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Biocomposites have gained attention in the packaging industry due to their potential as sustainable
alternatives to conventional synthetic materials. In this study, novel cotton incorporated poly (lactic acid)/
thermoplastic starch biocomposites were developed for packaging applications using in short shelf
life products the extrusion method. Pelletized samples obtained by extrusion were stamped from
plates obtained by compression and were characterized through measurement of density, hardness,
contact angle and water absorption, as well as Fourier transform infrared spectroscopy (FTIR), thermal
analysis and scanning electron microscopy (SEM). No significant changes in the density results were
observed. A slight increase in the hardness of formulations in relation to the PLA was associated with
the presence of cotton fiber in biocomposites. The FTIR results revealed physical interaction of PLA,
TPS and cotton fiber. By DSC analysis, for all formulations the melting exhibited only one peak,
suggesting good homogeneity and interaction among the components, as observed by TG/DTG results,
and corroborating SEM analysis. The biocomposite PLA/TPS/Cotton 85/10/5 wt.% displayed greater
increase in water absorption than both 95/5/0 and 90/5/5 wt.% formulations, which can be attributed
to the increase in starch proportion, confirming the contact angle results. The hydrophilic tendency

corroborated the biodegradation process in the packaging end-of-life.
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1. Introduction

The use of traditional plastic-based packaging has
resulted in a huge amount of municipal solid waste, raising
environmental concerns. It has been estimated that the
quantities of municipal solid waste may markedly increase
to 2200 million tonnes per year by 2025 because of the
rapid urbanization progress and economic growth'. Plastic
packaging materials are made of numerous types of synthetic
polymers, such as polyethylene (PE), polypropylene (PP)
and polystyrene (PS), each containing plasticizing additives,
which can assist in the processing of these plastics, and
petrochemical-derived colorants that provide color or
transparency to the material with the aim of influencing
the material’s design or application. Additionally, plastic
packaging can be coated or composed of multiple layers
of different polymers to enhance their thermal, mechanical
and barrier properties, through parameter adjustment such
as control of composition, pore size, thickness, polarity,
swelling capacity, and solubility?. The challenges associated
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with collecting, identifying, sorting, transporting, cleaning,
and reprocessing plastic packaging materials often make
recycling economically impractical, thus making landfill
disposal a more common alternative*.

Recent technological advancements have led to the
development of bio-based packaging materials made
from biomass polymers such as starch, cellulose, lignin
and chitin, such as biocomposites using natural fibers>®.
These compostable materials possess similar functionality
to petroleum-based synthetic polymers, such as their
structural integrity, flexibility, and versatility in various
applications, but offer the added benefits of being inherently
biodegradable. The shift from a linear economy to a circular
economy can provide a new foundation for the market and
utilization of plastic packaging, which will help to reduce
environmental pollution®**1%!, In light of this, eco-friendly
and biodegradable materials such as polysaccharides, lipids
and protein based biopolymers are being increasingly utilized
for the preparation of biodegradable films, drug delivery and
packaging materials'>!°,
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Poly(Lactic Acid) (PLA) is a biodegradable polymer
derived from corn, cassava, sugar beet or sugarcane'¢. This
aliphatic polyester has remarkable mechanical and chemical
barrier properties, as well as biocompatibility and odorlessness,
making it suitable for use in food packaging. Despite these
benefits, PLA remains relatively expensive compared to
starch and even to other common synthetic polymers such as
Polyethylene terephthalate (PET), PP and PS. Additionally,
the degradation rate of PLA varies depending on its crystal
structure. To address these issues, researchers have sought
to develop more affordable and degradable blends of PLA,
such as EcoPLA, which incorporates thermoplastic starch
(TPS)”’ZZ.

