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ABSTRACT

Biodegradable foams made from cassava starch, pgliyalcohol (PVA), sugarcane bagasse fibers anitoshn
were obtained by extrusion. The composites werpapesl with formulations determined by a constraitehary
mixtures experimental design, using as variabl&s) étarch / PVA (100 - 70%), ¢Xchitosan (0 - 2%) and gX
fibers from sugar cane (0 - 28%). The effects ofing proportions of these three components on fpanperties
were studied, as well the relationship betweerr thiiperties and foam microstructure. The additafrstarch/PVA
in high proportions increased the expansion indexl anechanical resistance of studied foams. Fibeiditen
improved the expansion and mechanical propertigh@®ffoams. There was a trend of red and yellowrsalvhen
the composites were produced with the highest ptmms of fibers and chitosan, respectively. Ak flormulations
were resistant to moisture content increase uri¥orelative humidity of storage.

Key words: cassava starch, mechanical properties, micrdastreiend expansion

INTRODUCTION 1994, 1998a; Bhatnagar and Hanna, 1995, Cha et
al., 2001; Fang and Hanna, 2001; Lacourse and
In recent years, much progress has been achievAttieri, 1989, 1991; Willett and Shogren, 2002;
in the development of biodegradable product&hiellini et al., 2009).
using agricultural material as basis. VariousStarch foams can be employed to substitute the
approaches have used starch for the production pélystyrene products, but it is known that
different functional materials (Soykeabkaew et al.thermoplastic starch composites have weak
2004). Considerable effort has been made tamechanical properties, such as poor water
develop starch foams as alternative to expanddésistance (Guan and Hanna, 2004). Bio-based
polystyrene (EPS) for loosefill packaging materials, such as cellulose, and other
application. Starch foams with insulatingbiodegradable polymers are being used as
properties that are similar to polystyrene foaningredients to improve the moisture sensitivity and
have been industrially developed by extrusionmechanical properties of starch-based foams
Extrusion technology is a high-temperature, shorttLawton et al., 2004; Guan and Hanna, 2006;
duration process with the advantage of higtBalgado et al., 2008; Lee et al., 2009). Some
versatility and absence of effluents (Bastioli ket a authors have also reported that the resistance of
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starch foams to the direct contact with wateproducers, which was milled and sieved through
showed an improvement by the addition of a higlmesh N-50 obtaining a product with a size
proportion of polyvinyl alcohol (Shogren et al., between 290 - 297um and before use, it was
1998; Shogren and Lawton, 1998). Polyvinyldried. PVA (ACS degree, molecular weight 72,000
alcohol (PVA) is a particularly well-suited and degree of hydrolysis of 86.5 — 89.5%) was
synthetic polymer for the formulation of blendspurchased from Reagen (Quimibras Industrias
with natural polymers, as it is highly polar anehca Quimica, Rio de Janeiro, Brazil), chitosan was
also be manipulated in water solutions, anabtained from Sigma Aldrich (EUA) and glycerol
depending upon its grade, in functional organi¢rom Synth (Labsynth, Sdo Paulo, Brazil).
solvents as well (Chiellini et al., 2001).
Another biopolymer used in combination with Foams production by extrusion
starch to produce the biodegradable foams i& three-component constrained simplex mixture
chitosan, a cationic polymer produced by alkalinglesign (Cornell, 1990) was used to study the
N-deacetylation of chitin, which is the main effects of cassava starch/PVA jXchitosan (%)
component of the shells of crab, shrimp, and kriland fibers (%) on the properties of the extruded
(Nakamasu et al., 2006; Wang et al., 2006)ioams. The range selected for each component was
Nakamasu et al. (2006) reported that chitosan arshsed on previous experience and ranged from 70
starch could be usedo produce the porous to 100% for starch/PVA, 0 to 2 % for chitosan and
structures. According to Wang et al. (2006)0 to 28% for sugarcane fibers. The starch/PVA
chitosan/PVA foams demonstrated interconnecteémployed proportion was 60/40. Table 1 shows
and open-cell structures with large pore size. the nine employed formulations and two
In this work, sugarcane bagasse fiber, an undereplications at center point in terms of its orajin
utilized waste residue from sugar and alcohotomponents and pseudo-components (a set of
industries was evaluated as filler for starch foamsomponents that took on the values from 0 to 1
to reduce the moisture sensitivity. Brazil is theover the feasible region). The pseudo-components
largest worldwide producer of ethanol fromwere calculated as follows: X (X; — L)/(1-ZL),
sugarcane, and large amounts of fibers is left astere X was the i'th pseudo-componeXtwas the
by-product, which is cheap, non-toxic, easilyoriginal component valuel; was the lower
recyclable and its use contributes to environmentaonstraint (limit) for the i'th componenfL; was
protection (Ruggiero et al, 2006). During thethe sum of all lower constraints (limits) for atet
biodegradation process, the presence of fibegmponents in the design and this transformation
induced a faster breaking in pieces of the samplegade the coefficients for different factors
due to the action of microorganism attracted by theomparable in size (Cornell, 1990).
lignocellulosic components (Chiellini et al., 2009) To prepare each formulation, the indicated
Thus, the objectives of this work were to evaluatgyroportions of starch/PVA, chitosan and sugarcane
the effects of cassava starch, polyvinyl alcohokipers (Table 1), glycerol (20 % w/w) and water
sugarcane bagasse fibers and chitosan qBufficient to produce the samples with 18% of
microstructure, density, expansion index, colormoisture content before extrusion) were mixed
water adsorption and mechanical properties Qﬂuring 5 min at 780 rpm (Arno — Brasil). The
extruded foams using a mixture designextrusion of the samples was performed in a
methodology. single-screw extruder (BGM EL-25, Sdo Paulo,
Brasil) with a barrel (700 mm in length and 25 mm
in diameter). Temperatures from the feeding to die

