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Abstract: Plastics are ubiquitous in our society and are used in many industries, such as packaging,
electronics, the automotive industry, and medical and health sectors, and plastic waste is among the
types of waste of higher environmental concern. The increase in the amount of plastic waste produced
daily has increased environmental problems, such as pollution by micro-plastics, contamination of
the food chain, biodiversity degradation and economic losses. The selective and efficient conversion
of plastic waste for applications in environmental remediation, such as by obtaining composites,
is a strategy of the scientific community for the recovery of plastic waste. The development of
polymeric supports for efficient, sustainable, and low-cost heterogeneous catalysts for the treatment
of organic/inorganic contaminants is highly desirable yet still a great challenge; this will be the main
focus of this work. Common commercial polymers, like polystyrene, polypropylene, polyethylene
therephthalate, polyethylene and polyvinyl chloride, are addressed herein, as are their main physic-
ochemical properties, such as molecular mass, degree of crystallinity and others. Additionally, we
discuss the environmental and health risks of plastic debris and the main recycling technologies
as well as their issues and environmental impact. The use of nanomaterials raises concerns about
toxicity and reinforces the need to apply supports; this means that the recycling of plastics in this way
may tackle two issues. Finally, we dissert about the advances in turning plastic waste into support
for nanocatalysts for environmental remediation, mainly metal and metal oxide nanoparticles.

Keywords: nanoparticles; environmental remediation; supports; heterogeneous catalysts

1. Introduction

The consumption of plastic materials is vast and has been growing continuously due
to the advantages derived from its versatility. These advantages include the relatively
low cost of plastic and its durability, which is due to its high chemical stability and low
degradability [1-3]. The most-used plastics come from synthetic polymers represented
by polyethylene (PE), polypropylene (PP), polystyrene (PS), poly(ethylene terephthalate)
(PET), and poly(vinyl chloride) (PVC) [4]. It is estimated that almost 60% of solid plastic
waste is disposed of in open spaces or landfills around the world due to its large pro-
duction and consumption in various applications, such as packaging [5], construction [6],
electricity and electronics, agriculture and health [7]. Among the anthropogenic waste pro-
duced in modern human society, disposable plastics constitute some of the most persistent
environmental pollutants [3].

Plastic pollution has become an acute global concern and is a problem that causes
adverse socioeconomic and environmental disturbances. Plastic waste, both industrial and
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municipal, represents a major environmental challenge in developing countries [8,9]. In
1972, when the first peer-reviewed investigation into plastic pollution was launched [10],
the annual global production of plastics was about 50 million tons; in 2019, the plastics
manufactured globally registered an increase of almost 7 times, reaching 368 million
tons [11]. A substantial parallel increase in the amount of plastic waste produced globally
resulted from this increase in plastics manufacturing [11]. Solid waste management is
one of the problematic issues the world is currently facing. Inadequate management of
plastic waste does not only contaminate the environment, but also, a substantial amount of
waste has no specified use and most is disposed of in sanitary landfills or indiscriminately
in inappropriate dumps and drainages (which is the case in most developing countries),
posing not only a major threat to the environment and public health, but also a huge loss of
economic value [12-18].

In this context, plastic waste has been promising for the field of catalysis, in obtaining
supports for catalysts, and especially for nanostructured catalysts [19-21]. Usually, catalysts
are applied in suspension in the reaction medium in powder form, which can influence
problems such as loss of the catalyst; another problem is that when the catalyst is applied
in powder form, the recovery is carried out using traditional methods, such as separation,
extraction, filtration, vacuum distillation or centrifugation, which are tedious and time-
consuming processes. Furthermore, they are uneconomical processes and therefore difficult
to apply on an industrial scale [22]. These separation processes are generally not able
to collect nanostructured catalysts without the loss of dust. Recovery by filtration is not
advisable because smaller-sized nanoparticles can pass through the filter [22]. Taking into
account that some of the precursors for catalyst synthesis have high prices, alternatives
to immobilize and possibly reuse catalysts in consecutive catalytic cycles is an emerging
concern. In addition to this inconvenience, when the catalysts are intended to degrade
contaminants in water in photocatalytic applications, the suspended catalyst powder can
cause turbidity in the reaction medium, making it difficult for light to penetrate into the
active sites of the catalyst itself.

The development of catalytic support technologies can lead to a quality of sustainable
environmental systems due to a combination of two serious problems: the large amount of
plastic waste without proper disposal, and the emerging concern of dangerous contami-
nants in waterbodies. Therefore, the recovery of plastic waste harmful to the environment
applied in the manufacture of new materials for the treatment of water and effluents that
contain dangerous contaminants not only provides adequate disposal for waste based
on synthetic polymers, but also guarantees treated water with resources of low cost and
easy access. It is important to note that in this review we will specifically focus on plastic
waste to obtain catalytic supports, but this technology can also be implemented for broader
applications, including air purification, deodorization [23] and anti-fouling [24], as will be
discussed briefly throughout the text.

2. Plastic Waste Chemistry

The etymology of plastic comes from the Greek “plastikés”, which defines materials
that are easily moldable due to an external action [25]. Chemically, plastics are formed
by long chains of macromolecules, or polymers, and other substances that, when added,
optimize the processability and stability of the final product. Due to their nature, plastics
have unique properties that make them attractive compared to other materials: they are
light, have mechanical and corrosion resistance, are easy to process, are low cost, and have
good chemical and biological stability [26].

Although there are numerous classification schemes, from a technological point of
view, plastics can be divided into four basic categories [27]:

(I). Natural: provide the mechanical foundation for most plants and animals, as do
carbohydrates and proteins. Examples of these are biodegradable materials;

(I). Elastomers: have elastic properties, which recover their initial length after tension
interruption. Examples of these are tires;
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(III). Thermosets: these are plastics that, during manufacture, are moldable at low tempera-
tures and harden when heated, typically via chemical crosslinking reactions. Thus,
when heated, they are not recyclable. For this reason, they possess excellent mechani-
cal properties, namely dimensional stability, rigidity, and non-ductility, among others.
Examples of these materials are formaldehyde and epoxy resins, among others;

(IV). Thermoplastics: formed by macromolecules. Their main characteristic is that when
heated, intermolecular forces are weakened, making them malleable, and when cooled,
they solidify. This process is reversible, and this is their main advantage. Most plastics
produced today are thermoplastics. There are different types of plastics based on their
constituent groups and the type of materials used in their production.

In this context, this topic will address the theoretical foundation of the five main types
of thermoplastics and their corresponding physicochemical properties that represent a
major challenge from the environmental impact and health perspectives. The environmental
aspects associated with the use of these materials will be listed in topic 3.

2.1. Types
2.1.1. Polyethylene (PE)

PE is the most-used plastic worldwide due to its simple chemical structure (see Table 1),
making it very easy and cheap to process. It is a tenacious thermoplastic, obtained by the
polymerization of ethylene [28].

The main characteristics of this plastic are its low cost, chemical resistance, low friction
coefficient, non-toxicity, odorlessness, ease of processing, and low water permeability.
Polyethylene containers are commonly used in food packaging because they pose no health
risks, as they do not contain harmful additives to the human body, although some studies
have shown that prolonged exposure of plastics to sunlight can make them harmful [29].
PE is available in low-density PE (LDPE) and high-density PE (HDPE) forms. LDPE has
long side-chain ramifications in its structure, making it less dense and crystalline, so these
plastics are more flexible than PE. HDPE, on the other hand, has no branching, making it
highly dense [30]. Unfortunately, this type of plastic is very difficult to recycle, as discussed
in Section 3.

