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Abstract: Lollipop sticks were developed with fully biobased materials made of different
plantain by-products, using extrusion processing followed by hot compression molding.
The thermoplastic matrix was constituted of flour and starch from plantain bunch pulp
and plantain peel cake. At the same time, two types of reinforcement were used, one of
them being yarn from the lignocellulosic fibers of the pseudostem sheaths to constitute
the BC1 lollipop stick and the other directly from the plantain pseudostem treated sheath
to establish the BC2 lollipop stick. The biobased lollipop sticks were characterized in the
migration test, finding a higher structural stability in lipophilic foods, with chocolate
chosen as a confection to undergo physicochemical, structural, mechanical, and dynamic-
mechanical characterization when interacting with the two biobased lollipop sticks until
post-consumption was reached. The BC2 lollipop stick was characterized by maintaining
higher stability in maximum tensile strength (12.62 to 11.76 MPa), higher flexural strength
(19.07 to 10.11 MPa), storage modulus (4.97 to 1.65 GPa at 30 °C), and Tan delta (66.90 to
52.64 °C).

Keywords: confectionery stick; post-consumer waste: pseudostem sheath; biobased
lollipop stick

1. Introduction

The development and progress of different sectors and/or economic activities in which
humanity participates have progressively exceeded the use of polymeric materials derived
from petroleum for the production of transformed plastic products, reaching values close
to 299 million tons each year [1]; this is partly because they have some relevant advantages
over metals and ceramics, with a low melting temperature, high capacity for deforma-
tion to the breaking point, low density, electrical resistance, low thermal conductivity,
optical clarity, and the possibility of being easily assigned a specific color. Plastics can
be used in different sectors, such as packaging and containers, construction, medicine,
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storage, transportation, and entertainment [2]. The packaging sector has contributed 36%
of global plastic production through the processing of polyethylene (HDPE and LDPE),
polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyethylene terephthalate
(PET), among other polymers, using different processing techniques such as extrusion
and injection molding [2-6], Gholampour and Ozbakkaloglu, 2020 [7], obtaining plastic
elements such as bags, trays, containers, and utensils to prolong the conservation and
storage of food and non-food products [7-11]. However, at the end of the plastic’s use,
continuous population growth has increased the speed of plastic waste release deposited
on the surface, landfills, and in water bodies by between 60 and 95% compared to other
accumulated materials [3,12,13]. In comparison, its recycling can reach values of less than
5%. The inadequate management of plastic materials has affected water quality (rivers,
lakes, seas, and oceans) through the formation and dispersion of macroplastics (diameter
or length > 5 mm) and microplastics (diameter < 5 mm) presenting particulate forms and
fibers under the influence of oxygen, heat, and ultraviolet rays from the sun [1,3,5,14].
These plastic fibers and particles affect the quality of marine life, generating internal and
external entanglements and strangulations in fish and bird organisms through plastic fibers.
At the same time, microplastics can cause toxicity through their accumulation in organ-
isms, including humans, whose diet includes food from freshwater (rivers and lakes) and
saltwater (seas and oceans) [1]. Asensio-Montesinos et al., 2020 [2] reported the presence
of different plastic elements that had originated from the packaging and food sector and
been discarded and accumulated along 192 km of the beaches of Cadiz (Spain), quantifying
their participation and relating it to the environmental impact generated at a global level.
Among the representative elements belonging to these sectors, 5.6% were plastic bags, 5.3%
were rigid containers, 1.7% were wrapping film, 1.6% were plastic lids, 1.3% were food
utensils (spoons, forks, knives, stirrers, and disposable straws), and 0.9% were lollipop
sticks, the latter consisting mainly of PP. Among the alternative materials that could be
used to counteract the accumulation of plastic elements in the environment, the use of
natural raw materials with the capacity to biodegrade by undergoing a composting process
for the production of bioplastics can be considered, including starches and lignocellulosic
fibers that can be processed and molded to obtain biobased composite materials (BCM)
with mechanical, thermal, and structural properties that can replace conventional plastics.
Despite achieving TPS blends with short lignocellulosic fibers up to 40% in a MCB, the
mechanical properties are lost as the storage time progresses from the water absorption
capacity granted by the TPS matrix exposed to the storage environment; therefore, the al-
ternative of using the sheaths from the pseudostem of a musaceae such as banana has been
identified to recover and reinforce the TPS matrix by compression molding with hot plates
to preserve the tensile, flexural, and impact properties for a longer storage time [8,15-19].

