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The  objective  of  the  present  work  was  to  improve  blown  film  extrusion  processability  and  properties  of
thermoplastic  starch  (TPS)  film  by  incorporating  plasticized  chitosan,  with  a  content  of  0.37–1.45%.  The
effects of chitosan  on extrusion  processability  and melt  flow  ability  of  TPS,  as well  as  that  on appearance,
optical  properties,  thermal  properties,  viscoelastic  properties  and  tensile  properties  of  the  films  were
investigated.  The  possible  interactions  between  chitosan  and  starch molecules  were  evaluated  by  FTIR
and XRD  techniques.  Chitosan  and  starch  molecules  could  interact  via  hydrogen  bonds,  as  confirmed  from
hermoplastic starch
hitosan
xtrusion
lown film extrusion
iodegradable film
io-based material

the blue  shift  of  OH bands  and  the  reduction  of  V-type  crystal  formation.  Although  the incorporation
of chitosan  caused  decreased  extensibility  and  melt  flow  ability,  as  well  as increased  yellowness  and
opacity, the  films  possessed  better  extrusion  processability,  increased  tensile  strength,  rigidity,  thermal
stability  and  UV  absorption,  as  well  as  reduced  water  absorption  and  surface  stickiness.  The  obtained
TPS/chitosan-based  films  offer  real potential  application  in  the  food  industry,  e.g.  as  edible  films.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

In recent decades, growing environmental consciousness has
ncouraged the development of biodegradable materials from
enewable resources. Among plant-derived materials, starch offers
everal advantages as a raw material for the plastic industry,
ncluding its low cost, non-toxicity, biodegradability, compos-
bility, and worldwide availability. Starch granules have been
sed as a plastic additive, e.g. as reinforcing agent and filler,
or many years (Evangelista, Sung, Jane, Gelina, & Nikolov,
991; Westhoff, Otey, Mehltretter, & Russell, 1974); however,
nly a small amount of starch could be added without the
eterioration of plastic properties. In addition, starch has been
ransformed into thermoplastic material by applying heat and
hear forces together with the incorporation of plasticizers (van
oest, Hulleman, de Wit, & Vliegenthart, 1996; Yu, Gao, & Lin,
996). Although the resulting thermoplastic starch (TPS) can

e converted into rigid or flexible packaging using conven-
ional machines as for commodity plastics, its applications are
imited due to high moisture absorption which causes surface

∗ Corresponding author at: Kasetsart University, Faculty of Agro-Industry, Depart-
ent of Packaging and Materials Technology, 50 Ngamwongwan Rd., Ladyao,

hatuchak, Bangkok 10900, Thailand. Tel.: +66 2 562 5097; fax: +66 2 562 5046.
E-mail addresses: rangrong.y@ku.ac.th, yyrangrong@yahoo.com (R. Yoksan).

ttp://dx.doi.org/10.1016/j.carbpol.2014.09.005
144-8617/© 2014 Elsevier Ltd. All rights reserved.
stickiness (Thunwall, Kuthanova, Boldizar, & Rigdahl, 2008) as well
as poor mechanical and barrier properties (Gáspár, Benkő, Dogossy,
Réczey, & Czigány, 2005; Ma,  Yu, & Kennedy, 2005; Pelissari et al.,
2012; Yu, Prashantha, Soulestin, Lacrampe, & Krawczak, 2013).
Blending/mixing TPS with other bio-based polymers such as chi-
tosan (Pelissari, Grossmann, Yamashita, & Pineda, 2009; Pelissari,
Yamashita, & Grossmann, 2011; Pelissari et al., 2012), cellulose
(Gáspár et al., 2005; Ma  et al., 2005), proteins (Gáspár et al.,
2005), etc., has been reported to be a good technique for achiev-
ing fully bio-based materials and to widen the application window
of TPS.

