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ABSTRACT

The native rice starch (RS) (Thai Flower brandnélwere prepared
by casting on leveled trays. The mechanical progsednd water vapor permeability
as well as thermal properties of RS films reinfareeth 125, 177, 250 and 420 um at
10 20 30 and 40 wt. % of starch were investigalér tensile strength (TS), water
vapor permeability (WVP) and thermal properties RE films increased with
increasing palm pressed fibers (PPF) content wheeéangation at breake)( and
transparent decreased. Comparing with the same ranodlPPF reinforced the RS
films, the results demonstrated that addition oD 42m of PPF showed better
properties including mechanical and thermal properas well as physical properties
than 125, 177 and 250 um. The RS films reinforceth wifferent fiber surface
treatments and content of treated PPF were inastig Higher TS, WVP, water
uptake and thermal properties of RS films were iabthas treated fiber was applied.
Comparing between the alkaline treatment and siteesment for the fiber on RS
films properties, the TS of RS film reinforced witikaline treated PPF showed
higher than RS film reinforced with silane treatadt lower in WVP, water uptake
and thermal properties. Increasing concentratiosilahe coupling agents and content
of treated PPF resulted in increased TS, WVP andnugtake but decreasedThe
thermal properties behavior of RS films reinforceih treated and untreated PPF
were investigated by means of dynamic mechanicaintbhl analyzer (DMTA),
differential scanning calorimeter (DSC) and themgnavimetric analyzer (TGA). The
glass transition temperaturegfshifted towards higher temperatures with incregsi
concentration of silane coupling agents, which bamrestriction of the mobility of
starch chain due to the establishment of strongractions between RS and treated

PPF. The maximum improvement in the mechanicaltaadnal properties obtained

\Y



for at 40% of glysidoxy propyltrimethoxy silane dted PPF/RS films. These results
pointed out that the interfacial interactions immd the filler compatibility,
mechanical and thermal properties.

Crystalline cellulose (CC) was prepared by acidrblysis and having
an average length about 9D®51 nm, the crystallinity value was estimated as
94.60%. The TS, thermal properties and crystajliviélue (%) of the RS films
increased but decreasedsinWVP and water uptake when increasing the CCrdille
content. The morphology of the existence of CChm ttice starch film can be easily
observed in the composite films. When more than 209%C was used, the larger
agglomerates were observed. The EMC of the purefiREshowed the highest
moisture content. When the fillers were added th®oRS films, the moisture content
at EMC was decreased. The TS of the RS films dsetkas the relative humidity

increased, by the reason of the starch is strosgtgitive to the moisture content.
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CHAPTER1
INTRODUCTION

The improper disposition of the enormous volume petroleum-
derived plastics in the environmental has led teirenment pollution and raised
much interest in edible and biodegradable filmsmfronature polymers, the
biodegradable and renewable resources (Lawton,; FASGmaret al., 2000). Usually
biodegradable and edible films include lipids, pna$ and carbohydrates such as
cellulose, starch and there derivatives in theimidation (Rodriguezt al., 2006).
Starch is one of the most studied and promising meterials for the production of
biodegradable plastics, which is a natural renegvabkbohydrate polymer obtained
from a great variety of crops. Starch is a low awositerial in comparison to most
synthetic plastics and is readily available. Stdrak been investigated widely for the
potential manufacture of products such as wateredé®lpouches for detergents and
insecticides, flushable liners and bags, and meédleavery systems and devices
(Fishmaret al., 2000).

Rice is the most widely consumed basic food inwloeld. Each year
over 500 million tons of rice is harvested, promgisustenance to many countries and
people throughout the world. The unique propertiesice starches are found in its
many varieties (Bourtoom and Chinnan, 2008). Riaech and its major components,
amylose and amylopectin are biopolymers, whicha#tractive raw materials for used
as barriers in packaging materials. They have hesu to produce biodegradable
films to partially or entirely replace plastic polgrs because of its low cost and
renewability, as well as possessing good mechamicgberties (Xuet al., 2005).
However, compared to the common thermoplasticsldgadable products based on
starch (Lourdiret al., 1995; Arvanitoyannis and Biliaderis, 1997; Garetial., 1999;
Mali and Grossmann, 2003), unfortunately, stilleaavmany disadvantages such as
low mechanical properties and efficient barrier iagalow polarity compounds
(Kester and Fennema, 1986). The disadvantages ymattributed to the highly
hydrophilic character of starch polymers (Santayaand Wootthikanokkhan, 2003).
To cope with these problems while preserveringdibeegradability of the materials,



one approach is the use of fibers as reinforcefoerstarch (Maet al., 2008). Natural
fiber-reinforced composites have many advantagek as light weight, reasonable
strength and stiffness, renewable and biodegradgblemir et al., 2006;
Kunanopparatt al., 2008). Various types of fillers have been testechsas potato
pulp based microfibrils (Dufresne and Vignon, 19B8fresneset al., 2000), bleached
leaf wood fibers (Funkest al., 1998; Averous and Boquillon, 2004), bleached
eucalyptus pulp fibers (Curvek al., 2001), wood pulp (De Carvalhat al., 2002),
softwood aspen (Lovet al., 2007), Jute, Hemp and flax fibers (Wollerdorfedan
Bader, 1998; Soykeabkaestral., 2004; Parket al., 2006) tunicin whiskers (Angles
and Dufresne, 2000; Angles and Dufresne, 2001)anpalm fibers (Sreekala and
Thomas, 2003).

Oil palm empty fruit bunches are obtained after ¢léraction of oil
from the seeds. Many million tons of empty fruitnbhes are produced annually
throughout the world, as an industrial waste bydihenills, and left unutilized. This
creates a good habitat for insects and pests,therausing severe environmental
problems. Therefore, the utilization of this fibas reinforcement in plastics has
economical as well as ecological importance (Rozetaad., 1996; Agrawalet al.,
2000).

New natural fiber or wood-based composites aregodeveloped that
could benefit from a thorough and fundamental ustdeding of the fiber surface.
These products may require new adhesive systemmsatth their full commercial
potential. A better understanding of natural or Wdiber surface and adhesive
bonding is necessary. The natural fiber or woodaseris a complex heterogeneous
polymer composed of cellulose, hemicellulose agditi. The surface is influenced
by polymer morphology, extractive chemicals andcpssing conditions (Bledzki and
Gassan, 1999). Chemical treatment of cellulosicemas usually changes the
physical and chemical structure of the fiber byctieg with the OH group of the
cellulose. There are reports that chemically tebgtalm fibers are more stable and
can withstand heat to a greater extent compardu wvitreated fibers (Sreekala and
Thomas, 2003) during the course of thermal cyclifdoreover, advances
development of biocomposites by micro or nano tedkel crystallites from natural
fiber was interesting. It is known that native aldkes, when subjected to strong acid



hydrolysis, readily break down into “micro- or naraystalline cellulose” (whisker)
with almost no weight loss (Battista, 1975). Dueittbigh aspect ratio and a high
modulus (Ishikaweet al., 1997), the use of cellulose crystallites for prapan of
high performance composite materials has beengeftive; explored extensively
(Dufresneet al., 1997; Angleset al., 2000; Eichhornet al., 2001; Noishikiet al.,
2002). When the cellulose crystallites were homegesly dispersed into polymer
matrices, they gave a remarkable reinforcing effecen at concentrations of a few
percent (Favieet al., 1996). In previous work (Bourtoom and Chinnan, 2088ice
starch edible film was developed. It has been ofesethat the functional properties
e.g., the film ductility and the barrier propert@fsrice starch film are generally poor.
The objective of this work was to investigate theperties of rice starch films
reinforced with palm pressed fibre. The effectdiloér content and fiber size, fiber
surface treatment and the crystalline celluloseterdnon physical, mechanical and

thermal properties were investigated.
Review of Literature
1. Ediblefilm

Edible films are defined as thin layer of matevidich can be eaten by
the consumer and provide a barrier to moisturegeryand solute movement for the
food. The material can complete food coating orlwawlisposed as a continuous layer
between food components (Guilbert, 1986). Ediblmdican be formed as food
coatings and free-standing films, and have potetttibe used with food as gas aroma
barrier (Kester and Fennema, 1986). However, tlodnieal information is still
needed to develop films for food application (Dowkoand Fennema, 1993). The
edible films and coatings have received a considerattention in the recent years
because of their advantage over the synthetic filile advantages of edible films
over other traditional synthetic films are summedibelow:

1. They can be consumed with the package prodibts.is obviously
of critical importance since it represents the emunentally ideal package.

2. There is no package to dispose of even if thesfare not consumed

they could still contribute to the reduction of @ommental pollution.



3. The films are produced exclusively from renewabkdible
ingredients and therefore are anticipated to degmadre readily than polymeric
materials.

4. The films can enhance the organoleptic propedigackaged foods
provided that various components (flavorings, dolgs, sweeteners)

5. The films can supplement the nutrition valuethed foods. This is
particular true for films made from proteins.

6. The films can be used for individual packagifigmall portion of
food, particularly products that currently are imadividually packaged for practical
reasons such as pears, beans, nuts and strawberries

7. The films can be applied inside heterogeneoodd@t the interfaces
between different layers of components. They catalbered to prevent deteriorative
inter-component moisture and solute migration iodf® such as pizzas, pies and
candies.

8. The films can function as carriers for antimimed and antioxidant
agents. In a similar application they also can $eduat the surface of food to control
the diffusion rate of preservative substances ftben surface to the interior of the
food.

9. The films can be very conveniently used for miencapsulation of
food flavoring and leavening agents to efficientiyntrol their addition and release
into the interior of foods.

10. Another possible application for edible filmzutd be their use in
multilayer food packaging materials together withnredible films. In this case, the
edible films would be the internal layers in direohtact with food materials.

Production of edible films causes less waste antitmmm, however,
their permeability and mechanical properties amegaly poorer than synthetic films
(Kester and Fennema, 1986). Extensive researcleaded on the development of
new materials, methods of films formation, methtmlsmprove film properties and

the potential applications.



1.1 Classification of edible films

Edible films can be produced from materials witmfforming ability.
During manufacturing, film materials must be digser and dissolved in the solvent
such as water, alcohol or mixture of water and fad¢@r mixture other solvents.
Plasticizer, antimicrobial agent, colors or flavoan be added in this process.
Adjusting pH and/or heating the solutions may beealfor the specific polymer to
facilitate the dispersion. Film solution is theasted and dried at desired temperature
and relative humidity to obtain free-standing filmdn the food application, film
solutions could be applied to food by several mésheuch as dipping, spraying,
brushing and panning followed by a drying step. st€e and Fennema (1986)
classified the edible films based on the naturenaferial as polysaccharide, protein,
lipid and composite films.

1.1.1 Polysaccharides

Polysaccharides used for edible films or coatimgtude cellulose and
derivatives starch and derivatives pectin, seaveegcts, exudate gums, microbial
fermentation gums, chitosan (Krochta and Muldem3oin, 1997). Polysaccharides
are generally very hydrophilic resulting in poor tera vapor and gas barrier
properties. Although coating by polysaccharide pwys may not provide a good
water vapor barrier, these coating can act asfefag agent retarding moisture loss
from food products (Kester and Fennema, 1986).

1.1.1.1 Cellulose and derivatives

Cellulose is composed of repeating D-glucose umikgd through 3-1,
4 glycosidic bonds. In its native state, the hygrogthyl groups of anhydroglucose
residues are alternatively located above and bébevwplan of the polymer backbone.
This results in very tight packing of polymer cheaend a highly crystalline structure
that resists salvation in aqueous media. Watemgdijucan be increased by treating
cellulose with alkali to swell the structure, folled by reaction with chloroacetic
acid, methyl chloride or propylene oxide to yielarlmoxy methyl cellulose (CMC),
methyl cellulose (MC), hydroxy propyl cellulose (ME) or hydroxyl propyl
cellulose (HPC). Placement of bulky substituentsm@glthe cellulose molecule, in the
form of ether linkages at reactive hydroxyls, sapes the polymer chains and
interferes with formation of the crystalline uniellg thereby enhancing aqueous



solubility (Krumel and Lindsay, 1976). MC, HPMC, BPand CMC film possess
good film-forming characteristic; films are genéyabdorless and tasteless, flexible
and are of moderate strength, transparent, resestam oil and fats, water-soluble,
moderate to moisture and oxygen transmission (Keoahd Mulder-Johnson, 1997).
MC is the most resistant to water and it is thedstanhydrophilic cellulose derivatives
(Kester and Fennema, 1986). However, the water rvapaneability of cellulose
ether film is still relatively high. MC and HPMC V& ability to form thermally
induced gelatinous coating; they have been useetaod oil absorption in deep frying
food product (Kester and Fennema, 1986; Balasubrammeet al., 1995). MC could
be applied as coating on confectionery productisaaser to lipid migration (Nelson
and Fennema, 1991). A number of groups have imgastl composite films
composed of MC or HPMC and various kinds of solgls;h as beeswax and fatty
acids (Kamper and Fennema, 1984; Greener and Fenn&f89; Kester and
Fennema, 1989; Koelsch and Labuza, 1992; Debeaeffat, 1993; Parket al.,
1994). Many of these have water vapor permeabiity low as low density
polyethylene (LDPE). These composite films werepallymer-lipid bilayer formed
either in one step from aqueous ethanolic solutirtellulose ether fatty acids.

Cellulose can also be chemically modified to ethethyl cellulose
(EC), which is biodegradable but not edible. E@néllcan either be cast from non-
agueous solutions or extruded. Like the other ki ethers. EC films are poor
moisture barrier, but they have been reported tgdwal oil and fat barriers (Hanlon,
1992).

1.1.1.2 Starch

Starch consists of amylose and amylopectin, the aitamylose and
amylopectin depends on the type and variety of naaterial. Amylose is a linear
chain of D-glucose residues linked througii,4 glycosidic bonds. Amylopectin is a
branched molecule consisting of glucose units cote@aebya-1,4 anda-1,6 linkages.
High amylose starch as cornstarch is a good sdarddms formation; free-standing
films can be produced from aqueous solution of tgeied amylose and drying.
Normal cornstarch consists of approximately 25% lasgy and 75% amylopectin.
Mutant varies of corn are produced which contaarcst with up to 85% amylose.

Wolf et al. (1951) produced self-supporting films by castamgueous solutions of



gelatinized amylose, followed by solvent evaporatibhe films were transparent and
had very low permeability to oxygen at low RH (Remnkt al., 1958). Market al.
(1966) reported that films produced from high amsgla@orn starch (71% amylose)
had no detectable oxygen permeability at RH lelesds than 100%. This was true for
both unplasticized and plasticized (16% glycerding. This result is surprising in
light of the fact that addition of plasticizers aadsorption of water molecules by
hydrophilic polymers increase polymer chain mopiéind generally lead to increased
gas permeability (Banker, 1966). Partial ethertfara of high-amylose starch with
propylene oxide, to yield the hydroxypropylatedidative, improves water solubility.
As expected, films produced from hydroxypropylatgdrch possess virtually no
resistance to the passage of water vapor. Howagewith the pure amylose films,
resistance to oxygen transport is substantial ¢dekal., 1967). Oxygen permeation
through plasticized and unplasticized films was aetectable at 2& and RH up to
78% (Roth and Mehltretter, 1967). At the high Riin$ became distorted due to the
moisture absorption and were not tested for oxymmeability. However, it is likely
that oxygen transport increased greatly as the bkoame hydrated. Jokay al.
(1967) applied hydroxylpropylated starch films ahdonutmeats, and organoleptic
evaluation revealed that the film retarded develepinof oxidative rancidity during
storage. Starch hydrolysates (dextrin) of low desér equivalent (DE) have been
suggested for use as protective coatings. Althohgthrophilic in nature, starch
hydrolyses do provide a limited resistance to fpansof water vapor. Alleret al.
(1963) evaluated the relative barrier propertiesdible film materials by coating
them onto a cellulose acetate support. Starch fdmplayed minimal resistance to
water transport, while films of low-DE dextrin asdrn syrup were approximately 2-
and 3-fold more resistant, respectively. Murray dndt (1973) coated almond
nutmeats with a 50% solution of a 10-DE starch blydate. Sensory evaluation
indicated that the coated nuts maintained a moswralde texture than uncoated
controls during storage. Presumably, this washalfiation to a reduction in the rate of
moisture absorption by coated almonds. Films ofcktanydrolysates may exhibit
some resistance to oxygen transmission. Dippindregh sliced apples in a 40%
solution of a 15-DE hydrolysate prior to dehydratiprevented browning of the
tissue, probably by retarding the entrance of ory@déurray and Luft, 1973).



1.1.2 Lipid Films

Lipid compounds utilized as protective coating ¢snsf acetylated
monoglycerides, nutural wax, and surfactants. mbst effective lipid substances are
paraffin wax and beeswax. The primarily function lgdid coating is to block
transport of moisture due to their relative lowagrdy. In contrast, the hydrophobic
characteristic of lipid forms thicker and more teitfilms. Consequently, they must
be associated with film forming agents such asegmetor cellulose derivatives (Park
et al., 1994). Generally, water vapor permeability daseewhen the concentration of
hydrophobicity phase increases. Lipid-based filmes aften supported on a polymer
structure matrix, usually a polysaccharide, to mtevmechanical strength.

1.1.2.1 Waxes and Par affin

Paraffin wax is derived from distillate fraction ofude petroleum and
consists of mixture of solid hydrocarbon resultifigpm ethylene catalytic
polymerization. Paraffin wax is permitted for use @w fruit and vegetable and
cheese. Carnauba wax is exudates from palm treeede@opoernica cerifera).
Beewax (white wax) is produced from honeybees. €Htal is obtained from
candelilla plant. Mineral oil consists of a mixtuoé liquid paraffin and naphtheric
hydrocarbon (Hernandez, 1994). Waxes are usedrasrifims to gas and moisture
(skin on fresh fruits) and to improve the surfappearance of various foods (e.g., the
sheen on sweet). Applied in a thick layer, they ntnesremoved before consumption
(certain cheese); when used in thin layers, theycansidered edible. Waxes (notably
paraffin, carnauba, candellila and beewax) arentbst efficient edible compounds
providing a humidity barrier.

