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Abstract: Recycling of composite materials has become a very important topic to develop
sustainable solutions for the management of waste generated by industries that use composite
materials. This paper presents a bibliographical review on the main recycling methods of composite
materials such as: mechanical, chemical, thermal and hybrid. In mechanical recycling, the material
is crushed or ground, generally using the resulting material as filler, which causes limitations in the
applications due to the type of resulting fibers (short, long, non-uniform). On the other hand,
chemical recycling breaks down polymers through a chemical reaction and recovers fibers, so in
some cases the mechanical properties of the fibers are affected. Thermal recycling uses high
temperatures to break down materials, transforming them into energy or reusing them in other
products. Finally, hybrid recycling uses two or more processes as a means to recover the material;
among the most used methods in this category is the mechanical process combined with the thermal
process. This review describes the advantages and disadvantages of each method, as well as the
environmental impact. Although each type of recycling offers special characteristics for the material
obtained, it is necessary to continue researching and developing technologies for recycling processes
that promote recycling and reuse of composite materials in a better way.

Keywords: composite materials; recycling; chemical recycling; mechanical recycling; thermal
recycling; hybrid recycling and sustainability

1. Introduction

The use of eco-friendly materials has become widespread over the past decade. Despite this,
there are few studies analyzing composite materials service life, as well as their environmental impact
[1]. Taking into account the above, the implementation of polymer-reinforced carbon fiber
composites has increased in structural applications thanks to their excellent mechanical properties.
The production of this is approximately 100,000 tons per year, on which an increase of 10% to 20% is
expected [2]. On the other hand, the excessive use of these materials generates waste during their
production, as well as at the end of their useful life, which, due to their chemical composition, are not
biodegradable [3]. Now, regarding the percentage of fibers most used worldwide in 2020, fiberglass
and carbon stand out among the most used [1], as can be seen in Figure 1.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Global composites market volume by fiber type in 2020 [1].

These synthetic fiber compounds end up in landfills because there is no proper way to dispose
of them, which causes a huge problem for the population. Some reports mentioned that less than 10%
of these materials are recycled [4], which means that a large part ends up in landfills, the number of
which is increasing daily [5].

As a response to this situation, to increase recycling is proposed. In this regard, it could be said
that the environmental policy for this issue is increasingly strict and it is currently mandatory to find
industrial processes for the reuse of these polymeric materials [6]. To this extent, recycling methods
for composite materials are proposed, which have been developed in three categories: mechanical,
thermal and chemical [7]. These categories are described below.

Mechanical recycling: This is a process that grinds waste compounds down to the smallest
particles. This can be done by crushing or grinding, with the aim of reusing them as filler material
[8]. It is important to mention that this process is not widely used in industrial terms due to its low
added value [9]. However, it is possible to work and separate portions of the original parts, using
low electric current consumption [10].

Thermal recycling: There are two types of this process: pyrolysis, which involves exposing the
material to be recycled to 500 ‘C; however, this can damage the fiber by retaining some residues. It is
also not always economical, so it depends on the technology used [7].

On the other hand, there is solvolysis: through this type, clean and intact fibres are obtained, and
the recovered resin can be reused [11]. This is achieved thanks to the increase in temperature (which
does not exceed the previous one), to the pressurized environment; so that these conditions allow the
resin to be collected. However, a major problem with this is that a large amount of energy is used
[12,13].

Chemical recycling: is a process carried out by means of solvolysis; however, through this
process the thermosetting, epoxy and polyester matrices are damaged by using different solvents.
Sometimes organic catalysts are added, all of this can be carried out at various temperatures;
generally, lower than in pyrolysis and at higher pressures [14]. In addition, the definition of solvolysis
is a process that uses a reactive solvent to break the covalent bonds of a polymeric matrix. [15].
Consequently, this solvent is mixed with the material to be recycled, causing the fibers to detach from
the polymer matrix [10].

