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Abstract

Weak mechanical and highly hydrophilic properties of starches have limited
their applications in packaging industry. In this study, mung bean starch (MBS) and
basil seed mucilage (BSM) were investigated its film forming biopolymer potential.
MBS and BSM films were prepared and modified by different types and contents of
natural di-carboxylic acids—tartaric acid (TA), malic acid (MA) and succinic acid (SA)—
with different levels of acidity and chemical structures. It was observed from FT-IR
spectra, that there was the new peak at 1730 cm ' assigned for the C=0 stretching of
the carboxylic and ester group. The result confirmed the formation of ester linkages
between the starch and cross-linker. Moreover, the O-H stretching peak also shifted
to lower wavenumber. X-ray diffraction patterns of the film cross-linked by TA, MA
and SA exhibited lower crystallinity by higher contents of the acids. From SEM
micrographs, the addition of three cross-linkers into MBS and BSM films led to
smoother surface. Water absorption and degree of swelling of different MBS and BSM
films clearly decreased with increasing cross-linker contents. When the content of
the cross-linkers increased, the stress at maximum load and Young's modulus
decreased. On the contrary, the strain at maximum load of MBS and BSM films
significantly increased. For thermal property, thermal degradation temperature of all
cross-linked films improved either by the addition of the cross-linkers or by the
increasing contents of the acids. Finally, the cross-linked films degraded slower than
the all-native films. From this study, the MBS film cross-linked by 30% SA presented
the greatest overall properties, determined from degree of swelling, water
absorption, water vapor permeability, gel fraction, tensile properties, thermal

properties and soil burial test.
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Chapter 1

Introduction

1.1 Research Motivation

Presently, environmental concerns about increasing use of plastics and
associated waste are rising; therefore, alternative renewable sources for replacing
petroleum-based materials are widely searched and deve'loped. This is because
petroleum-based plastic is very hazardous to the environment. Bio-based materials
could be used as appropriate substitutes for petroleum-based plastics, especially if their
various properties can match those of plastic-based materials. A biodegradable film is in
much need in various industries. Among bio-based polymers, starch is one of the most
interesting materials for producing biodegradable films due to its abundance,
transparency, renewability and low cost [1].

There are several sources of starch in Thailand. For example, mung bean (Viena
radiate) is generally grown in Southeast Asian countries. Mung bean starch (MBS) consists
of two types molecular constituents: linear amylose (40-45%) and branched
amylopectin (55-60%) [2]. MBS has higher amylose content than other legume starches
[3]. Biodegradable films with higher amylose content normally exhibited higher tensile
strength, Young’s modulus and glass transition temperature than low amylose content
ones [4-5].

The source of starch that motivated us to conduct this study is Basil seed
(Ocimum  basilicum L.). It is a mucilaginous polysaccharide source grown in various
regions in Asia [6]. Basil seed mucilage (BSM) has been reported to be an acidic
polysaccharide: the uronicacid content of Ocimum bacilicum L. is 7.32% high. Basil seed
contains a high quantity of mucilage that has a lot of useful functional groups for
chemical synthesis and has a full potential as a source for producing green-based
biodegradable films.

In its native form, common starch is not very suitable for many applications and,
therefore, must be chemically modified to obtain desirable properties. Cross-linking is a
good method for enhancing the suitability of starch in various applications. However,
conventional chemical reagents used for cross-linking starch are relatively expensive and
toxic [7]. Therefore, natural cross-linkers are preferable such as tartaric acid (TA), malic
acid (MA) and succinic acid (SA). These are natural oreanic acids existing in fruits
vegetables. They can also be obtained from a fermentation process by microorganisms.
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Di-carboxylic acid cross-linkers can produce chemical bridges, ie., covalent bonds,
between hydroxyl functional groups of polysaccharides molecules.

There have been many reports of cross-linking starch films via carboxyl groups,
typically for starch that has a moderate amount of amylose. It has been reported that
the solubility and degree of swelling in water of MA and SA-modified corn starch films
were lower than those of the native film [8]. Li Shen et al. used citric acid (CA), SA, MA
and 1,2,3,4-butanetetracarboxylic acid to improve corn starch films. They found that the
addition of the acids improved the tensile strain and permeability property of corn
starch films by providing cross-linking that can connect starch backbone chains. In
addition, they also observed starch chain hydrolysis [9]. Regarding hydrophilicity, cross-
linked potato starch was found to have a lower hydrophilicity when it was modified by
malonic acid, and its hydrophilicity was lower as the amount of modifying malonic acid
increased [10]. It was also revealed that cross-linking by MA and CA improved the
gelatinization temperature film. Moreover, water absorption of film decreased when the
amount of modifying MA or CA increased [11].

Consequently, the aims of this study were to develop and characterize a number
of biodegradable films from MBS and BSM and to investigate the effects of different di-
carboxylic -acid cross-linkers i.e. TA, MA and SA on the mechanical and thermal
properties of the cross-linked films. These acids represented acid molecules with
different kinds of steric hindrance of the OH groups in their molecular structures. Native
and cross-linked films. with TA, MA and SA were characterized by Fourier transform
infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray diffractometry
(XRD) and thermogravimetric analysis (TGA). Furthermore, water vapor permeability
(WVP), degree of swelling, water absorption and gel fraction of different films were also

examined.

1.2 Aims of this thesis study

1. To prepare biodegradable films from MBS and BSM by using glycerol as
plasticizer.

2. To use TA, MA and SA as a cross-linker in order to improve the properties of

the biodegradable films.



1.3 Scope of the Research

1. TA, MA and SA were used to crosslink and hydrolyze the polysaccharide
structure of MBS and BSM. Glycerol was used as a plasticizer.

2. Various properties of biodegradable film were characterized by Fourier-
transform infrared spectroscopy (FTIR), X-ray diffractometry (XRD), scanning electron
microscopy (SEM), determinations of gel fraction, degree of swelling, water vapor
permeability (WVP) and some tensile and thermal properties as well as soil burial test.

3. Study the effect of steric hindrance of OH groups in chemical structures of di-
carboxylic acids; i.e. TA, MA and SA-on properties of MBS and BSM films.

1.4 Anticipated Benefits

1. A biodegradable cross-tinked polysaccharide film with desirable chemical and
mechanical properties is produced.

2. The structure of MBS and BSM related to its film forming and barrier properties is
insighted.

3. Proper acid types and content for detection of cross-linkages in starch films are
investigated.

4. Reduction of plastic waste is a good target.

5. Added values for MBS and BSM are increased.



Chapter 2
Theory and literature reviews

2.1 Biodegradable Polymers

Nowadays, there are important environmental concerns caused by the use of
petroleum-based materials. Improvement of biopolymers from plant-based resources
that can miticate the undesirable effects of petroleum-based polymers in the
environment has reduced the demand for synthetic petroleum-based polymers. The
objective was that these waste pollution from petroleum-based plastic was reduced in a
landfill or treated in composting plants. These technologies presented a novel
methodology for ‘the controlling of plastics-based polymer waste. Additionally,
management systemof polymer waste is incorporated with the use of renewable
resources to produce the polymers primarily; it is prospective that biodegradation of
polymers might basically convert part of a green-based cycle [12-13]. Thus, the
biopolymer materials have attracted attention by many researchers. One important
aspect of using plant-based biopolymers is that they should provide an equal strength
and elasticity to the petroleum-based polymer for a particular application [12]. Synthetic
biopolymers from green-based resources ie. cellulose ‘and starch can offer
biodegradable materials from inexhaustible green resources. Starch, one of the most
abundant natural-based resources for polymer products, is  biodegradable and
inexpensive, With-some modification and processing, starch can be used as an ideal

“green” material that originates from nature and readily goes back into it [13).



2.2 Definition and general mechanism of biodegradation

The term “Biodegradable plastics” generally refers to plastic that decomposes
naturally by an attack of microorganisms in an environment. Microorganisms are
incapable to penetrate into plastic-based material due to lack of water-solubility and
the large size of molecules of polymer, where biochemical progressions take place.
_Firstly, they have to excrete extra-cellular enzymes, which depolymerize the polymers
outside the cells as showed in Figure 2.1. Consequently, if the mass of plastics could be
adequately decreased to create water-soluble intermediates, these can be fed into the
appropriate metabolic pathways and transferred into microorganisms and act on the
surface of polymer; subsequently, the biodegradation could occur on surface erosion
process. Furthermore, the end products of these metabolic progressions involve CO;,
H20 and CHa, composed with new biomass. However, non-biotic physical and chemical
processes can also act on the polymer, either as a first stage merely or in parallel on the
polymer. These non-biotic effects involve thermal polymer degradation, chemical
hydrolysis ‘and polymer chain scission by irradiation (photo-degradation) or oxidation

process.
CO;, H,0, CH,
excretion of ﬂ intermediates are
extracellular enzymes assimilated into the
. ) celis
enzymes attach to the nien short degradation
surface and cleave intermediates are
polymer chains / dissolved into the
{ water soluble intermediates |
Figure 2.1

Mechanism of biodegradation of polymers [14]

Environmental factors not only influence the polymer to be degraded, but they
also have a necessary effect on the microbial population and on the activity of the
different microorganisms themselves. Parameters i.e. the presence or absence of oxygen,
temperature, pH, salinity, humidity, and the supply of various nutrients are the key
influences on the polymer degradation by microbial, and these surroundings might be
considered when the biodegradation of polymers is examined [14].



2.3 Categorization of Biodegradable Polymers

Biodegradable plastics can be grouped into 4 main sessions [15-16]:

1. Polymers from chemical synthesis using renewable natural monomers or
combined sources of petroleum and biomass, such as bio-polyester and poly-lactic acid
(PLA).

2. Agro-polymers extracted from biomass (i.e., polynucleotides, polysaccharides,
polypeptides, proteins). They are compostable and renewable polymers and could be
processed directly, either fillers or plasticized or improved by chemical processes.

3. Polymers commonly obtained from the petroleum industry by chemical
syntheses, such as poly-esteramide (PEA) and poly-caprolactone (PCL).

4. Polymers generated by genetically modified bacteria or by microorganisms during
fermentation process used as ‘the substrate. As examples, bacterial cellulose

polyhydroxy alkanoates (PHA).
2.4 Introduction of Starch
2.4.1 Starch granules and molecular structure

Starch is the most plentiful reserve polysaccharide in plants. Nowadays, the main
sources of starch extraction are roots, seeds and seeds primarily from potato, cassava,
wheat, rice and maize. Starch can easily be extracted with high purity, resulting in a
white, odorless powder and tasteless. Starch is also biodegradable and can demonstrate
edible film behavior. In 2010, starch represented 22.2% of the global green-based
packaging market (Pierce, 2011) [17]. Starch consists of ‘two polymers amylose and
amylopectin. Amylose is mainly a linear chain with a-1,4 linkages; whereas amylopectin
is bonded by a-1,6 linkages. Amylopectin is the main component in starch, containing
40-50% [10]. The repeating wunits of -amylose and amylopectin are similar (a-D-
glucopyranose ring) but interconnected in different ways, as shown in Figure 2.2.



Amyiose

u-(1-4)- gtycosidic linkage

Amylopectin

-(1—6)-glycosidic linkage
@\A(/ﬁ;v% - /
OHo /%
OH /%

ao-(1 —M)-glycostdlc linkage
Figure 2.2 The structure of amylose and amylopectin [19]

In amylose, 0-D-glucopyranose ring is connected by a(1,4) bond. Classically, the
molecular weights of amylose are in the order of 10°-10° g/mol. Amylose is generally
well known as a linear molecule. The leneth of starch side chains ranges over 100
repeat units [19].
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Figure 2.3 A single helix of amylose structure [20]

The structure of amylose leads to have a stiffer left-handed single helical
structure or form a stiffer parallel double left-handed helix as shown in Figure 2.3. The
single helix consists of six a-D-glucopyranose rings per cycle with a pitch of 0.8 nm [20].

Amylopectin is a branched molecule of starch. The a-D-glucopyranose ring is
mostly linked by a (1,4) bonds and with @ (1,6) bonds 5-6% at the point of the branch.
It has molecular weight ranges 10’=—10° ¢/mol. The amylose content of several
common starches is illustrated in Table 2.1 [21]. Starch is very hygroscopic and binds
water reversibly but insoluble in cold water. Increasing the temperature, starch solution
leads to decrease of hydrogen bonding in the starch granule hence the starch granules
will start to gelatinize. Additionally, the starch granules would swell quickly to many
times of its original volume. The linear amylose molecules of starch eranules leach out
of the granules into the solution resulting in suspension contained a mixture of swollen
granules, linear amylose molecules, granute fragments which depend on the present of
amount of water, then the granule of starch form a thick gel or paste. The gelatinization
temperature of starch could be described as the temperature at which the granular
swelling begins until the temperature when closely 100% of the granules are gelatinized
[22]. The gelatinization temperature range of various starch sources is demonstrated in
Table 2.1.



Table 2.1 Amylose
range [21-22].

9

content of common starches and starch gelatinization temperature

Starch Amylose % Gelatinization Temperature Range [°C]
Arrowroot 20.5 62-70
Corn 28 62-72
Oat 27 60.5-66
Manioc Low 61-67
Potato 20 59-68
Rice 18.5 65-72
Sago 25.8 62-68
Tapioca 16.7 58.8-70
Mung bean 35-40 63-74
Wheat 26 58-64

2.4.2 Structures of natural starch

As explained earlier, the linear amylose backbone chains lead to have helix
structure either left-handed or right-handed. The left-handed form is energetically
preferred to the right-handed form [23]. There are two ways the helical molecule (A-
type and B-type) is packed in the crystalline phases of starch as illustrated in Figure 2.4.

The helices of both A- and B-type crystals are packed parallel. Moreover, researchers
also found Vh-type crystalline structure in starch complex formed between compounds

and the single helix of amylose molecules, i.e.: dimethyl sulfoxide (DMSO), iodine, fatty
acid and alcohol [24-25].
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Figure 2.4 A-type and B-type of starch [20]

The stacks of amorphous and crystalline lamellae form larger rings or shells
being in the order of 100~400 nm thick. The shells are semi-crystalline in nature as they
contain both the crystalline lamellae and the amorphous, but they have also been
considered- as hard shells or crystalline. The rings are embedded in an amorphous
matrix. The matrix was explained as soft shell, semi-crystalline shell or amorphous
background. The granular rings, often-named “growth rings” as shown in Fig. 2.5, are
normally thicker in their interior parts and thinner at the periphery of the granules.

These shells contained both of semi-crystalline layers and amorphous [29].
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Figure 2.5 Granule structure of starch [28]

2.4.3 Gelatinization and glass transition temperature (T)

Gelatinization of starch was normally identified the destruction of the crystalline
structure and eventually disruption of the granular of starch-when water and heat were
applied. Starch granules start to swell with the occurrence of excessive water (normally
> 90 wt %) because the molecules of amylose were favorably solubilized in the water.
Below a characteristic temperature identified as gelatinization temperature, the
crystalline phase, generally combined of branched amylopectin structure and high
molecular weight, still retains its integrity. Crystalline region starts to lose its crystalline
order and swell irreversibly at above the gelatinization temperature [30]. When starch
granules were considered as a polymer network, the swelling of the starch before the
occurance of gelatinization can be considered as a reversible equilibrium. In this
equilibrium, the affinity between the polymer network and the solvent generates
osmotic pressure (favouring the swelling), which is equal to the restoring force (not
favouring the swelling) resulting from the stiffness of polymer network. Obviously,
enhancing the temperature or choosing the solvent that has a high affinity for starch will
increasing swelling. Swelling above the gelatinization temperature is totally irreversible.

Since the degradation temperature was higher than T, therefore T, of starch was
experimentally unreachable. The water content has influenced on the T; and
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mechanical properties of starch. The addition of water can act as a strong plasticizing
effect, resulting in notable depression in T [31]. The evaporation of water, the water
content in starch is changed owing to the difficulty in keeping steady mechanical

properties of the starch materials [32-33].

2.4.4 Retrogradation of starch

Retrogradation was another specific behavior of starch granules when reacting
with molecules of water. If the mixture of gelatinized starch and water was cooled down
to ambient temperature, there will be a strong driving force of starch chain
rearrangement to crystallize. Then, water will generally be propelled out of the starch,
resulting in phase separation. After cooling down, it was identified as retrogradation. In
addition, there was different the thermodynamic force of crystallization between
amylopectin and amylose due to their dissimilar conformations of melecular structure. A
linear amylose structure has very long molecular chains as compared to branched
amylopectin. Therefore, the amylose structure makes the formation of crystalline phase
stronger than the amylopectin having abundant short linear molecular chains [34]. A
very rapid phase separation observed when concentrated aqueous amylose solution
was cooled down to room temperature. The transparent solution turns to opaque so
fast, representing the presence of the polymer ageregates. The wavelength of the light
was smaller than the size of the polymer ageregates. The size of the ageregates is larger
than the wavelength of the light, making them visible [35-36].
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2.4.5 Starch modifications

Native starch is not suitable as a packaging material because it cannot be shaped
in films with sufficient mechanical properties (high tensile and flexural strength,
percentage elongation) and is too sensitive to water. Subsequently, native starch must
be modified, either by plasticization, blending with other materials, chemical
modification, before native starch can be applied as biodegradable polymers [37].

The techniques for starch modification have been generally classified into 4
categories:

(1) Physical Modification i.e.; deep-freezing, osmotic-pressure treatment and heat-
moisture treatment, etc.

(2) Chemical Modification involves cationization, esterification, etherification,
cross-linking, oxidation and grafting, etc.

(3) Enzymatic modification includes the starch suspensions expose to enzymes
primarily involving hydrolyzing enzymes that lead to high functional derivatives.

(4) Genetically modification includes the transgenic techniques targeting the
various enzymes included in starch biogenesis [38].

Maodified starch is combined into plastics to improve environmental degradation
and fragmentation. Starch polymer composites and thermoplastic starch can substitute
petroleum-based plastics in some applications. To overcome these limitations, the
structure of starch can be improved through chemical and physical medifications, such
as hydrolysis, oxidation and cross-linking process. Modified starch can be used for various
applications. The alteration  structure of starch is normally explained as ‘chemical
modification’ due to the addition of chemicals. Chemical modifications include the
improvement of a functional group of starch structure. The number and type of
functional groups presented into the starch molecule depend on the required property
in the end product. The terminal functionality depends on the starch source, the
reaction conditions, the type and amount of its distribution and substituent along the
molecule [39]. For example, the presentation of a hydroxypropyl group on starch
molecules has been shown to improve its water solubility, swelling power, heat
resistance and shear resistance. Disintegration of starch by introducing carbonyl groups
and carboxyl via hydrolysis or oxidation is a common principle to make starch with
lower viscosity. These functional groups can act as an internal plasticizer and can inhibit
the affinity to retrograde [40].



14
2.4.6 Chemical Modification

Chemical modification includes the change of functional groups into the starch
molecule, resulting in obviously improved physicochemical properties. The functional
and chemical properties accomplished when improving starch by chemical substitution
depend on starch source, reaction conditions, reactant concentration, extent of
substitution (degree of substitution or molar substitution), reaction time, catalyst, pH,
type of substituent and the distribution of the substituent in the starch molecule. These

processes contain:
2.4.6.1 Etherification and Esterification

Etherification is the process of creating ether remarkably the elimination of
alcohols forms petroleum products by rejoining with sulfuric acid. Esterification is
described as any reaction (typically between an acid and an alcohol) that results in the
production of ester formation. These methods mainly comprise substitution of
hydrophilic -OH groups of starch structure by different hydrophobic functional groups
resulting into succinylation, acetylation, carboxymethylation, hyproxypropylation and

succinylation, etc [41].
2.4.6.2 Acid Treatment

The hydronium ion interacts the glycosidic oxygen molecules and subsequently,
hydrolyzes  the _gloycosidic-linkage. Acid treatment improves the physicochemical
properties of starch without destroying its eranule structure. Firstly, acid interacts on the
surface of the starch granule, and it increasingly penetrates the inner region. The
breadths of the gelatinization endotherm and the gelatinization temperature have also

been exhibited to increase on-acid hydrolysis [41].
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2.4.6.3 Oxidation

Oxidation of starch was created by changing starch structure with a required
amount of oxidizing reagent under pH and controlled temperature. Oxidation initiates
de-polymerization, which introduces carboxyl groups and carbonyl groups, results in a

lower dispersion viscosity and, which hinders re-crystallization [41].

2.4.6.4 Cross-linking

Cross-linking of starch is proposed to form bonds between inter- and intra-
molecular of polymer chains to strengthen the material structure. Cross-linking is
produced by reaction with multifunctional reagents that are efficient of forming ether or
ester bonds. The ‘most generally used reagents such as ortho-phosphoric acid,
phosphoryl chloride, epichlorohydrin and their salts, and di- or poly-carboxylic acids
(42]. Cross-linking can be originated by chemical reaction via pH, heat, radiation or
pressure. Covalent cross-linking is thermally and mechanically stable, e.¢. starch films
produced from cross-linked starch are more stable to soluble, swelling, shear, heat and
acidic conditions. Additionally, cross-linking was shown to decrease the water-soluble of
starch and to enhance barrier properties in starch-based coatings (Olsson et al., 2013;
Ghanbarzadeh et al., 2011) [43-44],

2.4.7 Reactions of starch with di-carboxylic acid: esterification, cross-

linking, plasticization and hydrolysis

Di-carboxylic acid is a natural organic acid with two carboxyl groups. Therefore, it
can intra- and inter-connect with the —OH groups of starch to form ester linkages [45-46)].
The reaction is a normal Fischer esterification reaction, which can be catalyzed by
decreasing pH values or the adding Lewis acids. Cross-linking and di-esterification is a
two-stage esterification process that has been demonstrated to be stimulated by high
temperature approximately above 100 °C. It has been suggested that esterification of
starch with di-carboxylic acid mainly substitute around the branching of amylopectin
[47-48].
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Mono-esterified starch can perform as an internal plasticizer of starch molecules
by interrupting intra- and inter-molecular hydrogen bonds. However, unreacted cross-
linker can act as an external plasticizer and enhance the flexibility of the starch structure
in coatings and films (Reddy et al. 2010) [49]. Shuaiyang Wang et al. reported that di-
esters could occur between two adjacent glucose residQes, between two glucose chains
in the same glucose residue on C3- and Cé-position [50]. On the other hand, di-esters
are considered to be cross-linkages due to increase in molecular weight. Cross-linking is
required since it decreases solubility and swelling in water and rises viscosity.

Concurrent esterification of starch by di-carboxylic acid is hydrolysis. Although di-
carboxylic acid is a weak acid, starch can simply be hydrolyzed owing to the low pH and
high temperature. Increasing di-carboxylic acid content and high temperature promote
degradation of starch backbone chain. The slycosidic oxygen is protonated during
hydrolysis, and then, a water molecule is added. Therefore, molecular weight of starch
backbone chain is reduced, which, in turn, increases permeability and diffusion in starch
films. However, high temperature and low pH are both required, as revealed by
Hirashima et al. (2005) [51]. Tests by those previous works with the addition of acids
before and after gelatinization presented that no hydrolysis happened without sufficient
temperature. To eliminate water, pre-drying at low temperature and then raising the
temperature to introduce - cress-linking can reduce excessive hydrolysis of starch

molecules [52].
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2.5 Mung bean starch (MBS)

Mung bean (Vigna radiata (L.) R. Wilczek) has been cultivated throughout Eastern
and Southern Asia, Central Africa, China, South and North America and Australia,
especially for its protein-rich grains. The advantages of crop’s main are that, as a legume,
that the growth has a short cycle (75-90 days), fits easily into crop rotations with cereals
and needs little water. It grows well under most adverse semi-arid and arid conditions
(53].

Mung bean is investicated asa good source of protein. Its different food products
such as snacks and sweets foods have developed and became popular in the Indian
subcontinent, whereas products like soups, cake and noodles evolved in oriental
countries like Philippines, Iran as well as and Thailand. Technology and chemistry of
mung bean has been presented previously by Engel et al. and Adsule et al., who
offered abundant information on the nutritional aspects, but only information on

processing of mung bean is limited [54-55].

