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A flexible film was obtained from a blend of cassava thermoplastic starch and polylactic acid, using maleic anhydride as coupling
agent. For this, an experimental designwith three factors was used: polylactic acid content, coupling agent content, and temperature
profile of the blown extrusion. It was found that the three factors generated significant differences on the response variables of tensile
mechanical properties individually as in their triple interaction.Differential scanning calorimetry (DSC)was used by understanding
the behavior of thermal properties of TPS/PLA blends with and without coupling agent, finding similar results between both. From
this, the combination with 28% polylactic acid, 0.87% coupling agent, and 155.75∘C temperature profile permitted the obtaining of
a material with outstanding mechanical properties and offered advantages from the economic point of view.

1. Introduction

The global production of plastics is estimated at 300 million
tons for 2015, being a serious environmental problem due to
the slow degradation in nature of these materials produced
from nonrenewable sources like petroleum, carbon, and
natural gas [1], a situation that has triggered the development
of new products from raw materials based on renewable
sources, where biopolymers appear as the best alternative to
petroleum-based polymers.

These bioplastics represent a broad spectrum of thermo-
plastic materials obtained from biological resources, fossils,
or combinations of these [2] and they are generating growing
interest in general society, plastics industry, and agricultural
sector, given that it would suppose the exposure of its
products to differentmarkets [3]. In this order of ideas, starch,
which is a storage polysaccharide in plants [2], is a widely
used bioplastic because it is cheap, abundantly produced, and
available in many renewable sources [4]. It has high potential
for use in the synthesis of biodegradable materials [3] for
which it is used as a thermoplastic material obtained through
the interruption of its molecular interactions using plasti-
cizers under specific conditions [2], achieving thermoplastic

starch (TPS). However, they present disadvantages like their
high solubility inwater, hygroscopicity, and rapid aging due to
retrogradation and lowmechanical properties, limiting some
of their applications [3]. Although these inconveniences can
be reduced bymixing with other polymers [5] like polycapro-
lactone (PCL) [6], polylactic acid (PLA) [7], PLA/PCL binary
blends [8], polyvinyl alcohol [9], and polyhydroxybutyrate
[9], among others.

Of these, PLA stands out especially because of its proper-
ties, by being a renewable, biocompatible, and biodegradable
polymer. It is one of the widely used bioplastics [2], so
much so that in 2012 it was along with starch, the two
commercial biodegradable polymers of highest importance,
representing close to 47 and 41%, respectively, of the total
consumption of biodegradable polymers [10]. It is obtained
from renewable resources like corn, beets, wheat, and other
products rich in starch [11] whose fermentation generates
lactic acid polymerization, originated by the opening of the
cyclic dimer ring [12]. It has higher stability of the melted
mass, although its films are fragile due to the high crystallinity
and level of physical aging.

However, the principal inconvenience presented by these
types of blends is their immiscible phases due to the lack of
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affinity between the hydroxyl groups and carboxyl terminals
of hydrophobic PLA and hydroxyl groups of hydrophilic
TPS [12]; additionally, it has been found that the mechanical
properties of these blends diminish as TPS content increases,
thus, limiting TPS content in said blends [5]. To increase
compatibility among the phases, different coupling agents
have been used like citric acid [13], formamide [14], and
especially maleic anhydride [15] as compatibilizing agent.
One advantage of using anhydrides, and in this particular
case, maleic anhydride, is that it does not generate by-
products when the change is made, since it is only a reaction
ring opening [16]. Additionally, small amounts should be
used, which reduces the costs of the final film.

This research studied the possibility of obtaining a mate-
rial constituted by thermoplastic starch (TPS) from cassava
and polylactic acid grafted with maleic anhydride to evaluate
its mechanical and thermal properties to, thus, determine the
combination of polylactic acid content, coupling agent, and
temperature profile of the blown extrusion that would offer
the highest characteristics regarding tensile properties.

2. Materials and Methods

This research was developed in the Rheology and Packages
Laboratory at Universidad del Cauca (Popayán, Colombia).

2.1. Materials. Thermoplastic starch was obtained from cas-
sava starch (Almidones de Sucre, Colombia). To produce
polylactic acid, PLA reference 4032D (Cargill Dow Polymers
LLC) was used. Some of the additives used included glycerin
(99.5% purity, Disan S.A.) as plasticizer, maleic anhydride
(99.0% purity, Merck) as coupling agent, benzoyl peroxide
(reagent grade, Merck) as indicator agent, and stearic acid
(99.3% purity, Merck) as TPS extrusion adjuvant.

