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Abstract

The purpose of the present work was to improve blown film extrusion processibility
and properties of TPS film by incorporating chitosan with a content of 0.5-2 part(s) per
hundred parts of starch (phs). The effect of chitosan on appearance, thermal properties,
tensile properties and water vapor permeability of the films were investigated. Chitosan and
starch molecules could be interacted via hydrogen bonds as confirmed from reduction of V-
types crystal formation.  Although the incorporation of chitosan caused decreased
extensibility as well as increased yellowness and opacity, the films exhibited increased
tensile strength, rigidity, thermal stability and UV absorption, improved water vapor barrier
properties, reduced water absorption and surface stickiness. The obtained TPS/chitosan-

based films offer real potential applications in food industry as edible films.
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3.3.4 Thermal properties by Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC)
3.3.5 Tensile testing
3.3.6 Water contact angle measurement
3.3.7 Determination of water vapor permeability
unil 4 man1sideuazeAuTenan1sITe
4.1 Thermoplastic starch/chitosan-based materials
4.2 Thermoplastic starch/chitosan-based films by blown film extrusion
4.3 Properties of thermoplastic starch/chitosan-based materials and films
4.3.1 Melt flow ability of thermoplastic starch/chitosan-based materials
4.3.2 Water contact angle of thermoplastic starch/chitosan-based films
4.3.3 Water vapor permeability of thermoplastic starch/chitosan-based films
4.3.4 Morphology of thermoplastic starch/chitosan-based films by Scanning
Electron Microscopy (SEM)

=

e BN I o N N O S N =
-

e e )
A~ B~ B~

15

15
16
16
17
17
17
18
18
19
20
21



P

4.3.5 Crystal type and crystallinity of starch in thermoplastic starch/chitosan- 23

based films by X-ray Diffraction analysis (XRD)

4.3.6 Thermal properties of thermoplastic starch/chitosan-based films by 24

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

4.3.7 Tensile properties of thermoplastic starch/chitosan-based films 27
undl 5 agU 39150 uazdolausiuz 29
‘U‘Vl‘17]l 6 L@ﬂﬁ?iLLﬁSéﬂ’e’j’%‘ia\‘i 30



dsUnygunm

Fig. 1 Blown film extrusion of (a) TPS and (b) TPS/CTS2.

Fig. 2 (A) Color parameters: L (@), a (A) and b (m), (B) UV absorbance and (C)
transparency of different sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d)
TPS/CTS1.5 and (e) TPS/CTS2.

Fig. 3 Melt flow index of TPS and TPS/CTS compounds containing different chitosan

concentrations.

Fig. 4 Water contact angle of different sample films: (a) TPS, (b) TPS/CTS0.5, (c)
TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

Fig. 5 (A) Water vapor permeability of TPS and TPS/CTS films containing different

chitosan concentrations.

Fig. 6 SEM micrographs at film surface of different sample films: (a) TPS, (b)
TPS/CTS0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

Fig. 7 SEM micrographs at cross section area after tensile testing of different sample
films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

Fig. 8 XRD patterns of different sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d)
TPS/CTS1.5 and (e) TPS/CTS2.

Fig. 9 (A) TGA and (B) DTG thermograms of different sample films: (a) TPS, (b)
TPS/CTSO0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

Fig. 10 DSC thermograms of (A) first heating scan and (B) second heating scan of
different sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e)

TPS/CTS2. Insets represent first derivatives of DSC thermograms in the temperature

range of (A) 30-65 °C and (B) 30-85 °C.

Fig. 11 (A) Tensile strength, (B) Young’s modulus and (C) elongation at break of TPS
and TPS/CTS films containing different chitosan concentrations after conditioned at 42
+ 2 %RH (@) and 62 + 2 %RH (O).
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gumaslunanainanmiusiely Tulasmsidelensdifodonimunuiive  Slunanafinanisude
wanafnuanaanslémsiinmeinduioadntosuidu Welrldfdugumeslunatadinamsai
fsauastuiulivasiiantaiieuyinduiidudwemarafinuanaaalansdinimdamndyg

Tuths 5 Psnmmuidimsnenud  safunswdeildudinnmeslumanadinande
fhegrsnAfeiifedesiivel Tu 2008 Anriteves Thunwall Indeumeslunanadinanigain
ansusiunss 2 oiin Ao wliadaiu (native starch) uazadindaudsainnsvhujitoeondnduuay
UfA3 enlemsondlnsfiiadu uagAnuniladefinadenszuiumatiiduveaeflumanafinanse
1y AnmgTeenszUIus Uinundweseatavaaty  augddessnuimeslumanafnani i
wRsnnan SsdauUsaasatusduiidulfesnsimela Tuvnsfimad W8 wmesannsudaiy
Fuldlnnninegradiulgdn wdoradosanituivesiiduiidnwasmuszuaznien (sticky and
tenacity) waviunesoma (foaming)  Tulifentu Altskar  wazmaug (2008) lAnwnaves
nsvvIUMIKAaaNsalasasclanaasduguing wouneslunatadinansy  eslunanasin
amduwsaunnsnavamsuiunsdlansendlnsfanuazoondlad  (hydroxypropylated and
oxidized potato starch) fundwwesea TuA3esdndn (Buss co-kneading extruder) Usunaundw
psoafiliviiy 22 duseandy 100 daw wdnute) gumnSludiuvesusisawasaeinty 90

