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Abstract

In this work, we investigated the mechanical and water-vapor barrier properties, as well as the water solubility and
biodegradability of biocomposites obtained by continuous extrusion made up of thermoplastic corn starch (TPS) reinforced with
1, 3, and 8 wt.% of /Agave tequilana fibers as an alternative to replace polymer packaging and single-use plastics. We show that
increasing the content of Agave fibers in biocomposites up to 8 wt.% improves the elastic modulus by 136%, while water-vapor
permeability and water solubility decrease by 29% and 17%, respectively. It is also shown that biocomposites are biodegradable
in the soil since TPS/Agave tequilana fiber sheets underwent the stages of deterioration, fragmentation, and assimilation, which
are characteristics of the biodegradation process. Photographic records show that sheets lose their physical integrity over time
due to the biodegradation of starch (matrix). The results suggest that biocomposites of thermoplastic corn starch reinforced with
Agave fibers possess suitable mechanical and physicochemical properties to be used as an alternative to produce biodegradable
plastic materials that can replace packaging and single-use synthetic plastics.

Keywords: Agave tequilana fibers, corn starch, continuous extrusion, biocomposites, biodegradation.

Resumen

En este trabajo, investigamos las propiedades mecdnicas y de barrera al vapor de agua, asi como la solubilidad en agua y la
biodegradabilidad de biocompositos obtenidos por extrusiéon continua compuestos por almidén de maiz termoplastico (TPS)
reforzado con 1, 3 y 8 %p/p de fibras de Agave tequilana Weber variedad azul como alternativa para sustituir envases polimericos
y plasticos de un solo uso. Mostramos que aumentar el contenido de fibras de agave en los biocompositos hasta un 8 %p/p
mejora el médulo eldstico en un 136%, mientras que la permeabilidad al vapor de agua y la solubilidad en agua disminuyen en
un 29% y 17%, respectivamente. También se demuestra que los biocompositos son biodegradables en el suelo ya que las ldminas
de TPS/fibras de Agave tequilana pasaron por las etapas de deterioro, fragmentacion y asimilacion, caracteristicas del proceso
de biodegradacién. Los registros fotograficos muestran que las 1dminas pierden su integridad fisica con el tiempo debido a la
biodegradaciéon del almidén (matriz). Los resultados sugieren que los biocompositos de almidén de maiz termoplastico reforzado
con fibras de Agave poseen propiedades mecdnicas y fisicoquimicas adecuadas para ser utilizados como una alternativa para
producir materiales pldsticos biodegradables que puedan reemplazar empaques y pldsticos sintéticos de un solo uso.

Palabras clave: Fibras de Agave tequilana, almidén de maiz, extrusion continua, biocompositos, biodegradacién.
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1 Introduction

The durability of synthetic polymers has emerged as a
severe worldwide pollution problem due to the long
time required for degradation once they are finally
discarded. This is mainly the case with packaging
polymers and single-use plastics, which are used
massively but have a very short useful life and are
not easy to recycle. This problem has led different
countries to impose regulations on the distribution
of products that use synthetic plastic materials for
packaging (Filiciotto et al., 2021). As a result, starch-
based bioplastics are a promising substitute for single-
use plastics and synthetic polymers for packaging
(Cheng et al., 2021; Filiciotto et al., 2021; Garcia-
Guzman et al., 2022; Jiang et al., 2020; Surendren et
al., 2022), among other applications.

Starch-based materials are a cost-effective and
fully degradable option that can be used to create
films and some profiles. However, the processability
of starch requires the elimination of its crystalline
structure to form an amorphous thermoplastic
material. This may be attained by heating the
starch in the presence of a large quantity of water
or by imposing mechanical work, i.e., extruding
the starch with plasticizers with conventional
polymer processing equipment (Alanis-Lopez et
al., 2011; Cheng et al., 2021; do Val Siqueira
et al., 2021). Plasticizers help to form a material
known as thermoplastic starch (TPS) by reducing the
intermolecular forces and increasing biopolymer chain
mobility.

On the other hand, some limitations to the massive
use of starch-based plastic materials are their poor
resistance to water and reduced mechanical properties
as compared to synthetic polymers (Alanis-Lépez
et al., 2011; do Val Siqueira et al., 2021). The
mechanical and barrier properties of starch-based
products are typically modified by using plasticizers
(Cheng et al., 2021; do Val Siqueira et al., 2021;
Garcia-Guzman et al., 2022; Mohanty et al., 2018;
Samir et al., 2022; Surendren et al., 2022), blending
them with synthetic polymers (Biagiotti et al., 2004;
Garcia-Guzman et al., 2022; Surendren et al., 2022;
Tabasum et al., 2019) or adding synthetic or natural
particles to produce a biocomposite. Biocomposites
are obtained by reinforcing starch-based materials
with natural particles like fibers such as sisal, coconut,
jute, and Agave tequilana, which have been used
to reinforce thermoplastic materials made of corn
starches (Aranda-Garcia et al., 2015; Biagiotti et al.,
2004; Fitch-Vargas et al., 2023; Ji et al., 2021; J6z6
et al., 2022; Maya et al., 2008; Mohanty et al., 2018;
Rosa et al. 2009). The objective of reinforcing the
TPS matrices with fibers is to enhance the interaction

between matrix and fibers, which in turn improves
the mechanical and barrier properties without affecting
biodegradability. It is important to point out that both
matrix and fibers should have similar hydrophilic
properties to ensure optimum interaction.

