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Abstract: In this work, we present a functionalization strategy of starch-poly(lactic acid) (PLA) blends
with organic acids. Lactic and acetic acid were used as acid agents, and oleic acid was also included
in the previous acids, with the aim of finding a synergy that thermodynamically benefits the products
and provides hydrophobicity. The ratio of starch and sorbitol was 70:30, and the added acid agent
replaced 6% of the plasticizer; meanwhile, the thermoplastic starch (TPS)-PLA blend proportion was
70:30 considering the modified TPS. The mixtures were obtained in a torque rheometer at 50 rpm for
10 min at 150 °C. The organic acids facilitated interactions between TPS and PLA. Although TPS and
PLA are not miscible, PLA uniformly dispersed into the starch matrix. Furthermore, a reduction in
the surface polarity was achieved, which enabled the wettability to reach values close to those of
neat PLA (TPS-L-PLA increased by 55% compared to TPS-PLA). The rheological results showed a
modulus similar to that of TPS. In general, there were transitions from elastic to viscous, in which the
viscous phase predominated. The first and second-order thermal transitions did not show significant
changes. The structural affinity of lactic acid with biopolymers (TPS-L-PLA) allowed a greater
interaction and was corroborated with the mechanical properties, resulting in a greater resistance
with respect to pure TPS and blended TPS-PLA (28.9%). These results are particularly relevant for
the packaging industry.

Keywords: biopolymers; thermoplastic starch; organic acids; poly(lactic acid); rheology;
surface wettability

1. Introduction

The conformation and functionalization of biopolymers as potential substitutes for
plastics derived from petroleum has recently gained momentum for a wide range of ap-
plications [1-3]. Important research and technological developments have been made
in biopolymer blends as an alternative to plastics. TPS, PLA, poly(hydroxyalkanoates)
and chitosan are among the most promising biopolymers for the packaging sector [4,5].
The efficiency of starch thermoplasticization stems from the capacity of hydrogen bonding
and the mechanism of cleavage of the starch chain. In this sense, the crystallinity loss
accounts for starch granule destructuring, thereby compromising material stability and
physico-mechanical properties [6,7]. Compared to conventional polymers, neat TPS has
shown disadvantages, especially when it comes to its high hydrophilicity and permeability
to gases and even microorganisms. This disadvantage has been overcome by incorporat-
ing inorganic particles in the biopolymer matrix that offer better mechanical and barrier
properties to the composite material [8-11] and by using natural fibers as reinforcement
for TPS [8,12-14] and blends with different polymers such as polycaprolactone, polyvinyl
alcohol and PLA [15]. Likewise, starch has been modified by oxidation, esterification and
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etherification processes [16,17]. Modification with low molecular weight organic and/or
fatty acids (e.g., acetic acid, maleic anhydride, linoleic acid and oleic acid) creates a steric
hindrance that prevents the formation of hydrogen bonds on the hydroxyl group of starch,
which is protected because of the new interaction. This prevents—or makes starch less
prone to—retrodegradation [18]. In the research conducted by Abdul Rasheed et al. [19],
it is evident that the modification of cassava starch with acetic anhydride and citric acid
reduces the water absorption capacity, thereby reducing its degradation rate without af-
fecting film biodegradability. Other fatty acids have been used to modify starch, such as
oleic acid, whose main effect is reflected in the decrease in the glass transition tempera-
ture [18,20]. A previous study demonstrated that the organic (lactic) acid content facilitates
gelatinization, resulting in efficient plasticization; however, the decreased hydrophilicity
was not noticeable [17]. PLA is compostable and has excellent optical, chemical, mechanical
and barrier properties, but applications are largely limited due to its rigidity. To this end, re-
search continues to investigate better conditions. The range of plasticizers that contribute to
this problem continues to expand. The aforementioned characteristics enable TPS and PLA
to be considered as candidates for developing new biopolymers from this blend [21,22].
However, these components show low compatibility due to the hydrophilic nature of
starch and the hydrophobic nature of PLA. The results generated show that the blends are
thermodynamically immiscible, with high brittleness, low resistance and toughness [18].
The compatibilization of polymeric materials from different sources has been attempted to
achieve adequate synergy and guarantee the best properties in the product [23].

