Lignin
is a component of plant cell walls that providegdity to the plants by acting as the
glue between the cellulose fibers. Lignin createsbarier against microbial
destruction and protects the readily degradableboteidrates (cellulose and

hemicellulose) (Rehm and Reed, 1996; Guo et a8RQ.ignin consists in the main
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of three primary monolignolsp-coumary alcohol, coniferyl alcohol and sinapyl
alcohol (Figure 7.6). As a result, the lignin sture is a complex macromolecule with
over 10 different types of linkages; for examphe tinkage between benzylic carbon
of lignin and the carbohydrates by ether bonds;litleage between the benzylic of
lignin and uronic acid residues by ester bondslgmihglycosidic bonds (Figure 7.7)

(Jittima, 2002; Walsh, 2002; Kubo and Kadla, 20D&ado et al., 2007; Holmgren et
al., 2009). The lignin structure and properties ethep on its original sources,

environmental conditions of plant growth and exicacmethods (Boeriu et al., 2004;
Tejado et al., 2007).

Plant cells

Figure 7.3 Cellulose, hemicellulose and lignin &l gvalls (Charles and Bin, 2009).
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B-(1,4) linkage

CHJOH
o
0 H cmpHx///x
HO o CHOH
< % H CHOH

HO
g HO L o

HO HO o i
HO HO o

HO

Figure 7.4 Cellulose structure (Ouellette, 1998).
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Figure 7.5 Hemicellulose structure (Kunanoppar@®).

CH,OH CH,OH CH,0H
CH CH CH
] ]| ]|
CH CH CH
QOCHS CH3O/<j\OCH3
OH OH OH
p-Coumary alcohol Coniferyl alcohol Sinapyl alcohol

Figure 7.6 The main primary monolignols of lignKuhanopparat, 2008).
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Figure 7.7 Lignin structure (Nimz, 1974). Sulfonatees are introduced and magy

O-4 linkages are cleaved during Kraft pulping. @Bge locations are

shown byé line (Mohan et al., 2006).

Native lignin is difficult to obtain from plant tewvalls (Boeriu et al., 2004).
However, commercial lignins are a by-product maiabtained from the pulp and
paper industry (Kraft lignins and lignosulfonat®oériu et al., 2004; Pouteau et al.,
2004; Vinardell et al., 2008). Kraft lignin (alsalled sulfate lignin) is a by-product of
the alkaline (Kraft) pulping process which is tha@imlignin type produced in the
world. It can be soluble in alkaline solution. Lagulfonate (also called lignin
sulfonates and sulfite lignins) is a product of #oéd (sulfite) pulping process. It can
be soluble in acid and also in water because o$utfnic groups (Kunanopparat,
2008; Ugartondo et al., 2008).
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7.2.3.1 Lignin properties and applications
Lignin has some good properties such as being aoxatant,

flame retardant, heavy metal absorbent and nuntaigent (de Chirico et al., 2003;
Boeriu et al., 2004; Guo et al., 2008). The antaxt property of lignin has been
especially important in recent research activitidse antioxidant activity is a result of
the phenolic hydroxyl groups in the lignin strueuFigure 7.8 provides an example
of the trapping and stabilization of radicals bgnin that has been suggested by
Barclay and coworkers (1997).

OH o* 0 (o] .
OCHs OCH; OCH;, QCH,
DPPH® 0
—_— - e
Lignin Lignin Lignin Lignin
H * 0 o}
OCH, OCH, OCH, OCH,
DPPH"
—_— - -
CH CH CH (EH
1l Il Il
(IDH (|3H (IJH -(|)H
R R R R

Figure 7.8 Trapping and stabilization of radicatdignin (Barclay et al., 1997).

The 1,1-diphenyl-2-picrylhydrazyl (DPPH was used as a
reactive free radical in order to identify the stires in the lignin macromolecular
that wer the most important for its antiradicali@éncy (Dizhbite et al., 2004). The
non-etherified OH phenolic groups, ortho-methoxgugps, hydroxyl groups and the
double bonds between the outermost carbon atontiseirside chain supported the
radical scavenging properties of lignin. On theeothiand, thex-carbonyl substitution
in the side chain displayed the negative effect.

The properties of lignin are interesting. Préigemany papers
have described the efficiency of lignin blend witirious synthetic polymers such as
isotactic propylene (Canetti et al., 2006), polyylene, recycled polypropylene

(Gregorova et al., 2005), polystyrene, low-dengiglyethylene and linear low-
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density polyethylene (Pucciariello et al., 2004)ey found that lignin could act as the
stabilizer against thermal and UV radiation forsiaeolymers. Lignin also had a
stabilizing effect in carbon black filled naturalbber (Gregorova et al., 2006). A
mixture of lignin and the commercial rubber antaamt N-phenylN-isopropyl-
phenylene diamine (IPPD) had the highest antioxiddficiency in the examined
vulcanisates. Lignin could be used as an antioxidan cellulose (Schmidt et al.,
1995) and edible oils such as arachide oil (KaggkayGuttman and Odzeniak, 1994).
Lignins from different sources such as Bagassendsglfonate, Kraft lignin and
steam explosion have shown good antioxidant prigseftUgartondo et al 2008;
Vinardell et al 2008) especially from Bagasse trad the best antioxidant properties.
Moreover, it was found that these lignins were tyafehen applied to the eyes and
skin. Soda lignin (SL), dioxane lignin (DL) and fad lignin (ML) wereisolated from
Alfa grass §ipa tenacissima L.) (Nadji et al., 2009). SL was a by-product from
industrial. DL and ML were isolated under laborgtaonditions. It was found that
SL, DL and ML exhibited antioxidant activity comphte to that of Butylated
Hydroxytolune (BHT) and Irganox 10%0that are commonly used in the
thermoplastic industries. Lignin can act as them#a retardant for isotactic
polypropylene due to lignin presents the high clygld during the thermal
degradation(de Chirico et al., 2003). Therefore, the combumstiate of materials
decreased. Lignin has a potential as the biosorioerthe heavy metal ions (Pb(ll),
Cu(ll), Cd(l1), Zn(ll) and Ni(ll)) from the waste ater (Guo et al., 2008). The
mechanisms of metal sorption by lignin included esals processes such as ion
exchange, surface adsorption and complexation. ihigtifected thekinetics of
crystallization ofisotactic polypropylene (Canetti et al., 2004) and poly(eting
terephthalate) (Canetti and Bertini, 2007). It eahas a nucleating agent that induced
an increase of the lamellar thickness and a resludf the amorphous interlamellar

phase.

7.3 Kjeldahl method
There are two standard methods used to determmenithogen contents:
Kjeldahl and Dumas methods. Both methods provideantitative determination of

the total nitrogen content in samples and the pratentents were then calculated
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using different multiplying factors suitable forfférent kinds of samples. The
Kjeldahl method seems to be simpler, less expenahag more sensible than the
Dumas method (Pontes et al., 2009). The Kjeldatihatkis the worldwide standard
method for determining the nitrogen contents in idewvariety of materials (e.qg.
pharmaceutical, agricultural, food products, biatay sediments and waste water
matrices). The Kjeldahl method involves three ms&&ps: digestion, distillation and
titration (Holme and Peck, 1993; Junsomboon andndalke, 2008; Gruner et al.,
2009).

(i) Digestion

The nitrogen-containing samples are oxidized to ameions by heating the
sample with concentrated sulfuric acid for sevé@irs in the presence of a catalyst
(mercury oxide or copper sulfate) which helps ie tonversion of the nitrogen to
ammonium sulfate. In the initially digestion stdpe tcolour of the solution is very
dark. The reaction is complete when the solutionlbecome clear and colorless. The
end result is an ammonium sulfate solution. Theegdrequation for the digestion of

an organic sample is given below.

Sample + HSO, — (NH4).SOs(aq) + CQ(g) + SQ(g) + H:0(g)
(i) Distillation
The digestion solution is distilled with sodium hgxlide. This converts the

ammonium ions into ammonia gas. The ammonia gasapped in a boric acid

solution where it dissolves and becomes an ammoiuaronce again.

(NH4)2SOx(aq) + 2NaOH- Na,SOy(aq) + 280(l) + 2NHs(g)

B(OH)s + H,0 + NH; — NH4" + B(OH):™
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(iii) Titration

The amount of the ammonium ions are determinedtiation with a standard
acid solution The amount of nitrogen in a sample can be caladiffxten the amount
of ammonia ions in the receiving solution. The foti&rogen (%) and crude protein

(%) can be determined based on equations (1) gnde&dectively (Merrill and Watt,
1973):

Total nitrogen (%), (%N) = [(A-BYCx0.0014100]/D (2)
Where; A = Volume of standard acid used in sar(iplk

B = Volume of standard acid used in blank (ml)

C = Concentration of standard acid (N)

D = Sample weight (g)

Crude protein (%) = %kKjeldakl factor (2)

Table 7.3 Kjeldahl factor for various proteins (Mikand Watt, 1973)

Source of protein Kjeldahl factor
Wheat gluten 5.70
Meat 6.25
Milk 6.38
Blood plasma 6.54
Egg 6.25
Peanuts 5.46
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CHAPTER 8

EXPERIMENTAL

8.1 Materials

The commercial wheat gluten was obtained from AmmylGroup (Aalst.
Belgium). Its moisture content was about 11%. Kigfhin (KL) was provided by
Westvaco (Charleston SC, USA). Dioxan, acetic anbgd pyridine, ether and
sodium dodecyl sulfate (SDS) were purchased frogm&tAldrich. Glycerol was
purchased from Fluka and all the commercially adéd additives were purchased
from Sigma-Aldrich, except for cinnamaldehyde (fr&@AEC). The structures and
molecular weighs of those additives are given ibldal. The number average
molecular weight M of KL was estimated by gel permeation chromatolgyajo be
850 g/mol (Pouteau et al., 2003). However, the evakeported in the table is an
estimation of the molecular weight of one aromatd, assuming that the structure of
KL is basically constitute by an assembly of theeéhmonomers. This value was used
to allow a comparison between simple additives t@amg only one aromatic group)

and the KL and esterified lignin (EL) structure.

8.2 Esterification on Kraft lignin

50 g of KL was mixed with 250 ml dioxane, 45 g &einhydride and 36 g
pyridine in a one-neck flask and was stirred atnra@mperature over night. This
mixture was dropped into ether and the precipitaés filtered. The reagent was
separated from the precipitate by mixing the préati@ with water (1 L), stirred (30
min) and filtered. To ensure the complete remov&he reagent, the above separation
was carried out 6 times. Finally, the precipitatasvdried in an oven at 20 until

constant weight.

8.3 Sample preparation
The controlled wheat gluten products were prepdnganixing 35 g of un-
plasticize wheat gluten and 15 g of glycerol. Tbatlled wheat gluten was mixed

with 1, 5 or 10% additives by wt (KL, EL, additigtycerol, guaiacoltrans-anethole,
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cinnamaldehyde vanillin, cinnamyl alcohol, ferubcid and coumaric acid). The
plasticizer (glycerol) content was constant at 3A%ll of the products. The products
were mixed in a two blade counter-rotating batclkeniturning at a 3:2 differential
speed (Plasti-corder W50, Brabender, Duisburg, @eyn The temperature of the
mixing chamber was regulated at’@0by using a regulation temperature unit (Julabo
F34, Seelbach, Germany). Mixing speed was 100 npantlae mixing time was kept
constant at 10 min (after reaching the maximumueyqTorque and temperature
were continuously recorded during the mixing preces

Compounds like glycerol, guaiacdlans-anethole and cinnamaldehyde, which
are liquid at ambient temperature, were added ftijrecto the mixer. The solid
additives such as vanillin, cinnamyl alcohol, fezwdcid and coumaric acid were first
dissolved in 15 g of glycerol before mixing. Whegaten, KL and EL were added
directly into the mixer.

8.4 Thermal treatment
The thermal treatment was performed using commesablding (PLM 10 T,
Techmo, Nazelles, France). 5 g of sample was caapdeat 100°C for 10 min and a

pressure of 4 MPa was directly applied to the sampl

8.5 Gluten protein extraction

The gluten protein solubility measurement is a camiway to determine the
extent of the crosslinking between proteins. THelde proteins were first extracted
in a 1% SDS solution, and their amounts were detenusing the Kjeldahl method.