2.2. Processing. To obtain TPS, the starch was first dried
in a forced convection oven (Memmert) at 60∘C for 15 h,
and then the dry starch was mixed with glycerol at a 70 : 30
starch/glycerol ratio and 0.5% of stearic acid, for 10min
by using a high-speed blender (Kitchen Aid, model K45SS,
USA). The blend was stored in a polypropylene sealed
container for 48 h. After this time, the starch was thermo-
plasticized in a single-screw extruder (Thermo Scientific,
model Haake Polylab OS, Germany) equipped with a 19 mm
diameter barrel, a screw with a 5 : 1 compression ratio, and an
𝐿/𝐷 ratio of 25. A strand die was used along with a nozzle
with 1 mm diameter opening. The TPS strand was gathered,
dried at 80∘C for 1 h, and pelletized to finally be packed in a
sealed container. This extrusion used a screw rate of 50 rpm
and a temperature profile of 112.25∘C.

Thereafter, the grafted polylactic acid 4032D was pro-
cessed, experimenting with three concentrations of maleic
anhydride 0.5, 0.87, and 1.23% based on the weight of the
polylactic acid. Prior to this, the polylactic acid was dried
for 4 h at 80∘C, by following manufacturer’s specifications.
Extrusion conditions for the grafted PLA were temperature
of 177.50∘C and 30 rpm screw rate, obtained from preliminary
tests, as well as a strand nozzle with 1mm opening.

Lastly, the TPS and grafted PLA blend was carried out in
proportions of 22, 25, and 28% of PLA. This was processed
under three different temperature profiles: 153.30, 155.75, and
158.00∘C, in a single-screw extruder at a 35 rpm rate, using
a blow die with a 70 𝜇m opening and a set of rollers to
standardize the thickness of the flexible film.

2.3. Evaluation of Tensile Mechanical Properties. The tensile
mechanical properties of the flexible films obtained were
measured: elastic modulus (MPa), maximum tensile strength
(MPa), and maximum elongation (%). The samples were
taken to a temperature chamber (Binder, model KBF 115),
where they were stored under constant relative humidity
conditions (50 ± 10%) and temperature (23 ± 2∘C) for 8
days. Universal test equipment was used (Shimadzu model
EZ-L) following the ASTM D882-10 standard [17], which
establishes the procedure to execute the tensile test on films.
The following operating conditions were taken: a 500N
cell, 25 mm/min spindle speed, data collection rate of 500
points/s, and 50mmdistance between vises. Sampleswere cut
in longitudinal and transversal directions with dimensions
of 90mm length by 20mm width. Sample thicknesses were
taken by using a micrometer (Testing Machine, Inc., model
549).

2.4. Differential Scanning Calorimetry (DSC). This was con-
ducted according to that established in the ASTM D3418-
08 standard by using a TA Instruments calorimeter (model
Q20, USA). The samples of the films of approximately 10mg
were previously conditioned for an 8-day period at 23 ±
2
∘C and 50 ± 10% RH. The sample was deposited into an
aluminum capsule, sealed, and placed in the calorimeter’s
thermal chamber. A first heating cycle was conducted from
ambient temperature to 190∘C to erase the thermal history
at a heating rate of 10∘C/min, followed by an isotherm of
190∘C for 5min. Thereafter, a cooling cycle was carried out
from 190∘C to −80∘C at a cooling rate of 20∘C/min and
an isotherm of −80∘C for 5min. Finally, a heating cycle
was conducted from −80 to 200∘C to determine the glass
transition temperature (𝑇

𝑔
), crystallization temperature (𝑇

𝑐
),

and melting temperature (𝑇
𝑚
) in the respective samples.

2.5. Statistical Analysis. An analysis of variance (ANOVA)
was performed to establish significant differences among
treatments (𝑃 < 0.05), employing Tukey andT3 tests byDun-
nett; SPSS software was used (version 21.0 forWindows).The
analysis verified the normality assumptions of the samples by
using the Shapiro-Wilk test, as well as the presence or lack
of homogeneity of variance through Levene’s test, all with
a significance value of 0.05. For the comparison of the two
treatments, Student’s 𝑡-test was used.

3. Results and Discussion

3.1. Tensile Mechanical Properties. According to the experi-
mental design, 27 factor combinations were obtained: poly-
lactic acid content, coupling agent, and temperature profile
of blown extrusion; each of these with the three response
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variables was employed in the study. This was done to
determine the formulation with which the highest indices
of tensile mechanical properties were obtained. First, these
were subjected to a Shapiro-Wilk test, proving that the
samples, both in longitudinal and transversal direction,
were extracted from populations with normal probability
distribution, a necessary condition for a reliable study of
variance. After determining the normal condition of the data,
an ANOVA was conducted in both directions, finding that
the totality of the response variables was influenced by the
three factors evaluated and by their interactions, both double
(AA-PLA,AA-temperature, andPLA-temperature) and triple
(AA-PLA-temperature), which demonstrated that the result
generated by the different factors was not present in isolated
manner but that the effect was influenced by the other two.
In this sense, it was determined which of the treatments with
the AA, PLA content combination and temperature profile
yielded outstanding mechanical properties.