Yu et al. [24] studied the compatibilization effect of TPS and PLA blends by includ-
ing methylenediphenyl diisocyanate (MDI). They found that, when it was previously
distributed in PLA, the modulus, elastic limit and impact resistance increased. In 2013,
Shirai et al. [25] concluded that the increase of adipate esters in these blends presents higher
elongation at break (120-148%) with respect to citrate esters (72-103%), because their linear
structure allows a better interaction and plasticization of PLA. Akrami et al. (2016) eval-
uated the compatibilization effect of grafted starch with polyethylene glycol and maleic
anhydride in a mixture including 70% PLA that demonstrated a better interfacial adherence
without affecting biodegradability. Recently, improvements in the barrier properties of
TPS/PLA blends have been reported, resulting from additivation with epoxidized cardoon
oil. This is due to the possible formation of a physical barrier that prevents the diffusion
and solubilization of water and oxygen, in addition to producing a slightly improved
miscibility between biopoymers that was evidenced by differential scanning calorimetry
(DSC) [26]. Another development of mixtures involved citric acid and cassava pulp (CP)
as reinforcing materials. The mechanical properties reflected an increase in strength and
improved biocompatibility as the CP concentration increased. However, the elongation at
break decreased [5]. The lack of miscibility between PLA and TPS is a great challenge for
researchers in the field. In the present work, mixtures of plasticized achira starch and PLA
were developed that incorporated organic acids through melt mixing in order to study
the effect and synergy that saturated and unsaturated organic acids have on the thermal,
rheological, mechanical, surface and morphological characteristics of the biopolymer blend.
The results have been compared with neat biopolymers, which allowed us to determine
the performance; these results constitute an important antecedent in the packaging sector.

2. Materials and Methods

Achira starch was supplied by Surtialmidon (Huila, Colombia) with a density of
1.59 g/mL. The plasticizer was obtained from Sigma Aldrich, sorbitol with a density of
1.28 g/mL (purity: 99.5%) and acetic acid (purity: 99.7%). Oleic acid was obtained from
Quimifast Ltd.a., and lactic acid was supplied by Mol Labs (purity: 85%), the density
of which was 1.21 g/mL. Ingeo 2003-D polylactic acid (PLA) from Nature Works Com-
pany (Lancaster, PA, USA) with a density of 1.24 g/cm® and MFI (210 °C/2.16 kg) of
6.0 g/10 min.
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2.1. Preparation of Blends TPS

The samples of TPS and TPS/PLA modified with organic acids were prepared using
a torque rheometer (Thermo Scientific HAAKE Rheomix). The rotors were of the roller
type and worked at a speed of 50 rpm at 150 °C for 10 min. The amounts of achira starch,
plasticizer agent, PLA and organic acids (lactic (L), acetic (A) and oleic (O)) are specified in
Table 1. For this experiment, the materials were obtained in duplicate.

Table 1. Proportions of starch, plasticizing, acid agent and poly(lactic acid) (PLA) used for the
preparation of the thermoplastic starch. TPS: thermoplastic starch.

Acid Agent (wt.%) PLA
Sample Starch (wt.%) Sorbitol (wt.%) Lactic Acetic Oleic (Wt.%)
Acid Acid Acid
TPS 70 30 - - - -
TPS-L 70 24 6 - - -
TPS-A 70 24 - 6 - -
PLA - - - - - 100
TPS-PLA 49 21 30
TPS-L-PLA 47.5 18.5 4 - - 30
TPS-A-PLA 47.5 18.5 - 4 - 30
TPS-L-PLA-O 47.5 14.5 4 - 4 30
TPS-A-PLA-O 47.5 14.5 - 4 4 30

2.2. Rheological Analysis

We used a rotational rheometer DHR-2, TA Instruments to study the material rheo-
logical behavior. This study was conducted at a strain of 0.1% at 160 °C with controlled
stress and a cone-plate configuration using the equilibrium flow test with a gap of 145 pm,
a diameter of 25 mm and an angle of 5753°. The shear varied between 0.1 and 100 s~ 1.

