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Abstract: Growing concerns about ocean contamination from fossil fuel based polymers have
created a demand for biodegradable alternatives, particularly for packaging applications. Ther-
moplastic starch (TPS) is a promising, eco-friendly biopolymer but has poor mechanical proper-
ties and high hydrophilicity. To address these issues, this article explores modifying starches
through reactive extrusion and blending them with other biodegradable polymers. The study
evaluates blends of native or acetylated starch with poly(butylene succinate) adipate (PBSA),
using glycerol as a plasticizer and tartaric acid as a reactive agent. Films were processed using
an internal mixer and compression molding. Results show tartaric acid improves processabil-
ity and slightly enhances mechanical properties such as ductility and tensile strength, though
limitations persist due to morphological and thermal stability issues. Despite these challenges,
reactive extrusion with tartaric acid offers a promising approach for developing new packag-
ing materials.
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Introduction

The global production of fossil-based polymers for industrial sectors has been steadily increasing
annually due to high demand since its creation. In 2020, its global production reached around 400
MT/year, with 44% from the packaging sector [1]. These polymers are difficult to recycle due to
global economics and the physical impossibility of its degradation [2]. Consequently, polymers are
often landfilled, incinerated, exported, or released into water sources and soil [3], particularly from
the packaging industry. By 2030, an estimated 90 MT/year of these materials will be in the ocean
[4], which threatens biodiversity, drinking water, and sustainable fishing. Biodegradable and com-
postable biopolymers are proposed as alternatives [5,6] to improve the management of single-use
plastic pollution in the ocean.

Starch is a promising biopolymer due to its renewability, low cost, thermoplastic behavior, biode-
gradability, and compostability [7,8]. However, it faces issues such as difficult processability, fragility,
and high hydrophilicity. Plasticizers are added to improve its behavior [7], creating thermoplastic
starch (TPS). TPS is a low-density and cost-effective biopolymer, with limited stability due to its
water absorption, and inferior mechanical properties [9]. To improve these issues, polymers blends
are used. Several polymers have been tested [10,11], but degradability remains an issue when using
fossil-based polymers for the blends. However, adding inherently biodegradable biopolymers to the
blend can create materials that biodegrade quickly into non-toxic compounds.

Polybutylene succinate adipate (PBSA) is an aliphatic polyester biopolymer that degrades com-
pletely in water or soil over time. It also has good ductility, making it suitable for extrusion and
injection molding [12]. Given these properties, blending TPS and PBSA is a potential solution to the
problem. However, this blend has immiscibility issues due to the hydrophilic nature of starch and
the hydrophobic nature of PBSA [13]. To overcome this, one strategy is to decrease the hydrophilic
nature of the starch by replacing hydroxyl groups with carboxyl groups, via an esterification reac-
tion. This article uses acetylated starch and reactive extrusion with tartaric acid to increase the
substitution degree, by esterification, of modified and native starch in the blends with PBSA. This
is expected to enhance mechanical properties, alter FTIR absorption wavelengths, and improve
the microscopic structure observed in SEM images.

Materials and Methods

Materials

Native and acetylated modified corn starch was supplied by Ecobioplastic, Colombia. Glycerol
(99%) and tartaric acid L(+) from Panreac AppliChem, USA was used as a plasticizer and esterifi-
cation agent. Poly(butylene succinate adipate) (PBSA) pellets were supplied by Mitsubishi Chemi-
cal Performance Polymers, USA.
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Blend and Films Preparation

To begin, the experimental design consists of 3 factors: type of starch (native and acetylated), pro-
portion of TPS/TPSA and PBSA (60:40 and 70:30), and tartaric acid concentration (1, 2, and 3%
wt. of starch weight). To plasticize the starch, glycerol was used in a 30% concentration based on
TPS/TPSA weight. TPS refers to thermoplastic native starch, and TPSA refers to thermoplastic
acetylated starch.