An ANOVA test was used, finding that at least two treat-
ments presented statistic differences in the three response
variables. Upon this finding, the Levene variance homogene-
ity test was executed; from this test, it was found that, both in
longitudinal and transversal directions, for the three response
variables, the postulate of variance homogeneity was not
fulfilled, which is why Dunnett’s T3 multiple comparisons
were performed.

Dunnett’s T3 test yielded different results. In longitudinal
direction, treatment 26 had the highest elasticmodulus values
and maximum tensile strength, while treatment 20 stood out
with the maximum elongation at the rupture point, although
both belonged to the same subgroup. Also, in the transversal
direction, treatment 17 showed the highest values of elastic
modulus; in spite of not presenting outstanding indicators
regarding maximum tensile strength, it was not significantly
different from the higher value treatment (treatment 16).
With respect to themaximumelongation at the rupture point,
treatment 19 stood out. Table 1 shows the results obtained
regarding tensile mechanical properties in longitudinal and
transversal directions for each of the 27 treatments obtained
during the experimental design.

The PLA content was the factor with the highest influence
upon the response variables: elastic modulus and tensile
strength in longitudinal direction, which evidenced a ten-
dency to find higher values of these properties as PLA content
was increased. An average 28% PLA content obtained indices
of 279.48MPa in the elastic modulus, 77.7% above that found
in the treatment with lower value, while, at this level, the
maximum tensile strength showed an average of 4.97MPa,
representing a 33.3% increase with respect to the lower level,
as evidenced in Figure 1.

These results evidenced that reported by [18–20], indicat-
ing that with higher PLA content there was higher modulus
and tensile strength, given that adding PLA can increase the
material’s rigidity [12] functioning as a reinforcement for [21].
Upon being mixed, it is possible that the PLA characteristics
increased the low mechanical properties of the pure TPS,
perhaps because of a higher polar interaction between the
starch and PLA carboxyl groups, attributable to the possi-
ble hydrogen bond produced between the carbonyl group
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Figure 1: Behavior of maximum tensile strength against polylactic
acid content.

(i.e., ester bond) of the PLA and the hydroxyl group in the
starch [22].

In addition, with lower PLA values (22%), mechanical
properties decreased [23]; this was probably because the
humidity present in the starch reduced the PLA molecular
weight caused by hydrolysis [24], given that PLA degradation
is generally attributed to hydrolysis of the ester bonds in the
presence of a given level of water [25], which is why a higher
TPS content generated higher humidity, causing a negative
effect on mechanical properties, like elastic modulus and
maximum tensile strength. For the grafted PLA, its molecules
contain some anhydride residues capable of activating chain
scissions of the PLA molecules, for the blend in melted
state, through a hydrolysis mechanism diminishing the PLA
molecular weight. This reduction of the PLA chain length in
the blend may have contributed to the diminishing of the
tensile properties of some blends [26].

Regarding elongation, [27, 28] reported that the main
inconvenience in TPS/PLA blends is precisely their low
elongation, with values even below 6% as soon as the TPS
concentration in the blend exceeds 10% (Figure 4). In light
of this, [29] considered the possibility that PLA formed
immiscible dispersions within TPS, leading to the little
elongation of the final material. It has been found that
elongation diminishes as starch concentration increases [30,
31], a situation contrasting with the case analyzed, where,
with the higher starch content, the highest elongation indices
were found, coinciding with that reported by [23]. For
22% PLA, elongation was on average 17.72%; for treatments
with higher PLA concentration, elongation was 9%. Against
this, the hygroscopic properties of starch and the plasticizer
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Table 1: Results of tensile mechanical properties.