2.5.1 Chemical composition of MBS

The chemical compositions are randomly dispersed in the different parts of MBS.
The major chemical constituents of mung bean dry matter are protein, fat, fiber, ash,
carbohydrates, amino acids and fatty acids while micronutrients include vitamins and
minerals. The average reported values of each chemical constituent are demonstrated in
Table 2.2.
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Table 2.2 Macronutrient compositions of MBS [56]

Compositions of MBS Percentage by weight

Moisture 9.80

Crude protein 23.8

Crude lipid 1.22

Crude fiber 4.57

Ash 3.51
Carbohydrate 61
-Amylose 40
-Amylopectin 60

Nutritionally, mung bean appears to have good potential with lower fat content
than soy bean, higher protein content than chickpea. The grain quality depends mainly

on genetic factors, which is modified by agronomical performs.
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2.6 Basil seed mucilage

Basil (Ocimum basilicum L.) is an associate of genus Ocimum. It is a popular,
aromatic white-purple flowering herb grown in Iran and India [57]. The basil seed
mucilage (BSM) extract contained two major fractions of glucomannan (43%), with the
ratio of glucose to mannose 10:2, and (1,4)-linked xylan (24.29%) and a minor fraction of
glucan (2.31%). Glucomannans are one of the important classes of plant-based
polysaccharides, which containing COOH groups have a pKa value of 3.0. BSM
polysaccharide is negatively charged due to the ionization of the carboxylic group [58-
59]. BSM has a great potential to be applied as a thickening ingredient and stabilizing in
food systems. Examination into rheological properties presented that BSM present a
non-Newtonian pseudoplastic behavior [60]. Basil seed has shown to have reasonable
amounts of mucilage with excellent functional properties, which is comparable with
other commercial food hydrocolloids. Many researchers studies illustrated that BSM can
produce films with reasonable mechanical properties and good appearance. Moreover,
when compared with other polysaccharides, BSM has several important advantages,
such as good rheological properties, low production cost, hydrophilic, biocompatible as
well as biodegradable properties, which are features that enable it to have excellent
producing biodegradable film-forming [61]. The average reported values of each
chemical constituent are showed in Table 2.3.



Table 2.3 Chemical compositions of BSM [62]
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Compositions of BSM

Percentage by weight

Moisture 5.91
Ash 4.18
Protein 2.90
Total sugar 88.39
Uronic acid 6.51
glucomannan 43
xylan 24.29
glucan 251
Carbohydrate 50
-Amylose 25
-Amylopectin 75
Molecular weight (KDa) 2320
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2.7 Tartaric acid

Tartaric acid (TA) is an inherently appearing organic acid, TA with 2 hydroxyl and
2 carboxyl groups as shown in Figure 2.6. TA is the most water-soluble of the solid
acidulants. It contributes a strong tart taste, which enhances fruit flavors, particularly
grape and lime. This dibasic acid is produced from potassium acid tartrate, which has
been recovered from various byproducts of the wine industry, including press cakes from
fermented and partially fermented grape juice. The major European wine-producing

countries, Spain, Germany, Italy, and France, use more of the acid than the USA.

OH O

HO
OH

@ OH

Figure 2.6 Structure of TA [8]

TA is often used as an acidulant in grape and lime-flavored beverages, gelatin
desserts, jams, jellies, and hard sour confectionery. The acidic mono-potassium salt,
more commonly known as ‘cream of tartar,’ is used in baking powders and leavening
systems. Because it has limited solubility at lower temperatures, cream of tartar does
not react with bicarbonate until the baking temperatures are reached; this ensures
maximum development of volume in the finished product [48]. Material safety data,
physical and chemicalproperties of TA are illustrated in Table 2.4 and Table 2.5,

respectively.



Table 2.4 Material safety data of TA [63]
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Information Identification
Preferred IUPAC name 2,3-Dihydroxybutanedioic acid
Chemical name Tartaric acid
Chemical Formula HOOC(CHOH),COCH
RTECS WW7875000
EC No. 201-766-0

Danger Hazard statements

H318 causes serious eye damage

National Fire Protection Association
(U.S.AD

Health Hazard: 2
Flammability: 0
Reactivity: 0
Specific hazard: 0

CAS No. 87-69-4




Table 2.5 Physical and chemical properties [63]
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Information Identification
Physical state and appearance: Solid (Crystalline solid)
Odor: Odorless
Taste: Acid
Molecular Weight: 150.09 ¢/mole
Color: White
Melting Point: 168-172°C
Specific Gravity: 1.76

Acidity (pKa)

pKai = 2.89, pKaz = 4.40

Dispersion Properties:

solubility in water, methanol,
diethyl ether
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2.8 Malic acid

Malic acid (MA) is an organic compound with the molecular formula CsH¢Os as
shown in Figure 2.7. MA is found as an obviously appearing organic compound in
different fruits; it is a component of many foods. Presently, MA is most usually used as a

preservative and food additive.

o)

HO
N\OH

0 OH
Figure 2.7 Structure of MA [8]

It is a relatively mild and innocuous when used in reasonable amounts. As a food
supplement, it is normally observed beneficial for health and is exhibit in large amounts
in apple juices. MA is most well-known for its high content in lychees, cherries,
nectarines, bananas, peaches, tomatoes mangoes, strawberries and apple. MA is also
used as a flavor enhancer for many candies and drinks because of its highly versatile
nature; therefore, it has become an important part of nearly any food product [64].
Material safety data, physical and chemical properties of MA are shown in Table 2.6 and
2.7, respectively.



Table 2.6 Material safety data of MA [65]
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Information

Identification

Preferred IUPAC name

2-Hydroxybutanedioic acid

Chemical name Malic acid
Chemical Formula CaHsOs
RTECS ON7175000
CAS No. 617-48-1

Danger Hazard statements

H302 Harmful if swallowed

EC No.

230-022-8

National Fire Protection Association
(U.S.A)

Health: 1

Flammability: O
Reactivity: 0
Specific hazard: 0




Table 2.7 Physical and chemical properties [65]
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Information Identification
Physical state and appearance Solid (Crystalline solid)
Odor Odorless
Taste Smoothly tart
Molecular Weight 134.09 g¢mol™*
Color White
Melting Point 127132 °C
Density 1.609 ¢ cm™

Acidity (pKa)

pKa; = 3.40, pKa; = 5.20

Solubility in water

558 o/I'(at 20 °C)
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2.9 Succinic Acid

Succinic acid (SA) is a natural di-carboxylic acid, which is colorless and odorless.
Structure of SA is shown in Figure 2.8. SA is slightly soluble in acetone, ether, ethanol
and glycerol and soluble in water. It that can be used in the food and beverage
industries. SA may serve as a key building block for deriving various commodity
chemicals including 1,4-butanediol, adipic acid, and tetrahydrofuran as well as
biodegradable polymers such as polybutylene succinate and polybutylene succinate
adipate. It is currently primarily produced from fossil fuels by a chemical synthetic
process, which comes at a high environmental cost, particularly in the form of higher
COz emissions. As fossil fuel prices skyrocket and environmental awareness increases,
biological processes for SA production may become both more economical and
acceptable.

O

HO
NOH

0]
Figure 2.8 Structure of SA [66]

It'is presently mostly produced from fossil fuels by a chemical process. However,
biological processes for SA production may develop more reasonably competitive with
increase in fossil fuel values. SA, an intermediate in tri-carboxylic acid cycle, is excreted
as an end-product during anaerobic fermentation by some anaerobic and facultative
anaerobic organisms [66]. Material safety data, physical and chemical properties of SA
are shown in Table 2.8 and 2.9, respectively.



Table 2.8 Material safety data of SA [67]

Information

Identification

Preferred IUPAC name

Butanedioic acid

Chemical name Succinic acid
Chemical Formula CaHeO4
EC No. 203-740-4
CAS No. 110-15-6
Danger Hazard statements
=
——

H318: Causes serious eye damage.

RTECS

WM4900000

National Fire Protection Association
(U.S.A)

Health: 2
Flammability: 0

Reactivity: 0
Specific hazard: 0




Table 2.9 Physical and chemical properties [67]

29

Information Identification
Physical state and appearance Solid (Crystalline solid)
Odor Odorless
Taste Smoothly tart
Molecular Weight 118.09 g:mol™
Color White
Melting Point 184 °C
Density 1.56 g/cm’
Acidity (pKa) pKai = 4.2, pKaz = 5.60

Solubility in water

58 ¢/L (20 °C) or 100 mg/mL
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2.10 Plasticizer

A plasticizer is an important component affective the physicochemical properties
of the films. Generally, to overcome brittleness caused by extensive intermolecular
forces in the film; plasticizers are added, to allow the film to be easily moved from its
forming support. Addition of plasticizer results in decrease in inter-molecular forces
along the backbone chain of polymer, which subsequently enhances extensibility,
flexibility, tear resistance and toughness of the film. Since plasticizer decreases inter-
molecular forces, efficiently dilutes and softens structure of the film and increases the

intermolecular spacing and chain mobility [68].

2.10.1 Glycerol

Glycerol (1,2,3-propanetriol) (Figure 2.9) is an odorless, colorless, viscous liquid
and a sweet taste, derived from both petrochemical and natural feedstocks. The name
of glycerol is derived from the Greek word for ““sweet,"" glykys, and the terms glycerine,
glycerin and slycerol tend to be used interchangeably in the literature. Nevertheless, the
terms of glycerine or glycerin commonly refers to a commercial solution of glycerol in
water of which the main component is glycerol. Crude glycerol is 70-80% pure.
Therefore, crude glycerol is often purified prior to commercial sale to 95.5-99% purity.

OH

Figure 2.9 Structure of glycerol [69]

Glycerol is one of the most valuable and versatile and chemical substances. It is
absolutely soluble in alcohols and water, is slightly soluble in many collective solvents
such as dioxane and ether, but is insoluble in hydrocarbons. Glycerol has a specific
gravity of 1.261 ¢ mL", a melting point of 18.2 °C and a boiling point of 290 °C under
normal pressure, accompanied by decomposition. At low temperatures, glycerol may

form crystals, which melt at 17.9 °C [69].
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Physical and chemical properties of glycerol are shown in Table 2.10, which are
applied in many thousands of commercial products. Actually, glycerol has over 1500
known end uses, involving applications as a processing aid ingredient or in cosmetics,
foodstuffs, pharmaceutical formulations and personal care products. Additionally,
glycerol is compatible with many other chemical materials, extremely stable under
natural storage conditions, has no negative environmental effects and practically non-
irritating in its various uses. Glycerol includes three hydrophilic hydroxyl groups, which
are sensible for water and its hygroscopic nature. Glycerol has a highly flexible molecule

forming both intra- and inter-molecular hydrogen bonds [69].

Table 2.10 Physicochemical properties of glycerol [69]

Information Identification
Chemical formula C3Hs(OH)s
Molecular weight 92.09 g mol'

Density : 1.261 ¢ cm”
Viscosity ‘; 1.Xf8.s

Melting point Ya i

Boiling point 2900

Flash point 160 °C

Surface tension 64.00 mNm*
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2.10.2 Traditional Commercial Applications

Traditional commercial applications of glycerol, either as a raw material or as an
additive, range from its use as a tobacco, food and drugs additive to the synthesis of
alkyd resins, trinitroglycerine and polyurethanes. Presently, the amount of glycerol that
reaches into technical applications is around 160000 tonnes and is expected to rise at
an annual rate of 2.8% [69]. Chemical safety data of ¢lycerol is shown in Table 2.11.

Table 2.11 Chemical safety data of glycerol [70]

Information Identification
Preferred IUPAC name Propane-1,2.3-Triol
Product Name Glycerol
CAS No. s 4740-78-7 and 5464-28-8
RTECS JH8390000
NFPA
NFPA Rating
Health: 2

Flammability: 1

Reactivity: 0
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2.11 Literature review

S. Sun et al. (2018) investicated the effects of different cross-linkers on the
physicochemical properties of hydroxypropyl di-starch poly-hydroxy-alkanoate (PHA)
composite films prepared by extrusion blowing. Four cross-linkers with multi-carboxyl or
multi-hydroxyl structure—CA, adipic acid, boric acid and borax—were used. SEM images
of the films crosslinked by CA, adipic acid, and borax showed that the films were more
continuous and homogeneous than the film cross-linked with boric acid. The starch/PHA
film cross-linked by boric acid showed a rough and discontinuous surface. Furthermore,
the addition of cross-linkers to starch/ PHA blends significantly enhanced the tensile
strength and elongation of the resulting films compared to. the native film because of
the stronger intermolecular interactions of between the cross-linkers, starch and PHA.
The film cross-linked with boric acid exhibited the highest tensile strength, while the CA
cross-linked film exhibited the highest elongation at break. Additionally, the result from
thermogravimetric analysis (TGA) implied that thermal stability of the cross-linked films
was greater than that of the native film [71].

L. Ren et al. (2017) examined the effects of cross-linking madification of starch
nanocrystals (SNCs) with sodium hexametaphosphate (SHMP) and glutaraldehyde (GA)
from waxy corn starch on the mechanical properties, degree of swelling and WVP of the
resulting reinforced thermoplastic starch (TPS) nanocomposites. The data indicated that
the degree of swelling decreased markedly after cross-linking, suggesting that the cross-
linked modifications of SNCs did occur, Tensile strength and elongation at break for the
TPS films reinforced with cross-linked SNCs were significantly increased as compared to
the native TPS films. Cross-linking modifications chaneed the surface nature of SNCs and
enhanced the dispersion of SNCs in water. Moreover, the WVP of cross-linked SNCs
reinforced TPS films was lower than that of the native SNCs reinforced film. When SNCs
was cross-linked with either SHMP or GA, some of the hydrophilic hydroxyl groups on
the SNCs surface were substituted by more hydrophobic C=0 groups, resulting in
decreased WVP values [72].
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H. Kim et al. (2017) cross-linked and heat-treated amorphous granular potato
starch (AGPS). It was observed that the obtained cross-linked amorphous granular potato
starch (CLAGPS) swelled to the same degree at all tested temperatures, implying that
the cross-links between starch molecules successfully restricted its swelling. It was found
that CLAGPS was apparently more viscous than AGPS, i.e., its resistance against a rapidly
rotating spindle was increased, also implying a successful degree of cross-linking [73].

W. N. Gilfillan et al. (2016) examined the effectiveness of using aconitic acid (AA)
as a cross-linking agent to improve the properties of starch-based films. Starch films
were prepared with 0, 2, 5, 10 and 15 wt% AA (dry weight basis of starch). They
presented that AA acted both as a cross-linking agent.and a strong plasticizing agent.
Five wt% AA starch films were the most effectively cross-linked and showed the lowest
solubility (28 wt%) and reduced swelling capacity (three times lower than the native
starch film). Elongation at break value for the film modified with 15 wt% AA also
significant increased by approximately 35 times compared to that of the native starch
film due to the plasticizing effect of AA. Furthermore, tensile strength was decreased:
the film softened with an increasing content of AA. Thermal stability was improved for 0
to 15 wt% AA cross-linked films to approximately 350 to 370 °C [74].

C. Menzel et al. (2014) studied the effect of CA cross-linking on potato starch
film. The results showed that the water solubility of the cross-linked films reduced with
increasing CA content because the esterification chemically interconnected the starch
network. Films: cross-linked 'with 30wt% CA showed the highest gel content. The
resistance to dissolution under these conditions might be due to high cross-linking
density [75].

H. Li et al. (2013) studied the properties of unmodified and cross-linked
chitosan/starch composite films with a glutaraldehyde cross-linking agent. SEM images of
the composite films with different contents of glutaraldehyde showed that the surfaces
were smooth, however the surface roughness increased with increasing glutaraldehyde
content. Increasing content of glutaraldehyde brought about reduction in tensile
strength. Using glutaraldehyde as a cross-linking agent caused brittleness, low
compatibility and phase separation. In addition, the degree of swelling significantly
decreased after cross-linking. Cross-linking caused the films to be more insoluble in
water because of the ester linkages between the chitosan and starch molecules [76].
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G. J. He et al. (2012) studied cross-linking potato starch films irradiated by UV in
the presence of sodium benzoate as a photo-sensitizer (PHS). The cross-linking reaction
was initiated by UV irradiation. The PHS content in the starch films was varied in the
range of 0.2-1.0% (on dry starch basis). The native starch films were completely soluble
when immersed in DMSO. The cross-linked potato starch films were formed as a three-
dimensional network that limited its expansion. The water contact angle of the cross-
linked potato starch film was found to increase, indicating that the cross-linking
promoted the hydrophobic property. Starch films prepared with high PHS content (1.0%
PHS) presented a slightly enhanced water contact angle compared with that of starch
films with 0.2% PHS content because more radicals occurred with 1.0% PHS when

exposed to UV irradiation and so denser networks were formed [77].

J.B. Olivato et al. (2012) studied the influence of CA, MA and TA on cassava
starch/poly (butylene adipate co-terephthalate) blown films. A greater content of TA or
CA (1.5wt%) resulted in a film with an enhanced elongation, decreased water vapor
permeability and more homogeneous structure. A high content of CA or TA increased
the film’s tensile strength and reduced its elongation. This was a result of cross-linking
where linkages between the backbones starch chains and the cross-linker restricted their
mobility, in good agreement with the WVP results. Both CA and TA in combination with a
hydrolysis agent acted as a better cross-linker than MA, producing a smoother and more
uniform film that could be ascribed to proper esterification of the starch film [47].

T. G. Dastidar et al. (2012) studied the effects of cross-linking on the properties of
cassava starch and- potato starch. Native cassava starch and potato starch were
chemically modified by cross-linking with: malonic acid (MLA), and the effects of the
chemical modification on their thermal and mechanical properties and swelling capacity
under an aqueous condition were investigated as a function of the degree of cross-
linking. It was found that the cross-linking decreased the solubility and swelling capacity
of the starch, and the swelling capacity was precisely correlated with the degree of
substitution. The swelling capacity decreased as the content of MLA increased because
of higher degree of substitution as well as higher cross-linking density. WXRD patterns
showed that the crystal structures of CS and PS as well as MLA were totally destroyed
after gelatinization and the cross-linking process. After the curing step, Young’s modulus
of the cross-linked film was significantly increased, which could be ascribed to higher
degree of cross-linking of PS after being cured. The degrees of cross-linking and

esterification also increased with an increasing content of MLA [10].
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N. Reddy et al. (2010) studied the effect of CA using as a cross-linker on corn
starch-based film. CA interconnects backbone starch chains by forming an ester linkage,
In their study, after the starch chains were cross-linked, their thermal stability and tensile
strength of the resulting starch film enhanced while its solubility in water reduced. In
addition, the cross-linked starch film exhibited higher strength than the native starch
film. When soaked in formic acid, the film cross-linked with 5% citric acid lost 35% of its
weight while the native starch film dissolved completely in 5 h at 50 °C. The cross-linked
film had a slightly decreased water vapor permeability compared to the native film
because its dense structure formed after cross-linking limited its swelling and molecular

movement, leading to a decrease in water vapor permeability [7].

X. Ma et al. (2009) studied the effects of CA cross-linker on the thermal stability,
mechanical properties and water vapor permeability of the film formed from pea starch
and rice starch granules. They reported that substitution of CA with hydroxyl functional
groups on starch chains could form a cross-linked starch. CA cross-linked pea starch
(CAPS) and citric acid cross-linked rice starch (CARS) exhibited lower thermal stability
than native starch. Moreover, the higher the CAPS or CARS content was, the greater the
tensile strength of the thermoplastic starch (TPS) matrix. In addition, the storage
modulus of the CAPS/TPS or CARS/ TPS composite was higher than that of native TPS.
CAPS or CARS enhanced the intermolecular interaction of TPS. It was also observed that
the water vapor permeability (WVP) value was noticeably decreased as CAPS or CARS
content increased because ‘their “hydrophilic: OH groups were  substituted with

hydrophobic ester eroups [1].

S. Yoon et al. (2005) studied tensile strength, elongation at break and degree of
swelling as well as solubility in water of the synthesized corn starch/PVA blend films
prepared by using glycerol as a plasticizer and SA, MA and TA as cross-linkers. Elongation
at break of the cross-linked films increased as the content of the cross-linkers increased.
On the other hand, tensile strength of the cross-linked films decreased as the cross-
linkers content increased due to hydrolysis of starch chains. The degree of swelling and
solubility of the cross-linked starch/PVA blended films decreased rapidly with an
increasing cross-linker content as a result of esterification between starch and PVA. The
degree of swelling and solubility values of the MA and TA cross-linked films were higher
than those of the SA cross-linked films because MA and TA are highly hydrophilic due to
more hydroxyl groups in their molecular structure than in that of SA [8].



Chapter 3

Research methodology

3.1 Chemicals
1. Mung bean starch (MBS) (Food grade, Tongjan Co., Ltd.)

Table 3.1 chemical compositions of MBS [56]
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Composition of MBS Percentage by weight
Moisture 9.80
Crude protein 238
Crude lipid 1.22
Crude fiber a.57
Ash 3.51
Carbohydrate 61
-Amylose 40
-Amylopectin 60




2. Basil seed mucilage (BSM) (Food egrade, Raithip Co., Ltd.)

Table 3.2 Chemical composition of BSM [57]
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Composition of BSM Percentage by weight
Moisture 40
Protein 15.5-17.87
Lipid 18.3-19.60
Fiber 80
Ash 4.4-6.8
Carbohydrate 50
-Amylose 25
-Amylopectin )y
3. Tartaric acid (TA) (Food grade, Union Chemical Co., Ltd.)
Table 3.3 Information of TA
Information Identification

Molecular weight

150.087 ¢/mol

Acidity (pKa)

pKa; = 2.89, pKaz = 4.40

Melting point

171-174 °C
Density 1.79 ¢/mL
Solubility in water 1.33 keg/L
Appearance White power
4. Malic acid (MA) (Food erade, Union Chemical Co., Ltd.)
Table 3.4 Information of MA
Information Identification

Molecular weight

134.09 ¢/mol

Acidity (pKa)

pKa: = 3.40, pKaz = 5.20

 Melting point

175 °C

Density

1.609 g cm™>

Solubility in water

558 ¢/L (at 20 °Q)

Appearance

White powder
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5. Succinic acid (SA) (Food grade, Union Chemical Co., Ltd.)

Table 3.5 Information of SA

Information Identification
Molecular weight 118.09 g/mol
Acidity (pKa) pKa: = 4.2, pKa; = 5.60
Melting point 184 °C
Density 1.56 ¢/cm™®
Solubility in water 58 ¢/L (20 °C)
Appearance White powder

7. Glycerol (Lab system, Co., Ltd.)
8. Dimethyl sultfoxide (DMSQ) (AR grade, Co., Ltd.)

9. Distilled water (AR grade, Lab system, Co., Ltd.)

3.2 Equipment

. Stirring rod

. Magnetic bar

. Beakers

. Polypropylene tray (size 19.4x28 cm)

. Hot air oven (MEMMERT, ULM 60071, Germany)
. Hotplate stirrer (IKA, C-MAG HS7, Germany)
. Digital balance 4 digits (ITS, Thailand)
. Digital balance 2 digits (ITS, Thailand)
10. Wire gauze

1
2
3
4
5. Thermometer
6
7
8
9

11. Fourier transforms infrared spectrometer (FT-IR) [Spectrum 200 GX
spectrometer] [Perkin Elmer, USA]

12. Scanning Electron Microscopy (SEM) [LEO 1450 VP] [FEl, Quanta 250, USA]

13. X-ray Diffractometer (XRD) [D8 Advance] [Bruker, Madison, USA]

14. Universal testing Machine [LLYOD Instrument, LR5k, USA]

15. Thermogravimetric analyzer (TGA) [Perkin Elmer, Pyris 1, Massachusetts, USA]



Table 3.6 Flowchart of thesis research
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3.3 Procedures

3.3.1 Preparation of MBS films

1. Firstly, starch was gelatinized by mixing 7 ¢ of starch with 70 ml water and the
mixture was heated at 65 °C for 45 min with constant stirring.

2. For crosslinking the starch, different types and content of cross-linkers, i.e., 10,
15, 20, 25 and 30% w/w of TA, MA or SA (based on the initial dry weight of starch) were
individually added to the pre-gelatinized starch (Table 3.8).

3. The solution was stirred constantly for 45 min at 60 °C with a magnetic stirrer.

4. After that, the mixture of starch was cast to form thin films of about 0.2 mm
thickness on a polypropylene plate (PP).

5. The films were dried in an oven for 24 h at the temperature of 40 °C.

6. The starch films were further cured in a hot air oven at 150 °C for 10 min in
order to complete the crosslinking process.

7. The cross-linked films were then thoroughly washed in water to remove
leftover cross-linkers, i.e., they were completely soaked in distilled water for 8-10 h,
which was changed twice. It was expected that the leftover cross-linkers molecules,
which were highly soluble in water would leach out into water completely.

8. The washed films were air-dried in an oven at 40 °C for 24 hours and stored at
25°C and 60+2% relative humidity for 24 h before further characterization.