0.8 g of the sample and 4.0 g of the starch weoergt in the presence of
liquid nitrogen using a laboratory ball mill. 0.¢g5of the mixture of gpound sample
and starch was shaken in 30 ml of a 1% SDS solaid®@0C for 1 h 20 min. Next,
the SDS-soluble protein was centrifuged (12,000, rpe?C for 30 min). The solution

of SDS-soluble protein extract was recovered.
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8.6 Characterization

8.6.1 Kjeldahl method
(i) Digestion
26 ml of the SDS-soluble protein extract was mixgath 15 ml of
H.SO, (95%) and 2 pellets of catalyst for Kjeldahl (camapd of 3.5 g of KSO, and
3.5 mg of selenium) during 2 h at 400°C. The chaliecomposition of the sample
was completed when the medium became clear andesdo This step consisted of
heating a substance with,$0, which decomposed the organic substance by

oxidation to liberate the reduced nitrogen as amurorsulfate.

(i) Distillation
50 mbf deionized watewasadded in the solution that obtained from
the digestion step and the solution was distilléth wodium hydroxide (32%) for 10

min to convert the ammonium salt to ammonia.

(iii) Titration
The amount of ammonia was determined by titratiath v@.05 N
H,SO,. The SDS-soluble protein (%) content was calcul&ddwing the equations
below,

1. Determination of protein concentration (Pc (mg/ml))
It refers to the concentration of protein in eaemple that was
extracted by using 30 ml of 1% SDS solution anchit then be determined based on
equation (8.1):

_(Vl_VZ)
Pc (mg/ml) o x1401x 005% 5.7 (8.1)
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where Pc (mg/ml) was the protein concentration,was the volume of 0.005 N
H,SQO, that was titrated with the sample; Was the volume of 0.005 N.BO, that
was titrated with blank, 14.01 is the atomic mag$snirogen, 0.05 wasthe
concentration of standard, 50, and 5.7 was a correction factor for the wheatgmnot

2. Determination of the total protein weight (TPW(Q))
It is used to indicate the weight of total proteireach sample that
includes all of the SDS-soluble protein content &iS-dissoluble protein content

and it can be determined based on equation (8.2):

08x 0.75x W
50x4.8

TPW (g)= (8.2)

whereTPW (g) was the total protein weight (soluble protend dissoluble protein),
W was the weight of wheat gluten that mixing in intd mixer(g), 0.8 was the
weight of sample in the mixer of sample and stdg)hthat was prepared in section
8.5, 0.75 was amount of the mixture of wheat glwtgth additive and starch that was
dissolved in 30 ml of 1% SDS solution (g), 50 was total weight of the sample that
mixing in internalmixer(g) and 4.8 was the total weight of the mixturenmsin wheat
gluten with additive (0.8 g) and starch (4.0 g) (g9)

3. Determination of the SDS-soluble protein weight\\6R))
This is used to indicate the weight of soluble ewotin each

sample and it can be determined based on equ&idh (

Pcx 30

SPW (gy5 (8.3)

where SPW (g) was the SDS-soluble protein weight,(rRg/ml) was the protein
concentration and 30 was the volume of 1% SDS isolthat was used to extract the

protein (ml).
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4. Determination of the percentage of SDS-soluble gaotontent
(SP (%))
This is used to describe the soluble protein asregmtage that was
extracted by using 30 ml of 1 % SDS solution andvés determined based on

equation (8.4):

o SPWO)
SP (%) Fn(g) 1 (8.4)

where SP (%) was the percentage of SDS-solubl@iprabntent, TPW (g) was the
total protein weight and SPW (g) was the solubtiein weight.

8.6.2 Morphological analysis
A scanning electron microscope (JEDISM-5800LV) was used to
study the surface morphology of Kraft lignin anddfgied lignin. The samples were
first mounted on the brass stub with double stigpe. Then the samples were coated
with a thin evaporated layer of gold in order topnwve conductivity and prevent
electron charging on the surface. The scanningreleenicroscopy was operated at
10 kV.

8.6.3 Fourier transform infrared analysis
The Fourier Transform Infrared Spectrosc@VIR) technique used a
BRUKER® EQUINOX 55 to characterize the chemical structirehe Kraft lignin
and the Esterified lignin. The samples were drietio® °C for 6 h in an oven prior to
the test. The dried powder samples were mixed WiBh and pressed into the disc
form by hydraulic compression. The samples werarsea at a frequency range of
4000-400 crit with 128 consecutive scans in a 4 tnesolution.
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Additive
Additi Struct Additive content in
itive ructure
content in %wt mmol/g of
gluten
Guaiacol 1 0.0815
CHy
(MW = 124) m 5 0.4244
H
Clear red solution 10 0.8961
Vanillin 1 0.0665
(MW= 152) CHs j\H 5 0.3463
Clear crystal HZI) '
Melting point = 80C 10 0.7310
Ferulic acid 1 0.0521
. (VW = 154 CHa \/J “oH 5 0.2713
Light yellow powder y | _
Melting point = 170C 10 0.5727
1 0.06160
Coumaric acid
_ 5 0.3209
(MW = 164) - /\/W\OH
White powder | =
HO 10 0.6775
Melting point = 214C
1 0.0765
Cinnamaldehyde
(MW = 132) | NN 5 0.3987
Clear yellow solution &
10 0.8418
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Additive
N Additive content in
Additive Structure _
content in %wt mmol/g of
gluten
Cinnamyl alcohol 1 0.0754
(MW = 134) N
[ OH 5 0.3928
Clear crystal 7
Melting point = 33C 10 0.8292
trans-Anethole 1 0.0683
S g
Clear solution P 5 0.3556
CHy
(MW =148) 10 0.7508
Glycerol H,C-OH 1 0.1098
MW = 92 |
( _) HC-OH 5 0.5721
Clear solution |
HoC-OH 10 1.2077
Kraft lignin 1 0.0561
(MW¢q = 180%) _ . i
Figure 7.6 and Figure 7. 5 0.2924
Dark brown powder
10 0.6173
Esterified lignin 1 0.0383
(MWeq = 273 %) ] odon g
. CHy-C-0- cng};@mocc% 5 0.1994
Light brown powder - '
10 0.4209

* An estimated equivalent molecular weight (MyVper aromatic unit which was

explained in chapter 9.
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CHAPTER 9

RESULTS AND DISCUSSION

9.1 Kraft lignin (KL) esterification
Phenolic and aliphatic hydroxyl groups have bdetected in KL structure

(Pouteat et al.,, 2003; Guo and Rockstraw, 2006yufes 7.6 and 7.7). Those
functional groups can act as a plasticizer (throgdirogen bonding) (Bouajila et al.,
2005). Moreover, the radical scavenging propertieXL were derived from the

scavenging action of their phenolic structures thave an impact on the gluten
crosslinking (Kunanopparat, 2008). In order to shhe effect (or absence of effect)
of those structure, we conducted the esterificatioime hydroxyl groups (Figure 9.1).

B It
o) (0]
: : Q o
)J\ /”\ 1 :N/ \ - Hsc—gl':N/ \ 'o-&—Cl-b
HiC 0 CHs — _
Acetic anhydride Pyridine  Acetic anhydride-pyridine
B It
OH Q 0
HO -CH-CH-CHOH |- 3 H3C-g-:N/ \ -0-C-Ch
OAr -
CH,O
Kraft lignin Acetic anhydride-pyridine
@
? o-CcCh @ o
—> CHy-C-O CH-CH-CH0-C-CH; I 3CHy-C-O THN
OAr \ /
CH,O

Esterified lignin (EL)

Figure 9.1 Mechanism of Kraft lignin esterification
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After modification, the color of the KL changed rinodark brown to light
brown and the smooth surface of KL changed to aghosurface (Figure 9.2).

Therefore, it was believed that the esterificateaction in KL had been achieved.

Y &

PSU 0135 10kY  10um x1,000

(b)
Figure 9.2 SEM micrographs of (a) Kraft lignin afij Esterified lignin (EL).

0137 10kY  10um x1,000

The FTIR spectra of the KL is shown in Figure 9[Be broad peak at 3407
cm* was dominated by the stretching vibrations of atitnand aliphatic OH groups
(Guo et al., 2006; Tejado et al., 2007; Guo et24(08). The peaks at 2845 and 2931
cm® relate to the C-H stretching in GHind CH of the side chains and aromatic
methoxyl groups. Three peaks at 1424, 1513 an@ &60 depicted the vibration of
the aromatic skeleton (Tejado et al., 2007; Gualgt2008). Moreover, the FTIR
spectrum of EL exhibited two new peaks at 1743 HM@R cnt, that correspond to
the C=0 stretching in the ester groups. It has k&®wn that in the presence of
imidazole, a basic catalyst, this reaction is catglThielemans and Wool, 2005).
We therefore chose to use pyridine, another basigpound (Morck and Kringstad,
1985). The OH groups still present in the structane thus likely to be mainly ones
associated with acidic functions initially preseimdhe productLignin modification
has been extensively study, either for the chamaetéon of its structure, or for the
modification of its properties, in order to tes itse for various specific purposes. It
has been shown that the chemical modification Wgwesult in a modification to its
solubility (Thielemans and Wool, 2005). However, eid not observe the formation
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of any residual solid during the evaporation of #iher phase after modification.
From this we concluded that the lignin modificatitvat occurred was not associated
with a fractionation. The molecular weight of EL svastimated by assuming each
aromatic group has two OH functions (Figure 7.6)e(@romatic and one aliphatic)
that had been completely modified. Even if thisuagstion was not completely
satisfactory, especially because the total OH groupber was not well-know, it will
be sufficient for the analysis that will follow.

The estimated equivalent molecular weight (M\6f KL was 180, obtained
by using the simple calculation, reported in tewh@n average value derived from
the MW of the representation units in the KL stunet(Figure 7.6). From Figure 7.6,
the average value of OH groups per KL monomers2ygi®ups which were changed
to OCOCH groups after esterification reaction. It also iradex that the M\Q of EL
was 264.

Esterified lignin

Kraft lignin

Transmittance (%)

2845

L ‘ 2931

3407 1513 1217
\ \ \ \ \ \

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 9.3 The FTIR spectrum of the Kraft lignirddbsterified lignin.
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9.2 Materials processing

Figures 9.4 — 9.16 shows the torque and temperawuoiition in the batch
mixer for wheat gluten with different additives. elttorque and temperature curves
depended strongly on the types and amount of additiThe peak characteristics
(time to peak, intensity of the maximum torque &mahperature at peak) were good
parameters to study the gluten plasticization engresence of the different functional

groups of the additives.

(i) The controlled wheat gluten

The controlled wheat gluten processing wameated for six samples and
each gave the same result with a torque value ofitah2 N.m (Figure 9.4). This
indicated that the important parameters were thguo and temperature values and
these were reproducible and could be accuratelgyctizt. The initial torque rapidly
increased up to a maximum value, then graduallyedsed and stabilized when
homogeneous samples were obtained. The temperatueased and stabilized after
the torque reached its maximum value which wasrapamied by an increase in the
viscosity (Micard et al., 2001; Pommet et al.,, 208@inanopparat et al., 2008).
Moreover, the shear stress applied by the intemialer during mixing and the

reaction between wheat gluten and glycerol coulsedhe increase of temperature.

(ii) Effect of glycerol

Figure 9.5 shows that the torque and temperatusigen of wheat gluten
was highly sensitive to the glycerol content. Ghptas generally used as a protein
plasticizer (Pommet et al., 2003). Glycerol is abmnolecule able to interact through
hydrogen bonding with the protein, thus reducingdi protein-protein interactions
(Pommet et al., 2005; Song and Zheng, 2008). Aglifwerol content increased in the
sample, the torque increase became more delayeie Wie maximum torque,
stabilization torque and stabilization temperati&ined during the processing were
decreased. The lag-time before the torque stadddctease may be related to the
homogenization of the samples because of the $beaw that was produced by the
internal mixer during mixing and the viscosity dfet mixture decreased when the

glycerol content increased.
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(i) Effect of KL and EL

KL addition resulted in an increasetlod stabilization torque, whereas the
stabilization temperature decreased (Figure 9.68)s Tincommon effect could be
associated with both the presence of hydroxyl gsoapd the large size of the
molecule when compared to a common plasticizeringuprocessing, wheat gluten
and KL can form a crosslinking network through dewm&bonds, hydrogen bonds and
hydrophobic interactions (Kunanoparrat et al., 300%e influence of the hydroxyl
groups was evidenced by the finding that their seggon after esterification in EL
resulted in a different evolution during the prageg. Figure 9.7 shows the effect of
the EL content on the torque and temperature ewvolwf the wheat gluten. The EL
addition abolished any effect on the processingaipaters of plasticized wheat

gluten.

