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a b s t r a c t

The aim of this study was to evaluate the potential of the fibrous material obtained from ethanol–water
fractionation of bagasse as reinforcement of thermoplastic starches in order to improve their mechanical
properties. The composites were elaborated using matrices of corn and cassava starches plasticized with
30 wt% glycerin. The mixtures (0, 5, 10 and 15 wt% bagasse fiber) were elaborated in a rheometer at 150 ◦C.
The mixtures obtained were pressed on a hot plate press at 155 ◦C. The test specimens were obtained
according to ASTM D638. Tensile tests, moisture absorption tests for 24 days (20–23 ◦C and 53% RH, ASTM
iodegradable composite
hermoplastic starch
ugarcane bagasse
thanol–water fractionation
echanical properties

hermal analysis

E104), and dynamic-mechanical analyses (DMA) in tensile mode were carried out. Images by scanning
electron microscopy (SEM) and X-ray diffraction were obtained. Fibers (10 wt% bagasse fiber) increased
tensile strength by 44% and 47% compared to corn and cassava starches, respectively. The reinforcement
(15 wt% bagasse fiber) increased more than fourfold the elastic modulus on starch matrices. The storage
modulus at 30 ◦C (E30 ◦C

′) increased as the bagasse fiber content increased, following the trend of tensile
elastic modulus. The results indicate that these fibers have potential applications in the development of

mate
biodegradable composite

. Introduction

The reinforcement of polymer composites with fibers to obtain
aterials with improved properties is one of the most important

elds in the material science. Within this field, the use of natural
ellulosic fibers as reinforcement of polymer matrices is increasing,
ue to their low cost and easy processability. Fibers have interest-

ng mechanical and physical properties (Bledzki and Gassan, 1999;
ichhorn et al., 2001; Mohanty et al., 2000, 2002). Their renewable
ature and their biodegradability are also interesting characteris-

ics of natural fibers, which are an alternative to non-biodegradable
norganic reinforcements/fillers like glass, mica and calcium car-
onate.

∗ Corresponding author at: Programa de Investigación de Celulosa y Papel, Fac-
ltad de Ciencias Exactas, Químicas y Naturales, Universidad Nacional de Misiones,
élix de Azara 1552, 3300 Posadas, Misiones, Argentina. Tel.: +54 3752 422198;
ax: +54 3752 422198.

E-mail address: m c area@fceqyn.unam.edu.ar (M.C. Area).

926-6690/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.indcrop.2011.01.014
rials.
© 2011 Elsevier B.V. All rights reserved.

In recent years, there has been a great interest towards a
more efficient use of renewable agro-industrial waste for obtain-
ing value-added bio-products. This represents an increased value
for the agro-based components besides that these composites are
environment-friendly materials. On the other hand, synthetic and
natural biodegradable polymers can also be considered as poly-
mer matrices for preparing composites. Synthetic materials such as
poly(l-lactic acid), poly(e-caprolactone), poly(hydroxyl-butyrate),
poly(hydroxyl-alkanoate), and others, have been applied mainly
in the field of the biomaterials (Averous and Digabel, 2006; John
and Thomas, 2008; Bismarck et al., 2005). The use of natural matri-
ces is being increased due to the non-toxicity of their degradation
products and their renewable sources. One of the natural polymer
most researched is starch (Averous and Digabel, 2006; Avérous and
Halley, 2009) and its composites (Avérous et al., 2001; Averous and
Boquillon, 2004; Curvelo et al., 2001; Carvalho et al., 2003). The

studies showed a good compatibility between the cellulosic fibers
and the biodegradable matrices, without compatibilizers or fibers
modification. Sugarcane bagasse is a fibrous waste remaining after
sugar extraction, which is produced in large quantities by the sugar
and alcohol industries in several countries. Sugarcane bagasse is

dx.doi.org/10.1016/j.indcrop.2011.01.014
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:m_c_area@fceqyn.unam.edu.ar
dx.doi.org/10.1016/j.indcrop.2011.01.014
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onventionally used as fuel for energy production or as cellulose
bers in the pulp and paper industry. Sugar mills generate around
.13–0.15 tons of bagasse (dry weight) per metric ton of sugarcane.
bout half of this amount is burned as fuel to supply energy to the
ame industry. Currently, the remaining stored bagasse constitutes
n environmental problem due to the risk of combustion.

