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Abstract

Thermoplastic starch films were prepared by a casting technique. Microfibrillated fibers from husks of corncobs were added as rein-
forcing agents and glyceryl monostearate (GMS) as surfactant. The films were characterized using X-ray diffraction studies, thermal and
mechanical analysis and water uptake experiments. Differential scanning calorimetry (DSC) and X-ray diffraction showed the formation
of amylose-GMS complexes. Compared to films without GMS the films with GMS showed significant reductions in water uptake and an
increase in tensile strength. Important differences in the DSC measurements in the 160-200 °C range of films with and without GMS were
also exhibited. These effects can be related to the reinforcement of the polymer matrix by the web-like network of the microfibrillated
fibers, the formation of amylose—-GMS complexes and the interactions of the polar groups of the GMS with the hydroxyl groups of
the cellulose. Retrogradation tendencies of the TPS films were also changed by these phenomena.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Development of biodegradable materials based on
starch has become a very attractive option since starch
can be processed as a synthetic thermoplastic polymer by
the addition of plasticizers at high temperatures and high
shear conditions (Hulleman, Janssen, & Feil, 1998). How-
ever, it is known that the mechanical properties of thermo-
plastic starch (TPS) are poor and sensitive to water content
and retrogradation (Mathew & Dufrene, 2002; Van Soest,
De Wit, Tournois, & Vliegenthart, 1994). Much work has
been carried out to overcome these drawbacks, including
blending of TPS with others polymers or using of fillers,
such as natural fibers and mineral fillers (Averous & Boqu-
illon, 2004; Carvalho, Job, Alves, Curvelo, & Gandini,
2003; Huang, Yu, & Ma, 2004; Kim, Na, & Park, 2003;
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McGlashan & Halley, 2003). Natural cellulose fibers are
particularly attractive due to their abundance and low price
as well as their renewable and low abrasive nature (Duf-
resne & Vignon, 1998; Haritharan & Abdul-Khalil, 2005).
Cellulose fibers are composed of associated microfibrils,
which can be extracted and individualized by a combined
chemical and mechanical treatment (Dinand, Chanzy,
Vignon, Maureaux, & Vincent, 1999). These individualized
cellulose microfibrils form nanometer unit web-like
networks with increased surface area, compared to natural
cellulose fibers. The estimated strength of the microfibrils is
at least 2 GPa (Yano & Nakahara, 2004).

It is generally accepted that long fibers provide better
reinforcement to thermoplastic matrices. The short cells
of the lignocellulosic materials, such as cornstalks and
cornhusks, make it difficult to obtain such useful long
fibers (Reddy & Yang, 2005). However due to its enlarged
surface area, it could be attractive to use microfibrillated
cellulose obtained from these materials for reinforcing
composites. Furthermore, using microfibrillated cellulose
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obtained of potato, softwood, cotton and kraft the
mechanical performance of composites based on thermo-
plastic starch has been improved (Dufresne, Dupeyre, &
Vignon, 2000; Orts et al., 2004; Yano & Nakahara, 2004).

Monoacyl lipids or surfactants are used in starch-con-
taining foods to retard retrogradation; they can interact
with the amylose forming inclusion complexes (Twillman
& White, 1988). These amylose lipid complexes present
characteristic Vh crystalline structures with open-chain
ligands forming helices having six, seven or eight pD-glycosyl
residues per turn. Differential scanning calorimetry (DSC)
detects the amylose-lipid complexes by the presence of an
endothermal transition temperature above the gelatiniza-
tion value (95-135 °C) (Jovanovich & Anos, 1999). It has
been suggested that retrogradation is retarded by the amy-
lose-lipid complexes given that the formation of amylose—
lipid complexes is favored over the amylose retrogradation
(Cui & Oates, 1999). However, to the author’s knowledge
no information on the amylose-lipid complexes influencing
the retrogradation tendencies of TPS has been reported.
Therefore, in the present study we investigated the effect
of amylose-lypid complexes and microfribrillated fibers
from lignocellulosic materials on physical and mechanical
properties of TPS films.

2. Experimental
2.1. Materials

Dry husks of corncobs were purchased in a local store.
Corn starch used in this study was obtained from MAIZE-
NA® products. Sorbitol was purchased from Quimica
Framce, México. All chemicals were of analytical reagent
grade. Sulfuric acid, sodium hydroxide, NaClO, and
Na,SO; were from Fermont, México. 1-Mono-stearoyl-
rac-glycerol (GMS) was from Sigma Chemical Co., USA.