2.1.2. Polypropylene (PP)

PP is a polyolefin derived from the polymerization of propylene, and its chemical
structure is shown in Table 1. Because of its cost, low density, good flexibility, and resis-
tance to chemicals, abrasion, and moisture, it has excellent processing and performance
advantages [31,32]. Thus, this plastic is a substitute for other materials and is found in
a large number of applications, including the production of packaging, cars, appliances,
among others, as they do not contain harmful substances, thus being safe for humans.

On the other hand, PP is degraded by the action of ultraviolet light since the radiation
energy absorbed by the polymer results in the removal of hydrogen atoms attached to
tertiary carbon groups, causing a reduction in molecular weight and modification in the
structure chemistry [33].

2.1.3. Polystyrene (PS)

PS, whose structure is shown in Table 1, is derived from petroleum, contains benzene
and is classified as a human carcinogen according to the International Agency for Research
on Cancer. In addition, PS is considered toxic to the brain and nervous system because
when heated it can leach out styrene [30].

It is commonly used in the production of insulators and packaging materials due to
its versatility, as it has a wide range of desired properties such as rigidity, foamability, low
cost, high resistance to acid and bases, transparency, brittleness, opaqueness, flexibility, low
density and humidity, high brightness, and good electrical properties. It can be stabilized
against ultraviolet radiation and can be made in an expanded foamed form, serving as a
thermal insulator [34,35].
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2.1.4. Poly (Vinyl Chloride) (PVC)

PVC is obtained from the polymerization of vinyl chloride; Table 1 shows its chemical
structure. It is thermally sensitive and considered highly toxic to the environment and pub-
lic health due to the presence of heavy metals and phthalates, among other additives [30,36].
On the other hand, the cost-effectiveness and versatility of PVC make it very popular in
the production of consumer goods. It is commonly used in toys, plastic wrap, detergent
bottles, medical tubes, and more.

Unplasticized PVC is very rigid, more so than PE and PP. On the other hand, in
its plasticized form, there is a modification of the polymer through the addition of low-
molecular weight plasticizers, and the resulting pastic can be highly flexible, to the point
that it can mimic the flexibility of natural materials such as leather [37].

2.1.5. Poly (Ethylene Terephthalate) (PET)

PET is produced by reacting terephthalic acid with ethylene glycol, as shown in Table 1.
It is used in the bi-oriented packaging and film sectors due to its high mechanical resistance,
gloss, and transparency. Because PET has good gas and moisture barrier properties, it is
used in carbonated beverage bottles. These, however, contain toxic additives, and plastics
made from PET must be protected from high temperatures to prevent their leaching. For
example, antimony trioxide, which has a high carcinogenic potential in humans, is used as
a catalyst in the production of PET [30,36,38].

2.1.6. Polyethylene/Polypropylene/Polystyrene (PE/PP/PS)

The most common plastics in current use are poly(ethylene terephthalate) (PET),
polystyrene (PS), polypropylene (PP) and polyethylene (PE) [4-6]. The conventional process
of recycling polymers often involves the usage of chemical substances, such as compatibi-
lizing agents, since the polymers cannot be blended together [4]. Hence, compatibilizers are
essential for the polymer’s blending and mixing processes as it might provide better prop-
erties [4]. Some additives are designed to stabilize the polymer and make it more resistant
towards degradation [39]. PP/PE/PS blends have been researched in the recovery of plastic
waste [40-43] and initial results have shown some technical and economical promise.

2.1.7. Low-Density Polyethylene/Polypropylene (LDPE/PP)

There are several types of PE, but the most common types are high-density polyethy-
lene (HDPE) and the low-density polyethylene (LDPE) [44]. LDPE is a flexible form of
polyethylene with unique flow properties that make it ideal for shaping into a film. It
has high ductility but low tensile strength, allowing it to be stretched considerably before
breaking. LDPE waste mostly results from bags and packaging films. Owing to its poor
mechanical properties and easy processability, it is usually recycled as garbage bags [45].
Polypropylene (PP) has been widely used as packaging material, for instance, as margarine
and yogurt containers, bottle caps and microwavable food, due to its desirable physical
properties such as high tensile strength, high stiffness and high chemical resistance, The
combination of LDPE and PP is frequently found in polymer waste streams. Because of
their similar density, PP and LDPE cannot be easily separated from each other in the recy-
cling stream [46]. In general, blends of PE and PP have become a subject of great economic
and research interest, not only to improve the processing and mechanical properties of PP,
but also to expand opportunities to recycle these mixed plastics [45].
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Table 1. Types of plastics, chemical structure, and symbology (Miandad et al. 2017) [47].
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2.2. Physicochemical Properties

Plastic properties and applications are determined by the chemical, thermal, and
physical properties of the constituent polymer(s), which are determined by the molecular
weight, crystallinity, and degree of interaction between polymer chains.

2.2.1. Molecular Weight

Molecular weight is an indication of the length of the molecule, and it is crucial in the
chemical and physical properties of polymers. Furthermore, it affects their processability.
The higher the degree of polymerization, that is, the higher its molar mass, the more difficult
it is to mold with the application of heat and pressure, since more polymer bonds need
to be broken, so there is greater energy absorption. Furthermore, the viscosity is highly
dependent on molecular weight, scaling with it to the power of 3.4 due to the lower fluidity
of the more entangled chains [48,49].

Polymers are different from small molecules in that they do not have a single molecular
weight; instead, they exhibit a molecular weight distribution (MWD) [50]. The molecular
structure, molecular weight (M) and dispersity index of polymers play a critical role in
their properties. Dispersity index is a measure of the molecular mass distribution in a given
polymer sample [51,52]. The calculated index is the weight average molecular weight (M)
divided by the number average molecular weight (M},), and it indicates the distribution of
individual molecular weight in a batch of polymers [51,52]. The dispersity index always
has a value greater than 1, but as the polymer chains approach the uniform chain length,
the index approaches unity (1) [51]. The polymer dispersity index is often denoted as:

w

M
Di ity index =
ispersity index = -

n

Dispersity is a measure of the dispersion of a molar mass, relative molecular mass,
molecular weight, or degree of polymerization distribution [52].

2.2.2. Degree of Crystallinity

The degree of crystallinity is directly related to density, stiffness, and the mechan-
ical, thermal, and chemical resistance of the polymers, and is inversely related to their
transparency [53,54]. Most polymers have at most 80% crystallinity, since there is no 100%
crystalline polymer, as it would not be possible to mold them due to their ordered structure.
Thus, the amorphous regions contribute to reducing hardness and increasing flexibility [55].
On the other hand, the crystalline regions reflect and deflect an incident light beam, compro-
mising the regular light transmission of plastics; polymers can thus vary from translucent
to opaque, depending on the degree of crystallinity [56,57].

2.2.3. Thermal Properties

Polymers behave like glass at low enough temperatures, i.e., below their glass tran-
sition temperature (Tg). Furthermore, they behave like viscoelastic solids at intermedi-
ate temperatures, i.e., above Tg, and finally, they behave like weakly viscoelastic, high
viscosity fluids at very high temperatures, e.g., above the melting temperature (Tr,) in
semi-crystalline polymers. These behaviors result from the mobility of atoms in molecules
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as a function of kinetic agitation. It is for this reason that some plastics such as PE and PP
have a glass transition temperature well below the usual ambient temperatures and are
flexible materials, while plastics such as PS are fragile and brittle because their respective
glass transition temperatures are above room temperature [58-60]. Thus, the sensitivity
of plastics to temperature variation represents an advantage in production costs because
these materials have a low melting point and, consequently, low energy consumption.