Biodegradation is the process of breaking down
materials with the help of microorganisms, mainly
bacteria, fungi, or enzymes. When the microorganisms
interact with biocomposites, the degradation occurs
through an enzymatic process that breaks them
down into compounds with lower molecular weights.
Therefore, the long-term thermal stability and
biodegradability of biocomposites are crucial for
the safety and reliability of these materials. These
properties can be evaluated by controlled exposure to
high temperatures or microorganisms. Biocomposites
made from starch and agro-industrial waste are
entirely biodegradable and compostable. These
materials do not cause any harm to the environment
when disposed of after their useful life. In recent years,
the use of degradable biocomposites has significantly
increased in different fields, such as the automotive
industry (Wazeer et al., 2023), packaging and single-
use bioplastics (Cheng et al., 2021; Folino et al.,
2020; Garcia-Guzman et al., 2022; Idris et al., 2023;
Jiang et al., 2020; Surendren et al., 2022), to name
a few. Therefore, the manufacture of biocomposites
using starches as matrix materials and fibers derived
from agricultural residues as reinforcement is an
eco-friendly and promising alternative to single-use
plastics.

The water solubility (WS) of neat and reinforced
TPS sheets plays a significant role in the production of
these biocomposites, along with thermal stability and
biodegradability. WS is evaluated by considering the
remaining dry matter of the sample after immersion
or solubilization in water for a specific time (Escobar
et al., 2009). Depending on the percentage of WS,
the final use of the specimen may be established.
Some research has focused on biofilms as edible
packaging, where an improved solubility is desired
(dos Reis et al., 2014). However, when the materials
are expected to be used in the manufacturing of
single-use bioplastics and packaging, decreasing WS
is of concern. Thus, in this work, we investigate the
physicochemical properties of extruded thermoplastic
corn starch/Agave tequilana bagasse fiber (AFs)
biocomposites as an alternative to packaging and
single-use plastics. The TPS/AFs biocomposites
were evaluated for mechanical resistance in uniaxial
tension, water vapor permeability, water solubility, and
biodegradability according to ASTM test methods.
The fibers used in this work were obtained from
bagasse of Agave tequilana Weber blue variety, which
is considered a waste of an inulin and fructans
extraction process (Lopez et al., 2003).
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Figure 1. (a) SEM and (b) Optical images of native corn starch granules showing the polyhedral shape and the
Maltese cross in a polarized light field. (c) Extrusion system (PL2100, C.W. Brabender®) to obtain TPS sheets with
different contents of AFs: 1) Speed and temperature control console, 2) Feed hopper, 3) Twin-screw extruder (C.W.
Brabender®), 4) Die for obtaining sheets of variable thickness, 5) Conveyor belt for collecting the sheets.

2 Materials and methods

2.1 Materials

Native corn starch (Starch Globe AA, Ingredion) was
used as raw material. According to the supplier, this
starch contains 22.7% amylose, 77.3% amylopectin,
and 12% moisture by weight. The shape and average
granular size of native starch granules were analyzed
using scanning electron microscopy (SEM, EVO®
LS10 Carl ZEISS) and optical microscopy (Eclipse
LV100D, Nikon) using a 12.6-megapixel high-
definition CCD color camera (DXM1200C, Nikon).
SEM and optical images were analyzed with the
NIS-Elements software (Basic Research 3.0, Nikon).
First, in Figure la, the SEM micrograph evinces
that the largest granules have a polyhedral shape,
while the smallest are spheroidal. The average size
of the smallest is 8.14 um, which is consistent with
values reported for corn starch in previous studies
(Bertoft, 2017; Cornejo-Ramirez et al., 2018). Second,
Figure 1b reveals the semi-crystallinity of corn starch
granules in a polarized light field by Maltese crosses,
which are formed due to the ordered domains of the
amylopectin chains (Bertoft, 2017).