Starch is a versatile polysaccharide derived from cereals
like rice, corn and wheat, as well as tubercle roots such as
potatoes and cassava. Composed of glucose linked amylose
and amylopectin, starch is an environmentally friendly
and biodegradable biopolymer that is both abundant and
inexpensive. However, its applications have been limited
due to its complex macromolecular structure, mechanical
brittleness and high water absorption'**?*. Despite these
challenges, blends of starch and other biodegradable polymers
have been identified as the most promising way to minimize
the limitations of native starches to develop blends of starch
and biodegradable polymers to obtain materials with a wide
range of application®.

In fact, starch represents the predominant raw material used
in biodegradable polymer production, thanks to its low cost.
By adding starch to polymeric matrices, the resulting blend
might become more degradable, since some microorganisms,
such as Microbacterium aurum, Ruminobacter amylophilus
and Succinimonas amylolytica utilize starch as a source of
nutrients?*?’. Furthermore, it can lead to more cost-effective
production by reducing the volume fraction of plastic materials
used and accumulated after disposal'”!1%-%9,

Cotton is one of the most widely used raw materials
in the textile industry, second only to polyester in terms of
consumption. The main components of cotton fibers are
cellulose, hemicellulose, lignin, pectin, protein, ash, fat
and wax**!. The composition of cotton fibers is presented
in Table 1. These components undergo constant changes in
chemical composition during the cotton growing period.
Interestingly, waste cotton from the textile industry and
municipal solid waste has similar chemical composition as
mature cotton fiber, in which the predominant constituent in
both is cellulose, with weight contents that can reach up to
96 wt.%, this cellulose content being higher among natural
fibers. Recent studies have shown that the chemical structure
of waste cotton contains clusters resembling starch and PLA,
which contribute to its biodegradability3>-3$.

In the study conducted by Oliveira et al.", the focus was on
the eco-efficiency of poly(lactic acid)/starch composites with
cotton additions. The authors used a starch content ranging
from 0, 3, and 5 wt.% and cotton content ranging from 0, 10,

Table 1. Chemical composition of cotton fibers**3*.

Materials Research

and 20 wt.%. The results indicated the combination of technical
properties (life cycle, environmental impact and ecological
footprint) influencing the development of different composite
formulations. The authors found that the use of cotton fibers
as fillers in these composites resulted in a significantly lower
environmental impact in comparison with thermoplastics
made exclusively of PLA or PLA/TPS. Additionally, higher
proportions of natural cotton fibers were associated with
improved overall performance and eco-efficiency.

The use of materials such as PLA and TPS has gained
prominence in packaging applications due to their sustainable
and biodegradable properties®’. PLA possesses barrier
properties, making it effective in protecting packaged food
and other products from moisture, oxygen and external agents
that can compromise their quality'®*’. TPS exhibits similar
barrier properties as PLA. In some research, TPS-based films
are translucent and present good mechanical properties*!#2,
In addition to these materials, cotton also is an interesting
alternative for composites used in packaging*. When added
to polymers such as PLA or TPS, cotton can significantly
enhance the mechanical and barrier properties of the
packaging. This improvement is attributed to the fibrous
nature of cotton, which imparts strength, and durability
to the composites*. The production of cotton, PLA, and
TPS composites can be achieved through various methods,
such as mechanical blending or extrusion processes. This
combination maintains the biodegradability characteristics
of the raw materials used®. The use of cotton composites in
packaging increases the value of by-products from the textile
industry, reducing their disposal as garbage***.

The novelty of this paper is to propose a biodegradable
extruded formulation, using PLA, TPS and cotton fiber,
for a biodegradable flexible plastic, with possible use in
short shelf-life packaging. A detailed description of the
production process of this novel packaging material was
provided and its physical, chemical, thermal, mechanical
and morphological properties were evaluated. This study
contributes to the ongoing efforts to reduce the negative
impact of non-biodegradable packaging on the environment
and to promote the adoption of eco-friendly alternatives.