Chitosan, the linear cationic (1-4)-2-amino-2-deoxy-�-d-
glucan is industrially produced from marine chitin ((1-4)-
2-acetamido-2-deoxy-�-d-glucan) (Muzzarelli, 2012; Muzzarelli
et al., 2012). Both of them have attracted attention owing
to their superior characteristic properties, among which bio-
compatibility and absence of allergenicity (Busilacchi, Gigante,
Mattioli-Belmonte, & Muzzarelli, 2013; Muzzarelli, 2009, 2010).
Chitosan is a non-toxic (Kean & Thanou, 2010) and biodegradable
(Bagheri-Khoulenjani, Taghizadeh, & Mirzadeh, 2009) poly-
mer  with antimicrobial activity (Cruz-Romero, Murphy, Morris,
Cummins, & Kerry, 2013), all of which are important qualities for

food packaging purposes. In general, chitosan is insoluble in water,
alkali and most common organic solvents, but soluble in aqueous
solutions of most organic acids, particularly lactic acid, formic acid
and acetic acid with pH less than 6.

dx.doi.org/10.1016/j.carbpol.2014.09.005
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.09.005&domain=pdf
mailto:rangrong.y@ku.ac.th
mailto:yyrangrong@yahoo.com
dx.doi.org/10.1016/j.carbpol.2014.09.005
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2.4.6. Thermogravimetric analysis
TGA thermograms were obtained using a STA PT1000 TG-
76 K.M. Dang, R. Yoksan / Carbohy

Incorporating chitosan into starch-based film has been reported
s an alternative to reduce water affinity and improve its mechan-
cal properties, due to the formation of intermolecular hydrogen
onds between amino and hydroxyl groups of chitosan and
ydroxyl groups of starch (Xu, Kim, Hanna, & Nag, 2005). However,
ost previous studies have involved starch/chitosan-based films

repared by a solution casting method, in which the procedure
s easy but the scale-up from laboratory to industrial level might
e difficult because it is a very time-consuming process. Blown
lm extrusion is an alternative option to achieve industrial-scale
utput; however, few research articles have reported the devel-
pment of starch/chitosan-based film using this method. Pelissari
t al. (2009) revealed that starch/chitosan blown film composed
f 5% chitosan showed decreased rigidity and water vapor per-
eability (WVP) as compared with the control, while the thermal

tability of the films did not change. The processing parameters,
uch as die temperature and screw speed, also affect the properties
f starch/chitosan blown film (Pelissari et al., 2011). Blow-up ratio
nd WVP  of the film increased, while its opacity, tensile strength
nd elongation at break decreased with increasing screw speed.
ow die temperatures caused decreased tensile properties and
educed WVP  of the films. This research group also reported that
he presence of a higher relative concentration of chitosan favored
he formation of more rigid and opaque and less permeable films
Pelissari et al., 2012). It should be noted that chitosan flakes could
ot be melted during extrusion (Bonilla, Fortunati, Vargas, Chiralt,

 Kenny, 2013; Grande & Carvalho, 2011); hence, homogenous
hitosan-based films were acquired only by solvent casting of chi-
osan from an aqueous organic acid solution (Chillo et al., 2008; Xu
t al., 2005). Blown film extrusion of a bio-based material composed
f TPS and plasticized chitosan, in which the plasticized chitosan
s derived from the protonation in aqueous acetic acid of chitosan
ollowed by the intervention by glycerol, has not yet been reported,
lthough it would be expected for preparing the homogeneous film.

Therefore, the objective of the present work was  to develop
lm from TPS/chitosan-based materials, in which the chitosan was
lasticized prior to incorporation into TPS via blown film extrusion.

. Materials and methods

.1. Materials

Native cassava starch (Dragon Fish brand) with moisture con-
ent of 11% of total weight was purchased from Tong Chan
egistered Ordinary Partnership (Thailand). Chitosan (deacetyla-
ion degree of 85% and molecular weight of 500 kDa) was supplied
y Seafresh Chitosan (Lab) Co., Ltd. (Thailand). Acetic acid (99%) was

 product of Merck (Germany). The glycerol used was a commercial
rade product.