1.1.2.2. Acetoglyceride

Acetylation of glycerol monosterate by its reastiovith acetic
anhydride yields 1-stearodiacetin. This acetylatexhoglyceride displays the unique
characteristic of solidifying from the molten statgo a flexible, wax-like solid
(Feugest al., 1953). Most lipids in the solid state can betstied to only about 102%
of their original length before fracturing. Acetigd glycerol monostearate, however,
can be stretch up to 800% of its original lengtackson and Lutton, 1952), water
vapor permeability of this film is much less thdwatt of polysaccharide film with the
exception of methyl cellulose or ethyl cellulosee@ter and Fennema, 1986).



Acetylated monoglyceride coating have been usedaattry and meat cuts to retard
the moisture loss during storage (Kester and Fean&a86).
1.1.3 Protein Films

In their native states, proteins generally exiseiéizer fibrous proteins,
which are water insoluble and serve as the mairctstral materials of animal tissues,
or globular proteins, which are soluble in wateaqueous solutions of acids bases or
salts and function widely in living system (Morms@nd Boyd, 1959). The fibrous
proteins are fully extended and associated closd@lyh each other in parallel
structures, generally through hydrogen bondindgptm fibers. The globular proteins
fold into complicated spherical structures heldetbgr by a combination of hydrogen,
ionic, hydrophobic and covalent (disulfide) bon&sighuk and Wrigley, 1974). The
chemical and physical properties of these protdepend on the relative amounts of
the component amino acid residues and their placerleng the protein polymer
chain. Of the fibrous proteins, collagen has remgithe most attention in the
production of edible films. Several globular praiincluding wheat gluten, corn
zein, soy protein, and whey protein, have beensitgated for their film properties.
Protein films are generally formed from solutionsd@éspersions of the protein as the
solvent/carrier evaporates. The solvent/carrigyeiserally limited to water, ethanol or
ethanol-water mixtures (Kester and Fennema, 198@nherally, proteins must be
denatured by heat, acid, base, and/or solvent deroio form the more extended
structures that are required for film formation. ®nextended, protein chains can
associate through hydrogen, ionic, hydrophobic emdhlent bonding. The chain-to-
chain interaction that produces a cohesive filnes affected by the degree of chain
extension and the nature and sequence of aminoesidles. Uniform distribution of
polar, hydrophobic, and/or thiol groups along thelymer chain increases the
likelihood of the respective interactions. Increhpelymer chain-to-chain interaction
results in films that are stronger but less flexibhd less permeable to gases, vapors
and liquids (Kester and Fennema, 1986). Polymerstagung groups that can
associate through hydrogen or ionic bonding rasuiiims that are excellent oxygen
barrier but that are susceptible to moisture (Salab®86). Thus, protein films are
expected to be good oxygen barriers at low reldtivaidities. Polymers containing a
preponderance of hydrophobic groups are poor oxigeners but excellent moisture
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barriers. The more hydrophobic, water-insolublegirs. However, the fact that they
are not totally hydrophobic and contain predomityartydrophillic amino acid
residues limits their moisture-barrier properti€eation of protein-versed edible
films with low water vapor permeability requiresdstecbn of lipid components. This is
analogous to the situation with synthetic polymeh&re moisture- sensitive oxygen-
barrier polymers must be either co-polymerized wathhydrophobic polymer or
sandwiched between hydrophobic polymer layers rtat lthe ability of water to
reduce barrier properties. Various types of proteane been used as edible films.
These include collagen, casein, whey protein, @@in, wheat gluten, soy protein,
mung bean protein, and peanut protein (Gennadboial., 1993; Bourtoom and
Chinnan, 2008).

Several approaches can be used to form edible f(lKester and
Fennema, 1986) as follows:

1. Simple coacervation: A single hydrocolloids iszen from aqueous
suspension or caused to undergo a phase changeajyration of solvent, addition of
a water-miscible nonelectrolyte in which the hyddtmds is not soluble (e.g.,
alcohol), addition of an electrolyte to cause sgltbut or crosslinking, or alteration of
pH.

2. Complex coacervation: Two solutions of oppogitaharged
hydrocolloids are combined, causing interaction g@nelcipitation of the polymer
complex.

3. Thermal gelation or precipitation: A sol-gel risformation can
occur by heating of a protein to cause denaturdidowed by gelation (e.g., egg
albumin) or precipitation, or simple cooling of amn hydrocolloid suspension.

2. Starch

In nature starch is available in an abundance ssguh only by
cellulose as naturally occurring organic compouhds found in all forms of green
leafed plants, located in their roots, stems, seedauits. Starch serves the plant as
food for energy during dormancy and germinatiorseltves similar purposes for man
and animal as well as lower forms of life. Man, lewer, has found uses for starch

that extend far beyond its original design as ac®of biological energy. Practically
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every industry in existence uses starch or itsvdévies in one form or another. In
foods and pharmaceuticals starch is used to infli@n control such characteristics as
texture, aesthetics, moisture, consistency and staddility. It can be used to bind or
to disintegrate; to expand or to density; to cladf to opacity; to attract moisture or
to inhibit moisture; to produce short texture arngly texture, smooth texture or
pulpy texture, soft coatings or crisp coatingsdh be used to stabilize emulsions or
to form oil resistant films. Starch can be useditbprocessing, packaging, lubrication

or moisture equilibration.

2.1 Starch molecule

The glucose polymers that make up starch come m rtivalecular
forms, linear and branched. The former is refeteds amylose and the latter as
amylopectin. The basic glucose building block isra-shaped molecular with six
atoms in the ring, see Figure 1. Although for sicipy often drawn as a flat structure,
the ring is, in fact, mobile and can take many slaghrough “puckering”. Of these
many shapes or conformations one- known as the firan- is favoured. Moreover,
the chair form comes in two varieties (stereois@ner-D-glucose an@-D-glucose.
The two are interconvertible using heat and ontraissformed into the other by a
series of twists around the six-membered ring whielise the groups to “wag”
sequentially in a molecular-scale “Mexican wavedlard the “arena” of the glucose
ring. It is thea-D-glucose that is used in natural to form thecdtgvolymers. Once
polymerized into starchg-D-glucose is locked into this chair form. When tireg
atoms are numbered as in Figure 1, it is clearttieatinks (glucosidic links) between
carbons 1 and 4 of neighbouring units give risarrylose, while occasional branches
from this linear chain between carbons 1 and 6 gse to the larger, more highly
branched amylopectin.

In fact, the “linear” amylose has a small degredminching but it is
predominantly regarded as a single chain. The clhemgth can very with the
botanical origin of the starch but will be of theder of 500 to 6000 glucose units.
Because of its more simple polymeric structure, lasg/has a greater propensity to
deposit in a regular manner forming crystals. Iturg three crystalline forms of

amylose, A, B and C exist, depending upon the souwrereals (A), tuber (B) and
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certain pea and bean varieties (C). Precipitatactistcomplexes (with iodine, long-
chain alcohols and fatty acids) are found in thioivh. The so-called linearity of the
amylose of further complicated by a twisting of redymer into a helix. It is different
degrees of hydration of the helix that gives rséhe A, B and C forms.

In contrast to amylose, each branched chain of @pegtin contains
only up to 30 glucose units. However, the multitifebranching in amylopectin
gives it a molecular weight that is 1000 times thfaamylose. Indeed, amylopectin is
a titan of a molecule from nature: one of the latgeith a molecular weight of 400
million. The ratio of amylose and amylopectin inyamative starch is dependent not
only on its source, Table 1, but also on seleatiap breeding, a process known as

hybridization.

1"\ oH
OH

Starch Building Block
a - D glucopyranose

‘__-_ Amylopectin

Figure 1. Linear and branched starch polymers.
Source : Murphy (1999)
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Table 1. Starch granule characteristic.

Starch Diameter Gelatinization Pasting Amylogetent
am) temp.°C temp.°C

Maize 5-30 62-72 80 25

Waxy Maize 5-30 63-72 74 <1

Tapioca 4-35 62-73 17 17

Potato 5-1000 59-68 64 20

Wheat 1-45 58-64 77 25

Rice 3-8 68-78 81 19

Sago 15-65 69-74 74 26

Source : Murphy (1999)

2.2 Hydrogen bonding

Hydroxyl groups are the very same groups that mgkevater- the
usual medium for starch in the food industry. Thé&econsequently a strong
interaction (hydration) and affinity, through hydem bonding, between the colossal
starch and the diminutive water molecules. Hydrgtizehen brought about by
cooking, produces an irreversible change in thecsire of the starch granule
whereby the starch-starch interactions are “undppand replaced by starch-water
interactions. This forces the chains apart and gteule swells. Eventually the
granule ruptures and starch polymers are disparsedlution producing a viscous
colloidal state. This is a form of water managemémat controls structure.
“Gelatinization” and “pasting” are, respectivelyhet technical descriptions of the
hydration within the granule and the irreversiblearmile swelling that builds
viscosity.

Dispersal of the simpler and more linear form ddrah, amylose,
allows for greater mobility which can result in thelecules self-assembling into a
more ordered structure. Aligning themselves pdratieeach other, the hydrogen
bonding that previously may have involved watemn t& reduced and replaced by

hydrogen bonding between the aligned chains.
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3. Lignocdlulosic fibers/ natural fibers

Natural fibers are subdivided based on their osigicoming from
plants, animals or minerals. All plant fibers ammposed of cellulose while animals
fibers consist of proteins (hair, silk and wool)ai fibers include bast (or stem or
soft sclerenchyma) fibers, leaf or hard fibersdséeiit, wood, cereal straw and other
grass fibers. Over the last few years, a numbeesdarchers have been involved in
investigating the exploitation of natural fibers &®sad bearing constituents in
composite materials. The use of such materialsomposites has increased due to
their relative cheapness, their ability to recyatal for the fact that they can compete
well in terms of strength per weight of materiahttiral fibers can be considered as
naturally occurring composites consisting mainly cellulose fibrils embedded in
lignin matrix. The cellulose fibrils are alignedoal the length of the fiber, which
render maximum tensile and flexural strengths,dditéon to providing rigidity. The
reinforcing efficiency of natural fiber is related the nature of cellulose and its
crystallinity. In recent years, prices for natuiibers have not been stable, especially
for flax fibers. Flax fibers show the highest vasd# strength, but they are about 30%
more expensive than glass-fibers. Further the paigends on the extent of fiber
preparation and pretreatment, e.g. size-finishimoduding a coupling agent and other
surfactants, which are well-established for glalsserE. For such applications, natural
fibers have to be pretreated in similar way. In te@ses, the substitution of glass-
fibers by natural fibers is precluded first of By economic reasons. But, natural
fibers offer several advantages over glass-fibers:

- Plant fibers are a renewable raw material and theailability is

more or less unlimited.

- When natural reinforced plastics were subjectetheend of their
life cycle, to a combustion process or landfille tleleased amount
of CO, of the fibers is neutral with respect to the adsited
amount during there growth.

- The abrasive nature of natural fibers is much loe@mnpared to

that of glass-fibers, which leads to advantagesh wégard to
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technical, material recycling or process of comigosnaterials in
general.

- Natural fiber reinforced plastics by using biodeigtale polymers
as matrix are the most environmental friendly matemhich can
be composted at the end of their life cycle. Unfoately, the
overall physical properties of those compositesfareaway from
glass-fiber reinforced thermoplastics. Further,adabce between

life performance and biodegradable has to be dpedlo

3.1 Mechanical properties of natural fibers

Natural fiber are in general suitable to reinfoncaterials due to their
relative high strength and stiffness and low dgnsiatural fibers can be processed in
different ways to yield reinforcing elements havidiferent mechanical properties.
The elements and their elastic modulus are shoviaigire 2. The elastic modulus of
bulk natural fibers such as wood is about 10 GR#iuldse fiber with modulus up to
40 GPa can be separated from wood, for instanceshleynical pulping processes.
Such fibers can be further subdivided by hydrolyBlowed by mechanical
disintegration into microfibrils with an elastic ohdus of 70 GPa. Theoretical
calculations of the elastic modulus of cellulosaink have given values of up to 250

GPa, however, there is no technology availablepasate these from microfibrils.
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Figure 2. Correlation between structure, who taess, resulting component and
modulus.
Source : Michell (1989).

3.2 Natural fibersand their chemical compositions
Climatic conditions, age and the digestion progefisences not only
the structure of fibers but also the chemical cositpm. The main components of
natural fibers are celluloser-{cellulose), hemicellulose, lignin, pectins and esx

These components with regard to the physical ptegseof the fibers.
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3.2.1 Célulose

Cellulose is a natural polymer consisting of D-aioglucose
(CeH1105) repeating units jointed by 1@HD-glycosidic linkages at £and G position
(Nevell and Zeronian, 1985). The degree of polyaation (DP) is around 10,000.
Each repeating unit contains three hydroxyl grodpese hydroxyl groups and their
ability to hydrogen bond play a major role in direg the crystalline packing and also
govern the physical properties of cellulose. Scokdlulose forms a microcrystalline
structure with regions of high order i.e. crystadliregions and regions of low order
i.e. amorphous regions. Cellulose is also formedslehder rod like crystalline
microfibrils. The crystal nature (monoclinic sphdi@) of naturally occurring
cellulose is known as cellulose I. Cellulose isstasit to strong alkali (17.5 wt%) but
easily hydrolyzed by acid to water-soluble sug@mallulose is relatively resistant to

oxidizing agents.

H OH G}CHaGH | H OH
HO H| H @)—0 0 h
OH H\ H N OH H
O C o H,C_ H CHOH
H D“r@ 0 N - O™H |H (O] D(G}R‘\

7 CH,OH Hg OH | _, CH0H g sucing
Non end group
reducing (potential
end aldehyde)

Figure 3. Chemical structure of cellulose

Source : Nevell and Zeronian (1985).

3.2.2 Hemicellulose
Hemicellulose is not a form of cellulose and theneas a misnomer.
They comprise a group of polysaccharides compo$edaombination of 5- and 6-
carbon ring sugars. Hemicellulose differs from weke in three aspects. Firtsly, they
contain several different sugar units whereas los& contains only 1,8-D-
glucopyranose units. Secondary, they exhibit a idensble degree of chain

branching containing pendant side groups giving t its non crystalline nature,
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whereas cellulose is linear polymer. Thirdly, thegieke of polymerization (DP) of
native cellulose is 10-100 times higher than th&themicellulose. The DP of
hemicellulose is around 50-300. Hemicellulose fotine supportive matrix for
cellulose microfibrils. Hemicellulose is very hygiulic, soluble in alkali and easily

hydrolyzed in acids.

P S iﬁ"“%

Figure 4. Chemical structure of hemicellulose

Source : Nevell and Zeronian (1985).

3.2.3Lignin
Lignin is a complex hydrocarbon polymer with botliplaatic and

aromatic constituents. They are totally insolublemost solvents and cannot be
broken down to monomeric units. Lignin is totalljn@phous and hydrophobic in
nature. It is the compound that gives rigidity te tplants. It is thought to be a
complex, three-dimensional copolymer of aliphatid aaromatic constituents with
very high molecular weight. Hydroxyl, ethoxyl andrleonyl groups have been
identified. Lignin has been found to contain fiwadloxyl and five methoxyl groups
per building unit. It is believed that the struetumnits of lignin molecule are
derivatives of 4-hydroxy-3-methoxy phenylpropandie Tmain difficulty in lignin
chemistry is that no method has been establishedHigh it is isolate lignin in its
native state from the fiber. Lignin is considerexd be a thermoplastic polymer
exhibiting glass transition temperature of arou@d® and temperature of around
170¢°C (Olesen and Plackett, 1999). It is not hydrolybgdacids, but soluble in hot
alkali, readily oxidized and easily condensablenvpihenol (Bismarckt al., 2005).
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Figure 5. Chemical structure of lignin.

Source : Nevell and Zeronian (1985).

3.2.4 Pectin and wax

Pectins are a collective name for heteropolysaddsr They give
plants flexibility. Waxes make up the last partfibkers and they consist of different
types of alcohols.

Biofibers can be considered to be composites ofoWwolcellulose
fibrils held together by a lignin and hemicellulasatrix (Jayaraman, 2003). The cell
wall in a fiber is not a homogenous membrane (Fdi) Each fibril has a complex,
layered structure consisting of a thin primary wialht is the first layer deposited
during cell growth encircling a secondary wall. Téecondary wall is made up of
three layers and the thick middle layer determities mechanical properties of the
fiber. The middle layer consists of a series ofidadlly wound cellular microfibrils
formed from long chain cellulose molecules. Thelamgtween the fiber axis and the
microfibrils is call the microfibrillar angle. Theharacteristic value for this parameter
varies from one fiber to another.

Such microfibrils have typically a diameter of ab@0-30 nm and are
made up of 30-100 cellulose molecules in extendwdncconformation and provide
mechanical strength to the fiber. The amorphousixnahase (Figure 7) in a cell wall
is very complex and consists of hemicellulosenifigand in some cases pectin. The

hemicellulose molecules are hydrogen bonded talosk and act as cementing
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matrix between the cellulose microfibrils, frominipe cellulose-hemicellulose
network, which is thought to be the main structw@inponent of the fiber cell. The
hydrophobic lignin network affects the propertidsother network in a way that it
acts as a coupling agent and increases the ssffokshe cellulose/hemicellulose
composite.

The structure, microfibrillar angle, cell dimenssprdefects and the
chemical composition of fibers are the most impadrteariables that determine the
overall properties of the fibers (Satyanarayasaal., 1986). Generally, tensile
strength and Young’s modulus of fibers increases wicreasing cellulose content.
The microfibrillar angle determines the stiffnedstlee fibers. Plant fibers are more
ductile if the microfibrils have a spiral orientati to the fiber axis. If the microfibrils
are oriented parallel to the fiber axis, the fibeit be rigid, inflexible and have high

tensile strength.

