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Abstract: The aims and objectives of this paper are two-fold: first to investigate the production of a
green composite manufactured with renewable materials (i.e., jute fabric as reinforcement, acrylate
epoxidase soybean oil (AESO) as matrix and sisal particles (SP) as filler), by the wet layup method;
second, to propose a recycling procedure to recover the individual materials and reuse them in the
production of a second-life composite. In the first part, different combinations of SP (0, 5 and 10 wt%)
and hardener (2, 5 and 10 wt%) were mixed with AESO resin, poured into a mould, cured and
submitted to mechanical and physicochemical characterizations to identify the best conditions for
the composite production. Virgin green composites with 10 wt% SP, 5 wt% hardener and 5 layers of
jute fabric, capable of assuring 91 HA of hardness and 10.6 MPa of tensile strength, were fabricated.
The second part describes the recycling process of the composites with acetone, an organic solvent
recommended by the safety, health and environmental criteria, to breakdown the resin matrix and
recover the jute fabric reinforcement and resin particles, which were then reused to fabricate a
second-life composite. Although the hardness values of the second-life composite were smaller (4%)
and the tensile strength varied with composition, the absorption of water was considerably reduced
(in the range of 22 to 51%). This last result mitigates one of the green composite’s limitations and
fosters circular economy by assuring the applications of the second-life composite in the field of
transportations, packing and furniture, among others.

Keywords: green composite; recycling; second-life composite; natural fibres; soybean oil; mechanical
properties; water absorption

1. Introduction

Nowadays, conventional manufacturing processes are being pushed to their limits to produce
increasingly intricate parts at lower cost. If, on the one hand, this stimulates the development of
new processes with conventional materials, on the other it promotes the extension of the application
domain of existing processes to new types of materials. Composites are in the front line of ongoing
developments to replace conventional materials in many different fields of applications, due to
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their capability of offering enhanced mechanical, physical and chemical properties with significant
reductions in material weight [1,2].

Since most composites are made from petroleum-based polymers and synthetic fibres, their use
comes with a price of difficult recyclability and are out of alignment with the current environmental
sustainability trends and requirements. In fact, the end-of-life disposal of composites contributes to
increase the serious global pollution problem, particularly with regard to greenhouse emissions and
toxic gases, as an outcome from incineration and permanent landfill accumulation [2—4]. All these
concerns, together with the growing of environmental legislation restriction trends, results in an
inevitable pressure towards the use of composites from renewable and natural resources and the
development of effective recycling technologies [5,6].

Although some synthetic fibre reinforcements can be directly replaced by alternative sustainable
natural fibres, it has been shown that the greatest environmental footprint of composites when
they replace metals is due to the use of petroleum-based matrix polymers, rather than the use of
reinforcement fibres [7]. The growing interest to develop bio-based resins is, therefore, aligned with
the solution of all these problems.

Meanwhile, since the use of composites with petroleum-based polymers cannot yet be replaced in
many industrial applications, the solution is to maximize its utilization to reduce end-of-life disposal
as plastic waste. Hodzic [4], for example, proposes the following solutions: (i) re-create virgin material
for other applications using the extracted monomers; (ii) develop cost-effective recycling processes
that justify their re-use; (iii) develop biodegradable and naturally sourced polymers; (iv) develop
biochemical degradation processes to shorten polymeric chains.

Regarding recyclability and reutilization, the past few years have seen the development of several
technologies capable of handling the problems posed by the recovery of the individual constituent
materials from the typical heterogeneous hybrid structure of composites, as shown in Figure 1a.
Mechanical processes, such as grinding, as shown in Figure 1b, are relatively cheap and allow for the
recovery of the composites as small granulates or powder to be used as reinforcements for polymers or
cement applications. Thermal pyrolysis, as shown in Figure 1c, which is more expensive, allows for
the production of particles with smaller or longer sizes and shapes at the expense of some loss in
mechanical behaviour. It is also possible to recover the fibres by burning the composite, but the
resulting mechanical properties will be significantly lower. Chemical processes, as shown in Figure 1d,
are also able to produce small and long particles (300 pm to 100 mm) with lower losses in mechanical
performance than pyrolysis [8-19].

