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a b s t r a c t

Native starch (corn, potato and waxy corn) and phosphorylated corn starch blended with bagasse
fiber and glycerol were used for the preparation of biodegradable films. The processing extrusion vari-
ables were: feed moisture FM (18.25–20.5%), fiber content FC (0–10%) and type of starch TS (native
or phosphorylated). The analysis of infrared spectroscopy showed OH and C–O bands at 2750–3250
and 550–1000 cm−1, related to plasticizer–starch interactions. Films processed without fiber revealed
peaks of low intensity associated to the plastizicing of starch. Differential scanning calorimeter displayed
eywords:
xtrusion–calandering
hermal and microstructural properties
tarch films

some changes in calorific capacity that could be attributed to molecular excitations and the mobility of
polymeric chains (Tg) in a range of temperature between 40 and 80 ◦C. The dynamic mechanical analy-
ses presented a decrease in the loss modulus at a temperature lower than 100 ◦C associated to a more
structural mobility of bonds indicating a film with more flexibility. The thermal and microstructural char-
acterization of films showed appropriate functional properties in the development of packing materials
or flexible containers type bag.
. Introduction

The worldwide consumption of biodegradable polymers (BPs)
as increased in the last years. These natural biodegradable mate-
ials include packaging materials (trash bags, wrappings, loose-fill
oam, food containers, film wrapping, laminated paper), dispos-
ble nonwovens (engineered fabrics) and hygiene products (diaper
ack sheets, cotton swabs), consumer goods (fast-food tableware,
ontainers, egg cartons, razor handles, toys), and agricultural tools
mulch films, planters) (Bernard, Gontard, & Guilbert, 1998).

Polymers are a series of viscoelastic materials. The structural
nd mechanical characterizations are important tools and a good
xample of introducing the measurement of the physical properties
f industrial polymers into the research field of biodegradable poly-

ers. Edible films or biodegradable films have a wide application

n the industry market for their specified thermal and mechan-
cal properties. Heating amorphous thermoplastic agro-polymers
bove the glass transition temperature, produces soft and rubbery
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materials, and may permit their incorporation into specific prod-
ucts such as packaging materials. Cooling to room temperature can
reconvert rubbery products to glassy materials, giving more or less
rigid forms with the desired structure (Cuq, Gontard, & Guilbert,
1997).

Starch-based biopolymers can be produced by blending or mix-
ing as different naturals polymers as fiber. By varying the blend
component and processing conditions and its miscibility with
starch, the morphology and hence, the functional and structural
properties can be regulated efficiently and, also, allows to design
the most important mechanical and functional properties of these
materials improving the efficiency of biodegradable packages.
Besides, as for synthetic polymers, composition, microstructure
and functional properties of films based on biopolymers deter-
mine their possible applications. In 2002, two million tons of starch
were produced in the world. Because of its abundance and its
renewable and environmental friendly characteristics, physically
and/or chemically modified starch has been the feedstock of choice

in numerous research efforts on development of biodegradable
starch-based loose-fill foams and biodegradable materials.

Generally, plasticizers are used for two purposes which are to
aid processing and to modify the properties of the final product.
In the case of starch-based films, a plasticizer addition overcomes

dx.doi.org/10.1016/j.carbpol.2010.07.050
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:thomhhas@yahoo.com.mx
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Table 1
Treatment and conditions of process used.

Samples Variables of process

Feed moisture
content (%)

Fiber
content (%)

