iririedl applied
e sciences

Article

An Innovative Polypropylene/Waste Cork Composite Material
for Spirit and Wine Stopper Caps

Miguel Suffo 1,#( Celia Pérez-Mufioz (2, Gonzalo Alba 2

check for
updates

Citation: Suffo, M.; Pérez-Muiioz, C.;
Alba, G,; Villar, M.P. An Innovative
Polypropylene/Waste Cork
Composite Material for Spirit and
Wine Stopper Caps. Appl. Sci. 2024, 14,
3014. https://doi.org/10.3390/
app14073014

Academic Editor: Andrea Carpinteri

Received: 17 January 2024
Revised: 1 March 2024
Accepted: 25 March 2024
Published: 3 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Maria Pilar Villar 2

Department of Mechanical Engineering and Industrial Design, High Engineering School, Universidad de
Cadiz, Campus Rio San Pedro s/n, 11510 Puerto Real, Cadiz, Spain; celia.perez@uca.es

Departament de Ciencia de los Materiales e Ing. Met. y Q. I, Universidad de Cadiz, Campus Rio San Pedro
s/n, 11510 Puerto Real, Cadiz, Spain; gonzalo.alba@uca.es (G.A.); pilar.villar@uca.es (M.P.V.)

*  Correspondence: miguel.suffo@uca.es

Abstract: In the wine bottling process, thermoplastics are commonly used to manufacture the crown
of cork stoppers. The production of agglomerated cork stoppers generates a type of waste called
cork powder (CoP) in large volumes with known properties but which are still underutilized. At
present, although there are many agrocomposites available with additives such as natural fibers or
solid residues from agricultural products, there are no studies describing the formation of these agro-
composites from petroleum-derived synthetic plastics combined with cork dust as a reinforcement for
the polymeric matrix. The present study describes a novel agrocomposite, which has been obtained
by mixing polypropylene-type materials, as they are some of the most widely used and versatile ther-
moplastics, with cork dust, which is a waste product obtained from the cork industry. The composite
is obtained directly, without the need for grafting, adhesive polymers, or coupling agents. A superior
mechanical performance compared to the unprocessed polymer was highlighted in the test results,
thus evidencing the reinforcing function played by the waste in the polymer matrix. Therefore, this
novel agrocomposite could be a promising alternative to replace some petroleum-derived synthetic
plastics, which are currently experiencing high demand. The use of this new agrocomposite is well
aligned with sustainability strategies, the principles of the circular economy, and oriented towards
the fulfilment of the Sustainable Development Goals required by the European Union, considering
that it contributes (a) to recycling agricultural waste that would otherwise be difficult to recover
and valorize; (b) to the reduction in the CO, footprint; and (c) to promoting the use of high-quality
secondary raw materials.

Keywords: cork agrocomposite; circular economy; polymer-matrix composites; cork powder

1. Introduction

One of the biggest global consumers of synthetic plastic materials is the wine industry,
a fact emphasized in both the packaging and bottling process [1]. Whether through a plastic
or cork stopper, the industry’s plastic consumption has led to a proportional surge in waste
generation [2]. In addition, the production of cork stoppers called “cabezudos” has been
carried out, which are composed of a core of synthetic agglomerate cork fused, through a
solid adhesive bond, with materials such as plastic (for example, PP), wood or even the
metal alloy Zamak in its upper part [3]. Zamak is a non-ferrous metal alloy basically formed
of zinc, aluminum, magnesium and copper, which, together, give rise to its name [4]. This
innovative design safeguards the wine by ensuring the cork’s contact while shielding the
ensemble from external elements. The use of microgranulated agglomerated cork makes
possible the use of very effective methods to extract 2,4,6-trichloroanisole in wine, such as
the use of supercritical fluid [5,6]. Figure 1 illustrates the production scheme of this type of
“cabezudo” stopper of the two input flows: blue for the input flow of crowns and yellow
for the input flow of cork spikes; the brown output flow corresponds to the finished and
assembled product.
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Figure 1. Assembly process of “cabezudo” stoppers. Processes: A. materials; B. Feeders; C. Assembly
of the elements (crowns-cork spikes) by means of adhesive; D. Finished product.