However, due to their high coefficient of thermal expansion, plastics tend to change
their dimensions significantly, which is a problem that must be considered for certain
applications [61]. Furthermore, they are poor thermal conductors in general. As a result,
these materials are used in a variety of thermal insulation systems, primarily in the form of
foams.

2.2.4. Electric Properties

Plastics are good electrical insulators, which justifies their use in electrical products.
This follows from the principle that for there to be a flow of electric current, there must
be electron transfer; since plastics have a low density of free electrons, they are good
insulators [62]. Exceptions are the so-called intrinsically conducting polymers, which
are mostly studied in the field of organic electronics, sensors, energy storage and soft
robotics [63].

2.2.5. Chemical Properties

Plastics generally have good chemical resistance, but in all polymers, the chemical
resistance is inversely proportional to temperature, since the diffusion of low molecular
weight molecules is hampered by the degree of packaging of the macromolecules [64].

Despite their chemical resistance, plastics can be degraded in a variety of ways,
including exposure to ultraviolet (UV) radiation. These promote the formation of crosslinks
by breaking some covalent bonds in the polymer chain. One method of avoiding UV
degradation is the surface addition of some material in the plastic that blocks and absorbs
this radiation [65-67]. In addition to UV radiation, oxidation is also a form of degradation,
in which stabilizers act on oxygen consumption before it reaches the polymer [68].

2.3. Optimization of the Properties of Plastics

In the plastics manufacturing process, products such as additives, dyes, and fillers
are added to optimize their properties and applications. However, when a property is
optimized, others can be harmed, even if they are at acceptable levels.

Common additives are antioxidants, flame retardants, lubricants, fungicides, UV
stabilizers, and expanding agents, among others [69,70]. Fillers, whether in particle, e.g.,
carbon black, or fibrillar, e.g., glass fibers, form, typically aim to increase the mechanical
strength and rigidity of plastics, as well as to allow their use under load and at higher
temperatures; the most common reinforcing fillers are carbon black, carbon and glass fibers,
mica, and aramids [71]. Foam polymers are made with the addition of blowing agents [72].

3. Plastic Waste and Its Associated Health and Environmental Risks

Plastic waste is introduced into the environment as a side product of production or as
the result of improper disposal of post-consumer or post-industrial waste, contaminating
the land, water, and the food chain. The first recycling initiatives for plastics occurred
in the late 1960s, during the energy crisis, with the consumption of waste [73]. In this
context, the reduction, reuse, and recycling (3 R’s) of these pollutants have been the focus
of increasing research due to the benefits generated, which include cost savings, increased
competitiveness, and aid in environmental preservation.

In the literature, plastic waste management steps are commonly reported, as this
waste constitutes the largest fraction of solid waste worldwide. These residues come from
different polymers or mixtures and are identified through the symbology contained in the
desired final product (see Table 1) or based on their physical characteristics and thermal
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degradation, which are distinct [74-76]. After the first cycle of use of plastics, there is a
reduction of approximately 95% in value, which results in an annual loss of value between
$80 and 120 billion worldwide [77].

Half of the plastics produced are destined for single-use applications and become
waste [78]. Some strategies have been used to eliminate this waste, such as landfills. These
are presented in the form of land built using various strata of soil [79]. Although landfills
are the most economical option for waste management, from an ecological point of view it is
unsustainable, as the waste can remain in its physical form for up to 1500 years. Alternative
waste management scenarios can be categorized based on the dominant technology, namely:
(i) mechanical recycling, (ii) raw material recycling, and (iii) energy recycling.

3.1. Technology for Recycling
3.1.1. Mechanical Recycling

Mechanical recycling entails the physical transformation of industrial or post-consumer
polymeric waste into granules, referred to as primary and secondary recycling, respectively.
To obtain the final product, waste separation, grinding, washing, drying, and reprocessing
are the main stages of mechanical recycling. Thus, reprocessing can be made possible via
extrusion, injection, thermoforming and compression molding, among other processes [80].

The main advantages of this technology are the high volume of waste that it allows
to be recycled, and the simplified process and accessibility to small companies due to the
low investment for installing a plant. In addition, mechanical recycling brings a series of
benefits, namely that it is possible to minimize the volume of solid waste in landfills, to
minimize the pressure on the environment for the generation of raw materials and facilitate
the generation of jobs, among others [81,82]. Examples of this type of management are
plastic wood, developed by two Japanese and Belgian technologies [83], and the recycling
of PP packaging to obtain garbage bags [82].

3.1.2. Raw Material Recycling

Raw material recycling consists of the use of chemical or thermal processes as a step for
the recovery of resins from polymeric waste. For this reason, it is also known as chemical
or tertiary recycling. The applied process is dependent on the type of plastic, composition,
and molecular mass of the desired products [84]. This technique is not commonly used in
some countries, such as Brazil, due to the high cost and low purity of the resins. On the
other hand, the main advantage when compared to mechanical recycling is the possibility
of recycling heterogeneous plastics with impurities. An example of this technology is the
pyrolysis process, in which polyolefins are depolymerized via heating, resulting in the
conversion of plastic into oil and gases, which are used as inputs in the petrochemical
area [85,86]. Nylon 6, PET, and acrylics are other examples of polymers for which this type
of waste management is feasible.

3.1.3. Energy Recycling

Energy recycling consists of the recovery of thermal energy generated without damage
to the environment from plastic waste due to its high heat capacity, which releases large
amounts of heat when heated; it is also known as incineration or quaternary recycling [86].
The calorific value of 1 kg of plastic waste is comparable to that of 1 kg of fuel oil and is
higher than that of coal [87]. This technique is not commonly used due to its high cost;
however, countries that adopt it, such as Sweden and Austria, manage to reduce up to 90%
of the volume of waste.

The energetic use of plastic waste is one of the effective alternatives to avoid inappro-
priate disposal. Converting plastics to fuels can reduce harmful emissions and pathogenic
contaminants compared to incineration and landfill disposal [88]. The predicted decline of
fossil fuels, particularly petrochemicals that are present in the plastic itself, has attracted
the attention of the scientific community to seek and obtain possible energy resources due
to the continuous increase in demand for energy [89]. Fuels made from plastic are also able
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to produce a cleaner burning fuel than traditional sources due to their low sulfur content,
bearing in mind that most developing countries use diesel with a high sulfur content [90].
Several studies have reported investigations of interest to industry where plastic waste has
been converted into fuels, as reported recently in several investigations [91-95].

3.2. Factors Affecting Plastics Management

Despite the significant advances in the various recycling technologies, some factors
affect the management of plastic waste recycling, namely: the existence of tax incentives,
availability of technology and companies, water content, the chemical nature of materials,
and the market demand for recycled plastic.

The chemical nature is important in the management of plastics, as the properties of a
product can be profoundly affected if it is contaminated with another resin [87,96]. One
of the most relevant cases is the recycling of PVC and PET: when PET is contaminated
with PVC, it will degrade during processing due to the high temperature required in this
process. On the other hand, when PVC is contaminated with PET, it must be eliminated
from the process, as it does not melt at the PVC processing temperature [87,97].

Another very important aspect in waste management refers to the lack of tax incentives
for recycling companies; consequently, the price of the recycled product exceeds that of the
virgin product due to taxation. For example, in Brazil, recycled paper is more expensive
than white paper.