2.3. Fourier Transformed Infrared Spectroscopy (FTIR)

An FTIR analysis of sheets was carried out in ATR mode with a Shimadzu IR Affinity-1.
Once the dry film was formed, it was analyzed using 16 scans, a wave number range
between 600 and 4000 cm ! and a resolution of 4 cm™!.

2.4. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

We carried out a thermogravimetric analysis (TGA) to assess the thermal stability of
TPS and TPS/PLA. To this end, we used a TGA/DSC 2 STAR System thermogravimetric
analyzer, Mettler Toledo, USA. We employed a heating rate 20 °C min~! from 25 °C until
600 °C, using a nitrogen purge at a flow rate of 60 mL/min. This analysis was performed
using a nitrogen purge and 10 & 0.5 mg of TPS.

Differential scanning calorimetry (DSC) analysis was carried out to identify the sam-
ple’s thermal transitions using TA Q-2000 equipment at a heating rate of 10 °C min~!
in a temperature range between 25 and 200 °C and a nitrogen purge. An amount of
10 mg of the TPS and TPS/PLA samples was used for this analysis. The samples were
subjected to heating—cooling-heating cycles. We used the results of the second heating run
to evaluated the thermal properties because of the elimination of the thermal history of the
test specimens.

2.5. Scanning Electron Microscopy Analysis

The surfaces of cryofractured TPS, and TPS/PLA were examined and the micrographs
were digitally captured using a scanning electron microscope (SEM) JEOL, JCM 50,000
(Tokyo, Japan). A voltage of 10 kV was applied. The samples were coated with a thin layer
of gold. Magnifications of 1500x and 500x of the fracture surface were taken.
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2.6. Contact Angle Analysis

Measurements of the contact angle with water were carried out using a Ramé-Hart
Model 250 goniometer at room temperature. A 20 puL drop of distilled water was placed
on the surface of the TPS and TPS/PLA samples. After stabilization (60 s), the image
was recorded and the contact angle was measured by Image] software. The average of
the three measurements was taken and subjected to an analysis of variance (ANOVA).
Tukey’s test was applied at the 0.05 level of significance, which allowed the measurements
of each group (TPS and TPS-PLA) to be compared in order to determine that they were
significantly different. All statistical analyzes were performed with IBM SPSS Statistics 25.

2.7. Tensile Test

The samples had a length and width of 100 mm and 25 mm, respectively, and had a
variable thickness. The specimens were conditioned at 23 °C for 2 days. The tensile test
took place in a universal testing machine INSTRON model EMIC 23-50 equipped with a
50 kN load cell. The tests were performed at 23 °C using a constant rate of 10 mm /min.
The results were taken as the average of six samples and submitted to the statistical analysis
indicated in Section 2.7.

3. Results
3.1. Rheological Analysis

Figures 1 and 2 present the curves corresponding to the modulus (storage G” and
loss G”) for the TPS/PLA blends. The modulus values increased proportionally to the
angular frequency. This behavior is typical in thermoplastics, because an energy input
is required to increase the mobility of polymeric chains. The TPS and TPS-L samples
showed two transitions in the range studies. The first transition was from a viscous to
an elastic phase at 0.3 Hz, with a modulus of 6.3 and 18.4 kPa, respectively. The second
transition was from an elastic to viscous phase for TPS at 34.1 Hz and 10.3 kPa, while for
TPS-L, there was a coincidence with the first phase for TPS-A at 6.2 Hz with a modulus
of ~30 kPa. The addition of acidic agents generated a premature transition (shorten the
solid phase). This result matches the data derived by previous studies [17,27]. Conversely,
the PLA content in the different samples of TPS with acidic agents did not alter the behavior
described; i.e., the rheological nature of the prevailing TPS. It was observed that acetic acid
in starch notably increased the elastic component, facilitating the gelatinization process
with a modulus close to 6 kPa. Finally, the incorporation of oleic acid in the modified
TPS/PLA blends showed a slight increase in modulus and decreased the elastic component,
allowing more to flow.