.2. Preparation of thermoplastic starch/chitosan-based
ompound resins by extrusion

Chitosan solutions – 0.37, 0.73, 1.09 and 1.45% – were prepared
y dissolving chitosan flakes in an aqueous acetic acid solution (1%
/v, 100 mL), using a magnetic stirrer at 550 rpm until dissolution
as complete (typically about 48 h at room temperature). Glycerol

25%) and subsequently starch were added to chitosan solutions
nd thoroughly mixed by agitation at ambient temperature for
5 min. Each slurry was then poured into a 1.5-cm-high plastic tray
nd kept in a hot-air oven at 65 ◦C for 18 h. The resulting dry mate-

ial, with a moisture content of approximately 20–22%, was  ground
nto powder and then blended using a twin-screw extruder with an
/d ratio of 40 and a screw diameter of 20 mm (LTE-20-40; Labtech
ngineering Co., Ltd., Thailand), and with a barrel temperature
Polymers 115 (2015) 575–581

profile of 90/95/105/110/115/120/120/120/120/125 ◦C (from hop-
per to die) and a screw speed of 170 rpm. The extrudates were cut
into 2-mm-long pellets with a pelletizer. Four formulations of ther-
moplastic starch/chitosan-based compound resins were obtained:
i.e. TPS/CTS0.37, TPS/CTS0.73, TPS/CTS1.09 and TPS/CTS1.45, repre-
senting thermoplastic starch with a chitosan content of 0.37, 0.73,
1.09 and 1.45%, respectively. TPS without addition of chitosan was
also prepared and used as a control.

2.3. Preparation of thermoplastic starch/chitosan-based films by
blown film extrusion

The obtained resins were blown into films using a single-screw
extruder (LE-25-30/C; Labtech Engineering) – with an l/d ratio of
30, a screw diameter of 25 mm,  and four controlled temperature
zones – connected to a film-blowing attachment (LF-400; Labtech
Engineering) with a ring-shaped die. The barrel temperature profile
was maintained at 130/140/140/140 ◦C (from feed inlet to die) and
the die temperature was set at 150 ◦C. Screw speed and nip roll
speed were adjusted to 35–45 rpm and 3 rpm, respectively.

2.4. Characterization and properties testing of thermoplastic
starch/chitosan-based compound resins and films

2.4.1. 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-2 (Custom Scientific Instruments, USA) at
190 ◦C with a load cell of 3.2 kg, a preheating time of 7 min  and
a time interval of 6 min. MFI  was  measured in triplicate for each
sample and reported in g/10 min  as mean ± SD (n = 3).

2.4.2. Color measurement
Color of the films was  measured using a CR-400 colorimeter

(Konica Minolta, Japan). The measurements were performed in
triplicate in the CIE 1976 (L*, a*, b*) color space (or CIELAB), where L*,
a* and b* indicate lightness, redness and yellowness, respectively.

2.4.3. Measurement of UV absorption and transparency
UV absorption and light transmittance of the films were mea-

sured at wavelength ranges of 200 nm to 400 nm and 400 nm to
800 nm,  respectively, using a UV-2450 Ultraviolet–visible (UV–vis)
spectrophotometer (Shimadzu, Japan).

2.4.4. Fourier transform infrared analysis
Fourier transform infrared (FT-IR) spectra of the samples were

recorded in attenuated total reflectance (ATR) mode using a Bruker
Tensor 27 FT-IR spectrometer (Bruker, Germany). The spectra were
recorded at a wavenumber range from 500 cm−1 to 4000 cm−1 at
temperatures varying from 30 ◦C to 220 ◦C, using 32 accumulated
scans and a spectral resolution of 4 cm−1.