Sugarcane bagasse is an abundant source of lignocellulose mate-
ial. It can be used as an alternative low-cost fibrous resource, with
uitable properties as reinforcement of composites in biodegrad-
ble polymer matrices, increasing the economy of the process. In
previous work, we presented results of ethanol–water fractiona-

ions of bagasse (Area et al., 2009). In that work, we separated three
f its major components (cellulosic fraction, hemicelluloses and
ignin), following the concept of biorefinery, and applying economi-
ally competitive and environmentally compatible technologies. In
he present work, non-conventional sugar cane derivatives using
agasse as reinforcement of composites were prepared, as an
lternative to conventional materials such as non-biodegradable
lastics. Bagasse pulp fibers–starch composites can be used in dif-
erent short-lived applications, such as packaging (Avérous and
alley, 2009). The research on starch polymers has focused on

everal areas, including the use of commodity starches in compos-
tes, building materials and polymer blends. The main drawbacks
f thermoplastic starches (TPSs) are their brittleness, moisture
bsorption and low mechanical properties. The incorporation of
atural fibers is an alternative to improve their thermal and
echanical properties and to preserve their biodegradability.
Lignocellulosic fibers can be used for the development of

ew composites because of their good mechanical and physical
roperties. Both treated or untreated chopped sugarcane bagasse
bers reinforced with different polymers such as polypropylene
Ramaraj, 2007; Cao et al., 2007; Ashori and Nourbakhsh, 2009;
ourbakhsh and Kouhpayehzadeh, 2009; Zabihzadeh et al., 2010;
abihzadeh, 2010), epoxy (Vilay et al., 2008; Lee and Mariatti, 2008;
charya et al., 2008; Saw and Datta, 2009; Acharya et al., 2009;
ishra and Acharya, 2010), polyethylene (Lei et al., 2007; Youssef

t al., 2008; Mulinari et al., 2009; Zabihzadeh, 2010), polyvinyl chlo-
ide (Zheng et al., 2007; Xu et al., 2010, 2008), biopolyester (Hodzic
t al., 2007), ethylene vinyl acetate (Stael et al., 2001), among others,
ave been studied in recent works. The results of these works sug-
est that bagasse–polymer composites can be used for commercial
pplications. However, although there are some reports on the use
f cellulosic and lignocellulosic fibers in starch composites, such
s Eucalyptus urograndis bleached kraft pulp (Curvelo et al., 2001;
arvalho et al., 2003), cassava bagasse (Teixeira et al., 2005), wheat
traw (Averous and Digabel, 2006) and bleached fibers (Avérous
t al., 2001; Averous and Boquillon, 2004), few reports exist about
agasse fibers or bagasse pulp fibers as reinforcement of starch
atrices or biodegradable polymers. The results of the present
ork can be extended to the use of commercial wood pulp, avail-

ble in large quantities at relatively low cost, with known and
uaranteed properties.

The aim of this study was to evaluate the potential of the fibrous
aterial obtained from the ethanol–water fractionation of sugar-

ane bagasse as reinforcement of thermoplastic starches, and to
ssess the effect of the type of starch used as a biodegradable poly-
er matrix.

. Experimental
.1. Materials

Corn starch (Amidex 3001) and cassava starch from Corn Prod-
cts Ltd. (Brazil) were used as biodegradable polymer matrices.
lycerin (30 wt%) and stearic acid (2 wt%) were used as plasticizer
d Products 33 (2011) 739–746

and processing aid, respectively. The fibrous material obtained from
ethanol–water fractionation of bagasse was used as reinforcement.

2.2. Fiber preparation

Sugar cane bagasse and ethanol were supplied by a local mill
(San Javier Sugar Mill, Misiones, Argentina). Bagasse pith was
removed in two stages. In the former, bagasse was wet-depithed
to break its structure in a Bauer disc refiner (plate gap of 0.005 in.),
after which the bagasse pith was removed by screening, using a
plate with 2 mm wide slits (Wenmber). Finally, depithed bagasse
was centrifuged. Bagasse was delignified by organosolv ethanol
process carried out in a 7 L MK digester (M/K Systems, Inc., MD) with
liquor circulation. The ratios of liquor/bagasse and ethanol/water
remained constant at 14/1 (v/w) and 50% (v/v), respectively. The
time necessary to reach the maximum temperatures was of 30 min.