°C wararmifiseutesangviniu 24 rpm  woslimanadnanssiieSeuldgniusuduiidy /ui
Tnenssuaumsiuandned 3 AssuIums Ao mandelugu n13dntugy wasnaildy
nszud umahitdilnglfialesunuuneifivsznoumedmunugavnl 3 dw angl
MIIEIUNRIBA (compression ratio) WIAU 4:1  Aelivuia 24 Jadums uazusznaunig film
blowing tower Fail calendering nip uay take up rolls qmmﬁmaamﬁgﬂm%m ANy
90/120/115/95 asmiwadea (andiudoufisns) wazanuiiseuvesansiiniu 30 rpm A
vnvesTiaunanlfoglutg 0.17-022 fafwns anzisessnuiluanaueilamafulazueila
adoudany (degradation) ilewdesfidalnenszuaumsdatu suuagnszuaumaftdy iesnd
mslfaudou lurnesifidufitugudenssuiunmvdeddnvausdudofentunnniiinssniu
sUwagmsidildy  deunlud 2009 Zullo wax lannace laAnwiNswSeuduunnaanslanig
Frnmanmeslumanadnaniss 1w 10 gns tnefimsiuuuseinvesanisy (@lne Sfusls uay
#1ed) uasnanaflowes (ndwesea gite uazvledunlusd ) WlevnmsTmiuvesesduszney
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& A

(combination) Mwisnzay WauwIeannsTNiuvesansyLeiilaags (> 51%) wasnaramly

wosnauvowySe/Mefinludidnuumdudefeatunasinumunyszam 50 tm nszuaumsih
Tldugmssananannsavhlaie Wesniandamnumielunisiada  (elongational viscosity) #
ANNEsatuMsdsgUMevael  (deformability of the melt) & uaziingdnssy strain-
hardening  Tul 2012 AugIdevas Moscicki lawsauinmesiunanafnanisymainnaiegnsan
amsusfuiamaufundwesealasnzuaunis extrusion-cooking Mnduthlufusulnemadanizih
flawagnsdadiusifud augldorsnuhanifveaneslmanad  nansuduegiuliiundis
p30aflld Ulnunfiweseafifinturasliinssuiunsvasudaldietu madfmuaendieesea
Yrwandeudndou (shear stress) vasszuy  uenaninmsihidumeslumanainanisyan
ansvsiunSadainnudululy uasdl UssBvEnmanniudedauusiatessniamanafndntioouayld
anmrlumstusuimnzay nansvnaesautRidanauandiifiuimninefvasnssuiunsdein
glawazUsuamatailowes waranzlunshildninaseanuudusiuarn1stavesildy
Aouthann Wduiwdsuanvessauiiindlweseauiuna 22% flgaumniivag 110-140 ssmiealdea
uazldnniisouvesangvinfu 90 seusiewdl wansantRGinaniiign  ogslsfnunngide
MenunaniRiBsnavesiduiladilivmelatn uarmsiimaianndelulasn  sAndiatlniess
Smandanesed uay /e asfitsifiumuudus wu dlowaglaa ekl angideues
Rodriguez-Castellanos (2013) l@snenunavesmnsineseinssuiunsreauifdmchiivedidy
8037 (extruded film) wagfiduvie (tubular film) AMgIdBWSBLTGNSRTALALIdNiOT WY 4 gns
NANSTT1INN (sorghum starch) ndlwesea wazansana Yucca Schidisera LLazwudﬁ\Ia’uqmﬁ
UsgnaumeansvinaineUsinu 78.5%  ndwesealiunu 20%  @15@in Yucca Schidisera
USum 1.5%  wazAudu Usina 20% wansandABsnaiiian wazgnideniitefnundvinanes
paumpivisaduararuiiseuesanslusswinnistusuiidurio mafiunnuiiisouvesansdana
Toiduuanfutudnldhetu uasuansmsivin o ganaagamsdunuusdionas 1 ul
Wiy Lopez Wazamy (2013) l951891UN15LA38UOS INAERNARNISYINTVOINANVDIANITY
Frilnadada (native com starch) wazamsadilnaesdiia (acetylated corn starch) AunaLs
psoalAENIEUILNNTSATAkAENIUY  UlnueutuvesTanpauuazidaiiing udeifisnSunndis
o300 Aauildfidnvasdudaifoatu fuivgese uasroudraniewrue:  waainnimeaey
autAdenanansliiuinfidumeslumanafnanivanunsoliiutaguisgemnsld iesaniidy
wesluwanafnaniamununefiazunlomwdn Savinasiinnudongy  msduanmiverdiiaady
ansiiduTiefivmuamuLarannsBukuldvesdlathuesiidunsisedunsdauyslassaineng
ansverdfiaassn  maiulldundlfanzeuaudsalieundwediduiutu luvmedian
Bavejuuaznisturi uldvedlothanas uenvnilusswieniafudmumaedeudne  (migration)

YpInanahlglwesonme Haudanueiesdion a, < 0.7 wazgaulvngurasianiula deluiaun
wissdlgdamngdmumsussadnduendendelaeufiteeentadu v - Sewwngdwmsunis
AuANdnIINIInelavesinan
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3.1 Preparation of thermoplastic starch/chitosan-based materials by extrusion

Chitosan solution (w/v) was prepared by dissolving chitosan flakes (0.5, 1, 1.5, 2
part(s) per hundred parts of starch (phs)) in an aqueous acetic acid solution (1% v/v, 100
mL) with supporting of magnetic stirrer at 550 rpm until the dissolution was completed,
which typically taking about 48 h at ambient temperature.

Starch, glycerol (35 phs) and chitosan solution were thoroughly mixed by stirring at
ambient temperature for 15 min. The slurry was then poured into a plastic tray with 1.5
cm-height volume and stored in a hot air oven at 65 °C for 18 h to get solid material. After
that, it was ground into powder with a moisture content approximately of 20-22%, then
blended in a twin-screw extruder (L/D = 40, screw diameter = 20 mm, LTE-20-40, Labtech
Engineering  Co., Ltd, Thailand) wusing a barrel temperature profile of
hopper/90/95/105/110/115/120/120/120/120/125 °C/die and screw speed of 170 rpm. The
extrudates were cut into pellets with a pelletizer to have a length of 2 mm. Four
formulations of thermoplastic starch/chitosan compounds, i.e. TPS/CTS0.5, TPS/CTSI,
TPS/CTS1.5 and TPS/CTS2 representing thermoplastic starch containing chitosan with a
content of 0.5, 1, 1.5 and 2 phs, respectively, were obtained. TPS without addition of

chitosan was also prepared and used as a control.