Secondary wall 53 Lumen

Hellcally Secondary wall 52
arranged _— s | anale
crystalline piralang

microfibrils Secondary wall 51
of cellulose

Primary wall

Amorphous
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consisting of lignin
and hemicellulose

Digorderly arranged
crystalline cellulose
microfibrls netwaorks

Figure 6. Structure of biofiber.
Source : John and Thomas (2008)
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Source : Satyanarayasial. (1986)

3.3 Methodsfor surface modification of natural fibers

The quality of the fiber-matrix interface is sigodnt for the
application of natural fibers as reinforcement ffifoe polymer. Physical and chemical
methods can be used to optimize this interfaces&haodification methods are of
different efficiency for the adhesion between mxaand fiber (Bladzki and Gassan,
1999).

3.3.1 Physical methods

Reinforcing fibers can be modified by physical ahgmical methods.
Physical methods, such as stretching, calendarthgrmotreatment and the
production of hybrid yarns do not change the chamiomposition of the fibers.
Physical treatments change structure and surfamgepres of the fiber and thereby
influence the mechanical bondings to polymers.

Electric discharge (corona, cold plasma) is anothay of physical
treatment. Corona treatment is one of the mostastemg techniques for surface
oxidation activation. This process changes theaserienergy of the cellulose fibers

and in case of wood surface activation increasesuthount of aldehyde groups.
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The same effects are reached by cold plasma treatepending on
type and nature of the used gasses, a variety id&cgu modification could be
achieved. Surface crosslinkings could be introduceagrface energy could be
increased or decreased, reactive free radicalgmgbs could be produced.

Electric discharge methods are known to be vergcéffe for “non-
active” polymer substrates as polystyrene, polyetig; polypropylene, etc.

3.3.2 Chemical methods

Strongly polarized cellulose fibers are inherentigompatible with
hydrophobic polymers. When two materials are incatihe, it is often possible to
bring about compatibility by introducing a third teaal, that has properties
intermediate between those of the other two. Thaee several mechanisms of
coupling in materials:

- Weak boundary layers - coupling agents eliminataka@oundary

layers,

- Deformable layers — coupling agents produce a todighible
layer,

- Restrained layers — coupling agents develop a ¥igrdsslinked
interphase region, with a modulus intermediate betwthat of
substrate and of the polymer,

- Chemical bonding — coupling agents form covalentdsowith
both materials, and

- Acid — base effect — coupling agents alter acidifysubstrate
surface.

The development of a definitive theory for the meubm of bonding
by coupling agents in composites is a complex gmblThe main chemical bonding
theory alone is not sufficient. So the consideraid other concepts appears to be
necessary, which include the morphology of therpttase, the acid — base reactions
at the interface, surface energy and the wettireppmena.
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3.3.2.1 Organosilanes as coupling agents

Organosilanes are the main group of coupling agdiisy have been
developed to couple virtually any polymer to thenemals, which are used in
reinforced composites. Most of the silane coupliggnts can be represented by the
following formula:

R - (CH)n - Si(OR)

Where n = 0-3, OR’ is the coupling agent causegdhetion with the
polymer. This could be a co-polymerization, and/ttre formation of an
interpenetrating network. The curing reaction ddilane treated substrate enhances
the wetting by the resin.

The general mechanism of how alkoxysilanes formdsowith the
fiber surface which contains hydroxyl group is @kofwvs:

RSHORY,
O 3] = 2roH
RENOH),
2BHOH), —J-l’ >3H,0
R R A
| I I
HO — SI—0 — Sl—- 0 — S1— 0K
I | I
o aH OH
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JOH OH O
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o ‘o o
| |
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HO = 81— 0 — Si—- 0= 51— 0H
[ I 5
=) (=] o H
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Figure 8. Reaction of silane coupling agents
Source : Bledzki and Gassan (1999)
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Alkoxysilanes undergo hydrolysis, condensation #yats for
alkoxysilane hydrolysis are usually catalysts fayndensation.) and the bond
formation stage, under base as well as under atalyzed mechanisms. In addition
to this reactions of silanols with hydroxyls of tfiber surface, the formation of
polysiloxane structures can take place.

Analogous to glass-fibers, silanes are used asliogupgents for
natural-fiber-polymer composites. For example, laeel Wang (2006) investigated

the dfects of lysine-based diisocyanate (LDI) as a cogpdigent on the properties of
biocomposites from poly(lactic acid) (PLA), polyfhlene succinate) (PBS) and

bamboo fiber (BF). They observed that the tensitpgnties, water resistance, and
interfacial adhesion of both PLA/BF and PBS/BF cosifes were improved by the
addition of LDI, but thermal flow (Ohkita and Led)(5) was hindered due to cross-
linking between polymer matrix and BF.

Researchers have also developed green composii®s jiite fabric
and Biopol composites (Mohang al., 2000). Chemical modification of the fabric
was carried out to improve interfacial properti&ssignificant amount of research has
been done at the German Aerospace Centre (DLRjanrBchweg on biodegradable
plastics and composites (Plackettal., 2003).

Herrera-Franco and Valadez-Gonzalez (2005) invasdy the
properties of short natural-fiber reinforced comfess as a function of chemical
modification. Short natural fibers were subjectedatkali treatment (NaOH) and
silane treatment (vinyltris or 2-methoxy-ethoxyasit). The authors observed that the
increase in the mechanical properties ranged betBesnd 30%, for the tensile and
flexural properties. The shear strength of this posite, such increase was of the
order of 25%. From the micrographs, obtained fraitufe surfaces from the SEM, it
was observed that with increasing fiber-matrix riattion the failure mode changed
from interfacial failure to matrix failure. The grface failure was mainly a frictional
type failure, and only for the pre-impregnated aif@ne treated fibers, matrix tearing
and shearing was observed. The silane surfaceedrdders also showed a layer of

polymer covering the fibers even after failure.
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Shih (2006) has also developed epoxy compositen fraste water
bamboo husk fiber. The fibers were chemically medifby coupling agents and
untreated fibers were added to epoxy resin to foowvel reinforced composites. The
results shows that the morphology analysis revélads the fibers modified by
coupling agent exhibited better compatibility withe polymer matrices than the
untreated fiber did. In addition, the mechanicaparties were also enhanced due to
the addition of coupling agent treated fibers antraated fibers. The increment of
storage modulus of epoxy were about 16.4 and 36uM#b the addition of 10%
coupling agent treated fibers and untreated fibvesgpectively.

As a continuation to above study the mechanicakphmmogical and
water sorption properties of polypropylene-lufféeii composites. Three different
types of coupling agents, 3-aminopropyl-trietholarse (AS), 3-trimethoxysilyl-1-
propanethiol (MS) and maleic anhydride grafted podpylene (MAPP) were used.
Tensile strength and Young's modulus increased eittployment of the coupling
agents accompanied by a decrease in water absovptio treatment due to the better
adhesion between the fiber and the matrix. The mawxi improvement in the
mechanical properties was obtained for the MS érkduffa composites. The
interfacial interactions improved the filler comibdity, mechanical properties, and
water resistance of composites. Morphological smwiddemonstrated that better
adhesion between the fiber and the matrix was aetliespecially for the MS and AS
treated luffa composites. Atomic force microscop&Nl) studies also showed that
the surface roughness of luffa composites decreagibdthe employment of silane-
coupling agents (Demat al., 2006).

Pothan and Thomas (2003) have also explored thandignrmechanical
behaviour of chemically modified banana fiber renced polyester composites. The
results of the dynamic mechanical analysis thatstbeage modulus value was found
to be the highest for the silane (2-methoxy-ethsilgne) treated fibers composites.

3.3.2.2 Alkaline treatment

The effects of mercerization on the suitabilityntechanical treatment,
notable tensile strength, of cotton fibers have mdansively studied. The standard
definition of mercerization proposed by ASTM D 1965a process of subjecting a
vegetable fiber to an interaction with a fairly centated aqueous solution of a
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strong base, to produce great swelling with restltdnanges in the fine structure,
dimension, morphology and mechanical properties.

Cellulose forms the main structural component ajetable natural
fiber, the non-cellulosic components, e.g. lignird dremicellulose, also play an
important part in the characteristic propertiesttd fiber. Hemicellulose, which is
thought to consist principally of xylan, polyuroricand hexosan, has shown to be
very sensitive to the action of caustic soda, wigigarts only a slight effect on lignin
or a-cellulose. Later studies about the alkali ttrest of jute-fiber, for instance,
reports about the removal of lignin and hemiceBelowhich affects the tensile
characteristics of the fiber (Bledzki and Gassa®9)19When the hemicelluloses are
removed, the interfibrillar region is likely to besk dense and less rigid and thereby
makes the fibrils more capable of rearranging théraselong the direction of tensile
deformation. When natural fibers are stretched, seelirangements amongst the
fibrils would result in better load sharing by themd hence result in higher stress
development in the fiber. In contrast, softeninghaf inter-fibrillar matrix adversely
affects the stress transfer between the fibril athekreby, the overall stress
development in the fiber under tensile deformati .lignin is removed gradually,
the middle lamella joining the ultimate cells igpexkted to be more plastic as well as
homogeneous due to the gradual elimination of mumds, while the ultimate cells
themselves are affected only slightly.

Further, some authors reported about changes inctystallinity
through alkaline treatment on flax fibers (Bledzkil #assan, 1999). The increase in
the percentage crystallinity index of alkali trehfder occurs because of the removal
on the cementing materials, which leads to a beitaking of cellulose chains.
Additionally, treatment with NaOH leads to a dese@ the spiral angle, i.e. closer
to fiber axis, and increase in molecular orientati®drfair amount of randomness is
introduced in the orientation of the crystallitasedo the removal of non-cellulosic
matter. The elastic modulus of fibers, for instarmes expected to increase with
increasing degree of molecular orientation. Wakmted cellulosic fibers such as flax
have much higher Young’'s modulus than fibers withdion@ orientation, such as
cotton. In addition to the modification of orientatiand the consolidation of weak
points, other important factors with regard to thechanical properties could be the
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crystallite length and degree of crystallinity aslwas the removal of fractions of
cellulose at a very low degree of polymerizatiohg®naet al., 1995 cited by Bledzki
and Gassan, 1999). Tests made by Prasall (1983 cited by Bledzki and Gassan,
1999) on leather fibers, and by Chaadl. (1986 cited by Bledzki and Gassan, 1999)
on sisal fibers showed distinct index changes aeliéy an alkalization process in an
8% NaOH solution. An increase of 25% in tensilesgth was reached in leather
fibers and of 100% in sisal fibers, also dependinghenrespective soaking time.
Additional to the increase of the mechanical propeserthrough alkalization, an
increase of composite quality are to be expectethroinates due to the improved
fiber—matrix adheshion. In the fiber extraction (fmut test), the cohesion of
polyester resin alkalized coconut-and sisal fibeesewcharacterized by Prasetdal.
(1983 cited by Bledzki and Gassan, 1999) and byn@bal. (1986 cited by Bledzki
and Gassan, 1999). The pull-out load of alkalizedl $ibers went from 10 to 15.5 N,
and the adhesion increased correspondingly up tallalizing time of 90 h. After

that, the pull out load as well as the adhesiomedesed distinctly.

3.4 Crystalline cellulose

Crystalline cellulose is obtained by hydrolysis thie amorphous
portion of cellulose until a level-off degree of lymerization (LODP) product is
obtained. Crystalline cellulose comprises of higbtystalline regions of cellulose.
Crystalline cellulose is useful for a number offeliént applications. Pieces of
crystalline cellulose easily bond together withth use of an adhesive. Furthermore,
crystalline cellulose can be mixed with other sabsés so as to hold an additive
while bonding to itself. It can be made into phacegical-grade tablets, such as
vitamins, pain relievers and other medicines. $bahay be used as a substitute for
starch where starch is used as a smoothener, sunohsantan lotion. It is known that
native celluloses, when subjected to strong acutdlysis, readily break down into
“micro- or nano- crystalline cellulose” (whisker)ttvalmost no weight loss (Battista,
1975; Ebelinget al., 1999). Due to it high aspect ratio and a high mosllshikawa
et al.,, 1997), the use of cellulose crystallites for pragan of high performance
composite materials has been, therefore, explaxeghsively (Dufresnet al., 1997;
Angleset al., 2000; Eichhorret al., 2001; Noishikiet al., 2002). When the cellulose
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crystallites were homogeneously dispersed into ety matrices, they gave a
remarkable reinforcing effect, even at concentretiof a few percent (Faviet al.,
1996).

The hydrolysis of cellulose to obtain crystallinellslose can be
accomplished using mineral acid, enzymes or migamisms. Although methods are
desirable because glucose, a useful by-produatreated, these methods are more
expensive and create crystalline cellulpseducts having a lower crystallinity. Thus,
acid hydrolysis is the conventional method of choior manufacturing crystalline
cellulose. Acid that can be used in this proceskide hydrochloric acid, sulfuric acid
and phosphoric acid. At higher temperatures, siglfacid and phosphoric acid can
peptize and surface modified crystalline cellulddewever, such crystalline cellulose
is difficult to purify and does not have the sanmsual and functional properties as
underutilized cellulose produced with hydrochlaad.

Lu et al. (2006) investigated the morphological and mechanic
properties of ramie crystallites (RN) reinforcedgilcized starch (PS) biocomposites.
The ramie cellulose nanocrystallites, having leagtf 538.5+ 125.3 nm and
diameters of 85.4 25.3 nm on average, were prepared from ramie ilbgr acid
hydrolysis. The results indicate that the syneigistteractions between fillers and
between filler and matrix play a key role in reirdiog the composites. The PS/RN
composites, composites, conditioned at 50% relativemidity, increases,
respectively, in tensile strength and Young’s madditom 2.8 MPa for PS film to 6.9
MPa and from 56 MPa for PS film to 480 MPa withrgasing RN content from 0 to
40 wt%. Further, incorporating RN fillers into PSatmx also leads to a decrease in
water sensitivity for the PS based biocomposites.

Alemdar and Sain (2007) studied the morphology,rnia¢ and
mechanical properties of wheat straw nanofibersoeted starch biocomposites. The
nanocomposites from the wheat straw nanofibersthedhermoplastic starch were
prepared by the solution casting method. They fednithat the tensile strength and
modulus of the nanocomposite films revealed sigaiftly enhanced properties
compared to the pure thermoplastic starch. Thesgfassition of the nanocomposites
was shifted to higher temperatures with respettiequre thermoplastic starch.
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Ma et al. (2008) investigated the morphological, thermal, naedcal
properties and water vapor permeability (WVP) afrthoplastic pea starch (TPS)
reinforced with microcrystalline cellulose (MC). @ming electron microscope
(SEM) showed that there was good adhesion betwswohsand MC, but these
superfluous cellulose resulted in the conglomenatioTPS matrix. MC increased the
thermal stability. DMTA revealed that the additioh MC enhanced the storage
modulus and the glass transition temperature of abmposites. Increasing MC
contents resulted the tensile strength of the cag®were increased and WVP of
the composites were decreased.

Effect of orientation of nano sized reinforcements properties is
reported (Kvien and Oksman, 2007) in a solutiort caflulose whiskers reinforced
polyvinyl alcohol (PVA) nano composite. With thepdipation of a magnetic field of
7 Tesla to orient the whiskers while the water waaporated after the casting of the
composite, higher dynamic modulus of about 2GPaotserved in the direction of
orientation over that in the transverse directibthe composite. Similarly, significant
increases in Young's modulus (674.5 times) andileersdrength (3.5 times) by
increasing reinforcement content from 0 to 30wt.afé reported (Xiaodongt al.,
2007) recently in a nanocomposite of nanocrysthftag cellulose reinforcement in
water borne polyurethane. Observed increases dréouéed to the uniform
distribution of nanocrystals and improved morphglsgowing separation of soft and
hard segments of matrix. More studies on this topiay be worth pursuing
considering the advantages nanocomposites wouler @ff general. It is worth
mentioning here that the concept of nanocompogdedoad bearing applications
being new, challenges will be high for the commadization of nanostructured
reinforcements such as cellulose microfibrils dwe their disintegration while
extracting them from plant cell walls and in alagpblymer matrices, while high cost

involved in the former (John and Thomas, 2008).
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4. Palm pressed fiber

Oil palm press fiber, or mesocarp fiber, is theefimbtained after
expressing oil from the fruit mesocarp. On averdge,every tone of fresh fruit
bunches (FFB) processed, 200 kg empty fruit bun¢B€8), 670 kg palm oil mill
effluent, 120 kg mesocarp fiber, 70 kg shell ank@@alm kernel cake are produced.
In 1993, an estimated 4.74 million tones of FFB &r&B million tones of EFB were
produced (Gurmit, 1994). Oil palm press fiber cordaon a dry weight basis,
approximately 40% cellulose, 21% lignin, 24% peatosnd 5% ash. Cellulose, a
polymer of -D-1,4-linked anhydrous glucose unitsek10s),, constitutes 40% -
60% of the cell walls of woody plants. Basicallgetindividual cellulose molecules
are linked together to form elementary microfiQridghich, in turn are aggregated by
intermolecular hydrogen bonding into larger sulsicilled fibrils. The microfibrils
contain alternating phases of highly ordered (atiise) and randomly oriented
(amorphous) cellulose embedded in a matrix of heliose. This latter
carbohydrate (also known as pentosan), constituf@®-50% of the plant dry
weight, is a branched polymer of pentose sugargHfO,),. The cellulosic and
hemicellulose fractions are encrusted in an amarphayer of lignin. Lignin, which
constitutes 15%-25% of the plant material, is a glem three-dimensional polymer
formed by carbon-carbon or ether bonding betweesnykpropane units (Azizt
al.,2002).