On the other hand, Agave fibers (AFs) were
obtained from the bagasse of the pineapple of ten-
year-old Agave tequilana Weber blue variety. The
bagasse was a waste of the inulin extraction process
(Lopez et al., 2003), which was dried in the sun
and ground in a plastic mill to obtain the AFs.
The milled AFs were then passed through sieves
of 20 and 70 meshes to attain a specific size
distribution. The diameter and length of the AFs
were measured using optical microscopy with the

NIS element software. The weight-average diameter
and length were calculated as Dy, =188+46 um and
Ly=3078+899 um, respectively, which results in an
average aspect ratio of ry,=Ly/Dy,=16.4. The densities
of AFs and native corn starch were determined
at 25+0.2 °C using a Hubbard pycnometer of 25
mL (Kimax® Kimble Chase) and a general-purpose
standard oil (CANNON S60, 859.5 kg/m> at 25 °C).
Dried and pre-weighed samples of AFs were placed
in the pycnometer, which was filled with the standard
oil. The masses of the pycnometer filled with standard
oil and solid samples, as well as the pycnometer
filled only with the standard oil, were registered. From
this, the calculated densities of AFs and native corn
starch were 1037 kg/m> and 864 kg/m?, respectively,
which agree with those reported for other natural fibers
(Biagiotti et al., 2004) and corn starches (Bertoft,
2017; Cornejo-Ramirez et al., 2018).

Regarding solvents and chemicals used in this
work, distilled and bi-distilled water were purchased
from Reactivos Quimica Meyer (Quimica Suastes,
S.A. de C.V.), as well as sodium bromide (NaBr) and
potassium nitrate (KNO3), both of ACS reagent grade.
USP-grade glycerol was purchased from Drogueria
Cosmopolita, while the Calcium chloride (CaCly)
and silica gel desiccants were obtained from Sigma-
Aldrich.

2.2  Methods

2.2.1 Preparation and extrusion of TPS sheets

The TPS sheets were prepared without or with AFs by
mixing bi-distilled water and glycerol at 80+1 °C. The
contents of glycerol and bi-distilled water used in this
work were previously reported by Alanis-Lépez et al.
(2011).
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Table 1. Composition of blends to obtain
thermoplastic corn starch.

Content (wt.%)

Component

AFs 8 3 1

Corn starch 552 582 594
Glycerol 27.6 29.1 29.7
Water 9.2 9.7 9.9

The heated mix was slowly incorporated into
starch powder at 107 rpm for 30 minutes in a
planetary blender (A200, Hobart). Then, the blend
homogenization was made at 198 rpm for 30 minutes.
The weight concentration of AFs added to corn
starch blends are reported in Table 1 and cover
the semiconcentrated (rw"<t,0<rw'2, 0.037<p<6.12
v/v%) and concentrated regimes (¢>6.12 v/v%). As a
qualitative result, the color of the blends changed from
almost white (0 wt.% AFs) to light yellow (1 and 3
wt.% AFs) and brown (8 wt.% AFs).

A critical issue for the extrusion of the corn
starch and plasticizer blends is their conditioning
(Alanis-Lopez et al., 2011), which allows the diffusion
of glycerol and water into the starch granules
for better processability. In this work, the blends
were stored in sealed plastic containers for three
days before extrusion. TPS sheets were obtained
by processing corn starch blends, with and without
AFs, in a counter-rotating conical twin-screw extruder
(C.W. Brabender®) with three heating zones and an
adjustable ribbon die assembly of 0.0762 m wide. The
die thickness was set at 800 um using steel feeler
gauge blades (Starrett). This processing equipment
has been widely used to prepare food pastes (Castro-
Montoya et al., 2024). The extrusion temperature
profile was 80, 90, and 98 °C in the heating zones
of the extruder and 95 °C in the die head (see
Figure 1c). The neat and reinforced TPS sheets were
extruded at a constant screw speed of 20 rpm while the
torque was continuously monitored during extrusion.
The extruded sheets were collected with a conveyor
belt (C.W. Brabender®), as shown in Figure lc,
which allows the cooling of sheets under atmospheric
conditions.

2.2.2  Mechanical properties

Tensile tests of neat and reinforced TPS sheets with
AFs were carried out according to the ASTM D638-
22 test method using dumbbell shape specimens and
a tensile machine (Com-Ten Industries) with an S-
beam load cell (9.07 kg-f) and an accuracy of +0.5%.
Experiments were conducted at room temperature
using a constant vertical displacement velocity of
4.94+0.04 mm/min. The thickness, width, and length
of neat and reinforced TPS sheets were measured
by using a digital micrometer with an accuracy of
+1 pm (Mitutoyo) and a caliper with an accuracy of

+30 um (Control Company). As stated in the ASTM
D638-22 test method, specimens were conditioned
in desiccators with silica gel at 25+1 °C and a
relative humidity (RH) of 50% for five days before
the test. Temperature and percentage of RH inside
desiccators were recorded using digital hygrometers
(Sper Scientific) with a resolution of +0.1 °C and 1%
RH, respectively. The tensile stress, o, and uniaxial
strain, &, were calculated as follows:

o= (1
- ®)
lo

where F' is the normal force applied on a surface A,
Al =1 -1y is the uniaxial elongation, and [/ and [ are
the instantaneous and initial lengths of the specimen,
respectively. The reported values of o and ¢ for neat
and reinforced TPS sheets were the average of twelve
measurements, always using fresh samples.