The objective of this work consisted of taking advantage of different plantain by-
products, such as flour and starch from the pulp bunch, the peel cake, yarn made from the
long lignocellulosic fibers from the sheaths, and the pseudostem sheaths, for the develop-
ment of two BCMs, using an extrusion process followed by hot compression molding, to
validate their use as lollipop sticks, considering the follow-up of its mechanical, physico-
chemical, viscoelastic, and structural properties after the consumption of the candy. The
procedure proposed for the transformation of the BCM in the present research can be
adapted for the development of other plastic elements different from lollipop sticks, includ-
ing the production of single-use plastic products such as spoons, knives, forks, drink stirrers,
sticks for hard ice cream or popsicles, and even for the production of trays.
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2. Materials and Methods
2.1. Plantain Pulp Flour and Starch

Native flour and starch extracted from the pulp of the plantain bunch variety Dominico
hartén from the Asociacién de Productores de Finca Tradicional del Norte del Cauca
(ASPROFINCA), located in the municipality of Villa Rica (Cauca, Colombia), were used
(Figure 1a,b). The flour was obtained via unit operations of peeling, grinding, drying
(70 °C for 24 h) (Binder, FD 115, Tuttlingen, Germany), milling (Fritsch, Pulverisette 15,
Idar-Oberstein, Germany), and sieving (100 mesh/depth according to Tyler series). Starch
extraction was carried out using a 1.2% sodium metabisulfite solution, followed by filtering
(separating the slurry and cake), settling of the slurry, drying of the starch paste at 60 °C
for 24 h, milling using a blade mill, and sieving using the 100 mesh/deep sieve according
to the Tyler series, presenting a particle size of less than 150 um [20].

(a) Plantain flour (b) Plantain starch

(d) Plantain yarn (e) Pseudostem sheath

Figure 1. Plantain-based raw materials used for the development of BCMs: (a) plantain flour;
(b) plantain starch; (c) plantain peel cake; (d) plantain yarn; (e) pseudostem sheath.

2.2. Plantain Peel Cake (PPC)

This plantain by-product was obtained by extracting starch from the plantain peel
by filtration and separating it from the slurry. The resulting PPC was then subjected to
drying in a forced convection oven at a temperature of 70 °C for 24 h, followed by grinding
through a knife mill, using a sieve with 2 mm openings, and finally, sieving with 100 mesh
according to the Tyler series, obtaining a particle size greater than 150 um [13,21]. The PPC
presented a dark green color (Figure 1c), and was used in the bio-based matrix (BM) that
constitutes the two BCM lollipop sticks.

2.3. Obtaining Yarn from the Lignocellulosic Fibers of Plantain Pseudostems

A yarn made of the long native fibers from plantain pseudostem native sheaths was
used. The sheaths were exposed to a mechanical defibrator, allowing the separation of the
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long lignocellulosic fibers from the parenchyma and water. Once the lignocellulosic fibers
were available, they were dried at a temperature of 50 °C for 12 h, followed by combing
to remove tangles from the fibers. The yarn was obtained using a spinning machine that
allowed the union of 15 fibers at each end through entanglement and twisting, generating
an average diameter of 1465 £ 195 pm [22]. The yarn was used as the first alternative of
reinforcement constituted by continuous fibers for the elaboration of the BC1 lollipop sticks
(Figure 1d).

2.4. Plantain Pseudostem Treated Sheaths

After a pseudostem was harvested, the native sheaths were removed and separated
from the core. Each sheath was adapted by removing the inner epidermis and part of the
parenchyma with a knife. The sheaths were dried at 58 °C for 3 h using a forced convection
oven [18]. The treated sheaths previously mentioned were used as a second alternative for
reinforcement and coating (Figure 1e) of the BC2 lollipop sticks.

2.5. Glycerin

Commercial-grade glycerin was used as a plasticizer, being a polyol of functionality
three. Its purity was 99.7%. The plasticizer was supplied by PROQUIM Industrial S.A.S.
(Cali, Colombia).

2.6. Additional Materials

For the experiment, 70% real chocolate was used from cocoa beans harvested in the
western part of Risaralda department and processed at the Centro de Desarrollo Tecnol6gico
Agroindustrial (CDTA-UTP) located in Pereira, Colombia.

2.7. Development of Biobased Composite Material

Once the lignocellulosic fiber yarn, the treated sheaths, and the biobased thermoplas-
tic matrix (BM) were available, the BCMs were processed using compression molding,
applying the methodology used by Rodriguez-Soto et al., 2019 [18] with modifications
related to the use of a 304 stainless steel mold containing 18 cylindrical cavities with a
diameter of 4 mm and a length of 14 cm in each plate that constitutes the mold (Figure 2),
placing the previously mentioned raw materials for their subsequent melting, compression,
and cooling in a compression molding machine (Carver, model 4389, Wabash, IN, USA).
Initially, preheating was carried out without applying pressure, using a temperature of
136 °C for 10 min, followed by a compression of 5.5 metric tons for 15 min. Finally, the
previous pressure was maintained by stopping the supply of heat to the mold and starting
its cooling by recirculating water at room temperature in said system for 15 min and then
removing the lollipop sticks from the mold. Following the procedure, two BCMs were
obtained, consisting of a thermoplastic matrix reinforced with 7.50% of PPC (BM), including
in the first BCM a second reinforcement from a native yarn obtained from the long native
fibers of the plantain pseudostem sheaths (BC1) with an average diameter of 4.4 mm and a
real density of 1.4 g/cm3. In contrast, the second BCM presented a second reinforcement
from the coating of the thermoplastic matrix with a mechanically and thermally treated
sheath (BC2) with an average diameter of 5.1 mm and a real density of 1.4 g/cm?. The
above treatments were compared with the commercial synthetic lollipop stick (SLS) for the
Colombina candy brand, reference “pirulito leche” (Table 1), presenting an average diameter
of 3.7 mm, length of 7 cm, and a real density of 0.9 g/cm?.
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Figure 2. Processing of the lollipop sticks and their positioning in the bon bon-type confectionery.