Figure 9. lllustrative pictures of palm presseckfi
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5. Biocomposites

Since biocomposites are considered “marginal” stinat materials,
the addition of lignocellulosic fibers to improvéneir chemical, physical and
mechanical properties, including their durability,seen as necessary. Even with the
limited experience so far, they are expected toubeful for a wide range of
applications in mass-produced consumer products dbort-time uses (e.g.
packaging), as well as for long-term indoor appiaes (e.g. furniture), leading to an
exciting and promising future for these new genenat of composites (Mohant
al., 2002). One of the major hurdles for commerciaioratof lignocellulosic fiber
composites till recently is reported to be non-gggtion of research and development
carried out by the researchers in developing caswhere these fibers are available
in plenty. This has been overcome with many of thdustrialized countries
particularly in Europe taking the lead in this aneaecent years. But these materials
also pose challenges to material scientists pdatiguvith the acceptance criteria for
these composites being their performance and dastpite the renewability and
recyclability of the matrix and the reinforcementsed. Accordingly, some of the
critical issues/developments required and the bsrtth be overcome are mentioned

below:

5.1 Raw materials
5.1.1 Reinfor cement

1. One of the prominent barriers for the large escalanufacture
lignocellulosic based composites has been theirelyidlispersed resources and
variable properties. Possibility of producing qtialfibers suitable for different
applications through better cultivation includingeuof genetic engineering and
treatment methods to get uniform properties is sneh step. Another important
aspect is the quality assurance for these fibetdsd@velopment of optimized fibers
for specific sectors such as automotive sector @nibhet al., 2002), availability of
fibers with minimum range of variation in their perties will continue to be the real

challenge.
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2. Selection of cost effective and suitable fibar fparticular
applications is another critical area to be coreideThis may call for looking into
other less used but potential fibers such as cumualevelopment of other
reinforcement sources as recently reported (Palgkikal and Sain, 2007; Beaket
al., 2008).

3. Since synergism of properties is observed iddgoadable polymer-
lignocellulosic fiber composite, development of gmnent-dependent and non-
dependent blending system is another area of deweot while blending the fibers.

4. Development of appropriate reinforcement form dssential
particularly to fabricate hybrid biocomposites tsing lignocellulosic fibers either in
the fiber form or in other forms, with a view to mgulate the biodegradable
composite properties particularly to obtain optimbatance in mechanical properties.
In the latter case, the hurdle will be to deterntlmetype of fibers for use as warp and
weft using textile engineering concepts, considerihe dependence of use of
appropriate fiber on their properties. Of courbés tan be overcome by the use of an
interesting concept of “engineered natural fibesdiere in proper blend of bast and
leaf fibers are reported to provide proper balantestiffness-toughness in the
composites (Mohanty, 2002). Also, for balancedikeational properties, the ratio of
warp to weft should be determined based on the ¢ygbers used. For example, in
jute-cotton fabric, 60/40 warp/weft gives betteogerties, while 70/30 of the same is
better in unidirectional composites (Joseph and/&ho, 2000).

5.1.2 Matrix

1. Consistent properties of biodegradable comp®sdkng with
affordable cost, their stability during storage atdpment and recyclability are of
primary concern for their large scale use in mappliaation sectors. These call for
future critical areas of developments of suitalsiexpensive biopolymers (mostly
thermoplastics since lower priced synthetic plastmonstitute about 70% of
thermoplastics consumed by the plastics industry) use lower processing
temperature to avoid degradation and / or volait@ssions, which may affect the
final properties of composite. This should alscetakre of cost, which should not far

outweigh the use the inexpensive fibers.
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2. Similarly, processing and design of new polymwish much
improved mechanical properties and thermal stghifian those reported so far and
appropriate barrier properties and heat resistaheeacteristics will be another area
for future development. Non-improvement of thesepprties will be greater hurdles
for the applications of their composites such ak@aging and structural components.
Probably, this may call for new pathways for pradgmatural polymers even using
nanotechnology to make biodegradable plastics byixmlaybridization or blending
with suitable natural polymers.

5.2 Interface between the reinforcement and matrix

1. As in the case of synthetic polymers based caitgs) possibility of
loading of very high filler/reinforcement (may blecwe 60 wt. %) should be achieved
possibly to reduce the final cost of the produchisTrequires development of
improved compounding technology and new couplingnégas critical areas of future
research. This can have a tremendous impact inriogvéhe usage of petroleum-
based plastics as well beneficial effects in teofihe environment and also in socio-
economic sectors.

2. Of course, some of the limitations for the ug$dignocellulosic
fibers in composites such as low processing tenp@s(<176C) and moisture
absorption have to be seriously looked into, whdeeloping end use applications of
these composites particularly in the automotiveijlding, appliance and other
applications, which have in fact, dramatically m&sed in recent times
(Satyanarayanet al., 2007)

3. Since it is difficult to completely eliminate msture absorption of
the lignocellulosic fibers, it is necessary to depesuitable low cost coating or
encapsulation methods to minimize the moisture mibem by the fibers, which
normally results in swelling of the fibers, leadibg the dimensional stability of
lignocellulosic fiber composites. One of methodggrsted is the use of acetylation
of some of the hydroxyl groups present (Beldzki &aksan, 1999; Mohang al.,
2001; Mohantyet al., 2002) in the fiber, which may increase the costhef fiber,
though may provide good matrix-matrix bonding. Ttés also decrease the rate and

amount of water absorbed by the composite.
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4. In addition to reducing the moisture absorptignthe fibers, some
times tensile properties also show increase bgtiniace modification of fibers. Even
mechanical loading during chemical modificatiorfibérs has been found to improve
the tensile properties significantly due to theuature changes (change in
microfibrillar angle) occurred by the loading (Miski, 1992). This could be another
area for future development to increase the sthempgoperties of biodegradable
composites keeping in mind the composition anccatre of lignocellulosic fibers.

5. It is well known fiber related parameters susleir dispersion and
length as well as their orientation along with thedhesion with the matrix determine
properties of their composite particularly with dhiibers. Including these, there are
various reasons for the lower properties of contpestompared to the potential of
the reinforcing agents (Godet al., 2006). In the case of lignocellulosic fiber—
biopolymer composites though some of these suctllassion between the fibers and
matrix and dispersion of fibers can be overcome tlueboth of them being
hydrophilic and breakage being the least for cedlalfibers, clumping (mostly with
long fibers leading to either fiber-rich or the mmarich regions) and agglomeration
of fibers may still have to be overcome. To minienthese or to get improved fiber
dispersion without agglomeration, development andéection of suitable surface
modifiers or dispersion aids/coupling agents fa tibers is another critical area for

future development.

5.3 Processing

1. Limitation of low processing temperatures suggésportance of
appropriate processing technique as another driiea of development. It is well
known that high processing temperatures that e=duoelt viscosity and facilitates
good mixing cannot be used (except for short psji@hd hence other routes are
needed to facilitate mixing of the fibers and mata produce these composites.

2. Further, to achieve good efficiency of compoddy appropriate
stress transfer from the matrix to the fiber alanth retaining the maximum length of
fiber, improvement of interaction and adhesion leetwthe fiber and matrix should
be maximized (Biggt al., 1988). It is also known that the stress transfiiciehcy of

the composite is dependent on the properties ofnteephase zone, which includes
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the physical or chemical interactions between twitemnt interfaces. Hence, good
efficiency of composite is another critical areab® addressed to make acceptable
biodegradable composites for many applicationse@ein of a suitable processing
technique to take care of these parameters induehatrix attrition (breaking down
of the long chain polymers to shorter chain lengthsis becomes relevant despite
availability of several types of batch and contimsiccompounding equipment for
blending of fibers and matrices. This underlinest tihe properties of lignocellulosic
fiber based composites particularly with thermoiptasis process dependent. For
example, it has been reported that the level adrfdtrition depended on the screw
configuration and the processing temperature duhieghlending of wood fibers with
high density polyethylene (HDPE) in a twin-screvirager (Yamet al., 1990).

5.4 Design and Perfor mance

1. Development of appropriate design of composutach is dictated
by the application, with a high degree of varidpjlshould be looked into. Similarly,
there is need for product standards to back upystqeerformance.

2. Despite conceptual development, exploring mastufang, short
term experimental and analysis of characterizatioh innovative designs
incorporating lab-scale concepts and some long teeniormance and durability
under indoor and outdoor environments is anothiical area of development for
increased application of these special composites.

3. More studies are required on product developraedtperformance
evaluation, including the effect of environmentgirg on the relationship between
the damage caused in the thermo-mechanical-chemproaksses of biodegradable
composites, including their hybrids.

4. Development of degradation models for naturaérs similar to
those developed for glass fibers is another ctiticea for future.

5. Understanding the aging of these composites g to different
environments such as hygrothermal ageing and Igaasrwell as prediction of effects
on the lifetimes of these composites through madehs recently done for glass
fibers are other areas of interest for developntenenhance possibility of their

utilization in structural applications.
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6. Despite increasing interest in research and ldpreent of
lignocellulosic fiber based composites as seen fimeneasing publications, greater
challenge lies in making them structurally and tiorally stable during storage and
use but easily degradable on disposal, whichrstilain as major hurdles. This calls
for paradigm shift in design such as ‘tricorner magh’ in designing such high
performance biodegradable composites. This apprivaciives some crucial steps as
mentioned earlier such as efficient and cost dffeciodification of both the
reinforcements and the matrix materials througtperdunctionalizing and blending

followed by efficient processing technique for aiety of product development.

5.5 Others

1. Many obstacles in terms of low strength, produnctosts, product
quality and supplier-user relations may have ttob&ed into with a view to increase
their use and hence their market. It is also wohilermto point out that till such time
that development of high strength in these compss# achieved they may be used
for non-critical, but large volume applications wienoderate strength is desirable.

2. Continuous research and development in biodagtaccomposites
in terms of various aspects mentioned above sHmeilchrried out as has been done in
the case of non-biodegradable composites, whoderpemce is improved along
with increasing their demand and utilization resgitin their low cost and hence
enlarging the market (Mohanty, 2000).

3. In the case of use of nanoscience in biodegtadadmposites, it
may make the products cheaper through more effigeoduction, with the added
advantages of producing less waste and use ottesgy. But, one has to be careful
while using nano-filler materials, particularly their products are used in food
packaging, since it involves legal and ethical atpa view of their effect on human
health and the environment. Hence, regulations floeir use are needed
(Satyanarayanet al., 2008).
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Objectives

1. To prepare fibers and crystalline cellulose frorfmppressed fibers.

2. To analyze the characteristics of fibers and chyséacellulose from palm pressed
fibers.

3. To study the effect of size and content of palnmsped fiber on the properties of
rice starch films.

4. To study the effect of fiber surface treatment alnp pressed fiber on the
properties of rice starch films.

5. To study the effect of content of crystalline cklke from palm pressed fiber on

the properties of rice starch films.



CHAPTER 2
MATERIAL AND METHODS

1. Materials

1.1 Raw materials
Native rice starch (Thai Flower brand) used wasaioled from

Bangkok Starch Industrial Co. Ltd. and containesh@sture content of about 14%
(determined in triplicate by vacuum drying at®@and < 1 mmHg pressure for 24 h,
EYELA™, Model VOS-300VD, Japan) and peak viscosity (8%asa solid) of 500
BU (Brabender unit, Model VISKOGRAPH, Germany). IRapressed fiber was
obtained from local community in Songkhla provin€Cemmercial grade sorbitol was
obtained from Vidyasom Co. Ltd. (Thailand).

1.2 Chemical reagents

The coupling agents (glysidoxypropyl trimethoxy asg) were
supplied by Sigma-Aldrich Chemie, Damstadt, GermaAgalytical grade (AR)
magnesium chloride, magnesium nitrate, sodium adorpotassium nitrate and
sodium sulfate for saturated salt solutions (at 3% 50% RH, 75% RH, 90% RH
and 98% RH, respectively), nitric acid 10%, sodibagpochlorite 10%, sulfuric acid
64%, sodium hydroxide 2%, acetone and acetic a@devpurchased from High
Science Co. Ltd. (Thailand).
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2. Instruments
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I nstruments Model Company/City/Country
Magnetic stirrer RO 10 power IKA LABORTECHNIK,
Stanferer@any
stirrer RW 20n IKA LABORTECHNIK,
Stanfen, Germany
Homogenizer T25 Ultra Turrax, Malaysia
Water bath W 350 Memmert, Schwabach,
Germany
Blender MX-T700GN National, Japan
Scanning electron microscope JSM-5800 LV JEOL,ybokapan
Universal testing machine LR 30K Lloyd Instrunsehtd,
Hampshire, UK
Spectrophotometer UVv-1601 Shimadzu, Kyoto, Japan

Differential scanning calorimeters
Thermogravimetric analyzer
Dynamic mechanical thermal
analyzer

FTIR spectrometer

Laser patrticle size analyzer
X-ray diffractometer

Hunter associates laboratory

Perkin-Elmer D3Norwalk, Conn., U. S.
Perkin-Elmer TGA-7 USA

DMTA-V

Equinox 55
LS-230

X'Pert MPD
Inc., VA.

Rheometric $¢ikc, US

Bruker, Japan
Coulter,.U.S
Philips, Nethend

USA
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3. Preparation of palm pressed fiber (PPF)

Palm pressed fiber (PPF) were washed with watecdmied out of oil
and dirts, dried at 78C in an oven for 12 h. PPF were prepared by aeitrment
(10% HNQ) on dry base of palm pressed fiber at®dor 1h, and bleaching the
produced pulp using the sodium hypochlorite bleaghnethod (Browning, 1967).
Bleached palm pressed fiber was then size reduatidnscreened at 40 (4aén), 60

(250 um), 80 (177um) and 120 mesh (138m).

4. Effect of size and content of palm pressed fiber (PPF) on properties of rice
starch films

4.1 Film preparation
Starch solution with concentration of 3% (w/v) wpeepared by

dispersing rice starch in distilled water and heathe mixtures with stirring until it
gelatinized (83C for 5 min), and then cooling to 42 'C. The solution was filtered
through a polyester screen (mesh no.140 with mesehiog of 106um) by vacuum
aspiration to remove any small lumps in the sofutiSorbitol was added 50% of
starch solution. Subsequently, the PPF (at 125, 2590 and 42@um) dispersion was
added at 10, 20, 30 and 40% of sorbitol and stifoed?0 min. After mixing, the
mixer was degassed under vacuum then casting lantdefveled non-stick tray to set.
Once set, the tray were held at@G5or 10 h undisturbed, and then cooled to ambient
temperature before peeling the films off the tragdl. treatments were made in
triplicate. The resulted films were tested as fotd,

- Tensile strength and elongation at break by AS18382-91

(ASTM, 1995)

- Water vapor permeability (McHugh al.,1993)

- Water uptake (Sreekala and Thomas, 2003)

- Film colour by CIELAB system

- Film transparency

- Degradation Temperature, Td by Thermograviménalysis

(TGA)*
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- Glass Transition Temperature, Tg of films by Bréntial
Scanning Calorimetry (DSC)*

- Dynamic Mechanical Thermal Analysis (DMTA)*

- Morphological properties*

* Remark, selected samples

5. Effect of fiber surface treatment of palm pressed fiber (PPF) on properties of
rice starch films

5.1 Fiber surface treatment
5.1.1 Alkalinetreatment (application by Herrera-Franco and Valadez-
Gonzalez, 2005)

After received the suitable size of PPF from itemthe PPF were
treated with a NaOH aqueous solution (2% w/v) fdr &t room temperature, then,
they were washed with distilled water until all thedium hydroxide was eliminated,
that is, until the water no longer indicated ankahlhity reaction. Subsequently, the
PPF were dried at AT for 24 h.

5.1.2 Silanetreatment (application by Shih, 2006)

After received the suitable size of PPF from itersutface treatments
of dried fibers were carried out in the acetonautsmh of silane. Fibers (5 g) and
silane (0.5 g) were put in flask with the propeluwoe of acetone. After agitation for
half and hour, the flask was sealed with a par&lm and kept for 12 h at room
temperature. Then the samples were first washeu agé¢tone to remove compound,

and dried at 78C in an oven to constant weight.

5.2 Film preparation
Starch solution with concentration of 3% (w/v) wpeepared by
dispersing rice starch in distilled water and heathe mixtures with stirring until it
gelatinized (83C for 5 min), and then cooling to 42 'C. The solution was filtered
through a polyester screen (mesh no.140 with meshing of 106um) by vacuum
aspiration to remove any small lumps in the sotutiSorbitol was added 50% of
starch solution. Subsequently, both of the tre®ie# dispersion was added at 10, 20,

30 and 40% of sorbitol and stirred for 20 min. Afteixing, the mixer was degassed
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under vacuum cast onto flat, leveled non-stick toaget. Once set, the tray were held
at 55C for 10 h undisturbed, and then cooled to antiEmperature before peeling
the films off the trays. All treatments were maderiplicate. The resulted films were
tested as followed;
- Fourier Transform Infrared Spectrometer (FTIR}ra
untreated PPF and silane treated PPF
- Tensile strength and elongation at break by AS18382-91
(ASTM, 1995)
- Water vapor permeability (McHugh al, 1993)
- Water uptake (Sreekala and Thomas, 2003)
- Film colour by CIELAB system
- Film transparency
- Degradation Temperaturey By Thermogravimetric Analysis
(TGA)*
- Glass Transition Temperature, df films by Differential
Scanning Calorimetry (DSC)*
- Dynamic Mechanical Thermal Analysis (DMTA)*
- Morphological properties*

* Remark, selected samples
6. Effect of content of crystalline cellulose (CC) on properties of rice starch films

6.1 Preparation of crystalline cellulose (CC) (application by Lu and Cao,
2005)

The suspensions of crystalline cellulose were peghaby acid-
catalyzed hydrolysis of palm pressed fiber simitathe method as described by Lu
and Cao (2005). Briefly, the bleached palm preddset (20 g) was mixed with
sulfuric acid (175 ml, 64%) and stirred vigorously 45°C for 4 h, and then a
dispersion of CC was obtained. After sonication1&f min, the suspension was
neutralized with 0.5 N NaOH.
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6.2 Film preparation
Starch solution with concentration of 3% (w/v) wpeepared by
dispersing rice starch in distilled water and heathe mixtures with stirring until it
gelatinized (85C for 5 min), and then cooling to 42 'C. The solution was filtered
through a polyester screen (mesh no.140 with meshiog of 106um) by vacuum
aspiration to remove any small lumps in the sofutiSorbitol was added 50% of
starch solution. Subsequently, the CC dispersiosn adgaled at 10, 20, 30 and 40% of
sorbitol and stirred for 20 min. After mixing, timeixer was degassed under vacuum
cast onto flat, leveled non-stick tray to set. Oset the tray were held at ®5for 10
h undisturbed, and then cooled to ambient temperdiefore peeling the films off the
trays. All treatments were made in triplicate. Tiesulted films were tested as
followed;
- X-Ray Diffraction
- Tensile strength and elongation at break by AS18382-91
(ASTM, 1995)
- Water vapor permeability (McHugh al., 1993)
- Water uptake (Sreekala and Thomas, 2003)
- Film colour by CIELAB system
- Film transparency
- Degradation Temperature, Td by Thermograviménalysis
(TGA)*
- Glass Transition Temperature, df films by Differential
Scanning Calorimetry (DSC)*
- Dynamic Mechanical Thermal Analysis (DMTA)*
- Morphological properties*

* Remark, selected samples
7. Effect of moisture sorption on properties of rice starch film

Water sorption isotherms were determined by pladicgy starch films
into a controlled humidity environment at a constantgerature until equilibrium.
After drying at 75C and < 1 mmHg pressure for 24 h (EYEMA Model VOS-
300VD, Japan), the films were placed into environtseof various relative
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humidities above salt solutions and constant teatpex at 2#2°C in desiccators.

