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ABSTRACT
Biodegradable polymeric blends have been widely studied due to
their potential of reducing pollution caused by non-biodegradable
materials. The research described here describes a polymer blend
that benefits both from the abundance of arrowroot starch (AS) and
the good mechanical properties of poly(vinyl alcohol) (PVA). Glycerol
(GLY) was used in different proportions as a plasticizer. The addition
of GLY improved the mechanical properties of the blends, increasing
the elongation at break up to 667%. On the other hand, the GLY
addition adversely affected other properties, increasing the water
vapor permeability (WVP), solubility and hydrophilic characteristics
and reducing the thermal stability and the crystallinity index. The
AS/PVA blend without GLY addition showed better physical-chemical
properties, having strong chemical interaction between the two
kinds of polymeric chains (according FTIR analysis) and a homoge-
neous morphology (SEM morphological analysis). In general, decreas-
ing the AS content improved the mechanical and WVP properties,
the film becoming less hydrophilic. In conclusion, the AS/PVA blends
cast films, with or without GLY, are biodegradable materials suitable
for packaging applications.
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1. Introduction

There is a growing search for the development of packaging using biodegradable natural
polymers with the objective of minimizing the impacts caused to the environment by
plastics, mainly derived from petroleum products.[1,2] Among the biodegradable poly-
mers with potential for packaging production, especially in the food area, arrowroot
starch (AS) stands out due to its low cost and high abundance in nature.[3] Due to its
rhizomes with high starch content, arrowroot (Maranta arundinaceae L.) has been
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widely used for industrial starch production. The plant originates from South America,
ranging from the northeast to the south of Brazil, and is currently cultivated on a larger
scale in Jamaica, S~ao Vicente, Australia, Southeast Asia, and South and East Africa.[3–5]

However, films produced exclusively from AS are not suitable for application on a
commercial scale as they suffer from poor mechanical and thermal properties and have
relatively low water barrier capacity [6]. Thus, in order to improve these properties, it is
necessary to produce blends with other biodegradable polymers, such as poly(vinyl alco-
hol) (PVA).[7,8] PVA is a synthetic polymer with excellent mechanical properties, in
addition to being nontoxic, biocompatible and hydrosoluble.[9] Blends formed with
PVA and starch are stable due to hydrogen bonding interactions between the hydroxy
groups present in the two types of polymeric chains.[10–12] However, the flexibility of
the AS/PVA blend films often needs to be improved, according to its desired applica-
tion, which can be done with the addition of plasticizers.[13] Polyols, such as glycerol,
are frequently used as plasticizers, improving the mechanical properties and processabil-
ity of the starch films.[14,15]

Polymeric blends between PVA and starch have been explored with starch from vari-
ous sources, such as cassava,[9,11,16] corn,[12,17,18] potato,[19] peas[20] and wheat;[21] how-
ever, regarding PVA and arrowroot starch there is no publication. Nevertheless, few
studies reporting edible films with blackberry pulp and arrowroot starch,[22] and with
glycerol and arrowroot starch,[23] have been found. Therefore, this work proposes a
methodology to obtain a new, biodegradable material based on starch from arrowroot
and PVA with suitable properties for application in food packaging. Additionally, the
effect of glycerol, as a plasticizer, was evaluated.

2. Material and methods

2.1. Materials

Commercial AS was purchased from a local market (Jita�una, BA, Brazil). Poly(vinyl
alcohol) (PVA, with a degree of hydrolysis of 87.7% and molecular weight of
104,500 g.mol21), was obtained from Neon Co. Ltd., Brazil. Glycerol (GLY) was
acquired from Vetec Quimica Fina Ltd., Brazil. All reagents were used as-received. All
solutions were prepared in ultrapure water.

2.2. Preparation of the polymeric blends by casting

The film blends were prepared by casting, maintaining the total mass of the solution at
60 g and 3.0% (w/w) of polymeric concentration (Table 1). For samples with added
(GLY), the added GLY mass corresponded to 20% (w/w) of the polymeric concentra-
tion. For the AS film, one sample with GLY at 30% (w/w) was also prepared.
The basic process consisted of adding the correspondent mass of PVA to 50mL of

ultrapure water under magnetic stirring for 60minutes at 85 �C. Then, the correspond-
ing masses of AS and/or GLY were added and homogenized for 2minutes. The system
was then submitted to mechanical stirring (Fisatom Equipamentos Cient�ıficos Ltd.,
Brazil, model 715) for starch gelatinization at 1,000 rpm under heating in a water bath
at 90 �C for 10minutes. Finally, the solution was poured into a Petri dish (diameter
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15 cm), leaving it in an oven with air circulation at 45 �C for 24 hours. It is noted that,
although this film preparation process would not be used commercially, based on the
results presented we intend to investigate extrusion of the blends on an industrial scale.