9. The dried films were peeled off the PP plates and stored in sealed
polyethylene bags.



Table 3.7 Different types and acids contents of biodegradable MBS films.
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Contents
Starch Acids (%w/w of dry starch)
Water Glycerol
MBS TA MA SA
(e) (%w/w)

(g) (Gow/w) | (Gow/w) | (%w/w)
7 70 30 0 0 0
7 70 30 10 0 0
7 70 30 15 0 0
F 70 30 20 0 0
7 70 30 25 0 0
T 70 30 30 0 0
7 70 30 0 10 0
7 70 30 0 [ 3 0
7 70 30 0 20 0
7. 70 30 0 25 0
% 70 30 0 30 0
7 70 30 0 0 10
7 70 30 0 0 15
7 70 30 0 0 20
T 70 30 0 0 25
7 70 30 0 0 30
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3.3.2 Preparation of BSM film

3.3.2.1 Preparation of BSM

1. For the extraction of BSM, 50 ¢ of basil seeds was immersed in 2.5 | of distilled
water and left to be swollen at the room temperature for 2 h.

2. After that, the swollen basil seeds were stirred with a rod paddle blender (IKA,
Germany) at 1500 rpm for 1 min to scrub the mucilage layer off the basil seed surface.

3. The mucilage separated from the basil seeds still had some seed fragments, so
it was passed through cheesecloth to remove the residue.

4. Mucilage was separately prepared for each experiment to ensure its freshness.

3.3.2.2 Preparation of BSM film

1. To prepare a film-forming solution, 70 ¢ of BSM was heated in a beaker at 65
°C for 45 min under constant stirring at 450 rpm.

2. TA, MA and SA were used as cross-linkers at 10, 15, 20, 25 and 30% w/w
(based on BSM weight). Each cross-linker with different contents was added to BSM
solution,

3. The solution was stirred constantly for 45 min at 60 °C with a magnetic stirrer
to form a homogeneous gel.

4. The BSM was then cast onto a PP plate and the film was dried in a hot air
convection oven at 40 °C for 24 hours.

7. BSM film was further heated and cured in a hot air oven at 150 °C for 10 min
in order to complete the crosslinking process.

8. The cross-linked. films were then thoroughly washed in water to remove
leftover cross-linkers, e, they were completely soaked in distilled water for 8-10 h,
which was changed twice. It was expected that the leftover cross-linkers molecules,
which were highly soluble in water would leach out into the water completely.

9. The washed films were air-dried in an oven at 40 °C for 24 hours and stored at
25°C and 60+2% (with a solution of saturated magnesium nitrate) relative humidity for

24 h before further characterization.



Table 3.9 Different types and acids contents of biodegradable BSM films.
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Contents
Type of Acids (%w/w of BSM)
polysaccharide Glycerol
BSM (%w/w) TA MA SA
(g) (Qow/w) | (%ew/w) | (%w/w)
70 30 0 0 0
70 30 10 0 0
70 30 15 0 0
70 30 20 0 0
70 30 25 0 0
70 30 30 0 0
70 30 0 10 0
7 70 30 0 ¥ 0
70 30 0 20 0
70 | 30 0 25 0
70 30 0 30 0
70 30 0 0 10
70 30 0 0 15
70 30 0 0 20
70 30 0 0 25
70 30 0 0 30
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3.4 Characterization
3.4.1 FTIR Spectroscopic

A sample was characterized by FTIR in transmission mode with a Spectrum 2000
GX spectrometer (Perkin Elmer, USA) and KBr disk technique. Absorption spectra were
collected in the range of 4000 to 400 cm™". Twenty scans were taken at a resolution of 6

cm™! and corrected against the background spectrum.

3.4.2 Swelling power

The swelling power of the native and cross-linked starch films in DMSO were
determined by a modified method of Zhu et al [78]. Accurately weighed starch film was
immersed in 25 ' mL DMSO at room temperature for 24 h. Then, the swollen film was

washed with water and weighed (W3).

The swelling ability was calculated as follows:

W W,

Swelling power = X 100, (1)

Wl
where Wi was the original weight of the sample, and W was the weight of the film after

it was immersed in DMSO for 24 hours.

3.4.3 Gel fraction

To determine gel fraction, 0.2 ¢ of a film was soaked in 25 mL DMSO and stirred
for 24 h at 25 °C. After that, the calculation of gel fraction of the insoluble part of the
film was done after the film was washed thoroughly with water and dried at 80 °C and
weighed (m¢) according to Eq. 2 below,

Me-My,

Gel fraction = =— X 100, (2)
M

]

where Mp was the dry weight of the film, and M; was the weight of the film after it was
immersed in DMSO for 24 h.
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3.4.4 Water vapor permeability (WVP)

The WVP of a film was determined by an ASTM method E96. Semi-spherical test
cups or permeation cells containing a dry desiccant (0% RH) were sealed with a film (the
effective area of the film was 0.0036 m?). The cups were then stored in a desiccator
maintained at 75% RH with a saturated solution of sodium chloride. Water-vapor
transport was determined from the weight gain. Changes in the weight of the permeation
cells were recorded to the nearest 0.0001 ¢ and plotted as a function of time. The

values of water vapor permeability were calculated according to Eq. 3 below,

W x X

WVP = (3)

txA x AP
where W/t was the slope of system weight gain vs. time (¢/day); x was the film thickness
(mm); A was the area of the exposed surface of the film (32.15 em?); and AP was the

vapor pressure difference in mm Hg (1.333 X 10 Pa).

3.4.5 Water absorption

A sample was dried at 105 °C for 2 h and then kept at 75% RH (maintained by
using a saturated solution of NaCl in a closed vessel) at a temperature of 25+2 °C prior
to the determination. The amounts of water absorbed by a sample was determined as

percentage of water absorption according to Eq. 4,

Wy W

Water absorption = - %100, (4)

Wy

where W; and W: were the wet and dried weights of the sample, respectively.

3.4.6 Scanning Electron Microscopy (SEM)

Morphology of a film was determined using scanning electron microscope (FEI,
Quanta 250, USA). Each sample was immersed into liquid nitrogen before being fractured
then vacuum coated with a thin layer of gold to prevent accumulation of electrical

charges.
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3.4.7 X-ray diffractometry (XRD)

Wide-angle X-ray diffractograms of the starch films were taken by exposing a film
sample (cut into approximately 30 mm x 30 mm rectangular pieces) to the X-ray beam.
A specimen was tightly packed into the sample holder. X-ray diffraction pattern was
recorded in the reflection mode and an angular range (28) of 5-60° at ambient
temperature with a D8 Advance X-ray diffractometer (Bruker, Madison, U.S.A) operated at
40 kV and 35 mA with CuKa wavelength of 1.542 A and radiation from the anode. The
diffractometer was equipped with a 1° divergence slit, a 16 mm beam bask, a 0.2 mm
receiving slit and a 1° scatter slit. The degree of bulk film crystallinity (Xc) was
determined by the method described by Dai et al. [79],

A(
Xe = x 100 (5)
Al t A

where Ac refers to the sum of the crystallized peak areas above the amorphous area,

and Aa refers to the amorphous area in the X-ray diffractogram:.

3.4.8 Mechanical properties

Mechanical tests of the films were conducted according to ASTM D-638 at the
temperature of 23+1 °C and relative humidity of 60+5%. The films were cut into
rectangular pieces of 100mm x 15mm with a thickness of approximately 0.20 mm. They
were, then, conditioned at 60% RH and a temperature of 25°C for 24 h before testing.
The mechanical properties of the films were characterized by using a Lloyd LRX
universal testing machine (UTM). Ten films were characterized to obtain the average
values of stress at maximum load, Young’s modulus and strain at maximum load.

349 TGA

Thermogravimetric (TGA) and derivative thermal gravimetric (DTG) analyses of a
film was carried out by using thermogravimetric analyzer (Perkin Elmer, Pyris 1,
Massachusetts, USA). A film was scanned from 50 °C to 700 °C at a rate of 10 °C/min

in nitrogen atmosphere.
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3.4.10 Biodegradability

A film with a dimension of 100 mm x 10 mm was buried under 10 cm of the soil
at 10-15% moisture level in pots in a laboratory. The test was carried out over periods
of 5 and 10 days. Then, the soil-buried samples were collected from the pots, gently

cleaned by brushing and tested for its mechanical properties.



49

Chapter 4

Results and discussion

The molecular changes in polysaccharide of biodegradable films cross-linked
and cured with different acids—TA, MA and SA—at different levels—10%, 15%, 209%,
25% and 30% were investigated. Related water permeability, thermal, mechanical,

chemical and other physical properties of the films are explained according to the

structural changes in the polysaccharide molecules.

Table 4.1 Abbreviations and symbols

No. Abbreviations Means

1 MBS Mung bean starch film cross-linked with 0% acid

2 MBS10TA Mung bean starch film cross-linked with 10% tartaric acid
3 MBS15TA Mung bean starch film cross-linked with 15% tartaric acid
4 MBS20TA Mung bean starch film cross-linked with 20% tartaric acid

5 MBS25TA Mung bean starch film cross-linked with 25% tartaric acid
6 MBS30TA Mung bean starch film cross-linked with 30% tartaric acid

7 MBS10MA | Mung bean starch film cross-linked with 10% malic acid

8 MBS15MA Mung bean starch film cross-linked with 15% malic acid

9 MBS20MA Mung bean starch film cross-linked with 20% malic acid

10 MBS25MA Mung bean starch film cross-linked with 25% malic acid

11 MBS30MA Mung bean starch film cross-linked with 30% malic acid

12 MBS10SA Mung bean starch film cross-linked with 10% succinic acid
13 MBS155A Muneg bean starch film cross-linked with 15% succinic acid
14 MBS20SA Mung bean starch film cross-linked with 20% succinic acid
15 MBS255A Mung bean starch film cross-linked with 25% succinic acid
16 MBS305A Mung bean starch film cross-linked with 30% succinic acid
= BSM Basil seed mucilage film cross-linked with 0% acid

18 BSM10%TA Basil seed mucilage film cross-linked with 10% tartaric acid
12 BSM15%TA Basil seed mucilage film cross-linked with 15% tartaric acid
20 BSM20%TA Basil seed mucilage film cross-linked with 20% tartaric acid
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Table 4.1 Abbreviations and symbols (continue)

No. Abbreviations Means

21 BSM25%TA Basil seed mucilage film cross-linked with 25% tartaric acid
22 BSM30%TA Basil seed mucilage film cross-linked with 30% tartaric acid
23 BSM10%MA Basil seed mucilage film cross-linked with 10% malic acid
24 BSM15%MA Basil seed mucilage film cross-linked with 15% malic acid
5 BSM20%MA Basil seed mucilage film cross-linked with 20% malic acid
26 BSM25%MA Basil seed mucilage film cross-linked with 25% malic acid
27 BSM30%MA Basil seed mucilage film cross-linked with 30% malic acid
28 BSM109%SA Basil seed mucilage film cross-linked with 10% succinic acid
29 BSM15%5A Basil seed mucilage film cross-linked with 15% succinic acid
30 BSMZ209%5A Basil seed mucilage film cross-linked with 20% succinic acid
31 BSM25%SA Basil seed mucilage film cross-linked with 25% succinic acid
32 BSM30%SA Basil seed mucilage film cross-linked with 30% succinic acid
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Figure 4.1 Chemical structure of (a) MBS and (b) BSM film cross-linked by TA, MA or
SA

The chemical structure of MBS and BSM cross-linked by TA, MA and SA films
is presented in Figure 4.1. The di-carboxylic acids (TA, MA or SA) can react with the
hydroxyl groups of MBS and BSM via esterification. Because of steric hindrance of 2
hydroxyl groups of TA and 1 hydroxyl group of MA, the TA or MA carboxyl groups
could not link to the BSM hydroxyl groups as easily as SA which lacks a hydroxyl
group, so as the number of hydroxyl groups increased, steric hindrance of the cross-



b2

linkers also increased. Moreover, hydrogen bonding could form between OH group of
starch and acid cross-linkers. Further, both esterification and acid hydrolysis of MBS
or BSM backbone chain occur. The acidity of the cross-linkers increased in the
sequence of TA > MA > SA. Solution pH values were SA 4.0, MA 3.0, TA 2.5 and
native MBS 4.5. Moreover, pH values of 4.0, 3.0 and 2.5 were found for BSM solution
without acid, with SA and with MA, respectively.

4.1 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR is used to identify the structure and functional groups of different films.
Fundamentally, an IR spectrum shows absorption peaks corresponding to the
vibrations of different bonds: this enables the identification of the bonds in a
functional group. The environment (i.e. neighboring bonds or H-bonds) shifts the
basic bond frequency and enables identical of completed functional groups. The
positions of characteristic bands are summarized in correlation tables displayed

below.

Table 4.2 Structural-assignment for FT-IR spectrum of modified bio-based film cross-
linked by different acids

Wave number (cm™)

Characteristic band

3200-3600 (V)

O-H stretching

2800-3000 {m—>s)

Alkanes C-H stretching

1735-17507(s)

Ester C=0 stretching

1600-1630 (s)

Bounded water

1445-1485 (m) O-H bending
1000-1300 (s) C-O-C stretching
1000-1200 (s) C-O-H bending

900-940 (s) C-H out-of-plane bending
800-860 (s) C-H out-of-plane bending
735-770 (s) C-H out-of-plane bending
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Figure 4.2 IR spectra of MBS film cross-linked by different contents of TA (a) MBS, (b)
MBS10TA, (c) MBS15TA, (d) MBS20TA, (e) MBS25TA and (f) MBS30TA

It can be observed in the FT-IR spectrum (Figure 4.1) that the O-H stretching
peak appears as a very broad peak at 3500-3300 cm’, while the aliphatic C-H
stretching peak appears as a sharp peak at 3000-2800 cm™. The peak at 1640 cm™ is
assigned to the water adsorbed by starch molecules. All starch films have two C-O
stretching absorption peaks (C-O-C and C-O-H) between 1200-1000 and 927-800
cm™, the fingerprint region. The peaks at 1080 and 1020 cm™ are attributed to the
glucopyranose ring O-C stretching vibration [1, 76] All types of cross-linked MBS films
exhibited a similar IR peak pattern.

The only difference in the spectra of native MBS and different cross-linked
MBS films is the carbonyl (C=0) peak of ester bonds in all cross-linked MBS films at
1730 cm™. Furthermore, a gradual increase in intensity of the peak at 1730 cm! was
observed as the TA content increased. This suggests an increase in the number of
formed ester bonds as the TA content increased [10]. In addition, the presence of
ester linkages was confirmed by gel fraction (Table 4.5). It was observed that MBS
was absolutely soluble in DMSO. However, gel fractions of different. MBS films
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increased with increasing TA content. This can be associated with the higher degree
of cross-linking. In addition, the O-H stretching (3500-3300 cm™) peaks of the films
cross-linked with TA shifted to lower wavenumbers, which suggests intermolecular
interactions between the hyd'roxyl groups of MBS and TA molecules, resulting in an
increase of the intermolecular hydrogen bonds [79]. Shenglin Sun et al. reported
similar  results for hydroxypropyl distarch phosphate/polyhydroxyalkanoate
composite films cross-linked by citric acid, adipic acid, borax, and boric acid [71].
They reported that the infrared absorption peak of the O-H bonds shifted to lower
wave numbers with the addition of a cross-linking agent because the interactions
between the cross-linking agent and starch chain probably increased the number of

the intermolecular hydrogen bonds.
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Figure 4.3 IR spectra of MBS film cross-linked by different contents of MA (a) MBS,
(b) MBSIOMA; (c) MBS15MA, (d) MBS20MA, (e) MBS25MA and (f) MBS30MA

It was observed that all MBS films cross-linked with MA exhibited a similar IR
peak pattern (Figure 4.3). Moreover, the C-H stretching peak shifted to a lower wave
number with the addition of MA. This data further confirms that the interactions
between hydroxyl groups of MBS and MA were via intermolecular hydrogen bonding
[79]. New ester linkages were formed in cross-linked MBS films, indicating that C=0
bonds were formed from the carbonyl groups of MA interacting with hydroxyl group
of starch molecules by the cross-linking reaction. Additionally, the C=0 characteristic
peaks of cross-linked MBS films gradually increased with increasing MA content [10].
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Figure 4.4 IR spectra of MBS film cross-linked by different contents of SA (a) MBS, (b)

MBS10SA, (c) MBS15SA, (d) MBS20SA, (e) MBS25SA and (f) MBS30SA

All films_exhibited 'a  similar peak pattern (Figure 4.4), except for the

additional peak in the spectrum of cross-linked MBS film at 1730 cm™. The peak at
1730 cm™ s attributed to ester formation. The presence of the carbonyl (C=0) peak

confirms the ester linkages between SA and MBS [10].
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Figure 4.5 IR spectra of BSM film cross-linked by different contents of TA (a) BSM,
(b) BSM10TA, (c) BSM15TA, (d) BSM20TA, (e) BSM25TA and (f) BSM30TA

The 1400 cm™ peak (Figure 4.5), attributable to C-00 symmetric and C-00
asymmetric stretching, confirms the presence of uronic acid [62]. The 1630-1600 cm™
band shows the presence of free carboxylate groups [80]. The spectra of BSM and
MBS were essentially identical, with a small difference at 1400 cm™.

Moreover, the IR spectra revealed one additional band at ~1730 c¢m
attributed to the C=0O groups in the cross-linked BSM films, showing that the ester
carbonyl group from TA replaced the hydroxyl groups in the polysaccharide chains
[10]. Additionally, a new 1730 cmpeak gradually increased as the TA content
increased. Comparing between the spectra of native BSM and TA cross-linked BSM
films, the 3500-3300 cm™ O-H stretching bands shifted toward a lower range,
indicative of an interaction between BSM and TA, most likely hydrogen bonding.
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Figure 4.6 IR spectra of BSM film cross-linked by different contents of MA (a) BSM,
(b) BSM1OMA, (c) BSM15MA, (d) BSM20MA, (e) BSM25MA and (f) BSM30MA

In addition to the peaks in the spectrum of native BSM, there were new peaks
at the 1730 em™ band intensity gradually increased as the content of MA in the BSM
film increased (Figure 4.6). The FT-IR spectrum demonstrated that the structure of
BSM contained a new ‘ester bond formed. after cross-linking. Moreover, the
characteristic 3500-3300. cm™ bands shifted toward a lower range along with
increasing MA content, indicating occurrences-of hydrogen bonding in BSM films.
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Figure 4.7 IR spectra of BSM film cross-linked by different contents of SA (a) BSM,

(b) BSM10SA, (c) BSM15SA, (d) BSM20SA, (e) BSM25SA and (f) BSM30SA

Compared to the peaks.in the spectrum of native BSM, a new characteristic

~1730 cm™ absorption band and the gradual increase in-its intensity as SA was added

were observed in the spectra of cross-linked BSM films, confirming the formation of

C=0 group by the cross-linking process (Figure 4.7).
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4.2 X-ray Diffraction (XRD)

X-ray diffraction was used to determine the crystalline structure of the
different biodegradable films cross-linked by TA, MA and SA. X-ray powder diffraction

patterns were determined with an X-ray diffractometer under the following

conditions: CuKa (40 kV, 50 mA) radiation source, 10 to 80%angle of diffraction.

20.0°
17 5° 23.0°

10 20 30 40 50 60 70 80
2 theta (degree)

Figure 4.8 X-ray diffraction patterns of different MBS film cross-linked by TA
(a) MBS, (b) MBS10TA, (c) MBS20TA and (d) MBS30TA
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Figure 4.9 X-ray diffraction patterns of different MBS film cross-linked by MA
(a) MBS, (b) MBS10MA, (c) MBS20MA and (d) MBS30MA
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Figure 4.10 X-ray diffraction patterns of different MBS film cross-linked by SA
(a) MBS, (b) MBS10SA, (c) MBS20SA and (d) MBS30SA
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It was observed from Figures 4.8-4.10 that the native MBS and different cross-
linked MBS films showed similar crystal peaks at 20 of 17.5°, 20.0° and 23.0°. The
native and different cross-linked MBS films showed a typical C-type XRD pattern of
legume starch. The XRD patterns in Figures 4.8-4.10 indicate that the crystal structure
of the native MBS film was disrupted after plasticization and cross-linking process.
The disruption of the crystal structure was due to the higher exposure of hydroxyl
groups of MBS molecules to TA molecules. Furthermore, the replacement of the OH
groups on the MBS molecules with the C=0 groups from TA molecules restricted
inter- and intra-molecular hydrogen bonding and absolutely prevented formation of
crystal structure. Compared to native MBS film, the degree of crystallinity of cross-
linked MBS films tended to be lower. A similar result was observed by Bruni GP et al.
who cross-linked wheat starch with sodium trimetaphosphate and found less
formation of crystalline regions in the wheat starch film [81]). The lower degree of
crystallinity in the cross-linked MBS films compared to that in the native MBS film
was due to the high acidity of the cross-linkers that enhanced hydrolysis of MBS

backbone chains.

10 20 30 40 50 60 70 80
2 theta (degree)

Figure 4.11 X-ray diffraction patterns of different BSM film cross-linked by TA
(a) BSM, (b) BSM10TA, (c) BSM20TA and (d) BSM30TA
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Figure 4.12 X-ray diffraction patterns of different BSM film cross-linked by MA
(a) BSM, (b) BSM10MA, (c) BSM20MA and (d) BSM30MA
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Figure 4.13 X-ray diffraction patterns of different BSM film cross-linked by SA
(a) BSM, (b) BSM10SA, (c) BSM20SA and (d) BSM30SA

It was also observed from Figures 4.11-4.13 that broad peak at 26 ~ 17.0 and
20.0° were recorded for BSM films which indicated a dominant crystal structure.
A similar pattern was reported for BSM [6]. Cross-linked BSM films had more
amorphous regions than native BSM film due to cross-linking. After the cross-linking
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process, the BSM molecules of the cross-linked BSM films could not be re-
crystallized because the cross-linking molecules had replaced their hydroxyl groups.
Moreover, the high acidity of the cross-linking acids provided efficient hydrolysis of
BSM backbone chains. Therefore, the degree of crystallinity of cross-linked BSM films

tended to be lower.

Table 4.3 Degree of cryatallinity of various native and biodegradable MBS and BSM
films cross-linked by different contents of TA, MA and SA

o Degree of crystallinity

Samples Degree of crystallinity (%) Samples (%)

MBS 61.50+0.04 BSM 46.5+0.04
MBS10TA 49.08+0.05 BSM10TA 41.4+0.07
MBS20TA 45.08+0.06 BSM20TA 34.1+0.08
MBS30TA 42.08+0.04 BSM30TA 28.0+0.06
MBS10MA 50.75+0.02 BSM10MA 43.2+0.04
MBS20MA 48.08+0.03 BSMZ20MA 38.3+0.05
MBS30MA 46.42+0.02 BSM30MA 34.3+0.03
MBS10SA 54.75+0.04 BSM10SA 45.7+0.03
MBS20SA 53.58+0.03 BSM20SA 43.3+0.07
MBS30SA 52.73+0.02 BSM30SA 40.0+0.05

The degrees of crystallinity of native and different cross-linked biodegradable
BSM films are also shown in Table 4.3. The addition of TA, MA and SA resulted in a
decrease in the degree of crystallinity attributable to the replacement of hydroxyl
group by carboxylic group- via the cross-linking process [10). Additionally, the
substitution of the hydroxyl groups on the polysaccharide molecules by the covalent
ester groups interrupted hydrogen bonding, and so the molecules could not
rearrange themselves into a perfect crystal structure. Moreover, the decrease in the
degree of crystallinity was due to an induced acid hydrolysis. According to C. Menzel
et al., films containing CA showed a lower degree of crystallinity, which was probably
due to strong hydrolysis of starch backbone chains [75].
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Table 4.3 shows that native MBS presented a higher degree of crystallinity
than BSM because MBS contained higher amylose content of 60%, compared to
45% of BSM. Amylose content strongly influences properties of these starches. It is
one of the controlling factors of the barrier and mechanical properties of bio-based
films. This is because linear structure of amylose contains more hydrogen bonding
than branched structure of amylopectin. Moreover, long and linear backbone
amylose chains of MBS are packed closer together than highly branched chain of the
lower amylose content of BSM. These tightly packed MBS chains promote formation
of a cohesive film network, resulting in a higher degree of crystallinity as compared
to BSM [4].

A comparison of the degrees of crystallinity of TA-, MA- and SA- cross-linked
films showed that the highest to lowest deeree among them were SA > MA > TA.
In addition, the degree of crystallinity of the films prepared with TA was the lowest
compared to those prepared with MA and SA. This is because of the highest acidity
of TA provided the strongest hydrolysis, resulting in. lowest degree of crystallinity.
Moreover, the steric effect of the 2-hydroxyl groups of TA caused a lower degree of

crystallinity.



4.3 Scanning electron microscopy (SEM)

The morphology of the native and different cross-linked films was observed
by SEM at 3000x magnifications.