MATERIALS AND METHODS zone were maintained at P#Dand two 2.8 mm
die nozzles were employed to produce the
Materials cylindrical foams extrudates. The screw speed was

Cassava starch (19% amylose) was provided hyiaintained at 70 rpm. The extrudates were cut into

Hiraki Industry (Sé@o Paulo, Brazil). Sugarcanel00 mm samples with a rotary cutter operating at
fioer was provided by the regional ethanol20 rpm.
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Table 1 - Mixture composition in extruded foams formulatedthwcassava starch, polyvynil alcohol (PVA),
chitosan and sugarcane fibers in a three-compamersirained simplex mixture design.

RuUN Original components Pseudocomponents
Starch/ PVA (%)® Chitosan (%) Fibers (%) Starch/PVA (X’;) Chitosan (X,)  Fibers (X3)
1 100 0 0 1 0 0
2 98 2 0 0.933 0.067 0
3 70 2 28 0 0.067 0.933
4 72 0 28 0.067 0 0.933
5 86 0 14 0.533 0 0.467
6 99 1 0 0.967 0.033 0
7 84 2 14 0.467 0.067 0.467
8 71 1 28 0.033 0.033 0.933
9 85 1 14 0.500 0.033 0.467
10 85 1 14 0.500 0.033 0.467
11 85 1 14 0.500 0.033 0.467

&_ Starch/PVA proportion = 60/40
b_ X", = (% starch -0.70) / 0.30; X= (% chitosan — 0.00) / 0.30 andzX' (% fibers -0.00) / 0.30.

Foams characterization maximum 12 h), and when two consecutive
Density weights were equal, it was assumed that an
Density was calculated as the ratio between thequilibrium condition was reached. Under the
weight and volume (Shogren et al.,, 1998). Thebove conditions, an equilibrium period of seven
reported values were the averages of tedays was sufficient to establish the moisture

determinations of each formulation. equilibrium in all the samples. Equilibrium
moisture content was calculated from the increase
Expansion index in the mass of the dried sample after equilibration

The expansion index (EI) was measured dividingt a given RH. All the tests were conducted in
the extrudates diameter by die orifice diametetriplicate.

(Gujska and Khan, 1991). Reported values were

the averages of twenty determinations of eaclolor

formulation. Foams color was determined using a colorimeter
(CR 10, Minolta Chroma Co., Osaka, Japan). The
Scanning electron microscopy (SEM) color parameters range from L = 0 (black) to L =

SEM analyses were performed with a FEI Quanta00 (white), - a (greenness) to +a (redness), land -
200 microscope (Oregon, USA). Foams piecefblueness) to +b (yellowness). The instrument was
were mounted on the bronze stubs using a doublealibrated using a set of three Minolta calibration
sided tape and then coated with a layer of golglates. Reported values were the averages of five
(40-50 nm), allowing surface and cross-sectionleterminations of each formulation.