2.3. Characterization of the polymeric films

2.3.1. Thickness
Film thickness was measured by means of a micrometer model 103–137 (Mitutoyo Sul
Americana Ltd., Brazil) with accuracy of 0.01mm, taking the average at three different
points of the film.

2.3.2. Water vapor permeability (WVP)
The WVP was determined according to the standard method, ASTM E96-95.[24] The
films were cut, fixed on the opening of a weighing-flask containing anhydrous calcium
chloride as desiccant (0% RH), and placed in a sealed vessel in which the relative
humidity and temperature were maintained at 75% and 25 �C. The changes in the mass
of the weighing-flask were recorded periodically and the WVP was calculated according
to Equation (1):

WVP ¼ Dm
A Dt

X
DP

(1)

in which Dm is the mass increment (g) of the flask, Dt is the time (s), X is the average
film thickness (mm), A is the permeation area (m2), and DP is the water vapor pressure
difference between the two sides of the sample (Pa).

2.3.3. Solubility in water
Water solubility was determined according to the method proposed by Gontard et al.
[25] with modifications. Film samples were cut into rectangular pieces of 1.5 cm x
4.0 cm, dried at 100 �C for 24 h and weighed. The dehydrated samples were then
immersed in 50mL of deionized water and stayed at rest for 24 h at 25 ± 2 �C. After this
period of time the sample was taken out, dried (105 �C for 24 h) and the non-solubilized
mass was determined. The solubility (S) was expressed according to Equation (2):

Table 1. Compositions of the blend polymeric films based on PVA and arrowroot starch, with gly-
cerol at 3.0% (w/w) of the solution.

Samples�
PVA
(g)

AS
(g)

Glycerol
(g)

Water
(g)

PVA 1.80 – – 58.20
PVA75/AS25 1.35 0.45 – 58.20
PVA75/AS25/GLY 1.35 0.45 0.36 57.84
PVA50/AS50 0.90 0.90 – 58.20
PVA50/AS50/GLY 0.90 0.90 0.36 57.84
PVA25/AS75 0.45 1.35 – 58.20
PVA25/AS75/GLY 0.45 1.35 0.36 57.84
AS/GLY20 – 1.80 0.36 57.84
AS/GLY30 – 1.80 0.54 57.66
�The numbers correspond to the respective percent mass proportion (w/w) of solid in each solution, except for the
sample named PVA, which corresponded to 100% PVA polymer.
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S %ð Þ ¼ mi �mf

mi
x100 (2)

in which mi is the initial dry mass and mf is the final, non-solubilized dry mass. The
experiments were carried out in triplicate.

2.3.4. Mechanical properties
The mechanical properties of the films were studied by characterizing the tensile
strength and elongation at break according to the standard method ASTM D882-02[26]

in a Universal Testing Machine model DL-1000MF (EMIC Equipamentos e Sistemas de
Ensaios Ltd., Brazil). Test conditions were the following: crosshead speed of 1mm.s21,
cell load of 100 kN, distance between the grips of 40mm, and sample dimensions of
25� 75mm. The tests were carried out with 9 repetitions for each sample, with the
averages shown.

2.3.5. Thermogravimetry analysis (TGA)
Thermogravimetric analyses were carried out in a TGA 2 Star System thermal analyzer
(Mettler-Toledo International Inc., USA). The samples (about 5mg) were heated from
30 �C to 600 �C at a heating rate of 10 �C min21 under a 50mL min21 N2 flow.
The TGA data were submitted to the mathematical approach proposed by Broido[27]

in order to determine the kinetic parameters, such as the activation energy. According
to this dynamic method, the activation energy (Ea) is given by Equation (3):

ln ln
1

1� a

� �� �
¼ � Ea

R

� �
1
T

� �
þ K (3)

in which R is the gas constant (8.314 10�3 J mol�1 K�1), T is the temperature (K) and
a is the extent of conversion, given by a ¼ We/W0, in which We is the mass of polymer
evolved as volatile fragments and W0 is the initial mass. Ea (kJ mol�1) is found by plot-
ting ln[ln[1/(1- a)]] versus 1/T.