Table 1. Lollipop sticks raw materials composition.

BCM Plac‘;tlj;“(ffel Glycerin (%)  Native Yarn (%) Treate(‘z;heath P"lyp(r(f/f)’yle“e
BM 75 35.0 0 0 0

BC1 6.8 344 17 0 0

BC2 44 236 0 32.58 0

SLS 0 0 0 0 100

2.8. Preparation of Confectionery and Incorporation of the Biobased Lollipop Stick

Initially, the chocolate bars were subjected to crushing to reduce their particle size,
followed by melting at 50 °C, reserving 1/3 of the melted chocolate in storage while the
remaining 2/3 was subjected to cooling using a marble surface until a temperature of
28 °C was reached, before being mixed again with the previously stored 1/3, achieving
a temperature of 32 °C; subsequently, the molding of the confections began in a silicone
mold, placing each of the lollipop sticks by submerging 2.5 cm of one end in the chocolate
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(Figure 2), subjecting it to refrigeration for 20 min for the hardening of the confectionery,
and finally packing it in high barrier bags [23]. The post-consumption conditions of the
lollipop sticks are based on the stage after consumption of the chosen candy. Forty people
were chosen at random to consume the candy after 10 days of storage. A specific procedure
was not developed for the execution of the activity, since the consumer may have different
methods to assimilate the candy, such as biting, melting, or sucking.

2.9. Physicochemical and Structural Characterization
2.9.1. Migration

The migration test was performed using three food simulants (water, 50% ethanol, and
hexane) as indicated by the European Commission [24], to determine total migration. The
above liquids and solutions were used to simulate the main characteristic components in
various foods, such as beverages with a pH above 4.5, emulsions, and foods or confections
with high lipid content [25-28]. The immersion time used for the BCM samples was 10 days
at room temperature (25 to 30 °C). Each of the lollipop sticks were immersed to a depth of
2 cm in each of the simulants by using 25 mL of the respective solutions in a Falcon tube.
The global migration consisted of removing the BCM sample from the respective simulants,
and its surface area was reported. The calculation of the surface in each cylindrical sample
was determined by Equation (1), considering r as the ratio and h as the length of the sample.
Each simulant was subjected to drying at 40 °C for 72 h, before the mass of the resulting
residue was recorded and the migration was determined in pg/ dm? [25].

Area = 27trh + 27t (1)

2.9.2. Contact Angle

As a measure of the degree of hydrophilicity (wettability) or hydrophobicity of the
samples, the average contact angle of 10 measurements forming a 5 pL distilled water
droplet at a temperature of 25 °C on the surface of the samples was determined using a
Drop Tensiometer (TrackerTM H, Teclis, Civrieux-d’Azergues, France), following the sessile
drop method [29].

2.9.3. FT-IR Spectrophotometry with ATR

The samples were analyzed using a Fourier Transform Infrared (FT-IR) spectropho-
tometer (Shimadzu, IRAFFINITY 1S, Kyoto, Japan) coupled to an attenuated total re-
flectance (ATR) accessory. The test specimens consisted of cylinders with a length of 4 cm.
These experiments were performed according to ASTM E1252 [30]. The samples were kept
at a relative humidity of 50% and 23 °C; the analysis was performed at 100 scans and in a
range between 4000 and 550 cm~ ! [31].

2.9.4. Scanning Electron Microscopy (SEM)

Morphological analysis of the samples was performed on a JEOL machine, JSM
6490 LV, Tokyo, Japan. The samples were coated with a layer of palladium gold to provide
a conductive surface during the assay. Each lollipop stick’s base and wall surfaces were
placed on a carbon ribbon. The images obtained were from the backscattered electron
method with an acceleration power of 20 kV and a vacuum of 30 Pa in the microscope
chamber, achieving magnifications between 40 and 500 [32].

2.9.5. Mechanical Properties
Tensile Test

Based on ASTM D638 [33] with modifications, the tensile test was performed using
a universal testing machine (Tinius Olsen, H50KS, Horsham, PA, USA) to evaluate the
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BCM’s lollipop sticks. The distance between the grips was set to 40 mm, the grips were
moved at a speed of 5 mm/min, a load cell of 500 N was used, and five specimens were
evaluated per sample tested. The maximum tensile strength (omax), the elastic modulus
(E), and the deformation at the breaking point (¢) were determined before and after the
chocolate lollipop consumption [15,33,34].

Flexural Test

The determination of flexural strength followed the methodology defined by ASTM
D790 [35], using a universal testing machine (Tinius Olsen, H50KS, Horsham, PA, USA).
The specimens of the thermoplastic materials presented a cylindrical geometry with a
length of 75 mm and a diameter of 4 mm. For the measurement of each specimen, it
was placed on the supporting pins of the flexural device from the universal machine
at 1 cm from the ends; then, a flexural force was applied in the center of the specimen
until its fracture or a maximum deflection in bending of 5% was reached. The test speed
was 2 mm/min. Five specimens were evaluated per sample tested. Through this test,
the maximum flexural strength (0pmax) and the maximum flexural deflection (er) were
determined for each specimen [36,37].