In the production phase, the cork and crowns move in parallel, with the crowns
strategically oriented for facile union. The adhesive is applied to the inner face of the
crown, accommodating the insertion of the cork, and the components are pressed together
to ensure proper assemblage. Finally, the finished product exits the machine, aided by a
manipulator robot placing each stopper in predetermined locations or collecting them as
bulk stoppers in boxes. Specialized feeders and orienters, adapted for each crown and cork
variant, ensure a fluent flow in this process.

Natural cork, a biomaterial with a global demand exceeding 280 kilotons annually [6],
sees approximately 20-30% transformed into CoP, used for various industrial purposes,
such as fillers for stoppers [7]. Previous studies [8-10] have successfully explored the manu-
facture of compounds by mixing this material with polymeric matrices like PE or PP. Brites
etal., 2019 [11,12] concluded that CoP’s dispersion in a PP matrix achieves better results
with smoother and more easily processable surfaces than with HDPE. From the point of
view of composite construction, CoP stands as the fundamental load-bearing component
of the composite, while the polymer matrix acts as the binder, linking and filling cells to
distribute external loads efficiently. Moreover, some studies, such as [13], highlight agglom-
erated cork’s amphiphilic properties, enabling easy blending with polymeric elements such
as latex, polyethylene or polyurethane for wine stopper production.

During the production of agglomerated cork spikes (sticks) currently used to form
wine bottle stoppers, significant volumes of cork powder (CoP) emerge from cutting and
sanding operations, free of impurities, making them highly desirable for utilization [14].
This material generates cork powder from the original raw material at a proportion of
20-30%, a fact corroborated in references such as [15-17].

Given this significant volume and periodicity, opportunities arise for circular economy
models where this resource could produce composites in tandem with thermoplastics
frequently used in the packaging industry [18-20].

Traditionally, this material was converted into pellets for energy through combustion
due to its limited commercial value [9]. However, it can be valuable for alternative uses
within a circular economy scenario in the geographical area where commercial activities
are generated [21].

This study specifically details the procedure for obtaining an innovative agrocomposite
material derived from the combination of conventional CoP and PP, a semi-crystalline poly-
mer widely used due to its easy handling, chemical resistance, low density and relatively
affordable cost [22].
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The produced material conforms to the required mechanical and rheological criteria
for effective utilization, particularly in industries like food and wine packaging, where
synthetic plastics play a crucial role. Additionally, this product is adaptable for molding
through injection molding and extrusion-based 3D printing machines, with the flexibility
to adjust the proportion of both components (CoP and polymer). As an example, CoP
containing 40% by weight of additive was successfully processed using a twin-screw
extruder.

2. Materials and Methods
2.1. Equipment and Materials

Due to its nature and annual production volume, CoP has been identified as an
appropriate byproduct. Furthermore, it is classified as a waste with no guarantee of
recovery. Table 1 details the chemical properties and the generation procedure of the CoP
used in this study, which was obtained in 2021 from a facility belonging to “Herederos de
Torrent Miranda” in the province of Cadiz, Andalusia, Spain.

Table 1. Characteristics of cork powder (CoP).

Morphology Powder
Genesis Manufacturing process of cork stopper cap pins
Chemical composition [13]
Humidity 2.46%
Volume 30% in incoming raw material [16,17]

In addition, PP, whose properties are summarized in Table 2, was used in the tests
carried out. This was provided by Totalenergies, Barcelona, Spain. The same company
that provided the CoP suggested the use of this thermoplastic because it is the one they
commonly use in the injection molding processes of their stopper caps.

Table 2. Characteristics of the PP used in this study [23].

Charpy Impact Vicat Softening

Supplier 1}/:;;1;1::: Density StYriezls dat I\If)gilllzs Elongation Notched at Temperature
PP (o0 min) K&/l (MPal (vpa] 2t Yield [%] 23°C at 10 N (VST/A)
g [KJ/m?] [°C]
TOTAL .
PP PPC 5660 7 905 25 1300 6 13 145

* for 2.16 kg at 230 °C.