2.4.5. X-ray diffraction analysis
X-ray diffraction (XRD) patterns of the samples were analyzed

by a JEOL JDX-3530 X-ray diffractomer (JEOL, Japan). Samples were
scanned at diffraction angles (2�) from 5 to 40◦ using a scan rate of
0.02◦/s.
DSC (Linseis, Germany) with TA evaluation software. Each sample
(15–25 mg)  was  placed in a ceramic crucible and heated from 25 ◦C
to 600 ◦C at a heating rate of 20 ◦C/min under a nitrogen atmosphere
with a N2 flow rate of 4 L/h.
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Table  1
Extrusion parameters for TPS and TPS/CTS compounds and films.

Sample Compounding extrusiona Blown film extrusionb

Pressure (bar) Torque (%) Output rate (kg/h) Pressure (bar) Torque (%)

TPS 24–35 53–54 0.44 ± 0.034 121–135 61–71
TPS/CTS0.37 35–45 53–54 0.62 ± 0.028 168–183 67–77
TPS/CTS0.73 39–51 53–54 0.62 ± 0.036 175–191 70–80
TPS/CTS1.09 48–60 53–54 0.94 ± 0.035 188–203 73–89
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TPS/CTS1.45 53–65 53–54 

a Using a barrel temperature profile of 90/95/105/110/115/120/120/120/120/125
b Using a barrel temperature profile of 130/140/140/140 ◦C (from feed inlet to die

.4.7. Dynamic mechanical thermal analysis
Dynamic mechanical thermal analysis (DMTA) was  performed

ith an EPLEXOR® DMA  (GABO Qualimeter, Germany) in a tension
ode at a frequency of 1.5 Hz, a static load of 0.5 N and a dynamic

oad of 0.15 N. Scanning temperature was from −80 ◦C to 55 ◦C with
 heating rate of 3 ◦C/min. Each sample was cut into a rectangular
hape with a dimension of 10 mm × 50 mm.  Grips were used to hold
he sample firmly without causing excessive deformation before
esting. Storage modulus (E′) and tan delta (tan ı) were evaluated.
hree replications were performed for each sample.

.4.8. Tensile testing
Tensile properties of the film samples were tested using a

965 universal testing machine (Instron, USA) according to ASTM
tandard method D882-12 (2012) with modified storage condi-
ions. Samples were cut into rectangular shapes with a dimension
f 3 cm × 15 cm and then conditioned at ambient temperature with
ifferent relative humidity (RH) of 62 ± 2% and 42 ± 2% for at least
wo days prior to the test. Five specimens were tested for each
ample. Thickness of the films was measured by an ID-C112BS
icrometer (Mitutoyo, Japan), with an accuracy of 0.0001 mm.  The

verage thickness of each film was calculated from five points for
ach specimen. Tensile strength (MPa), modulus of elasticity (MPa)
nd elongation at break (%) were recorded as mean ± SD (n = 5). The
nitial grip distance was  set at 100 mm and the crosshead speed was
0 mm/min.

. Results and discussion

.1. Extrusion processability and melt flow ability of
hermoplastic starch/chitosan-based compounds
Table 1 shows the processing parameters, i.e. induced pres-
ure and torque as well as the output rate, for compounding
xtrusion and blown film extrusion of TPS and TPS/CTS mate-
ials. For films produced by the compounding process using a

ig. 1. (A) Blown film extrusion of (a) TPS and (b) TPS/CTS1.45 and (B) melt flow index of 

eported as mean ± SD, n = 3. Different lower-case letters indicate a significant difference 
1.19 ± 0.035 190–204 71–89

om hopper to die) and a screw speed of 170 rpm.
e temperature of 150 ◦C, a screw speed of 35–45 rpm and a nip roll speed of 3 rpm.

twin-screw extruder, TPS possessed induced pressure of 24–35 bar,
while TPS/CTS compounds exhibited higher induced pressure, in
the range of 35–65 bar. The induced pressure of the TPS/CTS com-
pounds increased with increasing chitosan concentration, implying
that the material became viscous, probably due to the interaction
or entanglement between starch and chitosan molecules. Although
the induced pressure became higher as chitosan content increased,
extrusion of the TPS/CTS compounds could be performed with-
out any difficulty as the torque of the system remained essentially
unchanged. In addition, the increased induced pressure provided
not only easier processing but also a greater output rate of the
products (Table 1). The output rate of TPS/CTS compounds was
almost twice as high as that of TPS when 1.45% of chitosan was
incorporated.