2.9.6. Dynamic-Mechanical Analysis of the Lollipop Stick

Using Dynamo—Mechanical Analysis equipment (Mettler Toledo, DMA /SDTA 861,
Columbus, IN, USA), the BCMs were subjected to dynamic analysis by recording the
storage modulus (E’), the loss modulus (E”), and the tangent delta (3) in a temperature
range between 30 and 150 °C, employing the flexural test at a frequency of 1 Hz and a
heating rate of 10 °C/min [38,39].

3. Results and Discussions
3.1. Global Migration

Using the three food simulants made it possible to identify the behaviors of the lollipop
sticks exposed to foods that provide different environments: hydrophilic, emulsions, and
lipophilic. When using water as a hydrophilic food simulant, the two types of biobased
stick disintegrated 15 min after immersion, with the respective reinforcement and the
biobased matrix becoming separated. In contrast, in the cases of 50% ethanol solution and
hexane, the lollipop sticks maintained their cylindrical geometry for their global migration
study. However, for the lollipop sticks exposed to the 50% ethanol solution for 10 days, the
respective reinforcements were detached without disintegrating the respective matrices
(Figure 3). In the case of SLS, when exposed to water, no structural alteration occurred, and
no migration of its components in the hydrophilic medium was recorded (Table 2), which
is a similar result to that reported by [40].

Shgath

AL: %L “- i

Matrix Lo ad

Matrix < Matrix Sheath

Water 100 % Ethanol 50 % n-Hexane 100 %

Figure 3. Migration of biobased sticks in food simulants.
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Table 2. Global migration of synthetic and biobased plantain sticks.
Treatment Simulants Global Migration (ug/dm?)
Water 0
SLS Hexane 120.97 £ 25.18
Ehtanol—50% 86.51 &= 65.77
Water N/A
BC1 Hexane 52.45 £ 41.17
Ethanol—50% 4344.96 £1640.15
Water N/A
BC2 Hexane 92.55 + 66.65
Ethanol—50% 2369.50 £ 1347.34

Considering the amount of components that migrated into the food simulant solutions,
greater diffusion (mass transport) was evidenced in the 50% ethanol solution, relating to
the contact of the lollipop sticks with food emulsions such as dairy products and being
higher in BC1 when exposing the thermoplastic matrix directly with the simulant, while
the sheath present in BC2 restricted the migration of hydrophilic components (Table 2).
Tsochatzis et al., 2023 [26] identified the migration of glycerin and maltose from a pea
thermoplastic starch (TPS) when exposed to a food simulant consisting of 50% ethanol,
probably due to the diffusion of the plasticizer with maltose from the plantain thermoplastic
matrix, contributing to an amber coloration in the resulting media of the BC1 and BC2
lollipop sticks. Chongcharoenyanon and Sane, 2021 [25] when using 50% ethanol at 20 °C
for 10 days as a food simulant in mixtures of polylactic acid (PLA) and cassava TPS,
reported a migration between 150 and 180 ng/dm?, which is lower than the two BC1
and BC2 lollipop sticks, since these mixtures contained 60% PLA. Similarly, the previous
authors mentioned that as the concentration of TPS increases in the mixture of the final
material, greater migrations of the components that constitute it are generated since it has a
hydrophilic character. On the other hand, migration was increased by changing the study
conditions in the PLA and cassava TPS mixtures for 2 h and applying a temperature of
70 °C, reaching values between 225 and 300 pg/dm?. According to the above, the lollipop
sticks have a considerable migration of glycerin and maltose from the high concentration
of TPS and starches in the lignocellulosic reinforcements, where their values were higher
than those given by the SLS. When using a highly lipophilic environment (hexane), results
were lower than 93 pig/dm?, possibly related to the migration of components from the
reinforcements, and were higher in the BC2 lollipop stick since it presented the highest
participation of reinforcement (Table 2). It is probable that the hexane removed lipids
coming from the cell membranes that constitute the sheaths and the yarn of the pseudostem
due to the affinity between hexane and lipids [41-43]. However, Sold-Pérez et al., 2018 [44]
reported the extraction of other minority components by evaluating three lignocellulosic
residues (wheat straw, maguey bagasse, and sugarcane), finding the presence of terpenes,
ketones, fatty acids, and steroids. In this case, the biobased lollipop sticks presented a lower
migration concerning SLS because the latter has an apolar character, similar to the exposure
medium [40].

3.2. Contact Angle

The use of the sheath as a coating on the BC2 lollipop stick gave a contact angle value
close to that identified in the SLS despite having a higher degree of water absorption
according to the slope behavior (Table 3 and Figure 4); this was because the lignocellulosic
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fibers that constitute the sheaths have less affinity for water than starch does [45,46]. The
presence of residual chocolate on the lollipop stick surfaces after consumption of the
bonbon-type confectionery did not generate an increase in the contact angle despite having
a hydrophobic or lipophilic character due to its high lipid content and presenting a contact
angle between 92.3 and 94.0° [47]. The reduction of the contact angle values in the two types
of lollipops stick to values close to 74° in the post-consumption was due to the wetting of
the sheath through contact with the consumer’s saliva, affecting the barrier identified in
the pre-consumption of the chocolate candy through the hydration of the starch and the
remaining pectin in its structure [15,22]. However, the presence of the sheath in the BC2
lollipop stick restricted the characteristic velocity in the absorption of the water droplet
by the TPS surface compared to the BC1 lollipop stick [48], generating a lower negative
slope. Regarding the BC2 lollipop stick, its slope was similar during the pre-consumption
and post-consumption study, relating to a higher stability in its hydrophilic degree due to
lignocellulosic fibers in the sheath.