For the process, the raw materials were dried overnight at 80°C. Each material was then added to
an internal mixer: PBSA was added first, followed by starch, tartaric acid, and glycerol. This was
processed at 60 rpm and 150°C until the torque stabilized (10 min). The obtained blends were cut
into pieces and placed in a molding press to form films of 0.3 mm thickness. Finally, the obtained
films were die-cut into type V samples according to ASTM D638 and kept in a controlled environ-
ment to avoid moisture absorption.

Characterization of Blends

Chemical Analysis — FTIR Test

Films of raw materials and blends were used to analyze molecular interactions. A Thermo Scientific
Nicolet iS50 spectrophometer was used, with a spectral range of 4000 to 400 cm™ and 32 scans.
No replicates were performed for this test. All spectra were baseline corrected and normalized.

Mechanical Analysis — Tensile Test

Type V samples were tested using a Universal Testing Machine INSTRON 3367 following ASTM
D882 standards. Testing was performed at room temperature with a strain rate of 12.5 mm/min.
At least eight specimens were tested for each sample, and the average and standard deviation
results were reported.

Morphological Analysis - SEM Images

Films of raw materials and blends underwent cryogenic fracturing to expose the transversal plane.
These fragments were gold metallized to ensure conductivity to the test. Subsequently, these sam-
ples were observed in the LYRA3 TESCAN machine with a magnification of x3000. No replicates
were conducted for this test.
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Results and Discussion

Chemical Analysis — FTIR Test

To confirm the hypothesis that reactive extrusion increases the substitution degree of starch by
replacing hydroxyl groups with carboxyl groups, FTIR analyses were conducted. This was assessed
by the increase in carboxyl groups at the 1750 cm! wavelength and a decrease of hydroxyl groups
at the 3250 cm™ wavelength [14].

The IR spectra of TPS, PBSA, and their blends are shown in Figure 1. For the blends, no chemi-
cal interaction between raw materials is noted as no new peaks appeared. However, some absor-
bances changes were noted. For the 60:40 TPS and PBSA blends, contrary to expectations, the
3250 cm™ peak increased with more tartaric acid and the 1750 cm™ peak showed no clear trend.
The same observations were made for the 70:30 TPS and PBSA blends. These results indicate that
the esterification of native starch with tartaric acid did not occur. According to literature, starch
tends to not esterify in the presence of glycerol and under thermal conditions. It needs an exter-
nal catalytic agent to facilitate the reaction. In this case, the short mixing time was not enough to
provide a self-catalytic reaction [15].

Figure 1. Comparative FTIR between the raw materials and the blends of TPS and PBSA (60:40 — left,
70:30 — right) with addition of tartaric acid (TA). The studied signals are shown in the graphs.
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Figure 2 shows the IR spectra of TPSA, PBSA and their blends. With more tartaric acid, the 60:40
TPSA and PBSA blends shows the expected decrease in the hydroxyl peak (O — H) and increase in
the carbonyl ester peak (C = O), indicating higher substitution degrees, similar to findings in other
esterification studies [14]. For the 70:30 TPSA and PBSA blends, there is the expected change com-
pared to the control. However, there are inconsistencies in the trend of the carbonyl ester peak and
the hydroxyl peak, related with the change of tartaric acid. These changes can be related with the
substitution degree of the starch, which will prove the initial hypothesis.

Figure 2. Comparative FTIR between the raw materials and the blends for TPSA and PBSA
(60:40 — left, 70:30 — right) with addition of tartaric acid (TA). The studied signals are shown in the graphs.

Mechanical Analysis — Tensile Test

Tensile tests were performed to observe the consequences of a change in the substitution degree
of the starch in the blends. For this study, the tensile strength and ductility were evaluated.