Treatment∗ Elastic modulus
(MPa)

Maximum tensile strength
(MPa)

Maximum elongation
at the rupture point

(%)
Long Trans Long Trans Long Trans

1 A1P1T1 104.71 ± 0.20 85.46 ± 1.24 3.19 ± 0.19 2.57 ± 0.05 14.02 ± 3.47 16.22 ± 0.53
2 A1P1T2 211.96 ± 1.51 146.41 ± 0.49 4.23 ± 0.13 3.68 ± 0.25 9.92 ± 0.92 13.88 ± 3.81
3 A1P1T3 161.63 ± 0.06 99.05 ± 0.70 3.45 ± 0.12 2.76 ± 0.06 10.41 ± 0.49 7.63 ± 0.76
4 A1P2T1 230.06 ± 0.31 139.13 ± 0.42 4.25 ± 0.20 3.53 ± 0.04 7.92 ± 1.61 10.47 ± 0.42
5 A1P2T2 231.32 ± 2.00 165.90 ± 1.51 4.06 ± 0.04 3.77 ± 0.06 6.01 ± 0.54 11.45 ± 0.61
6 A1P2T3 193.41 ± 0.50 98.17 ± 0.92 3.63 ± 0.06 2.15 ± 0.07 7.15 ± 0.74 6.81 ± 0.96
7 A1P3T1 259.05 ± 0.71 112.23 ± 0.55 4.76 ± 0.28 2.73 ± 0.12 13.09 ± 2.74 5.84 ± 1.11
8 A1P3T2 189.07 ± 0.50 205.65 ± 0.68 3.53 ± 0.12 4.47 ± 0.28 5.86 ± 0.68 10.95 ± 0.19
9 A1P3T3 291.02 ± 1.2 146.73 ± 0.66 4.99 ± 0.37 4.06 ± 1.17 9.36 ± 1.96 10.62 ± 0.87
10 A2P1T1 141.62 ± 0.25 119.60 ± 0.24 3.51 ± 0.18 3.77 ± 0.09 9.41 ± 1.68 17.59 ± 1.09
11 A2P1T2 209.13 ± 1.58 87.13 ± 1.02 4.32 ± 0.12 3.48 ± 0.14 11.43 ± 0.46 22.76 ± 2.68
12 A2P1T3 195.77 ± 0.46 149.32 ± 0.64 4.22 ± 0.02 3.73 ± 0.07 12.12 ± 0.73 12.17 ± 2.71
13 A2P2T1 151.56 ± 0.79 121.33 ± 0.04 4.03 ± 0.18 3.72 ± 0.14 16.92 ± 1.81 18.46 ± 2.02
14 A2P2T2 216.35 ± 0.55 174.56 ± 0.36 4.32 ± 0.18 4.39 ± 0.05 8.90 ± 0.21 18.60 ± 2.12
15 A2P2T3 257.91 ± 0.56 118.28 ± 0.30 4.60 ± 0.13 3.02 ± 0.02 12.15 ± 1.05 10.46 ± 1.75
16 A2P3T1 234.89 ± 2.48 271.52 ± 0.85 4.55 ± 0.10 5.55 ± 0.31 8.46 ± 1.09 8.57 ± 0.77
17 A2P3T2 323.69 ± 0.85 277.03 ± 0.27 5.69 ± 0.32 4.87 ± 0.34 8.84 ± 1.14 7.63 ± 1.92
18 A2P3T3 309.57 ± 1.17 228.26 ± 3.86 5.09 ± 0.26 4.48 ± 0.12 6.10 ± 1.06 11.04 ± 2.36
19 A3P1T1 188.97 ± 1.35 86.43 ± 0.25 4.30 ± 0.09 3.67 ± 0.07 24.38 ± 1.46 31.14 ± 0.42
20 A3P1T2 232.86 ± 2.92 142.60 ± 0.22 4.93 ± 0.22 4.32 ± 0.21 25.88 ± 1.92 23.35 ± 0.99
21 A3P1T3 146.33 ± 2.68 90.33 ± 0.13 4.01 ± 0.09 3.16 ± 0.07 18.92 ± 1.53 14.75 ± 3.63
22 A3P2T1 138.93 ± 5.35 72.90 ± 0.36 3.65 ± 0.09 1.70 ± 0.18 15.99 ± 2.28 9.26 ± 1.10
23 A3P2T2 278.58 ± 2.99 63.84 ± 0.38 5.11 ± 0.33 2.64 ± 0.04 19.48 ± 2.19 10.37 ± 1.09
24 A3P2T3 332.50 ± 1.34 163.73 ± 0.40 5.62 ± 0.09 3.57 ± 0.20 13.84 ± 1.66 11.58 ± 1.29
25 A3P3T1 227.07 ± 0.35 95.02 ± 0.68 4.38 ± 0.13 2.98 ± 0.29 10.46 ± 2.52 9.98 ± 1.07
26 A3P3T2 406.32 ± 1.21 200.44 ± 0.30 6.77 ± 0.11 3.59 ± 0.05 20.72 ± 1.40 5.82 ± 0.55
27 A3P3T3 274.65 ± 1.18 109.74 ± 0.59 4.94 ± 0.28 3.32 ± 0.44 25.18 ± 0.20 10.58 ± 2.33
∗Coupling agent: A1 = 0.5%; A2 = 0.87%; A3 = 1.23%. Polylactic acid: P1 = 22%; P2 = 25%; P3 = 28%. Temperature profile: T1 = 153.30∘C; T2 = 155.75∘C; T3 =
158.00∘C.

could have interrupted the polymer-polymer and polymer-
plasticizer interactions by substituting the polymer-water
and water-plasticizer interactions, leading to reduced rigidity
of the polymer, allowing the water absorbed by TPS to
facilitate mobility of starch chains, thus resulting in increased
elongation [20].