2.2.3  Water vapor transmission

Barrier property evaluation of TPS/AFs was
performed according to the ASTM E96/E96M-22a
test method, calculating the water vapor permeability
as the product of water vapor permeance (WVP)
and thickness of samples. It is well known that
the thickness of the sample influences water vapor
permeability (Bertuzzi et al., 2007). Therefore, the
WYVP was calculated since it is only affected by the
water vapor mass flow that occurs perpendicularly to
the surface of the specimen, A, when separating two
regions with specific humidity conditions. In this way,
WYVP was determined as follows:

_ G/t
~ Ap(R1 —Ry)

where S is the saturated vapor pressure at the test
temperature, R; and R, are the relative humidity in the
desiccator and inside the test cell, respectively. G is
the mass gain of the permeability cells due to the water
vapor transmission as a function of time, ¢. In Equation
(3), the factor (G/t)/A), is known as water vapor flux,
and G/t is the slope (mass flow rate of water vapor) of
the graph G vs ¢ in the steady-state regime.

WVP tests were conducted by cutting four circular
specimens of neat and reinforced TPS sheets of 0.033
m in diameter, whose thicknesses were measured
with the digital caliper. Before the test, samples were
conditioned for five days at 25+1 °C and 57+1%
RH using a saturated NaBr solution as stated in
the ASTM E104-20a test method. Temperature and
RH inside desiccators were recorded using digital
hygrometers. WVP aluminum cells were filled with
standard CaCl, desiccant to ensure a 0% RH. The
WYVP cells were covered with the specimen and closed
with an aluminum annulus tap. Once the cells were
assembled, they were placed inside a desiccator with

WVP 3)
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a saturated KNO3 aqueous solution to reach 93+2%
RH at 25+1 °C. The values of G for each cell
were recorded as a function of time until G/t was
constant, i.e., until the water vapor transmission was
steady. The mass of cells was determined by using
an analytical balance with an accuracy of +0.1 mg
(Oertling, NA164). On the other hand, the aluminum
cell, CaCl, desiccant, and samples of TPS sheets were
weighed at the beginning and end of the test.

2.2.4  Water solubility

Water solubility (WS) of neat and reinforced TPS
sheets is defined as the dried matter that solubilizes
when the sample is immersed in water for a specific
time (Escobar et al., 2009). WS test of neat and
reinforced TPS sheets was conducted following the
methodology proposed by Lépez et al. (2008).
Specimens of 0.02 m x 0.02 m of neat and reinforced
TPS sheets were cut and conditioned at 25+1 °C for
five days at 0% RH in a desiccator with silica gel.
The initial mass (Wiyiriqr) of the dried specimens was
recorded. The dried samples were placed in a beaker
with 60 mL of bi-distilled water, keeping constant
agitation for 1 hour at room temperature, and then
all the content was filtered with a pre-weighted filter
paper (grade 4, Whatman®). The filter paper with
solids was dried in a convection oven at 60+0.4 °C for
2 hours (HERAtherm, ThermoScientific), and the final
dried mass was obtained (W) by subtracting the
mass of the filter paper. This procedure was conducted
three times for each fiber concentration. Finally, the
percentage of solubility was calculated as follows:

Winitial = W final

%S ol = x 100 )

initial
2.2.5 Biodegradability

The biodegradability of neat and reinforced
TPS sheets was determined by following the
ASTM D5988-18 test for determining the aerobic

biodegradation of plastic materials in soil. The
original test method follows the evolution of CO,
to determine biodegradation in soil or compost as
substrate. However, in this work, a photographic
record was carried out to evaluate qualitatively
the biodegradability of the TPS sheets. The soil,
consisting of worm humus free of rocky material
greater than 2 mm, was characterized to determine
the parameters for the biodegradation test as pH,
relative humidity, ashes, organic carbon, total Kjeldahl
nitrogen, as well as the carbon-nitrogen (C/N) ratio
according to the standard NMX-FF-109-SCFI-2008.
All chemicals used for the proximate analysis of
soil and TPS sheets were ACS reagent grade. The
properties of soil are reported in Table 2.

The biodegradability tests were conducted using
desiccators with 350 g of worm humus with a low
nitrogen content of less than 2% and a microbial
content greater than 8x10° CFU per gram of wet
matter. Before the test, samples of neat and reinforced
(8 wt.% of AFs) TPS sheets were characterized to
obtain the ashes, organic matter, and organic carbon,
as shown in Table 2. The sheets of approximately 11.5
mm x 50 mm in size were placed on the worm humus
in each desiccator. The initial mass of all samples
was adjusted to 1.13+0.09 g, while thicknesses for
neat and reinforced TPS sheets were 0.6+0.03 and
0.87+0.05 mm, respectively. A beaker with 50 mL of
distilled water was placed on the perforated dish of
each desiccator to ensure 99% RH. The desiccators
were then sealed, and digital hygrometers were used
to measure the temperature and relative humidity. The
desiccators were opened for 30 minutes every 48 hours
to allow aeration until the end of the test, which lasted
112 days. During this time, images were captured with
a 16-megapixel CMOS camera (FinePix HS20EXR,
Fuji Film) to record the biodegradation process of the
TPS sheets. In addition, SEM images of TPS sheets
were obtained using the EVO® LS10 microscope,
which was used to qualitatively evaluate the physical
integrity of samples due to biodegradation.