3.2 Preparation of thermoplastic starch/chitosan-based films by blown film extrusion
The obtained pellets were blown into a film by using a single-screw extruder (L/D =
30, screw diameter = 25 mm, LE-25-30/C, Labtech Engineering Co., Ltd., Thailand) with a
film-blowing attachment (LF-400, Labtech Engineering Co., Ltd., Thailand), and four
controlled temperature zones connected to a ring-shaped die. The barrel temperature
profile was maintained at: feed inlet/130/140/140/140 °C/die and the die temperature was
set at 1507150 °C. Screw speed and nip roll speed were adjusted to be 35—45 rpm and 3
rom, respectively. The control film was prepared using the same method, but without
adding chitosan. The obtained films were stored inside the zip lock PE bags containing silica

gel at ambient temperature (42 + 2 %RH) to avoid moisture absorption.
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3.3 Characterization and properties testing of thermoplastic starch/chitosan-based
materials and films
3.3.1 Melt flow index measurement

Melt flow index (MFI) of the samples was measured according to ASTM 1238-10 with
a slight modification. The measurement was performed using an MFI-203 (Custom Scientific,
USA) at 190 °C with a load cell of 3.2 kg, a time interval of 6 min and a preheating time of 7

min. MFI was measured in triplicate and reported as a mean + SD in ¢/10 min.

3.3.2 Morphology study by Scanning Electron Microscopy (SEM)

The sample films were placed on the stub using a two-sided carbon tape and then
coated with a thin layer of gold. Morphology of the films was observed using a JSM-6610lv
(JEOL, USA) at an accelerating voltage of 20 kV.

3.3.3 Crystal type and crystallinity determination by X-ray Diffraction analysis (XRD)
X-ray diffraction (XRD) patterns of the samples were analyzed by a JEOL JDX-3530 X-

ray diffractomer (JEOL, Japan). Sample was scanned at the diffraction angel 260) of 5—40°

using a scan rate of 0.02°/sec.

3.3.4 Thermal properties by Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC)
TGA themogram was obtained using a STA PT1000TG (Linseis, Germany), with a TA

evaluation software. Sample (15—25 mg) was put in a crucible and then heated up from 25
°C to 600 °C under nitrogen atmosphere using a N, flow rate of 4 L/h and a heating rate of
20 °C/min.

Differential scanning calorimetric (DSC) analysis was carried out using a DSC822e
differential scanning calorimeter (Mettler Toledo, Switzerland). Sample (10-15 mg) was
packed in an aluminum pan and then sealed up a lid. The DSC analysis was accomplished
under nitrogen atmosphere with a N, flow rate of 50 mL/min. The first heating scan was
performed from 0 °C to 250 °C with a heating rate of 5 °C/min, then cooled down to 0 °C
with a cooling rate of 5 °C/min, followed by heating up again from 0 °C to 250 °C with a
heating rate of 5 °C/min.

3.3.5 Tensile testing

Tensile properties of the sample films were tested using a 5965 universal testing
machine (Instron, USA) according to the standard method D882-12 (ASTM, 2012) with a
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modified storage conditions. Samples were cut into rectangular shape with a dimension of
3 cm x 15 cm and then conditioned at ambient temperature with % RH of 62 + 2 and 42 +
2 for at least two days prior to test. Five specimens were tested for each sample.
Thickness of the sample films was measured by an ID-C112BS micrometer (Mitutoyo, Japan)
with an accuracy of 0.0001 mm. The average thickness of each film was measured from 5
points of each specimen. Tensile strength (MPa), modulus of elasticity (MPa) and elongation
at break (%) were recorded as a mean + SD. The initial grip distance was set at 100 mm and

the crosshead speed was 50 mm/min.

3.3.6 Water contact angle measurement
Water contact angle was measured by an OCA 15EC contact angle analyzer

(DataPhysics Instruments GmbH, Germany) using an SCA 20 software to analyze the data.
Sample film was cut into a rectangular shape (1 cm X 5 cm) and then immobilized on a

stand. A drop of distilled water (3 UL) was placed on the film before measurement. Three

repetitions were performed for each sample.

3.3.7 Determination of water vapor permeability

Water vapor transmission rate (WVTR) of the films was determined according to
ASTM E96. Sample film was cut into circle shape with a diameter of 7.5 cm and then
placed on the open mouth of a test cup, which has an inner diameter of 6.3 cm and
contained dried desiccant (20 mL). The film was sealed to the cup using paraffin wax. The
sample assemblies were weighed before placing in an incubator at 25 °C and 50% RH. Each
sample was periodically taken out and weighed until its constant weight was obtained.
Three specimens were tested for each sample. WVTR was determined as a slope of the
linear portion of a plot of weight gained versus time (g/day) divided by the sample
permeation area (m”). Steady state over time (slope) yielded a regression coefficient of 0.99

or greater. The water vapor permeability (WVP) was calculated from Eq. 3.1.
WVP = (WVTR x L)/ AP (3.1)

Where WVP is the water vapor permeability (g.mm/mz.hr.atm), WVTR is the water

vapor transmission rate through a film (g/mz.hr), L is the mean film thickness (mm) and AP is
the partial water vapor pressure difference between the two sides of the film (atm). The

results were recorded as mean = SD.
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4.1 Thermoplastic starch/chitosan-based materials

Five formulations of thermoplastic starch (TPS)-based materials, i.e. TPS and TPS
containing different contents of chitosan, which were 0.5, 1.0, 1.5 and 2.0 parts per hundred
parts of starch (phs) coded as TPS/CTS0.5, TPS/CTS1, TPS/CTS1.5 and TPS/CTS2,
respectively, were successfully prepared by plasticization with glycerol in a twin-screw
extruder. The material became darker yellow by incorporating chitosan and also with

increasing chitosan concentration.