Type of starch

M1 18.25 0 Phosphorylated corn starch
M11 18.25 0 Native corn starch
M13 18.25 10 Native corn starch
P5 18.25 5 Native potato starch
P6 20.5 0 Native potato starch
W15 20.5 5 Waxy corn starch (high amylopectin)
T. Galicia-García et al. / Carboh

he film’s brittleness and improves its flexibility and extensibility.
ther natural polymers such as fibers of hemicellulosic materials
re used as a reinforcement in biodegradable films (Mohanty, Misra,
Hinrichsen, 2002) that, because of their low specific gravity, are

omparable with other synthetics fibers (Netravali, 2005, Chap.
) as the sugar cane fiber (Fernández-Rodríguez, 2000). The sky-
ocketing interests on the natural fiber-reinforced composites are
ot only for environmental concerns but also for yielding a unique
ombination of high performance, reactive surface, great versatility
nd processing advantages at a relatively favorable cost (Bledzki &
assan, 1999; Felix & Gatenholm, 1991; Kumar, Sairama, Rajub,
Aminabhavi, 2005). The inherent stiffness and high degree of

rystallinity make the cellulose microfibers obtained from bagasse
deally suitable for reinforcing and load bearing applications in
omposites (Bhattacharya, Germinario, & Winter, 2008).

The use of very small asymmetric particles as a reinforcement
or high performance composites and other structural materials has
ttracted a great deal of interest. The use of starch in the manufac-
ure of films is associated with the originated interactions between
dditives (Guilbert, Gontard, & Gossis, 1996) due to formation of
econdary links and a strong molecular order, with the purpose of
mproving their functional characteristics (Biliaderis, Lazaridou, &
rvanitoyannis, 1999; Navarro, Martino, & Zaritzky, 1997). Most of

he natural polymers present low mechanical properties in relation
o synthetic materials (Fellows, 2000), for that reason, the search-
ng of fillers, plasticizer and natural fiber sources that improve the
etter film properties maintaining the biodegradability of materi-
ls. In the present study, we have combined both the approaches
f native or modified starch reinforced with treated fiber and the
ffect of extrusion–calendering process on some physical, thermal
nd mechanical properties of films.

. Materials and experimental procedure

.1. Raw materials

Waxy corn starch, corn and potato native starch food grade were
cquired from Almex (Mexico D.F.). Glycerol was purchased from
igma–Aldrich (Germany), and bagasse sugar cane was donated by
ngenio El Modelo (harvested 2005, Veracruz, Mexico). Phosphory-
ated starch was modified according to the methodology described
y Paschall (1964).

.2. Sample preparation

Bagasse sugar cane was hammer milled (Pulvex, mill) and sifted
Rotap, RX-29-Tyler Inc., USA). Fiber was conditioned in an alkaline

edium to finest the fiber size. The raw material concentra-
ions were mixed according to preliminary works (Galicia-García,

artínez-Bustos, Jiménez-Arévalo, & Aguilar-Palazuelos, 2007,
hap. 9; Galicia-García et al., 2009). The glycerol content was stayed

n a continuous way (22%, w/w) (Table 1).

.3. Preparation of pellets

An experimental laboratory single screw extruder (Cinvestav-
ro, Mexico) with an L/D ratio of 20:1, a screw compression ratio
f 1:1 at 30 rpm, and a circular die with internal measurements
f 3 mm diameter were used. Barrel temperatures in the feeding
nd final zones were kept constant at 50 ◦C, respectively; whereas,

he barrel temperature of the second zone was 80 ◦C according to a
reliminary test. The three heating zones were independently elec-
rically heated, and air-cooled. Feed moisture (FM) varied from 16%
o 30%, the feed rate varied according to the weight of the sample,
nd the screw speed was 40 rpm.
M1, phosphorylated corn starch film; M11, native corn starch film without fiber;
M13, native corn starch film added with fiber; P5, native potato starch film added
with fiber; P6, native potato starch film without fiber; W15, waxy corn starch film
added with fiber.

2.4. Extrusion–calendering process

The extrusion process was carried out with COLLIN co-extrusion
equipment, model E16 T, with a relation diameter-longitude of
16/25 and a compression ratio of 1:1. Processing conditions were:
(a) barrel temperatures: 60–95 ◦C; (b) screw speed: 13–25 rpm;
(c) pressure 95–230 bar; and (d) die orifice 300 �m width. A cal-
endering process was performed using COLLIN equipment, Model
Techline CR72T, the processing conditions used were: (a) rolls
speed 10–30 rpm; (b) rolls temperature: 10 ◦C; and (c) tension
speed roll: 14–20 rpm. Samples were collected during the steady-
state operation. The extrudates were stored in polyethylene bags
for 12 h at 5 ◦C, until further analysis. Additionally, samples were
dried at approximately 5% of the moisture content in a forced-air
oven at 45 ◦C for 24 h and milled using a Brabender Quadrumat
Senior Mill (Duisburg, Germany) equipped with a sieve <250 �m
(60 mesh) for further analyses.

