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Abstract

Concerns have increased significantly in recent years due to the presence of microplastics in
different environmental compartments given that this pollutant can cause adverse effects on
the environment and human health. The present review integrates representative studies of
Mexican researchers proposing solutions to these concerns, addressing ecological risk and
the human food chain, microplastic ingestion by animals, water and sediment pollution,
physical/chemical methods for microplastic removal from water, and chemical recycling
as a research direction in plastic waste management. Several publications from Mexican
institutions are limited to the occurrence and identification of polymers, and a smaller
number of documents are focused on solutions to microplastic pollution. Fibers, fragments,
spheres, films, and foams have been found in aquatic compartments, sediment, and animals.
High ecological risk has been documented in some aquatic compartments. There is a lack of
standardized protocols for sampling, extraction, identification, and reporting. Flocculation
is a cost-effective approach and may be one of the most promising options for removing
microplastics from fresh water. Bioremediation using microorganisms and chemical recy-
cling appear to be the two most widely considered approaches to reverse plastic pollution.
National databases, permissible limits, and mandatory monitoring programs should be
developed, as these are essential components of an effective regulatory framework.
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1. Introduction
Global plastic production has increased over the years (e.g., 400 million tons in 2022) [1].

Based on data from the Federal Government of Mexico, this country has been considered
the second-largest economy in Latin America. Per capita consumption of plastics in this
country increased drastically from 4.5 kg/person/year (1970s) to 66 kg/person/year
(2024) [2]. In order to optimize plastic management in Mexico, authors have studied the
profit of the recycling program for polyethylene terephthalate (PET) bottles, assuming the
sale of recycled PET and providing a bi-level optimization model for the recycling, which
considered the location of collection facilities and the pricing decisions of the recycling
company [3]. Despite the evidence of pollution levels due to plastic materials [4], many
countries (including Mexico) have not implemented effective policies to reduce microplastic
contamination. Microplastics are plastic particles having a size < 5 mm; they are either
primary (custom-made) or secondary (derived from larger plastic by physical, chemical,
and biological fragmentation) [5]. International cooperation frameworks represent an
effective model to obtain standardized monitoring methods and mitigate the microplastic
impact on ecosystems [6,7]. In 2025, the Regulation (EU) 2025/2365 was adopted to tackle
microplastic pollution from plastic pellets [8,9], marking a major step to reduce microplastic
emissions. In recent years, the Mexican government has taken initiatives to reform its
legislation to reduce the impact of single-use plastics [10], for example, prohibiting the
distribution of disposable plastic bags in supermarkets and other stores. However, a large
percentage of citizens and stores have not adopted this regulation.

Plastic materials are widely distributed throughout the environment in Mexico. The
level of microplastic contamination in Mexican ecosystems has been summarized by Caro-
Martínez et al. [11], reaching up to 586,400 items kg−1 and 936,000 items m−3 in sediments
and in fresh water, respectively. River-sourced microplastics have emerged as dominant con-
tributors to environmental pollution [12]. In the same sense, López-Velázquez et al. studied
the microplastic pollution on the coastline of Chiapas, Mexico [13]. Polluting plastics were
extracted from sand samples, yielding an average abundance between 19.2 and 53.6 par-
ticles kg−1, with foams as the predominant shape. The authors stated that polyethylene,
polypropylene, and polystyrene were commonly identified in the explored sites. Addition-
ally, the accumulation of microplastics in Sargassum sp., which acts as a plastic carrier, could
be an additional source of plastic pollution on beaches [14]. On the other hand, Shruti et al.
documented the occurrence and characteristics of atmospheric microplastics detected in
all samples collected from seven monitoring stations in Mexico City, showing that fibers
were the predominant shape, with lengths ranging from 39 to 5000 µm. The authors found
materials such as polyethylene, cellophane, polyethylene terephthalate, polyamide, and
cellulose [5]. Also, some microplastics were found in samples taken from food products
and domestic/wildlife animals. For instance, Kutralam-Muniasamy et al. reported the
presence of microplastics in milk samples from different brands, ranging between 3 and
11 particles L−1, which showed a variety of colors, shapes, and sizes (0.1–5 mm). In this
case, polyethersulfone and polysulfone were the common contaminants identified [15].
Similarly, this type of polluting agent has been detected in commercially packaged edible
seaweeds in Mexico [16], where fibrous microplastics and non-colored particles, with an
average abundance of 24 items g−1 and sizes smaller than 0.2 mm, were mainly registered.
Particularly in animals, Pérez-Flores et al. examined 129 fecal samples of the Baird’s tapir
(Tapirus bairdii) from the Selva Maya of Mexico [17]. The findings revealed that 68% of the
samples contained a total of 743 plastic particles, with a mean of 19.3 particles kg−1 of dry
weight feces over two years. This report exposed that ethylene vinyl acetate, polypropylene,
and polyester were the most abundant polymers.
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Microplastics have become a potential threat to aquatic and terrestrial animals around
the world. After being ingested, plastic microparticles can interact with the gastrointestinal
tract, affecting nutrient absorption and overall digestive efficiency. In addition, microplas-
tics may contain other types of toxic substances (e.g., heavy metals or pesticides) adsorbed
in their pores, representing an additional risk to animals [18]. As an example involving
animals from freshwater ecosystems, rotifers may involuntarily ingest microplastics, expe-
riencing non-real satiety, leading to adverse effects on their demography [19]. According
to Winiarska et al., the accumulation of plastic materials in the human body may trigger
respiratory disorders like asthma, lung cancer, and hypersensitivity pneumonitis as well as
neurological symptoms, including fatigue and dizziness, inflammatory bowel disease, and
disturbances in gut microbiota [20,21]. For this reason, various research groups worldwide
have tested the removal of this contaminant from water using physical, chemical, and
biological methods [22,23]. In the case of Mexico, strategies such as floating treatment
wetlands [24], flocculation using a mixture of flocculating agents [25], and adsorption onto
metallic microplastics activated by infrared irradiation [26] have been proposed to remove
plastic particles from urban water bodies, river water, and drinking water, respectively.
On the other hand, the bioremediation of plastics using microorganisms and chemical
recycling of waste plastics are topics that have attracted global attention [27,28], including
contributions from Mexican researchers [29,30].