4.2 Thermoplastic starch/chitosan-based films by blown film extrusion
Fig. 1 shows the appearance of TPS and TPS/CTS2 films. TPS film is semi-transparent
(Fig. 1a), while TPS/CTS2 film is opaque (Fig. 1b).

Fig. 1 Blown film extrusion of (a) TPS and (b) TPS/CTS2.

Color and transparency of packaging film are important in terms of general
appearance, consumer acceptance and utilization. Fig. 2A shows that L value of TPS/CTS
films was lower than that of TPS film and the L value of TPS/CTS films significantly
decreased with increasing chitosan concentration. This result implied that the presence of
chitosan caused the darker film. TPS film showed slightly increased a value and markedly
increased b value when chitosan was incorporated. However, the film color still be in
yellow-red shade since a and b* values are positive. The values of a and b of TPS/CTS
films tended to increase with increasing chitosan content. The results suggested that the

films became more intense yellow.

17



96 5
_ STO |® @ >0
94 - 4 =
QD
L3 ® 8 ?
o 92 - =) = 3
=) < < =
© 2 o 2 3
> c o >
- 90 - (0] 8 8
_1 < ’\a
b a S
88 d* ______ LA P - + | —
86 : : : : -1 0 ' ' 0
0 0.5 1 15 2 200 400 600 800
Chitosan concentration (phs) Wavelength (nm)

Fig. 2 (A) Color parameters: L (@), a (A)and b (m), (B) UV absorbance and (C) transparency
of different sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e)
TPS/CTS2. For (A), the data is reported as mean + SD, n = 3. The different small letters

indicate significant difference at p < 0.05 (Duncan’s new multiple range test).

Transparency of the sample films was determined from the light transmission at
selected wavelengths from 400 nm to 800 nm. The transmittance values of all samples
increased with increasing wavelength (Fig. 2B).  TPS/CTS films showed lower light
transmittance values than TPS film, indicating that the films became more translucent or
opaque by adding chitosan. The higher chitosan contents gave more opacity of the films.
This might be explained by the highly dispersed chitosan in TPS/CTS matrix.

UV absorption of the sample films was measured at the wavelength ranged from 200
nm to 400 nm. TPS/CTS films showed higher UV absorption than TPS film and UV
absorption of the TPS/CTS film increased with increasing chitosan content (Fig. 2C). The
result suggested that chitosan could impart UV light protection to TPS film. This might be
useful for the film to retard lipid oxidation induced by UV light. Bonilla et al. (2013a) also
reported that PLA/CTS films showed higher absorbance in the wavelength range of 200-400
nm than naked PLA film suggesting better barrier to ultraviolet light.

4.3 Properties of thermoplastic starch/chitosan-based materials and films
4.3.1 Melt flow ability of thermoplastic starch/chitosan-based materials

The melt flow behavior at low shear force of TPS and TPS/CTS compounds was
relevant to the value of melt flow index (MFI). High MFI value indicates good flow, small

molecules and low melt viscosity.
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MFI of TPS/CTS compounds was measured according to ASTM 1238-10; however it
could not be determined using the load of 2.16 kg due to an extremely high melt viscosity.
Therefore, the load cell of 3.2 kg was applied for this experiment. MFI value of TPS was
about 1.32 ¢/10 min, while those of TPS/CTS compounds varied from 0.09 ¢/10 min to 0.81
¢/10 min (Fig. 3). The result showed that melt flow ability of TPS decreased by
incorporating chitosan. In addition, melt flow ability significantly decreased with increasing
chitosan content, such as about three times for TPS/CTS1 as compared with TPS/CTSO0.5.
This result might come from the interaction between starch and chitosan molecules via
hydrogen bond formation leading to decreased melt flow ability of the materials when

chitosan content increased.
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Fig. 3 Melt flow index of TPS and TPS/CTS compounds containing different chitosan
concentrations. The data is reported as mean + SD, n = 3. The different small letters

indicate significant difference at p < 0.05 (Duncan’s new multiple range test).

4.3.2 Water contact angle of thermoplastic starch/chitosan-based films

Wettability and hydrophobic characteristics of the materials can be evaluated from
the water contact angle. A lower water contact angle is generally observed for less
hydrophobic materials or the materials with good water wettability. Water contact angle of
the sample films was measured at various times for 1 minute. Water contact angle tended
to decrease with increasing time (Fig. 4). TPS film showed water contact angle measured
immediately after dropping of 50°, while TPS/CTS films gave higher water contact angles, i.e.
in the range of 52 °-78°. This implied that incorporation of chitosan decreased water

wettability of the TPS film or improved its hydrophobicity. This result is corresponding to
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that of Bangyekan et al. (2006); they reported that the hydrophobicity of chitosan due to
the presence of hydrophobic acetyl groups played an important role in hindering the
transportation of water vapor of chitosan-coated cassava starch films. In addition, water
contact angle of TPS/CTS films increased with increasing chitosan concentration (Fig. 4). The
increase in water contact angle of the films containing chitosan might be a result of the
reduction of free hydroxyl group contents due to the hydrogen bond formation between
starch and chitosan. Vésconez et al. (2009) also reported that hydrogen bond interactions
between tapioca starch and chitosan in the chitosan/tapioca starch based edible film and
coating reduced the availability of the hydrophilic groups and diminished their interaction
with water molecules. This water contact angle information supported the WVP results;
water was more difficult to access the surfaces of TPS/CTS films compared with that of TPS

film.
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Fig. 4 Water contact angle of different sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d)
TPS/CTS1.5 and (e) TPS/CTS2. The data is reported as mean + SD, n = 3. The different

small letters indicate significant difference at p < 0.05 (Duncan’s new multiple range test).