Although the abovementioned technologies allow for the recovery of some material and are
theoretically good for global sustainability, they still have a negative environmental impact due to the
use of organic solvents, energy consumption for achieving the required temperatures and pressures
and, due to the investments in equipment, R&D and advertisement [20].

Under these circumstances, the development of bio-composites with at least one constituent derived
from a natural source seems to be a viable answer to the actual impasse in terms of the environmental
impact of composite production versus the impact of their recyclability. Green composites, which are
totally made from natural fibres embedded in a plant-based matrix or other natural resin, assume special
relevance in the solution of the abovementioned impasse [21-23].

Nowadays it is possible to find a variety of bio-composites produced from polymeric resins from
renewable resources, such as vegetable oils [24], poly-L-lactic acid [6] and furan resins [25]. Within plant
oils as feedstock for polymeric biomaterial, the utilization of soybean oil in the development of bio-based
thermosetting matrices is gaining greater attention [26,27]. Particularly, acrylate epoxidase soybean
oil (AESO), which is synthesized from soybean oil via epoxidation and acrylation, has attracted great
research interest [27-29].

Several natural fibre reinforcements, such as jute, sisal, bamboo, kenaf and flax have been used to
fabricate bio-composites for different applications. [30,31]. Natural fibres have several advantages over
traditional reinforcing fibres, such as accessibility from renewable resources, biological degradation,
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non-abrasive processing, good adhesion, especially after treatment, and low density and cost. However,
they often suffer from moisture absorption, low thermal and UV resistance and quality variations [26].

Research in the field of recovering natural fibre composites is a relatively unexplored topic when
compared to the recyclability of synthetic fibre reinforced composites. For the latter, different strategies
have been proposed, mainly due to the relatively high cost and energy consumption to produce
synthetic fibres [15-19,32,33]. Although the number of studies in the recyclability of natural fibre
reinforcement composites is scarce, some works show that their mechanical and physical properties
remain practically unchanged and can even be enhanced, due to the new generated surfaces after the
recycling process. This justifies the investment in their recovery and reutilization [34,35].
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Figure 1. (a) Recycling methods; (b) Grinding—Mechanical process; (c) Pyrolise—Thermal process;
(d) Dissolution—Chemical Process.

Hence, by focusing on green polymers, research efforts should be directed to the characterization
of the pros and cons of the different materials, as well as on their ability to provide good interface
performance. It is authors’ conviction that this is the pathway to the enhance sustainability of the
composites industry and to cope with the new trends in recyclability and reuse in circular economy [36].

This paper is driven by this conviction and aims to produce a green composite from renewable
materials (acrylate epoxidase soybean oil, as resin, and sisal and jute as reinforcement materials), and to
investigate its chemical, physical and mechanical performances, as well as its recyclability and reuse as
a second-life composite. The recovering of reinforcement and resin materials was performed at room
temperature and atmospheric pressure and these resources were reused in the manufacturing of a
second-life composite, whose properties were also investigated.

Jute fabric and sisal particles were chosen for the reinforcement and filler because they are natural
materials with good mechanical properties. Besides their biodegradability and low price, they offer
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significant processing advantages, such as non-abrasive and high specific strength, due to their high
lignocellulosic content [7,23]. Acrylated epoxidized soybean o0il (AESO) was chosen as matrix because
it is obtained from soybean vegetable oil, one of the most promising starting materials to produce
thermosetting polymers, due to its high availability, low toxicity, sustainability and relatively low
cost [27-29].

2. Experimentation

2.1. Materials and Methods

The work used a commercial acrylate epoxidase soybean oil (AESO), d = 1.04 g/mL at 25 °C with
inhibitor (4000 ppm monomethyl ether hydroquinone) as matrix material and tert-butyl peroxybenzoate
(TBPB, 98%) as hardener, both supplied by Sigma-Aldrich. Reinforcement fibres of sisal rope, crushed to
small particles (+1 mm), were used as filler. A dark brown biodegradable jute fabric produced by a
binary system of simple interlacing—where a warp yarn is over or under a weft yarn at the crossover
areas—was also used in the production of virgin and second-life composites. Both sisal rope and jute
fabric were purchased from a local supplier and used with no further treatment in order to avoid
increasing the overall manufacturing costs.