Given the available information, this review aimed to analyze recycling techniques for polymer
matrix composites from the three main groups and some variants of these, such as hybrid processes.
The strengths, limitations and different parameters were analyzed; for example, the how, the
ecological impact, energy consumption, reuse and cost, in order to determine an overview of the
processes and trends, or areas of opportunity that have not been analyzed for these applications.

2. Method

To carry out the review, the reference framework of PRISMA, Preferred Reporting Items for
Systematic Reviews and Meta-analyses for scoping review (PRISMA-ScR) and the prisma flowchart
[16].
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2.1. Eligibility Criteria

The following eligibility criteria were defined for the selection of literature that was part of the
extraction phase:
1. The types of articles used were the following: research articles and bibliographic reviews.
2. Publications from 2022 to date 2023.
3. All articles used are written in English and Spanish.
4. Articles must discuss or contain information about the methods used to recycle composite
materials, such as mechanical, thermal, chemical.

2.2. Data Extraction

First, searches were carried out in specialized databases for data extraction. Next, citations were
collected and, finally, the resulting articles were analyzed. The results obtained were the numbers
reported in Figure 2. The PRISMA reference framework was used to report the results.

Records identified through the base search are:
ScienceDirect= 49, Scopus=152, IEEE Xplore=19,

§ total=n=220.
i}
g v
- .
5 Re;crcll-s after re_mcmng Duplicate records
uplicates. n= 217 removed n=3
Records reviewed n=217
Reports evaluated for eligibility Reason for exclusion:
(evaluation criteria) They don't talk about
e Included articles =22 —> the types of recycling
= Excluded articles = 132 or materials.
g Articles with doubts and conflicts =63
A ;
The following

Articles with doubts and were excluded by

conflict (included) n= 14

+ 8 articles were
Full-text reviewed = | excluded because they
articles =36 did not explain the
¢ recvcling method

agreement n= 49

Research included n=28

Included

Figure 2. Selection of references using the PRISMA flowchart [16].

Figure 2 shows the process carried out, which includes the results obtained from the literature
search in the databases: SCOPUS (152), ScienceDirect (49) and IEEE Xplore (19). The entire procedure
was carried out on the Rayyan platform through 220 articles. In a first run, 3 duplicates were
eliminated from the remaining 217 analyzed; likewise, 132 articles were excluded for not meeting the
established criteria. The rest of the articles were divided into included (22), conflict (18) and doubt
(45). From the articles in conflict and doubt, were included 14 and excluded 49; as a result, 36 articles
were registered to read in full text, of these 8 articles were reviewed and excluded, which mentioned
some type of recycling, but did not explain the process used. Finally, only 28 articles were included.

2.3. Characteristics of the Studies

The articles that were included at the end of the review were 28, since they describe and explain
one or several recycling processes with composite materials. The inclusion criteria for these articles
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that use the mechanical recycling process (n =7), chemical recycling (n = 8), thermal recycling (n = 6)
and hybrid recycling (n = 4), of which some articles are repeated in more than one process (n = 3).

At a global level, the findings were distributed as follows: the American continent (n = 3), Asia
(n = 18), Europe (n = 7). In articles that did not report a country of origin or in which several
researchers participated, the country of origin of the principal investigator was taken. It was observed
that the majority of published articles that deal with these topics are found in Asia, although there is
a large part of the studies that are collaborating with researchers from different continents.

2.4. Data analysis and Presentation

The objective of this exercise was to collect articles that met the inclusion criteria mentioned
above, as well as to learn about the current situation regarding recycling processes for composite
materials; also, to inquire about the countries or regions where these works are published and where
they were developed. Likewise, the reviewed articles that reported information on composite
materials were tracked, as well as information on the three types of recycling based on an ecological,
economic dimension and properties or reuse of these.