The relative humidities were 33% RH (magnesium tir), 50% RH (magnesium
nitrate), 75% RH (sodium chloride) and 90% RH (pstam nitrate). The sorption
experiments were carried out by keeping approxipat®00 mg of films (2 cm x 2

cm for weighing and 2.54 cm x 12 cm for Tensilee8gth) in desiccators, removing
at frequent intervals and weighing until they reacmstant weight (withirt 5%),

after that, the films were tested by tensile sttiermond water activity (3.
8. Determination of RSfilms properties

8.1 Conditioning
All films were conditioned prior to subjecting thempermeability and
mechanical tests according to the Standard me6#8-61 (ASTM, 1993a). Films
used for testing water vapor permeability (WVP)nsie strength (TS), and
elongation at breake) were conditioned at 50% RH and+27C by placing them in
desiccators over a saturated solution of Mg{N@r 72 h or more. For other tests,

film samples were transferred to plastic bags giémling and placed in desiccators.

8.2 Film thickness
The thickness of the films was measured with a ipi@t digital
micrometer (Digimatic Indicator, Mitutoyo Corporaiti, Japan) to the nearest 0.0001
mm (x5%) at five random locations on the film. Methickness values for each
sample were calculated and used in water vapor gty (WVP) and tensile

strength (TS) calculations.

8.3 Water vapor permeability (WVP)
The gravimetric modified cup method based on ASTM6-822
(McHugh, 1993) was used to determine the WVP afidil The test cups were filled
with 20 g of Silica gel (desiccant) to produce a Rt below the film. A sample was
placed in between the cup and the ring cover dfi eap coated with silicone sealant
(high vacuum grease, Lithelin, Hannau, Germany) lagld with four screws around
the cup’s circumference. The air gap was at apprately 1.5 cm between the films
surface and desiccant. The water vapor transmigsie (WVTR) of each film was
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measured at 60+2% RH and 258&2 After taking the initial weight of the test cup,
was placed into a growth chamber with an air v&yocate of 125 m/min (Model
KBF115, Contherm Scientific, Lower Hutt, New Zealan Weight gain
measurements were taken by weighing the test cupetamearest 0.0001 g with an
electronic scale (Sartorious Corp.) every 3 h 1A plot of weight gained versus
time was used to determine the WVTR. The slopeheflinear portion of this plot
represented the steady state amount of water \éiffasing through the film per unit
time (g/h). The WVTR was expressed in grams peaguneter per day. Steady
state over time (slope) yielded a regression cdefit of 0.99 or greater. Six samples
per treatment were tested. The WVP of film wasulated by multiplying the steady
WVTR by the film thickness and dividing that by twater vapor pressure difference

across the films.

8.4 Mechanical properties
Tensile strength (TS) was measured with a LLOY Drumaent (Model
LR30K, LLOYD Instruments Ltd., Hampshire, England$ per ASTM D882-91
Standard Method (ASTM, 1993b). Ten samples, 2r84xcl2 cm, were cut from
each films. Initial grip separation and crosshepded were set at 50 mm and 50
mm/min, respectively. Tensile strength was caltedlaby dividing the maximum

force by the initial specimen cross-sectional aseal the percent elongation at break

() was calculated as follows:

€ = 100x (d after — dpeford/d before

Where, d was the distance between grips holdingpleeimen before

or after the break of the specimen.

8.5 Color
A CIE colorimeter (Hunter Associates Laboratory¢.JnVA, USA)
was used to determine the film L*, a* and b* col@lue [(L* = O (black) to 100
(white); a* = -60 (green) to +60 (red); and b* =0-@lue) to +60 (yellow)]. The
standard plate (calibration plate CX0384, L*= 92.82= -1.24, and b*= 0.5) was
used as a standard. Color (means of five measutsraedifferent locations on each
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specimen) was measured on 10 cm x 10 cm segméitinof Total color difference
(AE*4p), hue angle (H), and chroma (C) were calculaténguie following equation:

AL* = L* sample— L* standard A@* = @* sample= 8* standard AD* = D* sample-

b* standard

AEqs* = [(AL¥) 2 + (Aa¥) ® + (Ab*) 7°°

C=[(@)? + (") °°

H = tari* (b*/a*) when a* > 0 and b* > 0

H = 180 + tan (b*/a*) when a* < 0

H = 360° + tan* (b*/a*) when a* > 0 and b* < 0

Prior to taking color measurements, film specimemsre pre-
conditioned at 60% RH and 27%2for 72 h.

8.6 Transparency
The transparency of films was determined using a-1601
spectrophotometer (Shimadzu, Kyoto, Japan). Thea fdlamples were cut into
rectangles and placed on the internal side of thectsophotometer cell. The
transmittance of films was determined at 600 nndescribed by Han and Floros

(1997). The transparency of the films was calcdlat® follows:
Transparency = -log 6bo/X)

Where TFqo is the transmittance at 600 nm and x is the fickness

(mm).

8.7 Water Uptake
The kinetics of water absorption was determinedafbthe films. The
dimension of specimens were 2 x 2 cm. The filmsewberefore supposed to be thin
enough so that the molecular diffusion was consedi¢éo be one-dimensional. Sample
were first dried overnight at 180. After weighing, they were condition at room
temperature in desiccator containing sodium suliatensure a RH ratio of 98%. The
conditioning of samples in high moisture atmospheeas preferred to the classical
technique of immersion in water because starclerg sensitive to liquid water and

can partially dissolve after long time exposurevader. The samples were removed at
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specific intervals and weighed using a four-digitamce. The water content or water

uptake of the samples was calculated as follows:

M, —-M
% Water uptake =tM—OX100

WhereM; is mass of sample at timeMj the mass of sample at t=0.

8.8 Differential scanning calorimetry (DSC)

Thermal properties of native RS and RS films weralyed with a
Perkin-Elmer DSC-7 (Norwalk, Conn., U.S.A.) equigp®ith an intra-coolant
Thermal Analysis Controller TAC7/DX (Perkin-Elmergamples (approx. 20 mg
each, db) were weighed into stainless steel pagrki(REImer) designed to withstand
high pressures. The stainless steel pan was seafledan O-ring, and allowed to
reach equilibrium of moisture for overnight. An em@SC pan was used for a
reference pan. The heating rate was programmedolting at -50°C for 1 min,
followed by ramping the temperature range of -566@50°C at a rate of 20°C/min,
and holding at 250°C for 1 min. Measurements weaglenat least in duplicate for
each treatment.

8.9 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to study degradation
characteristic of the films. Thermal stability ciah sample was determined using a
(PerkinElmer, TGA7) with a heating rate of 40/min in a nitrogen environment. It
has a weighing capacity of 1.0 g. Samples weresldeabm room temperature to 500
C.

8.10 Dynamic mechanical thermal analysis (DMTA)

The small deformation analysis of the films wasf@@ned in tension
in a dynamic mechanical thermal analyzer (Rheomeudientific, DMTA V). The
tested filmstrips were cut into small strips (6 mm) and clamped in the instrument
with the initial grip separation 5.5 mm. The filwere subjected to a sinusoidal strain
on top of a static deformation. The testing wasdcmted at a constant frequency of 1
Hz and a strain of 0.02% and over a temperaturgerari 50 to 200C, at a heating
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rate of 5°C /min. The measurements of each experimental peené done at least in
triplicates. When dynamic mechanical spectroscapgmployed within the linear
viscoelastic regime to determine Tg, the storagk laas modulus (E’ and E”) and
loss tangent (taf = AE’/E”) are measured as a function of temperatura eonstant

frequency and a selected heating or cooling rate.

8.11 Fourier transform infrared (FTIR)
FTIR spectra of the fiber and the films were reedrdusing an
attenuated total refraction (ATR) method in an fearometer (Bruker, Equinox 55,
Japan). The fiber and the films were applied diyechto the ZnSe ATR cell. For

each spectrum, 128 consecutive scans at 4resolution were averaged.

8.12 X-ray diffraction
The crystallinity of the starch powder, palm presdiber (PPF),
crystalline cellulose (CC), starch film and starim reinforced with CC, were
investigated byX-ray diffraction. The analysis was performed wétlPhilips X’ Pert
MPD, Natherlands, using copper radiation Kt a voltage of 40 kV and 30 mA. The
sample were scanned betwedh=23-40 with a canning speed of/fin. Prior to
testing, the samples were dried and stored in eaier. The relative crystallinity
index was calculated using equation 1 (Kolesel., 1993; Mulleret al., 2009).
wox A A
A A+A
WhereA. is the crystalline ared, is the non-crystalline area aAdis

the total area.
9. Experimental design and statistical analysis

A completely randomized experimental design was dude
characterize the composite films. Analysis of amce (ANOVA) was used to
compare mean differences of the samples. If thierdhces in mean existed, multiple
comparisons were performed using Duncan’s Multipdege Test (DMRT).



CHAPTER 3
RESULTS AND DISCUSSION

1. Characteristics of palm pressed fiber (PPF)

The color of unbleached pulp and bleached pulp diidrent value,
the color of unbleached pulp was 68.56, 7.24 an8af L*, a* and b* value, for the
color of bleached pulp was 87.39, 0.81 and 11.43*o&* and b* value, respectively
(Table 2).

Table 2. The color value of unbleached pulp andd#ied pulp.

Pulp color value
L* a* b*
Unbleached pulp 6856.03 7.24).01 43.560.07
Bleached pulp 87.80.09 0.840.03 11.480.04

2. Compositional profile of materials

2.1 Compositional of palm pressed fiber (PPF)
The composition of unbleached pulp and bleachep melre found to
be 8.99, 45.97, 10.24, 3.50, 60.02 and 38.12% &3®] 85.61, 8.55, 2.93, 67.18 and
42.33% of moisture, cellulose, lignin, ash, acidedgent fiber and alpha cellulose,

respectively (Table 3).

Table 3.Compositions of palm pressed fiber (PPF).

Compositions Amount)(%
Unbleached pulp Bleached pulp
Moisture 8.990.03 78205
Cellulose 45.9%0.09 5560.07
Lignin 10.24:0.02 8.56.06
Ash 3.5@0.08 29313
Acid detergent fiber 60.60.01 67.180.02
Alpha cellulose 38.1D0.01 42.330.01

49
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2.2 Compositional of starch
The composition of starch were found to be 10.653,00.34, 0.47 and
14.96% of moisture, ash, crude protein, crude fat soluble amylose, respectively
(Table 4).

Table 4. Compositions of starch.

Compositions Amount) (%
Moisture 10.65:0.03
Ash 0.180.02
Protein 0.340.00
Fat 0.470.02
Soluble amylose 1449670

3. Effect of size and content of palm pressed fib€éPPF) on the properties of rice

starch films

The thickness of resulted RS films were measurdat waiprecision
digital micrometer and the average thickness of s was approximate
0.085:0.01 mm. Mean thickness values of sample were ledbmiand used in tensile

strength (TS), water vapor permeability (WVP) arahsparency value of RS films.

3.1 Tensile strength (TS) and elongation at breafe)

A biodegradable or edible film must withstand thermal stress
encountered during its application and the subsegsi@pping and handling of the
food to maintain its integrity and barrier propesti Tensile strength (TS) is the
maximum tensile stress sustained by the samplagltine tension test. If maximum
tensile stress occurs at either the yield pointher breaking point, it is designated
tensile strength at yield or at break, respectiVAl$TM, 1991). High TS is generally
required, but deformation values must be adjustedording to the intended
application of the films. That is, whether it is-daformable material to provide

structural integrity or reinforce structure of flo@d (Gontarckt al., 1992).



51

Elongation at breakej is an indication of films flexibility and stretch
ability (extensibility), which is determined at powhen the film breaks under tensile
testing and is expressed as the percentage of ehainthe original length of the
specimen between the grips of a film to stretchiefed). The TS and of the rice
starch (RS) films reinforced with palm pressed figePF) or RS/PPF films is
depicted in Figure 10. The TS of RS films were ctffe by size and content of PPF.
The results demonstrated that the TS of RS filmsevemhanced as addition of PPF.
This behavior was expected and was attributed éadélistance exerted by the fiber
itself and due to 3D hydrogen bonds network forrhetiveen different components
(Lu et al., 2006). Furthermore, increasing of fillers conténin 0 to 40% of starch
resulted in an increase of TS (Figure 10A), indidathat a high compatibility occurs
between starch matrix and PPF fillers and the pedoces (e.g., mechanical
properties) Besides, at lower fiber content dispersf fiber is very poor so that TS
will not occur properly. Similar results were obgsd by Sreekumaat al. (2007) and
Sangthonget al., (2008). Size of PPF fillers also affected the TR& films, the
result showed that, TS remarked increase as siBPbffillers increase from 125 to
420 um. According to the results, the maximum T&R8&ffilms reinforced with 40%
of starch at 420 um (16.26 MPa) (Figure 10A). Reway the tensile behavior of
resole composites fiber size of 420 um was fountteahe optimum size for RS
films. In the case of fibers smaller than this optm size, the fibers will debond from
the matrix resulting in weaker of composite. Besjdeonget al. (1993) pointed out
that short fiber act more like flaws in the struetof the matrix rather than long fiber
as reinforcement agent, this could be the reasorthi® lower of tensile strength

values. This result shows a reasonable agreemémnewperimental of Arbelaiet al.

(2006). Regarding the elongation at bregk §ize of PPF did not significantly affect
on thee but there was affected by the PPF content; reshltsved that increases in
PPF fillers from O to 40% of starch provided desee@n € from 40.54% to 1.69%

(Figure 10B). The experiments showed that TS amaf RS/PPF films is almost

inversely related.
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Figure 10. Effect of size and content of PPF ositerstrength (A) and elongation at

break (B) of RS films. Mean values with differeettér are significantly

different (p<0.05).
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3.2 Water vapor permeability (WVP)

As a food packaging, film is often required to avar at least to
decrease moisture transfer between the food anduheunding atmosphere, and
water vapor permeability should be as low as ptsgia et al., 2008). The results
demonstrated that RS films contained 40% PPF wakehr during measuring the
water vapor permeability, resulted from the ocawgrof brittle films. Hence, only 10-
30% PPF was presented in this study. Water vapongmbility (WVP) of the RS
films decreased with the addition of PPF, and flgbdst occurred when no fiber was
added (14.15 g.mm/mdlay.kPa) but the lowest value (4.27 g.mftay.kPa) being
obtained with addition of PPF (Figure 11), thisules pointed out that water
resistance of PPF was better than rice starch xn&towever, WVP of the RS films
tended to increase as content of fibers increaSeplire 11). For example, WVP of
the RS films increased from 4.33 g.mm/daykRa to 10.60 g.mm/day‘kPa when
increasing the PPF content from 10 to 30% of statch20 um of PPF (Figure 11).
The addition of PPF probably introduced a tortupath for water molecule to pass
through (Kristo and Biliaderis, 2007). At a low ¢ent of filler, PPF dispersed well in
the rice starch matrix, and blocked the water vaplewever, superfluous filler was
easy to congregate and increased porous on fillhgchwactually decreased the
effective contents of fiber and facilitated the eravapor permeation (Mat al.,
2008). Additionally, as the fiber content increasieel water absorption also increased
due to the increased hydrophilic nature of therfbéMoreover, large number of
porous tubular structures present in fiber acctdsrthe penetration of water by the
so-called capillary action (Sreekunsral., 2007). Similar trend is observed in for the
composites prepared by Espetrél. (2004). Size of PPF fillers also affected the WVP
of RS films, the result showed that, WVP tendedntwease as size of PPF fillers
decrease from 420 to 125 um, because the smalbEREF increased the surface for
contact the water in surrounding atmosphBrenavaia and Beall (2000) reported that
the changes in WVP of composite films due to thiectfof the filler added are highly
dependent on the size and aspect ratio (width-ighheof the filler. Besides, bigger
size of fiber showed higher agglomerated and, pybahis fact diminished the
effectiveness of fiber for WVP decrease.
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Figure 11. Effect of size and content of PPF orewaapor permeability of RS films.