The resin specimens were prepared with different contents (0, 5 and 10 wt% based on AESO)
of sisal particles (SP) added to the viscous liquid AESO. The particles were mechanically stirred at
40 °C for 5 min, to ensure uniform dispersion and the resulting mixture was subsequently subjected
to the addition of different contents (2, 5 and 10 wt%) of hardener. After further stirring for 2 min,
full homogeneity was achieved and the resulting mixtures were poured into an aluminium test
specimen mould. The mould was manufactured on the Cincinatti Arrow VMC-500 CNC milling
machine (Cincinnati, OH, USA), according to ISO D638-03 testing standards, as shown in Figure 2a.
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Figure 2. Tensile tests: (a) Specimen dimensions; (b) Resin specimen produced with AESO, 5 wt%
hardener and 0% sisal particle, H5SPO; (c) Resin specimen produced with AESO, 5 wt% hardener and
10 wt% sisal particles, H5SP10.

The curing process was performed in an atmospheric pressure oven at 120 °C during 2 h,
followed by an additional 4 h stage at 160 °C. After being cooled to room temperature, the test samples
were removed from the moulds.

The different resin combinations led to the production of nine different samples that were identified
with the acronyms HxSPx, where H and SP refer to hardener and filler and x represents the respective
content (wt%). Figure 2b,c show the final visual aspect of the test specimen produced with AESO and
5 wt% of hardener with 0 wt% (H5SP0) and 10 wt% (H5SP10) SP, respectively.
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Once the resin best performance conditions were determined (5 wt% hardener and 0 wt% or
10 wt% sisal particles as filler), green composite testing samples were produced via a wet layup method
with five layers of bi-directional jute fabric as reinforcement (5 g per layer) and 50 g and 40 g of AESO
for virgin and second-life composites, respectively. The production process was similar to the one
described above.

After recycle assessment, two second-life composites were produced using recycled jute fibres
and a third was produced using 40% of the recovered resin and 60% AESO. The same nomenclature
was followed, and the samples were identified as COHxSPxFR, where Co and FR refer to composite
and recycled jute fabric (or RR recycled resin), respectively.

Figure 3 summarizes the methodology and different characterization tests that support the
objectives of the work. Once the resin best performance conditions were determined (5 wt% hardener
and 10 wt% sisal particles as filler or without filler), green composite testing samples were produced,
and all tests were performed at least in triplicate.
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Figure 3. Schematic diagram of research methodology for manufacturing a recyclable green composite.

2.2. Testing Procedures

2.2.1. Chemical Characterization

Chemical characterization was performed by attenuated total reflectance Fourier transform
infrared (ATR FT-IR) spectroscopy whose spectra were recorded in IRAffinity-1S Shimadzu apparatus
(Kyoto, Japan), equipped with an ATR ZnSe Performance Crystal Plate accessory (4000-400 cm™! range
with 2.0 cm ™! resolution). Proton nuclear magnetic resonance ('H NMR) spectrometry was performed
on a Bruker Advancell+ Spectrometer (300 MHz) with 5mm probe (Rheinstetten, Germany), in CD,Cl,
as solvent.

2.2.2. Physical Characterization

Physical characterization consisted of water absorption tests that were carried out with samples
(~19 x 24 x 2 mm) that were dried at 55 °C for 24 h to remove residual moisture that diffuse along
the interfaces. Higher temperatures (>66 °C) were not used because they can affect the structure of
the samples and promote microcracking [37]. Dry samples were weighed in a semi-analytical balance
(+£0.001 g) and immersed in containers with 40 mL of pure water. After 24 h, at room temperature,
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the samples were removed, softly wiped with absorbent paper and weighed again. The water uptake
rate (%) was calculated according to the following expression:
We—W;
Wup (0/0) = T x 100 (1)

1

where W; and Wy are the initial and final weights of the samples, respectively.