2. Experimental Procedures

2.1. Materials

The commercial corn starch (Ingredion Ltda., Sdo
Paulo, Brazil) used consisted of 26-30% amylose and
70-74% amylopectin. It contained less than 0.5% gluten
and had a moisture content of 12%. The PLA used was
purchased from Nature Works, Minnesota, USA, and was
of grade 2003D. Its molecular weight was 88,500 Da,
and its Mw/Mn was 1.8. The density of the obtained
semicrystalline PLA pellet form was 1.24 g/cm?, a value
similar to that reported by Solechan et al.*® and Farah et al.*’.

Fiber Cellulose (wt.%) Lignin (wt.%)

Hemicellulose (wt.%)

Pectin (wt.%) Wax (wt.%)

Cotton 77 - 96 04-1.0

3 0.8-2.5 0.6
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The cotton fiber was donated by AGOPA (Cotton 110 Growers
Association, Goias, Brazil). The fiber has a density of 1.60 g/cm?
amicronaire value of 4.48 and strength of 30.1 MPa. Analytical
grade glycerol (15% w/w) was purchased from Vetec Quimica
Fina Ltda (Duque de Caxias, RJ, Brazil).

2.2. Preparation of biodegradable packaging
formulations

Prior to extrusion, a mixture of starch and glycerol in
70:30 ratio was manually prepared for the formulation of
thermoplastic starch (TPS), according to Albuquerque et al.*.
This mixture was then processed using a single-screw extruder
(AX Plasticos, Sao Paulo, Brazil), equipped with a single feed
and three heating zones, a screw L/D ratio between 30 and 35,
in addition to incorporating rolls through which the heated
polymer passes to become a film. The temperatures of these
zones were maintained at 80, 95, and 115 °C from the feed
zone to the die exit”’, while the screw speed was set at 30 rpm.

Films with thicknesses ranging from 70 to 100 pm were
obtained. Both cotton fibers and TPS were dried in an oven
with forced air circulation at 70 °C for about 2 h before
processing along with PLA. After drying, the components
were manually mixed in the specified proportions, and
the resulting cotton incorporated PLA/TPS composites
were compounded as per the details presented in Table 2.
The experimental procedure is illustrated in Figure 1.

The PLA/TPS/Cotton mixtures were processed using a
single-screw extruder, AX Plasticos, Sao Paulo, Brazil, at
temperatures of 160, 170 and 175 °C, with a screw speed of
40 rpm. The extruded films were cut and placed in a metal
mold to prepare specimens for the hot compression test. The
samples were pressed using an MA(098 hot press (Marconi,
Piracicaba, Brazil), at a temperature of 90 °C for TPS samples
and 170 °C for PLA/TPS/cotton composites for 5 minutes,
with a pressure of 6 tons to form the specimens, and then
cooled to room temperature in a cold press for 3 minutes.

Table 2. Extruded formulations of cotton incorporated PLA/TPS composites.

Formulations PLA (wt.%) TPS (wt.%) Cotton (wt.%)
TPS 0 100 0
PLA 100 0

95/5/0 95 5 0
90/5/5 90 5 5
85/10/5 85 10 5
wt.% - Weight percentage.
Extrusion
Glycerol > 50/95/115 °C » Corn Starch
70°Ci2h
PLA TPS Cotton
L 70°Cl2h J

Extrusion
160/170/175 °C
TPS
PLA
95/5/0
90/5/5
85/10/5

Hot and cooled
pressed

Characterization
FTIR/Density/Hardness/Contact Angle/Water
Absorption/TG/DSC

Figure 1. Scheme of the experimental procedure.
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2.3. Characterization

2.3.1. Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a Nicolet 6700
FTIR spectrometer (Thermo Fisher Scientific). The samples
were mounted on an attenuated total reflectance (ATR)
accessory equipped with Zinc Selenide (ZnSe) crystal prior
to scanning. The spectra were obtained with accumulation
of 128 scans and a resolution of 32 cm™.