Mean values withllifferent letter are significantly different (p<®)0

3.3 Water Uptake

In sorption kinetics experiments, the mass of sbrpenetrant is
measured as a function of time. The change in weighng conditioning at 98% RH
is plotted against time in Figure 12 for RS filnesnforced with PPF at different size
(125-420um) and content (0-40%) of PPF. These swelling @datathe results of
several trials, and the measurement reliability wasy good. We ascertained that
each composition absorbed water during the expetitmg behaved differently. Two
well-separated zones are displayed in Figure 12JAAD lower time (zone |: t < 2
day or 48 h), the kinetics of absorption are faghjle the longtime kinetics of
absorption are slow and lead to plateau (zoneSlhilar results were observed by
Demiret al. (2006). In zone | the water uptake for a giveretisalways as low as the
cellulose content is high. In zone Il the waterakgtreaches a plateau whose value is
always as low as the cellulose content is highottesponds to the weight percentage
increase at equilibrium or the water uptake at ldqium. Figure 12, the results
demonstrated that the water uptake of RS films wageificantly reduced as addition
of PPF and decreased with increasing the PPF (px0lbis behavior was expected
and was attributed to the resistance exerted bpihenter-wined cellulose network

observed when mixed with gelatinized starch. The fR8 processing by water
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evaporation allows stabilization of this structarel reinforces it by the establishment
of strong hydrogen bonds between cellulose durimg ¢vaporation step. This
phenomenon is similar to the percolation of ceBeldibers in paper making (Batten
and Nissan, 1987 by Dufreseeal., 1999). Indeed, it is well established that the high
mechanical properties of a paper sheet result ttmrhydrogen-bonding forces that
hold the percolating network of the fibers. In aystems cellulose acts as a close
network within the matrix and prevents the swellioigthe starch material when
exposed to water or moist atmosphere. In additiamorable interactions probably
exist between starch and cellulose that contriltotethis phenomenon. Adding
cellulose to the starchy matrix results in a deseeaf water uptake (Dufresmeeal.,
1999).

The water uptake of RS films was affected by sizBRF. The results
demonstrated that the water uptake of RS films wsigsificantly decreased with
decreasing the size of PPF at the same contenPBf(P<0.05). Hedenqvist al.
(2006) and Xuet al. (2006) explained that the small size, the surtaeeslume ratio
of the small particles is significantly greater thténat of the corresponding great

particles at the same mass content.
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Figure 12. Effect of size and content of PPF at12%um, (B) 177um, (C) 250um
and (D) 42Qum on water uptake of RS films.

3.4 Color and transparency
Color of the packaging is an important factor imnte of general
appearance and consumer acceptance (Srinistash, 2007). The results of the
measurements performed on the RS film’s color vexq@ressed in accordance with
CIELAB system and the rectangular coordinates @*and b*) and the total color

difference AE*,), hue angle and chroma were calculated. Figuranti314 depicted
results from the effect of size and content of BRérs on color (L*, a*, b*, AE*,p,
chroma and hue angle) of RS films. These resultsvet that the content of PPF
fillers significantly affect the color of RS filmsThe b* chroma and\E*,, values
increased as content of PPF fillers increased fino 40% of starch concomitant
with decreased in L*, a* and hue angle values. Trdgcated the decreasing lightness
(L*) and increasing yellowness (b* and chroma) & fm, possibly due to the PPF
have white-yellowish color. Transparency of then8lis also of importance in some

instances, when used as packaging materials. Addii PPF fiber into the RS films
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resulted in decrease their transparency. Ricelstilma without PPF fiber was the
highest transparent. However, the lower transpgrehthe films was noticed when a
greater amount of PPF was incorporated (Figure B decrease in transparency
could possibly arise from the light scattering frdme retarding of light transmission
of the PPF and RS/PPF films. At high level of P, RS films demonstrated lower

transparency than lesser PPF incorporation.
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Figure 13. Effect of size and content of PPF or{A); a* (B) and b* (C) of RS films.

Mean values with different letter are significandifferent (p<0.05).
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Figure 15. Effect of size and content of PPF ondparency of RS films. Mean
values with different letter are significantly difent (p<0.05).

3.5 Thermal properties

According to PPF at 42(m yielded a good mechanical and barrier
properties of RF films, hence thermal propertié®ifnogravimetric analysis, TGA,
differential scanning calorimetry, DSC and dynammechanical thermal analysis,
DMTA) of RS films reinforced with PPF at 420m for all PPF content were
investigated.

3.5.1 Thermogravimetric analysis (TGA)

TGA thermograms and the char yields (50D of various samples
under nitrogen are shown in Figure 16. The behawfathe char yield curves was
similar in the composites (Figure 16). The fibarer at low content (10% of starch,
as shown in Figure 16), could improve thermal $itgtof RS films. The char yield of
RS film was lesser (8.5%) than RS films reinforeeth PPF (10.6-14.1%), resulting
from the greater thermal stability of the PPF. Bg teason of the mainly composition
of PPF are cellulose that was strong structurerefbee, addition of PPF into the RS
films can be improved the thermal stability of Rlgn§. It was found that the char
yield of RS films was enhanced as PPF fillers auiniecreased. For example, the
char yield increased from 8.5 to 14.1% when increpghe PPF content from O to
40% of starch (Figure 16). These results indicdbed fiber addition increased the
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thermal stability of RS films, which is in agreenesith the results reported by
Ruseckaite and Jimenez (2003) for composites vistl §bers and PCL matrix. The
results revealed that the composites, the moistomgent mainly contributed to mass
loss at the onset temperature, while for pure R8sfithe moisture content and the
addition of plasticizer resulted in the mass |dgss difference was due to the good
adhesion between RS films and fiber. The fiber comept decreased the mass loss of

plasticizer, therefore, the thermal stability of #&s was improved.

100- PPF
RS film
-------- RS film + 10%PPF
80 1 ———— RS film + 20%PPF
RS film + 30%PPF
5 N A —— RS film + 40%PPF
S 60
c
2
(J]
= 40-
20 -
O T T T T T
0 100 200 300 400 500

Temperature (C)

Figure 16. TGA thermograms of PPF, RS films andl@®% of PPF (42(m)

reinforced RS films.

3.5.2 Differential scanning calorimetry (DSC)

The DSC results, which showed that the presen&Péf increases the
T4 of the matrix, are in agreement with the watemp8on experiments. Figure 17
shows the DSC curves in the temperature regiorb@fte 220C of the RS films
reinforced with PPF. No endothermic peaks, assigtedthe glass transition
temperature (J) of RS films. However, can be observed from thereasing
endothermic heat flow when PPF was added into R&fiwith the increase of PPF
contents, the endothermic heat flow increased giadumight be attributed to the
occurrence of intermolecular interactions occurbetiveen starch and PPF, which

reduces the flexibility of molecular chains of star(Lu et al., 2006). This behavior
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was already observed with different polysaccharia#sforced with cellulose fiber
(Curveloet al., 2001; Maet al., 2005; Arbelaizt al., 2006).

PPF
12.57 RS film
1154 e RS film + 10%PPF
105 "~ —--- RS film + 20%PPF
= RS film + 30%PPF
s % T RS film + 40%PPF
o 85-
>
o 7.5-
2
5 651
5.5 -
45+ °
35 T T T T T
-60 -10 40 90 140 190

Temperature (C)

Figure 17. DSC curves of PPF, RS films and 10-40®RF (420um) reinforced RS

films.

3.5.3 Dynamic mechanical thermal analysis (DMTA)

Figure 18 shows the temperature dependence of dgnaechanical
thermal analysis behaviors for the RS film and R&-film. The storage modulus
(E") of the RS film and PPF/RS films as a functmintemperature is given in Figure
18A. The storage modulus of the films was increas@t increasing PPF content
compared to the pure RS film. By incorporating RiRérs of 0 to 30% of starch, the
thermal stability shifts to higher temperature. sTlkean be attributed to the strong
interfacial interactions through hydrogen bondireiween large specific surface of
PPF and starch matrix (Angles and Dufresne, 2001).

Figure 18B shows the tancurves of the RS film and PPF/RS films as
a function of temperature. The glass transitionperatures were estimated from the

tand peaks. The RS film exhibits g Transition at about 148. Additionally, the |

of thermoplastic starch depends on the plastianatent and humidity conditions as

well as the composition of starch (Alemdar and S2007). With increasing the PPF
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fillers content from O to 30% of starch, the t&rpeak shifts from 148 to 18C,

indicating that PPF fillers restrict molecular noots of starch, due to the strong
interaction between starch and fillers (Parril., 2002).

—— RS film
) ——RS film + 10%PPF
8.0E+08 RSt « tosibee
7.0E+08 Db
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tan delta
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R QU@ (LS ITNTTITTTITITNT
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Figure 18. The dynamic mechanical behaviors of l§adhstorage modulus (E’) and
(B) loss factor (tard) as a function of temperature for of PPF, RS films
and 10-30% of PPF (42dm) reinforced RS films.
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3.6 Morphology of the films
Morphology of RS films reinforced with PPF (4aéh) at 10 - 40% of
starch are depicted in Figure 19 and 20. At lovileerfcontent (10%) dispersion of
fiber is poor than higher content (Figure 19). e tFigure 20 illustrates the
morphology of RS films incorporated with 40% PPFldterent size PPF (125, 177,
250 and 42@m). The small fiber had length of fiber were shotten the large fiber
although the small size fiber had better disperdiam the large size fiber, the result
had relationship with the TS of the RS films rencted with PPF, TS remarked
increase as size of PPF fillers increase from 2280 um because the long fiber had
better mechanical properties than the short fioehss the paper were manufactured
from long fiber had the strong structure. Similafyuet al. (2006), who reported the
acrylic films reinforced with the longer acaciadithad the higher TS than the acrylic

films reinforced with the short acacia fiber.



Figure 20.Surface x10) of RS films reinforced with 40% PPF at (A) 125, (B)
177 pum, (C) 250um and (D) 42Qum.
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4. Effect of fiber surface treatment of palm presse fiber (PPF) on the properties

of rice starch films

Rice starch film were prepared and the influenc¢heffiber surface
treatment (alkaline treatment and silane treatment)the mechanical properties,
water barrier properties and thermal propertiescaf starch films were investigated.
The PPF at 42(um was selected according to mechanical, barriepgt®s and
together with thermal properties. For this studhg effect fiber surface treatment of
palm pressed fiber on the properties of rice stéhets was investigated. The selected
surface treatment of PPF on RS films propertiekidexd alkaline treatment and silane
coupling agent treatment (glysidoxyproply trimetiloxsilane) at various

concentrations.

4.1 FTIR spectroscopy of untreated and treated PPF

FTIR spectra for the untreated PPF and silaneee@PF is shown in
Figure 21, a strong and broad absorption was fain®335 crit. This implies the
presence of —OH groups in the fibers and hydrogemding between those —OH
groups. However, the absorption peak of —OH grdapshe silane treated PPF was
shifted to a higher wave number near 3400*cffhis implies that the degree of
hydrogen bonding between —OH groups was decreasédthe absorption peak of —
OH groups was shifted to the position of free —Oiddugs (higher wave number)
(Shih, 2006). Moreover, the characteristic absompfpeaks of epoxide at 800 and
1272 cm were found for silane coupling agent (glysidoxypyotrimethoxy silane).
Furthermore, a slight increment in the broadnessrat 1000-1100 cthwas found
for the silane treated PPF. This could be attridhuitethe presence of the asymmetric
stretching of -Si-O-Si- and/or —Si-O-C- bonds. Whis in agreement with the results
reported by Herrera-Franco and Valadez-Gonzale@5RGhe broad intense bands
around 1200 was assigned to the stretching of 8#®-cellulose. The former bond is
indicative of the existence of silica depositedtbea fibers, whereas the latter would
confirm the occurrence of a condensation reactetwéen the silane coupling agents

and the fibers.
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Figure 21. Fourier Transform Infrared (FTIR) spador the untreated PPF and 40%
silane treated PPF.
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4.2 Tensile strength (TS) and elongation at breafe)
The mechanical properties of the rice starch (R®)sfreinforced with
treated palm pressed fiber (PPF) or RS/PPF biocsitgpdilms, such as tensile
strength (TS) and elongation at breakié depicted in Figure 22. The importance of

the treatment with coupling agent can be assesgetbimparing the results of the
untreated and treated PPF. Figure 22A illustrdtesTtS of RS films containing the
untreated and treated PPF (10 - 40% silane couplyemts). Comparing with same
amount of PPF fillers, the TS of the RS film remied with treated PPF showed
higher than the RS film reinforced with untreatd@FP This is in agreement with the
results reported by Herrera-Franco and Valadez-&enZ2005) for composites with
henequen fibers were treated with vinyltris sileared HDPE matrix. The results
showed that, the TS of the RS film reinforced withireated PPF and treated PPF
increased as the PPF content increased. The nedidated that a high compatibility
occurs between starch matrix and PPF fillers aedpgrformances (e.g., mechanical
properties) due to 3D hydrogen bonds network forimetsiveen different components
(Lu et al., 2006). However, increasing of fillers content frdmto 30% of starch
resulted in an increase of TS (Figure 22A), indidathat a high compatibility occurs
between starch matrix and PPF fillers and the pewdoces (e.g., mechanical
properties). Similar results were observed by Sieeket al. (2007) and Sangthong
et al. (2008). While the TS of RS films reinforced witld% of treated PPF was
decreased due to superfluous filler was easy tgregiate and increased porous on
the films. Similar results were observed by Piakggt al. (2003), reported that at the
highest fiber percentages, an actual reduction trength was observed. One
explanation for the general reduction in the sttierigr the treated wood fiber as the
PPF content increases could be related to fibeloagggation, which would be more
likely at higher fiber contents. Fiber — fiber irdetion from hydrogen bonding is
considered to be a significant to fiber dispergidatuanaet al., 1999).

Comparing between alkaline treatment and silararrent of the fiber
on the RS films properties. The result demonstrdiat the TS of RS film reinforced
with alkaline treated PPF showed higher than RS fdinforced with silane treatment
at the same content of PPF fillers. Bisamtlal. (1991) and Pickeringt al. (2003)

explained that, alkaline treatment results in aprowement in the interfacial bonding
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by giving rise to additional sites of mechanicaknocking, hence promoting more
fiber/matrix interpenetration at the interface. i¢ea-Franco and Voladez-Gonzalez
(2005) found that the TS of the high density pdiy&gne (HDPE) reinforced with
alkaline treated short natural-fiber showed higthen HDPE composite reinforced
with silane treated short natural-fiber.

Concentration of silane coupling agent also affkdiee TS of RS
films, the result showed that, TS tended to in@eas concentration of silane
coupling agent increase from 10 to 40%. The in@@as the TS with an increased of
silane concentration can be explained by the battkesion between the filler and the
starch matrix. Without silane coupling agent, tmycadhesion mechanism is inter-
diffusion. Silane coupling agents yields to hydnogad covalent bonding between
hydroxyl groups of filler and polysiloxanes formdxy hydrogenation of silanes
providing better adhesion between the fiber andstlaech matrix. Better adhesion
improves stress transfer through fibers, thereforreases the TS of RS films (Demir
et al., 2006). Abdelmoulelet al. (2004) pointed that the adsorption of silane dh&
surface of fiber revealed that the same pre-hydemlysilanes used were adsorbed
onto the surface of cellulosic fibers. This adsorptfollowed a mono- and multi-
layer processes depending on the ratio betweeguéstity of the silane and that of
the substrate. This adsorption was essentiallyedrivy the formation of hydrogen
bonds between the hydroxyl groups at the end ofstieet aliphatic moiety of the

silane structure also contributed to the adsorptijmocess through specific
interactions. Regarding the elongation at brekf{ber surface treatment and silane
concentration did not significant effect on thef RS films but there was affected by
the treated PPF content; results showed that iseseboth PPF fillers and silane
concentration yielded decreasesdr(Figure 22B). The decrease in thedue to the

adhesion between fiber and matrix restricts deftionacapacity of matrix in the
elastic zone as well as the plastic zone (Detnal., 2006).The experiments showed

that TS and of RS films is almost inversely related.
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4.3 Water vapor permeability (WVP)

The WVP value of film or coating material should teken into
account when applying onto a moist product sughrasooked beef patties. The films
ability to retard moisture loss from the product UW2001) is an important
characteristic that affects product quality. Theutess demonstrated that RS films
contained 40% of untreated PPF and alkaline tre®B& were broken during
measuring of water vapor permeability, resultednfrine occurring of brittle films.
Hence, 10-30% of untreated PPF and alkaline treBfeH were tested. The water
vapor permeability (WVP) of the RS film decreasedhwthe addition of both
untreated and treated PPF, and the highest occwtred no fiber was added (14.15
g.mm/nf.day.kPa) but the lowest value (4.27 g.mfftay.kPa) being obtained with
addition of untreated PPF (Figure 23), this respdtsited out that water resistance of
PPF was better than rice starch matrix.

According to the effect of PPF content on the WY&Rind that WVP
of the RS films tended to increase as content ¢feated and treated PPF increased
(Figure 23). The addition of PPF probably introdiice tortuous path for water
molecule to pass through (Kristo and Biliaderid)20 At a low content of filler, PPF
dispersed well in the rice starch matrix, and bémtkhe water vapor. However,
superfluous filler was easy to congregate and asmd porous on films, which
actually decreased the effective contents of fiaed facilitated the water vapor
permeation (Meaet al., 2008). Additionally, as the fiber content increhdbe water
absorption also increased due to the increasedoplidic nature of the fibers.
Moreover, large number of porous tubular structymessent in fiber accelerates the
penetration of water by the so-called capillaryac{Sreekumaet al., 2007). Similar
trend is observed in for the composites prepareldpertet al. (2004).