Table 3. Contact angle of synthetic and biobased plantain lollipop sticks.

Chocolate Candy Initial Contact Angle

Treatment Consumption ©) Slope
SLS Before 83.86 +4.23 —0.055
BC1 Before 75.21 + 15.40 -0.074

After 74.14 +7.80 -0.109
Before 83.20 + 4.04 —0.066
BC2
After 7443 +10.41 —-0.065
95
] =
90 4 T |—— Pre-consumption (BC1)|
1 T \ Preconsumption (BC2)
851 r [ Post-consumption (BC1 )|
—~ 80 “ i . ‘ ! Postconsumption (BCZ)\
i :
o 754
c 1
©
g 704 | ——
8 |
i ‘
() 60 N—
55 - ,
50 _ \\
45 | T T T
0 100 200
Time (s)

Figure 4. Contact angle curves of synthetic and biobased plantain lollipop sticks.

3.3. Fourier Transform Infrared Spectroscopy (FI-IR-ATR)

Regarding the identified and characteristic signals in chocolate (Figure 5a), the pres-
ence of phenols (3562 to 3329 cm™1), lipids (2914, 2850 and 1733 cm '), protein (1249 cm 1),
and sugar (1066 cm ') was reported [49-53], with differences identified in the lollipop
sticks after consumption of the bonbon-type confectionery. In the case of the BC1 lollipop
stick, an increase in the intensity of the stretching band belonging to the hydroxyl group
(3293 cm ™) was recorded (Figure 5b), relating to an increase in water absorption [54] from
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the consumer’s saliva even though the strain signal of the O-H bonds (1647cm 1) did not
manifest an increase in its intensity post-consumption. Another signal that increased in
intensity corresponded to the carbohydrate fingerprint (1019 cm~!) [55], which was due to
the adhesion of the sugar from the chocolate on the surface of the lollipop stick [56]. With
the BC2 lollipop stick (Figure 5b), greater additional changes were identified concerning
what was manifested in the BC1 lollipop stick, with three characteristic signals of lipids
(2914, 2849, and 1735 cm™!) and a signal of the protein (1249 cm~!) from the chocolate
identified, explaining the greater capacity in the surface adhesion of the chocolate on the
sheath with respect to the surface of the TPS-based matrix. It is also relevant to mention
that the representative peak of the strain in the O-H bonds belonging to the BC2 lollipop
stick presented a higher intensity post-consumption, confirming the water retention when
the lollipop stick was exposed to the consumer’s saliva for a short time. Another analysis
that was performed using the present analytical technique was related to the components
that diffused in 50% ethanol in the global migration test, which identified similar signals to
the glycerin and the resulting migration of the two lollipop sticks as reported by Arofai
et al., 2024 [57], finding the band of hydroxyl groups at 3290 cm~!, and symmetric and
asymmetric stretching of CH, bonds at 2878 and 1414 cm ™!, respectively; C-O bonds were
found at 1108, 1030, and 993 cm~!, identifying the presence of secondary and primary
alcohols (Figure 6). Meanwhile, the strain signals at 921 and 851 cm ! represent C-C and
C-C-O bonds and aggregates of glycerol hydroxyl groups. Among the impurities in the
migration resulting from the two lollipop sticks, absorbed moisture was identified from a
strain peak at 1653 cm 1.
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Figure 5. Spectrograms (a) of chocolate and (b) biobased plantain sticks.

3.4. Scanning Electron Microscopy (SEM)

We carried out topographical analysis of the two types of lollipop sticks, pre-
consumption and post-consumption, as specified in the areas that came into contact with
the chocolate, considering the base and the walls of the cylindrical geometry of the lollipop
stick. In the pre-consumer chocolate, soft and smooth surfaces of the matrix composing
the two sticks were identified, being characteristic of gelatinization of most of the plantain
starch granules [58], each lollipop stick being differentiated by the quality of the interfacial
area between the respective reinforcements with the matrix, identifying gaps between the
matrix and the yarn in the BC1 lollipop stick (Figure 7a). In contrast, the sheath and the
matrix did not generate the spacings characteristic of a weak interface (Figure 7b,c). In the
case of the wall surfaces of the BC1 lollipop stick, its smooth aspect with low presence of
cracks was highlighted (Figure 8a,b), differing from the BC2 stick; its matrix and interfacial



Polysaccharides 2025, 6, 41 11 of 20

area present cracks from the cut generated to remove the burr after processing by hot
compression molding (Figure 8c,d).