2.2. Preparation of cellulose microfibrils

Cellulose microfibrils from husks of corncobs were pre-
pared according to Dinand et al. (1999), with slight mod-
ifications. Dry husks were ground in a blade-cutting-mill
to pass through a 20 mesh and, suspended in distilled
water. The suspension was acidified to a pH of 2 by add-
ing a solution of sulfuric acid and, heated to 90 °C for 2 h
with constant stirring. The suspension was filtered and
washed with water until the pH of the water was 7.0.
The solid residue was then extracted three times with a
2% sodium hydroxide solution at 90 °C for 2 h with con-
stant stirring. Na,SO; was also added as antioxidant
agent. After this treatment, it was filtered through a
0.6 mm sieve. The solid residue was washed with water
until a neutral filtrate was obtained.

After a bleaching stage with a sodium chlorite (NaClO,)
solution in a buffer medium (caustic soda/acetic acid, pH of
4.9) at 70 ° C for 3 h, the cellulose residue was rinsed with
water and freeze-dried. The purified cellulose fibers were

suspended in distilled water (10 wt%) and homogenized
for 10 min in a MM-1B Lourdes Vernitron homogenizer,
filtered and freeze dried.

2.3. Preparation of TPS/| microfibrillated fiber films

Suspensions (5%) of starch-water were prepared.
Starches were first hand-mixed with a constant amount
of sorbitol 30% (dry basis of starch matrix) and then dis-
persed in water. Afterward, microfibrillated fibers was
added at contents of 3, 5, 10 and 20 wt% (to starch + sor-
bitol). The fibers were previously suspended in water and
dispersed by mechanical stirring for 2 h. A control film
without fiber was prepared. To gelatinize starch, suspen-
sions were first heated at boiling temperature for 1 h and
then for another 1 h at 60 °C, with continuous stirring.
After mixing, the suspensions were degassed under vac-
uum, cast in polypropylene molds and oven-dried at 60
°C for 16 h.

Another set of films were prepared using GMS adapting
the method used by Cui & Oates, 1999, to prepare amylose-
lipid complexes. Briefly, GMS was mixed with water at a
ratio of 1:10 and heated at 60 °C for 1 h before adding to
the starch-sorbitol-fiber suspensions. The dissolved GMS
was added just at the beginning of the heating step at
60 °C for 1 h mentioned for the films without GMS.

2.4. Characterization of microfibrillated fibers

The microstructure of the microfibrillated fibers from
husks of corncobs was evaluated by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Scanning electron microscopy (SEM) was per-
formed to freeze dried fibers with a JEOL JSM-6100.
TEM micrographs were taken with a JEOL JEM-1010
TEM, using an acceleration voltage of 60 kV. A dilute sus-
pension of microfibrillated fibers was prepared. A drop of
it was deposited on a carbon-coated grid and allowed to
dry.

2.5. Characterization of films

XRD analyses were carried out on a Siemens 7KP2021
diffractometer, with CuKa radiation at 35 kV and 25 mA.
The samples were scanned in step mode by 2°/min scan rate
in the range 20 <40 °. All diffractograms were normalized
at the same total area under the scattering curve over the
measured Bragg angles.

Tensile properties were evaluated according to the
ASTM D638-97 on a 4467 Instron universal testing
machine at a crosshead speed of 5 mm/min. Five rectangu-
lar specimens were conditioned at 60% relative humidity
(RH) for 15 days before the measurements, and the results
were averaged to obtain a mean value.

Scanning electron microscopy (SEM) was performed
with a JEOL JSM-6100 to the fractured surface of the ten-
sile test specimens coated with gold/palladium on a JEOL
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JFC-1100E ion sputter coater. SEM micrographs were
obtained using 7 kV secondary electrons.

Thermal analysis was performed using a differential
scanning calorimeter, Perkin Elmer Pyris 1 previously cal-
ibrated with indium. Samples (10 mg) conditioned at 60%
RH for two weeks were put into DSC aluminum pans
and sealed. The heating rate was 10 °C/min, from 50 to
200 °C.

The equilibrium water uptake was determined for all
films. Circular specimens with a diameter of 3 cm were
dried overnight at 100 °C. After the samples were weighed,
they were conditioned at 98% RH for two weeks. The
water uptake was calculated by the following equation:
Water uptake (%) = M—M, x 100

M,
where, M, represents the dried weight of the specimen and
M the weight of the specimen after two weeks.

3. Results and discussion
3.1. Complex formation

The DSC was used to detect the presence of amylose—
GMS complexes. Fig. 1 shows the expanded views of the
derivative of the thermograms of the unfilled TPS films in
the 110-140 °C range. No transitions were detected in this
temperature range for the TPS film without GMS. On the
contrary, an endothermic transition is confirmed for the
TPS/GMS film near 131 °C which could be ascribed to
the melting of crystalline amylose-GMS complexes (Cui
& Oates, 1999; Le Bail et al., 1999).