Comparing of WVP between the RS films reinforcedhwalkaline
treated PPF and the RS films reinforced with silaeated PPF. The results showed
that, the WVP of RS film reinforced with silaneated PPF showed higher than RS
film reinforced with alkaline treated PPF in thergaamount of treated PPF fillers.
Besides, concentration of silane coupling agentndidsignificant effect on the WVP
of RS films reinforced with treated PPF. Water apson in cellulose fibers is caused
by hydrogen bonding between free hydroxyl groupse@liulose molecules and water
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molecules. Silane coupling agents form hydrogecowalent bonds with some of free
hydroxyl groups of cellulose, which reduce the watesorption capacity of cellulose
(Sreekala and Thomas, 2003; Destigl., 2006) but inversely in this research, WVP
of the RS films increased with the addition of sdatreated PPF compared the RS
film reinforced with untreated PPF. It could be kexped that R-group of silane
coupling agents contained hydrophilic groups, amentcould bonded with water
resulted in increase water vapor permeability esutted RS films. According to the
alkaline treatment of PPF on the RS films, the @ssing of fiber surface treatment
with alkaline treatment used the strong base smiufNaOH), when the PPF were
immersed into the base, PPF occurred swelling badrbed the water also resulted in
increase WVP of RS films (Bledzki and Gassan, 1999)

RS film+10%PPF
B RS film+20%PPF
. RS film+30%PPF
: B RS film+40%PPF
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Figure 23. Effect of fiber surface treatment onpheperties of RS films. Mean values

with different letter are significantly differerpp<€0.05).
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4.4 Water Uptake

Figure 24 shows the water uptake of RS films andilR% reinforced
with treated PPF during conditioning in 98% RH afuaction of time. The water
uptake —t curves display two well-separated zoAeshorter timest < 2 day or 48 h,
the kinetics of absorption is very fast, wherea®mager times, t > 2 days, the kinetics
of absorption is slow and leads to a plateau, spording to the water uptake at
equilibrium. The water uptake at equilibrium wengn#icantly decreased with
increasing the content of PPF fillers for all teshtPPF (p<0.05). By the reason of
starch matrix in the RS films display a reduced |bmge capacity (Luet al., 2006).
Dufresneet al. (1999) reported that cellulose and starch act@ese network within
the matrix and prevent the swelling of the starcitemal when exposed to water or
moist atmosphere.

In Figure 25, all treatment of the RS films reirded with 30% treated
PPF were studied. The results showed that, atawerlsilane concentration (10-
20%), the water uptake of RS film reinforced witlkadine treated PPF showed
significantly higher than RS film reinforced withla;e treated PPF (p<0.05).
However, water uptake of RS film reinforced witlylér concentration silane treated
PPF showed significantly higher than RS film remtx with alkaline treated PPF
(p<0.05). It could be explained that the R-grougsitdne coupling agents contained
hydrophilic properties resulted in higher interaotiwith water in surrounding

atmosphere.
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Figure 25. Effect of fiber surface treatment of 369®F content on water uptake of
RS films.

4.5 Color and transparency
The results of the measurements performed on thdilRS color

were expressed in accordance with CIELAB systemthadectangular coordinates
(L*, a* and b*) and the total color differencaK*,,), hue angle and chroma were
calculated. Figure 26 and 27 depicted results fiteeneffect of PPF surface treatment
and content of PPF fillers on color (L*, a*, bAE*,, chroma and hue angle) of RS
films. The b* value and chroma of the RS films s&sed with the addition of silane
treated PPF and alkaline treated PPF comparedunitieated PPF. This elucidated
that the increasing yellowness (b* and chroma) iloh,fpossibly due to alkaline
treated PPF and silane coupling agents have yalloaolor, resulted in a yellowish
of RS films. Comparing between alkaline and siltneated PPF on the color of RS
films, found that both PPF surfaces treated did sighificant different in L*, a*,
AE*4, and hue angle of RS films. The content of PPFréilldgnificant effect on the
color of RS films. The b* chroma antE*,, values increased as content of both
untreated and treated PPF increased from 10 to effi#domitant with decreased in
L*, a* and hue angle values. This indicated thereasing lightness (L*) and
increasing yellowness (b* and chroma) of film, pblssdue to the white-yellowish
color of PPF.
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Addition of treated PPF into the RS films resuliaddecrease their
transparency. Rice starch film without PPF fiberswide highest transparent.
However, the lower transparency of the RS films waced when a greater amount
of PPF was incorporated (Figure 28). The decreagseansparency could possibly
arise due to the light scattering from the retagdhlight transmission of the PPF and
RS/PPF films. At high level of PPF, the RS filmsramstrated lower transparency
than lesser PPF incorporation.
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Figure 28. Effect of fiber surface treatment of RIPRransparency of RS films. Mean

values with different letter are significantly difent (p<0.05).

4.6 Thermal properties

According to the previous study addition of 30%atesl PPF into RS
films provided a good mechanical and barrier progerof resulted films. Hence, the
RS films reinforced with treated PPF at 30% wa®deld for thermal properties
investigation.

4.6.1 Thermogravimetric analysis (TGA)

TGA thermograms and the char yields (50D of various samples
under nitrogen are shown in Figure 29. The behawfathe char yield curves was
similar in the composites (Figure 29). The resul&snonstrated that addition of
treated PPF showed little better thermal propewieRS films than untreated fiber.
This difference was due to the good adhesion betvirRs films and fiber, the silane
coupling agent like adhesive that increased adhdsmbwveen PPF and matrix (Pa&tk
al., 2006). Similar trend was observed in the compsgitepared by Shih (2006). For
RS films reinforced with alkaline treated PPF h&dast similar char yield with RS
films reinforced with untreated PPF, by the reasbalkaline treated PPF had same
composition and structure with the untreated PPFd&i and Gassan, 1999).
According to the results, found that the char yieldRS films was enhanced as PPF
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content increased. Shih (2006) reported that tlae gield is directly correlated to the

potency of flame retardation for the polymers. é&sing char formation can limit the

production of combustible gases, decreased thethetaicity of the pyrolysis

reaction, and inhibit the thermal conductivity bétburning materials.
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Figure 29. TGA thermograms of RS films, RS filmnferced with untreated PPF and

treated PPF (30% of starch).

4.6.2 Differential scanning calorimetry (DSC)

Figure 30 shows the DSC curves RS films; RS filimfogced with

untreated PPF and treated PPF. No endothermic p&sdigned to the glass transition

temperature (J) of RS films. However, it can be observed from thereasing of

endothermic heat flow when PPF was added into RSsfiThe endothermic heat

flows of RS films reinforced with treated PPF fibewas higher than RS films

reinforced with untreated PPF. Comparing the effeCtPPF surface treatment

methods, the result showed that the endothermicfleea of the RS films reinforced
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with silane treated (20-40% concentration of si)@eF showed higher than RS films
reinforced with alkaline treated PPF, however R&direinforced with 10% of silane
concentrate treated PPF exhibited lower the endwoibeneat flow than the RS films
reinforced with alkaline treated PPF. For the sl@oncentration, when increasing
concentration of silane treated PPF. It could bplaemed that the silane coupling
agent could perform better compatibility betweer-RFiBer and starch matrix, which
reduces the flexibility of molecular chains of star(Lu et al., 2006). In addition,
silane coupling agent is the synthetic chemicahckeit was difficult to destroyed
when received heat (Agrawetlal., 2000).
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Figure 30. DSC curves of RS films; RS film reinfedcwith untreated PPF and
treated PPF (30% of starch).

4.6.3 Dynamic mechanical thermal analysis (DMTA)

The dynamic mechanical thermal properties of thefiRBand the RS
reinforced with untreated and treated PPF wereiedudy DMTA measurements.
DMTA is a very suitable tool to investigate theoaslastic properties of materials in
a wide range of temperatures and does not onlyiggdundamental information at
the molecular level, but also correlates resulth those obtained from tensile testing
(Alemdar and Sain, 2007). In all the cases, a flbading of 30% have been used.
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The storage modulus (E’) of the RS film and the refaforced with untreated and
treated PPF films as a function of temperatureviergin Figure 31A. The peak of the
storage modulus (E’) value occurs at the tempegatainge around 110 to 140C.
The storage modulus of the films was increased wherireated PPF were added to
RS film compared to the RS reinforced with untrda®®F films. Further the results
showed that the storage modulus of the RS filmfoeted with alkaline treated PPF
showed lower than the RS films reinforced withrséldreated PPF (20-40% of silane
concentration). It could be explained that the gaaim the molecular structure of the
starch polymer by interaction with the organo fimwal group of the silane treated
fiber. The organo functional group of the silanenfs interpenetrating polymer
networks with the starch matrix that can be believe cause the change in the
polymer structure (Pothan and Thomas, 2003). Thdecutar structure of the
polymer profoundly affects the 4T(Aklonis and MacKnight, 1983). The results
pointed out that concentration of silane couplimgras also affected the E’ of RS
films, found that, E’ tended to increase as silanacentration increase from 10 to
40% by the reason of silane coupling agents coelaproved the thermal properties
by the better adhesion between the filler and th&im

Figure 31B shows the tad curves of the RS film and RS film
reinforced with treat and untreated PPF as functbntemperature. The glass
transition temperatures were estimated from the ta@aks. The results depicted that
there is a broad peak in ténat around 14& of pure RS film and theglincreased
when untreated PPF was added into RS film. Addalignthe peak of tan delta of RS
film reinforced with untreated shifted from 165 to 187°C when reinforced with
treated PPF. Similar results were observed by Agrainal. (2000). According to the
results, increasing concentration of silane redulteincreased Jof RS films. These
results indicate that the fiber treated by coupliggnts exhibited better compatibility
with the starch matrices than the untreated fibEidind and Maurer (2003) have
reported on an interlayer model to simulate theadyic mechanical properties of
filled blends. The filler particles have been rapdrto be surrounded by an interlayer
attached to the filler surface. This phenomenondgive rise to filler structure in the

matrix able to alter the dynamic mechanical mod{Rmyet al., 2001).
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Figure 31. The dynamic mechanical behaviors ofstdjage modulus and (B) loss
factor (tand) as a function of temperature for of RS films &8l films

reinforced with treated and untreated PPF.
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4.7 Morphology of the films
Morphology of RS films reinforced with untreated FPEBnd treated

PPF at 30% PPF content is shown in Figure 32. rékalt showed that RS films

reinforced with alkaline treated PPF demonstratedller particles and smoother than
RS film reinforced with silane treated PPF (Fig82&\). Possible to the silane treated
PPF were covered with the silane coupling agenguiiei 32C-F), and the silane
coupling agent were increased binding betweentstaatrix and fiber.
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Figure 32. Surfacex(0) of RS films reinforced with (A) untreated, (BY% NaOH,
(C) 10% Silane, (D) 20% Silane, (E) 30% Silane #fd40% Silane PPF
at 30% PPF fillers.
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5. Effect of crystalline cellulose (CC) on the proerties of rice starch films

5.1 Particle size distribution
Crystalline cellulose (CC) was prepared by acidrolydis of palm
pressed fiber and the particle size was analyzed dser Particle Size Analyzer
(LPSA). The results showed that the most prese®€e70%) of particle size

distribution in the nanometer scale (90851nm) (data not shown).

5.2 X-ray diffraction
X-ray diffraction was used to determine the crysidy of the

materials. The crystallinity of the starch powdszllulose powder (PPF), crystalline
cellulose (CC) and RS films are shown in FigureaB8 Figure 34. As observed, the
rice starch powder showed a trypical A-type diffraa pattern with strong reflection
at 17 and 17.5 degree. This result shows a reakoagleement with experimental of
Bourtoom and Chinnan (2008). The diffraction pedfPBF powder was founded at
17 and 22.5 degree. Similar results were obseryefllédmdar and Sain (2007). The
results showed that diffraction peak of CC werergiiathan the diffraction peak of
PPF powder The sharper diffraction peak is an attha of higher crystallinity value
in the structure of the cellulose powder (PPF). Gtystallinity values were estimated
as 69.67% and 94.60%, for the PPF and CC, respéctivhe increase in the
crystallinity of the CC is due to partial removéltbe hemicellulose, lignin which was
amorphous phase during the extracted CC procealaghdar and Sain, 2007). The
dried regular rice starch films, after gelatinipati had different structures. The
amorphous structure was observed in the rice stdrohand the crystallinity value
was estimated as 25.91%. When the CC was added®®itiims, the results showed
that the crystallinity was increased. Furthermareteasing of CC content from 10 to
40% of starch resulted in an increase of crysifjlvalue. These results suggest that
CC increased the crystallinity of the RS films,ha&s been reported by other authors,
who attributed this phenomenon to the more crys&alhature of cellulose fiber
(Amash and Zugenmaier, 2000; Mzal., 2005).
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Figure 33. X-ray diffractograms of PPF powder (P&kJ crystalline cellulose(CC).
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Figure 34. X-ray diffractograms of starch powdezijudose powder, RS film and RS

films reinforced with CC at various content.
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5.3 Tensile strength (TS) and elongation at breale)
Biopolymer materials, such as films, may be suleg@¢b various kinds
of stress during use; the determination of the raeal properties involves not only
scientific but also technological and practical extp (Cagriet al., 2001). Tensile
strength (TS), elongation at breal} @re parameter that relate mechanical properties

of films to their chemical structure (McHugh andokhta, 1994) TS expresses the
maximum stress developed in a film during tengkting (Gennadios, 1994). The TS
ande of the RS films reinforced with crystalline cetdgke (CC) from PPF is depicted
in Figure 35. This figure clearly demonstratesriiaforcing effect of CC fillers. The
TS of the RS films increased from 5.66 MPa to 18#2a when increasing the CC
fillers content from 0 to 20% (Figure 35A). Thisswdue to the remarkabled instrinsic
adhesion of the filler-matrix interface caused blge t chemical similarity
(polysaccharide structure) of starch and CC @al., 2008). The existence of such
interaction, related to the contents of CC, hasaaly been confirmed by Averoes
al. (2001). Moreover, Suryanegaet al. (2009) reported that when the content of
crystallinity (X;) increased resulted in increase of TS of compedikas, due to the
crystallite structure of the CC makes the compesitere strength. Similar results
were observed by Angles and Dufresne (2001)etLal. (2006), Puet al. (2006),
Alemdar and Sain (2007) and Mulletrr al. (2009). However, the addition of CC at
30-40% could induce the conglomeration, as indetdtg SEM (Figure 44), which
actually decreased the effective contents of CQusTIRS films reinforced with
30-40% CC contents exhibited lower tensile streri@®) than that with 10-20%.

Regarding the, results showed that increasing of CC fillers frbé3
20% provided an increase sfrom 10.42% to 15.51%. However, addition of CC

fillers higher than 20% resulted in decreased elting at break (Figure 35B). It is
possibly due to the presence of high content ofill£ts might contribute to retarding

the intermolecular interaction of the starch filii&is induces the development of a
heterogeneous film structure, featuring discontiasj resulting in the decreasedn

of the films. In addition, CC fillers could not fylhomogeneous and form small
aggregates when 30-40% of CC fillers were fillede Tesults showed that addition of

CC fillers provided the better mechanical properoéRS films in this work and they
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are similar to those of biocomposites of plastidistarch reinforced with crystalline
cellulose from cottonseed linter (letial, 2005).
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Figure 35. Effect of content of crystalline cellséo(CC) on tensile strength (A) and
elongation at break (B) of RS films. Mean valuethwdifferent letter are
significantly different (p<0.05)
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5.4 Water vapor permeability (WVP)

Water vapor permeability is proportionality constassumed to be
independent of the water vapor pressure gradigpiteabacross the films. However,
hydrophillic (edible or nonedible) materials, swahstrach films, derivative from this
ideal behavior due to interactions of permeatingewmolecules with polar groups in
the films structure (Hagenmaier and Shaw, 1990¢vi&ion from the ideal behavior
can also be induced by temperature effects on mtéMyerset al., 1962). Since a
main function of an edible films or coatings aréenfto impede moisture transfer
between food and the surrounding atmosphere, aveeet two components of a
heterogeneous food products, water vapor permgabiiould be low as possible.
The WVP of rice starch films with different CC wetletermined at a vapor pressure
difference of 0/60% across films. The effect of temt of CC fillers on water vapor
permeability (WVP) of the rice starch films is show Figure 36. The WVP of rice
starch films decreased as the content of CC fillezseased. For example, the WVP
of the films decreased from 13.96 g.mriay.kPa to 3.74 g.mm/day.kPa when
increasing the CC fillers content from 0 to 40%g(fFe 36). The improvement of the
WVP of the RS films can be attributed to the forimatof a rigid hydrogen-bonded
network of cellulose in the RS composite films thstgoverned by percolation
mechanism (Puet al., 2006). These considerations and the importancthefCC
fillers aspect ratio are undoubtedly contributiagtbrs to the mechanical and physical
properties of the RS films reinforced with CC rdpdrin this study. Moreover,
comparing of WVP between the RS films reinforcethvRPF in the previous study
and RS films reinforced with CC at the same contdrtillers, found that the RS
films reinforced with CC had better water vaporrigrthan the RS films reinforced
with PPF, by the reason of the hydrophobic crysialbf CC led to the reduction of
permeability (Maet al., 2008).
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Figure 36. Effect of content of crystalline cells#o(CC) on water vapor permeability
of RS films. Mean values witldifferent letter are significantly different
(p<0.05).

5.5 Water uptake

Water sensitivity is another important criterionr fmany practical
applications of RS films. Figure 37 shows the waigiake of RS film and RS films
reinforced with different content of CC fillers dlog conditioning in 98% RH as a
function of time. The water uptake —t curves digplao well-separated zones. At
shorter timest < 2 day or 48 h, the kinetics of absorption isyviast, whereas at
longer times, t > 2 days, the kinetics of absorpii® slow and leads to a plateau,
corresponding to the water uptake at equilibriurhe water uptake at equilibrium
were significantly decreased with increasing thateot of CC fillers (p<0.05)
because the biocomposite RS films display a redsweezlling capacity (Luet al.,
2006). Svagenet al. (2009) reported that the moisture uptake decreasitil
increasing content of cellulose. Cellulose nanafitee less hygroscopic than starch
due to the higher degree of molecular order andctiellose nanofiber network is
reducing the swelling and thereby the moisture kgata
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Figure 37. Effect of content of crystalline cellséo(CC) on water uptake of RS films.