Similarly, TPS/CTS compounds also exhibited higher induced
pressure during blown film extrusion (168–204 bar) compared
with TPS (121–135 bar) (Table 1), corresponding to the higher
blown film production rate (data not shown). The torque of the sys-
tem tended to increase with increasing chitosan concentration due
to the increased melt viscosity or decreased flow ability. It should be
pointed out that although both TPS and TPS/CTS compounds could
be continuously blown into films (Fig. 1A), the obtained TPS/CTS
films possessed tunable thickness due to their higher melt strength.
In addition, the TPS/CTS films had reduced surface stickiness and
greater opacity (Fig. 1Ab) as compared with TPS film (Fig. 1Aa).

Melt flow behavior of TPS and TPS/CTS compounds was  eval-
uated from the melt flow index (MFI), measured at 190 ◦C with
a load cell of 3.2 kg. MFI  value of TPS was about 1.32 g/10 min,
while those of TPS/CTS compounds varied from 0.09 g/10 min  to
0.81 g/10 min  (Fig. 1B). The results showed that the melt flow abil-
ity of TPS decreased, or its melt viscosity increased, by incorporating
chitosan. In addition, the melt flow ability significantly decreased

with increasing chitosan content: for example, by almost three
times for TPS/CTS0.73 as compared with TPS/CTS0.37. The reduc-
tion of melt flow ability might result from the interaction between
starch and chitosan molecules.

TPS and TPS/CTS compounds containing different chitosan concentrations. Data are
at p < 0.05 (Duncan’s new multiple range test).
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ig. 2. (A) Color parameters: L* (�), a* (�) and b* (�), (B) UV absorbance and (C) lig
PS/CTS1.09 and (e) TPS/CTS1.45. For (A), data are reported as mean ± SD, n = 3. Diffe
ange  test).

.2. Color, transparency and UV absorption of thermoplastic
tarch/chitosan-based films

Color and transparency of packaging films are important in
erms of general appearance, consumer acceptance and utilization.
ig. 2A shows that L* values of TPS/CTS films were lower than that of
PS film; also, the L* values of TPS/CTS films significantly decreased
ith increasing chitosan concentration. This result implied that the
resence of chitosan caused a darker film. TPS film showed slightly

ncreased a* value and markedly increased b* value when chitosan
as incorporated. However, the film color was still a red/yellow

hade, since a* and b* values were positive. The values of a* and b* of
PS/CTS films tended to increase with increasing chitosan content;
his was reflected by the films becoming a darker yellow.

UV absorption of the films was measured at a wavelength range
rom 200 nm to 400 nm.  TPS/CTS films showed higher UV absorp-

ion than TPS film, and UV absorption of the TPS/CTS films increased
ith increasing chitosan content (Fig. 2B). The result suggested that

hitosan could impart UV light protection to TPS film; this might
e useful for retarding lipid oxidation induced by UV light. Bonilla

ig. 3. (A) FTIR spectra and (B) shift of the OH band of different film samples: (a) TPS, (
epresents FTIR spectra as a function of temperature: from bottom to top, 30 ◦C, 70 ◦C, 11
nsmittance of different film samples: (a) TPS, (b) TPS/CTS0.37, (c) TPS/CTS0.73, (d)
wer-case letters indicate a significant difference at p < 0.05 (Duncan’s new multiple

et al. (2013) also reported that PLA/CTS films showed better barrier
properties against UV light than naked PLA film.