Fibers (which were agglomerated after drying at room temper-
ature) were separated in a Werk Condux type hammer mill, with a
sieve aperture size of 5 mm. The fibrous material processed in the
hammer mill was classified in a laboratory-vibrating screen, using
standard sieves with opening sizes of 1, 0.42 and 0.25 mm (18, 40
and 60 mesh, respectively). The reinforcement consisted of fibrous
material retained on 40 and 60 meshes. The retained material on
the 18-mesh sieve was reprocessed in the hammer mill and sieved
again. The material that passed the 60-mesh sieve was discarded
(about 20 wt% of the starting material). The fiber length distribu-
tion was measured in a Zeiss optical microscope with a Leica image
analyzer (number of measurements: 130).

2.3. Sample preparation

Starch, glycerol, water, stearic acid and bagasse fibers (0, 5,
10 and 15 wt%) were blended and processed in a HAAKE torque
rheometer – Rheomix 600 at 150 ◦C and 60 rpm for 6 min. The mix-
tures obtained were pressed in a hot plate press at 155 ◦C with a
force of 10 tons. Test specimens were prepared for tensile tests and
dynamic-mechanical analyses (DMA).

2.4. Characterization

The tensile tests were performed according to ASTM D638 M-
96 in an EMIC DL3000 universal testing machine, using a load
cell of 2 kN and 50 mm min−1 speed. These specimens were pre-
conditioned for 30 days at 20–23 ◦C and 53% RH.

The DMA, in tensile mode, were performed in a Netzsch DMTA
242C equipment equipped with a TASC 414/3A controller and a
liquid nitrogen cooling system. The materials were analyzed in the
region of linear viscoelastic behavior, with a frequency of 1 Hz and
at room atmosphere. The heating rate used was 2 ◦C min−1 and
the temperature range −130 to 150 ◦C. The dimensions of the test
specimens were 10 mm × 20 mm × 1 mm.

The morphological structures of the reinforcement materials
and the cross section of the specimens for the tensile test of
the starch matrices and its composites were studied by scanning
electron microscopy (SEM). The photomicrographs were obtained
in a Leica-Zeiss LEO 440 SEM-EDX scanning electron microscope
equipped with an Oxford solid-state X-ray detector, operated at
20 kV.

The crystal structure of the materials and their proportion were
analyzed using small-angle X-ray scattering (SAXS) in a Rigaku
X-ray Universal diffractometer at room temperature and an angu-

lar range 2� from 5◦ to 40◦, with a copper electrode operating at
50 kV/100 mA and a rate of 2◦ min−1.

The thermal analyses of differential scanning calorimetry (DSC)
were performed on a Shimadzu TA-50WSI Thermal Analyzer
equipped with DSC-50 modules. The scans were carried out from
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Fig. 1. SEM photomicrographs: (a) fibers individualize

oom temperature to 500 ◦C at a heating rate of 10 ◦C min−1, using a
itrogen atmosphere with a flow of 20 mL min−1. Thermogravimet-
ic analysis (TGA) conditions were: a nitrogen atmosphere, a flow
ate of 20 mL min−1, a heating rate of 10 ◦C min−1 and a temperature
ange from ambient to 800 ◦C.

Moisture absorption tests in samples conditioned at 20–23 ◦C

nd 53% RH were performed according to ASTM E104. The diffusion
oefficients (D) of the materials were determined from the curves
f water absorption. In general, the diffusion behavior in crystalline
olymers is given by the relative mobility between the fluid and the
olymer segments. This behavior can be established theoretically

Fig. 2. SEM photomicrographs of the corn TPS composite (a and b) and
e hammer mill, (b) morphological structure of a fiber.

by the shape of the absorption curve. The absorption curve can be
represented by the following equation:

Mt

Me
= ktn (1)

The constant k is related to the characteristics of the macro-

molecular network system and penetration. The dimensionless
diffusional exponent n can be used as an indicator of the diffu-
sion mechanism for a particular system (a value of n of about 0.5 is
indicative of diffusion according to Fick’s law). In the case of diffu-
sion according to Fick’s law, the diffusion rate is much smaller than

cassava TPS composite(c and d) with 15% (w/w) bagasse fibers.
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improved the tensile strength and stiffness of the materials, respect
to cassava and corn TPSs (p < 0.05). In the case of tensile strength,
the tensile strength means of the materials with fibers differ sig-
nificantly than those without fibers.