(iv) Effect of other additives

Torque curves were strongly dependent on tyipes of additives and
additive content. Three different behaviors camdeatified from the curves. Vanillin,
ferulic acid and coumaric acid gave the evoluti@myvsimilar to the evolution of
glycerol (Figures 9.8 — 9.10). This indicated tttese additives acted as plasticizers
of the wheat gluten. Guaiacol (Figure 9.11) andhamyl alcohol (Figure 9.12) also
produced similar characteristics of the torque euxy those when a plasticizer was
added, except that the increasing torque was raye® Cinnamaldehyde amchns-
anethole exhibited a different specific behaviarjtacan be observed in Figures 9.13
and 9.14. Their pattern of torque change had agutar trend with significant
oscillations that could be attributed to a walpseffect. Those experiments were
repeated twice in order to be sure that they reatyesponded to a specific behavior
and not to an artifact (Figures 9.15 and 9.16)esEhtwo additives have in common
the absence of hydroxyl groups, and this indicéite$ they did not plasticize the
wheat gluten proteins.
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9.3 Protein solubility during processing

During mixing, the mechanical energy transferredhi® system results in the
strong shear and the viscous dissipation (i.e. raeasing temperature). Both
phenomena can cause the formation of intermoleditaifide (SS) bonds between
protein chains, a crosslinking which affected ioas of their solubility in SDS
solution (Micard et al.,, 2001; Redl et al., 2008he measurement of the protein
solubility in SDS was a simple and direct methodt thuantified the exten of the
crosslinking. Usually, this determination was ddayeusing a spectrophotometer that
measured the absorbance in the UV spectra. Howspecific interactions between
additives and wheat gluten can modify the absordaridhe protein, thus making it
an unsatisfactory method for this determinatiorthia study, the SDS-soluble protein
content in the SDS solution was determined by ushe Kjeldahl method that
measured the quantification of the total nitrogentent.

The effect of the different types of additives amdounts of additives on the

SDS-soluble protein content for the wheat glutenth@ut thermal treatment) is



104

shown in Figure 9.17. The SDS-soluble protein canté un-plasticize wheat gluten
(the unprocessed and unplasticized powder) is ¢w§&%. After the processing in
plasticized conditions of the controlled wheat gtufglycerol 30%) resulted in the
decrease of the SDS-soluble protein content up @at 22.50%, due to protein
crosslinking during mixing. The addition of 0.2 Mifgp(or more) of KL, EL or any
other additives used in this study promoted ane@®e in the protein extractability, in
comparison with the controlled wheat gluten. Thossults obviously presented the
effects of those compounds on protein crosslinkiogmed by specific chemical
interaction or by the possible protein plasticiaatcaused by the additives.
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Figure 9.17 Effect of additives on the SDS-soluble protein eomtof wheat gluten
after mixing (without thermal treatment): glycefat, —), KL (O, — —
-), EL (0, —), guaiacol 0, —), vanillin (¢, — — 9, trans-anethole
(v, —), ferulic acid ¢, — — 9, coumaric acid £, —),
cinnamaldehyde H, ——), cinnamyl alcohol &=——); controlled

wheat gluten (glycerol 30%m( and un-plasticize wheat glute®)(
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As previously observed, the addition of those adest resulted in a decrease
of the temperature during mixing and this did afféee crosslinking. It could be
assumed that the lower Brownian energy disfavoesdilsulfide bond formation in
those samples. Although the evidence shows thagltlien solubility appeared to be
sensitive to the glycerol content. In fact glycedm not supposed to participate in any
way in the chemical mechanisms involve in the dnolsisig. This “plasticizing” or
“thermal” effect necessarily affects the proteimsslinking when additives with a
plasticizing effect are added. In order to elimeéis effect, all the samples were
thermomolded at 100°C for 10 min, so that theirrtie history can be considered to

be being the same.

9.4 Protein solubility after mixing and thermomolding

The thermal treatment was carried on all the sasnpfeer mixing. Figures
9.18-9.20 show the insoluble protein content of thidferent samples after
thermalmolding. The insoluble protein content (ISR)s simply calculated by using
the equation 9.1.

ISP = 100 — the SDS-soluble protein content (9.1)

The insoluble protein content is directly propama to the extent of the
protein crosslinking. It is expressed as a functainthe additive concentrations
expressed in Mmol/g of gluten to allow a direct gamson with the wheat gluten
composition in terms of amino acids (cysteine conhis assumd to be about 130
pmol/g)

As observed in a previous study (Kunanopparat, 2a08 had a strong effect
on protein aggregation, and inhibited the wheateglcrosslinking and even produced
a decrease in the insoluble protein content. Istergly, KL amount was higher than
the cysteine that still affected the protein sdltbilt might be that some parts of the
reactive groups in the Kraft lignin did not reathis was probably due to the densely
interconnected structure of KL that limited thebildy to interact with the protein
groups. The addition of EL had only a slight effeatthe protein crosslinking. The
insoluble protein content of EL was very similarithat of the controlled wheat gluten
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(Figure 9.18). It demonstrates that the formatiba oomplex between KL and wheat
gluten during processing which by modifying the Sibucture of the protein was not
the main reaction that influenced the protein dmokisig but the effect of KL with

wheat gluten occurred through the phenol groupthercrosslinking kinetics was the
main reaction. This hypothesis was confirmed byf#oe that the addition of guaiacol

resulted in an effect very similar to the one @& KL (Figure 9.18).

Insoluble protein content (%)

10 - :

o | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2

Mmol/g

Figure 9.18 Effect of KL®, — — 9, EL (O, —), guaiacol 0, —) and glycerol
(¢, ——) on the insoluble protein content of wheat glutafter
thermalmolding; controlled wheat glutem)( and un-plasticize wheat
gluten @).

Figure 9.19 shows the effect of guaiacol, vaniléind ferulic acid. This
indicates that the effect of an aldehyde and a l@obbnd (conjugate with acid
function) on the reactivity of a phenolic additivihe protein crosslinking decreased
together with an increase of the guaiacol cont&he behaviour of this compound
corresponds to that of KL. Guaiacol acts as a gnmblenol but the ortho-methoxyl

substitution increases its radical scavengingiefficy (Brand-Williams et al., 1995).
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Figure 9.19 Effect of phenolic compounds on thelusle protein content of wheat
gluten after thermalmolding; controlled wheat gtui{@), un-plasticize
wheat gluten®), guaiacol 0, —), vanillin (¢, — — 9 and ferulic acid

(&, -=.

It has been suggested that the ortho-methoxyl iomctcan form
intramolecular hydrogen bonds with phenolic hydrogg making it easier to abstract
the hydrogen atom from the ortho-methoxyphenolguféa 9.20) (de Heer et al.,
2000; Zhou et al., 2007). Phenoxidea initiation occurs by abstraction of a hydroxyl
hydrogen atom (Butterfield et al., 2002). Phenoxateis more stable to resonance
than phenadbecause there is no chargggparation in the structure of the phenoxide ion
(Figures 9.21) (Brown and Foote, 2002; Cheng et28l07)whereas the presence of
an ortho-methoxyl substitution on the benzene ciag support the radical scavenging
properties of guaiacol.
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Intramolecular
hydrogen bond

Figure 9.20 The structure of intramolecular hydrogend in guaiacol.

(b)
Figure 9.21 The resonance structures of phenaaiié¢a) and phenol (b) (Brown and
Foote, 2002).

The addition of an aldehyde group on the phenadtigcture (vanillin) inhibits
the radical scavenging efficiengBrand-Williams et al., 1995). Although, vanillin
has a structure similar to the structures of gudiand ferulic acid, the aldehyde
group in the vanillin structure caused the propsrtof vanillin differently from
guaiacol and ferulic acid. The insoluble proteintemt of vanillin was higher than the
insoluble protein content of guaiacol and ferulgidabecause of the presence of an
electron withdrawing aldehyde group in the vanilltinucture (Dizhbite et al., 2004).
The addition of ferulic acid strongly reduced théutgn crosslinking during
processing because ferulic acid is able to readwayreactions, a radical reaction

(Figure 9.22) or a nucleophilic addition reactidichael reaction) (Figure 9.23).
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The presence of electron donating groups on thedmenring (3-methoxy and
more importantly 4-hydroxyl) of ferulic acid prowd an additional resonance
structure of the resulting phenoxyl radical (Fig@@2) (Butterfield et al., 2002).
Conjugation of the carbonyl with a double bondesific acid transfers the electronic
characteristicsd+/6- of the carbonyl group along the carbon chainmest the
Michael reaction (Figure 9.23) (Dewick, 2006). Thtkene would normally be
nucleophilic and react with electrophiles. When jagated with a carbonyl, it now
becomes electrophilic and reacts with nucleophitesypical nucleophilic attack on
the B-position (Figure 9.23), resulting in transfer @gative charge onto the oxygen
atom. The product is a resonance form of an enaaten with a charge on the
oxygen. Both the radical reaction and nucleoplalilciition reaction support ferulic
acid ability to react with thiyl radical ¢pand nucleophilic species, like the thiolate
anion (S) which acts as a catalyst for the mechanism dfepracrosslinking. Figure
9.24 provides an example of a radical reactionandcleophilic addition reaction of
ferulic acid with a cysteine function. A similarstdt was observed with coumaric
acid which has a very similar structure (Figures.2

The effect of ferulic acid and coumaric acid wagngicantly more important
than for guaiacol. The radical scavenging actieityolyphenolic depended not only
on the rate of hydrogen atom abstraction from thenpl molecule by free radicals
but also on the stability of the radical formedeTlatter is increased if the phenolic
structures with substituents can stabilize the fradicals. For example, ortho
substituents such as methoxyl groups stabilize @hgmadicals by resonance as well
as by hindering them from propagation. Conjugatedibte bonds can provide
additional stabilization of the phenoxyl radicalsaugh extended delocalization. The
effect of the presence of double bonds on an aiomfaticture was investigated and
compared with the results previously shown fordtdition of ferulic acid in order to
demonstrate the effect of the conjugated doublel®@m protein crosslinking (Figure
9.25). Those compounds were likely to interact wvihkils groups formed during
processing.Trans-anethole and cinnamyl alcohol have only a sligiiéot on the
gluten crosslinking, this effect was clearly strengvhen cinamaldehyde, ferulic acid
and coumaric acid were used. Cinamaldehyde produite stronger effect on the

gluten crosslinking thatrans-anethole and cinnamyl alcohol because cinamaldehyd



111

can react with thiolate anion through a nucleophiaddition reaction. This
observation is strongly supported through an imcteva of the conjugated double
bonds and its ability to interact with thiolate @amithat hindered protein crosslinking.
Indeed, a nucleophilic addition reaction favore@ @ility of the additives that

contained a double bond in their structures totre@t the thiolate anion.
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Figure 9.24 Example of radical reaction (a) andlemghilic addition reaction (b) of

ferulic acid with cysteine functions.
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Figure 9.25 Effect of aromatics compounds contgréonjugated double bonds on
the insoluble protein content of wheat gluten aftieermalmolding;
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CHAPTER 10

CONCLUSIONS

In Part Il, the effects of Kraft lignin (KL), Estéed lignin (EL) and other
additives on wheat gluten crosslinking and plagéiton that influenced the properties
of wheat gluten-based bioplastics were investigatdd EL and other additives
presented different functional groups (i.e. confadadouble bond, hydroxyl, ester,
aldehyde, carboxyl and ortho-methoxy groups). Ek waduced via an esterification
reaction on the KL hydroxyl groups. The chemicalctures and morphology of EL
were investigated by using Fourier Transform IrddarSpectroscopy (FTIR) and
scanning election microscopy (SEM), respectivelgeSe results indicated that the
hydroxyl groups in KL were changed to ester grouipghe esterification reaction.