-=—TPSG'  —ATPSLG’ —e—TPS-AG’
1054 —O-TPSG"  —A—TPS-LG" —0—TPS-AG"

Storage modulus G'(Pa)
Loss modulus G" (Pa)

T T T
107" 10° 10’ 102
Angular frequency (rad/s)

Figure 1. Dynamic rheological properties of TPS samples.



Processes 2021, 9, 578

50f12

TPS-L-PLA G* TPS-L-PLA-O G*
TPS-L-PLA G" TPS-L-PLA-O G"

-

o
)
1

——TPS-A-PLAG’ —»— TPS-A-PLA-O G*
——TPS-A-PLAG" —>—TPS-A-PLA-O G"

Storage modulus G'(Pa)
Loss modulus G" (Pa)

N

(=]
ES
1
/

\v4

T T T
107" 10° 10' 102
Angular frequency (rad/s)

Figure 2. Dynamic rheological properties of TPS and PLA samples.

The curves that show complex viscosity with respect to the angular frequency
(Figure 3a) depend on the acid content in the different TPS and TPS/PLA samples. In gen-
eral, lower values for acetic acid relative to lactic acid were shown in all samples analyzed.
The incorporation of oleic acid in TPS/PLA samples increased the viscosity in a similar
way to that when added to the TPS-L and TPS-A samples (~170 kPa). The TPS-L-PLA
and TPS-A-PLA samples did not change from TPS (~70 kPa). Polymers became very thin
as the shear increased, following a linear drop by two orders of magnitude. It should be
mentioned that, in the range studied, no possible esterification or crosslinking reactions
were shown, as had been observed for TPS samples. In this way, the curves obtained in the
Cole—Cole diagram (Figure 3b) that relate the imaginary viscosity component (n”) to the
real viscosity component (1) increased the viscosity in TPS-A samples and shortened the
relaxation times with respect to those of lactic acid. According to the previous results, it is
possible to observe a smooth behavior in all samples. The absence of a multiphase system
condition allowed the material’s mechanical properties to be predicted well.

a)
—TPS
k —TPS-L

_ 10° ——TPS-A
@ TPS-L-PLA
o —---TPS-A-PLA
> TPS-L-PLA-O
& 104 - TPS-A-PLA-O
2
>
x
<@
Q
g
5] 10° H

102 T T

T
107" 10° 10’ 102

Angular frequency (rad/s)

Figure 3. Cont.
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Figure 3. Rheological characteristics: (a) complex viscosity and (b) Cole-Cole diagrams of TPS blends.

3.2. IR Analysis

The IR spectrum allowed us to observe the characteristic bands of TPS and TPS/PLA
and their interactions with functionalizing acids (Figure 4). At a wavelength of 2921 cm~!,
one of the characteristic absorption bands of the C-H groups of CH; occurred in the C6
glucose unit. The 1645 cm~! band belonged to the bending vibration of O-H attributed
to the absorption of hydroxyl groups in starch [17,28]. For TPS and TPS-A, the vibrations
corresponding to the stretching of the C-O bond of the C-O-C group [2,26] appeared
at 995 cm~!, while for TPS-L, these appeared at 999 cm~!. In the same way, the band
at 1012 cm ! in TPS and TPS-A showed a shift for TPS-L and appeared at 1017 cm ™.
This demonstrated that the incorporation of lactic acid helped form more stable hydrogen
bonds than those obtained with acetic acid or only the plasticizer. The TPS-L mixture
demonstrated a characteristic band at 1721 cm !, revealing an efficient acetylation process
that occurred between the hydroxyl group in starch and lactic acid.