Currently, tackling microplastic pollution requires special attention from each country,
involving society (conscious use and disposal of materials), industry (optimal use of
materials and incorporation of environmentally friendly polymers), government (regulatory
policies and recycling programs), and researchers (development of environmentally friendly
materials and methods to remove and recycle this pollutant). After the occurrence of
microplastics in Mexico was well documented by Caro-Martínez et al. [11], this review
provides an integrated perspective on the detection, characterization, ecological risk, and
strategies to mitigate the presence of microplastics in the environment. Mitigation strategies
highlight current research in ecological risk assessment, physical and chemical approaches
for the removal of microplastics from water, microbial remediation, and the potential of
chemical recycling for sustainable plastic waste management.

2. Literature Search
The literature search was directed similarly to the strategy (PRISMA guidelines) re-

ported by Caro-Martínez et al. [11] since they presented a review focused on monitoring
microplastic pollution in Mexico. For the present review with a broader scope, Scopus,
ScienceDirect, and Google Scholar databases were used. The search was conducted consid-
ering the presence of the keyword in the Article title, Abstract, and Keywords. Some of
the most relevant keywords entered were microplastic monitoring, microplastic removal,
microplastics in animals, microplastics in water, microplastics in sediment, chemical recy-
cling of plastic, among others. As criteria for eligibility, the authors’ affiliation, publications
from 2020 until early 2026, the type of matrix in the environment, different animal species,
and geographical location were considered. Only English-language studies published
in indexed journals were selected. The global literature was reviewed to document the
adverse effects of specific materials, as no data on this topic were available from Mexican
authors. Mendeley was used as the reference manager, and duplicate contributions were
removed. Based on the results, for sections with extensive literature, such as monitoring,
more documents were excluded according to the criteria mentioned above, as the authors
aim to present a balanced manuscript on the current focus of microplastic research in
Mexico, considering different core topics. Some of these topics are emerging in Mexico,
and information about them is currently limited. For instance, Figure 1 shows the results of
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the Scopus search on publications related to microplastics by authors with an affiliation
at an institution in Mexico. As shown, the largest number of documents suggested that
monitoring has been the main focus of researchers, compared, for example, to removal
and recycling. The documents found for river water samples were considerably fewer
than those obtained from soil samples. Similarly, an analysis of the raw data from the
systematic review conducted by Caro-Martínez et al. [11], which considered 80 scientific
articles published between 2014 and 2024, revealed that Mexican researchers focus heav-
ily on certain matrices. Sediments were the most studied matrix at 52.5% (42 articles),
followed by biota at 46.25% (37 articles) and water at 33.75% (27 articles), while the atmo-
sphere represents only 1.25%; it is important to note that several publications studied more
than one matrix, and therefore, the distribution of percentages is according to a total of
80 contributions. In addition, considering the sediment matrix, 57% of the studies focus
exclusively on beach sand, suggesting that non-costal soil and riverbed contamination
remain poorly documented. Finally, out of Mexico’s 32 states, only 20 have at least one
published study as of 2024. Consequently, a lack of data persists for 37.5% of the states,
which limits the understanding of microplastics pollution at a national scale. Few coastal
states—primarily Campeche, Sinaloa, Veracruz, and Yucatán—are well-explored, leaving
the inland underrepresented.

Figure 1. Comparison of the number of documents found in Scopus for different keywords related
to microplastics and authors with an affiliation in Mexico. The search was adjusted to publications
containing the keyword in the Article title, Abstract, and Keywords. The combinations were made
based on the fact that the use of the individual word “microplastics” yielded a total of 447 documents.