visualization. To obtain the cross-section, the

samples were prepared by immersion into liquidMechanical properties

nitrogen in order to avoid the deformation duringA texture analyzer model TA.XT2i (SMS, Surrey,
the fracture. All the samples were examined usingK) with a 25 N load cell was used to determine

an accelerating voltage of 20 kV. the compression strength of samples. The 10 mm
long extrudates were placed on a flat plate with
Adsorption isotherms carefully aligned cut surfaces so that the edges

Starch foams specimens were pre-dried for l&ere perpendicular to the axis of the sample
days over phosphorous pentoxidedP and then (direction of extrusion). Then, each foam was

were placed at 2& over saturated salt solutions incompressed once to 80% of its original diameter at
separated desiccators having desired water loading rate of 5.0 mm/s using a Knife probe.

activities (0.11, 0.32, 0.43, 0.58, 0.75 and 0.90The force (N) was reported as compression
(Rockland, 1960). Each foam specimen wastrength. Reported values were the averages of
weighed at regular intervals (minimum 6 h andifteen determinations of each formulation.
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Statistical data analysis RESULTS AND DISCUSSION
Experiments were design and analysed using
Statistica software version 6.0 (Statsoft —The results (Table 2) were statistically evaluated.
Oklahoma). Linear models (equation 2) for threerhecalculated regression coefficients of the
components were fitted to the experimental data: equations and the analysis of variance (ANOVA)
are shown in Table 3. All the models were
Y = BX 1+ BoX 2 + BaX"3 (2) statistically significant (p< 0.05) and able to
explain 80-98% of the variation {R No
where Y was a predictive dependent variaBlg; significant lack of fit (p > 0.05) was observed,
B. and B; were the corresponding parametershowing the good correlation between the models
estimates for each linear term produced for thgnd the experimental data. The different
prediction models for cassava starch/PVA X" proportions between starch/PVA ¢X'and fibers
chitosan (X;) and sugarcane fibers @K (X;) caused significant alteration in all the
respectively. The pseudo-components wergneasurements (g 0.05), except for a* parameter
employed to fit the models and to construct thef color, for which only the fibers proportions X
surface contour plots. was significant. The chitosan (' proportion was
significant only for the density and b* parameter
of color (Table 3).

Table 2- Experimental results of expansion index (El), dgnéorce (N) and color parameters (L*, a* and b*)

Run Responses
Density (g/cm) El Force (N) L* a* b*
1 0.20 3.05 69 48.1 0.73 4.27
2 0.22 2.65 72 39.2 1.13 8.93
3 0.33 1.19 45 23.64 8.11 14.00
4 0.30 1.41 57 29.9 8.64 11.91
5 0.27 2.07 62 34.17 8.02 7.12
6 0.25 2.72 68 47.12 1.15 6.93
7 0.29 1.84 58 32.15 8.36 10.93
8 0.34 1.39 49 27.2 8.39 12.99
9 0.30 2.04 67 30.1 6.85 10.12
10 0.29 1.96 65 29.2 7.16 9.99
11 0.27 1.99 61 31.6 5.66 11.12

Table 3 -Coefficients of the polynomial models for the resp® variables.

Coefficients” Density El Force L* a* b*

B1 0.22** 2.90** 73%* 45.69** 211 4.97**

B 0.56* -1.31 8 -39.49 3.15 57.36**
B3 0.32** 1.32** 52+ 26.51* 10.01** 11.67*

p (model) 0.0003 0.0001 0.0008 0.0004 0.0021 0.0001
R? (model) 0.87 0.98 0.83 0.90 0.80 0.94

P (lack of f it) 0.4829 0.1727 0.3905 0.1974 0.1614 0.3900

& B, = starch/PVAS , = chitosan @3 = fibers.
b- %+ Significant at 5% (p< 0.05) and 0.1% (i 0.001).