2.3.2. Density measurements

The density evaluation was conducted in accordance
with the standard procedure outlined in ASTM D7925".
To determine the density, five samples from each group
were characterized using a Gehaka DSL910 densimeter
(Sdo Paulo, Brazil) at room temperature. The instrument
was calibrated before analysis to ensure accuracy and
consistency of results. Each group was measured five
times, and the mean value was recorded as the final result.

2.3.3. Shore D Hardness

The Shore D hardness tests were conducted in
accordance with the ASTM D2240-15 standard®. The
measurements were taken using a Shore D durometer
Type GS 702 (Teclock, Japan). To ensure accuracy, the
highest and lowest values obtained from each sample were
excluded, and the arithmetic mean of the remaining five
determinations was calculated.

2.3.4. Contact angle measurement (CA)

The wettability of the film surface was examined through
contact angle measurements using a Ramé-Hart NRL A-100-00
goniometer (Saccasunna, New Jersey, USA). The evolution
of'the droplet (2 pL) shape was recorded with a CCD camera
every 0.2 s for a period of 10 s for each sample, at room
temperature. Then, the calculated the arithmetic mean of
the 10 measurements was calculated.

2.3.5. Water absorption

The composites water absorption test was conducted
following the ASTM D-570 guidelines®. The test involved
immersing three samples with dimensions 0of 20 x 20 x 0.2 mm
into a recipient containing distilled water at room temperature
over different time periods (2, 24, 48, 72, and 168 h). After
the analysis time, excess moisture from the sample was
removed, and its mass was measured. The absorption rate
was calculated using Equation (1), by determining the
difference in weight between the dry and wet samples.
Wﬁnal ~Winitial X

%A = 100 (1)

initial

Where WA is the water absorption, w,, |
composite afer water immersion and w, .
the composite before water immersion.

is the weight of the
is the weight of

2.3.6. Thermogravimetric analysis (TGA)

The thermal stability of the extruded samples was
evaluated by thermogravimetry (TG/DTG) analysis, using
a PerkinElmer STA 6000 (Waltham, Massachusetts, EUA)
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simultaneous thermal analyzer with alumina pan, temperature
ramp from 30 to 500 °C, heating rate of 10 °C/min and
Nitrogen (N,) atmosphere.

2.3.7. Differential scanning calorimetry (DSC)

The DSC analysis of the extruded samples was performed
using a PerkinElmer STA 6000 simultaneous thermal
analyzer with alumina pan. The samples were analyzed
under N, atmosphere, according to the following cycles.
First cycle, heating from 30 to 200 °C, at a heating rate of
10 °C/min and maintenance at 200 °C for 2 min. Second
cycle, cooling to 30 °C at a cooling rate of 10 °C/min.
Third cycle, same temperature range and heating rate of the
first cycle (except for the 2 min isothermal). Fourth cycle,
conducted at the same temperature range and cooling rate
as the second cycle. The data of the second heating curves
were considered.

2.3.8. Scanning electron microscopy (SEM)

The surface morphology of the composites was
analyzed using scanning electron microscopy (SEM) in
a FEI Quanta FEG 250 microscope (Hillsboro, USA),
equipped with an Everhart-Thornley secondary electron
detector, and operated at an acceleration voltage of 15 kV.
The samples were prepared by cutting a square section
measuring 20 x 20 mm. Prior to SEM imaging, the samples
were coated with gold using a Leica ACE600 (Wetzelar,
Germany) sputtering machine to enhance conductivity
and image quality.

3. Results and Discussion

3.1. FTIR Results

The aim of the FTIR analysis was to investigate the
chemical structure and interactions between cotton, TPS,
and PLA in the different formulations. The FTIR spectra
are presented in Figure 2.

The FTIR of cotton showed an absorption band between
3500 — 3000 cm’!, related to the hydroxyl group (OH)>.

85/10/5

90/5/5 i A A

95/5/0

Absorbance (a.u.)