3. Ecological Risk and the Human Food Chain
Ecological risk assessments for microplastics can be carried out in terms of spatial

characterization, anthropogenic impacts, and biotoxicity by comparing expected no-effect
concentrations with estimated environmental concentrations [31]. A group of researchers
assessed the ecological risk of metals associated with metal(oid)s in microplastics present
in cenotes (sinkholes) in Yucatan, Mexico [32]. They found 43.10 ± 50.58 items kg−1 of
microplastic particles in the sediment samples (depths from 2 to 32 m) from eight cenotes.
Polyethylene (32.11%), polyethylene terephthalate (22.93%), polyamides (12.84%), and
polyester (9.17%) were registered as the most abundant polymers. These polymer matrices
contained a higher concentration of Al, Cr, Sn, and Cu, compared with other chemical ele-
ments studied. The potential ecological risk index (PERI), which incorporates the impact of
multiple pollutants, for cenotes ranged from 121.44 to 323.52 in microplastics. The authors
stated that this finding revealed a considerable ecological risk, according to the following:
<150 (low risk); 150 ≤ PERI < 300 (moderate risk); 300 ≤ PERI < 600 (considerable risk);
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600 ≤ PERI < 1200 (danger); and ≥1200 (severe). In the same way, Austria-Ortíz esti-
mated the PERI from microplastics and additives in a Ramsar coastal lagoon in the Gulf
of Mexico [33]. The highest load of microplastics in different matrices reached up to
1800 items kg−1 in sediments and 94 items L−1 in 0.5 m-deep water. The PERI value was
high for sediments and indicated extreme danger for water samples. Dueñas-Moreno
performed an ecological risk assessment of microplastic in different environmental com-
partments [34]. PERI values showed low (56%), very dangerous (29%), moderate (6%), high
(5%), and dangerous (4%) levels. PERI values ranged between 248 and 98,000, 0.83–5200,
0.25–11.6, 0.084–705, and 0.13–65,900 for marine and estuarine water, beach sand, fresh wa-
ter, sediments, and biota, respectively. Around 80% of marine and estuarine water samples
were classified as having a very dangerous level of risks (severe), while 74% of beach sands
and 63% of sediments were categorized as low risk. The authors indicated that the ecologi-
cal risk in Mexico is widespread. In the cases described, the aqueous samples showed a
considerable or very dangerous ecological risk. Naturally, different studies use different
sampling matrices and analytical methods, and therefore, a direct comparison of PERI
values can be misleading. In addition, PERI values are calculated by considering polymer
hazard scores (based on a specific classification) and abundance metrics (the abundance of
each polymer present and background abundance in the environmental compartments).
Additionally, heavy metals or additives can contribute to the PERI [35] when they are
detected in microplastics. Thus, in different sites, the ecological risk is influenced by the
abundance and hazard level of the identified polymers as well as the contaminants detected
in the plastic particles. At the same time, the abundance of microplastics in the environment
is directly related to the geographical site and the matrix. Also, the abundance can be
influenced by the methodology used for the extraction, quantification, and identification of
the polymers, as discussed later.

In animals, the size of plastics ingested can depend on the size of the food. For in-
stance, tapirs feed on a variety of trees bearing fruits of different sizes, and a mean of
19.3 ± 28.1 items kg−1 of dry weight feces have been found in samples collected during
2017 and 2018 [17]. In addition, these types of animals could be ingesting microplastics
present in the soil and water of their ecosystem. Also, the influence of microplastic on
the demography of microscopic aquatic animals (Brachionus calyciflorus Pallas) has been
reported [19], highlighting that the pollutant decreased the fecundity by 20–24%. Fur-
thermore, the contaminant present in water can be consumed and transported by small
fish. A study analyzing sea lion scat suggested that trophic transfer is a more probable
pathway for microplastic accumulation in pinnipeds than direct ingestion and that the stom-
achs of marine mammals may function as traps for these particles [36]. In the same way,
Celis-Hernandez et al. investigated anthropogenic activities resulting from the presence of
microplastics in a coastal lagoon located in the southern Gulf of Mexico [37]. Experiments
using commercial oysters (C. virginica) harvested in this lagoon showed that humans could
consume up to 806.1 items per 237.1 g from an oyster cocktail. However, oysters were un-
able to reflect the spatial distribution of microplastics. Borges-Ramírez et al. indicated that
the density of microplastics and the depth of the habitat play a key role in the abundance
of microplastics in the gastrointestinal system of commercially important fish species [38].
The presence of microplastics in commercially sold dried fish snacks in Mexico has also
been demonstrated [39]. Microplastics were detected in 25 products (3 street vendors, 4 su-
permarkets, and 18 traditional agri-product farmers’ markets) with abundances ranging
from 4.00 to 55.33 items g−1 and a mean of 11.93 ± 9.75 items g−1. Fiber was the most
prevalent type of material (67.55%). Polyester, polyvinyl alcohol, acrylonitrile butadiene
styrene, ethylene-propylene copolymer, nylon-6, and cellophane were identified. Using
shrimps (Penaeus californiensis) from the Gulf of California, Páez-Osuna et al. suggested
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that the positive correlation between microplastics and heavy metals (Cd and Cu) in tissue
distribution indicates the potential of these polymeric materials as carriers of metals [40].
Hence, microplastics can act as a matrix that adsorbs and transfers hazardous substances.