OH CH C=0 -CH; C-0
7 O-H C-H
Y 7 TPS-PLA

.w\
- “” T
= A A0 & SR
S R o\ G
21N
. N i TPS
= IR
= S N TPsL
[ ——— \“\
51 - e Trsa
= [
1 ' TPS-L-PLA
1T Y A-
_ — T\ TPS-APLA
TPS-L-PLA-O
e T TRSAPLAO

T T T T T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4. Fourier Transformed Infrared Spectroscopy (FTIR) spectra of the TPS and TPS/PLA samples.

The FTIR spectra of the TPS-PLA blends showed the characteristic band at 1750 cm ™!
corresponding to the carbonyl stretching [29]. This showed an increase in intensity for
the TPS-L-PLA-O and TPS-A-PLA samples due to interactions with the oleic acid present.
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A band at 1455 cm~! was also shown for the -CHj group. The typical band of the asym-
metric stretching of C-O in the ester group appeared at 1182 cm ™!, and in the TPS and PLA
blends presented a greater intensity for samples containing oleic acid [29]. Ultimately, in the
fingerprint region, two bands at 868 and 755 cm ! were related to the C-C stretch vibration
that corresponded to the amorphous and crystalline phase of PLA, respectively [21].

3.3. Thermal Analysis—TGA, DSC

Figure 5a presents the curves of the TGA thermogram, where it is clear that the first
mass losses were due to the detachment of weakly (between 25 and 70 °C) and strongly
(between 70 and 180 °C) bound water [30]. The highest value was related to the evap-
oration of the plasticizer (sorbitol). A loss of mass due to starch degradation occurred
at 300 °C, whereas for the samples containing PLA, this degradation was observed at
around 360 °C [7,13]. When comparing the systems based on TPS/PLA (derivative ther-
mogravimetry (DTG) curves (Figure 5b)), we observed that they presented two separate
weight loss drops. This phase separation was due to the nature of the polymer [7]. Specif-
ically, the TPS-PLA blend presented two peaks: the maximum degradation occurred at
312 °C and the minimum at 368 °C. This result was reversed when acids were incorporated
into the different mixtures. Likewise, the addition of organic acids allowed a better thermal
stabilization of the TPS that was observed in the TGA curve; the TPS and TPS-PLA samples
presented a greater slope, indicating water loss. From the above, it can be inferred that
these samples are more hydrophilic. Therefore, it is necessary to continue studying systems
that allow a better coupling and/or thermal stabilization that facilitates the processing of
the mixtures.

C)

— 14‘-—‘/—»~JW TPS-A-PLA-O
0 TPS-L-PLA-O
;124 TPS-A-PLA

X
—TPS = W TPS-L-PLA
—TPSL 3 10~ PLA
——TPS-A =
—PLA 2 g
TPS-PLA 4 TPS-PLA
TPS-L-PLA 5
TPS-A-PLA O 6
TPS-L-PLA-O 2 TPS-A
—— TPS-A-PLA-O \ © 44 TPS-L
S 2 %V/—Wf
TPS
dT N
T T T T T T T T !
50 100 150 200 250 300 350 400 450 T T T T T T T T T 1
o 50 100 150 200 250 300 350 400 450 500
Temperature (°C)
Temperature (°C)
@ (b)

Figure 5. Thermogravimetric analysis (TGA) (a) and derivative thermogravimetry (DTG) (b) curves for TPS samples.