Table 2. Proximate composition analysis of model soil (worm humus), neat (0 wt.%), and reinforced (8 wt.%) TPS

sheets with AFs.
Parameter Model soil Fiber content in TPS sheets (wt.%)
(worm humus) 0 8
pH 8.15+0.2 -- --
Relative humidity (% RH) 37.37£2 - -
Ashes (%) 54.02+0.03 0.14+0.03 0.36+0.05
Organic matter (%) 45.98+0.03 99.86+0.03 99.64+0.05
Organic carbon (%) 26.67+0.02

Kjeldahl total nitrogen (%NTK)

C/N ratio 23.8

57.92+0.02

57.8+0.03
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FLOW DIRECTIO:

ELOW.DIRECTION »

Figure 2. SEM images of reinforced TPS sheets with 8 wt.% of AFs of the (a) surface and (b) the longitudinal cross
section of sheets after processing. Red arrows indicate flow (extrusion) direction.
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Figure 3. (a) Tensile stress curves as a function of the uniaxial strain for the neat and reinforced TPS sheets with
different AFs contents. The reported curves are the average of twelve measurements. The red crosses indicate the
ultimate tensile stress and the strain at break. Solid lines in the inset indicate the data fittings to a linear model used
to obtain the elastic modulus, plotted in (b) as a function of AFs concentration.

3 Results and discussions

3.1 The physical appearance of TPS sheets

The neat TPS sheets showed a uniform appearance on
their surface. In the case of the reinforced sheets, SEM
images reveal that fibers are well distributed in the TPS
matrix with roughness increasing along with the AFs
content (see Figure 2). Specifically, Figure 2a shows a
SEM image of the surface of a TPS sheet with 8 wt.%
of AFs, while Figure 2b depicts its longitudinal cross
section. On the other hand, polarized light microscopy
of the TPS sheets (not presented here) revealed some
granules showing the Maltese cross pattern (as in
Figure 1b), indicating an incomplete fusion process.
However, some authors have indicated that this pattern

may be attributed to residual crystallinity and rapid
retrogradation induced by processing (van Soest et
al., 1996, 1997; Bertoft, 2017; Cornejo-Ramirez et al.,
2018).

It should be noted that TPS sheets reinforced with
different contents of AFs possess surface morphology
that makes them a good candidate for eco-friendly
packaging and as a substitute for single-use plastics.
These applications will be possible if they exhibit
suitable physicochemical properties such as proper
mechanical resistance for the manufacturing process
and water vapor barrier properties, and mainly, they
must degrade or preferably be biodegradable to reduce
their impact on the environment at the end of their
useful life. In the following sections we evaluate the
mechanical and barrier properties of the TPS sheets
reinforced with different contents of AFs.
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Table 3. Values of UTS (indicated with a red cross mark in Figure 3a), strain at break, and elastic modulus of neat
and reinforced TPS sheets.

Biocomposites with AFs content (wt.%)

0 1 3 8
UTS (MPa) 1.36+0.13 1.02+0.08  0.99+0.04 1.2+0.09
SB (1) 0.28+0.04 0.16£0.02  0.13+0.01 0.1+0.01
Elastic modulus, E (MPa)  9.14+0.07 10.59+£0.07 13.1+0.08  21.64+0.09
Resilience (kJ/m?) 0.89+0.05 1.09+0.06 1.4+0.09 2.34+0.12

Tenacity (kJ/m3)

221.7544.79  94.73+5.15

73.18+3.27 71.99+4.61

3.2 Tensile properties of TPS sheets

The tensile stress curves as a function of the uniaxial
strain for both neat and reinforced TPS sheets with
different contents of AFs are shown in Figure 3a. The
average values of the ultimate tensile stress (UTS) and
uniaxial strain at break (SB) for each biocomposite
are represented by the red crosses at the end of each
deformation curve (refer to Table 3 for details). The
results in Figure 3 and Table 3 indicate that neat TPS
sheets have higher UTS and SB values compared to
reinforced TPS with AFs. The UTS value reaches a
minimum between 1 and 3 wt.% of AFs, likely due to
micro-cracks formation caused by the fibers that are
not oriented in the direction of flow. However, once
the fiber concentration rises from 3 to 8 wt.%, the
UTS increases, which can be attributed to the fiber
orientation caused by mechanical interactions during
processing (Ku et al., 2011; Ji et al., 2021; J6z6 et al.,
2022; Majeed et al., 2013).