Figure 2a shows the appearance of CoP. An oven was used to dry the CoP for 24 h at
100 °C, before the mixing step was carried out [24]. The materials, CoP and raw PP, were
subjected to a melt compounding process in a twin-screw extruder, model SHJ20, SIEPLA,
Barcelona, Spain. The process conditions were Profile T: 140-190-190-190-190-190-160-190;
400 rpm. Sofia Jurado-Contreras et al. [25] conducted an experiment to create a composite
by combining polylactic acid (PLA) and olive pits (OPs). This process required a lower
rotation speed, but the overall method for manufacturing the composite was the same as
that used in our agrocomposite. The goal was to achieve the proper fusion between the
PLA and the OPs. To do this, they tested different combinations of parameters, such as the
temperatures in each zone of the extruder, the rotation speed of the screws, and the correct
feeding of the materials to be intimately mixed. They also took into account the residence
time in each zone. In the end, the result was a composite filament ready to be pelletized.
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Figure 2. Physical appearance of (a) dry CoP before mixing; (b) CoP30PP70 CAG formed with a
3 mm size.

The CAG was then fragmented using WSGM-250 equipment manufactured by J.
Purchades, Madrid, Spain. This mill, equipped with stainless steel blades, is specifically de-
signed to cut plastic materials, with an aim to obtain a particle size suitable for the injection
process. Subsequently, the resulting material was screened to a minimum size of 3 mm,
which is considered suitable for the injection process [19]. The prototype tests were car-
ried out following the performance characteristics and mass distribution of the CoPX:PPY
mixture, using a maximum amount of product. Table 3 summarizes the composition
percentages of each CAG that were used for the tests.

Table 3. Percentage values of the composition of the different CAGs.

CoP [%] PPC 5660 [%]
CoP20PP80 20 80
CoP30PP70 30 70
CoP35PP65 35 65

2.2. Methodology
2.2.1. CAG Manufacturing Process

Figure 2b displays the chopped CAG obtained and shows their uniform extrusion,
resulting in solid masses before they go through the chopping process in the knife mill. It is
relevant to note that the morphology, composition and granulometry of the CoP remained
constant throughout, the only variation being the moisture content of the material, which
ranged between 2.46 and 2.63% (at 100 °C for 24 h). The chopping process produces a
granular material with a controlled size, suitable for further processing in an injection
molding machine.

2.2.2. Description of Materials and Test Methods

In addition, characterization of the mechanical and rheological properties of the mate-
rials was carried out, as well as analysis of their microstructure and chemical composition,
in order to assess the impact of the filler on the material composite.

A. Structural and chemical characterization

The materials were subjected to analysis by scanning electron microscopy (SEM)
and related techniques to examine their morphology at the microscopic level and the
distribution of phases present in the CAG, as well as their composition. The samples
were partially coated with silver colloid in order to prevent charging effects during SEM
experiments. In particular, the CoP powder and the two agrocomposites resulting from
their combination (with a CoP content of 20% and 35% by weight) were examined using
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a Tescan Solaris FE-SEM/FIB, Brno, Czech Republic, microscope equipped with an X-ray
detector. SEM micrographs were acquired with an electron landing energy of 2 keV and
a beam current of 30 pA at various magnification levels, with a working distance set at
20 mm.

Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)
was also carried out on the reference samples in order to identify the constituents of CoP,
crude PP and agrocomposites. The test was carried out on n = 3 replicas of each sample.
This method provides information on the presence or absence of specific functional groups,
as well as on the chemical structure of the compounds present, serving as a reference for
the initial formulations. For this analysis, a PerkinElmer Spectrum 3, Shelton, CT, USA was
used with the GladyATR Vision accessory, which allows for the recording of FTIR spectra
of solid, liquid and gaseous samples in the mid- and near-infrared range.