2.5. Microstructural properties

2.5.1. Infrared spectroscopy (IS)
The IS analysis is useful in discerning molecular structures, par-

ticularly in recognition of functional groups. A spectrophotometer
(Spectrum GX Modelo FT-IR, Trade Perkin Elmer) was used follow-
ing the methodology described by Wilson and Tapp (1999). Infrared
spectra of 4000–650 cm−1, were obtained. The diffuse reflectance
angles were set at 5◦ and 32◦ scans were acquired per image at a
resolution of 4 cm−1.

2.5.2. X-ray analysis (XRA) and relative crystallinity index (RCI)
Milled and sieved samples from 7.5% to 8.5% of the moisture

content, with a particle size lower than 1.19-mm, were packed
onto a glass sample plate (0.5 mm deep), and mounted on a X-ray
diffractometer (Rigaku Model Ultima D/Max-2100, Rigaku Denki
Co. Ltd., Japón). The scans were made with a Bragg angle of 5–30◦

on a 2� scale with a step-size of 0.02, operating at 30 kV and 16 mA
with CuK� radiation wavelength � = 1.5406 Å. Diffractograms were
smoothed (Savistky-Golay, polynome:2, points:11) for decreasing
the disturbance and for best peaks visualization. The relative crys-
tallinity was calculated using the Herman Method, as described by
Rabek (1980). The RCI was defined as the relation between the crys-
talline area (CA) and the total area (TA). The TA is formed by the
crystalline region area (CA) and the amorphous region area (AA).
The RCI was calculated as:

CA

RCI =

AA+CA

where RCI is the relative crystalline index. CA is the crystalline
region area obtained from the curve, and AA is the amorphous
region area obtained from the curve.
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.5.3. Scanning electronical microscopy (SEM)
Samples were stored with silica at 35 ◦C for 10 days, to remove

he residual moisture. Sections were stuck to stubs, coated with
n Au–Pd alloy in a high vacuum and examined using the scan-
ing electron microscope (Philips®, model XL30 ESEM, Eindhoven,
olland), using a secondary electron detector with 15 kV of accel-
ration. The microphotographs were obtained using ESEM XL-30
oftware.

.6. Thermal properties

.6.1. Differential scanning calorimetry (DSC)
A differential scanning calorimeter (DSC 822e, Birefrigerated,

ettler Toledo Lab Plant, Huddersfield, England) was used. Cali-
ration was done with indium (�Hfusion = 28.59 J/g, melting point
onset = 156.60 ◦C). An empty pan was used as reference. The sam-
les were heated from 30 to 220 ◦C at a rate of 10 ◦C/min. The
amples were stored to relative humidity (50%) for 7 days, before
etermination. The principal main in these analyses was to evalu-
te the changes in heat flow by increasing the temperature (1 ◦C)
f the samples (Cp), as reported by Slade and Levine (1995).

.6.2. Dynamic mechanical analysis (DMA)
DMA is a thermoanalytical technique used to study and char-

cterize materials. It is most useful for observing the viscoelastic
ature of polymers. The dynamic mechanical measurements were
onducted using a rheometric analyzer TA (TA-DMA-2980) with
film tensile clamp at a single-frequency scanning mode of 1 Hz

angular frequency ω = 2.2) and a constant frequency of heating
ate of 5.0 ◦C/min over a temperature ranging from 30 to 250 ◦C.
he claws inside holding the probe sample were 12 mm thick-
ess. The test dimensions of the samples were 0.5 mm × 40 mm
nd variable thickness was 0.28–0.35 mm. To prevent water loss
uring the experiment, the exposed surface of each sample was par-
ially wrapped with aluminum foil, leaving the bottom and top in
irect contact with the clamp holders. All the necessary thermal and
echanical calibrations of the instrument were performed before