2.3.6 X-Ray diffraction (XRD)
X-ray diffractometry was carried out in reflection mode in the angular range 2h¼ 5–75�

at room temperature with a model D8 Advance Davinci diffractometer (Bruker Corp.,
USA). The copper anode was adjusted to 40 kV and 45mA. The measurements were
performed at a scanning speed of 2�min21. The crystallinity index (CI) was determined
by resolution of the crystalline and amorphous scattering integration of these areas
under the curve,[21] and estimated using Equation (4):

CI %ð Þ ¼ Ac

Ac þ Aa
100 (4)

in which Ac is the area of the crystalline peaks and Aa the area of the amorphous scat-
tering, with the areas being those of both PVA and AS in the blends.
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2.3.7. Contact angle
Contact angles were determined using an Attension Theta goniometer (Biolin Scientific –
Surface Science Instruments, Sweden). A drop of deionized water (10mL) was placed on
the sample surface, and pictures of the drop were taken for 30 s with 14 FPS (photos per
second). Each contact angle was the average of three measurements taken at different
positions on the film, and considering both sides of the sample.

2.3.8. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of the films were recorded on an IR Tracer 100 spectrometer (Shimadzu
Corp., Japan) with a resolution of 4 cm21, using the Attenuated Total Reflectance (ATR)
accessory. Each spectrum shown was the average of 45 scans in the 4000–400 cm21 spec-
tral range.
From the obtained infrared spectra, a Principal Component Analysis (PCA) was car-

ried out with the program Unscrambler 9.7 (CAMO Analytics – An Aspen Technology
Company, Norway). The spectra of the films without GLY were pretreated with a
Savitzky-Golay (13-point window) filter, first derivative and second-order polynomial,
while the films containing GLY were pretreated by average normalization. The spectra
of 5 films were considered for each formulation.

2.3.9. Scanning electron microscopy (SEM)
The cross-section morphologies of the films were observed with a MIRA3 microscope
(Tescan Orsay Holding, Czech Republic). The films were cryofractured by immersion in
liquid nitrogen, mounted on the stubs perpendicularly to their fracture surface, and
gold coated prior to imaging.

2.4. Statistical analysis

The data were submitted to statistical analysis by Analysis of Variance (ANOVA), using
the StatisticaVR software, version 8.0 (StatSoft Enterprise, Brazil). Duncan’s test was used
to determine differences at a level of significance of 5% (p� 0.05).

3. Results and discussion

3.1. Thickness and water vapor permeability (WVP)

The formation of the polymeric blends based on different proportions of AS and PVA
without GLY did not influence the thickness (Table 2). The thickness values were very
similar for all the films, irrespective of the proportion, in comparison with the parent
PVA polymer.[11,28] However, the thickness of the films increased significantly with the
addition of glycerol in the filmogenic solution, except for the sample PVA25/AS75/GLY
(Table 2). This occurs because the glycerol, which was an added component, increased
the total amount of material in the preparation solution and remained between the
polymeric chains, increasing the total volume. This prevents gel shrinkage and increases
the thickness of the films.[29] In agreement, such effects have also been reported for
other biodegradable films, such as starch/chitosan,[30] cassava starch/PVA,[11] and
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cassava starch plasticized with GLY.[31] It is noted that it was not possible to prepare
pure AS films by casting.
Regarding the WVP, it was observed that the higher the AS proportion without GLY,

the higher the WVP values (Table 2). In fact, the PVA film showed the lowest WVP
value. This indicates that the presence of AS in the blend increased its hydrophilic char-
acter, facilitating water vapor diffusion.[32] This may be due to the presence of many
hydroxy groups in the starch polymeric chains, which favors the diffusion of water mol-
ecules instead of hydrophobic gases, such as CO2 and O2.

[33] The molecular structure of
the PVA matrix was relatively more compact due to the intermolecular forces (hydro-
gen bonds) that arise between hydroxy groups.
As previously mentioned, the presence of GLY in the polymeric blend also favored a

significant increase in the WVP value (Table 2), although it decreased with increasing
AS relative to PVA. This occurs because the GLY increased the distance between the
chains in both the AS and PVA polymeric domains, facilitating the diffusion of water
molecules through the film.[34] For films made only with AS, the addition of GLY
resulted in the highest observed WVP values, but was lower for the larger amount
of GLY.