Density is an important physical property ofhowever, the effects of chitosan and fiber

extruded foams and low density is a desirabl@roportions on the density were higher than the
attribute for these products because of reduction ieffect of starch/PVA (Table 3). Figure 1 shows a
the material cost (Lee et al., 2009). In this workdecreasing trend for the density with increasing of
density was positively influenced by the effects ofktarch/PVA and decreasing of fiber

starch/PVA (X3), chitosan (X;) and fibers (X;)  proportions.This occurred because the shear
proportions (Table 3). When the content of thesgenerated inside the extruder barrel was not
three components increased, density increaseenough to form the starch-fiber network required
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for expansion. These results agreed with some dadae to the breakage of the starch glycosidic
reported by other authors. According to Guan antinkages during the extrusion to form the
Hanna (2004) and Salgado et al. (2008), thenolecules of small molecular weight, which
density of starch foams increased with the increas#ecreased the wall extensibility of the cells and
in fiber content. Carvalho et al. (2003) and Jin etaused the rupture of the macrostructure of the
al. (1995) reported that an increase in fiber auinte product (Lee et al., 2009). Besides, Funabashi and
appeared to increase the starch chain degradati&uinioka (2005) found that the existence of fibers
during extrusion because it caused an increase during the extrusion caused a decrease in the
the product temperature, extruder torque, didensity due to the fiber trapping air inside the
pressure and axial expansion of the extrudatéoam which increased the expansion.

Thus, the increase in density could be explained

Fibers
0,00 , 1,00

1,00
0,00 0,25 0,50 0,75 1,00
Starch/PVA Chitosan

0,00

Figure 1 - Contour plot for density of biodegradable foamsrfolated with starch/PVA, chitosan
and sugarcanfibers.

In this work, density of starch foams ranged fronEl is an important property to define the foam
0.20 to 0.34 g/cth(Table 2), which was higher production cost. In general, extruded foams with
than the values of expanded polystyrene, close lower densities have higher El (Rhee et al., 1999;
0.06 g/cm (Glenn et al., 2001; Shey et al., 2006) Xu et al., 2005). The El of starch foams was
They were also higher than the values (0.067 finfluenced positively by the linear effects of
0.106 g/cm) reported by other authors for thestarch/PVA (X3) and fibers (X5) proportions. The
foams made with high amylose starch (Miladino\starch/PVA effect was more important for the
and Hanna, 2001) and high amylose maize starcincrease of this property (Table 3). Figure 2 shows
which ranged from 0.048 to 0.091 gftifGuan the increase of El with the increase in starch/PVA
and Hanna, 1994). However, these values we proportion and decrease in fiber and chitosan
lower than those reported by Salgado et al. (200 proportions. The lowest El value (Table 2) were
for the foams made of cassava starch, cellulo:obtained for the formulations produced with the
fibers, and sunflower protein isolate, which range maximum of fiber (28%) and chitosan (2%)
from 0.456 to 0.587 g/cin Tartaka and proportions, and a proportion of starch/PVA of
Cunninghan (1998) attributed the higher density ¢70% (run 3 of the experimental design — Table 1).
starch-based foams compared to the expandThese results agreed with the density values
polystyrene ones to the open cells of starch foarrdiscussed above and could be explained as the
which prevented the material from continuing tcsame way. Besides, according to other authors
expand.
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(Carr et al.,, 2006; Cinelli et al., 2006), somethe foam formulation is responsible for an increase

vegetable fibers act as a reinforcing material onlin the viscosity of this mixture, which causesssle

at low concentration levels, and the increase iexpandable material, a smaller average cell size, a
fiber content results in the foams with higheithicker cell wall, and higher density (Shogren and

densities and lower EIl. The presence of fibers iLawton, 1998).

Fibers
0,00, 1,00

1,00 0,00
0,00 0,25 0,50 0,75 1,00
Starch/PVA Chitosan

Figure 2 - Contour plot for expansion index of biodegradabkms formulated with starch/PVA,
chitosan and sugarcafibers.

Figure 3 shows some SEM micrographs of thd), resulting in a non-homogeneous structure (Fig.

produced foams. Foams produced exclusively witB), as also reported by Carr et al. (2006), who

starch/PVA (run 1 of experimental design - Tableelated this non-homogeneity to a decrease in the
1) resulted in a material with good expansioncompression strength of the foams, as discussed
which was observed by the opened cell structureelow. According to others researchers (Moraru

when compared to the foams produced with lovand Kokini, 2003; Preechawong et al., 2004), the

starch/PVA (70%) and high chitosan (2%) andpened cell structure of foams was a result of the
fiber (28%) proportions, as run 3 of experimentakenting of large amount of water molecules when

design (Table 1), which showed closed celthe starchy polymer emerged from the extruder

structure. Fiber accumulation was observed (arrowdie.