2.2.3. Mechanical Characterization

Tensile and hardness tests were performed to characterize the mechanical properties of the
composites. The tensile tests were carried out in a Shimadzu (Kyoto, Japan) AG IS 20 kN testing
machine equipped with a 10 kN load cell and the hardness tests were done in a Zwick (Ulm, Germany)
durometer that allowed measurements on the Shore A scale.

2.3. Recyclability

The recycling process was performed in rectangular cured AESO resin samples (~19 x 24 X 2 mm)
using seven organic solvents, namely ethanol, 1-buthanol, acetone, methyl acetate, ethyl acetate,
dichloromethane and chloroform. Samples were immersed in containers with 20 mL pure solvents
with mechanical stirring at room temperature and dissolution and matrix breakdown were monitored
over time (24 h). The same procedure was performed with selected solvents with composite samples.

3. Results and Discussion

3.1. Chemical Characterization

Sisal fibre, one of the most widely used natural fibres, is fully biodegradable and 65% of its
composition is cellulose, with the remaining 35% composed of hemicellulose, lignin and waxes [38].
Cellulose is a polysaccharide consisting of a linear chain of over 500 3-1,4 linked d-glucose units,
as presented in Figure 4. AESO is produced by the epoxidation of fatty acid double bonds followed by
epoxy ring acrylation and its chemical structure is composed of fatty acid long aliphatic chains with
various functional groups, such as the acrylate, epoxy and hydroxy, as schematized in Figure 4.

Epoxy

crylate
OH
OH
O OH
HO Y \\( 0
OH OH 5 A @ Hydroxy
n
0O

OH o\n/\

Cellulose AESO 0

Figure 4. The chemical structure of cellulose and acrylate epoxidized soybean oil.

Chemical structures were confirmed by the ATR FT-IR spectra, which were recorded for initial
materials (AESO and SP) and the nine exploratory samples produced (data not shown). This technique
allowed us to identify the chemical functional groups and investigate the possible interactions and
chemical bonding established between the AESO resin and SP fibres. Since the results were very
similar for all the cured samples, a representative example is presented for the cured samples H55P0
and H5SP10. Figure 5 shows the comparative analysis of the ATR FT-IR spectra of pure sisal particles,
pure AESO and cured samples manufactured with 5 wt% hardener, H5SP0 (without SP) and H5SP10
(with 10 wt% SP), respectively.
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Figure 5. ATR FT-IR spectra of: (A) Sisal particles; (B) AESO; (C) Cured AESO manufactured with 5%
hardener (H5SP0); (D) Cured AESO manufactured with 5% hardener and 10% SP (H5SP10).

In the spectrum of SP, as shown in Figure 5A the lignocellulosic matrix is recognised by the
presence of a broad band at 3328 cm™!, characteristic of the stretching vibration of hydroxyl (~OH)
groups and by the characteristic signals at, 2921 cm~!, 2850 cm~! and 1018 cm™! assigned to the
stretching vibrations of C-H and C-O-C, respectively. In the pure AESO spectrum, as shown in
Figure 5B, the ~OH stretch was shifted to 3543 cm™! and the characteristic ester (C=0) and (C-O)
stretching bands were observed at 1723 cm~! and 1265 cm™!, respectively. The characteristic C-H
stretching bands of the CH, and CHj groups of saturated chains were observed at 2918 and 2848 cm™!
and the C-H bending band was identified at 1458 cm~!. Moreover, the bands at 1186 cm~! and
1046 cm™! can be identified due to the C-O-C stretching vibration of ester and also at 809 cm™! in the
epoxy band. The two weak bands at 1636 and 1617 em™! characteristic of the C=C stretch, disappear,
as expected, after the curing process, as shown in Figure 5C,D. Comparative analysis between the
spectra of cured AESO and H5SP10 allows us to conclude that they follow the same trend, with a
slight change in the peak at 1031 cm™~! due to the cumulative effect of the sisal particles. This similarity
shows that the added SP has no covalent bonds with AESO, as also reported by Liu et al. [28] with
microcrystalline cellulose.