3.2. Solubility in water

The solubility in water of the polymeric blend films without glycerol increased with the
increasing amount of PVA (Figure 1). This performance may be associated with the
hydrophilic character of PVA, which results in a high-water absorption capacity and
solubility.[35,36] Chiellini et al.[37] studied blends of PVA and gelatin, which also verified
this effect. This outcome results in rapid film disintegration in water for films with high
PVA concentration.
For the blends plasticized with GLY, it is seen in Fig. 1 that the solubility increased

with the presence of GLY, in comparison to that of the corresponding blend without
GLY, as also shown by Damian et al.[38] GLY is a small molecule and would be washed
away as it is soluble in water. However, the mass loss as soluble material was greater
than the 20% initially added GLY mass. Therefore, the glycerol was probably influencing
the starch chains intermolecular interactions and chain conformations, facilitating its
hydration and solubilization.[29,39–41] The results also confirm the low solubility of the

Table 2. Thickness (mm) and Water Vapor Permeability (1028 g.[h m Pa]21) values for blend
polymeric films based on PVA, arrowroot starch and glycerol.
Samples� Thickness WVP

PVA 0.102 ± 0.013a 1.69 ± 0.26a

PVA75/AS25 0.120 ± 0.001a,b 2.25 ± 0.40a

PVA75/AS25/GLY 0.154 ± 0.017c 10.24 ± 2.06b

PVA50/AS50 0.100 ± 0.008a 3.73 ± 0.72a,c

PVA50/AS50/GLY 0.144 ± 0.012c 8.65 ± 2.68b,c

PVA25/AS75 0.108 ± 0.003a,b 6.33 ± 1.13c

PVA25/AS75/GLY 0.122 ± 0.001b 7.88 ± 0.77b,c

AS/GLY20 0.123 ± 0.006b 14.21 ± 2.07d

AS/GLY30 0.120 ± 0.013a,b 13.63 ± 2.88d

�Values followed by different superscript letters, in the same column, differed significantly by Duncan’s test (p� 0.05),
wheress those with the same letter are statistically identical for all. Values presented are mean values ± standard devi-
ation (n¼ 3).
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arrowroot starch in comparison with PVA. The films based only on AS/GLY showed
the lowest solubility, nearly 70% lower than that of the PVA film.
The solubilities found for the AS/PVA films were close to values reported in the lit-

erature. For instance, in a study of cassava starch and PVA blends, the solubility ranged
between 60 and 70% according to the different proportions.[42]

3.3. Mechanical Properties

The stress-strain curves obtained in the mechanical analysis experiments showed that
the tensile strengths for the PVA based films were much higher than for the AS/GLY
containing films (Figure 2a). This is in accordance with published results in which the
PVA film features good mechanical properties, showing more resistance to breaking in
comparison with starch films plasticized with glycerol [8,29,43,44] Increasing the PVA pro-
portion in the blends without GLY, however, did not improve the mechanical proper-
ties. The film with the lowest PVA proportion (PVA25/AS75) exhibited the highest
tensile strength. The reason for this is not clear yet, but this indicates clearly that inter-
actions between the PVA and AS polymeric chains were taking place.
Addition of GLY resulted in a decrease of the tensile strength, although, for the

PVA/AS/GLY films the tensile strength increased with increasing PVA (Figure 2a). As
discussed above, the glycerol molecules increase the distance between the AS and PVA
chains and, consequently, decrease the effect of the PVA-AS intermolecular forces. This

Figure 1. Influence of GLY addition on the solubility of PVA and AS polymeric blends. Values pre-
sented are mean values ± standard deviation (n¼ 3). Values followed by different letters differ signifi-
cantly by Duncan’s test (p� 0.05), while those with the same letter were within the same
confidence interval.
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Figure 2. Tensile stress (a) and elongation at break (b) according to the stress-strain curves obtained
for the polymeric blend films based on PVA and AS with or without GLY. Values presented are mean
values ± standard deviation (n¼ 9). Values followed by different letters differ significantly by Duncan’s
test (p� 0.05).
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behavior agrees with other studies in which plasticizers were added to biopolymer
films.[1,11,14,18,29,32,43,45,46]

Contrary to the trend for tensile strength, the elongation at break increased with the
increase in PVA percentage in the PVA/AS polymeric blends without GLY, although the
elongation at break of all of the AS only containing samples were lower than that of PVA
(Figure 2b). However, as a general rule for polysaccharides, the tensile stress, as here, is
inversely proportional to the maximum elongation.[31,35,39,47] Thus, a brittle material is
resistant to the stress but presents poor elongation (flexibility). In this way, it is clear that
the polysaccharide (AS) addition made the material (AS/PVA) more brittle and less flexible.
On the other hand, addition of glycerol caused a remarkable change in the elongation

behavior. Particularly for the AS/PVA blends, the elongation increased significantly
compared to the parent materials PVA and PVA/AS. For the PVA50/AS50, for instance,
the presence of glycerol increased the elongation by 667%, confirming that the GLY
plasticizer acted by increasing the molecular mobility of the polymer chains.[1,48]