B. Mechanical properties

Subsequently, the CAG was processed using an Engel Victory 28 injection molding
machine, manufactured by Engel Group, Schwertberg, Austria, in order to obtain the
necessary test samples for mechanical characterization. The samples were injected at 180 °C
and 3 bar pressure. Analogous to a previous study [13], the mechanical properties of the
materials were evaluated using specimens specifically designed for each of the composites
and the blended PP, following the guidelines of UNE-EN ISO 527-2 [26] for tensile testing.
Charpy impact tests were carried out according to UNE-EN ISO 179 [27] to determine the
Charpy impact strength of the CAG, using a Charpy-Izod IMPATS 15 equipment from
Metrotec, Lezo, Spain. Five to ten specimens, as specified by the relevant standard (80 mm
x 10 mm x 2 mm, length, width, thickness), were tested for each material. These tests were
carried out with a pendulum of nominal potential energy of 2 J-5 ] and an impact velocity
of 29 m/s.

To assess the tensile strength characteristics of the materials, we employed a Tinius
Olsen H10KS Universal Testing Machine, San Diego, CA, USA, in accordance with the
UNE-EN ISO 527-1 [28] and UNE-EN ISO 527-2. This machine offers the flexibility of using
two types of load cells—100 N and 10 kN—depending on the specific force range needed
for the test. Additionally, it boasts a maximum displacement between grips of 1100 mm, a
force sampling range of 200 Hz (nominal), and an extension reading resolution of 0.001 mm.
The statistical calculations were performed by using the software package STATGRAPHICS
v.19, under license from the University of Cadiz.

C. Thermal and rheological properties

A flowability measurement was conducted to evaluate how the residue affects the
rheological properties of the polymer composite. The flowability indicator (MFI) was deter-
mined using an MP600 extrusion plastometer manufactured by Tinius Olsen, Kongsberg,
Norway, following the guidelines established by UNE-EN ISO 1133-1 [29]. Masses of 5 and
7 g of the chopped material were introduced under a load of 2.16 kg, at an inner cylinder
temperature of 230 °C, with a shear time interval of 5 s.

In accordance with a previous study [15], the thermal characterization was comple-
mented with DSC (Differential Scanning Calorimetry) analyses. DSC measurements were
performed for both CAG and pure materials separately (processed PP and CoP), using
1/200 DSC equipment from Mettler Toledo, Barcelona, Spain, connected to a cryogenic
device with a working range between —37 °C and 200 °C. This apparatus facilitates the
injection of a gas stream into the sample chamber. Each test involved using approximately
10 mg of the sample under the specified experimental conditions: a temperature ramp of
20 °C/min within a range of 30 °C to 350 °C, with a nitrogen (N2) stream set at 50 mL/min.
These tests were carried out according to UNE-EN ISO 11357 [25] and were performed in
40 pL aluminum crucibles, using a five-phase thermal program detailed in the following
specifications:

Phase 1: (—37)-100 °C (10 °C/min);
Phase 2: 100 °C (20 °C/min);
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Phase 3: 100—(—37) °C (10 °C/min);
Phase 4: (—37) °C (20 °C/min);
Phase 5: (—37)-200 °C (10 °C/min).
Equation (1) was used to calculate the degree of crystallinity, x. [24,30]:
Hcpp
= 1
Xe Hcagro-wrp @

where

H_pp is the enthalpy of crystallinity of the pure polymer at 100% crystallinity [31];
Heagro is the enthalpy of crystallinity of the CAG;

wrpp is the percentage of mass polymer in the CAG (1, 0.8, 0.7 and 0.65).

D. Injection molded plastic

Direct injection tests were carried out using a Krauss Maffei model CX80Tn fuel
injection pump, which has a twin screw and is owned by a Jerez, Spain packaging company.
In this process, a generic 3D model was used for the manufacture of oversized crowns of
cork stoppers, as shown in Figure 3.

Figure 3. Physical model delimited according to measurements taken from the actual plug used as a
specimen to carry out the injection molding tests for the following mixing ratios.