Table 1
Tensile properties of cassava and corn TPSs and their composites.

TPS Bagasse fiber
(wt%)

� (MPa) E (MPa) ε (%)

Cassava 0 2.2 ± 0.3 13.3 ± 1.5 57.2 ± 15
Cassava 5 2.7 ± 0.3 23.6 ± 3.6 30.8 ± 7.6
Cassava 10 3.2 ± 0.5 38.0 ± 5.6 22.5 ± 2.8
42 M.E. Vallejos et al. / Industrial C

he mobility of polymer segments. The equilibrium within the poly-
er is reached quickly and is maintained independently of time. Mt

nd Me are the percentages of moisture absorption at time t to reach
he equilibrium.

The analysis of the diffusion mechanism was based on Fick’s law,
tting the experimental values to Eq. (2), derived from Eq. (1):

og
(

Mt

Me

)
= log k + n log t (2)

The coefficient is a parameter that shows the ability of the fluid
olecules to penetrate inside the composite structure. For short

imes (Mt/M∞ ≤ 0.5), Eq. (3) was used, where L is the thickness of
he sample:

Mt

Me
= 4

L

(
D

�

)0.5
t0.5 (3)

Eq. (3) was used to determine the diffusion coefficient D from
he linear portion of the slope of the curve of Mt/M∞ as a function
f (t)0.5L−1.

. Results and discussion

.1. Microscopy

The average fiber length was 667.3 �m (number of measure-
ents: 585), the average fiber width 17.5 �m, and the length/width

atio 38. The fibers presented a wide range of fiber length distribu-
ion, between 351 and 1541 �m (50% of fibers between 590 and
541 �m). The use of fibers as reinforcement to obtain a homoge-
eous material capable of being uniformly distributed in the matrix
equires a good separation of the fibers. The processing of fibrous
aterial in the hammer mill consisted in the application of mechan-

cal impact energy to separate the fibrous agglomerates into fibers,
ithout losing their length and morphological structure. The mor-
hology of the bagasse fibers after the processing in the hammer
ill is shown in Fig. 1.
The structure of the composites was characterized by SEM. Sam-

les were fractured by immersion in nitrogen. The fractured surface
f corn TPS with 15 wt% fibers is shown in SEM photomicrographs
Fig. 2), which revealed the dispersion of bagasse fiber in corn TPS.
he bagasse fibers appeared well dispersed and coated by corn
PS, which was attributed to the fiber–matrix affinity. However,
assava TPS composites (15 wt%) presented agglomerated fibers,
hich indicate lower dispersion efficiency, when the fiber con-

ents exceeded 10 wt% (Fig. 2c). Starch granules were not observed,
hich show that the disruption of the structure of starch gran-
les was not affected by the bagasse fiber during the thermoplastic
rocessing of TPS.

.2. Rheological behavior

Native starches present hydrogen bonds between the hydroxyl
roups in starch molecules, associated to their semi-crystalline
tructure. The thermal processing of starch-based polymers con-
ists in the disruption of the structure of starch granules using
lasticizers to form an amorphous material called thermoplastic
tarch (TPS). The rheological behavior of starches (plasticized with
0 wt% glycerol) and that of the blends with the bagasse fiber in
he Haake rheometer are shown in Fig. 3. The Haake rheometer

easures torque variation with time and temperature. The torque
eaks are attributed to the phase transition of starch granules under

hear stress. The measured torque was dependent on bagasse fiber
ontent. The fiber–matrix interactions reduced the mobility of the
olymer chains and increased the viscosity of the fiber–starch TPS
lends. The bagasse fiber content increased the viscosity of the corn
PS more than the cassava TPS composites, which evidenced an
Fig. 3. Rheological behavior of cassava TPS composites (a) and corn TPS composites
(b) with bagasse fibers.

insufficient dispersion of fibers during the processing of cassava
TPS composites.