In most cases, it was seen how higher PLA content
provided higher elastic modulus values in longitudinal and
transversal direction. A similar situation occurred with max-
imum tensile strength, but contrary to what happened with
maximum elongation in the transversal direction where the
higher PLA content generated minor results of this response
variable.

Also, the coupling agent content was the most influential
factor on maximum elongation in longitudinal direction. It
was found that with the maximum coupling agent content

the highest maximum elongation values were obtained,
increasing this property by approximately 163%, compared
to treatments presenting lower elongation values, showing
in 71.4% of the cases a directly proportional relationship
between increased coupling agent content and maximum
elongation values.

Miscibility and interface adhesion play an essential role
in the mechanical properties of the polymer blends, where,
generally, higher mechanical properties are expected when
high interface adhesion and miscibility of the components
exist [28]. Additionally, it may be expected that with higher
AA content the percentage of graft in the PLA would be
higher, increasing the possibilities of forming macroradicals
that can react [18] and, because the effectiveness of the graft
will depend on the monomer concentration [32], it is then
feasible that under this coupling agent content there would
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Figure 2: Behavior of maximum tensile strength against the coup-
ling agent content.

be outstanding indices of miscibility among the phases,
positively affecting the mechanical properties of the final
material.

However, excessive coupling agent may act as plasticizer
and be responsible for the decrease in the maximum tensile
strength [11], thus explaining how the maximum tensile
strength values coincided with the intermediate level of
coupling agent content, noted in Figure 2, due possibly
to a separation of phases induced by secondary reactions
(chain degradation, homopolymerization of maleic anhy-
dride, discoloration, and reticulation) or terminal reactions
[20], produced after a concentration beyond the optimal
one. Secondary reactions are common in the reaction of free
radicals, like, for example, 𝛽-scission.The probability of these
occurring depends largely on the nature of the macroradicals
and the polymer chain. For grafted PLA systems, two possible
secondary reactions may have occurred: scission of the chain
caused by thermohydrolysis and ramification of the PLA
substrate. Excessive scission may have led to lower molecular
weight and decreased properties of the polymer, while the
ramification may have been disadvantageous to monomer
attachment, given that most of its free radicals could attach to
the lateral chains produced by this secondary reaction, thus
limiting the action of the graft [18].

Also, it is feasible that, in the combinations where the
minimum level of the coupling agent (0.5%) was managed,
there would be inconveniences in compatibility due to an
insufficient amount of the monomer, incapable of efficiently
binding the TPS and PLA phases, an issue that evidenced the
difficulty for film production with this coupling level where
blowing problems emerged, presenting materials with great
amounts of agglomerations, often with greater thickness, and
maintaining a rather low torque, making the bubble output
occur too slowly.
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Figure 3: Behavior of maximum tensile strength against the tem-
perature profile.

The temperature profile was the factor that generated the
least effect on the maximum tensile strength. With respect to
elongation, no significant differences were evident between
its levels. Although its effect was not the highest, compared to
the PLA content andAA, some tendencies can be highlighted.
For the elastic modulus and maximum tensile strength, the
highest values were found for these response variables in the
intermediate temperature profile, while for elongation a clear
tendency was not evidenced, given that the higher indices
were shared between the first two profiles. Perhaps the action
of 155.75∘C may have permitted higher compatibilization of
the blends, favoring polymerization of graft of free radicals,
where the indicator agent could decompose rapidly and
completely, producing higher amounts of macroradicals that,
in turn, gave way to a higher degree of graft, as reported by
[18], evidenced in the behavior shown in Figure 3.