3.3. Recycling Issues and the Impact on the Environment

Interest in recycling processes has been growing, but it has some limitations related
to the technologies used and the type of plastic, which have significant environmental
impacts. The main disadvantages associated with waste management are described below:
(i) the generation of secondary solid waste since the recycling process is not efficient for
the full recovery of waste [76]; (ii) the presence of inappropriate facilities for recycling
different types of plastics, which are also associated with potential spaces for some types of
disease [98]; (iii) high cost; (iv) environmental impacts, such as leaching of additives into
the soil, water, and air; (v) taxation on recycled products, which become more expensive;
(vi) the low demand for recycled materials, especially in developing countries; (vii) the
fact that most plastic materials are not biodegradable; and (viii) the need for a rigorous
decontamination process at a level satisfactory to health, among others. A typical case is
the PET recycling process, in which the recycled product cannot be used for the production
of beverage packaging, as the temperatures involved are not high enough to guarantee
sterilization of the product. Furthermore, after three cycles of use, it becomes brittle
and hard.

Plastic waste can cause serious impacts related to the extremes of its production chain
(the depletion of raw materials and the accumulation of waste), the health of human beings,
and the environment [99]. The externalities of plastic waste are concentrated in two areas,
as they are easily transported through wind or water. Thus, in natural systems, they
accumulate especially in the oceans, causing environmental and economic impacts, such
as the death of countless fish. It is estimated that there will be more plastic by weight
than fish in the ocean by 2050 [100]. Open burning of these residues releases toxic gases
that aggravate the greenhouse effect and, when inhaled, cause respiratory disorders. In
the field of medicine, the aggravating factors come from additives that are used in the
manufacturing process [101]. Plastic waste has been extensively investigated to obtain new
value-added products, such as composites applied in various industrial sectors, and for the
development of technologies applied in environmental decontamination, such as supports
for nanostructured catalysts. These nanostructured materials are of high importance in
several catalytic applications, but their use in suspension can cause reaction problems and
risks to the environment [19-21].
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4. Relationship between Nanotechnology and Sustainable Development

Advances in science and technology can offer potential solutions for development
in different industrial sectors, contributing to innovation, as well as adding value to their
current production systems [102]. Nanoscale science and technology spans a broad and
exciting scientific frontier that will have a significant impact on nearly every aspect of
the global industrial economy and hence on people’s lives [103-105]. Nanotechnology is
characterized by very small materials called nanomaterials. Jeevanandam et al. (2018) [106]
and Danish et al. (2020) [107] described nanomaterials as materials with a length of
1-1000 nm in at least 1 dimension; however, nanomaterials are usually defined as having
diameters in the range of 1 to 100 nm [101,102]. It is important to mention that there is
no single definition of a nanomaterial that is internationally accepted, and the definition
changes for each organization [106,107]. The invention of several spectroscopic techniques
accelerated research and innovations in the field of nanotechnology [108]. In general,
nanomaterials are classified into distinct aspects, such as dimensionality, morphology, state,
and chemical composition [108-110], as shown in Figure 1.
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Figure 1. Schematic illustration of the classification of nanomaterials based on different criteria,
Reprinted with permission from ref. [110]. Copyright 2021 Clearance Center.

In recent years, research related to nanostructured materials has been looking for
ways to innovate through synthetic routes that are environmentally friendly, as there is
substantial concern with nanomaterials being considered toxic in nature [111]. Studies show
that these nanomaterials can be synthesized through biosynthesis, that is, from renewable
sources (plant biomass), being considered “green routes” for nanotechnology [112,113].
The many uncertainties regarding the potential environmental, health and diversity effects
of engineered nanomaterials pose major challenges for the responsible manufacturing and
use of these substances [114-117]. In most synthesis methods presented in the literature,
chemical products that are known to pose risks to human health or the environment
are often used [118]. Although synthetic methods can become “greener” when moving
from laboratory-scale manufacturing to industrial production, it must be ensured that the
environmental benefits of using engineered nanomaterials are not overshadowed by the
risks of negative effects [119].

Nanomaterials offer opportunities to develop functional materials with surface, elec-
tronic, plasmonic, optical, catalytic and magnetic properties that differ significantly when
compared to macroparticles [120,121], thus leading to many new applications that can
be used to address numerous technical and social issues in our daily lives, such as solar
cells [122-124], nanomaterials applied in medicine [125-127], gas sensors [128-130], energy
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storage and engineering [131-135] and a great highlight in the field of catalysis [136], mainly
for water and effluent treatment [137-142].

In recent years, the scientific community has been striving to develop new ecological
and efficient nanostructured catalytic systems [143,144]. Heterogeneous catalysts have been
investigated and widely applied in various sectors due to their high heat stability, simplicity
of recovery and separation of reaction mixtures and recyclability [145-147]. The use of
these catalysts in suspension causes difficulty in recovery and loss of these materials, which
often means that nanostructured waste can be dumped into the environment inappropri-
ately [148]. One of the biggest challenges is to understand the behavior of nanoparticles
in the environmental system, as it is known that the interaction between nanomaterials,
the environment and the human body is complex and depends on the size and type of
particle [149]. The literature has reported studies that specifically deal with the toxicity of
nanoparticles, and this concern has been growing in recent years [150-152]. Therefore, im-
mobilizing these nanostructured catalysts on supports has been the object of investigation,
mainly due to the observed advantages, such as increased surface area and waste recovery
for the production of catalytic supports [153,154]. Sustainable growth depends entirely on
innovative strategies for developing new multifunctional materials [155].

The special properties of nanostructured materials have given rise to many scientific in-
vestigations and research activities aimed at the synthesis, characterization and applications
of nanoparticles [106,156,157]. Regarding composition, as shown in Figure 1, nanoparti-
cles are classified into various materials, in particular metallic nanoparticles (MNPs) and
nanostructured metallic oxides (semiconductors) [158]. The first category of nanoparticles
is comprised of the pure form of metal-based nanoparticles (e.g., nanoparticles of silver,
copper, gold, titanium, platinum, zinc, magnesium, iron). Another category is metal oxide
nanoparticles, also called nanostructured semiconductors (i.e., titanium dioxide, silver
oxide, zinc oxide, among others) [158-161]. These nanomaterials are widely investigated
in catalytic systems with an emphasis on developing environmentally correct processes
that can promote environmental recovery in environments contaminated with waste or
effluents, and even in the search for sustainable development, producing value-added
molecules from renewable sources [162-165].

4.1. Metallic Nanoparticles and Nanostructured Metal Oxides

Nanomaterials differ from micro-sized and bulk materials not only in the scale of their
characteristic dimensions, but also in the fact that they may possess new physical properties
and offer new possibilities for various technical applications [166,167]; this is due to their
high surface to volume ratio, which results in an exponential increase in reactivity at the
molecular level [168], as well as quantum confinement effects [169]. These nanoparticles
are manufactured by adding reducing or oxidizing agents and precipitants during their
synthesis [167].

Metallic nanoparticles such as gold MNPs [170], iron [171], and silver [172] have
been synthesized, characterized and investigated in several applications, and it has been
demonstrated that these materials have very interesting surface, optical and electronic prop-
erties. Many types of nanostructured metal oxides, as TiO; [173], Fe;O3 [174], Al,O3 [175],
ZnO [176], SiO, [177], MnO, [178], and binary metal oxides [179] were investigated for
different applications, demonstrating high potential due to the unique properties offered by
nanomaterials. The main characteristics of MNPs are their large surface area, large surface
energies, transition between molecular and metallic states providing specific electronic
structures (local density of states—LDOS), plasmon excitation, quantum confinement, in-
creased number of kinks, a large number of low-coordination sites such as corners and
edges, a large number of “dangling bonds” and, consequently, specific and chemical prop-
erties and the ability to store excess electrons [180]. These characteristics make it possible
to generate multifunctional materials.