Microplastic occurrence in food matrices indicates a potential exposure pathway to
humans through the food chain (Figure 2), while the health risk remains uncertain and
depends on dose, size, polymer type, additives, adsorbed contaminants, and bioavailabil-
ity [20]. The following section includes selected studies that highlight the adverse effects of
plastic particles on animal species, although this does not necessarily demonstrate toxicity
to humans.

Figure 2. Microplastic pollution: potential pathways for microplastic transfer through the human
food chain (e.g., soil → water → animals → humans) in Mexico. A schematic diagram illustrating
the entry and distribution of microplastics (red spheres) in ecosystems. For instance, plastic particles
present in the soil are transported by rain into rivers or lakes, which support aquatic life and serve as
a water source for terrestrial animals and humans. Animals may ingest microplastics by consuming
contaminated water, and this pollutant can subsequently enter the human body via the food chain
through the consumption of contaminated food.

4. Ingestion of Microplastics by Animals
Naturally, a large number of animals consume water from the environment, which

has not received any treatment to remove contaminants such as plastic particles. As a
particular risk to animals, the ingestion of microplastics can cause inflammatory responses,
epithelial detachment, bleeding, necrosis, and villus deformation in the digestive tract [41].
In Mexico, the presence of microplastics has been investigated in aquatic and terrestrial
animals, mainly marine organisms. The abundance of microplastics in animal feces has
been found to range from 19.31 to 129,800 items kg−1, as described in the review by
Caro-Martínez et al. [11]. This variation can be attributed to dietary patterns, environmental
exposure, and methodological discrepancies (e.g., digestion method and particle size
thresholds) [42]. For instance, authors have confirmed a statistically significant correlation
between diet type and the presence of microplastics in fecal samples, while the particle size
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also differed significantly among species [43]; the number of particles in feces has resulted
higher at urban sites than at rural and peri-urban sites [44]; and experiments employing
enzymatic digestion and infrared spectroscopy tend to detect a greater number of smaller
plastic particles [42].

As specific examples of microplastic ingestion by animals, Pérez-Flores et al. detected
microplastics in fecal samples of the Baird’s tapir (Tapirus bairdii) from the Selva Maya [17],
and the most abundant polymers were ethylvinyl acetate (35.96%), polypropylene (15.27%),
polyester (11.08%), and polymethyl methacrylate (11.33%). Magaña-Olivé et al. stud-
ied 22 Anas platyrhynchos f. domesticus (domestic ducks) from the Valsequillo Dam in
Puebla, Mexico [45]. Their report exposed that all the species considered in the research
presented microplastic ingestion, with an average of 154.9 suspected items/individual
and having the shape of fragments (53%) and filaments (36%), where the particles were
mainly blue (35%) and transparent (32%). Polyamide, polyester, polyethylene, polypropy-
lene, and polyvinyl chloride were the polymers extracted from the fecal samples. Sim-
ilarly, shrimps (Penaeus californiensis) from the Gulf of California were inspected by
Páez-Osuna et al. [40]. In that case, the shrimps contained mainly fibers (85.5%), with
an abundance of 11.7 ± 3.1 items/individual. The predominant polymers were cotton
and polyethylene-terephthalate; cellophane, rayon, and acrylic were also detected in the
samples. Borges-Ramírez et al. examined six species of commercial fish [38], finding
1.31 ± 2.59 microplastics per fish in a sample of 240 individuals. In addition, four species
mainly contained plastic fragments, one species primarily consumed synthetic fibers,
and one species presented a similar number of fragments and fibers. In addition, only
two species presented pellets that are primary microplastics. The fibers were mainly
from polyamide 6, polystyrene film, and nylon, while the fragments in the stomachs
were from polytetrafluoroethylene film, low-density polyethylene, and polyvinyl fluoride.
Other authors examined the occurrence of microplastic particles in the scat of colonies
of sea lions (Zalophus californianus) [36]. From forty-eight samples, 294 suspected parti-
cles were analyzed, finding that 34% of them were synthetic/semi-synthetic, while 66%
were non-synthetic materials. Cotton and cellulose were the principal natural polymers
identified; rayon was the only semi-synthetic material; and polyethylene terephthalate
(37%), polypropylene (23%), polyethylene (17%), acrylonitrile butadiene styrene (10%),
polyacrylonitrile (5%), and others were the synthetic polymers. Furthermore, the authors
detected similar concentrations of these contaminants at six sampled sites.