Excessive temperatures could cause degradation of both
reaction initiators [33] as maleic anhydride, causing the
breaking of the coupling between phases [34], in films
processed with themaximum temperature, possibly reducing
the molecular weight of PLA [20]. Likewise, TPS molecular
weight could lose excessive action of temperature limiting
function to reinforce this PLA [21] negatively influencing
the material’s final properties. From the aforementioned,
it has been postulated that the PLA’s thermal degradation
is produced principally through random scissions of the
principal chain, and several of these include hydrolysis,
depolymerization, oxidative degradation, and intramolecular
transesterification reactions, which could have participated
in the degradation process for the thermal treatments [35],
associated mainly with hydrolysis of the ester groups and
accelerated by –COOH terminal groups [25].
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The interaction of the PLA-AA-temperature profile fac-
tors presented a significant effect upon the three response
variables. In light of this, it is well known that the mechanical
behavior of heterogeneous materials like TPS/PLA depends
on some principal parameters, which include the modulus of
each component, the volume fraction of each element, the
ratio of the morphology aspect, the filler material, distribu-
tion of the length, orientation of the chains, and properties
of the interface, given their responsibility in charge transfer.
The last parameter depends mainly upon the degree of the
interactions among the phases [36]. Due to the aforemen-
tioned, it could be deducted how the triple interaction of the
factors could have been generated on the response variables,
bearing in mind that the PLA content was employed, which
has to do with the first and second parameters previously
mentioned, the concentration of AA, directly implied in the
interface properties, and the temperature profile, related to
the morphology and blend coupling.

Of the three response variables observed, the elastic
modulus was the variable upon which the highest effect
was generated by the three factors, in both longitudinal and
transversal directions. With respect to this, it was found
that the minimum value obtained was 104.71 ± 0.20MPa,
corresponding to treatment 1 (A1P1T1), while the maximum
was 406.32 ± 1.21MPa in treatment 26 (A3P3T2), in lon-
gitudinal direction. Additionally, in transversal direction in
treatment 23 (A3P2T2), the lowest value was found with
63.84 ± 0.38MPa, while, with a value of 277.03 ± 0.27MPa,
treatment 17 (A2P3T2) offered the highest indices in this
variable. From this, it may be seen how with the highest
PLA content (28%) and with the second temperature profile
(155.75∘C) the highest indices of elastic modulus were found,
in both directions. This, somehow, evidences the behavior
reflected upon analyzing both factors separately.

Regarding the maximum tensile strength, it was found
that the values are within a range from 3.19 ± 0.19MPa
from treatment 1 (A1P1T1) to 6.77 ± 0.11MPa, correspond-
ing to treatment 26 (A3P3T2) in longitudinal direction.

For the transversal direction, treatment 22 (A3P2T2) yielded
the lowest value with 1.70 ± 0.18MPa and treatment 17
(A2P3T2) yielded the highest index with 4.87 ± 0.34MPa.
This permits observing that, as with the elastic modulus,
higher indicators of maximum tensile strength were obtained
with the highest PLA content and the second temperature
profile. The values obtained are higher than those found by
some studies on TPS/PLA blends. For elongation, treatment
8 (A1P3T2) yielded the lowest value with 5.86 ± 0.68%, while
treatment 20 (A3P1T2) presented the highest indices with
25.88 ± 1.92%, in longitudinal direction. Additionally, in
transversal direction, the treatment with the lowest value was
26 (A3P3T2) with 5.82 ± 0.55% and treatment 19 (A3P1T1)
with 31.14 ± 0.42% offered the highest values.

According to [37], for a composite material that includes
a coupling agent or grafted compatibilizer, wetting and the
bond to the interface significantly influence the properties of
composite materials.

The formation of interfacial molecular contact through
wetting is the prerequisite for adhesive bond [24]. Due to
this, the molecules diffuse and react chemically to establish
covalent bonds through the interface while molecular diffu-
sion is generally accelerated by reduced surface tension [36],
which can be achieved by adding compatibilizer and subse-
quent establishment of chemically stable covalent bonds [18],
where, possibly, in treatments with outstanding mechanical
properties, high degrees of wetting and consequential bond
of their interface were reached. This is perhaps because the
blend conditions permitted adjusted homopolymerization of
maleic anhydride, without being excessive, through a sec-
ondary reaction, producing low-molecular weight polymers
that acted as plasticizers and diminished the interface energy
between both phases, facilitating the wetting of the starch
with the PLA [38], causing its final properties to be increased
against other treatments in which these phenomena could
have been reduced by diverse factors, like the insufficient
amount of AA or the excessive action of temperature.

Between the two treatments shown, some considera-
tions were kept in mind: treatment 26 (A3P3T2) offered
higher values in the three response variables in longitudi-
nal direction, but the situation was inverted in transversal
direction, where treatment 17 (A2P3T2) showed the highest
indices. If bidirectionality is considered, it can be seen that,
for maximum tensile strength, treatment 26 presented an
unbalance of 103% in the transversal direction with respect
to the longitudinal direction, while for treatment 17 this
disproportion was reduced to 16.8%.The same occurred with
the other response variables, where treatment 17 presented
the highest bidirectionality, a favorable issue for a material,
given its functionality and quality, which permitted more
uniform chain distribution and not as unbalanced as in
treatment 26. Another advantage of treatment 17 against
treatment 26 was the cost of the materials. As observed, the
only difference between the combinations lies in the coupling
agent content; the first presents a content of 0.87%, while
the second is of 1.23%. This 0.36% difference is significant in
terms of costs, given that at industrial scale it can represent
considerable amounts of money, bearing in mind the high
cost of commercial AA.
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Table 2: Comparison results of tensile mechanical properties.