E. Adhesion cap—cork test

Figure 4 shows the preparations for the validation of crowns manufactured with
CAG material as closures for fortified wines, which requires verifying proper adhesion
with commercial cork spikes. To achieve this, a commercial adhesive (Technomelt Supra
100Plus22, Diisseldorf, Germany Henkel AG & Co., KGaA) used by automated cork stopper
manufacturers was employed. In this study, the adhesive had to be applied manually. This
approach allowed for the determination of the exact amount of adhesive required to
complete the bonding between the crown and cork elements. A cork spikes previously
used in reference [13] was obtained for the adhesion test, and crowns made from 20:80
and 30:70 blends were evaluated, with 3 replicas for each blend (n = 3). A Dexter Power
HG-DP2000-LCD 2000 W, Ronchin, France heat gun was used to melt the adhesive, which
was heated to 190 °C in a crucible covered with aluminum foil, as recommended by the
adhesive manufacturer for proper application. During the thermoplastic adhesive heating
process, airflow rate (300-350 L/h) and time to reach melting (150-180 s) were controlled.
To determine the adhesive mass required for the spindle-crown bond, weighing of the
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adhesive and the assembly was performed individually before and after impregnating the
melted adhesive. Finally, the spindle was manually pressed into the internal housing of the
crown for a few seconds until secure adhesion without loosening was achieved.

Figure 4. Elements used to perform the adhesion test. The cork samples named as 1 are bevelled and
the others cylindrical.

3. Results and Discussion
3.1. FTIR-ATR and Granulometry Analyses

The results of the FTIR-ATR analyses are shown in Figure 5. The different bands are
linked to the existence of particular functional groups. In the spectrum of the processed
virgin polypropylene, it is possible to highlight the six most characteristic groups of bands
for this thermoplastic: the four bands between 2951 and 2839 cm ™!, the stretching vibrations
of the CH bonds, the band at 1455 cm™~! that coincides with the asymmetrical bending of
CHj3 and the symmetrical band that appears at 1376 cm ™.

Three superposed spectra corresponding to CoP are shown in the lower part of Figure 5,
which are the results published in [13]. For the three types of agglomerated cork, samples
from wine corks (A, B, C) have been taken as a reference. They exhibit characteristic
vibrations of suberin, lignin and polysaccharides, the main constituent of cork. Thus, in
the CoP spectrum, the band at approximately 3330 cm ™! is recognized as the stretching
vibrations of O-H bonds. The distinct peaks observed in the bands at 2920 and 2853 cm ™!
are indicative of the stretching vibrations of CH, bonds within the alkyl chain of suberin [11].
The band at 1737 cm ™! is attributed to the stretching vibrations of C=O bonds present in
the ester groups of suberin [32]. The two most characteristic peaks of the CoP spectrum are
at 1227 and 1091 cm~!, which correspond to the C-O bond tension typical of the esters of
the suberin and secondary alcohols of the polysaccharides, respectively.

The spectra associated with the CAG display distinct peaks for CoP, such as those at
1227 and 1091 (marked with arrows), and for PP, such as those at 1455 and 1376 (although
the latter are also present in CoP but to a lesser extent). Comparing the evolution of these
peaks across the three CAGs in terms of relative proportions reveals a variation in intensity
as the proportion of CoP increases.

In Figure 6, SEM micrographs of the specimens’ fractures are shown. These correspond
to the agrocomposites with different CoP contents, indicated at the top of each column,
to investigate the morphology and distribution of the structures involved. According to
the type of footprint presented in the 75x micrographs (the first row), it is possible to
determine that the material suffers typical stress fractures with weak spots or small cracks
that lead to the crazing of the material. Concerning the 500 x magnification micrographs
(the second row in Figure 6), the examinations performed on the composites enabled the
observation of filler particles formed by blending PP with CoP. These particles exhibit
micrometric dimensions and are evenly dispersed throughout the plastic matrix without
requiring the addition of coupling agents.
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80:20 70:30 65:35

Figure 6. SEM analyses performed on derived composites with a CoP content of 20%, 30%, and 35%.