As mentioned previously, the toxicity of microplastics may be subject to particle
characteristics (e.g., size and chemical composition) and organisms exposed [46,47]. The
cytotoxicity of microplastics may vary with particle size, charge, dose, exposure time,
polymer composition, and additives, and it also depends on the cell line [48]. Thornton-
Hampton et al. concluded that particle size can be the primary characteristic of biological
concern, as particles with a smaller size are more likely to translocate and induce adverse
effects [49]. In this field, quality assurance and quality control (QA/QC) are critical in
animal studies, including procedural blanks, filtered reagents, keeping samples covered,
recovery tests, digestion efficiency, and minimum spectral match thresholds for Fourier
transform infrared and Raman confirmation, where a combination of analytical techniques
is preferable. In particular, strict care is required to prevent sample contamination of
samples by fragments present in the air and laboratory material.

Due to the lack of related studies conducted by Mexican authors, Table 1 shows adverse
effects documented by researchers worldwide, which were selected to support the potential
toxicity of common plastic particles that have been found in animal species in Mexico.
Specifically, the large size and high concentrations of particles (e.g., polystyrene) can trigger
more severe intestinal damage, while small particles at high concentrations can affect other
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organs (e.g., liver). Also, the effects depend on the type of polymer, as polystyrene is
more detrimental than polyethylene (to the zebrafish heart) and polypropylene (to mice,
pulmonary inflammation). Controversial results have been reported for polypropylene and
polyethylene terephthalate: some tests have shown damage in animal models, while other
experiments did not reveal any acute effects. The injuries primarily detected in animals
exposed to different microplastics were in the intestine, lungs, and liver; the main effects
included physical tissue damage, inflammation, liver congestion, oxidative stress, increased
plasma total protein levels, alterations in protein and RNA expression, variation in the
gut microbiota, early sexual maturation, mammary lipid disorders, body weight loss, and
inhibited body length growth.

Table 1. Adverse effects reported by researchers worldwide for common plastic particles. These
toxicity tests were not performed in Mexico but were focused on polymers found in animals from
this country, serving as a reference for the potential risk.

Polymer/
Parameters Target Findings Ref.

Polyethylene,
50 µm, 10 mg L−1,

exposure to the solution
for 30 days

Larval zebrafish
(Danio rerio)

Particles preferentially accumulate in myocardial tissue,
promoting increased cell apoptosis. The polymer also showed a
significant inhibitory effect on body length. Relatively weaker

toxicity than polystyrene.

[50]

Polyethylene, 40−48 µm,
2 mg day−1, daily by
gavage for 90 days

ICR mice (6 weeks old)

Exposure to particles caused tissue damage and disturbed the
immune in the dams. In male mice, body weight gain was

significantly reduced, while neutrophil proportions in blood
increased in both sexes. Reproductive outcomes, including live

birth numbers, sex ratio, and offspring body weight, were
also altered.

[51]

Polypropylene, <50 µm,
100 mg L−1, exposure to
the suspension for 48 h

Artemia salina various
life stages (nauplii,

metanauplii
and juvenile)

Microplastic accumulation led to an alteration in the
homeostasis and increased the oxidative burst, causing

mortality in nauplii and metanauplii. In juvenile Artemia, there
was a change in swimming behavior, and damage in epithelial
cells was detected. Also, microplastics disturbed antioxidant

biomarkers and reduced the neurotransmitter enzyme
acetylcholinesterase activity.

[52]

Polypropylene, <20 µm,
intratracheal instillation of

5 mg kg−1, for 15 days

C57BL/6 mice
(7 weeks old)

The inflammatory response in polypropylene-stimulated mice
was not significantly different from the control, while

polystyrene fragments induced pulmonary inflammation.
Polypropylene raised protein levels of the toll-like receptor 2 in

lung tissue.

[53]

Polystyrene, 1 µm,
30 mg L−1, added to

drinking water,
unclear exposure

ICR mice (7 weeks old)

Particles induced gut and mammary inflammation, as well as
an exacerbated inflammatory damage through the

gut-mammary axis. Additionally, plastic particles caused
mammary lipid disorders and ferroptosis.

[54]

Polystyrene, 15 µm,
exposure to 500 µg L−1,

for 14 days

Fish, grass carps
(Ctenopharyngodon
idella). Body length:

7.7 ± 0.1 cm, wet
weight: 6.28 ± 0.23 g

Larger particle size and higher concentrations resulted in more
severe intestinal damage and reduced weight gain, whereas

smaller particles at high concentrations induced more
pronounced hepatic congestion and stronger oxidative stress.

[55]

Polyethylene
terephthalate, <45 µm,

exposure to 200 µg mL−1,
for 24 h

Marine rotifer
(Brachionus koreanus)

Microplastic significantly increased intracellular reactive
oxygen species and glutathione S-transferase activity in rotifers.