(2) MBS (b) MBS10TA
(c) MBS15TA (d) MBS20TA

(e) MBS25TA (f) MBS30TA

Figure 4.14 Fractured surfaces of native and different cross-linked MBS films with TA
(a) MBS, (b) MBS10TA, (c) MBS15TA, (d) MBS20TA, (e) MBS25TA and (f) MBS30TA
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(b) MBS10MA

(c) MBS15MA (d) MBS20MA
(e) MBS25MA () MBS30MA

Figure 4.15 Fractured surfaces of native and different cross-linked MBS films with MA
(a) MBS (b) MBS10MA, (c) MBS15MA, (d) MBS20MA, (e) MBS25MA and (f) MBS30MA
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(a) MBS (b) MBS10SA
(c) MBS15SA (d) MBS20SA
(e) MBS25SA (f) MBS30SA

Figure 4.16 Fractured surfaces of native and different cross-linked MBS films with SA
(a) MBS, (b) MBS10SA, (c) MBS15SA, (d) MBS20SA, (e) MBS25SA and (f) MBS30SA

SEM images show the morphology of different films: in Figures 4.14-4.16.
In gelatinization, glycerol and water molecules penetrated into starch granules, and
replaced starch inter- and intra- molecular hydrogen bonds between starch chain
and disintegrated starch granules. The destruction of starch granules helped to
expose the hydroxyl groups of the starch molecules, which, in turn, ensured better

reaction with TA, MA and SA molecules.
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With TA, MA and SA in the films, they were more homogeneous and
continuous than the native film. The smoother cross-section surface of cross linked
films is produced by acid hydrolysis of the glycosidic linkage of starch backbone
chains, allowing water molecules to penetrate more easily into starch granules and
breaking them down.

Al cross-linked  films showed similar morphology. N. Reddy et al.
demonstrated that corn starch films with CA showed more homogeneous
morphology than that of the native film [7]. SEM images also confirm FT-IR results
(Figures 4.1 - 4.6), in which the O-H stretching vibration, ~3500-3200 cm’, shifted to
lower frequency, due to hydrogen bonding between hydroxyl groups of acids and
starch molecules, indicating strong interaction between the acids and starch in the
films.

In addition, the cross-section micrograph of native BSM (Figure 4.17 (a))
displayed a rough surface. However, the cross=linked BSM films (Figure 4.17-4.19 (b)-
(e) illustrated homogenous and continuous morphology without pores or cracks.
Furthermore, the homogenous and continuous morphology of cross-linked BSM film
may be caused by the partial chain scission from the acid hydrolysis reaction.

Moreover, the increase in cross-linkers content resulted in the smoaother surface.



(a) BSM (b) BSM10TA

(c) BSM15TA (d) BSM20TA

(e) BSM25TA (f) BSM25TA

Figure 4.17 Fractured surfaces of native and different cross-linked BSM films with TA
(a) BSM, (b) BSM10TA, (c) BSM15TA, (d) BSM20TA, (e) BSM25TA and (f) BSM30TA
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(a) BSM (b) BSM10MA

(c) BSM15MA (d) BSM20MA

(e) BSM25MA (f) BSM30MA

Figure 4.18 Fractured surfaces of native and different cross-linked BSM films with MA
(a) BSM (b) BSM10MA, (c) BSM15MA, (d) BSM20MA, (e) BSM25MA and (f) BSM30MA
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(a) BSM (b) BSM10SA

(c) BSM155A (d) BSM20SA

(e) BSM25SA (f) BSM30SA

Figure 4.19 Fractured surfaces of native and different cross-linked BSM films with SA
(a) BSM (b) BSM10SA, (c) BSM15SA, (d) BSM20SA, (e) BSM25SA and (f) BSM30SA
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4.4 Swelling power

The native MBS, BSM and different cross-linked films were determined

swelling power at the soaking period of 0, 1, 2, 3, 4, 5, 6 and 72 hours.
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Figure 4.20 Swelling power of different native and cross-linked MBS films with (a) TA,
(b) MA and (c) SA
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Figure 4.21 Swelling power of different native and cross-linked BSM films with (a) TA,

(b) MA and (c) SA
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Figures 4.20-4.21 show swelling power vs different lengths of time for both
native and cross-linked films. Both native films showed the highest swelling power
due to its hydrophilic nature. However, the incorporation of cross-linkers caused the
decrease in the swelling power. This is because of increasing in the hydrophobicity
by ester bond formation and cross-linking, which hindered the penetration of water

into the polysaccharide molecular network.

Furthermore, greatly decrease of swelling power was observed as the
contents of TA, MA and SA increased. This could be because there were an increase
in the number of ester linkage with the increase TA, MA and SA content. Additionally,
the results were related to FT-IR spectra that O-H stretching peaks of different cross-

linked film, which shifted toward to lower wavenumbers due to new hydrogen bond

formation.
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Figure 4.22 Swelling power of native and different cross-linked MBS and BSM films
cross-linked by 30% of TA, MA and SA at the soaking period 72 hours

The swelling power of films cross-linked with acids of different types was
markedly different (Figure 4.22). The TA cross-linked films showed the highest
swelling power, followed by MA and SA cross-linked films. This is because the
highest acidity of TA resulted in the strongest hydrolysis of glycosidic linkage, leading
to a high hydrophilic property. In addition, a higher swelling power of films prepared
with TA could arise from the steric hindrance from the presence of two-hydroxyl

groups in TA that reduced the degree of cross-linking, as shown in Table 4.3. It can
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be observed from Figure 4.22 that, at the same content, the addition of SA led to a
lower swelling power than that of MA, suggesting that more ester linkages could
form with the addition of SA.

The degree of amylose content also influences the reactivity of MBS and
BSM. High amylose MBS content led to a more rigid structure that has been claimed
to provide higher tensile and barrier properties [4]. MBS has high amylose content
and a highly compact structure, which limits the swelling power [4]. Therefore, the
swelling power of high amylose MBS films was lower than those of moderate
amylose BSM films.

Furthermore, it was observed that all BSM films showed a higher swelling
power than all cross-linked MBS films under the same conditions of cross-linking acid
type and content. BSM structure has been reported to comprise of two major
fractions of glucomannan (43%). The structure has a high ratio of glucose to
mannose at 10:2 [58]. Glucomannan which is an acidic polysaccharide containing
many carboxylic groups (-COOH) has a pK, value of 3.0 [82]. These carboxylic groups
strongly affected the swelling property of BSM films, ie., the presence of many
carboxylic groups in BSM made it more hydrophilic than MBS. This is because of the
electrostatic repulsion between highly negatively charged of carboxylate groups in
BSM molecules. Therefore, various cross-linked BSM films showed a higher swelling

power as compared to MBS cross-linked films.
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Water absorption of the various films was determined after the film was

conditioned at 99+2% RH at room temperature.
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Figure 4.23 Water absorption of different native and cross-linked MBS films with
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Figure 4.24 Water absorption of different native and cross-linked BSM films with

(@) TA, (b) MA and (c) SA
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As shown in Figures 4.23-4.24, both native MBS and BSM show the highest
water absorption due to the hydrophilic nature of the polysaccharides.
All cross-linked films showed the significantly less water absorption than the native
MBS and BSM films. Cross-linking created a three-dimensional polymeric structure,
which was stabilized via both hydrogen bonding and newly generated ester linkages,
resulting in lower water absorption. Moreover, water absorption decreased as the
density of cross linkers increased. Cross-linking strengthens the polysaccharides

network, reducing the absorption of water and does not allow it to swell.

This agreed with Olsson et al., who reported that the potato starch film
cross-linked by CA noticeably decreased water absorption [84]. Kaewtatip et al. used
cross-linked starch (Distarch phosphate) to improve the properties of thermoplastic
starch (TPS)/cross-linked starch composites; they also found that cross-linking led to
a significant loss of ability to absorb water [84].
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Figure 4.25 Water absorption of different native and cross-linked MBS and BSM films
with 30% of TA, MA and SA at the period of 12 days

It was observed from Figure 4.25 that the water absorption capacities of the
three types of films cross-linked with different acids could be ranked in the following
order: films prepared with SA < MA < TA. Films cross-linked with TA showed the
highest water absorption, compared to films cross-linked with MA and SA at similar
content. This is because of the highest acidity of TA causing more hydrolysis of

polysaccharide backbone chains, resulting in its more hydrophilic property. Moreover,
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the steric hindrance from the two-hydroxyl groups in TA caused a lower degree of
cross-linking, leading to a more hydrophilic property. It can be observed in Figure
4.38 that the addition of SA led to a lower water absorption capacity than that from
the addition of MA, suggesting that more ester bridges were formed when SA was
added.

MBS with greater amylose content tended to have a lower water absorption
capacity. This may be attributed to an increase in starch polymer chain association at
higher amylose content, resulting in a denser film matrix. Diffusion of water
molecules in MBS film matrix might be more difficult as the matrix was more
compact with a stronger cohesive force between the starch chains, causing a lower
water absorption capacity as compared to BSM films.

Furthermore, all cross-linked BSM films prepared with the same acid type and
content exhibited higher water absorption capacities than those of all cross-linked
MBS films. BSM'is an acidic polysaccharide because it contains uronic acid functional
groups that affect its water absorption capacity. Uronic acid contains many carboxylic
acid functional groups that can form solubilizing H-bonds with water. Carboxylic acid
interacts more strongly with ‘water compared to other organic compounds [86].
Therefore, the presence of many carboxylic groups in the BSM structure showed
made it more hydrophilic than the cross-linked MBS films.
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Circular test cups containing desiccant (0% RH) were sealed with film. The

film was stored in a desiccator maintained at 75% RH with saturated NaCl. Water-

vapor transport was determined from the weight gain.

Table 4.4 WVP of MBS and BSM films cross-linked by TA, MA or SA

Samples WVP Samples WvVP
(g.mm/mZday.kPa) (g.mm/m?.day.kPa)
MBS 4.03+0.04 BSM 3.38+0.07
MBS10TA 3.70+0.06 BSM10TA 3.35+0.06
MBS15TA 3.03+0.08 BSM15TA 3.31+0.07
MBSZ20TA 2.83£0.05 BSM20TA 3.23+0.04
MBS25TA 2.46+0.04 BSM25TA 3.06+0.09
MBS30TA 2.37+0.06 BSM30TA 2.69+0.06
MBS10MA 3.62+0.07 BSM10MA 3.30+0.04
MBS 15MA 2.91+0.06 BSM15MA 3.22+0.07
MBS20MA 2.58+0.03 BSMZ0MA 2.79+0.05
MBS25MA 2.07+0.08 BSM25MA 2.34+0.08
MBS30MA 1.44+0.06 BSM30MA 1.62+0.03
MBS10SA 2.54+0.03 BSM10SA 2.95+0.05
MBS155A 2.06+0.08 BSM15SA 2.74+0.07
MBS20SA 1.03+0.07 BSM20SA 2.25+0.06
MBS25SA 0.81+0.09 BSM255A 1.76+0.03
MBS305SA 0.56+0.0 BSM30SA 1.04+0.05

The highest WVP was observed for the both native films, due to the

abundance of hydroxyl groups in the polysaccharide molecules. All the cross-linked

films showed lower WVP than both native films. The incorporation of cross-linkers

causes a rise formation of hydrophobic C=O groups in BSM film by ester bond via

cross-linking process, causing the difficulty for diffusion of water vapor molecules.

Moreover, the formation of a dense networked structure after cross-linking inhibits

absorption of water and also restricts the movement of molecules, causing the

difficulty for diffusion of water vapor permeability.
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The WVP of all TA cross-linked films tended to be the highest followed by
those of MA and SA cross-linked BSM films. This is because TA was the strongest acid
among these three acids. It caused the highest hydrolysis of backbone chains,
leading to a more hydrophilic property. In addition, the higher WVP of TA cross-
linked films could arise from the steric hindrance from the two-hydroxyl groups in TA
that favored a lower degree of cross-linking. It can be observed from Table 4.4 that
the addition of SA to polysaccharides led to a lower WVP of all produced films than
the addition of MA, suggesting that more esterification and cross-linking occurred with
the addition of SA and the results also correlated to the swelling power (Figure 4.20-
4.21) and water absorption (Figure 4.23-4.24). This result agrees with a result of a
study by Olsson E. et al. They reported that the water vapor barrier property of a
potato starch film was improved by cross-linked with CA [83]. It should be noted
that the WVP results are closely related to the swelling power results (Figure 4.22).

MBS films exhibited lower WVP values as compared to all BSM films prepared
with the same acid type and content. MBS films with higher amylose content
commonly a-show higher barrier property than lower amylose content films.
The high adjacency of starch chains from high amylose content per unit area led to
formation of a dense structure, which consequently improved the WVP of MBS films.
Therefore, diffusion of water molecules was more difficult in a more compact MBS
film matrix due to a higher degree of cohesive force between MBS starch chains,
hence causing lower WVP values as compared to BSM films.

Furthermore, all cross-linked BSM films exhibited higher WVP values as
compared to all MBS films prepared with the same acid type and content. This is
because BSM is a more hydrophilic acidic polysaccharide. The presence of uronic
acid in the BSM structure provides BSM films with a higher hydrophilic property than
all MBS films. These WVP results also correlated to the swelling power and water

absorption (Figure 4.22 and 4.25, respectively).
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4.7. Gel fraction

The insoluble part of each film cross-linked by TA, MA or SA was quantified
by gel fraction method. Gel fraction measurements of native and cross-linked films
are shown in Table 4.5. No gel content was detected in both native films subjected
to DMSO due to its hydrophilic character. The increase in gel fraction for the cross-
linked film showed stability compared to the both native film. From Table 4.5, it was
clear that the gel fraction increased with increasing cross-linkers content. Cross-
linking enhanced stability between polysaccharide molecules and enhanced the
integrity of the film due to the additional ester bonds; and therefore, hydrophobic

properties of cross-linked film increased.

Table 4.5 Gel fraction of MBS and BSM films cross-linked by TA, MA or SA

Samples Gel fraction (%) Samples Gel fraction (%)
MBS 0 BSM 0
MBS10TA 29.60+0.04 BSM10TA 22.23+0.06
MBS15TA 4d.13+0.05 BSM15TA 38.26+0.04
MBS20TA 65.50+0.03 BSM20TA 51.55+0.07
MBS25TA 76.40+0.06 BSM25TA 62.18+0.05
MBS30TA 87.25+0.07 BSM30TA 79.57+0.09
MBS10MA 38.81+0.05 BSM10MA 29.69+0.04
MBS15MA 50.47+0.04 BSM15MA 41.35+0.06
MBSZ20MA 79.17+0.03 BSM20MA 65.91+0.07
MBS25MA 83.41+0.05 BSM25MA 78.46+0.04
MBS30MA 92.30+0.07 BSM30MA 92.69+0.08
MBS10SA 44.87+0,04 BSM10SA 39.65+0.05
MBS155A 69.85+0.09 BSM155A 59.51+0.08
MBS20SA 88.79+0.06 BSM20SA 75.95+0.07
MBS25SA 90.20+0.04 BSM255A 87.83+0.06
MBS30SA 98.05+0.03 BSM30SA 95.14+0.02
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As expected, film, cross-linked with SA, showed the highest gel fraction,
resulting from the higher degree of cross-linking. The increase in gel fraction of
different cross-linkers also related to the results from the swelling power (Figure
4.22), water absorption (Figure 4.25) and WVP (Table 4.4).

ALl MBS films had higher gel fractions compared to those from BSM films
prepared with the same acid type and content. Films with higher amylose content
generally possess a higher barrier property than low amylose content films [4]. These
gel fraction results were consistent with the high degree of crystallinity of all cross-
linked MSB films (Table 4.3), indicating that a high degree of crystallinity could
improve the barrier property and amount of gel fraction.

Moreover, BSM films showed lower gel fractions as compared to those from
MBS films prepared with the same acid type and content. BSM contains uronic acid,
which makes it more polar. The lower gel fraction of cross-linked BSM films is highly
dependent on its ionic strength, which is higher when more carboxylate groups are
present [85]. The highly expanded conformation of BSM in water is related to the
electrostatic repulsion of negatively charged side chains, which is responsible for its

high solubility. in water and lower gel fraction.
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4.8 Mechanical properties

Young's modulus, stress at maximum load and strain at maximum load of
various films are summarized in Figures 4.26 - 4.27. It can be observed that both
native films showed a higher stress at maximum load and Young’s modulus but a
lower strain at maximum load than those cross-linked films. This is due to excessive
hydrogen bonds among polysaccharide molecules.

On the contrary, cross-linked films by TA, MA or SA exhibited a lower stress at
maximum load and Young's modulus than their native films. Consequently, their
strain at maximum load was significantly increased, like that for aconitic acid cross-
linked potato starch film reported in [10]. This-could be because the acid cross-linker
reacted with hydroxyl groups in polysaccharide molecules and formed ester linkages
that were more difficult to break. The mechanical property results also confirmed
the decrease in the degree of crystallinity shown in Table 4.3. Moreover, it can be
observed that cross-linked films by 30% TA, MA or SA showed a lower stress at
maximum load and Young’s modulus than films eross-linked by 10, 15, 20 and 25
wt% TA, MA or SA. As a result, the increase in strain at maximum load was obtained.
This is because there is more excessive of cross-linking bridges, resulting in lower
chain stiffness and higher extendibility. This result also agrees with that from Reddy N
et al. who reported that a high CA content caused by excessive cross-linking led to a

decrease in tensile strength [49].
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Figure 4.26 Mechanical properties of different MBS films cross-linked with TA, MA
and SA (a) stress at maximum load, (b) Young’s modulus and (c) strain at maximum

load
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cross-linked with TA, MA

and SA (d) stress at maximum load, (e) Young’s modulus and (f) strain at maximum
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Figure 4.28 Mechanical properties of different MBS and BSM films cross-linked
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Regarding films cross-linked by TA, MA and SA, the results (Figure 4.28)
suggested that films cross-linked by SA exhibited the highest stress at maximum load
and Young’'s modulus hence the lowest strain at maximum load. This is because of
the highest degree of crystallinity of SA cross-linked films as confirmed by XRD
(Table 4.3), gel fraction (Table 4.5) and swelling power (Figure 4.22). Moreover, the
highest acidity of TA resulted in more hydrolyzed polysaccharide molecules and led
to the lowest tensile strength and highest strain at maximum load of films prepared
with it than those prepared with MA or SA. Similar trends have been reported for
corn starch/PVA blend films cross-linked with MA and SA [8]. In addition, the values
of stress at maximum load and Young’s modulus of cross-linked MBS and BSM films
with MA and SA are competitive to that of commercial LDPE film [86].

Moreover, due to the high amylose content of MBS films, their strength and
stiffness were expected to be high and observed to be so compared to those of BSM
films. This is'due to extensive hydrogen bonding among MBS molecules. Amylose-
rich MBS films were stronger than BSM films prepared with the same acid type and
content.

Furthermere, the uronic acid functional group has a strong affinity for water
molecules, allowing BSM films to easily form hydrogen bonds with water and retain
it. Therefore, BSM films exhibited an enhanced strain at maximum load when

compared with that of MBS films prepared with the same acid type and content.
4.9 Soil burial test

Before the test, films were buried about 10 ¢cm under the surface of 10-15%

moisture soil over a period of 5 and 10 days.
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Figure 4.29 Mechanical properties after biodegradation in soil of different MBS films

cross-linked by TA (a) stress at maximum load, (b) Young’s modulus and (c) strain at

maximum load



91

30
B 0Day
5Days
B 10Days
©
o
=
= 20
©
(1]
o
E
E
x
©
E 104
©
w
w0
o
B
0 |
0% 10% 15% 20% 25% 30%
(a) MA content (%)
500 e
I 0Day
SDays
400, [ 10Days
©
o
£ 300 4
© —_
- ; =
3
R
[s]
€ 200 -
)
=1
=
2
(=]
> 100
0- - T e T
0% 10% 15% 20%
(b) MA content (%)
20
B 0Day
! 1 5Days
[__110Days
¢ 75
o)
©
8 )
E
=
£
bd
3}
£
©
c
©
n

T Y T
0% 10% 15% 20%
(C) MA content (%)

30%

Figure 4.30 Mechanical properties after biodegradation in soil of different MBS films
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at maximum load



(a)

(b)

()

Young's modulus (MPa) Stress at maximum load (MPa)

Strain at maximum load (%)

30

I 0Day
f | 5Days
[_110Days

T
15%

T
20%

T T
25% 30%

10%

SA content (%)
M 0Day
[["i5Days
L__110Days

T
15%

T
20%

SA content (%)

T
25%

[ 0Day

|4 5Days

1 10Days

T
15%

T
20%

SA content (%)

25% 30%

92

Figure 4.31 Mechanical properties after biodegradation in soil of different MBS films

cross-linked by SA (a) stress at maximum load, (b) Young’s modulus and (c) strain at

maximum load
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Figure 4.32 Mechanical properties after biodegradation in soil of different BSM films

cross-linked by TA (a) stress at maximum load, (b) Young’s modulus and (c) strain at

maximum load
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Figure 4.33 Mechanical properties after biodegradation in soil of different BSM films
cross-linked by MA (a) stress at maximum load, (b) Young’s modulus and (c) strain

at maximum load
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Figure 4.34 Mechanical properties after biodegradation in soil of different BSM films
cross-linked by SA (a) stress at maximum load, (b) Young’s modulus and (c) strain at

maximum load
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Figures 4.29 - 4.34 show the tensile properties of various native and cross-
linked films before and after biodegradation in the soil burial test. After having been
buried, every film sample showed a significant drop in its stress at maximum load
from absorption of moisture from the soil and hydrolysis of the polysaccharide

chains as well as biodegradation by microorganisms in the soil [88].

In addition, a film cross-linked with TA exhibited the lowest strength and
elasticity compared to those cross-linked with MA and SA in this order at the same
percentage of acid content after buried. This implies that the rapid degradation of
polysaccharide chains was mainly due to acid hydrolysis since TA has a higher acidity
than MA and SA and in part due to the lowest crystallinity of the film cross-linked
with TA (Table 4.3) among the three types of cross-linked films tested.

It was observed from the Figure 4.49 that film with higher amylose content
commonly provides a higher water barrier than a film with lower amylose content.
After soil burial test, the high amylose content of MBS made its cross-linked
counterpart provide a higher stress at' maximum load and Young’s modulus as well
as a lower strain at maximum load compared to those provided by BSM. Amylose-
rich MBS film was stronger than BSM films because of more numerous hydrogen

bonds among MBS malecules,

In addition, uronic acid functional groups in BSM give it a strong affinity for
water molecules in the soil, allowing the film to easily retain water and form
hydrogen bonds, leading to more rapid biodegradation. These results are consistent
with the higher WVP and swelling power of BSM film shown in Table 4.4 and Figure
4.26, respectively.
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Figure 4.35 Mechanical properties after biodegradation in soil of different MBS and
BSM films cross-linked by TA, MA or SA (a) stress at maximum load, (b) Young's

modulus and (c) strain at maximum load



4.10 TGA
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Thermogravimetric (TGA) and derivative thermal gravimetric (DTG) analyses

used a thermogravimetric analyzer. Film was scanned from 50 °C to 700 °C

at a 10 °*C/min in a nitrogen atmosphere to characterize thermal stability and

degradation temperature.
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Figure 4.36 (a) TGA and (b) DTG thermograms of different modified MBS films by TA
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Figure 4.39 (a) TGA and (b) DTG thermograms of different modified BSM films by TA
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Figure 4.40 (c) TGA and (d) DTG thermograms of different modified BSM films by MA
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Figure 4.41 (e) TGA and (f) DTG thermograms of different modified BSM films by SA
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Table 4.6 Decomposition temperatures and residual weight percentage of different

native and cross-linked films obtained from TG and DTG thermograms

Thermal decomposition temperature (°C) Rei]/cci);Jes
Sarples Zone 1 Zone 2 Zone 3 Zone 4 2.2 : .
(Water)  (Glycerol) (Ht::xm (Starch) (Cr{zs:;::; e 00
MBS 72.6 172.4 - 3054 - 0
MBS10TA 724 175.3 262.4 310.9 366.1 33
MBS20TA 67.3 177.1 264.1 Gl 12 368.4 7.2
MBS30TA 70.1 179.4 260.5 3114 372.8 10.1
MBSTOMA 74.1 185.3 2722 308.4 365.3 52
MBS20MA 68.2 186.2 274.5 309.8 370.4 8.4
MBS30MA 70.7 183.6 277.1 317.9 382.3 12.1
MBS10SA 65.5 184.4 = 311.6 370.2 6.5
MBS205A 68.1 184.1 - i 376.1 9.5
MBS30SA 743 187.9 - 3258 388.6 16.0
BSM 70.2 170.5 - 302.9 - 0
BSM10TA 73.1 176.2 263.0 308.8 364.9 959
BSM20TA 714 176.5 262.5 305.1 369.4 7.8
BSM30TA 68.8 187.7 260.4 310.6 373.5 10.4
BSM10MA 72.4 191.3 262.3 306.3 366.8 4.8
BSM20MA 71.1 189.2 263.5 310.4 371.2 8.0
BSM30MA T0.7 189.6 262.8 317.2 381.4 11.9
BSM10SA 78.4 192.3 - 310.3 369.8 4.7
BSM205A 81.2 189.6 = 3129 375.5 8.3

BSM30SA 84.3 188.7 - 3452 380.9 14.4
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TGA and DTG thermograms of native and cross-linked films are presented in
Figure 4.36-4.41 and Table 4.6. The first stage corresponds to water evaporation
which occurred at about 70-80 °C; the second stage at approximately 180 °C is
associated with degradation of the glycerol-rich phase. In addition, all cross-linked
film showed a third stage decomposition at 260 °C, due to decomposition of
hydrolyzed polysaccharide molecules thus the molecular weight and thermal

resistance of the polysaccharide film was reduced [74].