AESO structural characterization after the curing and recycling processes were performed by
'H-NMR. Spectra of origin AESO, cured AESO and AESO recovery from the dissolution process,
obtained in CD,Cly, are presented in Figure 6.
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Figure 6. IH-RMN in CD,Cl, of: (A) AESO, (B) Cured AESO, (C) AESO recovery from the
dissolution process.

For pure AESO, as shown in Figure 6A, the spectrum analysis allows us to identify the signals for
the different protons in the expected areas. In the region between 0.75 and 1.00 ppm (4), the signal
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corresponding to the terminal CHj groups of the chains is identified and the CH; groups, in o position
relative to the carbonyl group (C=0), are identified by the presence of the triplet at 2.3 ppm (3).
The three signals in the range between 5.75 and 6.50 ppm are attributed to the presence of the acrylate
groups (5) and the central protons of the structure (1 and 2) are attributed to the signals between
4.10 and 4.50 ppm and 5, 2.5 and 5.50 ppm, respectively. The spectra of cured AESO, as shown in
Figure 6B, and recovery AESO from the recycling process, as shown in Figure 6C, present the same
trend, showing that no structural changes occurred during the recycling process. The absence of the

signals of acrylate groups (5) in both cured AESO samples, as shown in Figure 6B,C, confirms the ATR
FT-IR results.

3.2. Physical Characterization

Water absorption rates for the specimens produced with AESO resin and different hardener (2, 5
and 10 wt%) and SP (0, 5 and 10 wt%) contents were evaluated after 24 h submersion in water, as
shown in Figure 7. The results followed a common trend with the incorporation of SP producing an

increase in the amount of water uptake, reaching values between 2.0-2.7 wt% and 3.9-4.8 wt% for 5
and 10 wt% SP, respectively.

Water Absorption (%)
w

2
1

2
0 L

Sisal Partlcles (%)

Figure 7. Effect of sisal fibre and hardener (refer to the percentage of hardener inside each column) on
water absorption rate.

These results cope with the predictable behaviour of the green composite, due to the hydrophilic
nature of the cellulosic filler, which contains a large number of hydroxyl (OH) groups that highly
interact with water molecules. For the unfilled AESO samples (0% SP), the amount of hardener does
not significantly influence the water uptake percentages with values of 0.27, 0.29 and 0.31%, for 2, 5
and 10 wt% hardener, respectively. In accordance with the report by Liu et al. [28], AESO contains,
in their molecular chain structure, polar hydroxy and epoxy groups which, due to its hydrophilicity,
are responsible for the inherent water absorption rate of unreinforced samples.

The out-of-trend results obtained for 10 wt% hardener are attributed to the curing process that
influences the overall homogeneity of the specimens—namely the dispersion of the sisal particles
(heavier sisal particles are deposited on the bottom of the mould). Resin contraction variations may
also induce small voids and cracks in the specimens that will act as water collectors.

3.3. Mechanical Characterization

Figure 8 shows the results obtained for the hardness and tensile tests performed on nine AESO
resin specimens manufactured with 2, 5 and 10 wt% hardener and 0, 5 and 10 wt% sisal particles.
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Figure 8. Mechanical tests of resin specimens with different sisal particles and hardener percentages
(refer to the percentages of hardener inside each column): (a) Hardness; (b) Tensile strength.

Figure 8a shows that the addition of the sisal particles or hardener enhances material hardness.
In the case of specimens with lower hardener percentage, for example 2 wt%, sisal particles increase
resin hardness, obtaining variations up to 14 HA. For specimens with higher hardener percentages,
the fibre particles have a smaller influence, with gains below 5 HA. Although the hardness values of
the samples (53.7-68.2 HA) were, in general, significantly higher than those found by Liu et al. [28],
the tensile strength values presented in Figure 8b are smaller than those found by other authors [28,29].
However, the overall trends are similar because Liu et al. [29] concluded that the hardening agent
could also significantly increase the flexure strength value.

According to Figure 8b, higher sisal particles and hardener contents lead to a reduction in the
tensile strength that the specimens are capable of withstanding. The specimen with 5 wt% hardener
and no fibre, H5SP0, has the best performance, supporting a tensile strength of 3.25 MPa. In fact,
contrary to hardness, the addition of sisal particles causes a reduction in strength. The small exception
observed for the leftmost results of Figure 8b are, once again, attributed to the curing process, because
some specimens became slightly concave after being removed from the oven.