3.4 X-ray diffraction (XRD)

The diffractogram of the PVA film (Figure 3a) showed three characteristics peaks. The
most intense peak, centered at 2h � 20�, corresponds to the [101] planes, while the broad,
less intense peak at 2h � 41� corresponds to the [200] planes and one weak peak, at �
11�, is assigned to the [100] crystallographic planes.[19,49,50] PVA present a semicrystalline
structure mainly due to high physical intermolecular interactions by hydrogen bonding.
The diffractogram for the AS/GLY30 and AS/GLY20 films indicates a predominantly

amorphous structure (Figure 3b). Such behavior was fully documented in the literature,
showing that the starch granule lost its crystallinity after processes such as gelatinization
and casting film with glycerol,[43] or acid hydrolyzes treatment.[35] However, some low
intensity peaks can be seen at � 9� and 17� for the AS/GLY30. According to the litera-
ture, the arrowroot starch exhibits a pattern that can be referred to as type C that is a
mixture of polymorphs type A (cereal) and B (tuber).[23,35]

For all the PVA/AS blends without glycerol addition the characteristic PVA diffrac-
tion peak at 2h � 20� is seen (Figure 3a). Such pattern suggests that the crystalline
structure of PVA was not affected by the presence of AS, in accordance with what has
been described before.[43,51] Further, the absence of the AS characteristic peak at 17� in
the PVA75/AS25 and PVA50/AS50 samples is attributed to the disorganization of the
crystalline structure of the starch granules as a result of gelatinization during the pro-
cess of preparing the film.[21,31,35,43,44,49,52] However, for the high starch content sample
(PVA25/AS75), this AS characteristic peak was seen at 2h � 17�, although with very
low intensity. This indicates that a low fraction of the starch crystalline structure was
preserved in this sample. Kahvand and Fasihi,[53] observed that in films based on corn
starch and PVA, with the PVA being in low concentrations, the PVA had an anti-plasti-
cizer effect due to possible strong interactions between the polymers PVA and corn
starch. This effect was confirmed by the CI, in which the PVA25/AS75 blend presented
a higher value when compared to the PVA50/AS50 film (Figure 4).
The diffractograms of the blends with GLY addition showed some differences in

comparison with the blends without GLY addition (Figure 3b). First, the characteristic
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Figure 3. Diffractograms of the polymeric blends based on PVA/AS without GLY (a) and with addition
of the plasticizer glycerol (b).
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PVA peak at 2h� 20� decreased in intensity in comparison with the sample without
GLY addition. This is an indicative that the GLY addition can affect the PVA crystalline
phase in the blend or even to improve the interaction between PVA and AS, decreasing
the crystalline extension of the former. Second, characteristics starch patterns at 2h¼ 9�

and 17
�
are more evident for blends with GLY addition in comparison with the patterns

exhibit by blends without GLY addition. This is particularly evident for sample PVA25/
AS75 that has a high AS content. In this way, some arrowroot starch crystalline phase
was more preserved for blends with GLY addition.
From the diffractograms, the crystallinity index, CI, was calculated according to Equation 4.

The results showed that the films plasticized with GLY had lower CI than those without GLY
(Figure 4). This is an expected behavior, since the low molecular weight GLY plasticizer dis-
rupts the PVA intermolecular interactions, decreasing its crystallinity.[10,43,49] In fact, even the
water, acting as a plasticizer, can decrease the PVA crystallinity, as observed previously.[21]

Accordingly, the powder PVA was more crystalline than the cast film.
For the blends without GLY, the CI decreased by increasing the AS amount in com-

parison with the parent PVA film (Figure 4). It is not clear if its CI decreasing was
exclusively due to physical interaction between the PVA and AS chains, or if the inter-
stitial H2O could act as a plasticizer, interfering in the PVA crystalline pattern.[21] It
may be a combination of effects.

3.5. Contact angle

The contact angle measurements showed that the addition of AS to the PVA lowered
the contact angle, signifying an increase in the wettability (Figure 5). The sample with

Figure 4. Crystallinity index of the polymeric blends based on PVA and AS with and without GLY.
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the highest content of PVA (PVA75/AS25) showed a high contact angle value, similar
to the pure PVA film, whereas samples with high content of AS showed lower contact
angle values. The number density of hydroxy groups in AS is higher than those of the
PVA, resulting in a more hydrophilic material.[12] On the other hand, the gelatinization
process leads to the breakdown of intramolecular hydrogen bonds in starch,[12,52,54]

which increases the number of free hydroxyl groups, thus favoring hydrophilicity and
decreasing the contact angle.[55]

The addition of glycerol resulted in a sharp decrease of the contact angle, as seen, for
example, for the PVA50/AS50 and PVA75/AS25 films, each with a decrease of near
65% (Figure 5). In general, addition of glycerol would be expected to favor wettability,
leading to films with a more hydrophilic surface and a lower contact angle due to the
hygroscopic nature of glycerol.[56,57] However, contact angle is a surface property liable
to phenomena like rearrangement of hydrophilic or hydrophobic moieties toward or
away from the surface and difference in surface roughness.[21] An exception was the
sample PVA25/AS75/GLY, which showed a high contact angle value when compared
with the plasticized blends with a higher PVA concentration and with itself without
GLY. However, the results showed no significant range (p> 0.05) when compared to
the PVA25/AS75 film. That can be related to the anti-plasticizing effect associated with
low PVA concentrations in starch films, which can be attributed to the formation of the
strong complex between PVA and AS,[53] as discussed above for our XRD results.