Treatment∗ Elastic modulus
(MPa)

Maximum tensile strength
(MPa)

Maximum elongation
at the rupture point

(%)
Long Trans Long Trans Long Trans

1 T17 323.69 ± 0.85 277.03 ± 0.27 5.69 ± 0.32 4.87 ± 0.34 8.84 ± 1.14 7.63 ± 1.92
2 TPS/PLA∗ 266.23 ± 0.39 173.49 ± 0.58 4.13 ± 0.10 3.40 ± 0.19 17.11 ± 2.65 16.54 ± 2.23
∗Without coupling agent.

Maleic anhydride concentration of 0.87% is lower than
other reports such as [39], which used higher levels, resulting
in low mechanical properties possibly caused by a greater
degree of hydrolysis of starch polymer chains. According to
the above, [40], who used a concentration of 2%, suggested
using smaller amounts of maleic anhydride in order to
improve the adhesion and compatibility of TPS and PLA.
Considering the above suggestion, [38] employed a con-
centration of 1% of maleic anhydride to generate adhesion
TPS with PLA because, at higher concentrations, possibly
hydrolysis is generated, which could cause a decrease in
properties.

For comparison, a film with PLA and TPS blend without
inclusion of coupling agent was obtained using the same
methodology. The mechanical properties of the material
obtained are shown in Table 2. Treatment 17 was compared
with another mixture of TPS and PLA without coupling
agent, by Student 𝑡-test (𝑃 < 0.05), finding in their mechani-
cal properties significant differences in elastic modulus, high
tensile strength, and elongation, in longitudinal and trans-
verse directions. Treatment 17 had higher strength values
38.0 and 42.9% lengthwise and crosswise, respectively, as
compared to the film without coupling agent, demonstrating
that greater interaction between material phases can cause
increases in strength properties. The film without coupling
agent provided a surface from which the phase separation of
the PLA and TPS, with some cracks and irregularities, also
evidenced its thickness which was 37.5% higher than the film
thickness of treatment 17.

3.2. Differential Scanning Calorimetry (DSC). The results in
Table 3 correspond to data obtained from thermograms;
herein, temperatures and melting enthalpies (𝑇

𝑚
and Δ𝐻

𝑚
)

are indicated along with a temperature signal and crystal-
lization enthalpy (𝑇

𝑐
and Δ𝐻

𝑐
), as well as a glass transition

temperature (𝑇
𝑔
). During the test, two heating moments

were carried out; the first, denominated run 1, obtained
data corresponding to TPS, given that the second no longer
showed the transitions for this component, which explains
an amorphous state of the TPS after subjecting it to high
temperatures with its subsequent cooling [2], while the
second, called run 2, presented PLA values according to the
blend analyzed.

For the film made up of the TPS/PLA binary blend
(T17), some behaviors took place, for example, in run 1,
although other melting peaks were present, the last of these
was assigned to the TPS, found between 190 and 210∘C,

Table 3: Phase transitions of the flexible films.

Blend Components 𝑇𝑔 𝑇
𝑐

Δ𝐻
𝑐

𝑇
𝑚

Δ𝐻
𝑚

(∘C) (∘C) (J/g) (∘C) (J/g)

T17 TPS — — — 199.35 72.55
PLA 59.04 97.48 5.48 159.17 17.23

TPS/PLA∗ TPS — — — 194.50 80.96
PLA 60.90 100.74 4.11 163.88 11.59

∗Without coupling agent.

approximately, determining only its temperature andmelting
enthalpy. Additionally, for the second run, it was possible to
establish that the glass transition temperature of PLA was
59.04∘C, followed by crystallization signals, between 90 and
110∘C, approximately. Finally, the melting temperature for
PLA was found at 159.17∘C, corresponding to the last peak
presented in run 2.