2.4.1. Mechanical Recycling Process

Seven recycling articles were accepted for mechanical recycling and are described below. The
results show that mechanical processes are based on machining (shredding); there are also other
procedures such as high voltage separation, which are mainly applied to fiberglass, carbon or kevlar
composites [6]. Typically, most short fibers are obtained by a mechanical method [1]. Similarly, the
most common method for recycling is crushing [8,17]; however, this has a disadvantage: the
reinforcing polymer matrix is shredded together with the material [18]. For the production of carbon
fiber, between 183 and 286 M]J of energy is required to produce 1 kg of virgin carbon fiber [19];
therefore, to produce 1 kg of recycled fiber, 0.27 M]J of energy is consumed by mechanical processes,
with which fibers of around 5 to 9 mm in length can be obtained [20].

Other authors perform simulations by grinding materials. This is done through tests of results
to compare the behavior with the original [21]. For this purpose, recycled granulated material of
carbon fiber and ABS composites was used, through direct additives, which caused a certain decrease
in the mechanical properties of the pieces obtained, because it partially reduces the total fiber content,
that is, it converts a percentage of the fibers into fine powders. Consequently, no degradation in the
lengths of the fibers was observed in the printed pieces [22]. In this regard, it was found that recycling
by machining carbon fiber composite parts at the end of their useful life, by means of peripheral
milling, generates economic and environmental benefits. Likewise, it was shown that, when using a
three-edged HSS cutting tool, the cutting speed was varied. However, the chips generated were of
diameters greater than 0.3 mm. From this material and epoxy resin, test tubes were made, which were
subjected to mechanical tests that resulted in an increase in their rigidity (varying between 2.2 to 5.8
GPa) and resistance under bending load (varying between 77 to 111 MPa) respectively [23].

In this order of ideas, a novel mechanical process consists of recovering layers of a laminate of
materials at room temperature. This is obtained through the following steps: generation of a notch as
a crack initiation zone, controlled initiation of a crack by means of an impact load; also, the
propagation of the crack by means of a dynamic load similar to a shell. After, the successful
separation of the layers of a laminate was carried out, and mechanical tests were applied to the
recovered material, which gave the possibility of preserving its properties [24]. Afterwards, the
mechanical recycling process was simulated in the laboratory environment, where the degradation
of the mechanical properties of various compounds due to the crushing and remanufacturing of these
was studied. On the other hand, the use in external applications such as humidity and temperature
fluctuations, which can affect the performance of these, was analyzed [25]. In this sense, the main
objective of this work was to determine the feasibility of using polymer-reinforced fiberglass powders
to replace other materials. It should be mentioned that this process was carried out under laboratory
conditions, and the fiberglass powders used were obtained from a pultrusion manufacturer, which
implies a mechanical method for obtaining them [26].
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2.4.2. Chemical Recycling Process

Eight articles were found that reported information on chemical recycling processes. All of these
investigations were carried out in controlled laboratory environments or with specialized equipment;
that is, it was not reported that they would be carried out in industry. However, there were authors
who mentioned that these processes could be used in industry in the future.

As far as chemical recycling research is concerned, it was found that it uses solvents to degrade
the resin, as well as a varied range of temperatures, pressures and catalysts, which use these
techniques to recycle different compounds. These are used for carbon fibers, which reduces traction
by 20% and 60% for fiberglass [1]. Solvolysis is one of the most widely used processes for recycling.
This process, like the previous ones, is selected based on the material to be recycled and the uses for
reuse. Therefore, recycling is moving in the right direction; however, the disadvantage they present
lies in the market for recycled products [27].