Based on torque and temperature curves, it wasdftlat the additives that
contained hydroxyl groups in their structures eibib plasticizing properties. Both
KL and EL did not act as plasticizers because theye large structures and less
polarity. Mechanical mixing and thermal treatmembduced wheat gluten free
radicals, leading to the crosslinking of wheat gtut Therefore, the properties of
wheat gluten-based bioplastiegere controlled from crosslinking argasticization.
The soluble protein content was determinedusyng theKjeldahl methodo identify
the extent of crosslinking. The addition of morengie compounds, based on
aromatic structures with additional functions, ai#al for clarification of the potential
role of the complex structures found in KL. The Igg@ mainly demonstrated the
effect the phenol structures and of the conjugdtable bonds. The first one was to
interact with the wheat gluten crosslinking pathwhgough an ability to catch the
radicals formed under shearing (and heating) oteyes groups. The second one was
more likely to interact with the thiolate aniongrfeed during processing. Evidence of
a similar behavior between guaiacol and KL indiddtat the main interaction
occurred through the aromatic hydroxyde antiradacdivity. Obviously, those results
demonstrated that an approach based only on theichlenteractions is sufficient to
describe the effect of KL on protein crosslinkireyen if it does not exclude a
complementary complexation between agropolymerss €bnstitutes a new step in
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understanding the polyophenol-protein interactitras are involved in the production

and properties of new bioplastics from wheat gluten
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Appendix A
Rheology of native cassava starch, ester starch aodidized starch
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Appendix B
Surface morphology of native cassava starch, eststarch and oxidized starch
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Appendix C
Effect of glycerol content on storage modulus, loseodulus and tan delta of

wheat gluten
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Abstract

Cassava starch grafted with polystyrene {PS-g-starch) copolvmer was svnthesized via free-radical polvmernization of styrene by using
suspension polvmerization technique. Potassium persulfate (PPS) was used a5 an initiator and water was wsed a5 a medium. The graft
copolvmer was characterized by Fourier transform infrared spectroscopy. differential scanning calorimetry, thermal gravimetric analysis,
X-ray diffraction and scanning electron microscopy. The sub-micron spherical beads of PS were observed on the surface of starch gran-
ules. SEM micrographs showed porous patches of PS adbering on the starch granules after Soxhlet extraction. FTIR spectra also indi-
cated the presence of PS-g-starch copolymer. XRD analyvsis exhibited insignificant changes in crystalline structure and degree of
crystallinity. The effects of starch:styrene weight ratio, amount of PPS, reaction time and reaction temperature on the percentage of graft-
ing — G (%), were investigated. G (%) increased with increasing starch content. Other variables showed their own individual optimal
values. The optimum condition vielding 31.47% of G (%4) was derived when the component ratio was 1:3 and reaction temperature
and time were 30 *C and 2 b, respectively. Graft copolymerization did not change granular shape and crystallinity of starch. This study
demonstrated the capability of polymerization of styrene monomer on the granular starch without emulsifier and the svnthesis of graft

copolymer without gelatinization of starch.
@ 2008 Elsevier Lid. All rights reserved.

Keywords: Cassava starch; Polystyrene; Biodegradable pobmer; Graft copolymer; Bioplastic

I. Introduction

In the last three decades, there has been tremendous
interest in bioplastic and biodegradable polymers. In the
beginning, there were many attempts to use starch as a
bio-filler m thermoplastic polymers. Starch s used as a fil-
ler because 1t 15 a natural polymer, abundant, mexpensive
and a renewable resource. Starch s degraded by microor-
ganisms and s suitable for blending with bioplastics and
biodegradable polymers. Unfortunately, the mechanical
properties of thermoplastic polymer/starch blends are very
poor due to the incompatibility and hydrophilic nature of
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Science, Prince of Songkla University, Hatya, Songkla %0112, Thailand,
Tel.; +66 8973 S4TH0; fax: +66 T4 6925,
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starch. As a result, grafl copolymerization ol thermoplastic
polymer onto starch has been widely studied.

Gralt copolymerization can be performed by irradiation
or free-rudical graft copolymerization. Graft copolymeriza-
tion of polystyrene onto starch has been previously
reported. Bagley, Fanta, Burr, Doane, and Russell (1977)
prepared starch graft copolymers with styrene, methyl
methaerylate, methyl acrylate, and butyl acrylate. Prepara-
tion of starch grafted with polystyrene (PS-g-starch copoly-
mer) using "“Co irradiation has been reported (Fanta,
Burr, Doane, & Russell, 2003; Henderson & Rudin, 1981;
Henderson & Rudin, 2003a; Kiatkamjornwong, Sonsuk,
Wittayapichet, Prasassarakich, & Veganukroh, 1999).

It is well established that potassium persulfate (PPS),
ceric ammonium nitrate, manganic pyrophosphate, potas-
sium permanganate, benzoyl peroxide and redox couples
such as ferrous ammonium sulfate - hydrogen peroxide
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are effective for grafting vinyl monomers onto starch via
freeradical  graft copolymerization (Graal & Janssen,
2000; Pimpan & Thothong, 2006). Graal and Janssen
{2000) prepared PS-g-starch copolymer by reactive extru-
sion. They used benzoyl peroxide and PPS as the thermal
initiators. Che and Lee (2002) prepared PS-g-starch
copolymer by emulsion polymerization. The aqueous solu-
tion consisted of corn starch, styrene monomer, PPS, emul-
sifier and chain transfer agent. The gelatinzed sago starch
grafted with PS was prepared by using ceric ammonium
nitrute in aqueous solution (Janarthanan, Yunus, &
Ahmad. 2003). Although both ceric ammonium nitrate
{cerium (IV}) and PPS could be used for preparation of
PS-g-starch copolymer, PPS may be better because it can
initiate hemopolymerization of styrene directly but cerium
(IV) cannet,

Trimnell, Stout, Doane, and Russell {2003) used hydro-
gen peroxide as the imitiator for grafting PS onto the thio-
lated starch. The acryloylated potato starch was grafted
with PS5 using PPS in aqueous solution (Fang, Fowler, &
Hill, 2005). They employed a two-step process where the
starch was modified by acryloyl chlonde prior to graft
copolymerization. Ammonium persulfate has been used
as the inttiator for grafing PS onto starch (Singh & Shar-
ma, 2007). Recently, ozone was used to synthesize starch
grafted with polyistyrene-co-r-butyl acrylate) latexes (De
Bruyn et al., 2006). PS-g-starch copolymers have been used
for different applications. For example it was used as a
compatibilizer of PS/starch blend (Graaf & Janssen,
2004), a filler of PS {Graal & Junssen, 2004, and Kiatkamyj-
ornwong et al, 1999), or used directly as a thermoplastic
starch and proocessed by extrusion (Henderson & Rudin,
2003b}.

To the best of our knowledge, there s no report of cas-
suva starch grafted with PS via suspension polyvmerization
using PPS as the mititor. One research group has used
gamma radiation (Kiatkamjornwong et al, 1999) and
another PPS under emulsion polymerization (Cho & Lee,
2002) to make grafted starch. The latter group reported
that no PS was obtained when no emulsifier was used
and the redox initiation system failed unless the starch
was gelatinized. The utilization of PPS as the initiator in
other systems has been reported. Forinstance, poly{methyl
methacrylate) grafted sago starch (Qudsich e al,, 2004;
Razi, Qudsich, Yunus, Ahmad, & Rahman, 2001), and
poly(acrylumide) grafted with potato starch ( Singh, Tiwan,
Pandey, & Singh, 2006) have been reported. Cho & Lee,
2002 stated that although PS-g-starch copolymer has been
prepared by persulfate inmation in the slurry state it is dif-
ficult to prepare styrene graft copolymer with granular
starch by freeradical polymerization. Simple solution graft-
ing polymerization did not vield graft copolymer. This may
be due to the different reaction conditions. It s difficult to
polymerize styrene with the water-soluble mitiator. How-
ever, it 15 necessary to employ the water-soluble mitiator
for starch graft copolymerization because water is the med-
tum used m making a starch slurry.

The objective of this study was to synthesize PS-g-starch
copolymer by using PPS as the initator, This study showed
the success of grafl copolymerization between granulur cas-
suva starch and polystyrene via the suspension polymeriza-
tion. The PS-g-starch copolymer derived from this study
will be used as a thermoplastic starch and compatibilizer
for PS/starch blends. Based on these applications, it was
not necessary to extract or digest ungrafted starch from
the graftl copolymer.

2. Experimental
2.1, Materials

Cassava starch was kindly supplied by GSL General
Starch Lid., Thailand. It is a natwve, granular starch and
had standard specification as follows: maximum moisture
content = 12.2%, maximum ush = 0.07%, fiber content =
L1, pH 5.6, 8O, content = 21.59 ppm, maximum vis-
cosity = 630 Brabender units, and sieve test = 99.61% after
passing through 100 mesh. The starch was dried at 100 *C
for 48 b in an oven and kept in a desiceator prior to using.
Styrene monomer (from Fluka) was used after mhibitor
was extracted with 3% sodium hydroxide aqueous solution
and distilled water sequentially. The intibitor-free styrene
was dried with anbydrous caleium chloride and stored at
4°C, Potassium persulfate, toluene and methanol {from
Fisher chemueals) were used as receved.

2.2, Preparation of PS-g-starch copolvmer

Dried starch and distilled water were mixed in a three-
neck flask undernitrogen atmosphere and stirred at reaction
temperature for 30 min to obtain homogeneous slurry. After
adding PPS for 10 min, styrene monomer was added. Water
was 100 mi while the total amount of starch and styrene
monomer was 10 g. Gralt copolymerization was carried
out at various conditions. The graflt copolymerization
parameters included starch:styrene ratios (1:3, 1:1 and 31
by weight), PPS content {0.2-1.2 g), reaction time {1-5 h)
and reaction temperature (3060 °C). The nitrogen atmo-
sphere and agitation at 420 rpm of slurry were maintained
throughout the experiment. After the reaction Lme was over,
the slurry was dropped into methanol. The preapitate was
filtered, washed with methanol, dried in an oven at 50°C
untila constant weight was achieved and keptinadesiccator.
The “‘controlled starch™ was prepared under identical exper-
imental condition as deseribed earlier exeept the addition of
styrene monomer. In order to test reproducibility of graft
copolymerization, three runs of polymerization were carried
out for all samples.

Soxhlet extraction with toluene was applied to the pre-
cipitate  for removing polystyrene  homopolymer, The
extraction was doneat 120 °C for 10 h. The extracted solu-
tion was dropped mnto methanol which 15 4 non-solvent of
PS, if no precpitation was observed, complete extraction
was confirmed. The PS-g-starch copolymer was dried in a
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vacuum oven at 60 °C until a constant weight and kept in
the desiccator. To substantiate the validity of Soxhlet
extraction technique, the sume extraction techoique was
applied to a polymer blend of starch and polystyrene
homopelymer. The product prior to Soxhlet extraction
wis cilled as “pon-extracted product™, and the product
after extraction was called as “un-cxtractable product”,

In order to verify the polymerization of styrene mono-
mer with PPS by the suspension polymerization technique,
the reaction was carried out under identical reaction condi-
tion except the presence of starch. Styrene monomer
{7.5¢g), PPS {0.4 g) and distilled water (100 g) were mixed
together and stirred at 420 rpm. Reaction time and temper-
ature were 2h and 50 °C, réespectively. The mixture was
precipitated m methanol. The precipitate was filtered and
dried before characteridang similar to the PS-g-starch
copolymer.