5.6 Color and transparency

Figure 38 and Figure 39 shows the results fronmetfext of content of
CC fillers on color (L*, a*, b*AE*,, chroma and hue angle) of rice starch films. The
result showed that the content of CC fillers sigaifit effect on the color of RS films.
Rice starch films became more darker as evidengetthédo decrease L*, a* and hue
angle values as the content of CC filled rice $tamcreased from 10 - 40%
concomitant with decreased in bAE*,, values and chroma. This indicated the
decreasing lightness (L*) and increasing yellown@&ssand chroma) of the RS films,
possibly due to the white-yellowish color of the (figure 40 shows the results from
the effect of content of CC fillers on transparemdéythe RS films. Addition of CC
into the RS films resulted in decrease their transpcy. Rice starch film with out CC
fiber was the highest transparent. However, theetatnansparency of the films was
noticed when a greater amount of CC was incorpdréEegure 40). The decrease in
transparency could possibly arise from the liglattseing from the retarding of light
transmission of the CC and RS/CC films. At highelewf CC, the RS films

demonstrated lower transparency than lesser CCpacation.
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Figure 38. Effect of content of CC on L* (A); a* YBnd b* (C) of RS films. Mean
values with different letter are significantly difent (p<0.05).
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5.7 Thermal properties
5.7.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performedtfe composites,
where the mass loss due to the volatilization o tlegradation products was
monitored as a function of temperature. FigurelRiws the TGA thermograms of the
RS film, CC and RS films reinforced with 10-40%@¢€ fillers content. It was found
that the RS film starts to degrade at around 738888, 91.03, 95.64 and 97°05
for the RS films reinforced with CC at 0-40%, respeely. The decline on the weight
loss of the RS film and RS films reinforced with @Cdue to evaporation of the
plasticizer or sorbitol (Alemdar and Sain, 2007; &lal., 2008). TGA thermograms
show that the degradation temperature of the palymerix and the biocomposite
films are close to each other and smaller thandha&ach component. These results
are on agreement with Averos and Boquillon’s wd@RQ4) where they showed that
the degradation temperature variations betweenmib@astic starch and the
composite filled with lignocellulosic fibers aretmar low. The char yield of RS film
was lesser (8.50%) than RS films reinforced with @€.66-27.76%), resulting from
the greater thermal stability of the CC. By thesmraof the mainly composition of CC

contains high crystalline that is strong structarel the char yield of the CC was
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90.95%. Therefore, addition of CC into the RS filoce be improved the thermal
stability of RS films. It was found that the chaelgd of RS films was enhanced as CC
fillers content increased. The result showed that €C was related to the good
thermal stability of crystalline structure and theod interaction between CC and
starch matrix (Mat al., 2008).
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Figure 41. TGA thermograms of CC, RS films and 00e4of CC reinforced RS

films.

5.7.2 Differential scanning calorimetry (DSC)

Typical DSC thermograms of the RS film and RS filmsforced with
10-40% of CC fillers are depicted in Figure 42. &wlothermic peaks, assigned to the
glass transition temperaturegf ©f RS films. However, the increasing of endothierm
heat flow was observed when CC was added into RE.fiwith the increase of CC
contents, the endothermic heat flow increased giadumight be attributed to the
occurrence of intermolecular interactions occutyetiveen starch and stiff crystallites
of CC, which reduces the flexibility of moleculanains of starch (Lwt al., 2006)
and the CC was related to the good thermal stalmfitcrystalline structure and the

good interaction between CC and starch matrix @/al., 2008). This behavior was
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already observed with different polysaccharidesfoeced with cellulose fiber
(Curveloet al., 2001; Maet al., 2005; Arbelaizt al., 2006).
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Figure 42. DSC curves of RS films and 10-40% ofr€@forced RS films.

5.7.3 Dynamic mechanical thermal analysis (DMTA)

Figure 43 shows the temperature dependence of dgnaechanical
thermal analysis behaviors for the RS film and R8sf reinforced with 10-40% of
CC. The results demonstrated that RS films conth#@% CC was broken during
measuring the DMTA, resulted from the occurringbaittle films. Hence, only 10-
30% CC was presented in this study. The storagauedE’) of the RS film and RS
films reinforced with CC as a function of temperatis given in Figure 43A. The
storage modulus of the RS films increased witheasing CC content compared to
the pure RS film. By incorporating CC fillers oftd 30% of starch, the thermal
stability shifts to higher temperature. Iwatadteal. (2008) reported that the storage
modulus of PLA reinforced with 20% nanofibers shdwsgher glass transition
temperature (J) than pure PLA, that is, from 70 to 120C, resulting from the
cellulose fiber network interconnected by hydrodeemds resists the applied stress

independently of the softening of PLA. Similar riksilby Maet al. (2008), the storage
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modulus of the nanocomposites was increased witle@sing wheat straw nanofibers
content compared to the pure thermoplastic starch.

Figure 43B shows the tad curves of the RS film and RS films
reinforced with 10-30% CC fillers as a functiontemperature. The glass transition
temperatures were estimated from the dapeaks. The RS films exhibited g &t
about 148C. Alemdar and Sain (2007) reported that of thermoplastic starch
depends on the plasticizer content and humidityitimms as well as the composition
of starch. The result demonstrated that increasinGC content from 0 to 30% of
starch resulted in increase in @peak from 148 to 19€, indicating that CC fillers
affected the segmental motions of the RS films dedrease of the molecular

mobility at the glass transition.
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Figure 43. The dynamic mechanical behaviors of igajstorage modulus (E’) and

(B) loss factor (tam) as a function of temperature for of RS film af®d 1
30% of CC reinforced RS films.
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5.8 Morphology of the films

The morphology of the RS films was identified byaBging electron
microscopy (SEM). Figure 44 shows the surface dilled CC fillers (0%) and RS
films reinforced with 10-40% of CC fillers. The @cstarch film shows a relative
smooth morphology. Compared with rice starch fithe surface morphology of the
existence of the CC in the rice starch matrix careasily observed in the composite
films. However, it is difficult to distinguish thadividual CC filler dispersion due to
its small size. Some CC fillers appear as white @iomat the surface of the sample
(Figure 44). This should correspond to the CCffillethe perpendicular plane of the
biocomposite film. By comparing the distribution GfC fillers into the rice starch
films as affected by the CC content, the resultsvgd that addition of CC fillers are
more or less evenly distributed within the ricerctafilms. However some CC fillers
are not fully individualized and form small aggressa (30- 40% of CC), which
indicates some porosity, the results were relaligngvith the decreasing of tensile

strength on RS films at high content of CC fillers.
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Figure 44 Scanning electron micrograph (SEMREO0) of the RS films reinforced
with (A) 0%, (B) 10%, (C) 20%, (D) 30% and (D) 403f6CC fillers.
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6. Effect of moisture sorption on properties of rie starch film

Moisture sorption curves of RS films, RS filmsnferced with 40%
of PPF fillers, RS films reinforced with 40% of NHOtreated PPF, RS films
reinforced with 30% of 40% Silane treated PPF a&dfitns reinforced with 20%
crystalline cellulose (CC) were determined. Moistadsorption was more rapid in
the initial stages of moisture adsorption and adeamount of moisture was adsorbed
as adsorption time increased. Then, the moisturdend of RS films reached a
plateau. Moisture equilibration time was mainly luehced by storage relative
humidity. Films stored at higher relative humidigquired more time to reach their
equilibrium (data not presented). The sorption hean curves for equilibrium
moisture content (EMC) (db) obtained from differeppe of fillers are shown in
Figure 45. The moisture adsorption of RS films wsignificantly increased with
increasing the relative humidity (p<0.05) and high#oisture adsorption rate was
observed when higher relative humidity was useds@tering the type of fillers, the
moisture absorption of the unfilled RS film wasrsfigantly the highest and the RS
films reinforced with 20% CC was significantly th@vest at all relative humidities
(p<0.05). By the reason of the hydrophobic crystallof CC led to the reduction of
permeability and adsorption the water (Bal., 2008). Svageset al. (2009) reported
that, cellulose nanofibers are less hygroscopio gtarch due to the higher degree of
molecular order and the cellulose nanofiber netwisrkeducing the swelling and
thereby the moisture uptake. According to the R8sfireinforced with both treated
PPF, the results shows the moisture adsorptioM& &ere significantly higher than
the RS films reinforced with 40% PPF and 20% CGulted from both of surface
treatments increased the site groups, which cowoddraction with the moisture,
although almost of site groups were interactiorhwgitarch matrix. The result showed
that moisture adsorption was related with the tergrength of RS films. Figure 46
shows the tensile strength of biocomposite filmgiierent relative humidities. The
results demonstrated that the TS of the RS filmd BR$ films reinforced with
cellulose fillers were decreased as the relativaidity increased. The RS films were
strongly sensitive to the moisture content. Thisr@menon is ascribed to the starch

being in the rubbery state at room temperature.r&€mdorcing effect of the cellulose
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filler is therefore strongly diminished. Dufreseeal. (1999) reported that starch is
more hydrophilic than cellulose, in moist condisahabsorbs most of the water. The
cellulosic network is therefore surrounded by & pbfase. The interactions between
the filler and the matrix are strongly reduced, 8 TS remains practically constant,
whatever the composition may be. However, 50% Relatumidity was the best
relative humidity for the film condition.
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Figure 45. Moisture sorption isotherm curves of fiR8 and RS film reinforced with

cellulose fillers at various relative humidities£2°C).
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Figure 46. The tensile strength of the RS film &%l films reinforced with different
fillers conditioned at different relative humidityMean values with
different letter are significantly different (p<®)0



CHAPTER 4

CONCLUSIONS

1. Pam pressed fibers were prepared by acid treatment and bleaching
the produced pulp using the sodium chloride bleaching method. The proximate
composition of unbleached PPF and bleached PPF were found to be 8.99, 45.97,
10.24, 3.50, 60.02 and 38.12% and 7.32, 55.61, 8.55, 2.93, 67.18 and 42.33% of
moisture, cellulose, lignin, ash, acid detergent fiber and alpha cellulose, respectively

2. Palm Pressed Fiber (PPF) was used as a reinforced for RS film. The
impact of PPF content was more significant, overall the RS films properties than size
of PPF. The tensile strength, water vapor permeability, the water uptake and thermal
properties of RS films increased with increasing PPF content; however elongation at
break and transparency showed inversely. The improvement properties of the films
can be attributed to the formation of rigid hydrogen bonded network of cellulose in
the composite that is governed by percolation mechanism. The results demonstrated
that addition of 420 um of PPF showed better properties including mechanical, water
barrier and thermal properties as well as physical properties than 250, 177 and 125
um.

3. The tensile strength of RS film reinforced with alkaline treated PPF
showed higher than RS film reinforced with silane treated PPF but lower in water
vapor permeability, water uptake and thermal properties. Increasing concentration of
silane and content of treated PPF resulted in increased tensile strength, water vapor
permeability and thermal properties, but decreased elongation at break. The maximum
improvement in the mechanical and thermal properties of RS films was obtained
when 40% of glysidoxypropyltrimethoxy silane was applied.

4. A suspension of crystalline cellulose from palm pressed fiber (CC),
having an average length about 90+0.051 nm, and the crystallinity value was
estimated as 94.60%. The tensile strength, thermal properties and crystallinity value
(Xc) of the RS film reinforced with CC increased but decreased in elongation at the
break, water vapor permeability and water uptake when increasing the CC content
from 0-40 % CC. The morphology of the existence of CC in the rice starch film can
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be easily observed in the composite films. When more than 20% of CC was used, the
larger agglomerates was noticed, which indicates some porosity.

5. Moisture adsorption was more rapidly in the initia stages of
moisture adsorption and a little of moisture was adsorbed when adsorption time
increased. The moisture adsorption data of RS biocomposite films were increase with
increasing the relative humidity and higher moisture adsorption rate was observed
when higher relative humidity was used. Moreover, the tensile strength of RS
biocomposite films was decrease at high relative humidity. The optimum relative
humidity for conditioning the RS biocomposite films should be 50% RH.

Suggestions

For further study, the application in food products and production cost
are needed to be determined before transfer this technology to selected industry.
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ANALYTICAL METHODS

1. Moisture content (AOAC, 1999)

Method

Calculation

Where

1. Dry the empty dish and lid in the oven at 105°C 30r min and
transfer to desiccator to cool (30 min). Weigh émepty dish and
lid.

2. Weigh about 5 g of sample to the dish. Spread #mep& with
spatula.

3. Place the dish with sample in the oven. Dry fohl@ overnight at
105°C.

4. After drying, transfer the dish with partially coed lid to the
desiccator to cool. Reweigh the dish and its deimutent.

% Moisture = (W-W,) x 100
Wy

W = weight (g) of sample before drying
W, = weight (g) of sample after drying
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2. Fat (AOAC, 1999)

Reagent

Method

Calculation

Petroleum ether

. Place the bottle and lid in the incubator at 10%\@rnight to

ensure that weight of bottle is stable.

2. Weigh about 3-5 g of sample to paper filter andpwra
3. Take the sample into extraction thimble and tranisit® soxhlet.
4. Fill petroleum ether about 250 ml into the botthe dake it on the

heating mantle.

. Connect the soxhlet apparatus and turn on the wateool them

and then switch on the heating mantle.

. Heat the sample about 14 h (heat rate of 150 diap/m
. Evaporate the solvent by using the vacuum condenser

. Incubate the bottle at 80-90°C until solvent is ptetely evaporate

and bottle is completely dry.

. After drying, transfer the bottle with partially wered lid to the

desiccator to cool. Reweigh the bottle and itsdddentent.

% Fat content = Weight of fat x 100

Weight of sample
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3. Ash (AOAC, 1999)

Method

Calculation

. The crucible and lid is firstly placed in the fuceaat 550°C

overnight to ensure that impurities on the surfatecrucible is

burned off. The crucible is then cool in the deaioc (30 min).

2. Weigh the crucible and lid to 3 decimal places.

. Weigh about 5 g sample into the crucible. Heat doer Bunsen

flame with lid haft covered. When fumes are no kEmgroduced,

place crucible and lid in furnace.

. Heat at 550°C overnight. During heating, do notezothe lid.

Place the lid after complete heating to prevens lokfluffy ash.
Cool down in the desiccator.

. Weigh the ash with crucible and lid when the santptas to gray.

If not, return the crucible and lid to the furnafoe the further

ashing.

% Ash content = Weight of ash x 100
Weight of sample
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4. Protein (AOAC, 1999)

Reagents

Method

Kjedahl catalyst: Mix 9 part of potassium sulphdt€,SOy)
anhydrous, nitrogen free with 1 part of copper katp (CuSG@)
Sulfuric acid (HSOy)

40% NaOH solution (w/v)

0.2 N HCI solution

4% HBO3

Indicator solution: Mix 100 ml of 0.1% methyl redn (95%
ethanol) with 200 ml of 0.2% bromocresol green9®o ethanol)

. Place sample (0.5-1.0 g) in digestion flask.
2. Add 5 g Kjeldahl catalyst, and 200 ml of conecSi.

. Prepare a tube containing the above chemical excapiple as

blank. Place flasks in inclined position and heattty unit frothing

ceases. Boil briskly until solution clears.

4. Cool and add 60 ml distilled water cautiously.

5. Immediately connect flask to digestion bulb on camger, and with

tip of condenser immersed in standard acid andifdi€ator in
receiver. Rotate flask to mix content thoroughhert heat until all
NH; is distilled.

. Remove receiver, wash tip of condenser, and tigatess standard

acid distilled with standard NaOH solution.



Calculation

Where:
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% Protein = (A-B) x N x 1.4007 x 5.95
W

A = volume (ml) of 0.2 N HCI used sampteation

B = volume (ml) of 0.2 N HCI used in blank titiat

N = Normality of HCI

W = weight (g) of sample

14.007 = atomic weight of nitrogen

5.95 =the protein-nitrogen conversion faétorstarch and

its by-products
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5. Céellulose and lignin (AOAC, 1999)

Reagents

Method

Acetone

72% HSO, solution

Decahydronapthalene

Acid detergent solution: Add 20 g of CTAB (Cetylimiethyl
Ammonium Bromide) to 1 L 1.0 N $$0,

. Weigh 1 g sample (S) ground to pass 1 mm scre¢n,beaker

(600 ml). Add 100 ml acid detergent solution.

. Heat to boiling in 5-10 min, reduce heat to avowaarhing as

boiling begins. Reflux 60 min from onset of boiljngdjusting

boiling to slow, even level.

. Remove container, swirl, and filter thru weighed,}Witted glass

crucible, using min suction. Break up filtered math rod and fill

crucible 2/3 full with hot (90-100°C) water. Stindhlet soak 15-30
sec. Dry with vacuum and repeat water washingngisides of
crucible. Wash twice similarly with acetone and osw residual

acetone with vacuum.

4. Dry 3 h or overnight in 100°C oven and weighxj\W
5. Cover contents of crucible with cooled (15°C) 72%58, and stir

with glass rod to smooth paste. Fill crucible abbalf-way with

acid and stir, refill with 72% k80O, and stir hourly as acid drains.

. After 3 h, filter as completely as possible withcvam, and wash

with hot water until acid-free to pH paper.

7. Dry crucible in 100°C oven, cool in desiccator avelgh (W\5).
. Ignite crucible in 500°C furnace 2 h or until CdreTransfer to

desiccator, cool, and weigh @)V
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Calculation
ADF = (W,-W;) x 100
S
L = (W-W,4) x 100
S
C = ADF - L
Where: ADF = Acid detergent content (%)
L = Lignin content (%)
C = Cellulose content (%)

W; = weight (g) of crucible

W, = weight (g) of crucible and sample aftesged acid
detergent

W3 = weight (g) of crucible and sample after pass¥ 7
H2S04

W, = weight (g) of crucible and sample after ignited

S = weight (g) of sample
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