80 1
70 -

60 -

50 -

Transmittance (%)

3290 e 1108 cm™’
40 - O-H

Glycerine

——BC1 (2=e)

30

2041 ——BC2 1030 cm"_—»1 993 cm’”

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 6. Spectrograms of glycerol and the resulting migrants from BC1 and BC2 lollipop sticks.
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Matrix

A

Smooth surface N ‘
Interphase ,
- "

" JBY
S I P P A et ]

Post-consumption (BC1)

Matrix

g

Figure 7. SEM micrographs of the bases of biobased plantain lollipop sticks: (a) BC1 pre-consumer;
(b,c) BC2 pre-consumer; (d—f) BC1 post-consumer; (g—i) BC2 post-consumer.
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BC1 - Preconsumption BC1 - Postconsumption

BC2 - Preconsumpti BC2 - Postconsumption

S R N

Figure 8. SEM micrographs of the walls of biobased plantain lollipop sticks: (a,b) BC1 pre-consumer;
(c,d) BC1 post-consumer; (e,f) BC2 pre-consumer; (g,h) BC2 post-consumer.

Post-consumption of the confectionery, the presence of remaining chocolate on the
base and walls of the two types of lollipop stick was verified, highlighting the higher
retention on the surfaces corresponding to the walls of the BC2 lollipop stick, specifically
on the sheath, due to a possible higher apolar affinity between the chocolate and the
sheath than what was exposed in the BC1 lollipop stick, between the chocolate and the
thermoplastic matrix based on plantain starch, considering that Mendes et al., 2021 [59]
reported an adequate affinity between chocolate and its derivatives by mixing them with
cassava TPS to obtain biobased materials. However, this behavior was not maintained in
the bases of the sticks since a higher presence of chocolate was evidenced in the BC1 than
in the BC2 lollipop stick. In Figure 7d—f, the formation of chocolate sheets was identified
in two structural states (fresh and fat bloom), generating a coating on the surface of the
lollipop sticks. In the fresh state, an irregularly shaped mass with rounded particles and
folds was visualized, representing the ingredients that make up the chocolate, such as
cocoa solids, fat (triglycerides), and sugar. Another structural characteristic of chocolate is
the formation of porosities generated for storing fat in the liquid state [23,60-64]. In the
case of tempering, use of ingredients, inadequate storage conditions, or an advanced aging
time in chocolate, the 3 VI structure can be manifested, which generates a blade-like bloom
due to the migration of the fat that constitutes the chocolate, moving from its interior to the
surface [23,61,62]. In the case of the surfaces belonging to the walls of the BC1 lollipop stick,
they presented a high concentration of cracks related to surface erosion from the contact of
saliva with the mechanical shear action since the matrix has a greater hydrophilic character
than the BC2 lollipop stick, as detected in the global migration test (Figure 8e,f). In the case
of the BC2 lollipop stick, the chocolate confection was evident, and the interface between
the sheath and the matrix was weakened by the generation of larger spacings (Figure 8g,h).
Another differentiating characteristic of the BC2 lollipop stick was a possible increase in
the sheath’s volume post-consumption (Figure 7g—i), which was due to the contribution
of moisture from the mouth of the chocolate consumer, where the FTIR-ATR identified an
increase in absorbed water, considering that the confectionery has a lipophilic nature [47].
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3.5. Tensile Test

The SLS presented a higher omax concerning the BC1 and BC2 lollipop sticks from its
composition (Table 4 and Figure 9) since PP constitutes the SLS, generating values between
20 and 27 MPa [65,66]. In the case of biobased sticks, the use of the sheath contributed to a
higher omax than that granted by the yarn, considering the presence of the highest amount
of reinforcement (37%), employing long fibers with unidirectional orientation in the sheaths
that constitute the BC2 lollipop stick and the lignocellulosic fibers it contains, possessing
Omax Values between 232.40 and 489.54 MPa [22,67]. Post-consumption, a reduction of
55.72% in the omax of the BC1 lollipop stick was generated, while, when using the sheath as
reinforcement in the BC2 lollipop stick, a loss of 6.81% was presented. Despite the exposure
of the two types of BCM to chocolate at a temperature close to 32 °C for molding and
cooling, followed by storage for 10 days and subsequent consumption, and being moistened
with some mechanical exposure during handling and consumption of the confection, the
function of the sheath restricted the passage of moisture during chocolate consumption,
avoiding the rapid speed in the loss of mechanical properties from the wetting of the
thermoplastic matrix [15] which was manifested in the BC1 lollipop stick, since the free
spaces between the reinforcement and the matrix evidenced through SEM images increased
the capacity for water absorption and affected its mechanical behavior [68]. Similarly, the
wetting generated in the biobased lollipop sticks from chocolate consumption promoted
changes in the E and the ¢, reducing the structural stiffness and increasing strain by
retaining higher moisture content. Despite the reduction of the omax and E of the BC2
lollipop stick post-consumption, its omax retained a competitive value when compared to
that reported by [69], obtaining a value of 8.16 MPa in a BCM constituted by flour from
plantain peel, plasticized with 50% glycerin, and reinforced with 6.54% of fibers from
plantain pseudostem. In comparison, the E was higher, with a value of 281 MPa. In the case
of Cheng, 2019 [70], a o max of 12.15 MPa and an E of 506 MPa were reported when using a
corn TPS reinforced with 23.44% of lignocellulosic fibers and 5.13% of calcium carbonate
(CaCO3). When compared with those obtained by Rodriguez-Soto et al., 2019 [18], the
omax and E were higher with the use of a BCM formed by a bilayer sheet using cassava
acetylated thermoplastic starch (first layer) and a sheath from the plantain pseudostem by
hot compression molding, obtaining values of 50 MPa and 2.7 GPa, respectively.