4.3.3 Water vapor permeability of thermoplastic starch/chitosan-based films

Water vapor permeability (WVP) of sample films was determined by a cup method at
52 + 2 %RH. WVP of TPS film was 36.8 g.mm/mz.day.atm, while those of TPS/CTS films
were in the range of 24.1-30.5 g.mm/mz.day.atm (Fig. 5). WVP of TPS/CTS films decreased
with increasing chitosan content. The result implied that addition of chitosan could
improve water vapor barrier properties of the TPS film or in other words, chitosan could
prevent the diffusion of water molecules to pass through the film. This might be explained

by the intermolecular hydrogen bond formation between starch and chitosan molecules
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leading to the dense film matrix. Pelissari et al. (2012) also revealed that water vapor
permeability of thermoplastic starch/chitosan blown film decreased with increasing chitosan
content because of the increased number of interaction between starch molecules and
chitosan. Another reason might be related to the formation of thin chitosan layer on the
outer film surface, which imparted more hydrophobicity to the films due to the presence of

hydrophobic acetyl group (Bangyekan et al., 2006; Vasconez et al., 2009).
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Fig. 5 (A) Water vapor permeability of TPS and TPS/CTS films containing different chitosan
concentrations. The data is reported as mean + SD, n = 3. The different small letters

indicate significant difference at p < 0.05 (Duncan’s new multiple range test).

4.3.4 Morphology of thermoplastic starch/chitosan-based films by Scanning Electron
Microscopy (SEM)

Surface morphology of TPS and TPS/CTS films was investigated by SEM technique.
TPS film exhibited smooth surface (Fig. 6a), while TPS/CTS films showed rough and porous
surfaces (Fig. 6b-e). The addition of chitosan with a content of 0.5 phs hardly affected the
surface morphology of TPS film (Fig. 6b), however the film surface morphology was
significantly changed when chitosan with higher concentrations, i.e. 1-2 phs was incorporated
(Fig. 6¢c-e). The surface roughness of the film containing chitosan with a content in the range
of 1-2 phs decreased and the surface matrix became denser with smaller pore size when
chitosan content increased. The rough surface of the TPS/CTS films might be a result of the
surface coverage of the film with chitosan-rich phase layer since relatively small molecules
of chitosan as compared with starch could move to the film surface during cooling

down/solidification.
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Fig. 6 SEM micrographs at film surface of different sample films: (a) TPS, (b) TPS/CTS0.5, (c)
TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

The morphology of sample films at the cross section after testing tensile properties
was also observed by SEM. All films showed 2 layers (Fig. 7) after passing through the nip
roll due to their surface stickiness. The thickness of the monolayer was in the range of 53-
120 Um. TPS films showed thicker layer than TPS/CTS films. This result corresponded to
the thickness measured by a thickness gage. It suggested that adding chitosan could
enhance the blown film extrusion processability so that thinner films were achieved. The
addition of chitosan did not show significant changes in the morphology at cross section of
the TPS film (Fig. 7). It was probably due to the good interfacial adhesion between starch
and chitosan as also reported by Bonilla et al. (2013b), who found that the inner structure

of wheat starch-chitosan films was uniform suggesting a homogeneous blend.
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Fig. 7 SEM micrographs at cross section area after tensile testing of different sample films: (a)
TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

4.3.5 Crystal type and crystallinity of starch in thermoplastic starch/chitosan-based
films by X-ray Diffraction analysis (XRD)

Crystal type of starch in the film samples was analyzed by XRD technique. TPS film
showed the characteristic diffraction peaks at 20 of 13.1°, 18.2°, 19.6° and 24° (Fig. 8a).
The peaks at 20 of 13.1° and 19.6° were ascribed to Vi-type crystal formed by
complexation of amylose and glycerol (Shi et al., 2007) , whereas the peaks at 20 of 18°
and 24° belonged to B-type crystal (Bangyekan et al., 2006) , which might take place during
storage. A higher humidity or higher water uptake as well as higher temperature (particularly
than T,) speeds up the B-type crystal formation due to high mobility of the starch polymeric
chains. Rindlav-Westling et al. (1998) revealed that an increased air humidity during film
formation leaded to longer time contact with water and resulted in high mobility of the
starch polymer chains, caused increased B-type crystallinity. V-type crystal bands became
broader with increasing chitosan content, implying that the number of amylose-glycerol
complexes decreased due to the limited amylose mobility, since it formed hydrogen bond
interaction with chitosan. Zhong et al. (2011) also reported that kudzu starch-chitosan

composite films had broad amorphous peak as compared with starch film, demonstrating
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that the intermolecular interactions among the components limited the molecular chain

segment movements and restrained the crystallization process.
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Fig. 8 XRD patterns of different sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d)
TPS/CTS1.5 and (e) TPS/CTS2.

4.3.6 Thermal properties of thermoplastic starch/chitosan-based films by
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

Thermal stability of TPS and TPS/CTS films was evaluated by TGA technique. TPS
film illustrated clearly a three-step weight loss at the temperature ranges of 80-106 °C, 106-
200 °C and 200-360 °C attributing to free water evaporation (Pelissari et al., 2009), bound
water and glycerol evaporation (Chen et al., 2005), and starch decomposition (Pelissari et
al., 2009), respectively (Fig. 9Aa). However, TPS/CTS films exhibited two-step weight loss at
the temperature ranges of 80-240 °C and 240-360 °C belonging to water and glycerol
evaporation (Cyras et al., 2008) as well as decomposition of starch and chitosan (Pelissari et
al., 2009), respectively (Fig. 9Ab-e). The weight reduction of the film decreased when
chitosan was incorporated and it also decreased with increasing chitosan content. For
example, total weight loss of TPS film at 250 °C was 20.9%, while those of TPS/CTS films
were in the range of 10.6-15.9%. After decomposition (350 °(), the remained weight of TPS
film was lowest while those of TPS/CTS films showed higher, implying that TPS/CTS films
contained higher amount of inorganic substances. The above results implied that
incorporation of chitosan could reduce water absorption and improve thermal stability of
TPS film. This might be a result of the hydrogen bond formation between two polymers.
However, decomposition temperature of TPS film hardly changed by adding chitosan, i.e. Ty

~ 300 °C (Fig. 9B).
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Fig. 9 (A) TGA and (B) DTG thermograms of different sample films: (a) TPS, (b) TPS/CTSO0.5, (c)
TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2.