Figure 3 - Scanning electron micrographs of biodegradablenfodormulated as follows: (a)
100% starch/PVA and (b) 70% starch/PVA, 2% chitosat 28% fibers.
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The effect of starch/PVA on homogeneity anccompression strength improved by the fiber
expansion of produced foams could be explaineaddition until its content reached around 15%. The
by the high compatibility between the starch anfoams containing around 30% fibers had lower
PVA, which contributed to the formation of lessstrength, probably due to uneven fiber distribution
rigid and more expandable foam matrices with lesLee et al. (2009) reported that the presence of
starch-starch interaction, resulting in the materia fibers resulted in good bonding with the starch
with good expansion properties (Cinelli et al. matrix which can form a stronger matrix, thereby
2006; Lui and Peng, 2005). increasing the compressive strength of the foam.
Starch/PVA (X7) and sugarcane fibers (@ Lawton and Shogren (2002) found that the
positively affected the compression strengtladdition of 5-10% fiber clearly produced higher
(force) of the samples (Table 3). The starch/PV:strength foams because the fibers adhered well to
effect, however, was more significant (Table 3), athe starch matrix, and thus acted as reinforcement.
higher values were obtained at higher starch/PV.This could be observed in this work; the foams
proportions (Fig. 4). According to Cinelli et al. with the highest fibers proportions had their
(2006), the addition of PVA to starch foams led tccompression strength decreased (Table 2)
the formation of structures which were morecompared with those formulated with the
resistant (less rigid) to compression, possibly duintermediary levels, probably because of the
to the break of hydrogen bonds of starch and tfformation of a non-homogeneous structure, as
PVA content in the foam formulation. According observed by SEM (Fig. 2).

to Carr et al. (2006), starch foams had their

Fibers
0,00, 1,00

1,00 0,00
0,00 0,25 0,50 0,75 1,00
Starch/PVA Chitosan

Figure 4 - Contour plot for force of biodegradable foams fakaed with starch/PVA, chitosan
and sugarcanibers.

The color parameters of the foams are shown iwas influenced bythe linear effects of starch/PVA
Table 2. Luminosity (L*) was positively (X'1), chitosan (X;) and sugarcane fibers (X

influenced by the linear effects of starch/PVAproportions, but the most important effect was
(X"1) and sugarcane fibres (X the effect of exerted by chitosan addition (Table 3). Figure 5b
starch/PVA on L* (Table 3) was higher than theshowed the increase in parameter b* when high
effects of the other components (Table 3). Figureroportions of chitosan were used in foam
5a showed that the luminosity increased witlformulations. Pranoto et al. (2005) reported that

increasing starch/PVA content in the studiecthitosan biodegradable packaging had a yellowish
experimental region. aspect.

According to ANOVA (Table 3), parameter b*
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Figure 5 - Contour plot for color parameters of biodegraddbsms formulated with starch/PVA,
chitosan and sugarcafibers.

The foam redness observed with the parameter @guilibrium moisture content of the samples
increase was significantly influenced only by theincreased with the increase in water activity, but
linear effect of fibers proportion (¥. When the the increase in the equilibrium moisture was more
fibers proportion increased, the redness increasguonounced when the samples were stored in RH
(Fig. 5c¢). According to Fama et al. (2009), colorabove 75%. This behavior was interesting
parameters of starchy biocomposites increasembnsidering that in these materials the main
significantly with fiber addition, which limited &h  problem was the sensitivity to moisture (Salgado
use of this reinforcing agent in food applications. et al., 2008; Mali et al., 2006), and the produced
The moisture sorption isotherms of starch foam&ams in this work were relatively stable to
are shown in Figure 6. The foams presentemoisture increase with increasing water activity
similar isotherm patterns, and in general, th¢Relative Humidity /100).
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Figure 6 - Sorption isotherms of biodegradable foams fornedlads follow: (¢ ) = 100%
starch/PVA; @) = 98% starch/PVA and 2% chitosam )\ = 70% starch/PVA; 2%
chitosan and 28% fibersx)Y = 72% starch/PVA and 28% fibers; ( * ) = 86%
starch/PVA and 14% fibers;« ) = 99% starch/PVA and 1% chitosan; ( +) = 84%
starch/PVA; 2% chitosan and 14% fibers);, € 71% starch/PVA; 1% chitosan and
28% fibers; {-) = 85% starch/PVA; 1% chitosan and 14% fibers.
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