15 5

Pre-consumption (BC1)
Pre-consumption (BC2)
Post-consumption (BC1)

©
< —— Post-consumption (BC2)
2 10
S //M
=
g
»
2
2 5-
@
'—
1 //\KI"\’\ |

0 20 40 60
Deformation (%)

Figure 9. Tensile test curves for all sticks pre-consumption.
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Table 4. Tensile and flexural properties of synthetic and biobased plantain lollipop sticks.
Treatment Candy Omax (MPa) E (MPa) € (%) OFmax (MPa) ef (%)
Consumption max max
SLS Before 20.61 £191 116.42 +£20.22 1001.60 £ 314.19 32.66 +£7.11 7.83 £1.32
BC1 Before 7.34 £ 3.59 122.34 £ 55.12 21.41 £12.54 10.16 £ 2.04 27.78 £ 8.05
After 325+1.29 23.50 £8.11 43.70 £9.17 6.01 £ 3.97 22.09 £ 2.96
BCD Before 12.62 =142  110.28 19,93 26.11 £+ 4.63 19.07 £ 7.30 547 + 2.62
After 11.76 = 2.70 37.21 + 16.64 39.68 + 12.10 10.11 £ 3.26 23.20 £7.10

3.6. Flexural Test

In this type of mechanical action, SLS maintained a higher opy,x from its PP-based
composition, while the biobased lollipop sticks presented a reduction of the opmax by
40.85% in the BC1 lollipop stick post-consumption. In comparison, the value for the BC2
lollipop stick was 46.98%; the decrease, concerning the properties obtained previously, in
tensile stresses is more notable. In the case of the BC1 lollipop stick, the acquired moisture
contributed to the plasticization of the biobased matrix that composes it, while in the
case of the BC2 lollipop stick, the absorption of moisture possibly caused a reduction in
stiffness initially generated by the starch and pectin present in the interior of the sheath,
leaving only the lignocellulosic fibers exposed as possible reinforcement. On the other hand,
the lignocellulosic fibers did not contribute to the generation of opmax from the softening
of the parenchyma belonging to the sheath when wetted. They possibly contributed to
the weakening of the interfacial area between the sheath and the matrix, preventing the
transmission of the flexural stress towards the lignocellulosic fibers of the sheath from the
beginning of chocolate consumption, since Miissig, 2010 [71] reported that lignocellulosic
fibers in a pure state do not contribute to the opmax. When comparing the results pre-
consumption and post-consumption of chocolate candy, higher opmax values were reported
when using PP blends with banana pseudostem fibers with a participation of 30% as
reinforcement, with values between 65 and 68 MPa [67].