Thermal properties of TPS and TPS/CTS films were also analyzed by DSC technique.

The heating-cooling cycle was performed twice. From the first heating scan, TPS and

TPS/CTS films showed endotherm transitions at the temperature range of 47.2-49.8 °c

belonging to glass transition temperature (T,) of starch, and endothermic peaks at the

temperature range of 186-210 °C attributing to melting temperature (T,,) of starch crystal
(Fig. 10A). The result suggested that starch existed in both TPS and TPS/CTS films was semi-
crystalline polymer after passing through a twin screw extruder and storing at ambient
temperature for a certain time. The crystallinity of starch was related to the formation of
amylose-glycerol complexes (V-type crystal) (Hulleman et al., 1996; Soest and Essers, 1997)
and the assembly of six double helices of glucose residues with hexagonal unit cell
containing 36 water molecules inside (B-type crystal) (Imberty and Perez, 1988), which is in
agreement with the XRD result. In addition, the enthalpies (A\H) or energy used to destroy
those crystal structures were in the range of 47- 60 (J/g). However, the films possessed
different thermal history after extrusion and also absorbed different content of moisture
during storage; therefore the information from the first heating scan would not be used for
comparison study in the present work.

The second heating scan was then performed and its information was compared. T,
of starch in TPS film was 53 OC, while those in TPS/CTS films were in the range of 54-72 °c
(Fig. 10B). T, of starch in the films increased with increasing chitosan content, implying that
incorporating chitosan into TPS film caused difficulty in changing the state of starch in TPS
from glassy to rubbery ones due to the hydrogen bond formation between starch and

chitosan. This result showed the same trend as that obtained from DMTA. However, T,
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values obtained from DMTA technique were slightly lower than those derived from DSC
technique. The T, difference is expected in terms of how the structural relaxation of the
material responds to thermal and mechanical stimuli. The lower T, obtained from DMTA
might be explained by the application of both heat and mechanical stress, whereas only
heat was supplied in DSC measurement. Sakurai et al. (2000) reported that the increase of
T, of chitosan/poly(N-vinyl pyrrolidone) blends by increasing chitosan content resulted from

a polymer miscibility at molecular level.

(A) (B)

49.8°C © ¢
AH=46.24J/g

L 485°C 72.17°C
Y @ N

= Tm=210.37 °C
s 476 °C AH =47.26 J/g © 67.02 °C (d)
3 \V
5 T = 202.48 °C
P AH =55.24 J/g \i/ ©
£ 47.3°C (b) 62 °C

% T = 196 °C

AH=56.17 Jig L \\i/
|__ar2c )
(@) 54 °C
m_}/_ T = 186.67 °C \¢/
AH =60.24 J/g
53°C a)
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C)

Fig. 10 DSC thermograms of (A) first heating scan and (B) second heating scan of different
sample films: (a) TPS, (b) TPS/CTS0.5, (c) TPS/CTS1, (d) TPS/CTS1.5 and (e) TPS/CTS2. Insets

represent first derivatives of DSC thermograms in the temperature range of (A) 30-65 °C and

(B) 30-85 °C.

It should be pointed out that T, of starch was not observed in the thermogram of

second heating scan, reflecting that starch crystal had been completely destroyed at 250 °c
(see first heating scan in Fig. 10A) and it could not be reformed during cooling process (no T.
was observed in the thermogram of cooling scan (data not shown)) due to the difficulty of

large starch molecules to rearrange themselves in high degree of structural order when

relatively fast cooling rate (5 °C/min) was applied. Stagner et al. (2011) also reported that
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thermoplasticized high amylose starch prepared using reactive extrusion did not show

endotherm transition in the second heating scan because there was not enough time for

crystallization during cooling (10 °C/min), thus no crystallization exotherm or subsequent

melting endotherm during the second heating.

4.3.7 Tensile properties of thermoplastic starch/chitosan-based films

Tensile properties of TPS and TPS/CTS films with various chitosan concentrations
were tested after conditioned at 42 + 2 %RH and 62 + 2 %RH. At 42 + 2 %RH, tensile
strength (TS) and Young’s modulus of TPS film increased by incorporating chitosan with a
content of 0.5-2 phs (Fig. 11A and B). In addition, TS and Young’s modulus of TPS/CTS films
increased with increasing chitosan content, reflecting that the film became stronger and
more rigid. On the other hand, elongation at break of TPS film decreased by adding
chitosan and the reduction of elongation at break increased with increasing chitosan
concentration, implying that extensibility of the film decreased. The augmentation of
tensile strength and rigidity as well as the reduction of extensibility of TPS film by adding
chitosan could be explained by the formation of intermolecular hydrogen bonds between
starch and chitosan. Pelissari et al. (2012) and Xu et al. (2005) also reported that tensile
strength of cassava starch/chitosan films prepared by two different methods, i.e. blown film
extrusion and solution casting, increased with increasing chitosan content, attributing to the
formation of intermolecular hydrogen bonding between -NH, groups present in the
structure of chitosan and the —OH groups of cassava starch.However, TS and Young’s
modulus of the films stored at 62 + 2 9%RH slightly increased by incorporating chitosan,
while elongation at break hardly changed. It might be assumed that the effect of absorbed
moisture/water, which could act as a plasticizer was more predominant than that of
chitosan. Perdomo et al. (2009) also reported that at higher moisture content, water
plasticized the cassava starch resulting in decreased glass transition temperature of sample.