3.3. Mechanical properties

The results of the tensile mechanical tests (tensile strength (�),
modulus of elasticity (E) and tensile strain (ε)) of corn and cassava
TPSs and their composites are presented in Table 1. The statistical
analysis of the results of the tensile mechanical tests was performed
by two-way ANOVA. The addition of bagasse fibers significantly
Cassava 15 3.2 ± 0.7 56.4 ± 9.3 21.0 ± 2.5
Corn 0 2.6 ± 0.3 28.5 ± 3.1 33.4 ± 8.6
Corn 5 3.4 ± 0.5 58.5 ± 4.2 20.7 ± 5.4
Corn 10 3.8 ± 0.3 97.1 ± 4.1 13.7 ± 2.2
Corn 15 3.7 ± 0.7 131 ± 10 10.4 ± 3.5
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Fig. 4. Module E′ and tan ı of the cassava composites (

In general, the tensile properties of composites differed sig-
ificantly according to the bagasse fiber content (p < 0.05). The
agasse fibers increased the tensile strength of starches from 2.61
o 3.75 MPa (47%) respect to corn TPS, and from 2.21 to 3.24 MPa
44%) respect to cassava TPS. The addition of 15 wt% bagasse fibers

id not contribute to the increase in the strength of the composites.

The modulus of elasticity of the composites with 15 wt% bagasse
bers was four times greater than the modulus of elasticity of TPS
lone (423% and 458% in cassava and corn TPSs, respectively). This

Fig. 5. X-ray diffractogram of the cassava TPS composites (a) and corn TPS compos
b) and corn composites (c and d) with bagasse fibers.

property increased linearly with the bagasse fiber content (cassava
TPS and their composites, R2 = 0.99; corn TPS and their composites
R2 = 0.98).

In TPS, the tensile strain decreased significantly (p < 0.05)
as the bagasse fiber content increased. The presence of fiber

agglomerates demonstrates that the dispersion of fibers in the
matrix was not efficient (Fig. 2c). This is one of the prin-
cipal drawbacks to exploit the potential of this resource as
reinforcement. Smaller contents of bagasse fibers would be

ites (b) with bagasse fibers, and cassava TPS and corn TPS after one year (c).
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Table 2
Dynamic-mechanical properties of cassava and corn TPSs and their composites.

TPS Bagasse fiber
(wt%)

E30 ◦C
′ (MPa) Tg (◦C)

Cassava 0 21.5 3.7
Cassava 5 39.6 6.8
Cassava 10 95.9 8.2
Cassava 15 128.5 14
Corn 0 18.2 −0.5
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Table 3
Values of n, k, D and Me of the composites, depending on the type and content of
reinforcement.

TPS Bagasse fiber
(wt%)

n k D (cm2 s−1) Me (%)

Corn 0 0.60 0.05 3.68 × 10−8 7.9 ± 0.1
Corn 5 0.61 0.05 4.07 × 10−8 7.9 ± 0.0
Corn 10 0.63 0.04 3.20 × 10−8 7.5 ± 0.2
Corn 15 0.63 0.04 3.04 × 10−8 7.5 ± 0.3
Cassava 0 0.66 0.04 4.03 × 10−8 8.0 ± 0.2

hygroscopic nature. The results of the moisture absorption test
(20–23 ◦C and 53% RH) are presented in Table 3 and Fig. 6 for cassava
and corn TPSs and their composites. The absorption equilibrium
was reached after twelve days.
Corn 5 59.1 −0.4
Corn 10 73.0 3.1
Corn 15 97.4 13

ore appropriate, as their dispersion in the matrix could be
acilitated.

.4. Dynamic-mechanical properties

The dynamic-mechanical test showed the viscoelastic behavior
f the corn and cassava TPSs and their composites in a wide range of
emperatures. The variation of the storage modulus at 30 ◦C (E30 ◦C

′)
t different bagasse fiber contents is given in Table 2. The storage
odulus decreased as temperature increased, and this decrease
as more pronounced in cassava and corn TPSs (Fig. 4).