The following investigation analyzed the feasibility of recycling fiberglass composites with
epoxy matrix by solvolysis in ethanol. This process is successfully completed in 4 hours, through the
use of a pure solvent containing 10% water at a temperature of 280 °C, when the solvent reaches the
supercritical state and the process time increases to 10 hours at a temperature of 250 °C. In this regard,
it is found that the process time can vary depending on the chemicals used. Additionally, the
resulting fibers can be used in decorative or structural products made of polymeric composite
materials [18]. On the other hand, solvolysis was used to recover clean and intact fibers and reuse the
resin. This was carried out at a temperature of 100-190 °C, in a time of 60-180 min, under a pressure
of 30-60 bar in an inert atmosphere of inert N2 at a high-pressure, high-temperature vessel with a
chemical capacity of 500 ml, containing the catalyst, ethylene glycol and 1- methyl -2- pyrrolidine in
a molar ratio of 1:1. For this purpose, 1 g of sample and 20 ml of solution were used; after each test,
the material was filtered to remove fiber residues. Additionally, the liquid sample was analyzed by
nuclear magnetic resonance spectroscopy and the solid residue from the filter was washed, dried and
weighed. After weighing, the fiber was burned to analyze the ash content [7].

Pyrolysis process for the recovery of thermoplastic parts can be carried out by dissolving resin.
The glass fibers recovered by this method retain the same tensile properties as the original fibers,
which reduces hardness by 12%. For this purpose, the research was carried out with mechanical
recycling of truck battery caps, which were mixed with polypropylene and short and long glass fibers.
These materials were then characterized through diameter measurement and combustion tests [28].
Afterwards, the matrix is degraded by oxidation, by adding a radical initiator, in order to accelerate
the process [29].

The resin is then dissolved with a combination of potassium hydroxide and monoethanol amine.
The fiber is recovered and the resulting solution can be distilled to recover the original polymer with
some degradation [30]. The recycling process is then described and reused in glass fiber separators
in batteries [31]. Sulfuric acid is also used to dissolve the matrix in the recovery of the fibers. This
consequently allows the recovery of a polymer that can be used in other applications [32]. It is then
depolymerized and chemically degraded to recover fibers, as well as to maintain their integrity [33].
Finally, a low-temperature chemical process (<150 °C) is analyzed, which serves to recover epoxy
matrix carbon fibers [20].

2.4.3. Thermal Recycling Process

For this type of process, a total of six investigations were found that reported information on the
subject. The first investigation presented thermal recycling by microwave-assisted fluidized bed
pyrolysis. In this way, fibers and fillers are recovered, which varies with the monomers that could be
used to produce resins. For this, the temperatures used range between 450 °C and 700 °C, with the
highest values being for thermoplastic and epoxy resins [1]. The research indicated that they use a
fluidized bed recycling process, which reduces a percentage of the properties of the fibers obtained.
On the other hand, mixtures of fibers with binding agents were made to obtain paper strips with
recycled fibers (pre-impregnated). With this, laminates were made to then perform bending tests [3].
In this regard, it was determined that thermolysis is one of the most common methods used for
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recycling; therefore, this recycling method may be the most suitable for composites made of fiberglass
and carbon fiber, thanks to the low cost of fiberglass and because this method damages its mechanical
properties. They are usually used for important components of the resin in order to manufacture a
new one [34].

Similarly, this research analyzed the recycling of wind turbine blades by means of pyrolysis,
with the objective of thermally degrading the polymeric matrix at high temperature and without
oxygen [35]. To this end, the fibers obtained are covered with carbon, which are mixed with liquids
from the process; for the glass fibers, some mechanical properties are affected by the high
temperatures of 450 °C [10]. In this sense, it is observed that the oxidative liquefaction method looks
promising for the recycling of glass fibers. It is found that, in the process, the pressure does not
present a relevant effect, those that are relevant are the temperature, time, oxidant concentration and
liquid residues. Regarding the temperature, the lowest value was 250 °C and at 300 °C, carbonization
is generated, whose properties affect the process. Added to this is the increase in electrical
consumption [36].

In this research, the central design process for high-temperature pyrolysis processes for carbon
fibers was adopted. In that regard, the experimental results revealed the influence of recycled carbon
fiber resin and oxidation degree affecting tensile properties. The process parameters were further
optimized for high-temperature pyrolysis recycling for carbon fiber composites [37]. Additionally,
pyrolysis of fibers and epoxy resin for recycling end-of-life wind turbine scrap was explored, as well
as the characteristics of fibers as reinforcing components in flexible composites [38]. Considering this
information, the pyrolysis method was used to recover carbon fibers from bicycle waste, whose
experimentation was conducted in a laboratory environment [39].