On the other hand, in Figure 3a, it was possible
to find a region fitted by a linear-elastic solid model
at low uniaxial strain marked by dotted lines. The
upper limit of the linear region was identified as the
last point located within a 2% band defined by the
difference between the experimental stress and that
obtained with the linear model (see inset in Figure
3a). The slope of the linear region, which is the
modulus of Young or elastic modulus E, is presented
in Figure 3b as a function of AFs concentration.
The value of E increases linearly with the fiber
content up to 3 wt.% AFs in semiconcentrated regime
and nonlinearly for higher concentrations of AFs, as
expected for concentrated composites (Maya et al.,
2008). The increase of E indicates that the reinforced
TPS sheets are stiffer than the control (0% of AFs);
also, the obtained values are comparable in magnitude
to those found in the literature for nanoclays used
as reinforcement (Ku et al., 2011; Ji et al., 2021;
J6z6 et al., 2022; Majeed et al., 2013; Mohanty et
al., 2018). However, the E values are still lower than
those obtained for synthetic polymers (Mark, 1999).
Another factor that influences the UTS values of
reinforced TPS sheets is the difference in the tensile
strength between fibers and the TPS matrix. To explore
this issue, TPS sheets with 8 wt.% AFs were analyzed
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after breakage in the tensile test. SEM micrographs
in Figure 4 reveal bared, non-saggy, and unbroken
fibers in the breaking section of sheets. This may be
due to the difference in tensile strength of fibers and
the TPS matrix, as the tensile strength values for AFs
are between 20-290 MPa, while that of neat TPS is
around 1.18 MPa (Biagiotti et al., 2004; Mohanty et
al., 2018). This indicates that AFs possess a lower
deformation capability than the matrix, which could
result in a decrease in the SB, as observed in Figure
3a. In addition, SEM micrographs also evince that
superficial forces between matrix and fibers are weak
(see the naked fibers in the middle and right parts
of Figure 4), and the use of proper additives during
the blending process could help to increase matrix-
fiber interactions and make TPS sheets stronger.
Nevertheless, this is beyond the scope of this work and
needs further investigation.

Manufacturing casings for packaging requires
materials with high resilience and tenacity so that the
final products can withstand loads without deforming
or breaking. Table 3 shows the resilience and tenacity
values of the neat and reinforced TPS sheets. It
was observed that resilience increases along with the
fiber content, as expected, due to the presence of the
AFs that contribute to an increase in stiffness of the
reinforced TPS sheets, with the fact that E4ps>ETps.
At the same time, the tenacity of reinforced TPS
sheets decreases as the concentration of AFs increases,
which is also associated with the increment of
their stiffness that restricts plastic deformation. These
findings suggest that reinforced TPS sheets could be a
viable alternative to packaging and single-use plastics
that contain AFs.

LRI

Breakage

section Y JSibers &
3

Figure 4. SEM micrographs of the breakage section of
TPS sheets with 8 wt.% of AFs.
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Figure 5. Water vapor permeability of TPS sheets as a
function of AFs concentration.

3.3 Barrier properties and water solubility

The water vapor permeability of TPS sheets as a
function of AFs concentration is shown in Figure
5. There is a maximum at 3 wt.% of AFs,
indicating that water vapor is diffusing quickly at low
concentration of AFs (<3 wt.%), whereas, at 8 wt.%,
it diffuses slowly throughout the composite, reducing
the mass flow rate passing through the sheet of
given thickness and cross-sectional area. It is expected
that permeability will decrease as the fiber content
increases. However, the mass flow rate reduction may
be attributed to the variation in the specimen thickness,
which is difficult to control during processing and
affects the water vapor permeability (Bertuzzi et al.,
2007; Kim et al., 2015).

In Figure 6a, the WVP of reinforced TPS sheets
is plotted as a function of AFs content in the TPS
matrix, where it is observed that WVP decreases as
the concentration of AFs in the TPS matrix increases.

T T T T T
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100
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This observation helps in eliminating the effect of
thickness on water permeability. In fact, WVP of TPS
sheets reinforced with 3 and 8 wt.% of AFs reduces
approximately 14 and 29% compared to neat sheets,
respectively, which indicates that the water vapor
barrier property of TPS biocomposites is improved
by adding AFs. No significant changes in WVP were
observed for 1 wt.% of AFs in the TPS sheets.

To elucidate the mass transfer mechanism, the
initial and final weights of the CaCl, desiccant, sheets,
and aluminum cell were recorded to calculate the mass
gain of desiccant, G, plotted as a function of the AFs
concentration in Figure 6b. As the concentration of
AFs increases, fibers get closer to each other, and G
decreases; this indicates that water vapor diffuses more
slowly towards the desiccant, reducing WVP. The
negative value of G observed for the TPS sheets can be
interpreted as a loss of mass. This is due to the fact that
fibers restrict WVP, and the drying of reinforced TPS
sheets takes place instead. This explanation has been
handled in different works as a tortuous path followed
by vapor water (Majeed et al., 2013).