Transparency of the films was determined from light trans-
mission at selected wavelengths from 400 nm to 800 nm.  The
transmittance values of all samples increased with increasing
wavelength (Fig. 2C). TPS/CTS films showed lower light transmit-
tance values than TPS film, corresponding to the abovementioned
opacity (Fig. 1A). Higher chitosan contents gave the films greater
opacity, due to the highly dispersed chitosan in the TPS/CTS matrix.

3.3. Chemical interaction of thermoplastic starch/chitosan-based
films

FITR spectroscopy was  applied to examine the chemical interac-
tion between starch and chitosan. TPS film exhibited characteristic
bands at 3283 cm−1 (O H stretching), 2928 cm−1 (C H stretch-
ing), 1640 cm−1 (ı(O H) bending of water), 1365 cm−1 (CH2),

1015 cm−1 (C O C bond stretching) and 926 cm−1 (pyranose ring)
(Delval et al., 2004) (Fig. 3Aa). All TPS/CTS films showed similar FTIR
spectra (Fig. 3Ab–e) to that of TPS film; because a relatively tiny

b) TPS/CTS0.37, (c) TPS/CTS0.73, (d) TPS/CTS1.09 and (e) TPS/CTS1.45. Inset of (B)
0 ◦C, 150 ◦C, 190 ◦C and 220 ◦C.
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mount of chitosan was added, most of the characteristic peaks of
hitosan appeared at the same positions as those of starch. Hydro-
en bonding between starch and chitosan molecules was expected
o be a possible interaction in the TPS/CTS system. Fig. 3A also shows
hat the OH band of starch was shifted to a higher wavenumber
hen chitosan was added, implying that hydrogen bonds between

tarch molecules became weaker because some of them formed
ntermolecular hydrogen bonds with chitosan. However, hydrogen
ond interaction was difficult to evaluate from the spectra charac-
erized at room temperature (60% RH) due to the effect of moisture.
krovanek, Howe, Painter, and Coleman (1985) and Coleman and
ainter (1990) reported that the destruction of hydrogen bonds
ould be observed at high temperature. Herein, FTIR spectra of
he samples were analyzed at various temperatures from 30 ◦C to
20 ◦C. Fig. 3B shows that the OH bands of both TPS and TPS/CTS
lms became broader with lower intensity and shifted to higher fre-
uency when temperature was increased, reflecting the reduction
f the average strength of the hydrogen bonds and a broadening of
he distribution (Eichhorn, Fahmi, Adam, & Stamm,  2003; Kössler,
hemie, & Věd, 1990). However, TPS/CTS film showed a higher
egree of OH band shift than TPS film (Fig. 3B), indicating that
ydrogen bonds between starch molecules became weaker when
hitosan was incorporated because chitosan could form hydrogen
ond interaction with starch molecules.

.4. Crystal structure of starch in thermoplastic
tarch/chitosan-based films

The crystal type of starch in the film samples was analyzed by
RD technique. TPS film showed characteristic diffraction peaks at
� of 13.1◦, 18.2◦, 19.6◦ and 24.0◦ (Fig. 4a). The peaks at 2� of 13.1◦

nd 19.6◦ were ascribed to VH-type crystals formed by complexa-
ion of amylose and glycerol (van Soest & Essers, 1997), whereas
he peaks at 2� of 18.2◦ and 24.0◦ belonged to B-type crystals
Myllärinen, Buleon, Lahtinen, & Forssell, 2002), which might form
uring storage. High water uptake of the material, as well as storage
onditions of high relative humidity (e.g. >60% RH) and tempera-
ure (particularly higher than the glass transition temperature of
he material), can speed up B-type crystal formation due to the high

obility of starch molecular chains. Rindlav-Westling, Stading,
ermansson, and Gatenholm (1998) disclosed that increased air
umidity during film formation led to a longer contact time with
ater, resulting in high mobility of the starch polymeric chains and

ubsequently increased B-type crystallinity. V-type crystal bands
ecame broader with increasing chitosan content; this implied
hat the number of amylose–glycerol complexes decreased due to
imited amylose mobility, since it formed hydrogen bond interac-

ion with chitosan. Zhong, Song, and Li (2011) also found that kudzu
tarch–chitosan composite films showed broad amorphous peaks
s compared with starch film, demonstrating that the intermolec-
lar interactions among the components limited the movements