The absence of empty spaces illustrates a favorable interaction between the cork
particles and the polymer matrix [11]. It is possible to distinguish how the agglomerations
and the cork microstructure are rendered as hexagonal /pentagonal (honeycomb-like) or
rectangular (brick wall-like) patterns, when properly aligned, as shown in the higher-
magnification images (the third row). Starting from the mixture at a ratio of 30:70, this starts
to be displayed and is most easily seen in the 35:65 mix, where particles of around 200 pm
are observed. This coincides with the average particle size presented in the granulometric
curve of Figure 7, where the majority of the CoP particles were measured as less than
1 mm, and they exhibited a tendency to aggregate into larger clusters ranging from 100
to 400 pm. Similarly to references [13,33], the cork cells along the axial / tangential section
show rectangular cross-sections, with dimensions of around 20-30 pm x 40-50 pum, and
1 um thick walls, approximately. The particle size is relevant for the mechanical properties
and the performance of the plant-based filler in the polymer matrix.
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Figure 7. Graphical representation of the CoP particle size curve.

Concerning the material’s microstructure, the surface morphology of the CAG revealed
interconnected fibrillated structures, forming agglomerations that entrap chained cells.
As depicted in the micrographs at 75x magnification in Figure 6, this arrangement of
components within the material results in the development of voids and/or cavities within
the plastic matrix, significantly impacting the mechanical performance, particularly in
terms of elongation and fluidity.

3.2. Thermomechanical Property Tests

Figure 8§ illustrates the outcomes of the tensile tests, highlighting the distinct mechan-
ical behavior of the CAG based on its composition, specifically, the CoP/polymer ratio.
With an increase in the CoP content, the value of the elastic modulus (Young’s modulus)
does not vary significantly with respect to the virgin polymer except in the 20% mixture,
which presents a particular dispersion of the average values. However, it is also the one
that presents the greatest deviations, probably due to the lower amount of CoP load in
this mixture, as the rigidity is not affected as a consequence of providing a reinforcing
characteristic to the polymer [34,35], without using a coupling agent like MAPP [36], and
using a PP with similar mechanical properties. This phenomenon is revealing considering
that the CoP content is increased by up to 35%. Only a slight decrease in the modulus
in the 20% mixture stands out, coinciding with the same phenomenon that occurred in
the stress, and an inverse phenomenon emerges from the elongation. However, if the
minimum and maximum values of the error range or standard deviations are compared,
it is possible to confirm the regularity of this mechanical property of CAG. It should be
observed that the recorded value for the pure PP remains consistent with the one presented
in Table 2, stemming from the temperature treatments applied during the extrusion and
injection processes. However, it is in this mixture that the greatest dispersion has been
achieved, noting that the maximum value of the range is similar to the average of the
previous mixture.

This observed phenomenon can be elucidated by considering the microstructural
characteristics identified in the CAG.

As mentioned earlier, the SEM analysis revealed interlinked fibrillated polymer
structures formed due to the inclusion of CoP, along with the development of small
voids/cavities. At the microscale, these voids/cavities and fibrils demonstrate resilience
against substantial deformation prior to failure, thereby improving the material’s ductility
and hindering crack propagation.

Therefore, the stability of the elastic modulus in the CAG with varying CoP content
signifies the reinforcing role played by solid byproducts/wastes within the polymeric
matrix, as reported by other researchers [37].
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Figure 8. Mechanical properties of the agrocomposites. (a) Young’s modulus, ET; (b) % elongation
and stress at break. (0%: PPC 5660; 0%p: processed PPC 5660; 20%: CoP20PP80; 30%: CoP30PP70;
35%: CoP30PP70).

The data were subjected to parametric ANOVA tests within each dataset (n = 22),
resulting in a significant Snedecor F value (F = 13.86) at a significance level of p < 0.05.
Consequently, the time groups demonstrated an effect on the variable response (Young’s
modulus).