2.3 Characterization of PS-g-starch copolymer

The products before and after Soxhlet extraction were
weighed and characterized by various techniques. The per-
centage of grafting, G (%), and vield of graft copolymeriza-
tion, Y (%), were caleulated from Egs. (1) and (2),
respoctively:

G{W_J—%xlﬂ(] (1)
F(ﬁjr%xlﬂ{l (2)

where w; was the original weight of cassava starch, w; was
the weight of un-extractable products (after Soxhlet extrac-
tion), and wy was weight of styrene monomer. Because wa
represented o the weight of starch and PS grafied on
starch; therefore, the differences in we and wy could be
equal to the weight of PS grafted on starch granules. The
caleulation of G (%) and Y (%) was similar to that reported
by Singh et al. (2006) and Fang et al, {2005). The G (%) and
Y (%) were reported in terms of an average value and stan-
dard deviation derived from triplicated polymerization,

The Fourier Transform Infrared Spectrometer BRU-
KER® EQUINOX 55 was used to determine the presence
of PS in the graft copolymer. The dried powder samples
were mixed with petassium bromide and pressed into disc
shape. The samples were scanned at a frequency range of
4000-400 em ™" with 128 consecutive scans in a 4 em™ res-
olution. A scanning election microscope (JEOL® J8M-
SBOOLV ) was used to observe the presence of PS on starch
granules. The samples were coated with gold prior to
observation, Thermal properties were evaluated by thermo-
gravimetric analysis (PerkmElmer™ TGA 7) and differen-
tial scanning calorimetry (PerkinElmer™ DSC 7). TGA
analysis was operated at a heating rate of 10 °C/min from
50 to 930 *°C under nitrogen atmosphere. DSC analysis of
starch and graft copolymers was conducted on the second
heating of a heating-cooling-heating cyele with a heating
rate of 5°C/min. The first and the second heating scans
were operated from 25 to 180 °C and 25-500 °C, respec-
tively, under nitrogen atmosphere in order to ensure that
there was no influence of the thermal history and moisture,
Semi-crystalline structure of starch granules was deteeted
by using a wide angle X-ray difftactometer (Phillips™
PW1530).

3. Results and discussion
3.1, Suspension pelymerization of polystyrene

The mixture beeame turbid after reaction time was over.
This was due to very fine particles of PS were dispersed in
the water. These particles were filtered and dried at 100 *C
for 24 h. SEM mcrographs of PS micro-particles are
shown in Fig. la and b. Fig. 1a shows agglomerates of very
fine PS particles which smaller than 200 pm. At higher
magnification (Fig. 1b) a number of sub-micron sphenical
PS particles are observed. Practically, it is difficult to poly-
merize styrene monomer with water-soluble nitiator under
suspension polymerization. Comparing to another work
{Pimpan & Thotheng, 2006}, benzoyl peroxide, monemer

Fig. 1. SEM micrographs of P8 polymerized by suspension polymenzation nsing PPS as the mmtiator, {a) agglomerates of FS; (b} sub-micron spherical

particles of PS.
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soluble mitiator, was employed to polymenize poly(methyl
methacrylate) (PMMA). The PMMA particles obtaned
were about 50 pm in dinmeter whereas the PS particles in
the present study were <0.5 pm. The glass transition tem-
perature of these PS partickes was 107.5°C (Fig. 2}. This
expeniment confirmed that suspension polymerization of
styrene monomer with PPS was successful, As a result,
gralt copolymenzation between PS and starch could be
carried out in the present system. The present result is con-
trast to the previous result which was unable to polymerize
PS without emulsifier (Cho & Lee, 2002).

3.2, Graft copolymerization on native starch granules

It is well established that the free-radical water-soluble
initiators, including PPS, are dissociated in water and
attract the OH group of starch causing free-radicals on
the starch molecules and these free-radicals will atiract
the double bonds of vinyl monomers resulting in graft
copolymer. Based on the results described in Section 3.1,
PPS was able to mmtate free-radicals on styrene monomer
without the presence of surfactant and starch. Therefore,
it 15 believed that synthesis of PS-g-starch copolymer under
the present system 1s capable. Although PPS 1s water-solu-
ble, radical formation on a starch chain and styrene mono-
mer were simultaneously oceurred due to sulfate ions
(8:0477) and finally the starch radicals reacted with a
growing PS chain. The graft copolymerization occurred
only at the interface between starch granule and PS phase.
The evidence of this phenomenon was proved by SEM
analysis and wall discuss later. In practice the starch graft
copolymer was performed in a slurry reactor with gelati-
nized starch or granular starch including the present study.
Therelore, factors studied always include initiator concen-
tration, menomer concentration, reaction time and temper -
dture. In the present study. various conditions were chosen
for graft copolymerization and compared grating efliciency
in terms of the percentage of grafting — G (%), and vield of
graft copolymerization - Y (%). Table 1 represents G (%)
and Y (%) of various samples polymerized in 0.2 g of
PPS and 100 g of water for 2h. The G (%) indicates the

amount of polystyrene grafted on starch granules and the
Y (%) indicates vielding of polymerization of PS grafied
on starch granules. In the starch-rich and styrene-rich sys-
tems both values show simidar tendency. higher G (%)
value showed higher Y (%) value: In the system containing
50:50 starchstyrene, both values were identical. Undoubt-
edly, the values of G (%) and Y (%) are not the same num-
ber due to different meaning. In the present study, G (%)
was o criterion of grafting reaction. As evident from Table
1, the results indicate that the amount of cassava starch
and styrene monomer showed significant effects on G
(%a), the styrene-rich system was preferable. The highest
styrene content (7.5 g) offered the highest G (%), The G
(%a) increasing with monomer concentration and the opti-
mal condition obtained from the monomer-rich system
were reported by others{Fang et al., 2005; Pimpan & Tho-
thong, 2006). The more styrene monomer the more poly-
merization; therefore, there was more opportunity for
gralt copolymerization. In general, there will be an opti-
mum monomer concentration for each system. The too
low concentration leads to decrease in active sites on the
growing chans and the too high concentration lkeads to
more homopelymerization (Qudsich et al., 2004; Singh &
Sharma, 2007).

Reaction temperature also played an important role on
gralt copolymerization. The G (%) increased with increas-
ing reaction temperature up to 50 °C then decreased at
60 2C, The maximum G (%), 1507, was achieved when
the reaction temperature was 50 °C. Undoubtedly, every
polymerzation system has 1ts own oplimum reaction tem-
perature, Similar result was reported, the maximum graft-
ing efficiency i graft copolymerization of starch and
PMMA with PPS was at 50 °C (Qudsich et al., 2004 ). Singh
and Sharma (2007) also showed the optimum temperature
in preparation of PS-g-starch copolymer. It is well estab-
lished that the rate of decomposition of initiator increased
with increasing reaction temperature, keading to more free-
radicals. Increase in temperature slso mereased the molec-
ular mobility and rate of diffusion of monomer. Conse-
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quently grafting reaction was promoted. Decrease in graft-
ing alter the optimum lemperature was attributed to pre-
mature ermination of growing chains and grafted chains
as well as chain transfer reactions, It should be noted that
the present study used very low reaction temperature, The
gelatinization temperature of cassava starch is 62-73°C
{Taggare, 2004). For that reason, the crystalhimty and
starch granules of PS-g-starch should be similar to the
native starch. These were proved by XRD and SEM anal-
yeis as discussed later.

To optimize PPS content, the 1:3 weight ratio of

starch:styrene was polymerized at 30°C for 2 h by using
PPS in the range of 0.2-1.2 g. The eéxperimental results
are histed in Table 2. The G (%) and Y (%) ncreased after
increasing PPS content from 0.2 to 0.4 g. Further increases
in PPS content | 0.6 g), both values decreased. The max-
imum G (%), 31.47%, and Y (%), 10.49%, were obtained
from the system containing 0.4 g of PPS. More PPS con-
tent may promote homopolymerization of styrene. The
incidence of an optimum PPS content in polymerization
has been reported (Qudsieh et al., 2004; Singh et al,
2006). The former group stated that the decrease of G
(%) after the opuimum may be due to an inerease in the
number of starch radicals erminated prior Lo monomer
addition and an increase in homopolymer formation. The
latter group mentioned that the decrease of G (%) may
be due to accumulation of a large number of free-radicals
resulting inte premature termination of the growing chains
and the grafung,

The reaction time was determined in the range of 1-5h
by using the reaction conditions giving G (%) = 31.47% in
Table 2. The results were tabulated in Table 3. It was found
that the reaction temperature of 2 h yielded the highest G

Tabk 2

Effect of FPS content on the percentage of grafting, G (%, and yield of
eraft copolymerization, ¥ (%%, of samples polymerized at 30°C for 2h
with 100 g of water, 2.5 g of sturch and 7.5 g of styrens

PFS (g G (%) Y (%)

0.2 1507+ 101 502+0.33
04 IAT £ 140 1049+ 047
b 12534122 ALE= 041
0K 6.93 + 083 231+028
1.0 B0+ 0.80 26T£027
k2 1307 £ 061 453020
Tablk 3

Effect of reaction tme on the percentage of grafting, G (%), and yield of
graft copolymerization, ¥ (%), of sumples polymerized at 50 °C with [00 g
of water, 2.5 ¢ of starch, 7.5 g of styrene, and 0.4 g of PPS

Reaction time {h) G (%) Y (%)

| 2107 £ 18O 102+ 060
2 47140 1049047
3 1760 + 080 587027
4 2040 =120 680040
5 707 £ 083 236+ 028

(%), All conditions used in Table 3, except the reaction
time of 5 h, provided high grafting reaction, and both val-
ues of G (%) and Y (%) were higher than those listed in
Tubles 1 and 2. In the present study longer reaction time
was favorable to homopolymertzation of styrene. Because
graft copolymerization performed only on the surface of
the starch granules; consequently, the rate of graft copoly-
merization was controlled by the surface of starch granules
covering with PS growing chains, Ongce the starch surface
was fully covered with P8, no more new PS could attach
on the starch, As a result, longer reaction tme generated
more PS homopolymer. This optimum reaction time was
in the same range as reported by Qudsich et al. (2004)
but Pimpan and Thothong (20060) reported slight effect of
reaction time on grafting efficiency. The latter group used
80 °C for grafting reaction whereas the former group and
the present study used 50 °C. The former group stated that
the decrease of G (%) after the maximum was due to the
solution viscosity increased with reaction time resulting in
the reduction of reactive sites exposed to the vinyl
MOnemer,

To determine validation of graft copolymerization tech-
nique, the experiments were performed three replicates for
cach value, The standard deviations of G (%) and Y (%)
shown in Tables 1-3 were in the acceptable range. Most
of the standard deviations were less than 1%. The experi-
mental results substantiated the reliability of grafting reac-
tion in the present study.

3.3 Characterization of PS-g-stavch copolymer

FTIR spectra of virgin matenials and graft copolymer
are represented in Fig. 3, and FTIR assignment of cassava
sturch and PS are listed in Table 4. FTIR assignment of
starch had been reported by many research groups (Atha-
wale & Lele, 2000; Ezekiel, Rana, Singh, & Singh, 2007,
Mane, Kontarova, & Reis, 2003; Park, Im, Kim, & Kim,
2000). The cassava starch (Fig. 3a) and PS (Fig 3b)
showed the characteristic peaks as described in Table 4.

% Transmittance

1 1
JiWHr 3580 MHMD ZS560 2MMD 1S00 1MW Sed
Wavenumber (cm-1j

Fig. 3. FTIR spectrum of cassava starch {a), PS (b, PS-g-starch before
Soxhlel extraction {c) and PS-gp-starch after Soxhlel extraction with O
(%) = T2 (d),



158

652 K Kaewiatip, V. Tawatianakul | Carbohydraie Polymers 73 (2008) 647855

Tahble 4
FTIR assignment of cassava starch and polystyrene

Wavenumber (cm™) Assigrment

Cassava starch
002 (00 (-H stretching
201% and 2681 C-H strewchmg of CH;
1190950 () stretching

Palystyrene
20, LAOL, 14590, 760 and 700 C-H stretching of aromatic ring
2920 and 2850 M stretching of CH;
001 660 C=( in aromatic Ting

The peak of starch at 16401650 cm™" is controversial as
had been reported in many articles. Ezekiel et al. (2007)
mentioned bending mode of water at 18001600 em ™,
while the 6 (OH) bend of absorpted water was assigned
at the wave number at 1640 em™ (Athawale & Lele,
2000; Mano et al, 2003; Park et al, 2000) and at
1650 em™" (Athawale & Lele, 20000, The wavenumber at
1653 em™" was assigned as a peak of the first overtone of
OH bending (Pal, Mal. & Singh, 2005). On the other hund,
1650 em ™" was assigned as COC stretching (Lee, Kweon,
Koh, & Lim, 2004). Nevertheless, this peak was not the
main characteristic of starch; therefore, discussion of this
peak was beyond the scope of this study. The little peak
at 344 cm™" appeared in PS spectrum may be due to the
moisture content i the PS. The FTIR spectrum of the
product obtained from grafting reaction (non-extracted
product) is shown in Fig. 3¢ 1t showed a combination of
both PS’s and cassava starch’s characteristics. The peaks
of CH stretching (2933 and 2881 an ') and CO streiching
{1190-950 cm ™Y of starch were not observed: only a broad
peak of OH stretching at 344 em ™" was detected. In con-
trast, all characteristics of PS were remarkably shown in
this spectrum. After Soxhlet extraction, the precipitate
{un-extractable product) exhibited the spectrum similar to
that of starch and also showed the characteristic peaks of
PS: CH stretching of aromatic ring (1601, 1490, 760 and
700 em™") and C=C in aromatic ring (2000-1700 cm™ ")
as shown in Fig. 3. Both starch and PS showed CH
stretching in CHa within the same range of wavenumber;
therefore, this assignment was not in consideration. The
main characteristics of the precipitate arose from the starch
munner due o the non-reacted starch was not extracted.
The result indicates that PS-g-starch copolymer was
derived in the present system.