The tensile strength of the studied blends is shown in Figure 3. For blends with TPS, increasing
tartaric acid results in a collective decrease in tensile strength, with a significant drop compared
to the control. For blends with TPSA, the 60:40 blends show no significant change compared to
the control, while the 70:30 blends show a slight decrease. All blend values fall between those of
the raw materials. Comparing the controls for the blends with TPS and TPSA, there is a significant
change where the higher value is for the TPSA blends. This result is expected as the acetylated
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starch has fewer hydroxyl groups, which makes it more hydrophobic. The change in the chemical
nature of the starch gives a better miscibility with the PBSA.

Figure 3. Comparative tensile strength between the raw materials and the blends
between TPS/TPSA and PBSA (60:40, 70:30) with addition of tartaric acid (TA).

Subsequently, Figure 4 shows the ductility of the studied blends. For blends with TPS, increasing
tartaric acid decreases ductility in the 60:40 blends, with no significant change in the 70:30 blends
compared to the control. Using TPSA increases ductility compared to the control, more promi-
nently in the 70:30 blends. All blend values fall between those of the raw materials.

Figure 4. Comparative ductility between the raw materials and the blends between
TPS/TPSA and PBSA (60:40, 70:30) with addition of tartaric acid (TA).

According to the FTIR analysis, the TPSA blends, especially those with 3% tartaric acid, showed
changes in wavelengths related to starch esterification. These same blends did not show a sig-
nificant change in tensile strength but had the highest increase in ductility. The tensile strength
of polymers is linked to chain entanglement and organization, which suggest that the addition of
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tartaric acid had little effect on these factors [16]. For ductility, fewer matrix imperfections, such
as cavities, pores, and fractures, facilitate elongation of the films which is related to a better inter-
facial adherence [17]. With the obtained results, it is expected to see less of these features in SEM
images for the mentioned blends.

Morphological Analysis — SEM Images

A SEM analysis was performed to observe the direct consequences of a change in the substitu-
tion degree of the starch in the blends, related to an improvement in the ductility of the film and
its relationship with the microstructure of the transversal section of the film.

Figure 5 shows the microstructure of films made by TPS. Arrows in the pictures shows different
features that indicates a poor interfacial adherence: cavities, pores, edges, cracks, and granules
[17]. With the addition of tartaric acid there is a slight increase in cracks, which can explain the
collective decrease of ductility for these blends, especially for the 60:40 blends.

Subsequently, the images for the blends with TPSA are shown in Figure 6. Unlike the TPS results,
increasing tartaric acid in these blends results in progressively fewer granules, pores, and cracks.
The surface shows small particles, likely from starch granule breakdown, compared to the con-
trol. These findings align with previous sections, where starch esterification indicated an increase
in ductility and unchanged tensile strength, especially in the 3% tartaric acid blends. In this case,
the images that show a better microstructure, related with the features mentioned before, are the
ones with 3% tartaric acid, even more in the case of the 70:30 blend.

Figure 5. Comparative SEM images (x3000) between control and blends of TPS and PBSA (60:40, 70:30)
with addition of tartaric acid (TA). Arrows indicate the important features of the microstructures.
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Figure 6. Comparative SEM images (x3000) between control and blends of TPSA and PBSA (60:40,
70:30) with addition of tartaric acid (TA). Arrows indicate the important features of the microstructures.

Conclusion

The use of tartaric acid as an esterification agent in TPS and PBSA blends did not present an
improvement in the properties. On the contrary, it shown a greater incompatibility between the raw
materials with a lower tensile strength and ductility and no change at the FTIR and SEM images.
This decrease in compatibility was not the expected result, which provides the opportunity to con-
duct more tests and analyses to provide a possible response to the problem.

However, adding tartaric acid in TPSA and PBSA blends presented the expected changes in the
FTIR analyses. The tensile strength did not significantly change, probably related to an unchanged
structural organization of the chains. Ductility exhibited an improvement with the increase in tar-
taric acid, which is explained at the SEM images where a better microstructure is shown with the
same trend. Nevertheless, the change in ductility is not enough for a flexible packaging application,
which is why a new approach is needed.
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