3.2. Microstructure of the microfibrillated fibers

SEM and TEM micrographs of the microfibrillated
fibers are shown in Fig. 2. Fibers with a ~30 pm diameter
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Fig. 1. Derivatives of the DSC thermograms of the unfilled fims.

Fig. 2. SEM micrograph of cornhusks fiber (a) and, TEM micrograph of
cellulose microfibrils (b).

can be seen in the SEM micrograph (Fig. 2a). However, the
TEM micrograph of the dilute suspensions of these fibers
shows that part of the fibers were defibrillated and form
a web-like structure (Fig. 2b), as reported for other authors
(Dufresne et al., 2000; Yano & Nakahara, 2004).

3.3. Morphology of the TPSl|fiber films

Scanning electron microscopy (SEM) was used to char-
acterize the morphology of the TPS/3 wt% microfibrillated
fiber films. Fig. 3a and b show the tensile fractured surface
of the film prepared with out GMS. The cornhusk cellulose
fibers (short arrow) are quite well distributed within the
TPS matrix (long arrow) due to the high compatibility
between both components, which has been previously
reported (Averous & Boquillon, 2004; Curvelo, Carvalho,
& Agnelli, 2001). However, the fractured surface of the film
prepared with GMS (Fig. 3c and d) exhibits two different
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Fig. 3. SEM micrographs on the tensile fractured surface of TPS/3 wt% microfibrillated fiber films without GMS (a and b) and with GMS (c and d), at low

and high magnifications.

wide zones, one zone similar to the film without GMS
(short arrow) and the other one where the fibers seem to
be encapsulated either individually or in groups by a layer
of TPS and dispersed throughout it (long arrow). The
interactions between the polar groups of the GMS mole-
cules in the amylose-GMS complexes and the OH groups
of the cellulose microfibrils could modify the interfacial
adhesion between the microfibrillated fibers and the star-
chy matrix, promoting an encapsulated morphology.

3.4. X-ray scattering

Fig. 4 shows the X-ray diffractograms of the fiber and the
TPS/fiber films at 0, 5 and 20 wt% microfibrillated fiber con-
tent. The diffractogram of the unfilled thermoplastic maize
starch film, without GMS, shows major peaks at 17.1°,
20.1°,22.3" and 26° 20 (Fig. 4a), similar peak positions have
been reported for gelatinized plasticized corn starch (Kim
et al., 2003). Corn starch typically shows A-type crystalline
patterns (Biliaderis, 1998). These peaks become sharper and
more pronounced for the unfilled film with GMS and an
additional reflection at 6.3° 26 is shown. Theses changes
can be assigned to V-type crystal structures due to amy-
lose-GMS complexes. V-type structures show reflections

at 7.4°, 13", 17.2°, 18.6, 20.0°, 27.8" and 31.0° 20 (Gernat,
Radosta, Anger, & Damaschun, 1993; Tharanathan &
Tharanathan, 2001). The presence of amylose-GMS com-
plexes had been previously shown by DSC (Fig. 1). The
TPS films filled with 5 and 20 wt% fiber without GMS and
with GMS, Fig. 4b and c, respectively, show the same crys-
talline structures as the TPS unfilled films, but the intensity
of the peaks near of the fiber characteristic peaks (at 16" and
22.5" 20) increases as fiber content increases.

3.5. Mechanical properties

Figs. 5-7 show the results for the starch films with and
without GMS, at several fiber contents. The Young’s mod-
ulus increases from 20 to 120 MPa as fiber content
increases from 0 to 20 wt%, for TPS/cellulose films pre-
pared with or without GMS (Fig. 5). However, the modu-
lus of the films without GMS and 3-10 wt% fiber content
are lower compared to the films with GMS. The increment
in stiffness of TPS films filled with cellulose has been
ascribed to the formation of a hydrogen-bonded cellulose
network and to the entanglement of the fibers (Angles &
Dufresne, 2000; Dufresne et al. 2000; Mathew & Dufrene,
2002). On the other hand, amylose-lipid complexes are
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Fig. 4. X-ray diffractograms of the unfilled TPS/fiber films (a), of the fiber and the TPS/fiber films at 5 and 20 wt% microfibrillated fiber content without
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Fig. 5. Young’s modulus of the TPS/fiber films without GMS (a) and with GMS (b), as a function of fiber content.

able to reduce the firmness of starchy products by helping
to delay retrogradation (Cui & Oates, 1999; Krog, Olesen,
Toernaes, & Joensson, 1989; Twillman & White, 1988).
Therefore, the behavior of the stiffness of TPS/fiber/GMS
films could be attributed a combination of both
phenomena.