The main degradation stage at 300 °C is assigned to thermal degradation of
polysaccharide backbone [87]. Furthermore, another thermal degradation step for
TA, MA and SA cross-linked films was observed at 370 °C [74]. This is attributed to
formation of stronger ester bonds between the acids and polysaccharide chains.
Moreover, this behavior shows that the temperature of the main degradation step
(step 4) of cross-linked films clearly increased compared to those of the native films.
This may be because TA, MA and SA enhanced the intermolecular interactions
between ‘the polysaccharide backbone ‘chains by = cross-linking = them, which
strengthened the covalent network, resulting in the increase in thermal degradation

temperature of the cross-linked films,

By comparison, cross-linked films also exhibited a higher residual weight
percentage (step 5), which can be explained by the effect of extensive cross-linking
between the acids and polysaccharide chains. It should be noted that SA cross-
linked films ‘exhibited the ' highest residual weight percentage and thermal
degradation temperature among cross-linked films, which suggests that SA was able
to create the highest degree of cross-linking in a film. The results clearly correspond
to the swelling power (Figure 4.22), water absorption (Figure 4.25), WVP (Table 4.4)
and gel fraction (Table 4.5). In addition, there was no significant difference in the
thermal degradation temperature of MBS and BSM due to the similarity of their

chemical structures.
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Chapter 5

Conclusion and suggestions

5.1 Conclusion

The molecular changes in polysaccharide of biodegradable films cross-linked
with different acids—TA, MA and SA—at different levels—10%, 15%, 20%, 25% and
30% were investigated. After testing and characterization, conclusions are exhibited as
follows.

1. FT-IR spectra showed new ester linkages. This could be confirmed by the
presence of carbonyl (C=0) ~peak at 1730 cm™ in cross-linked film.
In addition, the O-H stretching (3500-3300 cm™) peaks of the cross-linked films also
shifted to lower wavenumbers.

2. From XRD spectra, the addition of TA, MA and SA resulted in the decrease
of degree of crystallinity, as compared to both native films. Moreover, the degree of
crystallinity of both SA cross-linked films was the highest, followed by MA- and TA-
cross-linked films. Additionally, it can be seen that the MBS showed higher degree of
crystallinity compared to BSM films.

3. From SEM micrograph, the incorporation of TA, MA and SA produced
smoother in MBS and BSM films, more homogeneous and continuous than those of
both native films. Moreover, the different cross-linked films do not showed
appreciable difference in morphology by the use of various acids types and acid
contents.

4. Both native films showed the highest swelling power compared to those
cross-linked films. However, the addition of TA, MA and SA caused the decrease the
swelling power. In addition, the increasing contents of the cross-linker tended to
decrease swelling power. Additionally, the swelling power of TA cross-linked films
showed the highest, descending followed by MA and SA cross-linked films,
respectively. Moreover, cross-linked MBS films presented lower swelling power than

cross-linked BSM films.
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5. Water absorption of all cross-linked film was lower than those of native
films. TA cross-linked films showed the highest water absorption followed by MA and
SA cross-linked films, respectively. Cross-linked MBS films presented lower water
absorption as compared to cross-linked BSM films. The lowest water absorption was
found in MBS30SA, while the highest was observed for BSM10TA.

6. WVP values of cross-linked MBS and BSM films with TA, MA and SA were
lower compared to both native films. Moreover, the increase of the acid cross-linkers
content tended to decrease WVP values. WVP values of all cross-linked MBS films
were lower than cross-linked BSM films. The lowest WVP value was clearly observed
in MBS305A.

7. From gel fraction, there was no gel content detectable in both native
films subjected to DMSO. Gel fraction of all cross-linked films was clearly increased
with the increasing of cross-linker content. Cross-linked BSM films presented lower
gel fraction than cross-linked MBS films. BSM10TA showed the lowest gel fraction
among various cross-linked films,

8. Cross-linked films exhibited slightly lower stress at maximum load and
Young’s modulus than both native films. Consequentl)}, strain at maximum load was
significantly increased. Comparison between TA, MA and SA, the films cross-linked by
SA illustrated higher stress at maximum load and Young’s modulus; and
subsequently, lower strain at maximum load than that by TA and MA. Moreover,
cross-linked MBS film showed higher stress at maximum load and Young’s modulus
but lower strain at maximum load as compared to cross-linked BSM films.

9. The resulted presented that both native and all cross-linked films showed
biodegradability. Both native films degraded faster than all cross-linked films. Cross-
linked films with SA degraded at a slower rate as compared to cross-linked film with
MA and SA, respectively. Moreover, BSM film cross-linked with TA showed the
quickest biodegradation.

10. By comparison, various cross-linked films exhibited both higher thermal
degradation temperature and higher residual weight percentage than MBS and BSM
native films. In addition, both SA cross-linked films presented the maximum of
thermal degradation (387 °C) and residual weight percentage than those of MA and

TA cross-linked films.
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11. It was concluded that cross-linked MBS film with 30% SA showed the
greatest overall properties than those of the cross-linked films. MBS film cross-linked
with 30% SA exhibited the lowest degree of swelling, water absorption and WVP as
well as the highest gel fraction, good tensile properties including elongation and

strength.
5.2 Suggestions

-It would be interesting to study on the preparation of MBS and BSM by
cross-linking with the mixer of two or three types of the acids.

-t would be interesting to investigate the effect of mucilage from other
polysaccharides i.e. Dracocephalum moldavica seed mucilage for producing a new
biodegradable film.

-It is of interesting to study the preparation of a natural-based to other
application i.e. hydrogel sponge and wound dressing because basil seed mucilage

has effective swelling and water holding properties.

-Study the use of inorganic antibacterial materials for example ZnO nano-
particles to improve antibacterial activity and mechanical properties of MBS and BSM

films.
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Appendix A

FT-IR
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Appendix B

X-ray diffraction (XRD)
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Figure B2 X-ray diffractogram of MBS film cross-linked by 10%TA
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Figure B15 X-ray diffractogram of BSM film cross-linked by 10%MA

B

2-Theta - Scale

X=22 558 * Y=10% Counts =3 G3B4G

Lin {Counts)

f i i
» -

2-Theta -

Figure B16 X-ray diffractogram of BSM film cross-linked by 20%MA



22 486 * Y= 131 Counts ¢=3,95087
v|

Lin {Counts)
7 1

142

» » v ® -

2-Theta - Scaie

Figure B16 X-ray diffractogram of BSM film cross-linked by 30%MA

s ?:?2!86‘\‘-1500:“&!%’

Lin (Counts)
i

"

"

2-Theta - Scale

Figure B16 X-ray diffractogram of BSM film cross-linked by 10%SA



143

2222414 ¥=116 Counts 0+3.86333

[

Lin {Counts)
o =
slasialiiaal

2-Theta - Scaie

Figure B17 X-ray diffractogram of BSM film cross-linked by 20%SA

- J  J=22.558" Y=135 Counts 0=3 03840

Lin (Counts}
. 2

2-Theta - Scale

Figure B18 X-ray diffractogram of BSM film cross-linked by 30%SA



144

Hﬁ?il.i PPENGIX
\\
>

5]

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



Appendix C

Thermogravimetric analysis (TGA)
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(5) BSM25TA

Appendix D

Soil burial test

(2) BSM10TA

(6) BSM30TA

(3) BSM15TA

(7) BSM10MA

(4) BSM20TA

(8) BSM15MA
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(9) BSM20MA (10) BSM25MA (11) BSM30MA (12) BSM10SA

ikl

(13) BSM15SA (14) BSM20SA (15) BSM25SA (16) BSM30SA
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(17) MBS (18) MBS10TA (20) MBS20TA

(21) MBS25TA (22) MBS30TA (23) MBS1OMA  (24) MBS15MA
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(25) MBS20MA (26) MBS25MA (27) MBS30MA  (28) MBS10SA

(29) MBS155A (30) MBS20SA (31) MBS25SA  (32) MBS30SA
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Appendix E

Swelling power
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Table E.1 Swelling power of different native and cross-linked MBS and BSM films with TA, MA and SA

Time (h) Swelling power (%)

MBS MBS10TA MBS15TA MBSZ20TA MBS25TA MBS30TA | MBS10MA | MBS15MA MBS20MA
0 0 0 0 0 0 0 0 0 0
1 143+1.32 116+1.77 83+1.55 85+1.91 I sl (] 59+1.52 105+1.12 81+1.22 62+1.44
2 153+1.82 125+1.66 102+1.76 92+1.68 82+1.09 64+1.47 110+1.46 85+1.19 68+1.23
3 167+1.14 131+1.29 118+1.03 97+1.11 87+1.44 70+1.88 119+1.58 90+1.93 73+1.38
4 178+1.41 144+1.10 122+1.64 102+1.22 90+1.58 83+1.69 125+1.79 104+1.03 80+1.83
5 179+1.37 157+1.84 134+1.54 111+1.41 99+1.72 85+1.43 131+1.52 114+1.74 95+1.14
6 183+1.32 165+1.21 140+1.42 115+1.82 104+1.44 91+1.28 143+1.45 124+1.06 101+1.60
72 185+1.20 168+1.50 144+1.61 125+1.62 108+1.51 97+1.54 147+1.28 132+1.53 104+1.14
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Table E.1 (continue) Swelling power of different native and cross-linked MBS and BSM films with TA, MA and

SA

Time (h) Swelling power (%)

MBSZ25MA | MBS30MA | MBS10SA MBS15SA MBS20SA MBS255A MBS305A BSM BSM10TA
0 0 0 0 0 0 0 0 0 0
1 53+1.46 44+1.24 70+1.24 58+1.75 49+1.56 31+1.71 21+1.33 312+1.66 261+2.42
2 61+1.34 49+1.45 87+1.31 69+1.11 58+1.07 43+1.20 33+1.38 328+2.41 274+2.51
3 65+1.25 54+1.81 91+1.42 74+1.31 63+1.48 52+ N3 40+1.09 337+2.13 289+2.26
4 71+1.23 b 21T A 95+1.50 81+1.38 70+1.29 58+1.71 45+1.65 341+2.19 297+2.20
5 82+1.31 69+1.93 96+1.53 89+1.89 78+1.67 65+1.96 54+0.83 355+2.78 301+2.37
6 86+1.78 73+1.28 102+1.22 T 81+1.46 68+1.78 61+0.94 355+2.64 312+2.55
{2 91+1.63 79+1.67 114+1.38 103+1.09 86+1.55 72+1.90 62+0.62 355+2.41 321+1.87
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Table E.1 (continue) Swelling power of different native and cross-linked MBS and BSM films with TA, MA and

SA

Time (h) Swelling power (%)

BSM15TA | BSM20TA BSM25TA BSM30TA | BSM1OMA | BSM15MA BSM20MA BSM25MA | BSM30MA
0 0 0 0 0 0 0 0 0 0
1 250+2.09 | 249+2.83 2511285 223+2.11 241+2.35 2332295 226+2.25 218+2.19 208+2.61
2 258+2.56 | 253+2.44 242+2.70 231+2.46 254+2.41 248+2.63 237+2.52 220+2.41 215+2.07
3 268+2.33 | 2584220 | 245+2.20 234+2.37 261+2.43 252+2.38 244+2.22 22942.13 220%2.33
o 276+2.60 | 264+2.56 | 250+2.34 238+2.67 265+2.26 254+2.45 249+2.38 232+2.51 224+2.61
5 282+2.14 | 267+2.34 255+2.45 243+1.89 268+2.31 260+2.36 252+2.77 238+2.24 226+2.32
6 291+2.80 | 271+2.81 268+2.57 256+2.02 281+2.33 263+2.60 256+2.18 244+2.79 232+2.16
72 302+2.46 | 281+2.79 278+2.19 266+2.09 285+2.84 273+2.15 267+2.46 250+1.25 235+2 52
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Table E.1 (continue) Swelling power of different native and cross-linked MBS and BSM films with TA, MA and

SA

Time (h) Swelling power (%)

BSM10SA BSM155A BSM20SA BSMZ255A BSM305A
0 0 0 0 0 0
1 227+2.35 215+2.20 194+2 68 164+2.50 144+2.18
2 240+2.63 221+2.14 209+2.49 180+2.06 163+2.61
3 254+2.41 239+2.65 213+2.38 195+2.17 165+2.45
4 260+2.34 243+2.09 218+2.04 203+2.82 179+2.66
5 265+2.55 248+2.54 223+2.23 210+2.59 184+2.06
6 271+2.19 252+2.05 229+2.45 215+2.42 191+2.51
2 273+2.78 255+2.27 2333222 223+2 56 195+2.34
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Appendix F

Water absorption

Table E.1 Water absorption of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Water absorption (%)

MBS MBS10TA | 'MBSI5TA | MBS20TA | MBS25TA | MBS30TA | MBSIOMA | MBSISMA | MBS20MA
0 0 0 0 0 0 0 0 0 0
1 6.58+0.05 | 6.45+0.05 | 6.26+0.04 | 6.05+0.03 | 563+0.02 | 516+006 | 6.28+0.04 | 6.05+0.04 | 4.88+0.04
2 7.69£0.04 | 7.53£0.04 | 7.3d+0.05 | 7.16+0.04 | 6.04+0.05 | 543+005 | 7.36+0.04 | 7.16+0.05 | 5.98+0.05
3 8.15+0.03 | 8.03+0.06 | 7.88+0.07 | 7.63+0.07 | 6.73+0.06 | 588+0.07 | 7.85:0.06 | 7.64+0.04 | 6.42+0.03
q 8.24+0.02 | 8.16+0.07 | 7.96+0.04 | 7.74+0.08 | 6.95+0.07 | 591+0.08 | 802+0.07 | 7.73+0.03 | 6.56+0.05
5 8.46+0.06 | 8.32+0.03 | B.19+0.03 | 7.92+0.04 | 7.09+0.04 | 6.01+0.05 | 8.11+0.03 | 8.04+0.04 | 6.68+0.06
6 8.61£0.07 | 854+0.05 | 831+0.06 | 8.05+0.06 | 7.1240.05 | 6.15+0.06 | 835+0.03 | 8.18+0.08 | 6.85+0.00
7 8.72+0.05 | 8.65¢0.04 | 846+0.02 | 8.08+0.06 | 7.26+0.04 | 6.22+0.04 | 8494003 | 8.21+0.02 | 694+0.05
8 8.79+0.04 | 8.68+0.06 | 849+0.06 | 81+0.05 | 7.31+0.06 | 6.36+0.05 | 8564004 | 8.35+0.05 | 7.05+0.07
9 8.83x0.07 | 872+0.03 | 8.56+0.07 | 8.18+0.08 | 7.55+0.03 | 6.43+0.06 | 8.61+0.05 | 8.42+40.07 | 7.13+0.08
10 8.8+0.03 | 8.74+0.05 | 8.57+0.04 | 8.23+0.03 { 7.58+0.05 | 6.47+0.03 | 8.65+0.06 | 8.48+0.06 | 7.16+0.06
11 8.8+0.06 | 8.75+0.06 | 858+0.04 | 836+0.05 | 7.61+0.03 | 6.48+0.04 | 866+0.07 | 8.51+40.04 | 7.18+0.07
12 88+0.02 | 875+0.04 | 8.59+0.03 | 8.44+0.04 | 7.62+0.03 | 6.55+0.03 | 8.67+0.02 | 8524005 | 7.23+0.02




Table E.1 (continue) Water absorption of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Water absorption (%)

MBS25MA MBS30MA MBS10SA MBS155A MBS205A MBS25SA MBS30SA BSM BSM10TA
0 0 0 0 0 0 0 0 0 0
1 4.31+0.09 4.15+0.03 6.04+0.05 5.84+0.05 4.64+0.08 4.01+0.04 3.85+0.03 7.84+0.03 7.65+0.03
2 4.72+0.07 4.54+0.04 7.16+0.04 7.02+0.04 5.77+0.03 4.22+0.03 4.02+0.05 8.95+0.04 8.63+0.04
3 5.05+0.03 4.94+0.06 7.54+0.06 7.44+0.06 6.23+0.07 4.37+0.05 4.14+0.05 9.58+0.06 8.87+0.05
4 5.32+0.04 5.1+£0.06 7.73£0.06 7.53+0.07 6.35+0.05 4.42+0.04 4.21+0.02 9.69+0.07 8.94+0.07
5 5.66+0.06 5.26+0.03 71.92+0.03 7.72+0.08 6.44+0.06 4.61+0.05 4.36+0.07 9.74+0.05 9.23+0.06
6 5.75+£0.05 5.32+0.04 8.01+0.04 7.95+0.03 6.66+0.07 4.78+0.06 4.45+0.03 9.92+0.04 9.39+0.05
7 5.94+0.07 5.39+0.06 8.15+0.05 8.11+0.02 6.82+0.04 4.99+0.04 4.58+0.05 10.2+0.03 9.66+0.05
8 6.11+0.03 5.45+0.05 8.26+0.06 8.15+0.05 6.93+0.05 5.16+0.03 4.65+0.08 10.37+£0.06 9.75+0.03
9 6.13+0.04 5.51+0.04 8.34+0.07 8.2+0.06 6.93+0.06 5.19+0.07 4.72+0.04 10.44+0.07 9.84+0.04
10 6.15+0.06 552+0.03 8.45+0.03 8.21+0.03 6.99+0.07 5.21+0.06 4.73+0.03 10.56+0.04 9.91+0.06
11 6.16+0.05 5.53%0.05 8.47+0.04 8.21+0.08 7.02+0.03 5.21+0.04 4.74+0.02 10.56+0.03 9.91+0.06
12 6.17+0.03 5.55+0.06 8.48+0.06 8.21+0.05 7.02+0.02 5.23+£0.08 4.74+0.04 10.56+0.05 9.93+0.09




Table E.1 (continue) Water absorption of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Water absorption (%)

BSM15TA BSM20TA BSM25TA BSM30TA BSM10MA BSM15MA BSM20MA BSM25MA BSM30MA
0 0 0 0 0 0 0 0 0 0
1 7.15+0.03 6.98+0.03 6.31+0.03 5.62+0.04 7.52+0.02 6.72+0.03 5.3+0.02 5.82+0.04 5.39+0.06
2 8.13+0.04 7.05+0.04 6.63+0.04 6.18+0.05 8.55+0.04 8.47+0.05 6.9+0.05 6.56+0.05 6.16+0.04
3 8.76+0.03 7.54+0.05 7.02+0.03 6.31+0.06 8.74+0.03 8.64+0.06 7.41+0.05 7.02+0.04 6.34+0.05
4 8.85+0.05 7.69+0.05 7.15+0.02 6.65+0.02 8.82+0.06 8.7+0.03 7.57+0.06 7.19+0.05 6.45+0.06
] 8.93+0.03 7.92+0.06 7.42+0.05 6.89+0.03 8.89+0.04 8.89+0.04 7.65+0.03 7.54+0.06 6.88+0.03
6 9.09+0.04 8.03+0.06 7.64+0.06 7.25+0.04 9.16+0.08 8.92+0.06 | 7.78+0.070 | 7.62+0.02 7.14+0.02
7 9.13+0.06 8.12+0.07 7.81+0.04 7.35+0.05 9.23+0.02 9:13#0.0 7.83+0.04 7.75+0.03 7.32+0.03
8 9.2+0.07 8.24+0.02 7.9+0.07 7.44+0.07 9.44+0.03 9.24+0.04 §.95+0.02 7.79+0.04 7.39+0.04
9 9.31+0.02 8.31+0.03 7.94+0.04 7.52+0.02 9.65+0.04 9.35+0.05 8.16+0.07 7.84+0.06 7.48+0.05
10 9.48+0.05 8.48+0.02 7.99+0.03 7.59+0.06 9.74+0.06 9.35+0.03 8.24+0.06 7.85+0.07 7.48+0.06
11 9.48+0.03 8.5+0.04 8.12+0.03 7.63+0.04 9.87+0.08 9.36+0.05 8.28+0.08 7.86+0.03 7.50+0.04
12 9.48+0.07 8.53+0.06 8.23+0.07 7.63+£0.04 9.87+0.04 9.36+0.03 8.31+0.05 7.87+0.02 7.50+0.03




Table E.1 (continue) Water absorption of different native and cross-linked MBS and BSM films with TA, MA and SA

Days Water absorption (%)

BSM10SA BSM155A BSMZ20SA BSM255A BSM30SA
0 0 0 0 0 0
1 6.35+0.03 5.74+0.02 5.35+0.05 4.98+0.04 4.59+0.03
2 8.46+0.04 6.87+0.04 6.49+0.06 6.06:+0.03 4.95+0.05
3 8.53+0.02 35+£0,05 6.98+0.08 6.24+0.06 4.99+0.08
a 8.68+0.03 7.48+0.06 7.09+0.09 6.39+0.07 5.14+0.07
5 8.79+0.05 0 319.0% 7.27+£0.02 6.74+0.08 5.35+0.05
6 8.86+0.07 7.68+0.04 7.47+0.04 6.85+0.05 5.52+0.04
7 8.89+0.06 7.79+0.05 7.56+0.03 7.09+0.06 ©.73+0.03
8 8.95+0.05 7.87+0.03 7.57+0.06 7.10+£0.05 5.84+0.06
9 9.13+0.06 7.87+0.07 Az ONN MWIEN08 5.93+0.02
10 91520.07 7.88+0.09 7.59+0.05 7.12+0.02 6.12+0.08
11 9.17+0.03 7.88+0.06 7.59+0.06 7.13+0.06 6.12+0.04
12 9.18+0.04 7.89+0.05 1.61+0.04 7.14+0.07 6.13+0.06
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Appendix G

Mechanical properties

Table G.1 Mechanical properties of different native and cross-linked MBS and BSM films with TA, MA and SA

Samples Mechanical properties
Tensile at maximum load (MPa) Young’s modulus (MPa) Strain at maximum load (%)

MBS 24.0+£0.23 459.33+5.4 4.5+0.12
MBS10TA 20.2+0.41 369.62+4.8 9.3+0.23
MBS15TA 18.3+0.32 32089+3.6 13.7+0.20
MBSZ0TA 15.8+0.51 4 e 'R i 15.5+0.19
MBS25TA 14.4+0.21 242.83+6.3 18.6+0.17
MBS30TA 12.1+0.24 0D T 21.2+0.24
MBS10MA 21.9+0.25 404.43+5.5 8.3+0.42
MBS15MA 19.810:26 347.67+6.1 11.6+0.38
MBS20MA 18.8+0.32 399) O3 T 12.7+0.449
MBS25MA 17.3+0.24 299.56+4.3 15.5+0.51
MBS30MA 16.2+0.18 275.04+5.9 17.8+0.39
MBS10SA 23.2+0.41 459.33+4.5 6.8+0.18
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Table G.1 (continue) Mechanical properties of different native and cross-linked MBS and BSM films with TA, MA and SA

Samples Mechanical properties
Tensile at maximum load (MPa) Young’s modulus (MPa) Strain at maximum load (%)
MBS15SA 22+0.23 405.15+45.7 8.6+0.18
MBSZ20SA 21.1+0.31 384.68+5.5 9.7+0.22
MBS25SA 20.3+0.25 364.77+6.1 11.3+0.15
MBS30SA 18.7+0.17 329.22+4.2 13.6+0.19
BSM 17+0.23 242.85+4.9 40+0.82

BSM10TA 13/540.26 182.4342.4 48+0.67
BSM15TA 12.1+0.16 157:75%5.0 53.4+0.72
BSM20TA 11.4+0.24 144.776+3.9 57.5+0.68
BSM25TA 10.4+0.28 127.92+4.3 62.6+0.84
BSM30TA 9.8+0.21 118.28+6.1 65.7+0.76
BSM10MA R B0 25 212.5+4.2 44+0.45
BSM15MA 13.9+0.27 187.20+5.4 48.5+0.56
BSM20MA 13.3+£0.31 174.77+3.8 52.2+0.37
BSM25MA 12.7+0.24 162.50+5.8 56.3+0.63
BSM30MA 12+0.16 149.53+6.7 60.5+0.44




Table G.1 (continue) Mechanical properties of different native and cross-linked MBS and BSM films with TA, MA and SA