Regarding the solubility of TPS sheets in water as
a function of fiber content, a decrease of 17% was
calculated with the incorporation of 8 wt.% of AFs
compared to the TPS matrix. Note that the capability
of TPS sheets to dissolve is due to the interaction
of water with the hydroxyl groups of the starch
components (amylose), which causes the dissociation
of the matrix and its solubilization in water (Kim et
al., 2015). As the content of AFs in the TPS matrix
increases, the solubility decreases due to the presence
of components such as cellulose, hemicellulose, and
lignin that are insoluble in water (Majeed et al.,
2013; Maya et al., 2008). Therefore, TPS sheets are
beneficial for producing films, sheets, or profiles that
can be used as packaging or single-use bioplastics
(Garcia-Guzman et al., 2022; Jiang et al., 2020). This
can help in replacing synthetic plastics.

T
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1204 V7] CaCl, desiccant -
80 4
40 4
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Figure 6. (a) Water vapor permeance of TPS sheets and (b) mass gains of CaCl, desiccant and TPS sheets as a

function of AFs concentration.
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Figure 7. Photographic record of neat TPS sheet degradation in a model soil (worm humus) from O to 112 days of

the test.

Figure 8. SEM micrographs of the surface of biodegraded neat and reinforced (8 wt.% of AFs) TPS sheets (a and
b) after 21 days from the start of the test. Images (c)-(f) correspond to the reinforced TPS sheet after 28 days. The
colors in the image (c) indicate the starch matrix (gray), AFs (brown), and mycelium (green).

3.4 Biodegradability

The susceptibility of TPS sheets to be biodegraded
by bacteria and/or fungi was investigated following
the ASTM D5988-18 test method, which establishes
the procedure to quantify the CO, produced by the
biodegradation of the organic matter present in the
biocomposites. The tests carried out following this
method allowed us to conclude that it is necessary
to strictly control parameters such as the specific
characteristics of the soil, as well as the type and
quantity of microorganisms per unit mass of soil and
specimen. The control of the latter and the mechanism
for capturing and quantifying the gases produced
(CO,, CHy, etc.) from the biodegradation of the
specimen are not established in the standard. For these
reasons, the photographic record of the biodegradation
process was only carried out under the conditions
stated in the standard since visual changes such as
surface roughness, formation of holes or cracks, or
differences in coloration can indicate some microbial

attack (Ahmed et al., 2018; Ali et al., 2008; Garcia-
Guzman et al., 2022; Idris et al., 2023; Jiang et al.,
2020; Rosa et al., 2009; Samir et al., 2022; Surendren
etal., 2022).

Figure 7 shows the photographic evidence of TPS
sheets that were tested for biodegradability. After
three days, fungi growth occurred on the surface
of the sheet. As time passed, bacterial and fungal
proliferation increased, as seen in the same figure at
day 21, a proof that the sheet was being biodegraded
by the action of the bacterial and/or fungal consortia.
After 112 days of exposure to controlled conditions,
the dimensions of the sheets decreased and the
specimens lost their physical integrity, ultimately
leading to their breakage.

On the other hand, Figure 8 shows the
environmental SEM micrographs of the surface of neat
and reinforced (8 wt.% of AFs) TPS sheets. In Figures
8a and 8b, the surface of neat and reinforced TPS
sheets, respectively, display the growth of mycelium
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and proliferation of a fungus (not identified in this
work) after 21 days of testing. This indicates that
TPS sheets are undergoing biodegradation, which is
appreciated by the loss of physical integrity and the
appearance of cracks on their surface. This stage is
known as the start of fragmentation (Rosa et al., 2009;
Ahmed ef al., 2018; Idris et al., 2023).

Figures 8c and 8d depict micrographs of the
reinforced TPS sheets 28 days after the start of
the test in different sectors of the sheet. During
this stage, fungi spread on the surface of sheets,
and fibers were partially exposed from the matrix,
which was also attacked by fungi and bacteria
(mycelium is colored green). Furthermore, cracks on
the surface of sheets became more extensive than those
from the previous stage, causing a lack of physical
integrity. These findings suggest that the second stage
of biodegradation, called deterioration, has begun
(Ahmed et al., 2018; Ali et al., 2008; Idris et al.,
2023). Figures 8e and 8f demonstrate the deterioration
of sheets caused by the matrix degradation. The
matrix is more susceptible to biodegradation than
AFs, which are known to require a longer time to
achieve biodegradation due to their high cellulose
content. Figure 8f shows starch granules separated
from the matrix, which can be associated with
sheet deterioration before the assimilation stage. It is
important to mention that the physical condition of
the sheets at the assimilation stage is similar to those
shown in Figures 8e and 8f. It was impossible to obtain
SEM images of sheets in this stage because the sheets
disintegrated during their removal from the soil.