Fig. 5. (A) TGA and (B) DTG thermograms of different film samples: (a) TPS, 
Fig. 4. XRD patterns of different film samples: (a) TPS, (b) TPS/CTS0.37, (c)
TPS/CTS0.73, (d) TPS/CTS1.09 and (e) TPS/CTS1.45.

of molecular chain segments and restrained the crystallization
process.

3.5. Thermal stability of thermoplastic starch/chitosan-based
films

Thermal stability of TPS and TPS/CTS films was evaluated by
TGA technique. TPS film clearly illustrated a three-step weight loss
at temperature ranges of 80–106 ◦C, 106–200 ◦C and 200–360 ◦C,
attributed to free water evaporation (Pelissari et al., 2009), bound
water and glycerol evaporation (Cyras, Manfredi, Ton-That, &
Vázquez, 2008), and starch decomposition (Pelissari et al., 2009),
respectively (Fig. 5Aa). However, TPS/CTS films exhibited two-step
weight loss at temperature ranges of 80–240 ◦C and 240–360 ◦C,
ascribed to water and glycerol evaporation (Cyras et al., 2008) and
decomposition of starch and chitosan (Pelissari et al., 2009), respec-
tively (Fig. 5Ab–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 at 350 ◦C, the remaining weight
of TPS film was  lowest while those of TPS/CTS films were higher,
implying that TPS/CTS films contained a larger amount of inorganic

(b) TPS/CTS0.37, (c) TPS/CTS0.73, (d) TPS/CTS1.09 and (e) TPS/CTS1.45.
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Fig. 6. (A) Storage modulus and (B) tan ı of different film samples: (a)

ubstances. The above results indicated that TPS film became less
ygroscopic and more thermally stable when chitosan was  incor-
orated. This might be due to hydrogen bond formation between
he two polymers. However, the decomposition temperature (Td) of
PS film hardly changed with the addition of chitosan, i.e. ∼300 ◦C
Fig. 5B).

.6. Dynamic mechanical thermal properties of thermoplastic
tarch/chitosan-based films

Viscoelastic or phase relaxation behavior of TPS and TPS/CTS
lms was studied by DMTA technique at a frequency of 1.5 Hz, a
tatic load of 0.5 N and a dynamic load of 0.15 N. The storage mod-
lus (E′) is generally relevant to the stored energy, representing the
lastic portion of the material, while the loss modulus (E′′) is used
o indicate the energy dissipated as heat, representing the viscous
ortion. Tan ı (loss factor) is defined as the ratio of loss modulus
o storage modulus (tan ı = E′′/E′), where ı is the angle between
n-phase and out-phase components of the modulus in the cyclic

otion.
Storage modulus of all samples slightly decreased with increas-

ng temperature up to 10 ◦C and then sharply decreased until 23 ◦C
Fig. 6A), implying that the materials became softer upon heating.
he marked reduction of storage modulus of the latter involved
he transition of the materials from glassy to rubbery states. At
emperatures below the transition point, TPS/CTS films exhibited
igher storage modulus than TPS film, and the storage modulus of
he films increased with increasing chitosan content (Fig. 6A). This
esult indicated that incorporating chitosan enhanced the stiffness

f the TPS film. This could be explained by the lower chain mobility
f starch due to its interaction with chitosan.