The tensile strength of TPS/fiber/GMS films increased
significantly (from 4.5 to 14 MPa) compared to TPS/fiber
films (from 2.5 to 7.7 MPa) as fiber content increases from
0 to 20 wt% (Fig. 6). Even the tensile strength of the unfilled
film with GMS is higher than the unfilled film without GMS,

due to the formation of complexes which cause a reduction
in the mobility of the starch molecules and an increase in
crystallinity (V-type crystal structures) (Cui & Oates,
1999). It is also possible that the hydrophilic ends of the
GMS lying outside the helix could interact with the hydroxyl
groups of the cellulose creating stronger interfaces between
the TPS and the cellulose via H-bonding, in addition to the
good interactions between starch and cellulose.

The elongation behavior for films with and without
GMS is quite similar (Fig. 7). Both type of films has a max-
imum of 70% at 3 wt% fiber and afterward decreased con-
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Fig. 7. Elongation of the TPS/fiber films without GMS (a) and with GMS (b), as a function of fiber content.

tinuously to 28%. The flexibility of the cellulose fibers
results in higher elongation-at-break for low fiber contents
however, on further addition of cellulose, the firmness of
the cellulose network increases favoring the failure at low
elongations. The elongation of the unfilled film with
GMS was higher (55%) than the film without GMS
(37%), which can be due to the increased V-type
crystallinity.

3.6. Thermal analysis

Fig. 8 shows the DSC curves of the TPS/fiber films, with
and without GMS. An endothermal peak is observed in the

160-200 °C range. For TPS/fiber films without GMS
(Fig. 8a), the temperature position of the peak increases
from 164 to 180 °C as fiber content increases from 0 to
3-5 wt%, on further addition of fiber the position of the
peak decreases to 167 °C. On the other hand, for TPS/
fiber/GMS films (Fig. 8b) the temperature position changes
from 167 to 189, 175, 170 and 180 °C for the films contain-
ing 0, 3, 5, 10 and 20 wt% fiber, respectively. This endother-
mic peak has been associated with the melting of crystalline
amylopectin domains reorganized during the retrograda-
tion (Angles & Dufresne, 2000). The changes in the posi-
tion of this peak indicates that lower fiber contents
favour the formation of larger crystal domains, which in
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Fig. 8. DSC thermograms of the TPS/fiber films without GMS (a) and,
with GMS (b).

turn lowers the mobility of the amylopectin stabilizing the
retrogradation phenomenon. The higher temperature posi-
tion of the peak of the TPS/fiber/GMS films also indicates

a synergistic effect of the cellulose fibers and the amylose—
GMS complexes to hinder the retrogradation since the
crystallization of amylose-lipid complexes prevents the
amylose retrogradation (Cui & Oates, 1999).

3.7. Water uptake

Fig. 9 shows the equilibrium water uptake at equilib-
rium for the TPS/fiber films, with and without GMS. The
water uptakes of the TPS/fiber films without GMS
(Fig. 9a) tend to decrease continuously from 42% to 33%
as cellulose content increases from 0 to 20 wt%. While
the water uptake of the TPS/fiber/GMS film (Fig. 9b), tend
to decrease from 36% to 28%, but not in a continuously
way. It has been reported that swelling of the TPS matrixes
is reduced in presence of cellulose whiskers and microfibrils
(Anglés & Dufresne, 2000). Amylose-lipid complexes also
reduced the water absorption of starchy materials (Becker,
Hill, & Mitchell, 2001; Galloway, Biliaderis, & Stanley,
1989) therefore; the reduced water uptake of the TPS/
fiber/GMS films is due to the combined effect of the cellu-
lose and the GMS.

4. Conclusions

Cellulose microfibrils from husks of corncobs, with web-
like structures increase Young’s modulus and tensile
strength of TPS films due to the high interactions between
the starch matrix and the increased area of the fibers. How-
ever, these mechanical properties can yet be improved by
the formation of amylose-GMS complexes, which increase
the V-type crystallinity and whose polar groups seem to
interact with the hydroxyl groups of the cellulose. The
microfibrillated fibers and amylose-GMS complexes also
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Fig. 9. Water uptake at equilibrium of the TPS/fiber films without GMS (a) and, with GMS (b).
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hinder the retrogradation by lowering the mobility of the
amylopectin and competing with the amylose retrograda-
tion, respectively.
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