The micrographs presented in Figures 7 and
8 show that the initial attack of microorganisms
occurs on the surface of sheets. This process leads
to a change in the physicochemical properties of
the biocomposites, i.e., bacteria and fungi adhere
to and colonize the sheet surface to reduce the
strength and durability of the neat and reinforced TPS
sheets (Figures 7a-b and Figures 8a-b). Then, during
the deterioration stage, the surface of TPS sheets
displays cracks caused by the enzymatic activity
of intracellular or extracellular microbial enzymes,
mainly amylose (Idris et al., 2023). This process is
followed by fragmentation, which results in a decrease
in the molecular weight of the biopolymer chains
(mainly amylose) and oxidative degradation of the
lower molecular weight molecules. The micrographs
in Figures 8d-f show that the fibers remain intact
or less degraded than the TPS matrix. This is
because microorganisms cannot break down the
cellulose chains. On day 28, microorganisms attacked
the amorphous areas, where the biopolymer chain
molecular weight was reduced by enzymatic activity.
However, the crystalline regions (amylopectin chains)
were less degraded, in agreement with that reported
by different authors (Ahmed et al., 2018; Idris et al.,

2023; Rosa et al., 2009; Samir et al., 2022; Surendren
etal., 2022).

The third stage of the biodegradation process is
assimilation. In this stage, the low molecular weight
molecules, which were created in the fragmentation
phase, serve as a source of carbon and energy for
microorganisms to grow and respirate (see Figures
8e and f). The last stage is mineralization, where
carbon dioxide, water, or methane may be produced
after degradation (see Figure 8f). To close this
section, it may be said that the identification of the
microorganisms contained in the soil and those that
participated in the biodegradation of the sheets was
not carried out; however, those that degrade starch
are known to include Aspergillus niger, Penicillium
funiculosum, Phanerochaete chrysosporium, and
Streptomyces (Ahmed et al., 2018; Ali et al., 2008;
Idris et al., 2023; Jiménez-Pérez et al., 2023).

Finally, it was shown that AF fibers in the
TPS matrix did not modify the biodegradability of
the biocomposites, only a delay of a few days in
the biodegradation process of the reinforced TPS
sheets was observed since cellulose fibers are less
susceptible to being biodegraded than starch. This
work shows that the mechanical and barrier properties
of biodegradable TPS sheets reinforced with AF fibers
obtained by extrusion were significantly improved.
These results suggest that reinforced TPS sheets can
be an alternative to packaging and single-use plastics
to fulfill the current international policies (Filiciotto et
al., 2021).

Conclusion

Thermoplastic corn starch/Agave tequilana fiber
biocomposites obtained by continuous extrusion
exhibit mechanical and physicochemical properties
suitable for producing biodegradable materials that
can help to replace packaging polymers and single-use
synthetic plastics. TPS biocomposite sheets exhibit a
flat surface and become rougher as the fiber content
increases. Regarding the mechanical properties of
biocomposites, the ultimate tensile stress and uniaxial
deformation decrease with the addition of fibers.
Adding AFs at 8 wt.% to TPS sheets leads to a
significant increase (136%) in their elastic modulus.
However, as the concentration of AFs increases, the
tenacity of both neat and reinforced TPS sheets
decreases due to the increase in stiffness of reinforced
TPS. On the other hand, the biocomposite sheets
exhibit an improvement in resilience as the fiber
content increases, which is a desirable attribute for
manufacturing casings for packaging. Concerning
barrier properties, the reinforced TPS sheets display
a 29% reduction in water permeance when 8 wt.%
of AFs is incorporated. Additionally, the water
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solubility of the sheets decreases by up to 17%.
These changes can be attributed to the difference
in the hydrophobic/hydrophilic characteristics of the
fibers and the matrix. From this, it is essential to
consider the interactions between the components
of the biocomposites and the appropriate amount of
reinforcement required to achieve the desired barrier
properties for specific applications. Moreover, TPS
sheets, both neat and reinforced, are susceptible to
biodegradation by bacteria and fungi consortia in
soil. Photographic records show that sheets lose their
physical integrity over time due to the biodegradation
of starch (matrix). Furthermore, the more amorphous
the starch matrix is, the faster it biodegrades.
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Nomenclature

TPS Thermoplastic starch

UTS Ultimate tensile stress

SB Strain at break

AFs Agave tequilana fibers

WS Water solubility

SEM Scanning electron microscopy

ASTM  American Society for Testing and Materials
USP United States Pharmacopeia

D, Average-weight diameter of fibers

L, Average-weight length of fibers

Iy Average-weight aspect ratio of fibers

©® Concentration of Agave tequilana fibers
F Normal force applied on a surface

A Surface over the force F is applied

lp Original length of the test specimen

/ Instantaneous length of the test specimen

o Tensile stress

e Uniaxial strain

E Modulus of Young or elasticity

wvpP Water vapor permeance

G Mass gain of the permeability cells

t Time

Ap Cross section of the specimen in the
permeability test

R; Relative humidity in the desiccator

R Relative humidity inside the permeability
test cell

CaCl, Calcium chloride

NaBr Sodium bromide

KNO3;  Potassium nitrate

Winitiat  Initial mass of dried specimen

Wiinal Final mass of the dried specimen after the
test

%Sol Water solubility percentage of the specimen
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