he experiments according to its operation manual (TA Instru-
ents, 2004). The storage modulus (E′), loss modulus (E′′) and the
odulus relation with delta tangent (tan ı = E′′/E′) were evaluated

ccording to the methodology of Armelin (2002). A dynamic strain
f 5 �m and amplitude of 1 �m were applied in all the DMA exper-
ments. Before the measurements, the temperature of samples and
he instrument was well equilibrated at 40.0 ◦C. All measurements
ere conducted at least in duplicate.

.7. Analysis data

An infrared spectroscopy (IS), an X-ray diffraction (XRD), a dif-
erential scanning calorimetric (DSC), and a dynamic mechanical
nalysis (DMA) were obtained and evaluated (both data and graph-
cs) using the computer interface with the Origin software (v.6.0).

. Results and discussion

.1. Infrared spectroscopy (IS)

The IR spectra at 4000–650 cm−1 were obtained for the native
tarch films (corn, potato, and waxy corn) and modified starch films
phosphorylated corn starch), using the extrusion–calendering pro-
ess (Fig. 1). The large band at 3269–3287 cm−1 may be attributed

o the complex vibrational stretches associated with free, inter and
ntramolecular-bound hydroxyl groups OH that made up the gross
tructure of starch and glycerol (Fang, Fowler, Tomkinson, & Hill,
002; Pushpadass, Marx, Wehling, & Hanna, 2009; Wu, Sakabe, &

sobe, 2003; Zhang & Han, 2006). P6 and W15 films were processed
Fig. 1. Infrared spectroscopy in films obtained by the extrusion process.

at a high moisture content (20.5%) and they showed an increase in
the area in relation to the other samples processed with a 18.75%
moisture content, thus indicating the possible interaction between
the OH groups with the starch. Pushpadass et al. (2009) and Zhang
and Han (2006) reported that the depth and area of this band
enlarged with an increase in the moisture and glycerol content,
which meant that the effective amount of the OH groups present
in the films changed considerably with the plasticizer content.

The sharp peak at 2935–2918 cm−1 was related to the CH
stretching in starch. The sharp peak at 2939 cm−1 is characteris-
tic of C–H stretch. Dyer (1968) reported that the different types of
vibrations of C–H linkages were localized in the area from 1900 to
3000 cm−1. Aguilar-Palazuelos, Martínez-Bustos, Jiménez-Arévalo,
Galicia-García, and Delgado-Rangel (2007, Chap. 10) found that the
reduction in the intensity of the peaks of vibration of C–H link-
ages from 2800 to 2400 cm−1, probably can be attributed to the
possible breaking of these linkages, due to the effect of the pro-
cess (extrusion, injection-moulding) in biodegradable materials of
blends of corn starch–fiber–glycerol. The films prepared in this
work did not show these differences, indicating that the processing
conditions were less severe and did not degrade these linkages. The
peaks found at 1651–1633 cm−1 were the ıOH bend of water (water
deformation band) and were representative of the bound water
present in starch (Mousia, Farhat, Pearson, Chesters, & Mitchell,
2001; Pushpadass et al., 2009) and specifically at 1648 cm−1 water
in starch and strictly bonded probably ester carbonyl (Zullo &
Iannace, 2009), this behaviour was intensified in M1 sample, cor-
roborated with the high water absorption capacity (89%).

In the vibrational range from 1417 to 1396 cm−1 and from 1351
to 1321 cm−1 there was observed a bending band attributable to
a CH bending in starch. According to Pushpadass et al. (2009)
this double peak is characteristic of extruded films compared
with the single peak in native corn starch. Around 1020–994 and
1074–1080 cm−1, they presented vibration mode characteristics
of stretching C–O–C and C–O–H in the starch, this finishes that
vibration presents the influence of intermolecular water content
of hydrogen bonds, as well as the relation of amylose–amylopectin
(Van Soest, Tournois, de Wit, & Vliegenthart, 1995) as showed in
sample W15 where it is possible to observe the increment of a peak
intensity, contrary to the rest of the samples.