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2. FTIR-ATR spectra of formulations.
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The bands at 2915 and 2850 cm™ were assigned to the
asymmetric and symmetric CH, stretching mode of aliphatic
hydrocarbon chains in the cotton wax. Cotton wax is mainly
responsible for the hydrophobicity and low water wettability
of raw cotton fibers, in addition to protecting the fibers from
microbial degradation of underlying carbohydrates, such as
cellulose. Previous studies™® have assigned a broad band
centered at 1620 cm™ to the OH bending mode of adsorbed
water. A few bands in the 1500-1200 cm™ region to both
CH, deformations and C-O-H bending vibrations, and
intense bands in the 1200-900 cm! region are attributed to
the stretching modes of C—O and C—C vibrations. The bands
from 800 to 700 cm! represent the contributions from two
crystalline forms of cotton cellulose, in which the type of
cellulose is associated with the plant’s origin and can directly
influence the mechanical properties of cotton>*-¢2,

The bands of the TPS occurred between 3600 and
3300 cm™, corresponding to the stretching of the OH group
of'the starch, water and glycerol present in TPS. The bands at
2924 and 2893 cm' are due to the symmetrical or asymmetric
stretching of the C-H, H-C-H and C-OH bonds. The band
between 1640 and 1600 cm is related to the water vibrations
present in the TPS, and the band at 856 cm™ corresponds
to the conformation of the aD-glucose bonds of starch®-¢,

PLA presented distinctive infrared bands corresponding
to its chemical structure: (i) at 868 cm™, corresponding to
the C—C stretching band, (ii) at 1267, 1180, 1128, 1080,
and 1043 cm’!, corresponding to the C—O stretching
bands; (iii) at 1381 and 1361 cm’', corresponding to the
C—H deformation bands; (iv) at 1452 cm!, corresponding
to the deformation vibration of —-CH,; (v) at 1747 cm’,
corresponding to the C=0 stretching of the carbonyl groups;
and (vi) at 2997, 2920, 2852, cm™, corresponding to the
C—H stretching bands®®72.

All spectra of the PLA/TPS/cotton composite revealed
distinct signals from PLA, TPS, and cotton, confirming

the presence of physical interaction among the formulated
compounds. The integration of composite elements through
the extrusion process facilitated this interaction, resulting
in the emergence of specific bands associated with TPS and
cotton within the PLA matrix.

3.2. Density, hardness and contact angle measurement

Table 3 summarizes the results obtained for density,
hardness and contact angle of the formulations.

The density results of the composites ranged from 1.06
to 1.32 g/em’, these values of PLA and TPS samples were
in agreement with literature data, where in the work of
Lohar et al.” and Salazar-Sanchez et al.™*, which the density
of PLA composites varying in 1.2 — 1.3 g/cm?®. Considering
the standard deviation, no significant changes in density
were observed. It is important to take into consideration
that natural fibers as reinforcement in composites cause
mechanical obstruction of the polymer molecules, resulting
in an increase of volume fraction and reducing density if
higher amounts of fibers will be used®7”. The addition of
cotton fibers caused a reduction in density, as observed in
the result of the 90/5/5 composite, compared to the 95/5/0
composite. However, the addition of 10 wt.% caused an
increase in density, as observed in the 85/10/5 group.

As for the hardness values, the incorporation of cotton
fibers in the formulations increased the values, making
them higher than those of PLA and TPS. Addition of 5 wt.%
cotton fibers have been reported to improves the hardness
of the composites™. The formation of the blend through
the mixture of TPS with PLA, along with the addition of
cotton fibers, promotes good homogenization, resulting in
increased hardness.

The contact angle of PLA (93.06°) presented in
Table 2, as well as in Figure 3 was consistent with
previously reported values”®. The addition of TPS and
cotton fiber to PLA can lead to a decrease in contact angle.

Table 3. Physical properties of extruded PLA/TPS/Cotton formulations: density, hardness, and contact angle measurements.