Due to the change in their surface properties, metal oxide nanoparticles have impor-
tant characteristics, such as their biocompatibility in providing a highly active surface
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area, and consequently, they have a wide range of applications, including as catalysts,
chemical sensors, and semiconductors [181]. The electronic structure of nanostructured
metallic oxides can reveal their semiconductor, metallic or insulating character [182]. The
specific size of nanostructured materials, such as nanoparticles, can change their mag-
netic, conductive, chemical and electronic properties [181,183,184]. Particularly, due to the
unique physical and chemical properties of metal oxide nanoparticles, a wide range of ap-
plications has been investigated in materials chemistry, medicine, agriculture, information
technology, the biomedical field, optics, electronics, catalysis, environmental fields, energy
applications [185-189] and in the treatment of water and effluents, among others [190-193].
Increased surface area in nanostructured metal oxides leads to increased reactivity [194].
The synthesis and investigation of these metal oxide nanoparticles are beneficial not only
for the understanding of fundamental phenomena in low-dimensional systems, but also
for the development of multifunctional materials with high performance in various sectors,
mainly promoting systems for environmental decontamination [195].

4.2. Problems of Use in Suspension

Homogeneous catalysis is very efficient and selective but has some limitations in
practice, such as limited thermal stability and the difficult separation of the catalyst, as it is
in the same physical state as the substrate. Unlike homogeneous catalysis, heterogeneous
catalysis benefits from the possible use of high temperatures and easy recovery of the
catalysts, but it also has some disadvantages, such as low selectivity. However, investi-
gations into the use of MNPs in catalysis is essential, as they mimic the activation of the
metal surface and catalysis at the nanoscopic scale and, therefore, modulate nanostructured
catalysts, bringing efficiency and adjusting the selectivity for reactions specific [196].

Although metallic nanoparticles have unique advantages, there are still essential dis-
advantages for their use in suspension in catalytic processes that should be emphasized
and investigated [197]. Nanoparticles tend to aggregate due to Van der Waals interac-
tions, thus causing a decrease in their efficiency [197,198]. Another disadvantage is the
difficult separation of nanoparticles for reuse, which is still considered a major challenge.
Additionally, the impact of these nanomaterials on ecosystems and human health is a
significant issue that limits the use of nanotechnology in some situations [196,197]. To
overcome these drawbacks, catalytically active components, such as metallic nanoparticles
or nanostructured metallic oxides (usually in a low concentration), are immobilized in a
dispersed state on a support [199,200]. Choosing a suitable, non-toxic, and recoverable
support is very important [201]. It is noteworthy that in determining catalyst performance,
the interaction between metal and support plays an essential role [201,202]. The most inves-
tigated supports in the literature to immobilize nanoparticles are zeolites [203,204], metal
oxides [205,206] silica spheres [207,208] and alumina [209,210]; nanomaterials have also
been largely immobilized in polymeric materials, adding value to waste that is normally
dumped into the environment, causing problems [199,211,212]. Therefore, encouraging the
choice of support based on polymeric materials is a topic of great importance. However,
generally, the polymeric support does not show any catalytic activity on its own, but it can
cause important changes in the surface and structural properties of the final material. Thus,
it is increasingly necessary that the properties of these materials as supports be investigated
in heterogeneous catalysis.

5. Turning Plastic Waste into Valuable Products
5.1. Accumulation of Plastic Waste in the Environment

Research and development related to synthetic polymers has largely focused on their
useful properties and applications [213]. These inherent advantages of plastic materials are
converted into their most serious disadvantages when they become waste; for example,
they do not oxidize like metals or degrade chemically like cellulose- and protein-based
materials. Another factor is related to contamination in water bodies; the density of these
residues can be close to that of water and for this reason, plastic waste floats near the surface
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of the water where fish and the rest of aquatic life are [214]. As a result, post-consumer
plastic waste disposal has led to plastic pollution in landfills and waterbodies and now
represents a global environmental challenge [213]. The excessive use of disposable products
has led to an exponential increase in the amount of plastic waste from land and sea activities,
resulting in considerable economic, environmental and social problems [210,211].

The non-biodegradability and poor management of plastic waste can cause several
environmental risks regarding the safety and clogging of sewage in urban cities and other
production areas [19]. In addition to the contamination caused by plastic waste in the
environment, climate-induced degradation is also a problem. Plastic waste can heat up to
40 °C on beaches, which further accelerates wear and degradation by sunlight, potentially
causing the formation, for example, of microplastics. Literature often classifies plastic
waste present in water bodies by size. The most common classification is microplastics,
mesoplastics and macroplastics, but their size ranges are not uniform, as explained by
Ronkay et al. (2021) [215] and by Shah et al. (2015) [216]. The ingestion of plastics by aquatic
organisms is an emerging environmental crisis due to the spread of these contaminants
in water bodies [217-219]. These plastic residues, when ingested, can cause physical
obstruction of their digestive systems [220]. Therefore, the overall potential impact of
microplastic pollution on aquatic systems can have serious consequences [219,221].

Pollution from plastic waste is an emerging global environmental problem [222]. These
wastes have drawn a lot of attention due to their increasing numbers in the global economy,
their low material recovery rates and the environmental impact associated with current
disposal methods. Pillai (2021) [223], in his recent study, presented important information,
such as a report by the United Nations Environment Program (UNEP) showing that around
400 million tons of single-use plastic waste is produced annually (47% of total waste plastic)
and estimating that only around 9% of this plastic waste is being recycled worldwide. The
numbers are worrying, and the efforts currently being made by several economies are very
timid compared to the desired goals [223]. Due to inadequate waste management practices,
plastic waste disposed of arbitrarily generates serious environmental pollution [224,225].
Strengthening waste management practices (segregated waste collection and waste pro-
cessing through material recovery facilities in cities) can help put plastic waste back into
the circular economy cycle [211]. While each country is responsible for developing unique
waste management initiatives, cleaning up our planet is, in fact, a collaborative effort. It is
vital that nations inspire each other and adopt contemporary, innovative, and sustainable
practices that help solve the growing problem of plastic waste around us [223].

Recycling refers to the waste management method that collects waste and transforms
it into raw materials that can be reused for the manufacture of other valuable products that
are suitable for use in the production of new products applied in different sectors [226]. It
is also known as “renew or reuse” to prevent harmful effects on society and the protection
of the environment [226]. The conversion and/or recycling of plastic waste encompasses
any method where plastic waste is transformed rather than discarded. [227,228]. Plastics
have inherent properties to be reused, and this is attributed to the quality of the recovered
waste fraction. Common plastic wastes primarily include polyethylene (PE), polystyrene
(PS), polyvinyl chloride (PVC), polyethylene terephthalate (PET), high-density PE (HDPE)
and polypropylene (PP), and it is estimated that over 60% of plastic waste urban solids
are composed of polyolefins, mainly low-density PE (LDPE), linear LDPE, HDPE, and
PP [229]. Plastic waste from these polymers has complex mixtures of additives to config-
ure specific properties in the final material, including, for example, thermal stabilizers,
lubricating pigments, heat and light stabilizers, antioxidants, flame retardants and plasticiz-
ers [230,231]. The literature has reported that some of these additives have characteristics
of endocrine-disrupting chemicals (EDCs), such as bisphenol A (BPA) and diethylhexyl
phthalate (DEHP) [231], and these and other additives were classified as persistent contam-
inants [231]. As the content of additives in different waste products with different purposes
can vary greatly, the chemical composition of recycled plastic is often unknown [232], which
causes concern about the inappropriate disposal of this plastic waste into the environment,
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and the high degree of contamination, mainly in water bodies, with contaminants that are
normally difficult to remove in conventional treatments.