Samples Mechanical properties

Tensile at maximum load (MPa) Young's modulus (MPa) Strain at maximum load (%)
BSM10SA 16.5+0.22 232.39+4.4 42+0.56
BSM15SA 16+0.34 221.45+33 44.5+0.82
BSM20SA 15.4+0.25 209.80+3.9 46.8+0.79
BSM25SA 14.9+0.19 200.80+4.6 48.4+0.67
BSM30SA 14.4+0.41 9123451 50.6+0.93
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Appendix H

Soil burial test

Table H.1 Soil burial test of different native and cross-linked MBS and BSM films with TA, MA and SA

175

Days Samples Mechanical properties
Stress at maximum load (MPa) Young’s modulus (MPa) Strain at maximum load (%)

MBS 16.04+0.24 314+2.0 2.2+0.14

MBS10TA 15.31+0.39 284.30+4.1 7.7+£0.29

MBS15TA 15.02+0.46 274.1+6.5 9.6+0.36

MBS20TA 13.42+0.24 237.31+4.3 13.1+0.54

MBS25TA 12.17+0.54 210.91%5.3 15.4+0.49

MBS30TA 10.43+0.34 178.90+7.4 16.6+0.64

° MBS10MA 17.45+0.35 334.00+3.2 5.0+0.29
MBS15MA 17.03+0.43 315.95+5.8 7.8+0.36

MBSZ20MA 16.23+0.23 300.00+5.1 9.1+0.54

MBS25MA 15:34+0.55 275.89+8.3 11.2+0.49

MBS30MA 14.1+46 250.00+4.2 13.6+0.64

MBS10SA 19.61+0.39 374+4.7 4.5+0.24




Table H.1 (continue) Soil burial test of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Samples Mechanical properties
Stress at maximum load (MPa) Young’s modulus (MPa) Strain at maximum load (%)

MBS155A 18.21+40.46 341.33+5.1 6.7+0.15

MBS20SA 17.82+0.34 327.0+3.7 8.1+0.54

MBS255A 16.57+0.33 299. 9% 88 10.5+0.37

MBS305A 15.93+0.45 280.0+3.2 12.4+0.44

BSM 8.04+0.24 131.48+74 11.6+0.93

BSM10TA 12.45+0.61 172.67+6.8 40.7+£1.14
BSM15TA 11.21+0.38 150.56+6.1 44.65+0.87

5 BSM20TA 9.23+0.49 20733+ 3(9 49.5+0.89
BSM25TA 8.53+0.54 108.37+5.4 54.37+0.76

BSM30TA 7.10+0.62 87.98+6.1 57.3+1.02

BSM10MA 14.15+0.24 202.43+23 39.8%1.23
BSM15MA 12.77+0.33 176.32+34 44.85+0.98
BSM20MA 11.31+0.41 152.58+5.1 48.25+1.05
BSM25MA 11.02+0.52 144.25+4.7 52.78+1.17
BSM30MA 10.21+0.35 130.70+3.5 56.23+0.85




Table H.1 (continue) Soil burial test of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Samples Mechanical properties
Stress at maximum load (MPa) Young's modulus (MPa) Strain at maximum load (%)
BSM10SA 15.38+0.33 222.86+6.3 38.02+1.21
BSM15SA 14.19+0.24 202.43+6.5 40.19+0.97
5 BSM20SA 13.32+0.46 187.07+5.7 42.4+1.32
BSM25SA 13.07+0.31 180.7+6.2 44.61+1.15
BSM30SA 12.82+0.29 175.00+5.1 46.51+0.92
MBS 13.26+0.53 262.0+6.1 1.3+0.43
MBS10TA 13.12+0.41 249.4297+59 5.2+0.28
MBS15TA 12.23+0.48 227.5349+4 6 7.5+0.83
MBS20TA 11.84+0.37 211.99+7.4 11.7+0.44
MBS25TA 10.1+0.39 177.8146+5.5 13.6+0.51
i MBS30TA 9.82+0.57 171.8285+4.8 \ 14.3+0.62
MBS10MA 15.04+0.31 291.0+3.1 3.9+0.23
MBS15MA 14.7+0.42 278.14+55 57+0.46
MBS20MA 14.42+0.56 269.0+4.7 8.2+0.57
MBS25MA 14.04+0.37 254.574+3 9 10.3+0.43
MBS30MA 13.31+0.48 2390445 1 12.4+0.72
MBS10SA 17.42+0.34 335.0+7.7 3.4+0.35




Table H.1 (continue) Soil burial test of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Samples Mechanical properties
Stress at maximum load (MPa) Young's modulus (MPa) Strain at maximum load (%)

MBS155A 16.3+0.31 308.12+5.8 5.8+0.44

MBS20SA 15.54+0.49 287.0+6.6 7.2+0.51

MBS255A 14.1+0.43 257.0%t N2 9.43+0.37

MBS30SA 14.82+0.56 264.0+8.1 11.3+0.29

BSM 4.30+0.33 77.06+6.3 11.6+0.98

BSM10TA 11.04+0.34 156.92+5.6 40.7+0.87
BSMI15TA 9.21+0.45 127.34+1.9 44.65+0.76

10 BSM20TA 7.42+0.52 99.26+4.2 49.5+0.91
BSM25TA 6.54+0.56 84.73+3.9 54.37+1.02

BSM30TA 5.31+0.37 67.51+4.3 57.3+1.09

BSM10MA 13.44+0.55 198.23+1.8 356£0.73
BSM15MA 11.25+0.34 160.86+3.7 39.87+0.68
BSM20MA 9.42+0.58 130.11+4.5 44.79+0.94
BSM25MA 9.07+0.29 122219 0 48.43+1.12
BSM30MA 8.65+0.37 113.50+3.6 52.41+0.89




Table H.1 (continue) Soil burial test of different native and cross-linked MBS and BSM films with TA, MA and SA
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Days Samples Mechanical properties
Stress at maximum load (MPa) Young's modulus (MPa) Strain at maximum load (%)
BSM10SA 14.22+ 21327433 33.35+1.23
BSM15SA 12.39+ hO M0 9+5.2 557 1+1.31
10 BSM20SA 11.46+ 165.73+4.7 38.29+0.95
BSM255A 11.05+ 157.57+5.8 40.25+0.82
BSM30SA 1045+ V 146.67+3.6 42.49+0.74
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Abstract

The aim of this study was to examine the effectiveness of using malic acid, a dicarboxylic acid to enhance the

properties of starch-based films. Starch/glycerol casted films were prepared with 0, 10, 15, 20, 25, and 30 wt% malic acid

(starch wt% basis) and properties were, then, analyzed. It was found from FT-IR spectra that the additional peak position

at 1730 cm™', assigned for the C=0 stretching was observed. Moreover, the 30 wt% malic acid derived starch films caused

the decreasing swelling property compared to the control film. There was also a significant increase of elongation at break

of the starch film with the addition of 30 wt% malic acid. Finally, thermal stability of different acid-modified films was

improved with the increased amounts of malic acid.

Keywords: cross-linking; malic acid; modified starch

1. Introduction

Starch is a renewable and abundant resource.
However, starch exhibits several disadvantages such as a
strong hydrophilic character (water sensitivity) and poor
mechanical properties compared to conventional synthetic
polymers [1]. which make it undesirable for some
applications such as packaging purposes.

Cross-linking is a common approach to improve the
performance of starch for various applications, Starch and
starch products have been cross-linked with various cross-
linking agents [2]. Nevertheless, some of these cross-
linking agents always display toxicity and thus their
potential applications as biomaterials are limited.
To overcome these disadvantages, certain nontoxic
functional additives and simple modification techniques
are required to improve mechanical properties and water
resistibility of the starch films.

In this work, malic acid was chosen as the cross-
linking agent because of its low cost and non-toxicity. As
a result of its di-carboxylic structure, interaction could take
place between the carboxyl groups of malic acid and the

hydroxyl groups on the starch. Such an interaction would

improve the water resistibility due to reducing available
OH groups of starch [3]. Starch/glycerol casted films were
prepared with different contents of malic acid and different

propertics were, then, different properties were examined.

2. Experimental methods
2.1 General

Cassava starch was obtained from Chaopraya
Phuchrai 2999 Co., Ltd. (Kamphaengphet, Thailand).
Glycerol (plasticizer) was provided by Lab System Co.,
Ltd. (Bangkok. Thailand) and malic acid (food grade) was
purchased from Lab System Co. Ltd. (Bangkok. Thailand).

2.2 Sample preparation

Mixtures of soluble cassava starch (10 g), glycerol
(2 g) and distilled water (100 ml) along with different
amounts of malic acid, i.e. 0%, 10%, 15%, 20%., 25% and
30% (on the initial dry weight of starch) were prepared.
All solutions were heated at the temperature of 65 °C for
30 min to ensure the completed starch gelatinization. The
films were dried for 5 h. at the temperature of 70 °C in a

hot air oven. Further curing at the temperature of 150 °C
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for 10 min was performed. All films were. subsequently,
conditioned at 60% RH (23 £ 1 °C) in a closed humidity

chamber before assessing the film properties

2.3 IR spectroscopic study

A sample was characterized by IR using a Spectrum
200 GX spectrometer (PerkinElmer, USA) using KBr disk
technique with a resolution of 6 cm™ using 20 scans per

sample.

2.4 Tensile properties

A film was cut into rectangular piece of 15 mm x
100 mm to test tensile properties. The film thickness was
approximately 0.12 mm. The tensile testing was carried
out using Universal (LLOYD
Instrument, LR 5K, UK) with 100 N load cell and at a

Testing Machine

crosshead speed of 50 mm/min according to ASTM
D-882. The sample was conditioned at the temperature of
231 °C and relative humidity of 60+5% before testing. At
least 10 specimens were tested to obtain the averaged

values.

2.5 Thermogravimetric analysis

A sample was scanned from the temperature of
50 °C to 600 °C using a thermogravimetric analyzer
(Perkin Elmer, Pyris 1, Massachusetts, USA) at a rate of
10 °C/min in nitrogen atmosphere to characterize thermal

decomposition temperature.

2.6 Swelling power

A sample was determined according to the method
given by Yun and Yoon [4]. Accurately weighed dry film
was immersed in distilled water at room temperature.
At the end of soaking period, the film was taken out.
The moisture on the surface was removed and the weight
of the film was measured. The swelling power was
calculated as follows:

Swelling power = (W.-W,)/'W, (1)

where W, was the dry weight of the starch film and W,

was the weight of the film after being immersed in water.

3. Results & Discussion
3.1 IR spectroscopic study

FTIR spectra of the native starch film and the starch
films cross-linked with 10, 15, 20, 25 and 30% malic acid
are shown in Fig.l. It was found that all of the films
showed similar peaks, except for the additional peak in the
cross-linked film at 1730 cm™. The band at 1730 cm’
(indicated in Figure 1) was ascribed to the ester carbonyl
bands [5]. Since the films were thoroughly washed to
remove the unbound malic acid, the presence of the
carbonyl peak confirms the chemical linkages between

malic acid and starch.
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Figure 1. FT-IR spectra of the cassava starch films
modified by different contents of malic acid (a) 0%
(b) 10% (c) 15% (d) 20% (e) 25% and (f) 30%

3.2 Tensile property

Tensile properties of different cross-linked films
are shown in Figure 2. It showed an increased softness of
the film indicated by the decrease in the stress at maximum
load and Young’s modulus as well as the increase in strain
at maximum load when malic acid contents were
increased. As expected, the control cassava starch film was
significantly stiffer than other malic acid-modified films.
At the highest concentrations (30 wt% malic acid), lower
stress and Young's modulus but higher strain were
observed. This could be due to the cross-linking reaction
by malic acid. However, there was excess cross-linking
that limits the mobility of the starch molecules, leading to
lower stress at maximum load. It should be noted that there

was a significant increase of the strain at maximum load of
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the malic acid modified cassava starch film, especially at
high contents of malic acid. This should be due to the
cross-linking reaction between malic acid and starch

molecules.
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Figure 2. Mechanical properties of different malic acid-

modified cassava starch films

3.3 Thermogravimetric analysis

Figure 3 presents thermogravimetric (TGA) and
derivative thermogravimetric (DTG) graphs of native
cassava starch film and different malic acid modified
cassava starch films. The initial weight loss (DTG peak)
below 100 °C was ascribed to the desorption of trace water.
It seems that there is only one weight loss step on the DTG
curve of native cassava starch film. However, there was
four degradation steps for all derived films containing
malic acid in a similar way to that of citric acid derived
films by Shi et al. [6]. The second weight loss at around
180 °C was related to the glycerol, the third degradation
weight loss above 150-250 °C may be due to acid
hydrolysis of starch by malic acid [7]. The major weight
loss at 320 °C was due to degradation of the chemical
structure of starch and the fourth degradation weight loss
above 350-370 °C may be because of the cross-link
formation reaction of malic acid with starch polymer
chains, respectively [8].

The third weight loss steps were strongly related to
the interactions between starch and malic acid. It seems
that the cross-linked starch films presented higher
degradation temperature of the third weight loss and lower
weight loss than the non-modified film. It was also
observed that the residual weight percentage of the cross-
linked starch films was more than that of the non-modified
film. Moreover, the increase of malic acid content caused

the residual weight percentage increased. This could be

because, malic acid molecules were chemical bonded onto

the starch chains [6].
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Figure 3. (a) TGA and (b) DTG thermograms of different
cassava starch films meodified by different contents of

malic acid

3.4 Swelling power

The results of the swelling power measurements are
shown in Fig 4. The cassava starch film showed the highest
swelling power. Since native starch contains abundant
hydroxyl groups that prefers to form hydrogen bonds with
water. The swelling power of the starch films decreased
with increasing malic acid concentration. Cross-linking
and esterification reactions can reinforce the starch
network both chemically and physically, thus resulting in

lower swelling power [4].
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Figure 4. The swelling power of cross-linked cassava

starch films modified by different contents of malic acid

Conclusion

Starch films cross-linked by different contents of
malic acid were successfully prepared. It was found that
the new FT-IR peak position at 1730 cm™ was observed in
different starch films modified by malic acid. Thermal
decomposition temperatures were slightly increased with
the increase of malic acid contents. Moreover, the
improvement in tensile properties was detected by the
significant increase of the strain at maximum load. Finally,
the increasing of malic acid concentration caused the

decrease of the swelling power. These films can be used in

applications food and packaging.
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Properties of cassava starch film cross-linked by tartaric acid
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Abstract: The aim of this study was to examine the effectiveness of using tartaric acid,
a dicarboxylic acid, to enhance properties of starch-based films. Starch/glycerol casted films
were prepared with 0, 10, 15,20 and 25 wt% tartaric acid (starch wt% basis) and the
properties were, then, analysed. It was found from FT-IR spectra that an additional peak

position at 1730 cm™,

assigned for the C=0 stretching was observed. It was shown that the

increasing amount of tartaric acid led to a reduction in the percentage of swelling power.
In addition, high content of tartaric acid increased the strain at maximum load. Moreover,
thermal decomposition temperature of various films modified by different contents of tartaric
acid was slightly higher than that of the non-modified film.

1. Introduction

. Starch, an important and a large part of the
available biomass, has received consider-
able attention because of its low cost,
biodegradability, annually renewal and
abundant supply throughout the world.'

Starch is composed of two polvmers of

glucopyranose: amylose and amylopectin.
Amylose is formed by glucose units joined
by 1.4-glycosidic linkages and amylopectin
1s formed by glucose units joined by 1.4- as
well as 1.6-glycosidic  linkages. While
linear amylose is a low molecular weight
polymer consisting of 1000-10,000 glucose
units, amylopectin is a larger branched
macromolecule with degree of polymeriza-
tion (DP), sometimes, exceeding one
million.” However, starch has intrinsic
disadvantages such as very weak resistance
against shear and heat, very high suscepti-
bility to thermal decomposition and high
tendency to undergo retrogradation.’

Cross-linking 1s a way of improving
propertics  of starch-based film, with
improved mechanical properties and
resistance to solubility. Tartaric acid (TA)
is typically inexpensive and non-toxic
organic acid used to cross-link starch.

Session: Polymer Chemistry: PO-P-003

Tartaric acid is dicarboxylic acid that can
react with the hydroxyl groups on the
glucopyranose ring present in starch by
forming ester bonds. Tartaric acid is
soluble in water at room temperature.
Glycerol plasticizer is not expected to
esterify with  organic acid * since the
esterification reaction is usually performed
using homogencous catalysts like sulfuric
acid. p-toluenesulfonic acid, etc.® The aim
of this study was to examine the
effectiveness of using tartaric acid. a
dicarboxylic acid. to enhance the properties
of starch-based films. Starch/glycerol
casted films were prepared with different
contents of tartaric acid and the propertics
were, then, examined.

2. Materials and Methods

2.1 General

Cassava starch was obtained from
Chaopraya Phuchrai 2999 Co.. Ltd.
(Kamphaengphet, Thailand).  Glycerol
(plasticizer) was provided by Lab System
Co.. Ltd. (Bangkok, Thailand) and tartaric
acid (food grade) was purchased from Lab
System Co., Ltd. (Bangkok, Thailand).
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2.2 Sample preparation

Mixtures of soluble cassava starch (10 g),
glycerol (3 g) and distilled water (100 ml)
along with different amounts of tartaric
acid added, i.e. 0%. 10%. 15%, 20% and
25% (on the initial dry weight of starch)
were prepared. All solutions were heated at
the temperature of 65 °C for 30 min to
ensure the completed starch gelatinization.
The films were dried for 5 h. at the
temperature of 70 °C in a hot air oven.
Further curing at the temperature of 150 °C
for 10 min was performed. All films were.
subsequently, conditioned at 60% RH (23 =
1 °C) in a closed humidity chamber before
assessing the film properties.

2.3 IR spectroscopic study

A sample was characterized by IR using a
Spectrum 200 GX spectrometer
(PerkinElmer, USA) wusing KBr  disk
technique with a resolution of 6 em™ using
20 scans per sample.

2.4 Tensile properties

A film was cut into rectangular picce of
15 mm x 100 mm dimensions to test tensile
properties. The film thickness was
approximately (.12 mm. The tensile testing
was carried out using Universal Testing
Machine (LLOYD Instrument, LR SK. UK)
with 100 N load cell and at a crosshead
speed of 50 mm/min according to ASTM
D-882. The sample was conditioned at the
temperature of 23+1 °C and relative
humidity of 60+5% before testing. At least
10 specimens were tested to obtain the
averaged values.

2.5 Thermogravimetric analysis

A  sample was scanned from the
temperature of 50 °C to 700 °C using a
thermogravimetric analyzer (Perkin Elmer,
Pyris 1. Massachusetts, USA) at a rate of
10 °C/min in nitrogen atmosphere to
characterize thermal decomposition
temperature.
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2.6 Swelling test

The swelling power of a sample was
determined according to the method given
by Yun and Yoon®. Accurately weighed dry
film was immersed in distilled water at
room temperature (25 °C). At the end of
soaking period, the film was taken out. The
moisture on the surface was removed and
the weight of the film was measured.

The swelling power was calculated as
follows:

Swelling power = (we-Wo)/Wo

where wo is the dry weight of the starch
films and we is the weight of the film after
being immersed in water.

3. Results & Discussion

3.1 IR spectroscopic study

FT-IR = spcetra of different  films are
presented in Figure 1. The hydrogen
bonded hydroxyl group appeared as a main
peak at 3430 em™ and the aliphatic C-H
stretching was observed as a sharp peak at
2900 c¢m'. The sharp peak at 1730 cm’!
was assigned for the carbonyl stretching.
The presence of ester bond can be
confirmed by the presence of carbonyl peak
at 1730 cm! in cross-linked cassava starch.
Mathew  and Abraham® reported the
esterification of native potato starch with
ferulic acid which showed the presence of
carbonyl peak in the FT-IR spectrum at
around 1726 cm™.

T
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Figure 1. FT-IR spectra of the cassava
starch films modified by different contents
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of tartaric acid (a) 0% (b) 10% (c) 15%
(d) 20% and (e) 25%.

3.2 Thermogravimetric analysis (TGA)
Figure 2 shows the thermogram of native
cassava starch film and different tartaric
acid-modified cassava starch films. The
weight loss below 100 °C was ascribed to
the dcsorption of trace water. The
thermograms show that the native cassava
starch film and different cross- linked
cassava starch film started to degrade at the
temperature of 260 °C. There was an
increase of the degradation temperature of
approximately 300 to 320 °C for the starch
films modified by 0 to 25 wt% tartaric acid.
The improved = thermal  degradation
temperature was attributed to the cross-
linking of tartaric acid with the starch
polymer, in a similar way to that of citric
acid-modified starch films.’

T
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20

100 260 309 400 530 600

Temperature ( C)
Figure 2. TGA thermograms of different
cassava starch films modified by different
contents of tartaric acid

3.3 Tensile properties

Stress-strain  curves of the starch and
modified starch films are shown in
Figure 3. It can be seen that the film
modified by 25 wt% tartaric acid showed
lower stress and Young’s modulus but
higher strain than the non-modificd film.
This could be due to the cross-linking
reaction by the tartaric acid.
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Figure 3. Stress-strain curves of cassava
starch and modified cassava starch films
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Figure 4. Mechanical properties of
different tartaric acid-modified cassava
starch films

Tensile properties of different cross-linked
films are shown in Figure 4. The decrease
in the stress at maximum load and Young's
modulus as well as the increase in strain at
maximum load was observed. As expected,
the non-modificd cassava starch film was
significantly stiffer than other tartaric acid-
modified films. At low concentrations of
tartaric acid (10 wt% tartaric acid), there
was not enough cross-linking between the
starch molecules to improve the stress at
maximum load of the films. At high
concentrations (25 wt% tartaric  acid);
however, there was excess cross-linking
that limits the mobility of the starch
molecules. leading to lower tensile
strength. It should be noted that there was a
significant increase of the strain at
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maximum load of the tartaric acid-modified
cassava starch film, especially at high
contents of the tartaric acid. This should be
due to the cross-linking reaction between
the tartaric acid and the starch molecules.

3.4 Swelling power

Figure 5 presents the swelling power of
various cross-linked cassava starch films.
It can be seen that the swelling power
increased with increased immersion time
for all starch films. The cassava starch film
showed the highest swelling power. Since
native starch contains abundant hydroxyl
groups that prefer to form hydrogen bonds
with water.® The swelling power for the
cross-linked cassava starch film  with
10 wt% tartaric acid was higher than those
with 15, 20, 25 wit% tartaric acid.
respectively. The swelling power tended to
decrease as the concentration of tartaric
acid increased due to the increase in the
cross-linking density which hindered the
penetration of water into the starch
molecular network. The formation of
a network structure prevented absorption of’
water, As explained earlier, cross-linking
strengthens the polymer network reducing
the absorption of water.
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Figure 5. The swelling power of

cross-linked cassava starch films modified
by different contents of tartaric acid
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4. Conclusions

Starch films cross-linked by different
contents of tartaric acid were successfully
prepared. It was found that the new FT-IR
peak position at 1730 cm™ was observed in
different films modified by tartaric acid.
Thermal decomposition temperatures were
slightly increased with the increase of
tartaric acid contents. Morcover, the
improvement in tensile properties was
detected by the significant increase of the
strain at maximum load. Finally, the
increasing of tartaric acid concentration
caused the decrease of the swelling power.
The cross-linked starch may be used as
biodegradable mulching films.
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Abstract

Because of weak mechanical and highly hydrophilic properties of starch. various applications for starch have been limited.
In this study. mung bean starch (MBS). one type of high amylose starch, was chosen for its potential film forming biopoly-
mers. MBS films were prepared and modified by different types and contents of natural di-carboxylic acids. i.e. malic acid
(MA) and succinic acid (SA) with different acidity and chemical structures. It was found from FTIR spectra that the extra
peak position of 1700 cm™" were observed, the evidence of ester group formation for MA- or SA- modified MBS films.
The incorporation of MA or SA into MBS film also caused the decrease in degree of crystallinity, as confirmed by XRD
technique. Additionally, the maximum strain at maximum load was highly improved with the addition of 30% MA or SA.
Moreover, swelling power and water vapor permeability (WVP) of MBS film modified by SA were lower than those by MA.

Morphology, biodegradability and thermal property of different acid-modified MBS films were also investigated.

Keywords Cross-linked starch - Modified starch - Mung bean starch

Introduction

Among biopolymers, starch is suggested to be one of the
most interesting materials for biodegradable films because
of its low cost, renewability and natural abundance [1].
Starch is spontaneously unsuitable for most applications
and; therefore. must be modified chemically or physically to
improve their properties and applications, to afford products
with improved functionality and minimize their defects [2].
The casted film from root and cereal starch has been widely
investigated for their properties. However, studies on proper-
ties of starch films produced from legume starch i.e. mung
bean starch (MBS) has been limited.