Formulations Density (g/cm?) Hardness (Shore D) Contact Angle (°)
TPS 1.24+0.21 64.00 £ 1.87 18.16 £ 0.33
PLA 1.06 £0.21 17.00 £ 0.71 93.06 £ 0.07

95/5/0 1.14 £0.08 52.60 + 1.14 89.77 £ 0.04
90/5/5 1.12+0.24 70.20 £2.77 81.84 +0.43
85/10/5 1.32+0.19 71.80 £ 2.05 87.00 £ 0.09

(a)

—L‘-
A . 0.

Figure 3. Contact angle between water and processed formulations surface: (a) TPS; (b) PLA; (c) 95/5/0; (d) 90/5/5, and (e) 85/10/5.
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As expected, TPS promoting an increase in water absorption,
the contact angle decreased by approximately 12% when
the PLA/TPS/Cotton proportion was 90/5/5 wt.%, and
by approximately 6.5% in the 85/10/5 wt.% formulation,
compared to neat PLA. These results suggest a hydrophilic
tendency, which can facilitate the biodegradation process of
the packaging material at the end of its life cycle, due to the
hydrophilic nature of the material, accelerates degradation
through the attack of microorganisms, as described in the
introduction.

3.3. Water absorption

The water absorption results for PLA/TPS/Cotton
composites are presented in Figure 4 and Table 4.

Regarding the absorption of water in the PLA/TPS/
Cotton mixtures, the water absorption significantly reducted
in comparison with neat TPS. This occurred due to the
difference in the chemical structure between PLA and TPS.
TPS exhibits highly hydrophilic characteristics due to its
preparation process, which may involve the presence of
water, starch, glycerol, sorbitol, or glucose. On the other
hand, PLA has a hydrophobic nature owing to the presence
of highly hydrophobic aliphatic polyesters in its chemical
chain. In PLA/TPS/Cotton formulations, the water absorption
was lower than 7 wt.% due to the hydrophobic character
of the PLA, which was present in higher proportion. In
addition, the formulation 85/10/5 showed the maximum
value of water absorption (6.291%) after 72 h, which can
be attributed to the increased TPS content. The variation in
water absorption is directly related to the contact angle results
presented in Table 3 and Figure 3. Due to its hydrophilic
nature, TPS exhibited significantly higher water absorption
values, resulting in lower contact angle values during the
measurement. This implies that the addition of TPS in the
formulations reduced the contact angle, as observed in the
95/5/0, 90/5/5, and 85/10/5 formulations, which yielded
values of 89.77, 81.84, and 87.00, respectively, compared

Table 4. Water absorption results for PLA/TPS/Cotton composites.

Materials Research

to the pure PLA value of 93.06. Furthermore, the addition
of TPS altered the water absorption values, where pure
PLA showed a value of 0.432% after 72 hours of testing,
while the 95/5/0, 90/5/5, and 85/10/5 formulations exhibited
absorptions of 0.921, 1.011 and 6.291%, respectively.

3.4. Thermal analysis

The thermal decomposition of the TPS, PLA and TPS/
PLA/Cotton composites was studied by thermogravimetric
analysis (TGA). Figure 5a shows the weight loss vs. temperature
curves. Their corresponding first-derivative curves (DTG)
are shown in Figure 5b.

Additionally, Table 5 shows some relevant thermal
parameters, such as the degradation onset temperature (T ),
the maximum degradation temperature (T _ ) and residue
percentages obtained from the curves. The decomposition
profile of TPS is in accordance with data from the literature.

- [_]2n
[T S [_124n
:— 1 u ;48h
e [_72h
e | . . 168h|
K40 ! il
c ! Ho s
] [ R
: T TPs
230 4 :
<] .
(7]
Q2 s
< 4
gzo- :
: Jiga ielgl
10 - . - [Tl (i -
BT S T
| U
0 o l_l_v—\—l_| |—|—|—|—|I ,—I_FH_"

PLA 95/5/0 90/5/5
Formautatiom Groups
Figure 4. Water absorption results for PLA/TPS/Cotton composites.