Despite the significant development of various technologies to deal with plastic waste
and its conversion into molecules of industrial interest or the manufacture of new value-
added materials in different sectors, this conversion remains a challenge [233]. The reuse
of plastic as an aggregate in the manufacture of new materials can contribute to the
elimination of this waste and help protect the environment and achieve sustainable devel-
opment [234,235]. These new materials can be obtained through different processes, and
each process depends on the characteristics and destination of plastic waste. Recently, a
study presented by Zhao et al. (2022) [228] showed different recycling routes for plastic
waste. Different processes have already been investigated according to each destination, as
they need to be applied to specific plastic waste due to their advantages and disadvantages,
as shown in Figure 2. To understand the processes used to transform plastic waste into
valuable products to pursue sustainable development, it is essential to understand the
different plastics, the waste management chain, and the distribution components. This is
essential to understand the nature of the problem and perform the best measures to reduce
plastic waste improperly dumped into the environment [231].
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Figure 2. Plastic waste conversion strategies. A comparison of conventional and innovative strategies
for converting plastic waste. Reprinted with permission from ref. [228]. Copyright 2022 Elsevier.

Importantly, the use of evolving innovative technologies and practices can increase
the efficiency of supply chains as well as organizations, while reducing environmental
degradation through its economic flourishing. Resource recovery leads to the evolution
of new value-added materials from plastic waste [226,236]. While recycling has different
benefits for the community, it also has some disadvantages that should be emphasized and
discussed. During the recycling process, chemicals may be released into the environment.
Among these chemicals, some are volatile gases from plastic waste compositions and
organic chains of monomers that can be harmful to plant structure and affect wildlife when
inhaled by different animals that live near the recycling zone. That said, this emphasizes
the importance of management and care [226,236].

The use of plastic waste as a starting source to produce value-added products and/or
materials has been proposed as the necessary impetus to increase the attractiveness of
plastic recycling [237]. When plastic waste is transformed into these new products, there are
many essential factors that need to be considered, as the addition of plastic waste can affect
the performance of the composite materials produced [238]. In particular, the scientific
community has focused on suggesting alternatives for the inclusion of plastic waste in
various sectors, such as construction materials [238-242], ultrafiltration membranes for
water treatment [243-245], 3D printing [246-249], components in asphalt [250-253], wall-
paper [254], and the agricultural sector [255], among others, as shown in Figure 3. Plastic
waste can also be recycled and used to make composite materials. A composite is a material
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of superior quality resulting from the combination of two or more other components, whose
properties are not separately satisfactory for a specific purpose [256].
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Figure 3. Possibilities of applying plastic waste towards products of added value and indus-
trial interest.

In this context, the incorporation of plastic waste in matrices of certain materials can
improve mechanical properties in addition to improving other properties. In this sense,
several successful attempts to obtain composites from plastic waste are already reported in
the literature [257,258], some of which will be discussed in the following topic.

Circular economy (CE) has a significant sustainability potential [259]. CE, whether
considered as a concept or an industrial system, has gained interest among practitioners,
politicians, and scholars alike [260]. The circular economy of plastics is a possibility
for the executed linear system, where plastic is obtained, applied, and discarded. CE’s
objective is to maximize the amount of plastic that is reused or recycled back into the
system [261], and it was created from the concept that we can create sustainable human
systems, mimicking the sustainable processes of nature. The principles of circular economy
are based on abandoning the idea of products and materials ever becoming waste and
instead, the circular economy concept envisions “an economic system that replaces the ‘end-
of-life’ concept with reducing, alternatively reusing, recycling and recovering materials
in production/distribution and consumption processes. It operates at the micro level,
meso level and macro level, with the aim to accomplish sustainable development, thus
simultaneously creating environmental quality, economic prosperity and social equity, to
the benefit of current and future generations. It is enabled by novel business models and
responsible consumers” [262-264].

5.2. Polymeric Composites for Waste Recovery

The recycling of plastic waste represents not only an opportunity to update waste
management practices, but also a path to sustainable economic development through
revaluation [265]. Composite materials can be defined as a combination of at least two
different materials that are combined to obtain a third material with mechanical properties
superior to the properties of its individual components [266]. The recovery of waste and
its application in obtaining composites for different applications has been increasingly
investigated, with significant results and applications in different areas.

PET is one of the most-recycled polymers in the world and has about 22% recycling
fraction in its current supply [267,268]. Its properties, uses and industrial innovations that
increase the demand of its consumers result in the generation of tons of waste discarded
into the environment [269]. Taking into account two serious problems for the environment,
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namely the high amount of air pollutants from anthropogenic activities and plastic waste
discarded in the environment, where almost 40% is polyethylene terephthalate (PET),
recently, Kakoria et al. (2021) [270] sought to bridge the gap between plastic waste and
personal protection using discarded PET bottles as a reference material, and developed
PET-based nanostructured composites for the fabrication of membranes for air filters
and/or face masks. The authors showed that ultra-fine PET nanofibers were successfully
manufactured from plastic bottles for application as face masks or air filters [270]. The use of
PET waste in adequate proportions to obtain composites can improve some properties [271].
Recently, Aydogmus et al. [272], produced a biocomposite reinforced with polyethylene
terephthalate waste, and it was observed that the behavior of the biocomposite at high
temperatures improved with increasing PET waste content. The use of PET waste presents
an environmentally correct and economical solution [272].

Concern about plastics is also heightened when it comes to polypropylene, which is
one of the least-recycled plastics, with a recycling rate of just 0.6%, according to a report
by the Environment Protection Authority (EPA-USA) [273], representing a serious envi-
ronmental concern. Recently, Pasternak et al. (2021) [274] used polypropylene waste to
obtain composites and manufacture ceramic membranes applied in microbial fuel cells
(MECs). It is important to mention that this study is a pioneer of using polymeric residues
for this purpose. According to Pasternak et al., polypropylene waste has increased the
useful life of ceramic MFCs, mainly suggesting strong antifouling effects, using a sus-
tainable approach where, at the same time, problematic plastic waste is being recycled.
Furthermore, according to the authors, what promotes these properties is the interaction of
the interface between the ceramic and polymer layers where they can play an important
role in establishing the proper morphology of the polymer coating to facilitate the transfer
of protons and inhibit biofouling [274]. Polypropylene waste has also been used in other
applications, for example, in the search to produce composites to obtain panels that can be
used as commercial support materials, as presented by Sezgin et al. (2021) [275]. In this
study, the authors recycled plastic bottle lids of polypropylene and polyethylene, which
are generally used in food and cleaning containers, to become matrix material to pro-
duce composites and panels. These panels were investigated in terms of air permeability
and thermal and acoustic insulation behavior. The results indicate that the developed
panels are applicable as commercial support materials and offer improved thermal and
acoustic insulation properties [275]. In the civil construction sector, polypropylene waste
and polyethylene waste were investigated in the production of composites for obtaining
polyester-based polymeric mortars by Martinez-Lopez et al. (2021) [276], and the results
indicated that there was a significant improvement of 82% in flexural deformation in the
presence of polypropylene residue. They also observed a 30% improvement in compressive
deformation with polyethylene waste and a 27% improvement in compressive strength
with polypropylene waste [276].