3.7. Dynamic Mechanical Analysis (DMA)

Regarding the analysis of the moduli in a temperature interval between 30 and 150 °C
(Table 5), a reduction in their values was evidenced as the temperature increased, which is a
characteristic behavior of a semicrystalline thermoplastic polymer, since the lollipop sticks
presented a tendency of the complex (E*) and storage (E’) moduli to 0 when exposed to
higher temperature values; likewise, the intensity of the tangent delta reached values lower
than 1 [22,72]. In the case of the loss modulus (E”), a lower manifestation was identified
throughout the study temperature range, related to stiffness in the lollipop sticks. Bashir,
2021 [73] mentioned that E” is associated with the internal friction generated with the
movement of segments of the polymeric chains, indicating the greater macromolecular
restriction in the BC2 lollipop sticks. In the E’ at 30 °C, a contribution of reinforcement of
the thermoplastic matrix was identified by incorporating the yarn and sheaths in the BC1
and BC2 lollipop sticks, increasing from 0.70 to 2.75 and 4.97 GPa, respectively, generating a
higher stiffness and restriction in the macromolecular mobility of the thermoplastic matrix.
From the increase of E’ in BC1 and BC2, an interfacial region was generated between the
lignocellulosic reinforcement (yarn and sheath) and the matrix, formed by two nano-layers.
The first nano-layer that surrounds or tops the surface of the lignocellulosic reinforcement
with a thickness between 0.1 and 2.0 nm contains polymeric chains of the matrix that
possess a high restriction in their mobility due to their strong fixation with the surface of
the lignocellulosic reinforcement, depending on the physical and chemical affinity of the
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matrix and the reinforcement, the volume fraction, particle size, and dispersion quality of
the reinforcement. In comparison, the second nano-layer can present a greater thickness
(2.5 t0 9.0 nm), containing polymeric chains with a slight anchorage with the lignocellulosic
reinforcement [73]. The above behavior was identified in BCMs consisting of polyhydroxy
butyrate valerate (PHBV) reinforced with recycled cellulose fibers in two concentrations
(15 and 40%), generating an E’ at 30 °C of 1.8 and 2.9 GPa, respectively [74]. Similarly, the
higher contribution of the reinforcement presented in the BC2 lollipop stick is related to the
higher value of E/, the higher temperature of the Tan delta, and the lower intensity in its
signal, relating to a greater interaction between the matrix and the reinforcement used [73].
Post-consumption of the chocolate candy, a reduction in the viscoelastic properties was
generated in the biobased lollipop sticks from the contact of saliva and friction with the
internal tissues of the mouth and teeth of the consumer, weakening the interfacial region of
the BCM; however, BC2 maintained an E’ higher than 1.5 GPa, due to the moisture barrier
provided by the sheath. As the temperature increased, it was noticed that the lignocellulosic
reinforcements maintained a higher E’ than the thermoplastic matrix, especially in the BC2
lollipop stick (Table 5 and Figure 8), and also higher than that manifested in a composite
material constituted by PP reinforced by banana pseudostem fibers between 20 to 30%,
which generated an E’ close to 2.25 GPa at a temperature of 50 °C [75], lower than that
shown by the BC2 lollipop stick (Table 5 and Figure 10), while in other investigations
using TPS as matrix, reinforced with cellulose nanofibers and sisal fibers in native and
alkalinized states between 0.5 and 10%, the E’ at 50 °C did not exceed 1.9 GPa [76-78].
At the same evaluation temperature and when comparing the E’ of the BC2 lollipop
stick, it is worth noting a BCM made of matrices such as polyhydroxybutyrate (PHB)
and PHBV reinforced with recycled cellulose, native flax fiber, and silanized between
15 and 50%, achieving maximum values of 2.84 GPa [79]. According to the above, the
BC2 lollipop stick has an elastic behavior that stands out over other BCMs developed in
other investigations. As for the Tan delta, which corresponds to the existence of the glass
transition temperature (Tg) [73,80], as the amount of reinforcement in the lollipop stick
increased, it was located at a higher temperature, relating to a more significant restriction
in macromolecular mobility [81,82], maintaining the superiority in the BC2 lollipop stick;
and, after the confectionery had been consumed, a reduction in its value was generated,
contributing to an increase in macromolecular mobility because of the moisture received
by the consumer. The Tan delta may also depend on the type of reinforcement used in the
BCM, giving a greater molecular restriction when using fibers with a higher aspect ratio in
a TPS matrix, reporting a Tan delta of macrofibers between 10.0 and 12.6 °C. At the same
time, when using cellulose nanofibers, its value can be found between 80.5 and 87.5 °C,
the latter being responsible for increasing the restriction in the molecular movement of the
starch chains [76-78,83]. Another behavior that should be mentioned is the absence of Tan
delta registration in the BM post-consumption, relating to a possible reduction of Tg below
30 °C, and relating to the highest saliva plastification in comparison with BC1 and BC2.

Table 5. Dynamic-mechanical properties of biobased plantain lollipop sticks. Storage modulus (E').

MCE Candy E’ (GPa) Tan Delta
Consumption 30 °C 50 °C 100 °C T° Intensity
Pre 0.70 0.20 0.07 51.33 0.41
M Post 0.24 0.14 0.07 N.R. N.R.
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Table 5. Cont.
/
Cand E’ (GPa) Tan Delta
MCB andy. ,
Consumption 30°C 50 °C 100 °C T° Intensity
Pre 2.75 0.90 0.12 61.71 0.37
BC1
Post 0.51 0.21 0.06 44.80 0.35
Pre 497 3.03 0.91 66.90 0.29
BC2
Post 1.65 1.08 0.55 52.64 0.25
N.R.: No record.
(a) Pre-consumption (b) Post-consumption
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Figure 10. Dynamic-mechanical behavior of biobased plantain lollipop sticks pre-consumption and
post-consumption: (a,b) BM; (c,d) BC1; (e,f) BC2. Complexe modulus (E*); Storage modulus (E);
Loss modulus (E”).

4. Conclusions

From the use of plantain by-products for the development of lollipop sticks for bonbon-
type confectionery, it was identified that the lipophilic character provided by the chocolate is
adequate due to the lower migration generated from the lollipop stick to the confectionery,
since other simulants generated migrations higher than 2369.50 pg/dm? in emulsions
and the disintegration of the lollipop sticks in a short time in hydrophilic foods. After
consumption of the chocolate confectionery, a reduction in contact angle and retention
of confectionery in biobased lollipop sticks was evidenced from SEM and FT-IR-ATR, as
well as reductions in omax, E, 0Fmax, E*, E’ and Tan delta. However, the use of the sheaths
as reinforcement and coating of the thermoplastic matrix present in the BC2 lollipop
stick contributed to generating lower losses in the properties, presenting a potential as a
possible alternative to the conventional lollipop sticks used in chocolate confections since it
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generated a loss of 6.81% in the omax, maintained the opmax above 10 MPa, maintained an
E’ (30 °C) of 1.65 GPa, and a Tan Delta (Tg) of 52.64 °C, all of which are properties related
to the stiffness of the lollipop stick post-consumption of the confectionery. In the case of
the BC1 lollipop stick, the loss of properties was mainly based on the direct exposure of
the thermoplastic matrix to the application environment and direct contact with moisture.
Based on the limitations identified in the BC2 lollipop stick and its use in emulsions,
alcoholic beverages, and hydrophilic foods, further study is required in one of the three
alternatives to mitigate the effects that water can cause in the structure and properties of
the lollipop stick, using starch modification, hydrophobization of the surfaces by plasma
treatment, or coating with an apolar resin.
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