TPS and TPS/CTS films conditioned at 62 + 2 %RH showed lower TS and Young’s
modulus, but higher elongation at break than those conditioned at 42 + 2 %RH, reflecting
that the films became more flexible when they were stored at higher relative humidity
condition. This might be explained by the plasticizing effect of moisture absorbed by the
samples. It should be pointed out that the increment of TS and Young’s modulus as well
as the reduction of elongation at break of the films conditioned at 42 + 2 %RH were more
significantly than the ones conditioned at 62 + 2 %RH. This result confirmed that the
relative humidity of the storage condition or the moisture content of the samples strongly
affected the tensile properties of the TPS-based films.
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Fig. 11 (A) Tensile strength, (B) Young’s modulus and (C) elongation at break of TPS and
TPS/CTS films containing different chitosan concentrations after conditioned at 42 + 2 %RH
(@) and 62 + 2 %RH (). The data is reported as mean + SD, n = 4. The different capital
letters indicate significant difference at p < 0.05 (Duncan’s new multiple range test) of the
data with different chitosan concentration and the different small letters indicate significant

difference at p < 0.05 (Duncan’s new multiple range test) of the data with different sample
storage condition.
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TPS/CTS compounds were prepared using a twin-screw extruder and then converted
into a film by blown film extrusion. XRD result showed that starch could form hydrogen
bond interaction with chitosan resulting in decreased V-type crystallinity and positive effect
to tensile and barrier properties of the film. The addition of 0.5-2 phs of chitosan improved
strength (tensile strength increased = 8-97%), stiffness (Young’s modulus increased = 40-

154%), water vapor barrier property (WVP decreased & 17-35%) and thermal stability as well

as reduced water absorption and surface stickiness of the TPS film. However, extensibility of

TPS film decreased (elongation at break decreased & 5-73%) by incorporating chitosan. SEM
observations confirmed the homogeneity of the film matrix and the film surface coverage
with a thin layer of chitosan. Glass transition temperature of starch in the film increased by
incorporating chitosan. The film became yellow and opaque as well as showed greater UV

absorption when chitosan was loaded.

29



UNN 6
LNEITHATRID19DY

Altskar A., R. Andersson, A. Boldizar, K. Koch, M. Stading, M. Rigdahl, M. Thunwall. Some
effect of processing on the molecular structure and morphology of thermoplastic
starch. Carbohydrate Polymers 2008, 71, 591-597.

Avérous L., C. Fringant, L. Moro. Starch-Based biodegradable materials suitable for
thermoforming packaging. Starch - Starke 2001, 53(8), 368-371.

Bangyekan, C., D. Aht-Ong, K. Srikulkit. Preparation and properties evaluation of chitosan-

coated cassava starch films. Carbohydrate Polymers 2006, 63 (1): 61-71.

Bi T.T., J.G. Kov.cs. Examination of injection moulded thermoplastic maize starch. eXPRESS
Polymer Letters 2007, 1(12), 804-8009.

Bonilla, J., E. Fortunati, M. Vargas, A. Chiralt, JM. Kenny. Effects of chitosan on the
physicochemical and antimicrobial properties of Pla films. Journal of Food
Engineering 2013a, 119 (2): 236-243.

Bonilla, J., E. Talon, L. Atarés, M. Vargas, A. Chiralt. Effect of the incorporation of antioxidants
on physicochemical and antioxidant properties of wheat atarch-chitosan films.
Journal of Food Engineering 2013b, 118 (3): 271-278.

Chen, P., L. Zhang, F. Cao. Effects of moisture on glass transition and microstructure of
glycerol-plasticized soy protein. Macromolecular Bioscience 2005, 5 (9): 872-880.

Cyras, V. P., L. B. Manfredi, M.-T. Ton-That, A. Vazquez. Physical and Mechanical properties of
thermoplastic starch/montmorillonite nanocomposite films. Carbohydrate Polymers
2008, 73 (1): 55-63.

Forssell P.M., S.H.D. Hulleman, P.J. Myllarinen, G.K. Moates, R. Parker. Ageing of rubbery

thermoplastic barley and oat starches. Carbohydrate Polym 1999, 39(1), 43-51.

Graaf RA., AP. Karman, L.P.B.M. Janssen. Material properties and glass transition
temperatures of different thermoplastic starches after extrusion processing.
Starch/Stéarke 2003, 55, 80-86.

Hulleman, S. H. D., W. Helbert, H. Chanzy. Single crystals of V amylose complexed with

glycerol. International Journal of Biological Macromolecules 1996, 18 (1-2), 115-122.

Huneault M.A., H. Li. Morphology and properties of compatibilized polylactide/thermoplastic
starch blends. Polymer 2007, 48(1), 270-280.

Imberty, A. S. Perez. A Revisit to the three-dimensional structure of B-type starch.

Biopolymers 1988, 27 (8): 1205-1221.

30


http://www3.interscience.wiley.com/journal/85010643/issue

Janssen L.P.B.M., L. Moscicki. Thermoplastic starch as packaging material. Acta Sci. Pol,,
Technica Agraria 2006, 5(1), 19-25.

Jiang W., X. Qiao, K. Sun. Mechanical and thermal properties of thermoplastic acetylated
starch/poly(ethylene-co-vinyl alcohol) blends. Carbohydrate Polym 2006, 65, 139-143.

Lai S.-M., T.-M. Don; Y.-C. Huang. Preparation and properties of biodegradable thermoplastic
starch/poly(hydroxy butyrate) blends. Journal of Applied Polymer Science 2006, 100(3),
2371-2379.

Leblanc N., R. Saiah, E. Beucher, R.M. Castandet, J. Saiter. Structural investigation and
thermal stability of new extruded wheat flour based polymeric materials.
Carbohydrate Polymers 2008, 73, 548-557.

Lopez O.V., N.E. Zaritzky, M.\V.E. Grossmann, M.A. Garcia. Acetylated and native corn starch
blend films produced by blown extrusion. Journal of Food Engineering 2013, 116, 286-
297.

Ma X.F., J.G. Yu, Y.B. Ma. Urea and formamide as a mixed plasticizer for thermoplastic wheat
flour. Carbohydrate Polymers 2005, 60(1), 111-116.