2.4.4. Hybrid Recycling Process

For this type of recycling process, although it was not contemplated in the review, it was
considered due to the analysis of the literature obtained. To this extent, four articles were accepted,
of which they report the fusion of two or more recycling processes. Based on this, the classification
was made. It is important to mention that these investigations were carried out in laboratory
environments and equipment.

Solvothermal method was analyzed to degrade ester matrix composite materials. carbon fiber
reinforced vinyl. Also, the degradation was carried out in a Teflon-lined autoclave at a temperature
of 160 °C and 240 °C for a time of 60 min. to 180 min. For this purpose, it was used isopropanol and
acetone as solvents; as a result, a degradation rate of up to was obtained 99.96 % [9]. On the other
hand, a thermo-mechanical process was analyzed for the separation of layers of laminates that are
then rejoined by means of thermoforming, through thermoplastics between the recovered layers.
These laminates are heated in an oven and the layers are separated with rollers [29]. Likewise, the
carbon fibers of the masks are analyzed by carbonization, in an argon atmosphere at a temperature
between 1200 and 1400 ° C. Subsequently, the fibers obtained are used in batteries [32]. Finally, the
electrochemical process for the recovery of graphene oxide from carbon fiber reinforced polymers
was examined; for this purpose, a NaCl solution was used as an electrolyte, which varied its
concentrations, as well as tap water [40].

2.4.5. Indicators Associated with the Methods

It was found that some of the reviewed articles reported important points, which can be of great
importance in determining which recycling process has the best added value. Currently, epoxy resin
fiber materials have greater value, in terms of technical and innovation in the market, since the use
of these materials has increased [38].

Regarding this, it was identified that some researchers, in agreement with the field of industry,
are analyzing the development of recycling systems at an industrial level with the aim of improving
the efficiency in the use of resources, reducing their consumption and the generation of waste, as a
result of the environmental impact [41].
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2.4.5.1. Energy

The articles make a brief comparison regarding energy consumption, as well as the cost that this
would generate. In this regard, one of these articles addressed the simplicity of the mechanical
process, as well as the reduced energy consumption compared to other types of recycling, coupled
with the attention to efficient management of energy and resources that is increasing among scientists
and authorities around the world [1]. In this order of ideas, energy consumption in composite
materials recycling processes is an important factor to determine the economic viability of the
process. For this reason, the entire process must be characterized to determine it is applicable
industrially [10]. From the information reviewed, the following table was extracted with data on the
electrical consumption reported for each type of recycling process.

Table 1 shows the energy consumption for the different composite recycling processes. It was
observed that the values of energy consumption are low for mechanical recycling [8], because the
energy used is less than that incorporated in the original processes [1]. More energy is needed for
chemical and thermal processes due to the greater complexity of the process [42].

Table 1. Specific energy consumption of the manufacturing process of different composite recycling
processes [1].

. . Specific energy
Recycling techniques .
consumption (MJ/kg)
Mechanical recycling — carbon fiber reinforced composites 0.7-53
Mechanical recycling - glass fiber reinforced composites. 04-5.0
High voltage fragmentation 4
Pyrolysis 3-30.63
Microwave 10
Chemical 61-93

There are researchers who point out that the chemical process, carried out at low temperatures,
has positive results in energy consumption compared to other variants of the same process [43].

2.4.5.2. Resulting Properties

It was determined that the material obtained from the different pyrolysis recycling processes has
better mechanical properties due to the resin remain impregnated in the fibers [37,38]. In addition, it
was mentioned that for mechanical recycling the generated material is limited, because there are still
no defined applications for it, since the mechanical properties are affected by the fibers that are short
[22,23].