TGA thermograms of polymers are shown m Fig. 4. PS
showed higher thermal stability than starch; degradation
temperature of PS and starch was in the range of 360
465°C and 275-360 °C respectively. Furthermore, PS
showed very little ash (~0%) after thermal degradation,
whereas starch showed 20% of ash. The weight loss from
50 to 110 °C of starch could be the result of water evapo-
ration and has been reported by others (Janarthanan
et al., 2003; Kiatkamjornwong et al., 1999). The product
without extraction of PS homopeolymer (the non-extracted
product) showed two-step degradation process including

Weight (%)

i i i
[ 104 i M Ll
Temperature ("C)

Fig. 4. TGA thermogram of cassava sturch (a), PS5 (b, the non-extracted
product with G (%) = 228040 (), the un-extractable product with G
{B6) = 14% (), 22,800 (&) and 32.8% (),

the characteristics of both PS and starch ( Fig. 4¢). The first
step was higher than the degradation temperature of starch
but lower than that of PS. The second step was i the
degradation temperature of PS. Remarkably, the major
percentage of weight loss derived mainly from PS homo-
polymer. Aflter Soxhlet extraction, TGA thermograms of
the graft copolymers (the un-extractable product) also
showed the two-step degradation process (Fig. 4d-() how-
ever, the starch charactenistics played & major role in the
thermograms. This was because the PS homopolymer was
completely extracted and the starch remains became the
major component of the graft copolymer. The evidence
of PS-g-starch copolymer was only exhibited at the emper-
ature range of 320-450 °C similarly to the non-extracted
product. The degree of weight loss at this temperature
range increased with increasing G (%), The TGA results
confirmed the achievement of graft copolymernization in
the present study and also indicated the increase in thermal
stability of starch with PS-g-sturch copolymer.

DSC traces of starch, PS and gralt copolymers are dem-
onstrated in Fig. 5. In general DSC thermograms of starch

14Ky W Muk L S0y
Temperature (°C)

Fig. 5. DSC thermogram of cassava starch (a), P5 (h), the non-estracted
product with G (%) = 228046 (), the w-extractable product with G
(%) = 14% (d), 22.80%% (e}, and 32.8% (f).
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obtained from the first heating scan will show a broad
endothermic peak at 100 °C. Some researchers reported
the crystulline melting temperiature in native starch. Ham-
dun, Hashim, uhmad, and Embong (2000) mentioned that

the peak between 50 and 150 °C was due to the melting of

the amylopectin fraction in sago starch, while Ge, Xu,
Meng, and Li {2005) believed that the endothermic peak
at 1269 °C was due to the erystallme melting which was
formed between residue water
sturch via hydrogen bondings. Muno et al. (2003) assumed
that it may be due to water adsorption oceurring above
room temperature during heatimg scan. There is no conclu-
sion for these explanations at this moment although all
native starch shows this peak. However, this broad peak
will not be observed on the second heating sean #s shown
in Fig. 5a. A shurp exothermic peak at 275°C on DSC
thermogram of starch agreed with its TGA thermogram,
the starting decomposition temperature. PS showed ther-
mal oxidation at 400°C (Fig. 5b) correspondingly to
TGA result. DSC trace of the product before and after

Soxhlet extraction {Fig. 5c¢-f) looked similar to that of

starch, Thermal oxidation of the starch phase in the graft
copolymer oceurred at higher temperature (Z275°C) as
increasing G (%)

SEM mucrographs of the non-extracted product or the
product before Soxhlet extraction are shown in Fig. 6a
and b. Sub-micron spherical particles of PS covering the
starch granules were observed. The PS particles adhered
both on the surface of the starch granules and on them-
selves. The fibrils between PS particles and starch granules
are shown in Fig. 6b indicating PS-g-starch copolymer.
After Soxhlet extraction, PS patches covering on the starch
granules were obtained as demonstrated n Fig. 6¢. The
number of holes on the patchy PS were the homopolymer
particles (“Free PS”) dissolved by toluene during Soxhlet
extraction. Similar feature has been observed by others
(Chen et al., 2005 Cho & Lee, 2002). SEM micrographs
of other un-extractable products are shown in Fig. 7. At
low G (%), PS patches still showed many holes (Fig. Ta
and b). The hole free patchy PS was obtained from the
product with the highest G (%) { Fig. Te). The morphology
of graft copolymer correlated to the value of G (%), The
highest G (%) showed denser graft copolymer.

Based on the above characterization, it was shown that
PS-g-starch copolymer could be prepared by using suspen-
sion polymenzation technique. The graft copolymerization
was carried out at temperature lower than gelatinized tem-

perature; as such, there was no change in granular shape of

sturch as determined by SEM. However, the semi-crystal-
line structure of the starch grunules may or may not change
after grafting reaction. In order Lo identify changes in crys-
tathnity, XRD technique was utilized. XRD pattern of the
un-extractable product with G (%) = 22.80% looked simi-
lar to that of the virgin starch (Fig. 8). Degree of erystallin-
ity obtained from area under the peaks was in the same
range, 37% and 39% for the native starch and the un-
extractable product with G (%) = 22.80%, respectively.

and molecular chains of

x5 000

Fig. 6. SEM micrographs of product with G (%) = Z180%, (1) and (b) the
non-extracted product | before Soxhlet extraction); (¢ the un-extractable
product {after Soxhlet extraction).

This indicated that the reaction condition did not impact
the crystalling phase. Undoubtedly, this is due to the low
reaction temperature. If the system employed gelatinized
starch, the crystallinity should be lower than the native
one,

3.4 Saxhiet extraction validation

The Soxhlet extraction was the key process Lo identify
the PS-g-starch copolymer. For that reason, it is very
important to validate this process. Every extraction was
checked with precipitation in the non-solvent as described
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T0um

Fig. 7.
extracion). {a and b) G (%)

SEM micrographs of the un-extractable product (after Soxhlet
14000 () G (M) = 32 80,

in Section 2.2, Nonetheless, to confirm this process, blend
of starch and PS was prepared and was extracted under
the same procedure. The FTIR spectrum of the un-extract-
able product from the polymer blend was the same as that
of virgin starch { Fig. Y). As a result, the process of Soxhlet
extraction in the present study was valid.

4. Conclusions
The synthesis of polystyrene grafted cassuva starch was

carried out from styrene monomer and cassava starch
using potassium persulfate as an initiwtor. The optimum

Cassava starch

J L

0 M 4b 50 &0 TH B8
2-Theta

Counts

Fizg & XED pattern of the cassava starch and the un-extractable product
{after Soxhlet extraction) with O (%) = 22 B0

"ﬂ
la

L l\ l
ih} /(WIWAI [

U "I

e _l N =} 4 - W

Al 35040 GEeE 1500 2000 [SMY LMY S0

Wavenumber {cm-')

 Tramsmittance

Fig. 9. FTIR spectrum of the virgn cassava starch (a) and the un-
extractable product (afler Soxhlet extraction) of the starch/PS hlend (b).
condition giving the maximum percentage of grafting
(31.47%) was derived when 2.5 g of cassava starch, 7.5g
of styrene monomer, reaction time of 2 h and reaction tem-
perature of 50 °C were used. The formation of the polysty-
rene grafted on cassava starch was investigated by FTIR
technique. The results obtained [rom SEM, TGA and
DSC confirmed the presence of polystyrene grafted on cas-
savit starch. Morphology of starch granules did not chan-
ged after grafting reaction as determined by SEM and
XRD. The present study shows that PS-g-starch copolymer
could be prepared by suspension polymerization of styrene
monomer on the starch granules.
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Abstract

The chemical interactions between Kraft lignin awtieat gluten under
processing conditions were investigated by detdngirthe extent of the protein
network formation. To clarify the role of differeahemical functions found in lignin,
the effect of Kraft lignin was compared with thdtanm esterified lignin, in which
hydroxyl groups were suppressed by esterificatimmg with a series of simple
aromatics and phenolic structures with differemchionalities (conjugated double
bonds, hydroxyl, carboxylic acid and aldehyde). Theotein solubility was
determined by using the Kjeldahl method. The rdléhe hydroxylic function was
assessed by the significantly lower effect of éster lignin. The importance of the
phenolic radical scavenging structure is evidenogdhe effect of guaiacol, which
results in a behavior similar to the Kraft lignin. addition, the significant effect of
conjugated double bond on gluten reactivity, thirougicleophilic addition, was

demonstrated.

Keyword: polyphenol, protein, mixing, wheat gluteldraft lignin, esterification,

cross-linking



165

Introduction

Plastic waste is now regarded as a worldwide enwental problem.
Biodegradable materials from renewable agriculttgaburces such as carbohydrates,
starches and proteins have attracted much attefdrosustainable development and
environmental concern. Between those resourcesatwgliten appears as an
interesting raw material because of its low cost amailability in large quantities.
Wheat gluten is a by-product of the wheat staratustry (). It is a mixture of
(monomeric) gliadin and (polymeric) glutenin (abd#/45, w/w, respectively). In
native gluten, the cysteine groups of gliadin pely#jides are all involved in
intrachain covalent disulfide bond3ue to its monomeric structure, gliadin is mainly
responsible for the viscous behavior of gluten.t&lin, which provides the elastic
properties of gluten, consists of a polymeric assgrof different sub-units connected
by disulfide bonds. Gluten-based materials are phwmrs and can be prepared using
common thermoplastic processing such as extrusiothermomolding Z-4). The
addition of a plasticizer overcomes the final prctdorittleness and provides a better
processability. Small polar molecules such as waterbitol and fatty acids can be
used for that purpose, but glycerol is the mostroomly used %-7).

During processing, the wheat gluten structure nsngfly modified by protein
aggregation through interchain disulfide bon8s [This type of covalent cross-link
confers to cysteine a key role in the product stmécformation. A loss of solubility in
sodium dodecyl sulfate (SDS) buffer is usually uasdin evidence and a measure of
the cross-linking exten®(9). The first step of the cross-linking reactiorthie rupture
of existing intra-molecular disulfide bonds, so tthie final material structure is
highly dependent to mechanical and thermal inpusth controllable during
processing. Both radical and nucleophilic reactathways are involved in gluten
aggregation 10). It is thus possible to control the extent oftgtureactivity by the
addition of some compounds able to interact withhesaf those pathways. A recent
study conducted in our group has demonstratedkitsit lignin can impair the gluten
cross-linking during mixing and thermal treatmelatading to an increase of the
soluble protein contenfil{). Two mechanisms were hypothesized. The firstisriee
complexation through interactions forces (as hydrogoonding, dipole-dipole

interactions or interactions forces) between Kiafhin and wheat gluten during
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processing, which by modifying the 3D structureted protein, might have modified
its reactivity. The second is a direct chemicaktattion of some of the functional
chemical groups found in Kraft lignin with the ghatcross-linking mechanism, which
mainly implies thiol radicaland thiolate anions.