According to Yu, Yang, Liu, and Ma (2009) and Chang, Jian, Zheng,

Yu, and Mab (2010) the characteristic peaks of microcrystalline
cellulose are those where the –C–O bond stretching of –C–O–H
group appeared at about 1112 cm−1, and the –C–O bond stretch-
ing of –C–O–C group in the anhydroglucose ring appears at about
1056 cm−1. These peaks shifted to higher wavenumbers (around
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126 and 1063 cm−1, respectively) in cellulose nanoparticles. This
hift might be related to the weakening of the hydrogen-bond inter-
ctions among the cellulose molecules (Ma et al., 2008; Zullo &
annace, 2009), which reported a new peak between 1015 and
018 cm−1 in the thermoplastic starch suggesting that new interac-
ions and vibration modes are occurring after thermoplasticization
nd the peak at 995 cm−1 was attributed to glycerol–starch interac-
ion, these behaviors were observed in analyzed films. These peaks
re present in our films. Below 900–750 cm−1, the peaks are inside
he range that corresponds to vibration modes of bonds C–C, C–O.

.2. X-ray diffraction patterns

Native starches are biosynthetically assembled as semi-
rystalline granules. The A-type structure is characteristic of a
ouble helix in maize starch while a B-type of crystallinity is
resent in potato starch, while the C-type structure is more rare
nd is thought to be an intermediate form occurring in some plant
ources such as pea starch, probably to the combination between

and B (Ratnayake, Hoover, & Warkentin, 2002; Sarko & Wu,
978; Vermeylen, Goderis, Reynaers, & Delcour, 2004). There are
lso crystallinity forms induced by kneading, extrusion, compres-
ion molding, or injection molding of several native starches with
lycerol as a plasticizer called VH-, VA-, or EH that depend on the
omposition of starch, the plasticizer and the process parameters
Ma & Yu, 2004).

Fig. 2a shows the diffractograms of corn starch film without and
dded with fiber (M11, M13) and the films of phosphorylated corn
tarch (M1). The films showed the characteristic patterns type A,
hich are typical of cereal starch (Thomas & Atwell, 1997), with

elation to data reported in the literature (Le Bail, Bizot, & Buleon,
993).

Peaks at 2� values ≈14.98◦ and 22.98◦ were observed in M1
lms, and 2� values ≈15.03◦ and 22.98◦ in M11 films could be
ssociated to VH-, VA-, or V-glycerol crystallinity (Rappenecker &
ugenmaier, 1981). Zullo and Iannace (2009) found that in film
lowing, the thermoplastic starch with glycerol the crystalline peak
id not disappear. However a new crystalline structure was devel-
ped (VH and VA crystalline type). The morphological transition
xperimented by starch into the new form during processing in
he presence of glycerol has been previously reported by some
esearchers (Bastioli, 1998; Da Róz, Carvalho, Gandini, & Curvelo,
006; Van Soest & Essers, 1997) and also, the VA- type crystallinity
as been reported in thermoplastic starch (Dai, Chang, Peng, Yu,
Ma, 2009). According to Rappenecker and Zugenmaier (1981)

nd Buléon, Delage, Brisson, and Chanzy (1990), VH led to VA upon
ehydration, conversely VA led to VH upon hydration. In the ana-

yzed samples, probably after the extruded samples were exposed
o the environment, the VA type crystallinity was also changed to
H due to hydration.