In addition, genes and metabolites involved in energy
metabolism and immune responses were notably altered

despite the absence of acute toxicity.

[56]

Polyethylene
terephthalate, ≤10 µm, at

2000 mg kg−1, orally
administered, for 1 week

ICR mice (5 weeks old)

The accumulation occurred predominantly in the lungs.
Particles may persist within the lung tissue and trigger

dose-dependent chronic inflammatory responses, including
granulomatous inflammation.

[57]
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Table 1. Cont.

Polymer/
Parameters Target Findings Ref.

Polyvinyl chloride,
<100 nm, exposure to
10 mg L−1, or 4 days

Nile tilapia
(Oreochromis niloticus)

Nanoplastics produced a considerable increase in plasma total
protein levels. Also, the level of oxidative stress biomarkers in

the gills, liver, and brain showed a significant increase in
malondialdehyde concentration and a decrease in reduced

glutathione (GSH) and catalase activity.

[58]

Polyvinyl chloride,
60–250 µm, from feed,

items 100 g−1 of feed, for
21 days

New Zealand White
(NZW) rabbits
(12 weeks old)

Early sexual maturation, inflammatory reactions, and variation
in the gut microbiota were detected. Histopathological

examination exposed the exfoliation of the intestinal mucosa in
the treated group, and particles penetrated and were embedded

in the spleen.

[59]

Polymethyl methacrylate,
25 nm, 20 or 100 µg via
intratracheal intubation,

for 28 days

ICR mice (6 weeks old)

Mice exhibited body weight loss accompanied by pulmonary
accumulation of plastic particles. Histopathological analysis

demonstrated lung tissue abnormalities and changes in protein
and RNA expression.

[60]

Polymethyl methacrylate,
50–1000 µm, exposure to

20 mg L−1, for 72 h

Marine Mussel
(Mytilus trossulus)

UV irradiation of plastic microparticles can increase their
bioavailability and toxicity to M. trossulus. In addition, the

integral antiradical activity in digestive gland cells increased
compared to the control group.

[61]

5. Water and Sediment Pollution
Rivers and wastewater treatment plants are considered significant contributors to

the discharge of microplastics into the oceans. Particle density is a key factor that influ-
ences the distribution of this pollutant in water bodies, depending on whether it floats,
remains dispersed, or precipitates [12]. Also, the rainy season increases the presence of
microplastics in sediment samples [62]. According to the review by Caro-Martínez et al.,
studies on microplastic pollution in Mexico from 2014 to 2024 were focused primarily
on sediment/soil [11], and aqueous samples from rivers, lakes, dams, and effluents have
been explored to a lesser extent. This is possibly because samples like sediment are gener-
ally richer in plastic particles. Nevertheless, water monitoring is essential to understand
transport pathways and assess the potential risks to animals [63].

The presence of microplastic particles in water has been verified using different strate-
gies. For instance, Flores-Munguía et al. used optical microscopy and Fourier transform
infrared spectroscopy (FTIR) to identify microplastics released from urban wastewater
treatment plants to aquatic ecosystems [64]. For that, influent samples were passed through
meshes with 300, 150, and 38 µm pore size, and then, the plastics were washed with distilled
water and dried in an oven at 80 ◦C for 12 h. After that, the samples were digested by
adding 30 mL of 30% H2O2 followed by incubation at 60 ◦C for 2 h. On the other hand, for
influent samples, 30 mL of H2O2 were added, and the resulting mixture was incubated
for 2 h. Once the dispersions reached room temperature, density-based separation was
performed by adding ZnCl2, with settling for 12 h. Next, the supernatant was passed
through glass fiber filters, which were later placed in Petri dishes for microparticle identifi-
cation. Similarly, Reynoso-Cruces et al. analyzed water samples from the Gulf of Mexico
and the Pacific Ocean. As preparation, the samples were treated with 80 mL of 30% H2O2