Figure 5. Contact angle values for the polymeric blends based on PVA and AS with or without GLY.
Values presented are mean values ± standard deviation (n¼ 3). Values followed by different letters dif-
fer significantly by Duncan’s test (p� 0.05), whereas those with the same letter are statistically identi-
cal for all.
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3.6. Thermogravimetric analysis (TGA)

The thermal degradation profile of the PVA film was characterized by three stages
(Figures 6a and b).[44,58] The first stage (I), ranging from room temperature to 200 �C,

Figure 6. Thermogravimetric curves of the polymeric blends based on (a) PVA and arrowroot starch
and (b) are the respective DTGA curves.
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was related to the loss of weakly physiosorbed water.[9,17,20,59] In the second stage (II),
from 200 �C to 400 �C, decomposition of the PVA occurred, predominantly due to
dehydration of the hydroxyl groups followed by scission and main-chain decompos-
ition.[9,59] The third stage, (III), from 400 �C to 500 �C, is due to the by-products gener-
ated by the PVA during the reactions in the stage II, undergoing thermal degradation,
as carbonaceous materials, resulting in release of CO2 and CO.[7,9]

After the PVA/AS blend preparation, two main changes occurred in the TGA curve
(Figures 6a and b). The first one is related with the amount of physiosorbed water, stage
I, that were lower for the samples with the higher starch contents, indicating that the
water affinity was higher for PVA than for AS. The second change was in the decom-
position temperature, Tmax, of the stage II that decreased in the samples with lower
PVA content (Table 3). This change, related to the blends, was a superposition of the
PVA decomposition (side chains) and starch decomposition (cleavage of glycosidic
bonds and formation of small, volatile compounds).[59,60] This was clearly evidenced
previously,[59] where the native starch showed a narrow decomposition pattern, with the
onset temperature at 279 �C and the endset temperature at 310 �C, while the PVA
exhibited a broad one, with the onset temperature around 200 �C and the endset tem-
perature near 360 �C.
The main change observed for the thermogravimetric curves for PVA/AS/GLY blends

and AS/GLY sample is related to an additional thermal event centered at 200 �C, which
is attributed to the glycerol volatilization (Figure 7b). Although the boiling point of
pure glycerol is 290 �C, when in a blend its temperature of maximum vaporization is
lower. This is characteristic of low molecular weight components present in materials
subjected to thermogravimetry in which diffusional property and heating rate greatly
influence the temperature of maximum vaporization. This phenomenon also occurred
for the physiosorbed water (stage I), whose temperature of maximum vaporization was
shifted to below 100 �C. Regarding the thermal events II and III (Figure 6b), the GLY
addition did not impart any significant change (Figure 7b). Also, the Tmax found in
DTGA did not show any difference between the blends with GLY and without GLY
(Table 3). Finally, the thermal degradation curves for AS/GLY20 and AS/GLY30 were
typical of glycoside polysaccharides, showing a narrow profile with a Tmax ¼ 315 �C
(Table 3), as discussed above. Such a thermal event is exclusive to the arrowroot starch
decomposition.[59]

Table 3. Apparent activation energy (Ea, kJ/mol) and maximum degradation temperature (Tmax, �C)
relative to the second thermal degradation stage (200 �C to 400 �C) of PVA, blends PVA/AS films and
AS/GLY mixtures and third degradation stage for the PVA/AS/GLY films.