Figure 6 shows the second heating curve of TPS samples and TPS/PLA blends after
cooling at a heating rate of 10 °C/min. Starch is less sensitive to thermal transitions than
PLA; in TPS, only a second-order transition was observed around 57 °C. The enthalpy
values for TPS with acidic agents were clearly reduced by the molecular disorganization
caused by gelatinization [17]. Neat PLA showed a glass transition at ~60 °C and two
transitions for both crystallization (112 °C) and melting (148 °C and 156 °C). In general,
the TPS/PLA samples and their respective blends with acidic agents did not significantly
change in the glass and melt transitions with respect to the neat polymers or TPS-PLA.
However, for crystallization, both temperatures and enthalpies depend on the type of acidic
agent. Acetic acid achieved a decrease (<2 °C) in crystallization temperatures and a greater
degree of disorder with lower enthalpies, while lactic acid at increased temperatures (2 to
4 °C) also caused a greater disorder of the structure. This behavior resembles that obtained
by Yu et al. [31]. The above allows us to conclude that TPS acts as a nucleating agent in
PLA and that organic acids increase the crystallization speed.
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Figure 6. The differential scanning calorimetry (DSC) thermogram for TPS samples.

We performed an SEM analysis to investigate the microstructure of the TPS and
TPS/PLA. Figure 7 shows the SEM cross-sectional morphology of the samples. The TPS
sample shows a low level of starch destructuring. TPS functionalized with lactic acid
and acetic acid, namely TPS-L and TPS-A, allowed us to obtain a more compact and
homogeneous material, with the presence of a small amount of non-gelatinized starch [17].
Specifically, TPS-L presented a smoother and more compact surface, with a small number of
pores, while TPS-A presented greater roughness. For TPS/PLA blends functionalized with
organic acids, the low miscibility between the hydrophobic PLA and the hydrophilic TPS
can be observed through the phase separation between the TPS matrix and the PLA [32].
It is important to note that acetic acid promoted PLA dispersion in the matrix. The blends
incorporating oleic acid were more homogeneous, which was confirmed by the lack of
a clearly defined interface. The PLA filaments and particles were almost covered by the
TPS matrix. Furthermore, it is clear that the size of the dispersed phase was significantly
reduced in the presence of oleic acid, especially in the TPS-A-PLA-O. However, there was
an increased number of pores.

3.4. Contact Angle Analysis

The results of the contact angle are presented in Figure 8. Derived from this analysis,
it can be observed in a general way that the contact angle values increased with respect to
the pure plasticized starch matrix by 11% and 20% for TPS-L and TPS-A. These results may
be associated with hydrogen bonds promoted by the hydroxyl group leaving fewer groups
available on the surface that allowed interaction with water [17,26]. This suggests greater
protection from acetic acid, which presented less steric hindrance. The blends of TPS with
PLA showed a decrease in wettability, reaching values in the contact angle similar to those
of neat PLA (70.1°); the increase for TPS-L-PLA was 55% and TPS-A-PLA of 38%, compared
to TPS-PLA. The additional presence of oleic acid did not show a significant hydrophobic
effect. In contrast, hydrophobicity slightly reduced in the TPS-L-PLA-O sample. This can
be attributed to the porous microstructure (observed in SEM), as well as the low dispersion
of the components.
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80

H

70

i
—~
O
N
|

—_~
H4 O
N
’._.

60

50—- (A)

404 (@) T

=

30

Contact Angle (°)

20

10

0 T T T T T T T T T T T T T T T T T !
K 0O

IR L NN S-S gt

O PO ST oW e eeh T e et P e

Samples

Figure 8. Average contact angle values and their respective standard deviations for modified TPS and
blends of TPS/PLA. a—c; A-D: Different letters in the same column indicate significative differences

from a set of means of each reprocessing group (p < 0.05).