per liter of water, heated to 65 ◦C, and allowed to react for 24 h. The resulting mixtures
were filtered using a nitrocellulose membrane with a pore size of 0.45 µm. Polymer types
were identified by micro-FTIR spectroscopy, where at least 70% of the plastic particles
were fibers, with an average abundance around 14 items m−3 with size > 80 µm [65]. The
authors suggested that the composition and concentrations of this pollutant (in distinct
sites and depths) were significantly influenced by the proximity to port operations and the
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local meteorological conditions. Related to that, from samples collected at 33 beaches in
Mexico, the authors quantified microplastic concentrations ranging from 31.7–545.8 items
m−2, with high variance coefficients (28.7–122.3%). The highest concentration was recorded
at an urban, developed beach, while the lowest concentration was registered at a rural
beach. A prevalence of secondary microplastics was observed, with fragments, foams,
fibers, and films yielding 92% of the items. Pellets (primary microplastics) were found in
57% of the beaches [66]. In the same sense, Hernández-Morales et al. explored nine water
samples collected in the Bobos River [67]. They detected the presence of 91 microplastics,
and among these, the most frequently found were fibers (81%), followed by flakes (14%).
Although it is not clearly specified whether sediment and water samples were consid-
ered, polyethylene (38%), polyethylene terephthalate (28%), polyvinyl chloride (23%), and
polybutylene terephthalate (11%) were the most frequent materials identified by FTIR
Spectroscopy. Using samples from a river (Río Bravo/Grande) at the Mexico–United States
border, the authors showed that fibers were the most common shapes in water (71.94%) and
sediments (91.07%). The number of particles ranged from 0.4 to 17 items L−1 in water and
from 2.8 × 103 to 1.0 × 104 items kg−1 in sediments, with particle sizes between 12.62 and
4282.25 µm [68]. In other work, Jiménez-Contreras et al. demonstrated the presence of
microplastics in two tropical lakes in central Mexico [69]. The abundance of microplastics
reported for both lakes varied between 1.2 and 17.0 items L−1, with fragments and black be-
ing the most abundant form and color, respectively. Also, the presence of this contaminant
was confirmed in zooplankton and fish of the genus Chirostoma, which were captured in
the studied water reservoirs. The particles found in the gastrointestinal tract of fish ranged
from 0.2 to 4.5 items per individual. The authors verified the polymer composition via
Raman spectroscopy, indicating that polypropylene, polyamide (nylon), and polyethylene
terephthalate were the main polluting materials found in their research. In general, ac-
cording to the literature reviewed above, fibers and fragments were the most commonly
observed forms, and polyethylene and polyethylene terephthalate were two of the most
frequently identified polymers. Table 2 shows the characteristics of microplastics found in
sediment samples collected in Mexican aquatic environments, which are clearly related to
the presence of plastic waste in water. Of the six representative references, polyester (five
cases), polyethylene (four cases), and polystyrene (four cases) were the most commonly
identified polymers. Furthermore, the predominant form was fibers. These findings are
consistent with the results found in other countries, indicating that textiles are a major
source of microplastics, mainly due to the release of polyester fibers [70]. Overall, black,
blue, and transparent were the most abundant colors of the plastic particles. In most cases,
hundreds of items per kilogram of sediment were reported, with the highest abundance
reaching 13,392 items kg−1 in coastal sediment from the Tampico beach, Gulf of Mexico;
regarding that, short-term tourism has been exposed as the major source of microplastics
on sandy beaches [71]. Quality assurance and quality control (QA/QC) are essential due to
the ubiquitous nature of microplastics and the high risk of sample contamination; however,
in most cases in Table 2, only quality control was used, or no protocol was reported. As a
characterization strategy, infrared spectroscopy is the standard technique used to identify
different polymers in Mexico. A current weakness in this research topic is that abundance
values are difficult to compare across studies due to differences in sample volume, mesh
size, digestion method, density separation solution, lower particle-size limit, reporting
units, and spectroscopic confirmation.
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Table 2. Microplastic identification in sediment samples collected in Mexico.

Polymers Shape Color Abundance/
Size/Control

Identification
Method Ref.

Polypropylene (46%),
polyethylene (34%),
polystyrene (11%),
polyacrylic, polyamide,
and polyethylene
terephthalate

Fiber (65%),
fragments (19%),
films (10%),
and sphere

Black (44%), transparent
(22%), blue (10%), green
(6%), red (5%), white
(4%), pink (4%), and
others (5%)

118 (Riverbed) and
183 (Shoreline)
items kg−1.
<1 mm.
Quality control was
not reported

Optical stereoscope,
Fourier transform
infrared spectroscopy

[72]

Polyethylene
terephthalate, polyester,
polyethylene,
polypropylene,
polyamide, polystyrene

Fibers (91%),
fragment (7%),
films (2%)

Blue (29%), black (29%),
transparent (21%), gray
(8%), red (4%), green
(4%), and others (5%)

River,
175 items kg−1.
≤4.75 mm.
Quality control

Stereo microscope,
scanning electron
microscopy combined
with X-ray energy
dispersed spectroscopy,
Fourier transform
infrared spectroscopy

[73]

Polyester,
polyethylacrylate,
cellophane,
polyacrylonitrile,
polystyrene acrylonitrile,
and polyvinyl
acetate ethylene

Fibers (100%)

Transparent (32%), blue
(32%), white (9%), black
(8%), multicolor (8%),
yellow (6%), pink (4%),
and red (1%)

Beach,
13,392 items kg−1.
<4 mm.
Quality control

Stereo microscope,
scanning electron
microscopy, Fourier
transform
infrared spectroscopy

[74]

Polyester, polyethylene,
cellophane,
and polystyrene

Fibers (49–82%),
fragments
(10–34%), films
(7–15%) and
foams (1–2%)