Samples

Thermal degradation parameters

Ea Tmax

PVA 114 329
PVA75/AS25 82 320
PVA50/AS50 86 308
PVA25/AS75 118 309
PVA75/AS25/GLY 61 320
PVA50/AS50/GLY 68 308
PVA25/AS75/GLY 98 308
AS/GLY20 140 316
AS/GLY30 100 315
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Applying the mathematical approach proposed by Broido (Equation 3), it was pos-
sible to determine the apparent activation energies associated with the main thermal
degradation event in the range 200� 400 �C (Table 3). The Ea found for PVA (114 kJ

Figure 7. Thermogravimetric curves of the polymeric blends based on (a) PVA and arrowroot starch
with addition of the plasticizer glycerol and (b) are the respective DTGA curves.
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mol21) was somewhat lower than that reported in the literature (133 kJ mol21).[60]

Generally, the Ea analysis is useful to compare similar materials as, for example, differ-
ent proportions between two materials[59] or small chemical modification in the struc-
ture.[61] Very different materials can adopt distinct temperature rate constant and
reaction models, preventing any comparison between them. In this way, comparing the
Ea, according the Broido method, for the polymeric blends PVA75/AS25, PVA50/AS50
and PVA25/AS75 it was seen that by increasing the AS content in the blend, the Ea
value increased accordingly (Table 3). This indicates that the blends with high AS con-
tent should be more stable than those with lower AS content. This may be attributed to
the cyclic hemiacetal structures present in starch that confer greater thermal stability to
the blends. [9] There is little information about the Ea variation as a function of the
PVA: starch ratio, but a previous work showed that the Ea, according to the Broido
approach, decreased slightly for a sample with high starch content (PVA40/Starch60) in
comparison with a sample with a low starch content (PVA50/Starch50/glycerol).[62]

However, a difference in the composition of the parent materials, components propor-
tion and preparation procedure may influence the Ea value.
In agreement with the Ea found for PVA/AS, the Ea calculated for the PVA/AS/GLY

samples followed the same trend (Table 3). The Ea increased proportionally in accord-
ance with the increasing amount of AS in the blend. However, the absolute Ea value
found for samples with GLY was inferior in comparison with that found for samples
without GLY counterpart. This is a clear indication that the GLY addition lowered the
thermal stability of the PVA/AS blend.
Finally, the sample with the lowest amount of GLY (AS/GLY20) showed the highest

Ea values in comparison with the sample with the highest amount of GLY (AS/GLY30).
Once more, the results confirmed the influence of the glycerol in reducing the thermal
stability regarding the Ea.

3.7. Fourier transform infrared spectroscopy (FTIR)

The FTIR analysis (Figure 8) showed a common broad band centered at 3290 cm�1 that
corresponds to the O-H stretching vibrations present in PVA, starch and GLY (peak
A). The absorbed water also contributes to this band.[35] The common band at 2932/
2910 cm�1 results from the methylene (–CH2–) stretching vibrations (peak B).[42,43] The
band centered at 1718 cm�1 particularly for the PVA film (peak C) corresponds to the
C¼O stretching vibrations from residual acetate groups after the partial hydrolysis of
the poly(vinyl acetate),[21,43] while the band resulting from absorbed water that is seen
at 1647 cm�1 (peak D) is due to hydroxy bending vibrations.[19,21] The peak E, centered
at 1240 cm�1, corresponds to PVA –CH2OH (side chain related mode vibrations).[43]

The spectral analysis of AS showed a strong, characteristic band centered at 1012 cm�1

(peak F) corresponding to the glycoside linkage C-O-C.[42,43]

One important feature about the hydroxy stretching vibrations in PVA and the AS/
GLY20 films, at 1656 and 1643 cm�1 (peak D), respectively, is that they shifted to lower
wavenumbers with the decrease in the concentration of PVA (Table 4). Such behavior
confirms the formation of intermolecular hydrogen bonds between PVA and AS.
Likewise, for the peak at 1012 cm�1 (peak F), attributed to the stretching vibrations of
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the starch glycosidic bonds, there was a shifting to higher wavenumber values according
to the decreasing in the amount of AS. These observations were similar to those
reported by CANO et al.[28] indicating good miscibility between the components.
For complementing the FTIR results, a statistical pattern recognition tool was

employed. The Principal Component Analysis (PCA) converts a complex, multivariate
data into a collection of data whose interpretation is easier, without losing relevant
information.[63] The aim of the principal components analysis is to explain the varia-
tions in the results based on similarities and differences among the samples and verify
whether or not they are correlated. The PCA was applied to the infrared intensity and
peak position data to check if there were significant variations of the bond vibrations of
the pure film constituents (PVA and AS) when they were compared to the blends.

Figure 8. ATR-FTIR spectra of PVA, AS/GLY20 and PVA/AS blends films.

Table 4. Peak assignments in the FTIR spectra of pure PVA, AS/GLY20 and PVA/AS blends films for
the two peaks the greatest wavenumber shifts.