T
TPS 85/10/5

Water Absorption (%)

Formulations 2h 24h 48h 72h 168 h
TPS 47700 £ 0.017 49280+ 0.019 44.630 = 0.000 35.540 £ 0.000 40.820 = 0011
PLA 1,097 + 0.008 0.432 + 0.008 0.599 + 0.008 0432 + 0.008 0.699 = 0.008

95/5/0 1.281 = 0.001 1.161 £ 0.001 0.841 £ 0.001 0.921 £ 0.001 4245+ 0.001
90/5/5 1.179 £ 0.009 0.870 + 0.009 0.926 £ 0.009 1.011 = 0.009 2245 £ 0.009
85/10/5 0.664 = 0.049 2.120 £ 0.049 2533 £ 0.050 6291 £ 0.064 5.150 £ 0.049

Table 5. Summary of TGA and DTG thermal parameters of TPS, PLA and TPS/PLA/Cotton composites.

Formulations T .(C) T . (°0) T e CO) Residues (%)
TPS 270.4 309.4 329.1 9.76
PLA 320.6 346.2 364.5 1.95

95/5/0 330.7 359.2 377.5 0.99
90/5/5 295.2 322.9 359.6 2.06
85/10/5 310.8 338.5 364.6 5.87
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Stasi et al.}! reported the occurrence of two main stages®’.
First, the removal of physically adsorbed water followed by
evaporation of the glycerol, between 50 and 250 °C. Second,
the degradation of the two main components (amylose and
amylopectin) of TPS, between 250 and 350 °C, with a final
residue of about 9.8%. The decomposition of TPS can be
confirmed by analyzing the DTG profile, which exhibited
two peaks, indicative of two main mass loss processes.
The thermal decomposition profile of PLA agrees with that
observed by Palai et al.?°, who observed a single mass loss
step corresponding to polymer degradation occurred in the
range between 97 to 350 °C. However, the DTG profile show
two overlapping peaks, which may indicate the presence
of additives or might even explain the presence of about
2% of residues in the TG curve of PLA, due to the fact
that at this temperature, it is not possible to completely
degrade the PLA.

The thermal profiles and data from Table 5 suggest that
the presence of TPS increased the thermal stability of PLA,
but the presence of cotton tended to decrease this stability. The
95/5/0 formulation showed higher T and T values than
PLA, but these temperatures decreased in samples containing
cotton (90/5/5 and 85/10/5), this occurred due to the lower
thermal stability of cotton fibers, which, when added, reduced
the stability of the formulations. Lerma-Canto et al.*?. observed
similar behavior when working with TPS/PLA composites
to which hemp oil was added as a plasticizer. The values of

T .andT__arehigherin the 95/5/0 formulation, where the
group exhibited values of 330.7 and 359.2 °C, respectively.

Figure 5c exhibits the DSC curves for the second heating
of samples. The second curve can reveal information about
multiple thermal transitions, such as secondary crystallization,
structural changes, or molecular relaxations. It is possible to
observe a small endothermic peak at approximately 155 °C
for TPS, which is attributed to the melting of crystals that
may exist in the structure. Its glass-transition temperature
(Tg) occurred at around 88 °C, although it was difficult to
observe, as reported by other authors™?!.

From the 85/10/5 formulation, it is possible to observe
an increase in thermal stability due to the presence of TPS.
This resulted in a melting temperature (Tm) of 153 °C. On the
other hand, in the formulation with lower TPS content and
the presence of cotton (90/5/5), the peak of melting (T, )
decreased, indicating disruption of the crystalline network.