Raquez et al. (2008) reported that in the presence of plasticizers,
he native starch was destructured under heating and shearing con-
itions, which broke the hydrogen bonds in starch, so-destroying
artially its initial crystalline nature. In films M1, M11, and M13,
he change of the original A-type crystallinity of starch was sub-
tituted by a B-type as reported by various authors (Da Róz et al.,
006; Galliard & Bowler, 1987; Larotonda, Matsui, Soldi, & Laurindo,
004; Van Soest, Hulleman, de Wit, & Vliegenthart, 1996). Nakano
t al. (2003) reported the presence of two peaks (2� = 37◦ and 53◦)
n phosphorylated starch prepared by a conventional process prob-
bly due to phosphate sales. However the phosphorylated films

id not show these peaks, probably due to the conditions used
uring an extrusion–calendering process that modifies the crys-
alline structure. Some fragments of fiber were attached to the
tarch matrix decreasing in low proportion the plasticizing effect,
owever, improving the mechanical properties.
Fig. 2. X-ray diffractograms of (a) corn starch film, (b) potato starch film, (c) waxy
corn starch film.

Potato starch films showed a characteristic X-ray pattern of
tubers (type B) (Lineback, 1984) and related with literature values
(Van Soest et al., 1996). The presence of two peaks was observed
at 2� values ≈19.73◦ and 25.56◦ in P5 film; and 19.41◦ and 26.12◦

in P6 film (Fig. 2b). The potato sample without fiber (P6) showed
the presence of two peaks mainly due to the interaction between
starch and a plasticizing agent that decreases the structural starch
reorganization (retrogradation) (Angellier, Molina-Boisseau, Dole,
& Dufresne, 2006; Van Soest et al., 1996). This effect was decreased
with the incorporation of fiber as observed in the P5 sample, where
the diffractogram showed low intensity compared to the film fab-
ricated with corn starch (M13); attributable to the morphology
and size of potato starch granule (oval spherical, and mean size
of 100 �m) (Marie-Astrid, Sandra, & Imad, 2005).
The diffractograms of waxy corn starch films (W15) showed a
characteristic X-ray pattern of cereal (A-type), with three peaks at
2� values ≈17.56◦, 20.25◦ and 26.44◦ (Fig. 2c). These films did not
show an increase in the structure type V characteristic of several
processes of starch with high amylopectin content (Raquez et al.,



3 ydrate Polymers 83 (2011) 354–361

2
s
c
A
c
2

3

r
2
t
M
m
t
i
c
t
k
s
t
(
c
P
t
p

3

b
a
t
g
p
t
h
R
2
m
t
(
t
a
D
e
i
a

3

t
s
m
t
o
b
l
t
V
s
R
p
t

Fig. 3. Micrographs of the films: (a) superficial fields; (b) transversal fields.
58 T. Galicia-García et al. / Carboh

008). Two overlapped weaker peaks at about 14.8◦ and 16.1◦ in
amples added with fiber can be associated with microcrystalline
ellulose (Duchemin, Staiger, & Tucker, 2010; Chang et al., 2010).
lso, two overlapped peaks at 20.1◦ and 22.4◦, were ascribed to
ellulose II (1–10/200) and cellulose I (200) reflection (Chang et al.,
010).

.3. Relative crystallinity index (RCI)

RCI of corn films with and without fiber was 26.61% and 31.63%,
espectively, potato 17.08% and 26.11%, respectively, and waxy corn
6.81%. The films with fiber increased the RCI in approximately 10%,
o difference of without fiber samples. Aguilar-Palazuelos, Zazueta-

orales, and Martinez-Bustos (2007) found that increasing feed
oisture during the extrusion of blends fiber–starch the crys-

allinity increased. Da Róz et al. (2006) indicated that the increase
n crystallinity was probably facilitated by the progressively higher
hain mobility associated with the higher corresponding plas-
icizer concentrations. Thermoplastic starch that is prepared by
neading, extrusion, compression molding, or injection molding of
everal native starches with glycerol as a plasticizer, may exhibit
wo types of distinguished crystallinity directly after processing.
1) Residual crystallinity: native A-, B-, or C-type crystallinity
aused by an incomplete melting of starch during processing. (2)
rocessing-induced crystallinity: amylose VH-, VA-, or V-glycerol-
ype crystallinity, which is formed during thermo-mechanical
rocessing (Raquez et al., 2008; Van Soest et al.,1996).