Samples

Peak assignment

–OH bending
(cm�1)

–C–O–C stretching
(cm�1)

PVA 1656 –
PVA75/AS25/GLY 1652 1035
PVA75/AS25 1648 1022
PVA50/AS50/GLY 1649 1033
PVA50/AS50 1643 1020
PVA25/AS75/GLY 1647 1012
PVA25/AS75 1643 1020
AS/GLY20 1643 1012
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From the plots of the scores, shown in Fig. 9, it can be seen that the two principal com-
ponents (PCs) can distinguish the compositions.
For the films in which GLY was added (Figure 9a), principal component 1 (PC1)

accounts for 97% of the sample variability and principal component 2 (PC2) accounts
for another 2%. Three distinct groupings can be observed: PVA75/AS25 and PVA50/
AS50 in one group, and AS/GLY20 and PVA25/AS75 in the other two groups. As the
PVA concentration increased, a greater separation from AS/GLY20 occurred. This is
due to a better differentiation between the vibrations of the polymers. Complete

Figure 9. Scores plots for PC1 x PC2 of PVA and AS films with GLY (a) and without GLY (b).

18 J. A. DE ALMEIDA NASCIMENTO ET AL.



separation of the groups PVA50/AS50 and PVA75/AS25 could not be achieved, possibly
due to the high concentration of PVA in these films.
In the case of the pure PVA and the blends films without GLY, it was possible to

group all the blend compositions into 4 groups (Figure 9b). PC1 (parallel to the x axis)
has a tendency to separate the groupings of PVA25/AS75 and PVA50/AS50 from the
other formulations, while PC2 (parallel to the y-axis) was necessary to observe the

Figure 10. SEM images of the cryofractured films: PVA (a), AS/GLY20 (b), PVA25/AS75/GLY (c) and
PVA25/AS75 (d).
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separation between the pure PVA and PVA75/AS25 films. The percentages of variance
explained by PC1 and PC2 were 96% and 3% respectively. As for Fig. 9b, the samples
without GLY showed a distant relation to the pure PVA film, showing the differenti-
ation between the formulations of the films. The separation into groups indicates chem-
ical differentiation and possible interactions between the polymers according to each
composition. Therefore, the PCA agreed well with the FTIR results discussed above.

3.8. Scanning electron microscopy

The SEM morphological analysis of the blend films (Figures 10 b-d) showed that, in
general, the fracture surfaces of the polymeric blends PVA/AS, with and without GLY,
were relatively smooth, compact and homogeneous, without discernible pores, disconti-
nuities, cracks, bubbles or agglomerates (arrows, in Figure 10b, show a few). This indi-
cated chemical compatibility and good miscibility of the components, as pointed out for
similar samples before. [11,28]

The fracture micrograph of the PVA film (Figure 10a) also showed a homogeneous,
smooth and compact morphology. For the AS/GLY20 film (Figure 10b), the presence of
a few, small aggregates was observed. We suggest they should be attributed to small
granules of AS that were not fully gelatinized during the film formation process.
The blends with higher AS content, as shown in Fig. 10c and d for the blends with

75% AS with and without glycerol, respectively, did not show significant differences in
their morphologies, but had relatively rough fracture surface. That is, the micrographs
of the blends indicated that there was a good interaction between the components.[43]

Besides, it can also be concluded that the addition of GLY, as a plasticizer, favored
homogeneous morphologies (with low roughness), with improved compatibility. This
agrees with the improvement observed in the mechanical properties (increase in the
elongation at break) of the blends containing glycerol.

4. Conclusions

The physical-chemical changes observed for polymeric blends based on PVA and AS
were related to the percent proportion of each. In general, the AS imparted a more
hydrophilic character to the blends, as shown by WVP and contact angle tests. Despite
this, the solubility in water was lower for samples with high AS content. We suggested
this was associated with other physical-chemistry parameters peculiar to PVA, that pos-
sesses high-water absorption capacity and solubility. This greater interaction was con-
firmed by means of the TGA, in which the films with a greater amount of AS had
higher activation energy values. The fracture surfaces of the PVA and AS films,
observed under SEM, exhibited homogeneous surfaces, indicating good miscibility of
the components.
The glycerol addition increased the flexibility of the polymeric blends, increasing its

elongation at break by up to 667%, but decreased its tensile failure strain and the degree
of crystallinity. Also, it contributed significantly to increasing the hydrophilic character
of the material (with an increase of about 65%).
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FTIR analysis confirmed the presence of the AS, PVA and GLY in the films, indicat-
ing possible intermolecular bonds which could improve the miscibility between
these components.
The PVA presence greatly improved the mechanical properties of the blend relative

to AS/GLY blends. Further, the polymeric blends exhibited good mechanical, thermal
and morphological aspects. We suggest the blends, with or without GLY, would be suit-
able for film packaging designated as biodegradable materials.
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