Overall, the T, crystallization temperature (T)) and
T_ showed little variation with the addition of TPS and
cotton fibers. The Tg of the formulations ranged from 88 to
98 °C, with the lowest obtained for TPS, while the 85/10/5
formulation exhibited the highest T, as highlighted in the
blue region of Figure 5c. PLA and the 95/5/0 and 90/5/5
formulations practically showed no significant change in T,
with PLA having a T, of 94 °C, and the 95/5/0 and 90/5/5
formulations having a T, 0f 95 °C. The T in the formulations,
highlighted in the green region of Flgure Sc, showed
minimal variation with the addition of TPS and cotton fibers.
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20 —7ps
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|— 95510
|—s0isi5
04— ss/or5

T T T T T
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T T T T T
[] 100 200 300 400 500 600
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(c)

b
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Figure 5. Thermal analysis for TPS, PLA and TPS/PLA/Cotton composites: (a) TGA curves, (b) DTG curves, and (¢) DSC curves.
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Figure 6. SEM images of the analyzed composite surfaces: (a) PLA; (b) TPS; (c) 95/5/0; (d) 90/5/5, and (e) 85/10/5.

TPS reached the highest T value, reaching 122 °C, while for
PLA and the PLA/TPS/Cotton composites, T ranged from
11510 119 °C. Regarding the T _in the formulations, indicated
in the red region of Figure 5S¢, TPS exhibiteda T, of 153 °C,
while PLArecorded a T, of 143 °C. The combination of the
two polymers in the 95/5/0 formulation resulted in a slight
reduction, presentinga T of 142 °C. The inclusion of cotton
fibers, forming the 90/5/5 formulation, caused a small increase
in Tm, reaching 143 °C. Finally, the 85/10/5 formulation,
with a higher TPS content, exhibited a T of 147 °C.

3.5. Scanning electron microscopy (SEM)

Figure 6 shows the SEM images of PLA, TPS, and PLA/
TPS/Cotton composites. PLA exhibited a smooth surface.
It was possible to observe a plasticizing effect of glycerol in the
extruded starch, along with some residues of starch granules
and a relatively rough surface. An increase in roughness was
observed in the PLA/TPS (95/5/0) formulation compared to
the PLA matrix. As observed in thermal analysis, glycerol
caused a plasticizing effect on PLA macromolecules by
increasing polymer chain mobility and decreasing inter-chain
interactions. Consequently, a better dispersion of PLA/TPS
macromolecules occurred®>®.

The incorporation of TPS and cotton in the PLA matrix
promoted surface roughness and the presence of some defects,
with protruding cotton fibers dispersed unevenly throughout
the matrix. The cotton fibers are embedded within the
polymers. This is attributed to the rearrangements between the
polymeric chains and the smaller organic glycerol molecules,
which interact, allowing for miscibility’”*. Although the
hydrophilicity of these mixtures increased compared to pure
PLA, this was due to the orientation of the OH groups of the
TPS and fiber molecules towards the surface.

4. Conclusions

In this paper, the influence of TPS and cotton fiber on
the wetting behavior, morphological, physical, chemical, and
thermal properties of PLA, were analyzed. No significant
changes in the density were observed, although the presence
of cotton fiber slightly increased the hardness results.
FTIR analysis revealed a physical interaction between the
components. The contact angles of the mixtures with PLA,
TPS and cotton decreased slightly compared to neat PLA, with
amore pronounced effect in the presence of cotton fiber. TPS
exhibited higher water absorption compared to PLA and the
formulations, which was attributed to its hydrophilic nature.
Comparison of the formulations after 72 h of immersion in
water revealed that the 85/10/5 formulation had the maximum
water absorption value. DSC analysis indicated that all
formulations exhibited a single peak for both crystallization
and melting, suggesting good homogeneity and interaction
among the components, which was further supported by
SEM analysis. The hydrophilic tendency of the composites
is expected to contribute to their biodegradation process in
the end-of-life cycle of packaging materials. The 85/10/5
formulation exhibited properties that make it particularly
well-suited for packaging applications and represents a
sustainable alternative to conventional materials.
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