The stress at break exhibited a slight decrease with the addition of the residue [37,38].
As depicted in Figure 9b, the incorporation of CoP led to a reduction in stress, with decreases
of 15.8% and 28%, showing a slight decline for composites with 20 wt.% and 30 wt.% of
filler compared to the processed raw polymer. Subsequently, the strain at break displayed
a gradual recovery for higher filler contents up to 35%. This phenomenon reveals the
stability of the agrocomposite when mixed with the load, in the same way as the elastic
modulus. There is a slight increase in the elongation in the load mixes (20:80 and 35:65). It
is strange that the elongation does not follow a decreasing trend with the increase in the
load percentage, since, with this, it would also increase its fragility, a phenomenon that
did not occur in this test. These phenomena of trend changes in the CAG blends may be
attributed to the particle size of the CoP, as described in [39].
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Figure 9. Impact test (Charpy) results and MFI properties of the agrocomposites. (a) Impact test, Jc;
(b) MFI test. (0%: PPC 5660; 0%p: processed PPC 5660; 20%: CoP20PP80; 30%: CoP30PP70; 35%:
CoP30PP70).
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The ANOVA test within each dataset (n = 22) yielded a significant Snedecor F value
for both strain at break (p < 0.05, F = 25.88) and elongation (p < 0.05, F = 971.47), signifying
the influence of time groups on these variables.

The assessment of the impact fracture energy per unit area, Jc, was conducted through
Charpy impact tests (Figure 9a). Similar to [35], the initially processed virgin PP exhibits
high impact resistance, which gradually decreases with the addition of the plant-based
filler until it remains relatively constant at a CAG of 35%. The loss of impact resistance
could be due to PP degradation by chain scission [39]. Despite two heterogeneous materials
being present, a perfect integration is observed in the mechanical behavior of the CAG.
However, as in the case with charges of mineral origin, elevating the quantity of stress
concentrators beyond a specific threshold may induce particle agglomeration, causing the
material to gradually become brittle. Consequently, this can lead to rapid crack propagation
and eventual material failure through fracture. This phenomenon is not perceived when
the CoP content does not exceed 35%.

Similarly, the outcomes of the ANOVA tests within each dataset (n = 34) revealed a
significant Snedecor F value (p < 0.05, F = 1461.45). Therefore, the time groups exerted an
effect on the response variable (Charpy).

Similar to [40], the fluidity of the CAG increases as a function of the CoP content
(Figure 9b), except for a slight drop in the 30% CoP mix, in which this resulting CAG
property presents approximately the same rheological properties as virgin PP.

However, when a 35% load is added, the fluidity increases three-fold. This finding
aligns with the observations documented by [11], when mixing 5 wt.% CoP caused a
reduction of around 50% of the MFI, which was attributed to the extrusion process of the
CAG. These phenomena of trend changes are characteristic of PP. Certainly, given that PP
is a semicrystalline polymer, one can infer at the initial stage that the most degraded chains
are likely to be those from the amorphous phase [39,41]

The ANOVA test within each dataset (n = 29) produced a significant Snedecor F value
(p <0.05, F = 182.12), indicating that the time groups had an impact on the MFIL.

The thermograms depicted in Figure 10 display the DSC results for the 11.1 mg samples.
The striped areas corresponding to the pure PP and the CAG exhibited remarkable similarity.
The initial phase signifies material homogenization (these phases have been shortened to
focus on the relevant processes), while the subsequent phase change indicates polymer
melt (Tm). The following line visible in all graphs represents the pulse line or solidification.
The enthalpy (AH) of the process and the subsequent crystallinity remained consistent
across all the cases. The Ty, of the pure CoP was approximately 169.93 °C, and the Tp,
of the processed pure PP was around 166.23 °C, whereas the T, in the CAG (CoPX:PPY)
ranged between 168.59 and 169.18 °C, suggesting no significant change with the addition
of the CoP. For semicrystalline thermoplastics, in molten conditions, the long molecular
chains form irregular entangled coils, while these chains rearrange themselves and form
crystal-like structures when they solidify [42]. According to [38,43], DSC results show that
the CAG also improved the nucleating activity of the CoP, making the crystallinity of PP
occur at higher temperatures.