Kraft lignin is the by-product of the alkaline (Kta pulping process. Its
structure, resulting from the alkaline modificatioh the native lignin of wood, is
rather complex. Native lignin is basically formeg kthe combination of three
monomers, namelp-coumaryl, coniferyl and sinapyl alcohols, resugtim a three-
dimensional polymeric structurel?). As its characterization implies its partial
degradation, the real molecular weight of ligninpiants is still unknown1@). The
chemical structure of Kraft lignin depends bothtbe properties of the native lignin
(wood species, agricultural conditions of growtimdzaon the intensity of the Kraft
process, which causes the cleavage of native liginjikr-ether linkagesl8-15).

Kraft lignin is thus basically a polyphenolic comypal, with a high thermal
decomposition temperaturel3), containing mainly aromatic groupsl6) with
different functions ranging from hydroxyl (phenolar alkyl), conjugated double
bond, methoxyl, sulfonate, etc. Such phenolic stmeés are known for their radical
scavenging properties: the conjugation of the atmmaucleus in their structure
induces the resonance stabilization of the phen@dical (7-19). The radical
scavenging properties of various phenolic strustingve been characterized, showing
a significant dependence on the functions presamt$e side-chains of the aromatic
ring (20). As a result, Kraft lignin antioxydant propertieave been investigated for
the prevention of polypropylene degradati@i)(or as an additive for cosmetics
products 22, 23). Kraft lignin oxidation, likely to occur in therpsence of radicals
formed during gluten processing, give rise to tbemfation of various kinds of
aldehydes24). This complex structure makes difficult the as&yof its interactions
with the wheat gluten protein blend, itself veryrgdex. However, understanding
these interactions is a main goal for the prodactblow cost materials made from
natural polymers.

The objectives of this work are to investigate witggaten cross-linking in the
presence of lignin with an emphasis on the potemiemical interactions. Two
routes were followed : the first one was to compgheeeffect of Kraft lignin with an



167

esterified lignin, in which we have suppressedrbyylic groups, in order to clarify
their influence on the reactivity. The second oreswo evaluate independently the
effect of different commercially available simpleomatic structures, in order to
check precisely the effect of their different funas on gluten reactivity. Between all
the chemical functions that can be found in Krafhih itself (or in its degradation
products obtained by oxidation), we have focused regearch on four kinds of
functions, more likely to interact with the gluteross-linking, through nucleophilic
or radical pathway. We have evaluated the effedtyofoxyl and conjugated double
bonds (in which the nucleophilic reactivity has meesinforced by addition of
carboxylic or aldehydes groups), all of them lodaten an aromatic structure. The
effects of those compounds on protein plasticizadind cross-linking were separately
investigated.

MATERIALS AND METHODS
Materials

Wheat gluten was obtained from Amylum Group (AalBelgium). Its
moisture content was about 11%. Kraft lignin wasvpied by Westvaco (Charleston
SC, USA). 1,4-dioxane, acetic anhydride and pyadivere purchased from Sigma-
Aldrich. Glycerol was purchased from Fluka and thik commercially available
additives were purchased from Sigma-Aldrich, exdeptcinnamaldehyde (SAEC).
The number average molecular weight, BF Kraft lignin was estimated by gel
permeation chromatography to be 850 g/n2al).(As in this study, we focus on the
reactivity of aromatics units, we deducted from tlgmin structure an estimated
equivalent molecular weight (MW per aromatic unitsVe used for Kraft lignin the
value of 180 g.mal, assuming that its structure is basically consitwith an
assembly of the three main precursoksvalue of 273 g.mét was used for the

esterified lignin, as explain below.

Esterification on Kraft lignin

50 g of Kraft lignin was mixed with 250 mliodane, 45 g acetic anhydride
and 36 g pyridine in a one-neck flask and wasestiat room temperature over night.
After that, the mixture was dropped into ether #mel precipitate was filtered. The
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reagent was separated from the precipitate by mithie precipitate with water (1 L),
stirring (30 min) and filtering. To ensure the cdetp removal of the reagent, the
above separation was carried out six times. Findilg precipitate was dried in an

oven at 40C until constant weight.

Preparation of wheat gluten materials

A sample was prepared by mixing 35 g of native wighaten and 15 g of
glycerol. This composition was referred as a “refiee”. The others samples were
prepared by substituting 1, 5 or 10%wt of the 3& gvheat gluten with Kraft lignin,
esterified lignin or additives, while maintaininget glycerol content at 15 g. The
products were mixed in a two blade counter-rotatiagch mixer turning at a 3:2
differential speed (Plasti-corder W50, Brabendeuwjsburg, Germany). The mixing
chamber included a water circulation system whitdwathe control of its inner wall
temperature. This circulating water was regulate@@°C by using a regulation
temperature unit (Julabo F34, Seelbach, Germaniniyl speed was 100 rpm and
the mixing time was kept constant at 10 min aféexching the maximum torque. This
apparatus allowed the electronical measure ofdfgué on the main axis, and of the
product temperature in the chamber, which were igoausly recorded during
mixing. The standard deviation of this measuregmheined from five repetitions of
the same experiment on a wheat gluten-glycerolurgxtwas estimate to be less than
1%.

The compounds like glycerol, guaiactians-anethole and cinnamaldehyde,
which are liquid at ambient temperature, were adtiexttly into the mixer. The solid
additives such as vanillin, cinnamyl alcohol, fezwdcid and coumaric acid were first
dissolved in 15 g of glycerol before mixing. Wheaiten, Kraft lignin and esterified
lignin were added directly into the mixer.

Thermal treatment of the wheat gluten materials

The thermal treatment was performed bygisithermal molding press (PLM
10 T, Techmo, Nazelles, France). 5 g of the produast compressed at 100 °C for 10
min, at a pressure of 4 MPa, directly applied te #ample. We experimentally
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checked that this thermal treatment does not mddjfyin solubility (11), which is
consistent with its high thermal stabilit36).
Wheat gluten protein solubility

The wheat gluten protein solubility measurementaiscommon way to
determine the extent of the cross-linking betwesrigins. The soluble proteins were
first extracted in a sodium dodecyl sulfate (SD8luton. Then their content was
determined by the Kjeldahl method, which consistethe precise measurement of
the nitrogen content2{). The soluble protein content was then expressaas

percentage of the protein content originally présethe sample.

Morphological analysis

A scanning electron microscope (JEQRM-5800LV) was used to study the
surface morphology of Kraft lignin and esterifieidnin. The samples were first
mounted on the brass stub with double sticky t&pen the samples were coated with
a thin evaporated layer of gold in order to improeaductivity and prevent electron
charging on the surface. The scanning electronaseopy was operating at 10 kV.

Fourier transform infrared analysis

Fourier Transform Infrared Spectroscopy @Tivas performed (BRUKER
EQUINOX 55) to characterize the chemical structafeKraft lignin and esterified
lignin. The samples were dried at 19D for 6 h in an oven prior to test. The dried
powder samples were mixed with KBr and pressedthtalisc form by the hydraulic
compression. The samples were scanned at a fregjuange of 4000-400 crwith

128 consecutive scans in a 4 tnesolution.

RESULTS AND DISSCUSSION

Esterification on Kraft lignin

Phenolic and aliphatic hydroxyl groups are foumdhe Kraft lignin structure
(28, 29), which derive from the natural lignin structuféigure 1). Those functions
are usually known for their plasticizing actionrihgh hydrogen bonding) on wheat

gluten protein. Moreover, phenol is well-known ft& radical scavenging properties,
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which impact the wheat gluten cross-linking thaplies the formation and transfer of
radical species. In order to show the effect, @eabe of effect, of those structures,
we conducted the esterification of the hydroxylugp®, which have been extensively
documented30-34). After esterification, the color of lignin chardyfom dark brown
to light brown. The powder surface evolved fromnaosth one in Kraft lignin to a
rough one in the modified sampl&idure 2). The FTIR analysis conducted on
esterified lignin and Kraft lignin shows a signditt decrease in the hydroxyl peak (at
3407 cnt) after the esterification, and the appearancevofriew bands at 1743 and
1762 cn*, corresponding to the C=0 stretching in the egteup Figure 3). It have
been shown that in presence of imidazole, a bagmlyst, this reaction is complete
(35), which drive our choice to use pyridine, anothasic compound3g). The OH
group still presents in the structure are thusljyike be mainly the ones of acidic
functions initially presents in the produtignin modification has been extensively
study, either for the characterization of its stuwe, or for the modification of its
properties, in view of specific applications. ltsheen shown that the modification
usually results in a modification of its solubilig5). However, we did not observed
the formation of any residual solids during the poration of the ether phase after
modification, which conduct us to assume that theimh modification conduct here
have not been associate with a fractionation. Thkeonlar weight of esterified lignin
was estimated assuming that each aromatic groupasa®H functions (one aromatic
and one aliphatic carried by a side chain) thateweompletely modified. This
calculation has been done with the aim to giveugyincestimation of the molar content
of aromatics groups in the mixture, in order to panme it with the effect of more
simple additives. In this study, the additives &gdin molar concentration are varied
by one order of magnitude (from 1 to 10%wt), whiglmuch more important than the
uncertainty on the molar concentration that re$win this calculation (less than
30%). This approximation is thus sufficient to all@ comparison with the protein

cystein content, or with the others additives used.
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Materials processing
(a) Effect of glycerol content

Glycerol is a well-known plasticizer of wheat gin. The sample evolution
during processing, from a wheat gluten/glycerol tomi& to a homogeneous sample,
was assessed by the torque and internal tempedtargesFigure 4A presents the
torque and temperature evolution of wheat glutescessed with various glycerol
content : the reference contained 30%wt glycerbijermthe others samples contained
additional amounts of glycerol. The amount of thiklitional glycerol was the same,
on a weight basis, as used for the different adeltin the subsequent experiments.
The initial torque rapidly increased up to a maximwvalue, then gradually decreased
and stabilized when a homogeneous mixture was regtaiThe lag-time before the
torque increase is mainly function of the wettapitif the wheat gluten powder by the
plasticizer, and is thus associated to the dynawificke system during mixing. The
torque enhancement reflected an increase in theosity G, 37), so that the
plasticizing efficiency is assessed by the torquell at the plateau. Despite the use of
a recirculating water bath, the mixing chamber terapure increased, which is
commonly attributed to an important viscous dissgpaof the mechanical energy
transmitted to the medium, which cannot be comgensaa sufficiently fast calories
extraction. The temperature increased and stalilef¢éer the torque reached the
maximum value.Figure 4A shows that this evolution is highly sensitive te th
glycerol content, which acted as a plasticizemprotein-based materials, a plasticizer
is a small molecule able to interact through hydrogonding with the protein, thus
reducing the direct protein-protein interacti@, 38). As its content increased in the
sample, the torque increase is delayed, while tleimum torque, stabilization
torque and stabilization temperature reach durimgcessing decreased, which

reflected the lower viscosity of the mixture.

(b) Effect of Kraft lignin and esterified lignin

Kraft lignin addition resulted in an increase thie stabilization torque,
whereas the stabilization temperature decreadedure 4B). This effect is
uncommon as usually, added compound results im@ease (or a decrease) in both
parameters, as shown previously with glycerol. Atacroscopic level, either Kraft or
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esterified lignin might formed agglomerates in thedium. In that case, lignin act as
a filler, which explain the torque increase, presly observed with fibers in similar
conditions 87). At a molecular level, numbers of interactioretvieen protein and
Kraft lignin can be envisagedl)): n-n interaction between aromatic structures,
hydrophobic interactions, hydrogen bonding, andatet linkages. Among these,
hydrogen bonding is supposed to have a strongeinfle, as primarily responsible of
protein plasticization, which usually results iwviacosity decreases). The presence
of hydroxyl groups in Kraft lignin structure migfdavors interactions between wheat
gluten and Kraft lignin, giving rise to a strongnfercing effect. The influence of the
hydroxyl groups wasvidence by the fact that their suppression reduttea different
evolution during processing : when esterified ligmas added, it did not modify in
any way the processing parameters of plasticizesatvfluten, as indicated Figure
4C.