Mung bean (Vigna radiate), one type of legume starch,
was generally grown in Southeast Asia countries, usu-
ally consumed as noodle. MBS consists of two types of
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molecules: amylose (linear 40-45%) and amylopectin
(branched 55-60%) [3]. In general, intermediate amylose
starch contains of approximately 25% amylose and 75%
amylopectin: waxy starch consists of mostly amylopectin
and 0-8% amylose: and high-amylose starch contains of
40-70% amylose [4]. Thercfore, amylose-rich MBS was
attractively chosen for film-forming bio-based polymers that
offer high transparency and biodegradability [5, 6]. Nev-
ertheless, poor mechanical properties and high hydrophilic
characteristics of MBS are needed to be improved.
Generally, cross-linking process are normally used to
cross-linked starch molecules to improve mechanical prop-
erties, thermal stability and swelling power [7]. Some cross-
linking agents such as glutaraldehyde, urea formaldehyde are
relatively toxic and expensive. Non-toxic cross-linker alter-
natives include natural carboxylic acids such as malic acid
(MA), succinic acid (SA) or citric acid (CA); these acids are
inexpensive and non-toxic chemicals. These are naturally
organic acids presented in vegetables and fruits, which are
synthesized during the fermentation process by microorgan-
isms [8]. Di-carboxylic acids used as cross-linking agents
can interconnect starch molecules between hydroxyl func-
tional groups in p-glucopylanose units by covalent bonding.
As aresult, swelling property was reduced; while, molecular
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weight and mechanical properties of cross-linked starch was
improved [Y, 10].

There have been many reports for di-carboxylic cross-
linked starch films, normally for intermediate amylose
starch. It was reported that water vapor barrier property of
potato starch film were improved as aconitic acid percent-
age increased from 0 to 10 wt%: whereas, tensile strength
decreased with 15 and 20 wt% [11]. Furthermore, degree
of swelling and solubility of MA-, SA-modified corn starch
films were lower than those of the native film [12]. Shen
et al. used CA, SA, MA and 1,2.3.4-butanetetracarboxylic
acid to modify corn starch films. It was found that the addi-
tion of the acids could improve tensile strain and permeabil-
ity properties of corn starch films because of the crosslink
sites that can interconnect the starch chains; simultaneously.
starch chain hydrolysis was also observed [13]. Moreover,
hydrophilicity of cross-linked potato starch was found to
decrease as the contents of malonic acid increased. The
increasing content of malonic acid also increased the extent
of esterification, cross-linking of potato starch film [9].
It was also mentioned that cross-linking by MA and CA
increased starch gelatinization temperature of wheat starch
film. Besides, water absorption of wheat starch decreased
when the contents of MA and CA increased [14]. Menzel
et al. found that potato starch film cross-linked with 30 pph
of CA were highly cross-linked, because film with 30% CA
presented highest molecular weight and lowest water solu-
bility [15].

To the best of our knowledge, there is no detailed study
on the effect of content of di-carboxylic acids: i.e. MA or
SA cross-linkers on properties of high amylose MBS film.
Both di-carboxylic acids of MA and SA contain the same
number of carbons atoms: however, MA contains 1 hydroxyl
but there is no hydroxyl group on SA structure. MA also
shows higher acidity than SA due to lower pKa, and pKa,
[16, 17]. Native and cross-linked MBS films with differ-
ent contents of MA and SA were characterized by Fourier
transform infrared spectroscopy (FT-IR), thermogravimetric
analysis (TGA), X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). Moreover, water vapor permeability
(WVP), swelling power, gel fraction, mechanical properties
and biodegradable properties by soil buried test of different
acid cross-linked MBS films were also examined.

Materials and Methods

MBS (60% amylopectin and 40% amylose) was obtained
from Chaopraya Phuchrai 1999 Co., Ltd. (Kamphaengphet,
Thailand). Glycerol (plasticizer) was obtained from Lab
System Co., Ltd. (Bangkok, Thailand). MA and SA (food
grade, Fig. 1) were provided by from Lab system, Co. Ltd.
(Bangkok, Thailand).

(@) 0

HO
OH

(b) 0

HO
OH

o)

Fig. 1 Chemical structures of a MA and b SA

Experimental
Preparation of MBS Films

To prepare MBS film. MBS was gelatinized by adding
7 g of starch and 2.1 g (30 wt%) glycerol to 70 ml of
distilled water. Either MA or SA with different contents
of 10%. 20% and 30% (based on the initial dry weight of
starch) were added. The solution was stirred consistently
for 45 min at 65 °C on a hot plate with a magnetic stirrer
(IKA, Germany). After cooling, MBS solution was casted
on a polypropylene plate and dried in a hot-air oven (Mem-
mert, Germany) for 10 h at 40 °C. The film was further
heated in the oven at 150 °C for 10 min for completed
cross-linking. The dried film was peeled off and kept in
a closed in a desiccator containing magnesium nitrate at
60% relative humidity (RH) before characterization.

Characterization of Films

FTIR Spectroscopic Study

A sample was characterized by FTIR using a spectrum in
transmission mode on a Spectrum 2000 GX spectrometer

(Perkin Elmer, USA) using KBr disk technique. Absorp-
tion spectrum was collected in the range from 4000 to

@ Springer
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400 cm™!, using 20 scans at a resolution of 6 cm™' while

corrected against the background spectrum.

Swelling Power

The swelling power of a film was investigated by using
a modified version of TG Dastidar et al. [9]. A film was
immersed in water at room temperature (235 °C) for 3 days.
The film was, then, taken out at the end of soaking period
and removed moisture on the surface and the weight of the
film was measured.

The swelling power was calculated using the following
formula

s — Wi x 100
W) (D

Swelling power =

where W, was the dry weight of MBS film and W, was the
weight of the film after immersed in water for 3 days.

Gel Fraction

To determine gel fraction, precisely 0.2 g of a film was
immersed in 5 mL DMSO under mild stirring for 24 h at
25 °C. After the treatment, DMSO was removed and the
residual starch film was thoroughly washed in water. The dry
weight of the sample after DMSO treatment was recorded
to calculate weight loss. The experiment was performed in
triplicate [9].

The gel fraction was calculated by using the following
equation:

M,-M,
Gel fraction = ——— x 100 (2)

b
where My, and M, were the dry weight and wet weight of the
film after immersed in DMSO for 24 h, respectively.

wvp

WVP of a film was carried out by ASTM method E96. The
film (about 0.2 mm thickness) was cut into circles, sealed
over the circular opening of cup and then stored in a desic-
cator at the temperature of 36 + 2 °C. WVP was determined
by the weight gain of the permeation specimen. After steady
state condition was reached, accurate weight was recorded.
WVP was examined by using the following Eq. 3:

W xx

WVP= ———
I XAXAP

X 100 3)
where W/t was the slope of system weight gain versus time
(g/day). x was the film thickness (mm), A was the area of
the exposed surface of the film (32.15 cm?) and AP = vapor
pressure difference, mm Hg (1.333 x 102 Pa).

@ Springer

XRD

Wide-angle X-ray diffraction analysis was performed for
a sample film. The sample was cut into approximately
30 mm x 30 mm rectangular shape and the measurement was
performed by a D8 Advance X-ray diffractometer (Bruker,
Madison, U.S.A) with CuKa wavelength of 1.542 A. Radia-
tion from the anode, operated at 40 kV and 35 mA. The dif-
fractometer was equipped with 1° divergence slit, a 16 mm
beam bask, a 0.2 mm receiving slit and a 1° scatter slit.
Degree of film crystallinity (Xc) was determined using the
method described by Chang et al. [18].

A
X — x 100

Bl (4)
where A_ was to the sum of the crystallised peak area above
the amorphous area and A, referred to the amorphous area
on the X-ray diffractogram,

SEM

Morphology of a film was using a scanning electron micro-
scope (FEL Quanta 250, USA). Each tested sample was
immersed into liquid nitrogen before fractured and, then,
vacuum coated with thin layer of gold to prevent electrical
charge.

Mechanical Properties

-A film was cut into rectangular piece of 100 mm x 10 mm.

The film thickness was approximately 0.4 mm. A film was
conditioned at 60 + 2% RH and at a temperature of 25 °C
before testing. Tensile properties of a film was characterized
using Universal Testing Machine (Lloyd Instrument, LR 5K,
West Sussex, UK) with a 100 N load cell, a gauge length of
50 mm and the crosshead speed was maintained at 40 mm/
min. Ten films were tested to obtain the averaged values.

Biodegradability

A film with the dimension of 100 mm x 10 mm was buried at
approximately 10 cm under the soil surface with 10% mois-
ture. The test was carried out over a period of 5 and 10 days
in the laboratory. After that, the sample was collected from
the pot, gently cleaned by brushing, tensile test of the soil-
buried sample was, then, examined.

TGA

Thermogravimetric (TGA) and derivative thermal gravimet-
ric (DTG) analyses of a film was scanned from 50 to 700 °C
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using a thermogravimetric analyzer (Perkin Elmer, Pyris
1. Massachusetts, USA) at a rate of 10 °C/min in nitrogen
atmosphere to characterize thermal stability and degradation
temperature,

Results and Discussions

Chemical structures of MBS cross-linked by MA and SA
is shown in Fig. 2. Either MA or SA can interconnect with
hydroxyl groups on p-glucopyranose ring presented in MBS
by forming ester bonds. Because of the presence of hydroxyl
groups in MA structure, carboxyl group on MA was more
difficult to react with hydroxyl groups on MBS molecules
due to steric effect as compared to SA with no hydroxyl
group. Furthermore, a simultaneous reaction to cross-link-
ing is hydrolysis of MBS chain due to high acidity of the
acids. Higher acidity of MA (pK,, and pK,, = 3.40 and
5.20, respectively) caused more efficient hydrolysis than
lower acidity of SA (pK,; and pK,, = 4.20 and 5.60, respec-
tively) [16, 17]. pH values of 6.5, 4.5 and 3.0 were found
for MBS solution without acid, with 30% SA and with 30%
MA, respectively.

Infrared Spectroscopy

Interaction between starch and acid cross-linker was ana-
lyzed by FTIR. FTIR spectra of different MBS films were
presented in Fig. 3. It can be observed that the peak positions
at 10801270 cm™" and 1000~1200 cm™" were attributed
to the gluco-pyranose ring O—C stretching vibrations [19].
Water adsorbed by MBS molecules was ascribed by the peak
position at 1640 cm™' [13, 20]. The O-H stretching appeared
as a very broad peak at 3500-3300 cm ™', while the aliphatic
C-H asymmetric stretching was observed as a sharp peak at

Fig.2 Chemical structure of
MBS cross-linked by MA and
SA

OH

HO 0

1) R = H (Succinic acid)

2) R = OH (Malic acid)

3000-2800 ¢cm ™' [21]. It can be seen that both of the cross-
linked MBS films with MA and SA showed similar IR peak
pattern. It should be noted that the presence of esterification,
allocated by the presence of carbonyl peak (1730 cm™) in
both MA- and SA- cross-linked MBS film, was observed.
Reddy et al. reported that cassava starch cross-linked with
CA also showed the presence of carbonyl peak in the FTIR
spectrum at around 1724 cm™' [22]. In addition, gradual
increase of intensity peak at 1730 cm™! was observed as the
contents of either MA or SA increased. This was suggested
that there were an increase in the number of ester bonds
formed with the increase contents of either MA or SA [9].

Swelling Power

The swelling power of native and different cross-linked MBS
films is presented in Fig. 4. Native MBS film presented the
highest in swelling power compared to those cross-linked
films due to hydrophilic nature of the native film. However,
the incorporation of different MA and SA contents caused
the decrease in the degree of swelling power due to the
increase in the ester bond formation, which decreased free
hydroxyl groups of MBS molecules. Moreover, degree of
swelling power of all cross-linked MBS films were greatly
reduced by MA- and SA- cross-linking:

Furthermore, it can be observed that MBS films cross-
linked by MA showed higher degree of swelling power
than that of SA, considering at the same acid content. The
result suggested that MBS film cross-linked with MA cre-
ated lower ester linkage. This could be because of lower pK,
value of MA, resulting in more hydrolysis of the glycosidic
linkages in MBS, leading to more hydrophilic character. In
addition, higher degree of swelling power of MBS film with
MA could also arise from steric hindrance by the present

...... 0 OH
OH

OH
OH

HO
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Fig.3 FT-IR spectra of MBS films cross-linked by different contents
of a MA and b SA

of hydroxyl group in MA, probably led to lower degree of
cross-linking.

As expected, cross-linked MBS film with either 30% MA
or SA exhibited the lowest swelling power due to the high-
est degree of esterification as confirmed by FT-IR spectra
in Fig. 3. Cross-linking strengthened MBS molecules and
decreased the penetration of water without disintegration,
similar to those reported by Colivet et al. [23, 24]. Generally,
crystalline structure of amylose in nature does not absorb
water [25]. As a result, MBS film has contributed to the low
degree of swelling due to its high amylose content. In addi-
tion, MBS film cross-linked by MA and SA showed lower
swelling power than malonic acid cross-linked potato starch
and cassava starch [9, 23].

@ Springer

Time (h)

Fig.4 Swelling power of different MBS films cross-linked by a MA
and b SA

Table 1 Gel fraction, WVTR and SA and degree of crystallinity of
MBS films cross-linked by MA and SA

Acid types  Acid Gel fraction ~ WVP (g/mm/ Degree of

contents in DMSO (%) kPa/day/m®) crystallinity
(%) (%)
0 0 4.43+£0.04 61.50+0.04
MA 10 38+0.05 3.62+0.07 50.75 +£0.02
20 79+0.03 258 +£0.03 48.08 +0.03
30 87+0.07 1.44 +0.06 46.42 + 0.02
SA 10 44+0.04 254 £0.03 5485+ 0.04
20 88+0.06 1.03 x0.07 5358 +0.03
30 93+0.03 056 +0.05 5273 +0.02
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Gel Fraction

Gel fraction of different MBS films is shown in Table 1.
Native MBS film was absolutely soluble in DMSO. How-
ever, gel fraction of different MBS films increased with
increasing contents of MA and SA. This could be associ-
ated with the increased content of cross-linking. Addition-
ally, cross-linked MBS film with 30% MA and SA presented
the highest gel fraction. This could be related to structural
modification by cross-linking that increased hydrophobicity.
Obviously, cross-linked MBS films by MA displayed lower
gel fraction than that by SA at equal percentage because of
more hydrolyzed MBS molecules. Moreover, steric effect of
both acids affected gel fraction. Because of more steric effect
of MA than that of SA, carboxyl groups on MA were more
difficult to react with hydroxyl groups on MBS molecules.
Therefore, SA showed higher degree of crosslinking and
gel fraction than those of MA. The highest gel fraction was
obtained from MBS film with 30% SA. In addition, MBS
film cross-linked by MA and SA showed higher gel fraction
than reported malonic acid cross-linked potato starch [9].

WVP

Table 1 also presents WVP of different cross-linked MBS
films. Water vapor easily permeated native MBS film with
the highest WVP. This was because the hydrophilicity of
native MBS structure. When MA and SA contents were var-
ied from 10 to 30%, WVP values slightly decreased. This
was because the formation of hydrophobic of ester bonds
via cross-linking that reduced the capacity of water vapor
transmission.

In addition, both MBS films cross-linked by 30% MA and
SA showed the lowest WVP, as compared with other acid
contents. This caused by more covalent network, generated
more hydrophobicity of the cross-linked MBS films. Seligra
et al. reported the similar results for the cross-linked cassava
starch film with CA due to cross-linking reaction [26].

Furthermore, MBS films cross-linked by SA showed
lower WVP values than those by MA at the same content.
This result should be related to more hydrophobicity and
cross-linking. The WVP result also related to degree of
swelling power (Fig. 4) and gel fraction (Table ). WVP of
cross-linked MBS films was lower than that of pea starch
and rice starch film cross-linked with CA, when compared
at the same humidity gradient [2].

XRD

Crystallinity of native and MBS cross-linked films by MA
and SA films are presented in Table |. Native MBS film
showed the highest degree of crystallinity compared to those
modified films. The addition of MA and SA resulted in the

decrease of degree of crystallinity, which was ascribed to
the replacement of hydroxyl group with di-carboxylic group
during cross-linking process [9]. Therefore, the cross-linked
MBS molecules cannot rearrange in crystal structures; this
prohibited the recrystallization of the MBS molecules.
Compared to native MBS film (61.50%). the relative crys-
tallinity of cross-linked MBS films (46.42-54.85%) tended
to decrease. According to Bruni et al. wheat starch cross-
linked by sodium trimetaphosphate reduced the formation
of crystalline regions in the wheat starch film [27].

In addition. the degree of crystallinity was lower in
MBS films cross-linked by MA than those by SA at similar
content. This was because of lower pK, values of MA that
enhanced hydrolysis, resulting in lower degree of crystal-
linity, compared to MBS films cross-linked by SA. Moreo-
ver, steric effect of MA caused lower degree of crystallinity.
Additionally, the difference in MA and SA contents affected
degree of crystallinity and also gel fraction. The increase of
MA and SA contents resulted in an increase of degree of
cross-linking. Hence, gel fractions of cross-linked films were
increased. However, concurrent reaction to cross-linking is
hydrolysis of MBS backbone chain. This was because acid-
ity of MA and SA in the system. The increase of acid con-
tents caused more starch hydrolysis. resulting in the decrease
in degree of crystallinity.

SEM

Morphology of different MBS starch films were evaluated
by SEM and the resulting images were shown in Fig. 5. The
cross-section micrograph (Fig. 5a) illustrated that rough sur-
face with starch some starch granules was observed in native
MBS film; however, cross-linked MBS films with MA and
SA showed homogeneous, smooth and continuous morphol-
ogy without pores and cracks. It should be noted that the
addition of MA and SA into MBS led to smoother structure
compared to the native MBS film. Similar result was also
observed for CA cross-linked corn starch film [22], Moreo-
ver, the different types and contents of acids also exhibited
the same phase morphology.

Mechanical Property

Mechanical properties of native and cross-linked MBS
films are presented in Fig. 6. Due to high amylose content
of MBS, high strength and stiffness of MBS film is expected.
It was observed that native MBS film showed high stress at
maximum load and Young’s modulus but low strain at maxi-
murm load. This is due to excessive hydrogen bonds among
MBS molecules. Amylose-rich MBS film was stronger than
other polysaccharide films, e.g. wheat starch, potato starch,
corn starch film [28].
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Fig.5 Fractured surfaces of different contents of cross-linked MBS films a native MBS, b 10% MA, ¢ 20% MA. d 30% MA. e 10% SA, f20% SA and g 30% SA
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On the contrary, cross-linked MBS films by either MA
or SA exhibited lower stress at maximum load (Fig. 6a) and
Young’s modulus (Fig. 6b) than native MBS film. Conse-
quently, strain at maximum load (Fig. 6¢) was significantly
increased, similar to that for aconitic acid cross-linked potato

starch film [11]. This could be because the acid cross-linker
reacted with hydroxyl groups in MBS molecules (Fig. 3) and
formed ester linkages. The mechanical property results also
confirmed the decrease of degree of crystallinity as shown
in Table 1.

Moreover, it can observed that MBS film cross-linked by
30% MA or SA showed lower stress at maximum load and
Young’s modulus than those by 10% and 20% cross-linked
by MA or SA. As a result, the increase in strain at maximum
load was obtained. This is because there is more an excess of
cross-linking bridges, resulting in lower chain stiffness and
higher extendibility. This result was also in agreement with
Reddy et al. who reported that high CA content caused by
excess cross-linking led to the decrease of tensile strength
[22):

Comparison between MA and SA, the results suggested
that MBS film cross-linked by SA illustrated higher stress
at maximum load and Young’s modulus: and subsequently,
lower strain at maximum load than that by MA. This is
because of higher degree of crystallinity in SA cross-linked
MBS film than MA cross-linked film as confirmed by XRD,
gel fraction and swelling power (Table 1: Fig. 4, respec-
tively). Moreover, higher acidity in MA resulting in more
hydrolyzed MBS molecules, led to lower tensile strength
than that in SA. Similar trends have been reported in corn
starch/PVA blend films cross-linked by MA and SA [12]. In
addition, stress at maximum load and Young's modulus of
cross-linked MBS film with MA and SA is comparative to
commercial LDPE film [29] and low-density polyethylene
based nanocomposite films [30].

Soil Burial Test

Mechanical properties of different cross-linked MBS films
by MA and SA after soil burial test were taken as stress at
maximum load, Young's modulus and strain at maximum
load of the films (Fig. 7). Mechanical properties of native
and cross-linked MBS film were found to decrease after soil
burial test. This could be due to the adsorption of moisture
from soil, so the degradation occurred by hydrolysis and also
microorganisms [31]. Interestingly, MBS films cross-linked
by MA and SA could also biodegrade, confirmed by the
decreased of tensile properties,

TGA

Figure 8 and Table 2 show TGA thermograms of different
MBS films cross-linked by 0-30% MA and SA. The first
step at about 70 °C being assigned to water evaporation
from MBS films, the second step at approximately 180 °C
related to glycerol plasticizer degradation [10]. The third
peak around 290 °C due to the decomposition of hydrolyzed
MBS [11]. The main degradation step at about 300 °C was
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due to thermal degradation of starch backbone [10] and the
fifth step at around 370 °C was observed for degradation of
cross-linked MBS [11].

It was found that, the main degradation step (step 4) of
different cross-linked MBS films increased clearly, com-
pared to native MBS film. It implies that the addition of

@ Springer

different MA and SA could improve thermal degradation
temperature because cross-linking could strengthen MBS
backbone chains and created strong linkages: therefore,
enhance thermal degradation temperature of cross-linked
MBS films.
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Table2 Decomposition Samples Acid Thermal decomposition temperature (°C) Residues (%)
temperatures and percentage conterits
weight losses of different cross- % Step 1 (°C)  Step 2(°C) Step3(°C) Stepd4(°C) Step5(°C) 600 °C
linked mung bean starch films i
obtained from TG and DTG 0 ForE 172.4 _ 301.4 _ 0
thermegrans 10 74.1 185.3 2728 308.4 365.3 5.2
MA 20 68.2 186.2 274.5 309.8 3704 8.4
30 70.7 183.6 2T Ll 3119 373.8 10.1
10 63.5 184.4 - 311.6 370.2 6.5
SA 20 68.1 184.1 - 3132 376.1 9.5
30 74.3 187.9 - 315.8 377.8 15.2

Furthermore, the cross-linked MBS films by MA and
SA exhibited higher residual weight percentage than native
MBS film. It should be suggested that the residual weight
percentage increased as the MA and SA contents increased
which could be also ascribed to formation of strong cross-
linkages between the acids and MBS chains.

Moreover, the degradation temperature and the resid-
ual weight percentage for MBS film cross-linked by SA

was higher than that of MA at the same content. This was
because SA acted as a strong cross-linker and formed the
strongest film network as compared to MBS film cross-
linked by MA at the same content. Thermal properties
agreed with the results of swelling power (Fig. 4) and gel
fraction (Table 1). Similar result was also reported for aco-
nitic acid cross-linked potato starch film [11].
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Conclusions

In this study, high amylose MBS film was successfully pre-
pared and cross-linked by MA and SA. All cross-linked
MBS films exhibited new ester bond formation observed by
FTIR spectra. MA and SA also effectively decreased swell-
ing power, WVP and degree of crystallinity but increased
gel fraction of the cross-linked MBS films. In addition, MBS
films with SA showed lower swelling power and WVP than
those with MA at same acid content. Smooth fractured sur-
face was noticed for different MBS films cross-linked by MA
and SA. Moreover, both MA- and SA- modified MBS films
showed the improvement of extendibility. All the MBS films
also exhibited the capability to degrade after soil burial test.
Furthermore, cross-linked MBS films showed higher ther-
mal degradation temperature and higher residual weight per-
centage as compared to native MBS film. From this study.
MBS film with 30% SA presented extendibility of film and
highest gel fraction, lowest degree of swelling power and
WVP value.
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Development, modification and
characterization of new biodegradable film
from basil seed (Ocimum basilicum L.) mucilage

Naruenart Thessrimuang?® and Jutarat Prachayawarakorn®?”:

Abstract

BACKGROUND: Biodegradable films from basil seed mucilage (BSM) were formed and modified with several di-carboxylic acid
crosslinkers; i.e. tartaric acid (TA), malicacid (MA) and succinic acid (SA) with varying acidity and chemical structures, to enhance
mechanical properties and water barrier ability. Basil seeds have a reasonable mucilage content and valuable properties; thus,
it has the potential to develop valuable new biodegradable films.