From tensile tests it was also possible to conclude that the highest content of sisal particles showed
the lowest fracture strength. Ductility was generally poor, varying from 2% (H10SP5) up to 11%
for H5SPO0, and the elasticity modulus ranged from approximately 50 MPa (H10SP10) to 120 MPa
for H5SP5.

After concluding the physical, chemical and mechanical tests, the compositions with 5 wt%
hardener +0% sisal particles, H5SP0, and 5 wt% hardener +10 wt% sisal particles, H5SP10, were selected
for the preparation of the virgin composites as well as for the investigation into recyclability and
second-life production and performance. Specimens with 5 wt% fibre particles and 2 or 5 wt% hardener
were excluded, despite presenting good results because, after curing, they gave rise to the deposit of
fibres at the bottom of the mould and to some variation in the experimental results.

3.4. Recyclability

Since one of the objectives of the present work is the implementation of a recycling protocol,
which allows for the production of second-life composites, the preliminary test dissolution behaviour
of cured AESO resins were performed with solvents from different chemical categories: alcohol; ketone;
ester; halogenated.

From all the organic solvents tested, those that belong to the halogenated family proved to be the
most effective to dissolve the AESO resin matrix both before and after the curing process, followed by
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acetone. Alcohols and esters proved to dissolve the AESO resin before the curing process but, after
curing, its dissolution was very slow (alcohols) or did not even occur (esters). Regarding the virgin
composites, dichloromethane was able to separate the entire five layers of jute and recover the AESO
resin particles after 30 min, while acetone achieved a similar result after 2 h 30 min. The results are
shown in Figure 9.

Composite
sample

- Dichloromethane

30 min
[, Recovered jute fibre
Acetone
2h 30 min
Recovered
AESO resin

Figure 9. Dissolution process of virgin composite in dichloromethane or acetone. Separation of recovery
jute samples and AESO polymer.

However, despite the higher dissolution rate of dichloromethane over acetone, the latter was
selected due to its better performance according the safety, health and environmental (SHE) criteria,
as shown in Table 1.

Table 1. CHEM21 solvent guide of “classical” solvents. Adapted from [39].

Family Solvent BP (°C) FP (°C)  Safety Score  Health Score  Env. Score R];r}kmg ?fter
iscussion
Alcohol Ethanol 78 13 3 3 Recommended
1-Butanol 118 29 3 3 Recommended
Ketones Acetone 56 -18 3 Recommended
Ester Methyl Acetate 57 -10 3
Ethyl Acetate 77 -4 3 3 Recommended
Halogenated Dichloromethane 40 N 1 7 7 Hazardous
Chloroform 61 - 2 7 Highly hazardous

BP: boiling point, FP: flash point. Higher numbers correspond to higher hazard or toxicity for safety, health and
environmental hazards.

After the dissolution process, the structural integrity of the recycled/recovered AESO resin
was accessed by proton NMR, as shown in see Figure 6C, and compared with the original sample,
showing that no structural changes occurred during the recycling process. The recycled resin particles,
as well as the recovered jute fabric, were used to produce second-life composites and their performances
were evaluated together with the previous virgin composites.

3.5. Virgin and Second-Life Composites

Virgin and second-life composites were produced and their performance evaluated after selecting
the resins and establishing the chemical recycling procedure.

3.5.1. Physical Characterization

Water absorption was analysed for both virgin (CoH5SP0 and CoH5SP10) and second-life
composites (CoH5SPOFR, CoH5SP10FR and CoH55P10RR). Compared to the respective resin samples,
which provided a maximum absorption of 4.2 wt% for the H5SP10 sample, as shown in Figure 7 in the
first part of the paper, the incorporation of the jute reinforcement in the new virgin and second-life
composites resulted in a significant increase in water absorption, reaching values of 11.3% in the
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case of CoH55P10, as shown in Figure 10. The high hydrophilicity characteristics of the jute fabric,
which allows for absorbing almost 110% of its weight and may even induce more voids to entrap more
water, is responsible for these results.