Table 4 presents a summary of the crystallinity rates of the CAG, calculated using
Equation (1). It is evident that the crystallinity rate, x, is not notably influenced by the
augmentation of the additive content, according to [44]. Note how the 20:80 blend exhibits
a 29-31% match between x. and the 30:70 [45] and a change of trend is revealed in the
35:65 mix, with crystallinity increasing once again. Similar to the case of the mechanical
properties, this slight change in trend could be attributed to different particle sizes within
CoP agglomerates. Additionally, it is likely that increasing the cork percentage may lead
to an increase in the size of internal cells, which would become filled with polymer in its
crystalline phases. These findings illustrate that CoP is a suitable additive that does not
alter the crystalline properties of the polymer matrix.
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Figure 10. (a) DSC thermogram to the pure CoP; (b) pure PP; (c) CoP20PP80; (d) CoP30PP70;
(e) CoP35PP65.

Table 4. Crystallinity rate of different polymers.

Polymers Tm [°C] H, [J/g] Xc [%]
PP pure [38,40] 209 100
PP pure 166.23 75.73 36.23
CoP20PP80 168.59 60.64 29.01
CoP30PP70 169.18 45.36 21.7
CoP35PP65 165.49 54.46 26.06

3.3. Injection and Adhesion Cork Process

Taking into account the previously calculated melting temperatures (Tr,), three series
(n = 3) were injected: series A: masterbatch 10(30:70)CoP:90PP; series B and C: CoP:PP
(30:70 and 20:80, respectively), at the calculated Tp,, obtaining excellent results both in
terms of appearance and internal geometric details (see Figure 11a). Identical injection
parameters were used for all the agrocomposites: 200 &= 20 °C in a nozzle at a speed of
43.8 mm seg .

The actual mass used for each crown—cork set is shown in the graph of Figure 11a,
having determined a unit mass per pellet of 43.88 £ 0.26 mg. The samples were completely
adhered within 2 s of the surfaces contacting. As observed in Figure 11b, the samples man-
ufactured using the masterbatch consumed more adhesive than the others: approximately
one extra pellet (almost nine). This reveals a direct relationship between the thermoplastic
mass and the amount of adhesive required for bonding. The other two series consumed a
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similar number of pellets (almost eight). In Figure 11b, the proper validity of the samples
can be observed after being tested on the neck of a wine bottle.

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.344 T

90% PP + 10% PP70CoP30 PP70CoP30 PP80CoP20
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(a) (b)

Figure 11. Prototypes manufactured through injection molding: (a) CAG adhesion tests in a 30:70 ratio,
(b) wine bottle insertion tests.

4. Conclusions

This study adds value to a plentiful byproduct from the packaging industry, commonly
referred to as CoP, which is massively generated during the manufacturing processes of
stoppers in local factories which, in turn, are economically relevant in the area and have
an extended impact throughout Spain and in other international wine producers. This
finding allows companies to recirculate what used to be waste into a raw material with
great production potential, which is in line with the global circular economy strategy.

The novel material was blended with traditional thermoplastics like PP, yielding a new
composite material categorized as CAG, owing to its agricultural origin. The compatibility
between the residue and polymer spans the entire compositional spectrum, with the mi-
crometric filler seamlessly integrated within the polymeric matrix without notable defects.
As shown, an increase in the CoP concentration to 35% does not significantly modify the
mechanical characteristics of the CAG in relation to the properties of the virgin polymer.
Additionally, the calorimetric results show that the polymer structure is preserved and,
most importantly, so is the crystallinity. However, due to the formation of conglomerates of
CoP with a particle size of 0.5 mm, variations in the MFI could occur that represent trend
changes in this rheological property, which have been described by other authors. On the
other hand, the adhesion of the cork spike to the new CAG-injected stoppers with different
CoP mixtures revealed a direct relationship between the thermoplastic content and adhesive
consumption. This correlation is ascribed to the inclusion of CoP in the polymer, thereby
eliminating the associated economic expenses. The research further demonstrates the viabil-
ity of producing components and mechanical assemblies from industrial byproducts using
various manufacturing methods, including both conventional (extrusion, injection, etc.)
and emerging (3D printing) techniques. This approach helps mitigate the costs associated
with raw materials. For the packaging company that manufactures cork stoppers, if firmly
committed to this solution, it will lead to them achieving cost savings proportional to the
percentage of cork used in the stopper. This new CAG encourages the use of sustainable
packaging in an industrial sector that is a large consumer of thermoplastics.
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