The storage modulus correlated well with the values of elastic
odulus obtained in the tensile tests (R2 = 0.97 and R2 = 0.94 for

assava and corn TPSs and composites, respectively). The modu-
us E′ improved as the content of bagasse fibers increased, when
omparing with the modulus E′ of cassava and corn TPSs. The mod-
lus E′ of the composites containing 15 wt% bagasse fiber at 30 ◦C
ere about five and six times higher than the corn and cassava TPSs

lone, respectively.
The glass transition temperatures (Tg) were determined from

he peaks of the curve tan ı–temperature (Table 2, Fig. 4b and
). The first peak observed corresponds to the relaxation of the
lycerol-rich phase (the Tg of pure glycerol is in the range of −75 to
80 ◦C). The second peak is related to the glass transition of ther-
oplastic starch. The Tg of the thermoplastic starch depends on the

ontent of plasticizer, the moisture conditions and the composition
f the starch.

Some studies on the physical properties of TPS (glycerol as plas-
icizers) have shown discrepancies in the Tg values, even for the
ame glycerol content, possibly due to differences in the condi-
ions of TPS preparation (Avérous and Halley, 2009). The Tg values
or the corn and cassava TPSs (30 wt% glycerol) were −0.5 and
.7 ◦C, respectively, at 23 ◦C and 53% RH. Other authors, who stud-

ed the physical properties of the plasticized starches with glycerol,
eported higher Tg values (Avérous and Halley, 2009). García et al.
2009) reported a Tg value of approximately −10 ◦C for cassava TPS.

.5. X-ray diffractometry

The X-ray diffractograms of the cassava and corn TPSs and their
omposites are shown in Fig. 5. Both TPSs show the correspond-
ng peak at 2� = 12.7◦ (Va), 2� = 16.8–17◦ (B), 2� = 19.7◦ (Vh) and
� = 22.4◦ (Vh). The peak 2� = 16.8–17◦ is attributed to the recrys-
allization of amylopectin (B-type crystallization), while the peaks
t 2� = 19.7◦ and 2� = 22.4◦ are characteristic of the induced crystal-
ization process (Vh) produced by the recrystallization of amylose
uring the cooling of the processed material (Teixeira et al., 2005).
he peak at 2� = 22.4◦, attributed to the cellulose crystallinity, over-

◦
aps with the peak at 2� = 22.4 (Vh), and becomes progressively
reater as the bagasse fiber content increases.

The X-ray diffractograms of cassava and corn TPS composites
howed that as bagasse fiber content increased, the peak at 22.4◦,
hich was attributed to cellulose crystallinity, became gradually
Cassava 5 0.67 0.04 3.85 × 10−8 7.8 ± 0.3
Cassava 10 0.64 0.04 3.07 × 10−8 7.8 ± 0.2
Cassava 15 0.61 0.04 2.88 × 10−8 7.5 ± 0.1

stronger. In the X-ray diffractograms of cassava and corn TPS com-
posites stored for twelve months (Fig. 5c), we did not observe the
tendency to re-crystallization.

In this work, the peak 2� = 19.7◦ (Vh) decreased gradually as the
bagasse fiber increased, independently of the type of starch, which
was attributed to a decrease in crystallinity.

3.6. Water absorption

The water absorption is a critical criterion for several applica-
tions of TPS products. The starches absorb moisture due to their
Fig. 6. Moisture absorption of cassava (a) and cassava (b) TPS and their composites
with bagasse fibers (53% RH).
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Table 4
Thermal analysis results, TGA and DTGA.

TPS Bagasse
fiber
(wt%)

Tm (◦C) Weight
loss at
Tm (%)

Tonset 1

(◦C)
Weight
loss at
Tonset 1

(%)

Tonset 2

(◦C)

Cassava 0 342 63 313 33 358
Cassava 5 344 59 314 32 366
Cassava 10 340 56 315 32 367
Cassava 15 339 52 317 29 367
Corn 0 340 61 316 30 354
ig. 7. TGA thermograms of cassava TPS (a) and corn TPS (b) and composites with
a) 0%, (b) 5%, (c) 10% and (d) 15% (w/w) bagasse fibers.