Magalhaes N.F., C.T. Andrade. Thermoplastic corn starch/clay hybrids: Effect of clay type and
content on physical properties. Carbohydrate Polymers 2009, 75(4), 712-718.

Mondragon M., E.M. Hernandez, J.L. Rivera-Armenta, F.J. Rodriguez-Gonzalez. Injection
molded thermoplastic starch/natural rubber/clay nanocomposites: Morphology and
mechanical properties. Carbohydrate Polymers 2009, 77(1), 80-86.

Moscicki L., M. Mitrus, A. Wojtowicz, T. Oniszczuk, A. Rejak, L. Janssen. Application of
extrusion-cooking for processing of thermoplastic starch (TPS). Food Research
International 2012, 47, 291-299.

Pelissari, F.M., M.V. Grossmann, F. Yamashita, E.A. Pineda. Antimicrobial, mechanical, and
barrier properties of cassava starch-chitosan films incorporated with oregano
essential oil. Journal of Agricultural and Food Chemitry 2009, 57 (16), 7499-7504.

Pelissari, F.M., F. Yamashita, M.A. Garcia, M.N. Martino, N.E. Zaritzky M.V.E. Grossmann.
Constrained mixture design applied to the development of cassava starch—chitosan
blown films. Journal of Food Engineering 2012, 108 (2), 262-267.

Perdomo, J., A. Cova, A. J. Sandoval, L. Garcia, E. Laredo, A. J. Muller. Glass transition
temperatures and water sorption isotherms of cassava starch. Carbohydrate
Polymers 2009, 76 (2), 305-313.

Rindlav-Westling, A.s., M. Stading, A.-M. Hermansson, P. Gatenholm. Structure, Mechanical
and barrier properties of amylose and amylopectin films. Carbohydrate Polymers
1998, 36 (2-3), 217-224.

31


http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235224%232005%23999399998%23587670%23FLA%23&_cdi=5224&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=eb450aab9fb5aabfcd4c4bfbac5f2bc9
http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235224%232009%23999249995%23788103%23FLA%23&_cdi=5224&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=1ed97a4b51faf4537fee057dd9aee6a9
http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235224%232009%23999229998%231066164%23FLA%23&_cdi=5224&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=ce00576fe17ffe0440b6d1512a9456ef

Rodriguez-Castellanos W., F. Martinez-Bustos, O. Jimenez-Arevalo, R. Gonzalez-Nunez, T.
Galicia-Garia. Functional properties of extruded and tubular films of sorghum starch-
based glycerol and Yucca Schidigera extract. Industrial Crops and Products 2013, 44,
405- 412.

Sakurai, K., T. Maegawa, T. Takahashi. Glass Transition temperature of chitosan and miscibility

of chitosan/poly(N-vinyl pyrrolidone) blends. Polymer 2000, 41 (19), 7051-7056.

Shi, R.,, Q. Liu, T. Ding, Y. Han, L. Zhang, D. Chen, W. Tian. Ageing of soft thermoplastic starch
with high glycerol content. Journal of Applied Polymer Science 2007, 103 (1), 574-
586.

Soest, J. J. G., P. Essers. Influence of amylose-amylopectin ratio on properties of extruded
starch plastic sheets. Journal of Macromolecular Science, Part A 1997, 34 (9), 1665-
1689.

Stagner, J., V. Dias Alves, R. Narayan, A. Beleia. Thermoplasticization of high amylose starch
by chemical modification using reactive extrusion. Journal of Polymers and the
Environment 2011, 19 (3), 589-597.

Teixeira E.M., A.L. DaRodz, AJ.F. Carvalho, A.AS. Curvelo. Preparation and characterisation of
thermoplastic starches from cassava starch, cassava root and cassava bagasse.
Macromolecular Symposia 2005, 229(1), 266-275.

Teixeira E.M., A.L. Daroz, AJ.F. Carvalho, AAAS. Curvelo. The effect of glycerol/sugar/water
and sugar/water mixtures on the plasticization of thermoplastic cassava starch.
Carbohydrate polymers 2007, 69(4), 619-624.

Thunwall M., V. Kuthanova, A. Boldizar, M. Rigdahl. Film blowing of thermoplastic starch.
Carbohydrate polymers 2008, 71(4), 583-590.

Vasconez, M.B., S.K. Flores, C.A. Campos, J. Alvarado, L.N. Gerschenson. Antimicrobial activity

and physical properties of chitosan—-tapioca starch based edible films and coatings.
Food Research International 2009, 42 (7), 762-769.

Wang L., RL. Shogren, C. Carriere. Preparation and properties of thermoplastic starch-
polyester laminate sheets by coextrusion. Polymer Engineering and Science 2000.
40(2), 499-506.

Xu, Y.X, KM. Kim, M.A. Hanna, D. Nag. Chitosan-starch composite film: Preparation and

characterization. Industrial Crops and Products 200521 (2), 185-192.

Yew G.H., W.S. Chow, Z.A. Mohd Ishak, A.M. Mohd Yusof. Natural weathering of poly (lactic
acid): Effects of rice starch and epoxidized natural rubber. Journal of Elastomers and
Plastics 2009, 41(4), 369-382.

32


http://www3.interscience.wiley.com/journal/112142497/issue
http://www3.interscience.wiley.com/journal/108062979/issue

Zhong, Y., X. Song and Y. Li. Antimicrobial, physical and mechanical properties of Kudzu
starch—chitosan composite films as a function of acid solvent types. Carbohydrate
Polymers 2011, 84 (1): 335-342.

Zullo R, S. lannace. The effects of different starch sources and plasticizers on film blowing

of thermoplastic starch: Correlation among process, elongational properties and

macromolecular structure. Carbohydrate Polymers 2009, 77(2), 376-383.

33


http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235224%232009%23999229997%231024425%23FLA%23&_cdi=5224&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=df0fb153321210c2a8acbf11b0340f38