.4. Scanning electronical microscopy (SEM)

The morphology of composites is a very important characteristic
ecause it ultimately determines many properties of the biodegrad-
ble materials. The structure surface analysis obtained by SEM of
he films showed in general, a smooth surface, typical of homo-
eneous amorphous material. Continuous phase formed by the
lasticizer starch and fiber was observed, fact that was the founda-
ion of preparing the films with a high performance. Similar results
ave been reported by various authors for thermoplastic starch (Da
óz et al., 2006; Mathew & Dufresne, 2002a; Mathew & Dufresne,
002b). Fig. 3a illustrates the micrographs of the films at 350×
agnifications. The superficial structure is free of cracks and pores

hat could indicate the presence of fragility and rigidity in films
López, García, & Zaritzky, 2008), the presence of creases was due
o low structural order among starch chains decreasing the associ-
tions due to the plasticizing effect (Sothornvit & Krochta, 2005).
uring the processing of starch–fiber-plasticizing, water and glyc-
rol disrupt inter- and intramolecular hydrogen bonds, physically
s given the breaking of starch granules, making the starch become
continuous phase.

.5. Differential scanning calorimetry (DSC)

Forssell, Mikkila, Suortti, Seppala, and Poutanen (1996) reported
hat it is unfeasible to detect any melting temperature for native
tarch, attesting for the thermal degradation of starch before it
elted. All of the films processed without fiber showed an inflec-

ion of temperature at 120 ◦C, this could be due to the evaporation
f water, the samples processed with fiber showed a different
ehavior where the hydrophillic nature of the fibers retards the

oss of water. At 160 ◦C was found a second inflection of tempera-
ure associated to the initial decomposition of plasticizing (Álvarez,

ázquez, & Bernal, 2005; Wu et al., 2003) where the movement of
tarch chains is restricted (Xiang, Tang, Tang, & Zou, 2008) (Fig. 4a).
aquez et al. (2008) found that the melting temperature of thermo-
lastic starch was around 153 ◦C, this value was 10 ◦C higher than
he thermoplastic films starch. This difference in melting behavior
Fig. 4. DSC in films obtained by the extrusion process.

for maleated thermoplastic starch was attributed to the maleation

process, which had chemically modified the whole structure of
native starch backbone. A range of temperature from 20 to 100 ◦C
showed a behavior with few changes, therefore the variation of
heating capacity (�Cp) was analyzed, that can be related to a tran-
sition of second order, where the chain segments are provided with
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nergy to confer mobility to the rotation of lateral groups around
heir primary links (vitreous transition, Tg) in a range from 40
o 80 ◦C.

.6. Dynamic mechanical analyses (DMA)

The dynamic storage modulus (E′), loss modulus (E′′), and
echanical loss tangent (tan ı = E′′/E′) with the change of temper-

ture were measured by the dynamic mechanical thermal analysis
DMTA). A decreasing E′ and the increasing tan ı indicated the elas-
icity of the material decreased, and the material was easier to
ermanently deform. The inflections in the E′ and E′′ temperature
ere accompanied by peaks in tan ı, which was the representa-

ion of a material molecular transition, such as the glass transition
emperature Tg, the transition point from the glassy to a rubber
tate.

The Tg of dry corn starch was about 210 or 230 ◦C, could not be
easured directly, (because it was very close to the decomposi-

ion temperature 225–250 ◦C) (Bikiaris et al., 1998; Huang, Yu, &
a, 2006). Various researchers (Chen, Yu, Kealy, Chen, & Li, 2007;

aaksonen & Roos, 2000; Mano, Reis, & Cunha, 2000; Thomazine,
arvalho, & Sobral, 2005) reported that the DMA had a great func-
ionality in measuring the viscoelastic properties of biopolymers
s well as starch-based films, and the good miscibility in thermo-
lastic starch (Jiang, Qiao, & Sun, 2006). The moduli represent the
echanical characteristics of a starch viscoelastic system during

elatinization and retrogradation processes. The important aspect
f retrogradation is the increase of storage modulus (E′), which is
reated as the measurement of retrogradation.