Glass transition temperature (Tg) of the components in TPS and
PS/CTS films could be determined from the highest transition

ig. 7. (A) Tensile strength, (B) Young’s modulus and (C) elongation at break of TPS and TP
 ) and 62 ± 2% RH (�). Data are reported as mean ± SD, n = 5. Different upper-case lette
ata  for different chitosan concentrations, and different lower-case letters indicate a sign
ample  storage conditions.
b) TPS/CTS0.37, (c) TPS/CTS0.73, (d) TPS/CTS1.09 and (e) TPS/CTS1.45.

peak of the loss factor–temperature curve. Tan ı curves described a
partially miscible system, with two  main relaxations appearing at
−50 ◦C to −40 ◦C and 16 ◦C to 22 ◦C, attributed to Tg of the glycerol-
rich phase and Tg of starch in TPS, respectively (da Róz, Carvalho,
Gandini, & Curvelo, 2006) (Fig. 6B). Starch in TPS film showed Tg

of 16 ◦C, whereas starch in TPS/CTS films possessed Tg values in
the range of 19.2–22.1 ◦C. The results showed that Tg of starch in
TPS increased when chitosan was  incorporated, indicating that the
mobility of starch chains in the TPS/CTS films was  restrained due
to the interaction between starch and chitosan.

3.7. Tensile properties of thermoplastic starch/chitosan-based
films

Tensile properties of TPS and TPS/CTS films were tested after
conditioning at 42 ± 2% RH and 62 ± 2% RH. At 42 ± 2% RH, tensile
strength (TS) and Young’s modulus of TPS film increased, while its
elongation at break decreased by incorporating chitosan with a con-
tent of 0.37–1.45% (Fig. 7). In addition, the augmentation of TS and
Young’s modulus, as well as the reduction of elongation at break,
of TPS/CTS films increased with increasing chitosan content. The
results suggested that the film became stronger, more rigid and
less extensible when chitosan was  loaded. This might be a result
of the formation of intermolecular hydrogen bonds between starch
and chitosan molecules. Pelissari et al. (2012) and Xu et al. (2005)
also reported that the 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,
attributed to the formation of intermolecular hydrogen bonding

between the NH2 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%
RH increased slightly when chitosan was incorporated, while

S/CTS films containing different chitosan concentrations after storage at 42 ± 2% RH
rs indicate a significant difference at p < 0.05 (Duncan’s new multiple range test) of
ificant difference at p < 0.05 (Duncan’s new multiple range test) of data for different
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longation at break hardly changed. It might be assumed that the
ffect of absorbed moisture/water, which could act as a plasticizer,
as more predominant than the effect of chitosan. Perdomo et al.

2009) found that water could plasticize cassava starch at high
oisture content, resulting in decreased Tg, which in turn softens

he material.
TPS and TPS/CTS films conditioned at 62 ± 2% RH showed lower

S and Young’s modulus but higher elongation at break than
hose conditioned at 42 ± 2% RH, reflecting that the films lost their
trength and became more flexible when they were stored under
onditions of higher relative humidity. This might be explained by
he plasticizing effect of moisture absorbed by the samples. The
bove results also suggest that the relative humidity of the envi-
onment or the moisture content of the samples strongly affected
he tensile properties of the TPS-based films.

. Conclusion

TPS/CTS based materials were prepared using a twin-screw
xtruder and then converted into a film by blown film extrusion.
TIR results showed that chitosan could form hydrogen bond inter-
ction with starch, resulting in decreased V-type crystallinity and
ositive effects on film properties. The addition of 0.37–1.45% of
hitosan improved strength (tensile strength increased ∼8–97%),
tiffness (Young’s modulus increased ∼40–154%), and thermal sta-
ility as well as reduced water absorption of the TPS film. However,
xtensibility of TPS film decreased (elongation at break decreased
5–73%) when chitosan was incorporated. Compared with TPS film,
PS/CTS films were a more intense yellow with increased opacity,
nd also showed greater UV absorption.
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