RESULT: We characterized BSM films with the three crosslinkers using Fourier-transform infrared (FTIR) spectra and observed a
1730 cm~' C=0 stretching peak, which confirmed ester linkage between the mucilage and crosslinkers. The crosslinked films
showed higher gel fraction than native films, The crosslinked films showed better swelling and water vapor permeability with SA
than with TA and MA. Crosslinking led to significant improvement in strain at maximum load. Further, the stress maximum load
was comparable to that of commercial low-density polyethylene (LDPE) film. Crosslinked films showed additional homogeneous
morphology and an increase in thermal degradation temperatures.

CONCLUSION: Crosslinking with dicarboxylic acids improved all the key properties of BSM films, including excellent stress
and strain at maximum load, improved barrier capability and thermal properties. Thus, these films showed good potential
as biodegradable films, especially for food packaging.

© 2019 Society of Chemical Industry

Keywords: basil seed mucilage; biodegradable film; crosslinking; polysaccharide
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INTRODUCTION

In recent years, bicdegradable films have been studied extensively
driven by a demand for inexpensive, non-toxic and biodegradable
films. Biodegradable films commonly are derived from polysaccha-

In general, bio-based films show low stability and poor mechan-
ical properties and crosslinking has been used to improve their
functional properties.'™ However, some crosslinkers, such as
boric acid, epichlorohydrin and glutaraldehyde, are expensive and

9

toxic to humans.'” Therefore, natural crosslinkers, such as tar-

rides and proteins and there is considerable interest in finding new
renewable resources for forming bio-based films.!

Basil seed (Ocimum basilicun L.) is a novel mucilaginous polysac-
charide, which is grown in various regions of Asia, Africa, Amer-
ica and Europe.” Basil is an aromatic herb that is used extensively
to add a distinctive aroma and flavor to food. The leaves can be
used fresh or dried for use as a spice. Essential oils extracted from
fresh leaves and flowers can be used as additives in food, phar-
maceuticals and cosmetics.? Basil seed mucilage (BSM) is an acidic
polysaccharide, which has an uronic acid content of approximately
7%. Uronic acid has two major components of glucomannan (43%)
and (1,4)-linked xylan (24%) and a minor fraction of glucan {2.3%).
Compared with other polysaccharides, BSM is an interesting mate-
rial and it has attractive advantages, such as low production cost,
biocompatibility, biodegradability and goed rheological proper-
ties, which are factors that enable it to have excellent potentiality
as a film-forming agent.” Basil seed contains a large quantity of
mucilage with good functional properties.® BSM has been used as
a stabilizing and thickening ingredient in food systems.” BSM has
shown potential for removing chromium?® and as a pharmaceutical
excipient.® Khazaei et al. also showed that BSM could produce films
with good appearance and satisfactory mechanical properties.

taric acid (TA), malic acid (MA) and succinic acid (SA), are pre-
ferred. These are natural organic acids, present, in vegetables and
fruits, synthesized during fermentation by microorganisms. They
can be produced in large quantities, by biotechnological tech-
nigues, and can be used to modify polysaccharides.”? The two
carboxylic acid groups can produce chemical bridges between
hydroxyl groups of the polysaccharide molecules. Crosslinking
can reduce hydrophilicity of polysaccharides, improve water vapor
permeability (WVP), mechanical and also thermal properties.'*-'¢

Olsson etal. observed that the potato starch film, with 30 pph
citric acid (CA) added, led to a significant reduction in equilibrium
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Mongkut’s institute of Technology Ladkrabang (KMITL), Bangkak, Thailand.
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Figure 1. Chemical structures of tartaric acid (TA), malic acid (MA} and
succinic acid (SA).

moisture content, diffusion coefficient and WVP at high relative
humidity (RH) which suggested that crosslinking occurred.’” Fur-
thermore, scanning electron microscopy (SEM) images showed
that ascorbic acid (AsA) reduced the interfacial tension between
the potato starch and polyvinyl alcohol (PVA) blended films,
resulting in more homogeneous morphology: swelling of the
blended film decreased when AsA content was increased.’®
CA-modified thermoplastic pea starch improved water vapor
barrier properties.” Shen etal. reported that corn starch film
crosslinked with CA, MA, SA and 1,23 4-butanetetracarboxylic
acid showed enhanced tensile strain.*® The degree of swelling
and solubility of aconitic acid crosslinked potato starch films
was lower than that of the native film.?" Another report showed
that adipic acid, as a crosslinking agent, enhanced gel fraction of
chitosan/corn cob compoasite films.*

We developed a new biodegradable film from BSM and studied
the effect of steric hindrance of hydroxyl (OH) groups in chemical
structures of di-carboxylic acids; i.e. TA, MA and SA on properties
of BSM films. Native and crosslinked BSM films with TA, MA and
SA were characterized by Fourier-transform infrared spectroscopy
(FTIR), SEM, X-ray diffraction (XRD} and thermogravimetric analysis
(TGA). Furthermore, WVP, swelling ability and gel fraction of differ-
ent BSM films were also examined.

MATERIALS AND METHODS

Materials

Basil seeds were obtained from Thai Baan Rai Co. Ltd (Bangkok,
Thailand). Glycerol was obtained from Lab System Co. Ltd
(Bangkok, Thailand). TA, MA and SA (food grade, Fig. 1) were
obtained from Lab System Co. Ltd.

Mucilage extraction procedure

The mucilage was extracted using a modification of Beigomi
etal’s method.?® About 50 g of basil seeds were first washed to
remove all dust and dirt. The seeds were immersed in distilled
water at a ratio of 1:50 (seeds/distilled water) for 2 h at room
temperature. After that, the swollen seeds were stirred with a rod
paddle blender (IKA, Konigswinter, Germany) at 71xg for 10 min
to scrub the mucilage layer off the seed surface. The mucilage was
separated from the seeds by filtering the swollen seeds through
cheesecloth to remove the remaining small seed particles, and
then centrifuged (Universal320, Hettich, Salford, UK) at 4200xg for

wileyonlinelibrary.com/jsfa
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5 min to remove seed residue. Mucilage was separately prepared
for each experiment to ensure freshness.

Preparation of BSM films

To prepare BSM film, 70 g of mucilage obtained from previous
extraction was mixed with 30 g kg~ {based on BSM weight) glyc-
erol as a plasticizer. TA, MA and SA (30 gkg™', based on the initial
weight of BSM) were then added. The solution was stirred contin-
uously for 45 min at 60 °C. BSM was cast by pouring the mixture
onto a polypropylene plate and dried in a hot-air oven (Memmert,
Schwabach, Germany) for 10 h at 40 °C. The BSM film was further
heated in the oven at 150 °C for 10 min to complete crosslinking.
The dried BSM film was peeled off and stored in desiccators, con-
taining a saturated solution of magnesium nitrate (60 + 2% RH) for
48 h, before characterization.

FTIR spectroscopic study

FTIR spectra were scanned in transmission mode on a Spectrum
2000 GX spectrometer (Perkin Elmer, Waltham, MA, USA) using KBr
disks. Normally, 20 scans averaged for each spectrum at a resolu-
tion of 6 ¢cm~'. The absorption spectrum was baseline-corrected
from 4000 to 400 em ™",

Swelling ability
A film (30 % 30 mm?) was dried at 105°C for 2 h and immersed in
distilled water at room temperature for 3 days. Film swelling was
determined following Dastidar et al.?’ The wet film was weighed
after removing water from the surface of the film with blotting
paper. :

Swelling was calculated as:

W, — W
Swelling ability = % % 100 (M

1
where W, was the original weight of the sample and W, was the
weight of the film after immersed in water for 3 days.

Gel fraction

To determine gel fraction, 0.2 g of BSM film was soaked in 25 mL

dimethyl sulfoxide (DMSQ) and stirred for 24 h at 25°C.2* Then,

residual BSM film was washed thoroughly with water and dried at

70 °C. The gel fraction was

Mg - Mh

— % 100 (2)
Mtz

Gel fraction =

where M, is the dry and M, the wet weight of the film immersed
in DMSO for 24 h.

Water vapor permeability (WVP)

Film WVP was determined following Qin et al.** Circular test cups
containing desiccant (0% RH) were sealed with film (effective film
area ~0.0036 m?). The film was stored in a desiccator maintained
at 75% RH with saturated sodium chloride. Water-vapor transport
was determined from the weight gain:

W x x

FE i . 3
txAXAP 3)

where W/t was the slope of system weight gain versus time (in
gd~'), x was the film thickness (in millimeters), A was the area of
the exposed film surface (3220 mm?) and AP the vapor pressure
difference (1.333 x 10° Pa).

J Sci Food Agric (2019)
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Figure 2. Chemical structure of basil seed mucilage (BSM) crosslinked by tartaric acid (TA), malic acid (MA) or succinic acid (SA).

pka : Swelilng i S Gel fraction in WVP Degree of
Samples pKa, pKas 1h 5h 72h dimethyl sulfoxide (%) {gmmm~2d~! kPa~!) crystallinity (%)
BSM - - 312 355 364 0 3.38+0.07 46.5 + 0.09
+TA 2.89 4.40 223 246 251 77 +0.05 2.69 + 0.06 28,0+ 0.06
+MA 3.40 5.20 208 226 239 92 +0.04 1.62 +0.03 343 +0.03
+5SA 4.20 560 174 187 193 97 +0.02 1.04 + 0.05 409+ 0.05

X-Ray diffraction (XRD)

Wide-angle XRD spectra were recorded with a D8 Advance X-ray
diffractometer (Bruker, Madison, WI, USA) with 1.542 A CuKa radi-
ation. A sample was cut into ~30 x 30 mm? rectangles with a
smooth surface.

The degree of crystallinity (X_) was determined from:

x 100 {4)

[
COAAHA,
where A_ is the integrated area of the crystal peak above the
amorphous area and A, is the amorphous area on the X-ray
diffractogram,

Scanning electron microscopy (SEM)

The cross-sectional morphology of the film was studied by SEM
(Quanta 250, FEl company, Oregon, USA). The film was fractured in
liquid nitrogen and sputtered with a thin layer of gold to prevent
electrical charge accumulation.

1 SciFood Agric (2019)
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Mechanical properties

Mechanical properties of a film were determined by tensile testing,
using a Universal Testing Machine (Lloyd Instrument, LR 5K, Bog-
nor Regis, UK). The film was cut in rectangular 100 mm x 15 mm
strips and preconditioned for 24 h at 25 °C and 60 + 2% RH. The
deformation was recorded at a crosshead speed at 40 mm min~'
and a 50mm gauge length. Averages were calculated from 10
replicates of each sample.

Biodegradability

A film was cutinto 100 mm x 10 mm strips and buried at ~100 mm
depth in soil with 10% moisture for a period 5-10 days in the
laboratory, then tested for tensile properties.

Thermogravimetric analysis (TGA)

TGA and derivative thermogravimetry (DTG) analyses used a ther-
mogravimetric analyzer (Perkin Elmer, Pyris 1). Films were scanned
from 50°C to 700°Cat 2 10 *Cmin~" in a nitrogen atmosphere to
characterize thermal stability and degradation temperature.

wileyonlinelibrary.com/jsfa
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RESULTS AND DISCUSSION

The chemical structure of BSM crosslinked by TA, MA and SA films is
presented in Fig. 2. The dicarboxylic acids (TA, MA or SA) can react
with the hydroxyl groups of BSM via esterification. Because of the
steric hindrance of two hydroxyl groups of TA and one hydroxyl
group of MA, the TA or MA carboxyl groups could not link to the
BSM hydroxyl groups as easily as SA which lacks a hydroxyl group,
50 as the number of hydroxyl groups increased, steric hindrance
of the crosslinkers also increased. Further, both esterification and
acid hydrolysis of BSM backbone chain occur. The acidity of the
crosslinkers increased in the sequence of TA > MA > SA. Solution
pH values were SA 4.0, MA 3.0, TA 2.5 and native BSM 4.5. The pKa
values of TA, MA and SA are presented in Table 1.

FTIR

FTIR spectra of various BSM films crosslinked with differ-
ent crosslinkers are shown in Fig.3. The peak positions,
3300-3500cm™', were attributed to hydroxyl group O—H
stretching and 2800-3000cm™' to CH, group C—H stretching.”
The 1600 cm™" peak was assigned to carboxylic group asym-
metric stretching. The 1080-1270cm™" and 1000-2000cm™’
peaks were assigned to C—O bonds of the saccharide unit.?’
Note that carboxylic group symmetric stretching, appeared
at 1400 cm™', reflecting the presence of uronic acid in BSM
polysaccharides.”® Several BSM films presented similar IR peak
patterns. However, a new sharp peak in the crosslinked BSM films
appeared at 1730 cm™', This was the carbonyl peak from the ester
links between acids and BSM molecules, Similarly, Reddy and
Yang reported a carbonyl peak at ~1730cm™" in cassava starch
crosslinked with CA.%

Swelling ability and gel fraction
Table 1 shows swelling versus time for native and crosslinked BSM
films. Native BSM film showed the highest swelling due to its
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Figure 3. FTIR spectra of basil seed mucilage (BSM) films crosslinked by
tartaric acid (TA), malic acid (MA) and succinic acid (SA).

hydrophilic nature. The polysaccharides of BSM directly affected its
absorption, since it contains both uronic acid and polyelectrolyte
structures. However, adding crosslinkers reduced the swelling,
because the crosslinks used the OH groups and reduced the
hydrophilic nature of the backbone, thus crosslinking significantly
decreased absorption of water and consequent swelling.

Swelling with crosslinked TA was the highest, followed by MA
and SA: the higher acidity of TA led to more extensive hydrol-
ysis and a more hydrophilic property, compared to MA and SA.
Further, the two hydraxyl groups of TA easily bonded with H,0,
enhancing hydrophilic properties. From Table 1, we see that BSM
film, crosslinked by SA, had a lower swelling than MA, signify-
ing a higher degree of crosslinking. As the number of crosslinks

Figure 4. Chemical structure of basil seed mucilage (BSM) crosslinked by tartaric acid (TA), malic acid (MA) or succinic acid (SA).
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Figure 5. Mechanical properties of basil seed mucilage (BSM) films crosslinked with tartaric acid (TA), malic acid (MA) and succinic acid (SA).

' Table2. Film properties
Stress at maximum Strain at maximum Gel

Samples WVP load {(MPa) load (%) fraction (%} References

Crosslinked basil seed mucilage (BSM) film with 1.04 £ 0.05 154+1.02 56.6+1.2 97 +£0.02 This work
succinic acid

Starch/pely vinyl alcohol (PVA) with ZnO L\ 6.7 0.26 N/A 4

Starch/PVA with epichlorchydrin - 6 0.46 N/A i

Starch/PVA with borax - R, 0.08 N/A 4

Starch/PVA with formaldehyde - 6.5 Q.2 N/A "

PVA/xylan composite film with citric acid (CA) 2.48 7.6 355 N/A i

CA modified granular pea starch/thermoplastic 26 N/A N/A - 19
pea starch

CA modified granular rice starch/thermoplastic 2 N/A N/A A 19
rice starch

Corn starch film with CA + sodium hypophosphate = 2683 +4.39 4,35 +1.49 - 20
as catalyst

Potato starch film with aconitic acid - 1.25 101.7 N/A 21

Chitosan/corn corb composite film with - 46.9+ 0.9 82404 7964427 2
epichlorohydrin

Chitosan/corn corb composite film with adipic - 3714201 1218 +0.3 71.69+28 2
acid

Chitosan/corn corb composite film with = 420+16 7.7+02 = 2
glutaraldehyde

Potato starch film with malonic acid + sodium - 23.7 1.58 81 2
hypophosphite as catalyst

Corn starch film with CA N/A 7 N/A N/A 2r

Sesame protein film with CA N/A 6.56 +0.30 2.56 +0.05 - 52

Sesame protein film with succinic acid N/A 7.03+0.15 1.39+0.34 = 2

Sesame protein film with malic acid N/A 579+ 045 4.76 +0.25 - 32

Low-density polyethylene (LDPE) N/A 12.8+0.53 156+ 4.6 - S0

LDPE/organo medified montmoriflonite (OMMT) N/A 13.3+0.83 1545+ 46 - 30

LDPE/OMMT/LLDPE-grafted maleic anhydride N/A 10.2+071 135.1+5.07 - 30
(MA)

LDPE/OMMT/natural rubber (ENR} N/A 7.8 155 - 50

LDPE/OMMT/LLDPE-g-MA/ENR N/A g 160 = 20

Carbon nanotubes (NTs}/LDPE nanocomposite film = 9.5 - - B

Halloysite NT/LDPE nanocomposite film - 8.5 - - #

Titania NT/LDPE nanocomposite film - 8 - - L

N/A, not available; WVP, water vapor permeability.

15ci Food Agric (2019) © 2019 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Figure 6. Mechanical properties after biodegradation in soil of basil seed mucilage (BSM) films crosslinked by tartaric acid (TA), malic acid (MA) and succinic
acid (SA): (a) stress at maximum load, (b) Young’s modulus and (c) strain at maximum load.
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Figure 7. (a) Thermogravimetric analysis (TGA! and {b) derivative thermogravimetry (DTG) thermograms of basil seed mucilage (BSM) films crosslinked

by tartaric acid (TA}, malic acid (MA) and succinic acid {SA).

increased, the film became more resistant to water, Crosslinking
strengthened BSM polymers prevented absorption of water and
reduced disintegration. This trend is consistent with the report of
Dastidar and Netravali, who crosslinked potato and cassava starch
with CA?* The gel fraction measurements in Table 1 follow the
same pattern for the same reason. Gel fraction for the crosslinked
BSM film (97%) was clearly higher than those reported forthe other
bio-based films, which ranged from 71 to 81%.%7

Wvp

WVP for native and crosslinked BSM films is also shown in Table 1.
The highest WVP was observed for the native BSM film, due to the
abundance of hydroxyl groups in the polysaccharide molecules.
All the crosslinked films showed lower WVP than native BSM film.
The formation of a dense networked structure after crosslinking
inhibits absorption of water and also restricts the movement of
molecules, causing the difficulty for diffusion of water and lower
vapor permeability,

Moreover, WVP of BSM film with SA tended to be the lowest,
followed by MA and TA crosslinked BSM films because the tight
ester bond formation after crosslinking extremely reduced water
penetration. This agreed with Olsson et al. who reported that CA
crosslinked potato starch film improved water vapor barrier of

wileyonlinelibrary.com/jsfa
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film.!” WVP value of the crosslinked BSM film in this study was
evidently lower than cther bio-based films, which were ranged
from2to2.6gmmm™=d-' kPa~'.!"1®

XRD

Crystallinity of native and various BSM films crosslinked by TA,
MA and SA are also illustrated in Table 1. Crosslinked BSM film
showed the reduction of degree of crystallinity compared to the
native BSM film. After the crosslinking process, hydroxyl groups
of BSM structure were replaced by C=0 groups; therefore, the
crosslinked BSM molecules could retard the re-association of the
polysaccharide chains and prevent the recrystallization of the
crosslinked BSM molecules, According to Dastidar and Netravali,
the formation of crystal structures of potato and cassava starch
films decreased after crosslinking with malonic acid.?*

Moreover, degree of crystallinity values of different crosslinked
BSM films were ranked as TA < MA < SA. The result also indicated
that the highest acidity of TA enhanced hydrolysis BSM backbone
chain, resulting in the lowest degree of crystallinity, as compared
to BSM film crosslinked by MA and SA. In addition, the steric effect
of TA caused the lowest degree of crystallinity. However, BSM
film crosslinked by SA showed the highest degree of crystallinity
because of the lowest acidity and steric hindrance of SA. In spite

J Sci Food Agric (2019)
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'thermograv;memc ami derivative zhermograwmetry thermograms b i i i

Thermal decomposition temperature {°C)

Residues (%)
Samples Acid contents (%) Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 600°C
4] 726 1724 - 3054 = 0
Tartaric acid (TA} 30 98.8 187.7 2604 3126 3735 10.4
Malic acid (MA) 30 70.7 189.6 262.8 317.2 381.4 1.9
Succinic acid (SA) 30 74.3 188.7 2647 3252 387.9 16.4

of the decrease in degree of crystallinity of crosslinked BSM films,
the degree of crystallinity was still higher than that of bio-based
films.?"2?

SEM

SEM images of native and crosslinked BSM films are shown in Fig. 4.
The cross-section micrograph of the native film (Fig. 4(a)) displayed
a rough surface. However, the crosslinked films (Fig. 4(b-d)) illus-
trated homogenous and continuous morphology without pores
or cracks, We ascribe this to crosslinking interactions between the
BSM hydroxyl groups and functional groups in the crosslinkers.
Furthermore, the homogencus and continuous morphology of the
crosslinked film was assisted by the partial chain scission from the
acid hydrolysis reaction. No marked difference can be seen in the
films with TA, MA and SA.

Mechanical properties

Mechanical properties of native and crosslinked BSM films are
displayed in Fig. 5. The uronic acid functicnal group has a strong
affinity for water, allowing BSM films to easily form hydrogen
bonds and retain water. Therefore, BSM films showed excellent
strain at maximum load compared with other starch films, 42224

It can be observed that native BSM film presented the highest
stress at maximum load and Young's modulus but lowest strain at
maximum load. Excessive hydrogen bonds in the BSM molecules
caused strong cohesive energy density.

However, crosslinked BSM films presented lower stress at max-
imum load and Young's modulus than the native film. Con-
sequently, the strain at maximum load was increased. Higher
extendibility was attributed to numerous crosslinks between side
chains. This correlated with the decrease of degree of crystallinity
presented in Table 1. Reddy and Yang reported similar results with
CA crosslinked corn starch films.”” Films exhibiting good exten-
sibility are sought for food packaging applications, where the
greater flexibility is desired.

Moreover, BSM film with TA demonstrated lower stress at max-
imum load and Young’s modulus than the others. Strain at maxi-
mum lead was correspondingly increased. The higher acidity of TA
caused excessive hydrolysis of the polysaccharide chains: shorter
chains are usually associated with low stress at maximum load and
Young's modulus but higher strain at maximum load of the BSM
film. Furthermore, this is consistent with the degree of crystallinity
(Table 1). The lowest degree of crystallinity of film with TA resulted
in the lowest stress at maximum load and Young's modulus, but
showed the highest strain at maximum load. BSM film showed
noticeable stress at maximum load, comparable with low-density
polyethylene (LDPE) film, as seen in Table 2.3%7 Moreover, BSM
films exhibited excellent strain at maximum load relative to other
bio-based films and protein films,416.20-22.2427,30-32
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Soil burial test

In the soil burial test (Fig. 6), we compared mechanical properties
before and after degradation for native and crosslinked BSM films.
After burial, there was a significant drop in tensile properties for
all samples. The absorption of moisture from the soil during burial
and also microorganisms led to this reduction.*? Moreover, it was
observed that all crosslinked BSM films would biodegrade, result-
ing in decreased tensile properties. TA crosslinked films showed
the lowest strength and elasticity, i.e. they were more strongly
degraded in the soil, due to acid hydrolysis.

TGA

TGA and DTG thermograms of native and crosslinked BSM films
are shown in Fig. 7 and Table 3. The first step corresponded to
water evaporation which occurred at ~100 °C; the secand step at
~180 °C was associated with the degradation of the glycerol-rich
phase. In addition, all crosslinked BSM films showed a third step
from 260 °C, due to decomposition of hydrolyzed BSM molecules,
thus reducing the molecular weight and thermal resistance of the
film (Fig. 7 and Table 3).2'

The main degradation step at 300°C was assigned to ther-
mal degradation of the saccharide backbone.?” A further thermal
degradation step for crosslinked film was observed at 370 °C.2'
This was attributed to the increased thermal degradation corre-
sponding to breaking of the stronger ester bonds between the
acids and BSM chains.

The temperature of the main degradation step (step 4) of
crosslinked films increased significantly, compared to the native
film. The TA, MA and SA enhanced intermolecular interactions
between the BSM backbone chains by crosslinking, with strong
covalent bonds, resulting in a higher thermal degradation temper-
ature of the crosslinked films.

Crosslinked films also showed higher thermal degradation and
higher char residue than the native films, explained by the effect
of crosslinking between the acids and BSM chains. It should be
noted that SA crosslinked films showed the highest residual weight
percentage and a higher thermal degradation temperature than
the others. With the lowest steric hindrance, SA created the highest
degree of crasslinking.

CONCLUSION

Biodegradable BSM film was successfully prepared and crosslinked
by TA, MA and SA. All crosslinked BSM films showed new ester
bond formation, observed in FTIR spectra. After crosslinking,
swelling, WVP and degree of crystaliinity of BSM film were sig-
nificantly decreased and gel fraction clearly increased. BSM films
with SA showed the lowest swelling and WVP and the high-
est gel fraction compared to TA and MA. SEM images showed
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that the crosslinked films were smoother than the native film. In
addition, all the crosslinked films showed enhanced extendibil-
ity and thermal properties were improved by crosslinking. As a
crosslinker, SA showed the lowest water permeability and swelling
ability, the highest gel fraction and extendibility.
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