In a range of temperature from 30 to 80 ◦C the material showed a
ecrease in the E′ values, due to the fact this material was processed
nder mild conditions, and was further, heated again and thus, the
aterial showed a high mobility at a structural level (unions among

olymeric chains) (Yu et al., 1998) and also was soft as well as
howed more elongation (�L) when it was subjected to traction
n thermal analyses equipment (Avérous, Fringant, & Moro, 2001).
uang et al. (2006) revealed that the specific heat increments in
SC analysis of thermoplastic cornstarch biodegradable nanocom-
osites plasticized with urea and formamide were located at 29 ◦C,
nd those of biodegradable nanocomposites were located at 35 ◦C,
hich were basically accordant to the two transitions measured by
MTA. The decreasing in E′ was found with low quantity proportion

n the samples with added fiber (M13, P5 and W15) (Fig. 5a).
The E′′ values in the samples M13 and W15 presented a con-

inuous behavior, indicating that in materials added with fiber in
ow proportion the molecular mobility decreased due mainly to the
nclusion of fiber into the starch matrix (Álvarez & Vazquez, 2004)
Fig. 5b). In the range of temperature from 90 to 150 ◦C the material
howed an increment of E′ related to lack of flexibility, this could
e due to the loss of water that is trapped in the polymer starch as
he plasticizing, contrary to E′′ where it showed a higher dissipa-
ion energy due to an increase in the plasticizing effect in the starch

atrix, together with water evaporation, this effect was more evi-
ent in the samples with fiber (3.5 × 107 a 6.5 × 107), the samples
5 showed a high value of E′′ (6 × 107 MPa), this can be due to size
f starch granules; potato starch had starch granules with a big-
er diameter than the corn starch granules this decrease the fiber
ffect. Thus the resulted material showed more elasticity due to
etter interacting starch-plasticizing-starch (Yu et al., 1998).

The behavior of tan ı (Fig. 5c) showed a loss of structural mobil-
ty at a small scale with an increase from 0.15 to 0.30, hence,

ndicating two possible discreet transitions related to material crys-
allization (�c). At a range of temperature from 160 to 190 ◦C, a
rastic decrease of the E′ and E′′ values was experimented indi-
ating that the mobility of the linkages was decreased, as well
s the distance among polymeric chains: the flow of the samples
Fig. 5. Behavior of (a) storage modulus (E′), (b) loss modulus (E′′), (c) tan ı (E′′/E′),
with relation to temperature of extruded-calendering films.

that had fiber tends to remain at a higher temperature, probably
this is due to the remainder of moisture of fiber attached in the
starch matrix (Álvarez & Vazquez, 2004). Above 200 ◦C a stable
behavior was found at low values of E′, E′′ and tan ı due to the
degradation of the material of most of the compounds. The tan ı
curves for all the samples showed two relaxations, which appeared,
respectively, approximately between 75 and 40 ◦C and between
70 and 150 ◦C. The high temperature relaxation was attributed to

the glass transition temperature of the corresponding thermoplas-
tic starch, whereas the low temperature peak could have arisen
from a plasticizer-rich phase, as already suggested by other authors
(Curvelo, Carvalho, & Agnelli, 2001; Mathew & Dufresne, 2002a).
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. Conclusions

The highest values of mechanical properties (�r, ε, and E)
ere for the films fabricated with phosphorylated or native corn

tarches. These properties were reinforced with the incorporation
f fiber values up to 5%. Samples with fiber (M13 and P5) showed
igher E values than samples without fiber (M11 and P6), this effect
as more evident in potato starch than in corn starch. The films

howed smaller thickness (0.02–0.04 mm). The technical data of
lms processed with potato starch (P5 and P6) were similar in
echanical properties to those used to fabricate commercial bags

PEBD, PEAD). The water absorption capacity analysis and disinte-
ration index indicated the biodegradability of the films. High fiber
ontents impart a dark color tone to the films. These new mate-
ials acquired properties that can meet the increasing demand for
iodegradable disposable plastic bags.
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