Lin et al. (2020) [277] investigated the recovery of acrylonitrile butadiene styrene
(ABS) residues to obtain laminar mortar-polymer composites for applications in the civil
construction sector, specifically in 3D printing. Polymer reinforcement allowed the mortar-
containing residual materials to maintain high ductility [277]. The study by Li et al., in
addition to other investigations, provides alternatives for reusing ABS waste to manufacture
high value-added products, which represents a promising way of recycling waste and
mitigating environmental problems with inadequate disposal [277,278]. Zulkernain et al.
(2021) [279] also investigated the use of plastic waste applied in the civil construction sector.
The authors investigated the use of plastic as an aggregate in terms of physical, mechanical
and durability properties of construction materials, as well as environmental and cost
analysis. According to the study, it was observed that the mechanical and durability
properties of the materials produced were changed after the addition of plastic as an
aggregate, but the materials met the requirements of construction materials.

Polyvinyl chloride (PVC) is one of the most-used thermoplastic materials in relation to
the worldwide consumption of polymers [280]. As a result of the increased consumption of
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PVC products in recent years, the amount of used PVC items entering the waste stream has
increased gradually [281]. Processes such as incineration and the disposal of PVC waste
in landfills typically release hazardous compounds such as polychlorinated dibenzo-p-
dioxins (PCDD) and dibenzofurans (PCDF) [282]. Therefore, seeking alternative processes
for the environmentally correct disposal of this waste is necessary. PVC waste has been
extensively investigated in composite fabrication application for filtration and ultrafiltration
membranes [283-285]. PVC waste was investigated by Aji et al. (2020) [286] to obtain
ultrafiltration membranes. PVC waste was blended with cellulose acetate to overcome
the hydrophobic nature of PVC in membrane manufacturing. The results showed that the
hydrophilicity of the prepared membranes was increased to about 25%. Thermal stability
was improved in membranes blended with PVC. These results provided the insight that
PVC waste can be used to manufacture ultrafiltration membranes [286].

Polystyrene (PS), as one of the top five most-consumed plastics, has been widely
applied in the electronics, construction, transportation, packaging and other daily supply
industries. Due to its wide ranges of production and use, a large amount of polystyrene
waste is dumped into the environment every year, especially into the marine environ-
ment, severely threatening the global biosphere [287]. However, research has shown
satisfactory results in the disposal of polystyrene waste for various applications, for
example in the use of these materials as an adsorbent in environmental remediation.
Mehmandost et al. (2019) [235] manufactured a composite from polystyrene and cotton
waste, and the material obtained allowed the removal of oil and polycyclic aromatic hydro-
carbons (PAHs) from the water. The polystyrene residues investigated by the authors came
from yogurt packaging. The composite showed significant potential for the removal of flu-
orene, anthracene, fluoranthene and pyrene. An important observation in this study is that
despite the conversion of polystyrene waste into a useful destination material for the quality
of environmental systems, chloroform is used during its synthesis, and the risk associated
with any leakage must be considered; this observation is also reported by the authors [235].
Recently, Gao et al. (2022) [288] showed that polystyrene residue can be reused to obtain
composites with flame retardant properties and has potential for obtaining electromagnetic
interference (EMI) protection materials. The authors noted that the segregated structure
can influence the formation of a compact conductive network to improve electromagnetic
shielding properties [288]. Polystyrene residue was also investigated in composites for
applications in the civil construction sector [289-293], as well as in other sectors [294-297],
and demonstrated viability and improvement of the resulting material for the recovery of
residues that are inserted into the environment, in most cases, inappropriately.

The real possibility of manufacturing the described materials from plastic waste is re-
lated to the peculiarity of plastics as materials to produce various basic products, especially
the fact that they preserve some properties even after being discarded and classified as
waste [298]. Through the aforementioned investigations, many advantages of these new
composites generated from polymeric waste can be observed, such as obtaining value-
added products, which can be applied in various sectors [289]. It is important to mention
that, here, we focus on the approach of composites filled with metallic nanoparticles and
nanostructured oxides; however, composites from plastic waste mixed with other filling
materials are also reported, such as layered silicates [4], graphene [238], and POSS [256]. It
is worth mentioning that, in addition to the applications mentioned above for the desti-
nation of polymeric waste, these wastes have also been investigated as catalytic supports,
ensuring quality in environmental systems. This investigative line has been the focus
of many researchers in recent years, and some of the studies will be addressed in the
next topic.

5.3. Catalysis Opportunities: Supports for Heterogeneous Catalysts

Homogeneous and heterogeneous catalysis plays an important role in industrially
important organic transformations that produce some significant chemicals used in the
petrochemical, pharmaceutical and fine chemical industries [299]. While homogeneous
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catalysts offer many advantages like high reaction rates, easy accessibility of active sites,
and minimal diffusion barriers, separation from the reaction mixture is a tedious task, and,
in some cases, it is a challenging process [300]. Heterogeneous catalysis is preferably used
in industrial applications because of its easy separation, which usually results in lower
operating costs [301]. Heterogeneous catalysis and solid catalysts play an essential role
in the field of chemical engineering, renewable energy and batteries [302], but one of the
challenges is to obtain catalytic systems that can be recovered and reused in subsequent
reaction cycles, thus minimizing costs, and also obtaining materials with a high surface area.
Since catalysis takes place on the surface of nanocatalyst particles, catalysts are prepared in
order to expose a large area of metal, and supports for solid catalysts contribute strongly
to that end. Plastic waste is considered a technically viable material for use as catalytic
supports since it is used in large quantities and at a low cost. Supported catalysts are in
high demand because their mesoporous supports expose metal active centers, favoring
catalytic action to destroy and/or produce desirable products [216,303,304]. Nanocatalyst-
support interactions in these materials can have a substantial influence on catalysis, making
nanocatalyst-support interaction modulation one of the few tools able to enhance catalytic
performance [305]. Further on, some investigations on polymeric supports for catalysts
that stood out in the last five years will be discussed.

Recently, Valadez-Renteria et al. (2021) [19] used polymer waste from recycled
bags (RBag) or recycled polystyrene (RPS) from food packaging to manufacture flexi-
ble and efficient photocatalytic composites applied in the photodegradation of the pesticide
4chlorophenol. The waste came from recycled polypropylene/polyethylene high-density
bags and polystyrene food packaging. The active photocatalyst supported on recycled
polymers was a CuS/TiO; (CuST) nanocomposite. According to the authors, CuST was
selected because it is non-toxic and has high chemical stability and a high surface area.
The composites RPS-CuST and RBag-CuST produced maximum degradation percentages
of 89 and 100%, respectively, thus demonstrating the feasibility of converting polymeric
residues into products with a valuable destination for removing contaminants from water
through heterogeneous photocatalysis [19]. The conversion of polystyrene waste into
value-added composites was also investigated by our research group, as presented by
Assis, et al. (2018) [20], where it was shown that combining two issues of emerging concern
(exploring the reuse of polystyrene and water contamination by toxic dyes) is an important
line of investigation in the development of multifunctional materials. The investigation
resulted in the fabrication of polystyrene-based nanofoams to support nanostructured
5n0O;, and then evaluated these photocatalytic systems for applications in the photodegra-
dation of rhodamine B (RhB) with the purpose of environmental remediation and water
decontamination. The authors demonstrated that the surface area of the composite was
greater than that of individual SnO;; this increase in surface area influenced the increase in
the photodegradation rate, and all the composite materials investigated had rates above
96% of photocatalytic efficiency in 70 min reactions. In addition to dye discoloration, the
authors estimated the formation of less toxic by-products. Therefore, the combination of
polystyrene/SnO; caused a synergy for the achieved result [20].