Some dispositions were evidenced in the pattern film
of TPS/PLA without coupling agent. As with the previous
case, the first run analyzed the TPS behavior; from here,
its melting temperature was obtained at 194.50∘C. For the
second run, crystallization signal and, lastly, the PLAmelting
peak of PLA were determined. From this, it was observed
how the PLA melting enthalpy for the pattern film was
quite inferior to that presented by the PLA in the TPS/PLA
blend, which could be an indicator of the percentage of
crystallinity of the composite materials. Thereby, diminished
Δ𝐻
𝑚
could be indicative of diminished crystallinity [18].This

crystallinity increase produced in theTPS/PLAfilmmay have
been caused by the nucleation of starch and the degradation
of PLA polymer chains, given that starch was able to act
as nucleation agent for crystallization and the molecular
weight affected polymer crystallization [24]. Further, the
plasticizer-like glycerol could have also migrated to the PLA
matrix, causing increasedmobility of the polymer chain, thus,
increasing the PLA crystallization rate [31]. DiminishedΔ𝐻

𝑚

and hence crystallinity in starch and PLA blends could have
been because the starch limits the movement of the polymer
segments, hindering reorganization of the polymer chain
[18]. Regarding crystallization enthalpy, Δ𝐻

𝑐
was presented

by the polylactic acid in both films, where the one containing
TPS/PLA without coupling agent presented 33.3% reduction
against the TPS/PLA blend film. Although starch may func-
tion as nucleation agent, it is also possible that it interferes
with the mobility of the PLA chain, slightly reducing the
PLA crystallinity [24] of the pattern film. When comparing
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crystallinity according to [32], taking as a reference that Δ𝐻
𝑚

of the 100% crystalline PLA is of 93 J/g [33], the PLA of the
TPS/PLA film would present a crystallinity of 18.5%, quite
above the 12.5% shown with the PLA of the pattern film.
This would indicate that in the film of the treatment chosen a
higher degree of crystallization may have been generated.

Authors like [33] have reported that pure PLA 4032
presents 𝑇

𝑔
of 61.3∘C. For the case presented, 𝑇

𝑔
of the PLA

in the TPS/PLA blend was of 59.04∘C. This may be because
the mobility of the PLA chain was increased due to the
plasticization effect brought by the glycerol gelatinized starch
[6], as well as the formation of cyclic oligomers through
“backbiting” reactions [34]. However, authors like [24, 31]
state that the glass transition temperature (𝑇

𝑔
) of PLA is not

affected by the incorporation of TPS; thereby, more in-depth
studies would be needed to test the certainty or falsehood of
this hypothesis. It is known that the plasticizer can diminish
the polymer’s glass transition temperature. Although the
coupling agent was introduced as a reactive compatibilizer,
it could also have acted as a plasticizer [24] reducing the
PLA’s glass transition temperature in the TPS/PLA blend.
The melting enthalpy (Δ𝐻

𝑚
) for the pure PLA (36.5 J/g)

is higher than that presented by the PLA of the TPS/PLA
blend (17.23 J/g). This reduction was possibly because the
ramifications generated in the grafted PLA disturbed the
regularity of the PLA chain structures, thus, increasing the
space among them [18].

Although, according to the results of differential scanning
calorimetry, films TPS/PLA with and without coupling agent
showed a similar behavior in terms of values of thermal
transitions, there were differences in mechanical and surface
properties between the two films. In the film TPS/PLA
(T17), higher values of tensile strength, a more homogeneous
surface, and fineness, without irregularities and with a signif-
icantly reduced thickness, were found.

The maleic anhydride can promote transesterification/
esterification reactions between the starch andMAmolecules
improving its compatibility with other biopolymers as mani-
fested [39]. In the investigation by [41], they found that the
inclusion of maleic anhydride to PLA further mixed with
starch improves the mechanical properties of the flexible
film obtained, achieving compatible polar groups starch, with
the nonpolar component of PLA. Meanwhile, [42] used the
maleic anhydride because it reduces the interfacial tension
between phases improving adhesion of starch and PLA,
resulting in thinner films and a more uniform and stable
morphology, showing improved mechanical properties.

Due to the aforementioned reasons, it was determined
that treatment 17 (A2P3T2) represented the formulation that
offered outstanding mechanical properties, higher bidirec-
tional balance, and the possibility of greater cost reduction
of raw materials to obtain the flexible film.

4. Conclusions

The factors evaluated, polylactic acid content, coupling agent,
and temperature profile, as well as their interaction, generated

significant effects on the response variables in both longitudi-
nal and transversal directions. From this, the formulation that
included 28% PLA content, 0.87% coupling agent processed
at extrusion temperature of 155.75∘C presented outstanding
mechanical properties against the remaining combinations
included in the design. With the formulation found, we
managed to reduce by 55.6% the coupling agent content in
the material, compared to prior research conducted by the
CYTBIA research group, probably influencing the dimin-
ished costs of the finalmaterial; although against starch-based
materials, we managed to obtain a film with outstanding
mechanical properties, but still with deficiencies against
synthetic materials.
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