The addition of bagasse fibers decreased the moisture absorp-
ion rate, excluding the moisture content at equilibrium, except for
orn TPS composites. At seven days, the composites with 15 wt%
agasse fibers had a moisture content lower than that of corn and
assava TPSs (9 and 16% lower, respectively). This behavior was
elated to the differences in the hydrophilic character of the fibers
n comparison to starch. The effect of bagasse fibers on the equilib-
ium moisture content was not evident. The equilibrium moisture
or cassava and corn TPSs and their composites was 7.5–8.0%.

The values of D in corn TPS and cassava TPS were 3.68 × 10−8 and
.03 × 10−8 cm2 s−1, respectively. The values of D decrease when
he amount of fiber increases (10 and 15 wt%). The decrease was of
and 28% in corn and cassava composites (15 wt%) respect to TPSs.
he lower values of D of the composites are attributed to the lower
rystallinity of starch in comparison to cellulose. Therefore, the
bers absorb less moisture and the composites contain less starch
hen compared to pure starch. In addition, the presence of hydro-

en bonding interactions between starch and cellulose crystallites
ormed at the fiber–TPS interfaces stabilizes the starch matrix when
t is in a moist atmosphere (Lu et al., 2005).
.7. Thermal analysis

The thermal behavior of cassava and corn TPSs and their com-
osites was studied by the TGA. The thermal behavior of the
omposites is shown in Fig. 7. TGA experimental results (peak maxi-
Corn 5 341 58 318 29 360
Corn 10 345 53 319 27 364
Corn 15 344 56 319 28 360

mum temperature, Tm; weight loss at Tm; onset temperature of first
thermal event, Tonset 1; onset temperature of second thermal event,
Tonset 2) are presented in Table 4. The thermal stability is limited to
temperatures below 200 ◦C. The weight loss at temperatures below
150 ◦C was not considered in this analysis because it is related to
moisture loss and to the beginning of the degradation of glycerol.

The thermal behavior of the weight loss curve was similar
in the thermoplastic starch and their composites. The degrada-
tion started at 313–317 ◦C in cassava TPS and their composites
and at 316–319 ◦C in corn TPS and their composites (loss at the
Tonset 1 between 29–33% and 27–30%, respectively). The peak of
maximum temperature and the weight loss at Tm were obtained
from the DTGA curves. The peak of maximum temperature was at
339–344 ◦C in cassava TPS and their composites and at 340–345 ◦C
in corn TPS and their composites (weight loss at Tm between
52–63% and 53–61%, respectively). The addition of bagasse fiber
has decreased the weight loss of the composite respect to pure TPS
at Tm. It indicates an improvement in the thermal resistance of the
starches.

4. Conclusions

Tensile tests showed that the reinforcement of thermoplastic
starches improved their strength and increased their stiffness sig-
nificantly. The addition of more than 10% of reinforcement did
not contribute to strength increase. Bagasse fibers (10%) increased
the strength about 44% and 47%, compared to corn and cassava
starches, respectively. The reinforcement with 15 wt% bagasse fiber
resulted in a more than fourfold increase in the elastic modulus
on starch matrices. The tensile strain decreased significantly as
bagasse fiber content increased. The presence of fiber agglomer-
ates indicates that the dispersion in the matrix was not efficient in
composites reinforced with more than 10 wt% bagasse fiber. This
is one of the principal drawbacks that prevents taking advantage
of their potential as reinforcement material. Smaller contents of
bagasse fibers would be more appropriate, since the dispersion of
fibers in the matrix could be facilitated. The storage modulus at
30 ◦C (E30 ◦C

′) and glass transition temperature (Tg) determined by
DMA increased proportionally with the content of bagasse fibers.
The content of bagasse fibers affected the rate of moisture absorp-
tion, but not the moisture content at equilibrium, except in the
case of corn starch composites. The composites have enhanced
performance properties compared to TPS. The results indicate that
the fibers obtained by the ethanol–water fractionation of bagasse
have potential applications as reinforcement in the development
of starch based biodegradable composites (Carvalho, 2008).
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