(c) Effect of the additives

Investigation of the effect of various functionabgps was done by adding
commercially available aromatic additives exhilgtivarious functions. Whereas the
maximum torque reached during the processing ofdference was about 43 N.m,
the one measured with additives ranges between .85 ad 43 N.m Table 1).
Torque curves strongly depended on the added edddnd different behaviors have
been identified. Vanillin and ferulic acid gave &umns very similar to the ones
observed with increasing glycerol conterfigg(ire 4A), thereby demonstrating their
plasticizing action on the wheat gluten (data nmdven). Basically, guaiacol and
cinnamyl alcohol gave the same evolution, except the torque increase was not
delayed. Thus, it can be considered that those cangs also efficiently plasticized
wheat gluten. Finally, cinnamaldehyde amdns-anethole both exhibited a specific
behavior, as it can be observedRigures 5A and 5B, respectively. Their torque
evolution presented an irregular trend, with siigaifit oscillations (especially at 10%)
that could be attributed to a wall-slip effect. $boexperiments were repeated two
times in order to check their reproducibility, wihiavas very good. These two

additives have in common the absence of hydroxgugs, suggesting that they
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cannot plasticize the wheat gluten proteins. Fropmysical point of view, they were

more likely to act as lubricant rather than plazéc

Protein solubility after mixing

During mixing, the mechanical energy transferredht® system resulted in a
strong shear and a viscous dissipation (i.e. a eeatyre increase). Both phenomena
have been identified to promote the formation dermolecular disulfide bonds
between proteins, resulting in a loss of their Bidity in SDS @, 39). The measure of
the protein solubility is a simple and direct methim quantify the cross-linking
extent. This determination can be done by a meaxstes protein absorbance at 214
nm in the UV spectra. However, it has been shoiil) {hat the specific interaction
between lignin and wheat gluten can change therbhsoe of the protein, thus
making this determination inappropriate. In thisdst, the protein content in the SDS
solution was thus determined by the quantificabbthe total nitrogen content, using
the Kjeldahl method.

Guaiacol is basically a phenol, with a reactivityyoslightly modified by the
addition of the methoxyl group ipara-position on the aromatic ring. It has a slightly
higher radical-scavenging activity than a simplem#i @0). Thus, if this behavior is
involved in the interaction with gluten, it showddse rise to a more significant effect,
making it easier to observe. The comparison betvgemcol and vanillin, a residue
of Kraft lignin oxidation 24), allowed us to evaluate the effect of the presesfcan
aldehyde on the aromatic ring. The effect of a d®uiond conjugated with the
aromatic ring was assessed by using ferulic adithaenyl alcohol, cinnamaldehyde
and trans-anethole. Those compounds differ by the presemaathers groups like
aldehyde, hydroxyl (phenolic or aliphatic), andozatylic acid.

The effect of the various additives on protein bdity is present inFigure 6.
While the protein solubility of native wheat glutéhe unprocessed and unplasticized
powder) is close to 76%, the processing in plasiticonditions of the reference
sample resulted in the decrease of the solubilitytau56+ 2.50%, due to protein
cross-linking. The addition of 0.2 Mmol/g (or moi) Kraft lignin, esterified lignin
or any other additives used in this study promoged increase in the protein

extractability, in comparison with the referencéo$e results obviously showed an
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effect of those compounds on protein cross-linkwgjch can take its origin in a
specific chemical interaction, but also in the jgassprotein plasticization by the
additive. Indeed, protein cross-linking increaseththe processing temperature. The
plasticization of the protein, which resulted asvoously shown in a lower plateau
temperature when additives are added, can theredmomsible for a lower cross-
linking. In those samples, the lower Brownian egedgsfavored the disulfide bond
formation. This was shown by the fact thafgure 6, glycerol addition appeared to
modify the final wheat gluten solubility, whereasvas not supposed to participate in
any way in the chemical mechanism involved in cilodgsng. This “plasticizing” or
“thermal” effect necessarily affects the proteilnss-linking when additives with a
plasticizing effect are added. In this study, wemyavanted to focus on the chemical
interactions between wheat gluten and Kraft ligriihus, in order to eliminate this
effect, all the samples were thermomolded at 10€0f@.0 min, so that their thermal
history can be considered as being the same.
Protein solubility after mixing and thermomolding

On Figures 7, we present the protein insoluble content of tligernt
samples after thermomolding. The protein insoldaletent (expressed in percentage,
and defined as one hundred minus the protein sakedoitent) is directly proportional
to the extent of the protein cross-linking. Iteispress as a function of the additives
concentration express in Mmol/g of wheat glutenjcwhallows a direct comparison
with the wheat gluten composition in amino-acidgs{eine content is assume to be
about 130 umol/g). The “reference” wheat gluterdghpl sample insoluble protein
content is given in each graph. A previous stutll) (showed that Kraft lignin
strongly affect protein aggregation, inhibiting tivbeat gluten cross-linking and even
resulting in an increase in the soluble proteintenn

It can be seen irFigure 7A that the Kraft lignin amount (expressed in
aromatic units) needed to inhibit the wheat gluteoss-linking was clearly higher
than the cysteine one. If the inhibition of thessinking was due to the reaction of
the added compounds with the cysteine groups (ttementing them for forming
disulfide bond), it suggest that the mechanism doets have a one-to-one
stoichiometry, or that Kraft lignin reactive grouggsctivity is weak. This is probably
due to the fact that the densely interconnectadtttre of Kraft lignin limited their
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ability to interact with the protein groups. Thaddion of esterified lignin had only a

slight effect on protein solubility, which demorattd the effect of the phenol group
on the cross-linking kinetics. This hypothesis isreover confirmed by the fact that
the addition of guaiacol resulted in an effect vemyilar to the one of the Kraft

lignin.

From the effect of additives, it is possible tontfy the influence of the
various functionalities used in this study. Theseffof onFigure 7B, the comparison
of the effect of guaiacol, vanillin and ferulic da@llows the evaluation of the effect of
an aldehyde and of a double bond (conjugated witacad function) on the reactivity
of a phenolic additive in presence of wheat glulidme protein cross-linking in wheat
gluten/guaiacol sample decreased as long as guiacacdent increased in the
investigated range of concentration. In that setisg compound presented the closest
behavior with Kraft lignin. Guaiacol acts as a sienphenol, but thertho-methoxyl
substitution increase its radical scavenging efficy @0). It has been suggested that
the ortho-methoxyl function can form an intramolecular hygiea bond with the
phenolic hydrogen, making the hydrogen atom abstracfrom the ortho-
methoxyphenols more easyl( 42). The evidence of a strong effect of a simple
phenolic structure on wheat gluten cross-linkingignigicantly reinforce the
hypothesis that Kraft lignin can interact with wheguten protein by trapping the
radicals formed during processing, and not only ébycomplexation involving
interactions forcesl(). The addition of an aldehyde group on the pherstliucture
(vanillin) seems to inhibit partially its actionhib observation is already consistent
with some results demonstrating that the presehae aldehyde on the aromatic ring
in vanillin reduces the radical scavenging efficigi0). The addition of ferulic acid
strongly reduced the wheat gluten cross-linkingirduiprocessing. A similar result
(not shown) was observed with coumaric acid, wiiate a very similar structure. As
this effect is, on a molar basis, significantly mamportant than for guaiacol, it can
be attributed to the presence of a double bondh Bo¢ presence of an aromatic
structure and of a carboxylic function, on bothesad this double bond, significantly
favored its ability to react with nucleophilic spex; like the thiolate anion, which are
implied in the mechanism of wheat gluten crosstigklIt could be hypothesized that
in the case of ferulic acid, both the presence phenol group, which are well known
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as radical scavengers, and of reactive delocatisedble bond, contributed to inhibit
the wheat gluten cross-linking that occur during@agassing, even resulting in a
protein depolymerization in comparison to the rastate.

In order to demonstrate the effect of the conjutjateuble bond, we have
checked the effect of different aromatic but noemadlic structure which possess this
structure. InFigure 7C, the effect of the presence of double bond onramatic
structure is investigated independently of the gmes of a phenol, and compared
with the results previously shown for the additminferulic acid. Those compounds
are likely to interact with thiol groups formed thg processing, especially by radical
addition on the double bond, or by nucleophilic iadd of a thiolate anion1Q).
While trans-anethole and cinnamyl alcohol have a slight, beasarable, effect on
the wheat gluten cross-linking, this effect wasadle stronger when cinamaldehyde
and ferulic acid were used. This observation styosgpports an interaction of the
conjugated double bond through its ability to iatgérwith thiolate anion, implied in
the nucleophilic step of wheat gluten cross-linkingdeed, aldehyde and acids
functions favored the ability of the double bond react with an anion. This
observation demonstrate that the presence of doobhels, conjugated with an
aromatic group, can interact with the wheat gluterss-linking, and that the most
probable mechanism of this action is a nucleophifiack on this group.

Kraft lignin and wheat gluten are both renewablsotgces exhibiting
promising potential as new raw materials for bigptaproduction. Their blending
allows the monitoring of some of the materials egperties, especially because it
reduced the wheat gluten cross-linking during psec®. However, due to their
complex structure, the description of their intéi@ac is not easy. In this study, the
suppression of the hydroxyl groups present in itpeil structure, by esterification,
appeared to suppress the plasticizing effect oftKignin (assessed by its effect on
the torque/temperature curves recorded during m)xamd to significantly reduce its
interference with wheat gluten cross-linking.

The addition of more simple compounds, based oaramatic structure with
additional functions, allowed clarifying the potehtrole of the complex structure
find in Kraft lignin. Mainly, the analysis demonsted the effect of the phenol

structures and of the conjugated double bond. irsedne was interacting with the
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wheat gluten cross-linking pathway through theilligbto trap the radicals formed

under shearing (and heating) on cysteine groups.s€leond one was more likely to
interact with the thiolate anions formed during qassing. Evidence of a similar
behavior between guaiacol and Kraft lignin suggeskat the main interaction was
occurring through the aromatic hydroxyl antiradicattivity. Those results

demonstrated that the Kraft lignin structure chexnieactivity can explain the protein
depolymerisation.This constitutes a new step in understanding thigopbenol-

protein interaction in view of the production obplastics.
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FIGURE LEGENDS

Figure 1. Representation of the main primary monolignolslighin (A) and of a

lignin polymer structureR).

Figure 2. SEM micrographs of Kraft ligninX) and esterified ligning).

Figure 3. FTIR spectrum of Kraft lignin and esterified ligni

Figure 4. Effect of glycerol A), Kraft lignin (B) and esterified lignin@) contents on
torque and temperature evolution of wheat glutelneat gluten reference
(<), 1% ©), 5% ) and 10% Q).

Figure 5. Effect of cinnamaldehydeA( andtrans-anethole B) contents on torque
and temperature evolution of wheat gluten; wheategl reference<g),

1% (O), 5% ) and 10% {.).

Figure 6. Effect of additives on the SDS-soluble protein eomtof wheat gluten after
mixing (without thermal treatment): glycerab(——), Kraft lignin (O, —
— ), esterified lignin ¢, ——), guaiacol (0, —), vanillin (¢, — — 9,
trans-anethole Y, —), ferulic acid (A, — — 9, cinnamaldehydeH, —
—), cinnamyl alcohol t~, ——); wheat gluten referenca) and native

wheat gluten @).



185

Figure 7. Effect of additives on the insoluble protein comtehwheat gluten after
thermal treatment; Kraft lignin, esterified ligniguaiacol and glycerol),
phenolic compounds$B) and aromatics compounds containing conjugated
double bond @); glycerol &, —), Kraft lignin (O, — — 9, esterified

lignin (O, —), guaiacol 0, —), vanillin (¢, — — 9, trans-anethole
(v, —), ferulic acid (A, — — 9, cinnamaldehydel, —), cinnamyl
alcohol =, ——), wheat gluten referencal and native wheat gluten

(®).



Table 1. Maximum torque and stabilization temperature efsamples
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Maximum torque (N.m) Stabilization temperaturé@)
Additive
1%wt 5%wt 10%wt 1%wt 5%wt 10%wt

Glycerol 41 34 28 89 83 76
Kraft lignin 42 40 41 90 84 86
Esterified lignin 43 41 40 90 89 88
Guaiacol 42 35 29 89 82 75
Vanillin 36 31 25 81 77 72
trans-Anethole 41 37 32 88 80 61
Ferulic acid 35 31 27 79 73 70
Coumaric acid 38 32 29 85 76 72
Cinnamaldehyde 42 38 36 92 84 74
C;Tcnoa;]rg?" 40 34 26 90 82 71
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