Processes 2021, 9, 578

10 of 12

3.5. Tensile Test

The tensile properties of the samples are presented in Table 2. The data analysis
results show that the functionalization of TPS with acidic agents TPS-L and TPS-A slightly
increased the value of the tensile strength by 13.1% and 6.5%, respectively; additionally, the
Young’s modulus increased. However, the plasticity of the material diminished with low
elongations. In this way, an increase was observed in the mixtures of TPS and PLA with
lactic acid (28.9%) and acetic acid (15.9%) with respect to the blank (TPS-PLA). These results
contrast with the other physical properties previously discussed, where the formation of
more stable hydrogen bonds was evidenced in this type of system [17]. In contrast, it was
observed that there was no synergistic effect with oleic acid; despite being hydrophobic, its
dispersion on the matrix was inefficient, causing a possible emulsion in the molten state,
and when the material solidified, a porous appearance was observed as in the case of the
TPS-L-PLA-O and TPS-L-PLA-O samples. Therefore, a detriment to the mechanical prop-
erties was obtained, which did not follow the “rule of mixtures” due to the immiscibility
between the components; weak macromolecule interactions allowed them to easily move
when subjected to an external force [26]. In general, the nature of a flexible polymer such
as TPS with a rigid polymer such as PLA significantly increases the Young’'s modulus and
considerably reduces the deformation at break for all mixtures with respect to homologues
with organic acids.

Table 2. Tensile properties in the TPS, PLA and the blends of TPS-PLA.

Sample Tensile Strength Young Modulus Deformation at
(MPa) * (MPa) * Break (%) *
TPS 5.40 + 0.86 2 77.00 + 15.00 2 51.00 +3.002
TPS-L 6.10 £ 0.622 509.12 + 24.09 P 749 +0.81P
TPS-A 5.75 4+ 0.59 2 498.06 + 30.21b 449 +059°¢
PLA 64.00 £ 2.70 3198.00 + 132.00 2.50 & 0.10
TPS-PLA 5.60 + 0.90 A 135.71 4+ 14.08 A 262 +0594
TPS-L-PLA 72341408 1801.81 +£22.15B 270+ 0.114
TPS-A-PLA 6.49 + 0.60 AB 1456.55 + 41.81 € 2.81+0274
TPS-L-PLA-O 3.68 +0.69D 1502.32 + 40.24 P 0.59 +0.17B
TPS-A-PLA-O 29240250 1114.27 £ 52,57 E 0.55+0.17B

a=; AE Different letters in the same column indicate significative differences from a set of means of each
reprocessing group (p < 0.05). * Mean of six replications + standard deviation.

4. Conclusions

The addition of acids to TPS and blending with modified starch PLA can effectively
improve the material’s processability according to the rheological results obtained. There is
an optimal component dispersion in the system. Despite having slightly higher modulus,
the components demonstrate a transition in which the viscous behavior prevails for a
high rate of shear. DSC and DTG analyses show that TPS and PLA compounds are
incompatible. The addition of acetic acid promotes the phase changes (crystallization)
of PLA and increases its thermal stability. Lactic acid delays crystallization; however,
it maintains good stability. The contact angle and the nature of organic acid favor the
dispersion of PLA and hydrophobic systems such as oleic acid. This interaction was
confirmed in the infrared spectra. The tensile properties showed a non-synergistic process
between acidic agents (lactic/oleic and acetic/oleic) that was corroborated by thermal
analysis results. It should be noted that the TPS-L-PLA sample demonstrated greater
resistance to tension compared to that of neat TPS, in which the structural affinity of lactic
acid with the macromolecules allowed better interactions.

The TPS/PLA blends present a good interaction due to the inclusion of functionalizing
acids that allow the improvement of component affinity. However, it is necessary to incor-
porate surface-active agents that increase the interactions in these hydrophilic-hydrophobic
systems during the mixing process. This should improve dispersion and reduce porosity.
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These results allow us to continue studying biopolymeric blends for use in both flexible
and rigid single-use packaging.
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Abbreviations

A Acid acetic

C Carbon

CP Cassava pulp

DSC Differential scanning calorimetry

DTG Derivative thermogravimetric

ECO Epoxidized cardoon oil

FTIR Fourier Transformed Infrared Spectroscopy

G’ Modulus storage

G” Modulus loss

H Hydrogen

L Acid lactic

MDI Methylenediphenyl diisocyanate

@) Acid oleic

O] Oxygen

PLA Poly(lactic acid)

SEM Scanning electron microscope

TGA Thermogravimetric analysis

TPS Thermoplastic starch

TPS/PLA  Thermoplastic starch/poly(lactic acid)

n Real viscosity component

n” Imaginary viscosity component
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