14

12

CoH5SP10
RR

CoH5SPO

Water Absorption (%)

CoH5SPO
FR

Virgin Composites Second-life Composites

Figure 10. Water absorption tests for virgin and second-life composites.

The corresponding second-life composites produced with the recovered jute fabric (CoH5SPOFR
and CoH5SP10FR) presented lower water absorption (less 56-62%) than the virgin composites (CoH5SP0
and CoH5SP10) but the overall evolution trend is similar because water absorption resistance diminishes
with the addition of sisal particles. A possible explanation for the enhanced water absorption resistance
of the second-life composites may be related with the saturation of the jute fabric exposed to the
recycling process, and to a better uniform adhesion of the new matrix.

The second-life composite, COH5SP10RR, produced with recovered resin particles, absorbs less
than 22% of the water than the original virgin composites, but approximately 80% more water than the
other second-life composites.

The abovementioned results show that the production of second-life composites helps in the
reduction in water absorption, which is commonly pointed out as a negative feature of green composites.
They also allow for the conclusion that the variation in the properties of the recycled resin will have
less impact on water absorption when compared to second-life composites manufactured without
recycled resin.

3.5.2. Mechanical Characterization

Figure 11 shows the hardness and tensile strengths of virgin and second-life composites fabricated
with 5 wt% hardener, and 0% or 10 wt% sisal particles. A first comparison of the hardness measurements
obtained with virgin composites CoH5SP0/10, as shown in Figure 11a, and resin test specimens H5SP0/10,
as shown in Figure 8a, allows for the conclusion that the results are similar with a positive influence of
sisal particles on the final hardness of the composites.

A similar comparison for the tensile strength values, as shown in Figure 11b, provides different
conclusions. Firstly, the overall levels of tensile strength are significantly higher for the composites
because the resin test specimens were produced without jute fabric. Secondly, the combined presence
of jute fabric and sisal particles improves the tensile strength of the composites. This last conclusion is
opposite to that obtained from the resin test specimens, probably because the heterogeneity caused
by the presence of sisal particles dispersed in the resin matrix is only mechanically effective in the
presence of jute fabric.

Second-life composites are more difficult to analyse because the results obtained with CoH5SP10FR
seem to be out-of-trend against those obtained with CoH5SPOFR and against what was said above.
A possible explanation for the out-of-trend results of CoH5SP10FR and for presenting a tensile strength
50% lower than that of the virgin composite CoH5SP10 may be related to the non-uniform distribution
of sisal particles. In fact, the recycling of the jute fabric always keeps some resin residues that constrain
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sisal particles to penetrate the core of the specimens, thereby increasing its concentration at the surface.
Hence, hardness increases slightly more than expected and tensile strength decreases to values close to
the resin test specimens, because cracks are triggered at the centre of the specimens during tensile tests.
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FR RR
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85 :|:
80
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Hardness (Shore A)

Virgin Composites Second-life Composites
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(b)

Figure 11. Mechanical tests for virgin and second-life composites: (a) Hardness; (b) Tensile strength.

Regarding the composite manufactured with reused resin (COE5F10RR), it presents the highest
mechanical strength, probably because the reused resin already contains small sisal particles from
previous utilization, which enables for the attainment of a composite with a uniform distribution of
sisal particles throughout the thickness of the specimens.

4. Conclusions

This work allowed for the conclusion that is possible to manufacture green composite with
renewable materials and that it is also possible to reuse the materials for a second-life composite.
The experiments made use of jute fabric as reinforcement, acrylate epoxidase soybean oil (AESO) as
matrix and sisal particles (SP) as filler. The recycling process was performed with acetone, an organic
solvent recommend by the SHE criteria. The best mechanical performance (hardness of 91 Shore A and
tensile strength of 10.6 MPa) of the virgin green composites was obtained with 10 wt% sisal particles
and 5 wt% hardener. The second-life composites generally present a slight decrease in mechanical
properties but have a higher resistance to water absorption, which is often considered the main problem
associated with the use of green composites.
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