Moura et al. (2021) [21] used polystyrene residues from post-consumer yogurt pack-
aging to manufacture films for the immobilization of TiO, impregnated with copper and
iron for application in photocatalytic systems in the degradation of the drugs ketoprofen,
tenoxicam and meloxicam. The results showed that the photodegradation kinetic rates
reached values above 92% after 180 min of reaction. The authors also evaluated the toxicity
before and after the treatment, and no toxicity was observed for the watercress and lettuce
seeds; however, the results showed a small sensitivity for thyme seeds to the compounds
formed during the treatment. Furthermore, the efficiency of reuse of the photocatalyst was
also evaluated, and after the fifth treatment cycle, the supported photocatalyst still showed
degradation greater than 82%. These results indicate that this photocatalytic system is
suitable for the treatment of effluents containing pharmaceutical compounds [21].
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Water contamination with nitrates is prevalent worldwide, and it was with this concern
that Sandhu et al. (2020) [306] investigated efficient photocatalytic systems for denitrifica-
tion. For this, the synthesis of TiO, nanoparticles immobilized on polystyrene (PS-TiO,)
was investigated. According to the authors, the fluctuating nature of the catalysts allowed
their easy recovery, with 98% catalyst recovery rates after 5 cycles of denitrification experi-
ments [306]. The idea of immobilizing the photocatalyst on a floating support can support
minimizing photocatalyst recovery and powder filtration problems, offering greater adapt-
ability in using the supported photocatalyst for scale-up structures [306,307]. In addition
to the concern with nitrate-contaminated water, as discussed above, phosphorus has been
causing emerging concern in water bodies. Phosphorus is an essential nutrient for all living
beings; however, excess phosphorus is the limiting factor for eutrophication [308,309].
One of the main sources of phosphorus pollution is the discharge of wastewater [308,309].
Therefore, recently, Zhao et al. (2021) [308] manufactured a polystyrene-based composite
(host) to support nanostructured ZrO, and the resulting material was applied to remove
phosphate by adsorption. The results showed that the polymeric host facilitated the forma-
tion and dispersion of nanoparticles with smaller sizes compared to another investigated
composite (with macroporous anion exchanger), exposing a greater amount of highly acces-
sible surface hydroxyl groups to phosphate. In fact, the embedded nanoparticles increased
the porosity and affinity of phosphate with the gel polymer. This relatively cheaper host
(polystyrene) can be an alternative to the macroporous anion exchanger, providing a new
strategy for the immobilization of functional nanoparticles for phosphate mitigation in
water [308]. Patel and Vasava (2020) [310] presented an interesting discussion between the
combination of support from polystyrene for metallic nanoparticles and the observed better
responses of catalytic systems [310].

In addition to investigations using polystyrene, other polymers have also been stud-
ied in the manufacture of supports for catalysts, as demonstrated by Sandoval, et al.
(2017) [311], who in addition to polystyrene residues also used polyethylene terephthalate
residues (PET) as supports for TiO, and ZnO. The materials were applied as photocatalysts
for the degradation of two commonly used azo dyes: Acid Brown 83 (AB83) and Direct
Blue 1 (DB1). According to the authors’ observations, no statistically significant differences
were found between the use of PET and PS as substrates in the degradation rate constants
for both dyes; however, the adsorption of both dyes was greater in TiO, than in ZnO. The
complete photocatalytic degradation of AB83 and DB1, being TiO,- and ZnO-supported
on PS and PET, did not exceed 50 reaction minutes. Considering that both PET and PS are
generally discarded materials after their primary use, the recovery of these materials for
water treatment purposes is an attractive alternative [311].

Important results were also presented by Mossmann et al. (2019) [312], who synthe-
sized zero-valent iron catalysts (ZVI/Fe®) supported on low density polyethylene (LDPE),
resulting in a floating composite which was applied in the photo-Fenton process for the
treatment of a synthetic effluent containing Ponceau 4R, a dye widely used in food indus-
tries, but which has high solubility in water and significantly affects aquatic photosynthetic
activity due to reduced light penetration [313]. Furthermore, according to Mossmann et al.,
the resulting material showed satisfactory catalytic activity, reaching total discoloration
of the Ponceau 4R dye after 15 min of reaction. In addition, the floating catalyst exhibited
other advantages, such as easy separation from the aqueous solution, good stability, and
recyclability [312].

Polyvinyl chloride (PVC) is an important polymer in industry and society, and in
investigations presented by Linda et al. (2016) [314], the authors evaluated the fabrica-
tion of a composite (cellulose/PVC) to immobilize nanostructured ZnO which was to
be applied in the ultraviolet light-assisted photodegradation of Congo red and crystal
violet dyes. According to reaction observations, almost 90% of the dyes were degraded
after 120 min. The results indicated that the presence of cellulose improved surface and
structural properties, increased the affinity of the composite with the reaction medium, and
increased the photocatalytic efficiency when compared to PVC/ZnO. Given the above, the
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ZnO photocatalyst supported on polymer composite can be considered promising for the
photodegradation of organic dyes [314].

The notable advantage of such supports from plastic waste for catalysts lies in their
conversion, reuse, their low price, and the possibility of their use in important procedures
for the quality of environmental systems [315]. Catalyst reuse is as important as catalytic
activity for the application of hazardous species degradation. As discussed in the examples
mentioned above, using polymeric supports from waste to manufacture supports for nanos-
tructured catalysts is an alternative that offers the possibility of developing catalysts with
different benefits, such as increased surface area, and this helps in maximizing the use of
the efficiency of the light, since there is the possibility of reaching a greater number of active
sites, high degradation efficiency, easy post-treatment recovery and possibility for reuse
over several cycles without significantly decreasing efficiency [316,317]. Porous supports
are crucial to guarantee the uniform distribution of the metallic particles and to avoid the
agglomeration of the catalyst particles. The surface, structural and electronic properties of
catalysts supported on plastic waste can be adapted according to the requirements of the
desired product and application as well. The methods of preparation of these materials
directly influence these properties [315].

6. Plastics and the Future

Since 1964, the production of plastics has increased significantly, with a forecast that
by the year 2050 12 billion tons of waste will have been introduced in the environment [318].
The main factors for these implications can be categorized by the continued growth of
population and consumption of products. In this context, technological and governmental
actions and interventions are needed to remediate these residues sustainably.

For better management in the technological sphere, recycling facilities should be
improved and consumption of recycled plastics increased so that production supervision
and disposal are monitored [319,320]. From the governmental side, scientific research
focused on the investigation of environmental problems and medium and long-term
dangers for living beings should be promoted, so that there is an increase in awareness
about their management. This could include, for example, changing the habit of throwing
garbage in the streets [86].

One of long-term solution from green alternatives is the production of biodegradable
plastic materials that are competitive with ordinary plastic, resulting in the expansion
of the social and financial character, particularly in developing countries where, due to
eating habits, a higher consumption of plastics, such as packaging, can result in better
biodegradability rates [321].

Plastic packaging represents the largest application of plastics, totaling 26% of the total
volume. In 2015, the International Energy Agency World Energy Outlook estimated that
production could quadruple to approximately 318 million tons annually by 2050, which is
higher than the entire plastics industry at the time [34]. Several countries, especially Euro-
pean ones, are developing public policies to include the use of biopolymers in packaging;
for example, France and Germany signed a Circular Plastic Alliance in which they intend
that 90% of domestic packaging will be reusable by 2025. The (EU) 2018/852 directive
envisions all packaging materials on the continent to be 100% reusable, so incineration rates
in 2050 are expected to be 50% (44% recycling and 6% of waste disposed of). Future studies
will be published on trends in the amounts of plastic waste generated after legislative
measures are adopted by countries [71].
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