3. Discussion

This research was carried out with the aim of obtaining information and an overview of the
current state of recycling processes, in order to determine if there is any trend in the research. The
articles reviewed were refined from their search, in a period that included the years 2022 and 2023.
Using the results obtained, a bibliography mapping was developed, in coordination with the
PRISMA- Scr guide [16], and with the support of the Rayyan platform [44]. A total of 28 articles that
met the inclusion criteria were accepted, which reported information on recycling processes. The
following results were obtained from the above: 25% mechanical, 29% chemical, 21% thermal, 14%
hybrid, and finally, 11% provided information on two or more types of recycling. 100% of the
reviewed articles were written in English.
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From the articles reviewed with controlled laboratory equipment and spaces [20,21,24-26,29—
33,38-40,43,45,46], it was found that, although there has been significant progress in the recycling
issue, there is still a lack of more information that standardizes a process and that can be applied in
the industry, considering environmental, economic and legal conditions [1,9,10,18,27]. In effect, this
indicates that these are processes that are still in the early stages of the development of these
technologies.

Some investigations reported hybrid methods that used two different types of technologies. For
example, these investigations mixed a mechanical process with a thermal process [29,40]. Other
researchers reported the mixed of chemical and thermal process [32]. On the other hand, there was a
lack of bibliography regarding economic and energy analysis of recycling processes, which would
allow demonstrating the environmental impact of the products, as well as their economic benefit
from the material obtained from recycling [38].

From the reviewed papers, mechanical recycling is who call more attention because it is a fast
and economical method. Although a better application for the obtained material needs to be
developed since it is only used as filling material [23].

In chemical recycling method, it was found that the use of sulfuric acid to dissolve the matrix
allows the recovery of fibers with properties similar to the original ones, besides recovers the polymer
used as matrix that can be reused in other applications achieving no waste generation, the drawback
is that this process is in the laboratory phase for which specialized and expensive equipment is
needed [33].

Fluidized bed method for recycling carbon fiber materials was used, however affected the
original fiber properties. Based on this a mixture of recycled material with original kevlar material
was made, interspersing recycled material with a layer of original fiber and using it as a prepreg
material, for possible lightweight structural applications and with emphasis on finding a balance
between mechanical damping and stiffness performance [3].

On the hybrid recycling side, it was found this one uses a hybrid process of two conventional
recycling processes, this process is carried out in a first part by heating the laminates to later proceed
to peel off layer by layer of the laminate with the help of a machine, the material obtained is reused
using layers of plastic between each layer of recycled material, it is heated and subsequently pressed,
in order to have a good union of all the materials, which have good behavior in bending tests
compared to original fiber laminates [29].

4. Conclusions

An overview of the different recycling processes for composite materials was obtained. Some
processes reported to have very high efficiencies in recycling and reusing materials. However, these
methods use highly specialized laboratory equipment or generate a large amount of waste, which
translates into high processing costs.

For this reason, it is feasible to investigate sustainable applications for the material obtained from
mechanical recycling, since this is the simplest, most economical and environmentally friendly
process compared to the other processes analyzed. However, the material obtained does not have a
good price on the market due to the limitations of its application.

In general, recycling processes for composite materials is a topic that is under constant research,
due to technological advances and the increase in their use. In addition, the increasingly strict changes
in environmental policies in the world make it necessary to thoroughly investigate recycling
processes and seek new applications for the materials generated, so that they contribute to reuse and
thus generate a circular approach for said materials.

It is recommended to investigate the option of reducing costs in terms of the machines or
processes used, to make the use of one or another process more attractive due to its low cost. It was
determined that all the processes have their benefits, only the equipment or processes are very
sophisticated or expensive, the most user-friendly is the mechanical one, since you can use different
machines and move large volumes of composite materials, it only remains to determine or carry out
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a more in-depth investigation regarding the application that can be given to the material resulting
from that process, since a disadvantage of this process is the applicability of the resulting material.
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