White (37%), yellow
(19%), transparent (11%),
blue (6%), brown (5%),
green (5%), beige (4%),
black (4%), red (3%), and
others (6%)

Beach,
20–49 items kg−1.
0.09–5 mm.
Quality control was
not reported

Stereo microscope,
scanning electron
microscopy, Fourier
transform
infrared spectroscopy

[75]

Cotton and polyester
(81%). Acrylic, rayon,
nylon 6, polyether
urethane,
polypropylene, alkyd
resin, polyethylene,
and polyurethane

Fibers (99%)
and fragments

Blue (the most abundant
color), transparent, red,
green, black, yellow,
and gray

Coastal Lagoon,
654 ± 326 items kg−1.
≤1.41 mm.
Quality control

Stereo microscope,
Fourier transform
infrared spectroscopy
by using an Infrared
Microscope

[76]

Polyester (45%), acrylic
(33%), rayon (19%), and
polyamide (3%)

Fibers (96%),
fragments (4%)

Black (28%), blue (16%),
purple (15%), red (15%),
transparent (9%), brown
(6%), and others (11%)

Coastal Lagoon,
8.5 ± 12.5 items kg−1.
0.1–4.25 mm.
Quality
assurance/quality
control

Fourier transform
infrared spectroscopy
by using an Infrared
Microscope

[77]

Figure 3 was adapted from the survey by Caro-Martínez et al. [11] and shows repre-
sentative sites where the greatest abundance of microplastics has been found in sediment
and water. Interestingly, the most polluted sites may be related to the higher average
annual precipitation (dark blue color), according to a report by SEMARNAT-Mexico [78].
Furthermore, several of these sites are situated in states with high tourist traffic due to their
beaches. Typically, the concentrations of microplastics in streams increase with rainfall
events [79,80]. In the case of the site located on the map in northern Mexico, it is a region
with high industrial activity, where the concentration of plastic particles has been found to
be higher in stormwater runoff in industrial areas, compared to commercial and residential
areas [80].
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Figure 3. The abundance of microplastics found in sediment and water from publications
between 2014 and 2024. Representative sites on the map were adapted from the review by
Caro-Martínez et al. [11], and the map was obtained from SEMARNAT-Mexico [78], where the dark
blue color indicates higher average annual precipitation.

6. Physical/Chemical Methods for Microplastic Removal from Water
Rivers are strongly related to anthropic activities, presumably more than the marine

system. Consequently, they become both major sinks and sources of microplastics coming
from different areas [81]. Rivers are a water source for animals and for producing drinking
water. Although municipal drinking water treatment facilities can achieve high efficiencies
in removing microplastics present at high concentrations in water sources, there is a need to
develop and better understand methods for removing different types of microplastics [82].
In Mexico, Cabañas-Mendoza et al. assessed the removal of microplastics from two urban
ponds using floating treatment wetlands [24], where the efficiency was affected by the
specific characteristics of each pond. For example, a higher initial particle concentration and
a higher water velocity can improve the efficiency throughout the entire system (Pond 1),
obtaining total removal rates close to 82% in water, using plastic boxes (50 × 33 × 30 cm)
with a layer of 10 cm of one-inch volcanic gravel, plants acclimatized for two weeks,
linear arrays, and average water velocity of 1.05 ± 0.07 cm s−1. In this strategy, the
retention of plastic particles by the roots of Cyperus papyrus and Pontederia sagittata was
the principal mechanism involved in microplastic removal. Using another approach,
De-Paz-Arroyo et al. tested a polyaluminum chloride–chitosan mixture (1 mg L−1 and
0.75 mg L−1, respectively) dosed in liquid form as a flocculant system for microplastic
removal from river water. Once the treatment was completed (stirred at 100 rpm for 5 min,
followed by 60 rpm for 25 min, and lastly a settling time of 30 min), flocs formed using the
mixture of flocculants exhibited stronger interactions and better adhesion to polystyrene
particles as the compared to the individual flocculants. In addition, the flocculant mixture
required a lower dosage, produced more compact and larger flocs, and yielded 80% for
microplastic removal. From the results, it was proposed that the synergistic effect between
both flocculants improved the charge neutralization and bridging phenomena during
flocculation [25]. Figure 4a shows a microplastic item trapped in floc formed with a chitosan–
polyaluminum chloride mixture. Coagulation/flocculation is effective for microplastic
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removal from water, as it has been reported using real matrices (e.g., river water and
wastewater) from different countries [83]. Hence, this method represents a research gap
that can be extensively explored using polluted water in Mexico. In other work, Cervantes
et al. assessed the effectiveness of electrocoagulation using iron electrodes for the removal of
polystyrene microplastic, via magnetic separation, from pure water and secondary effluent
wastewater [84]. Their findings showed that due to the formation of magnetite, the removal
efficiency was higher in distilled water (100% after 5 min when a magnet was used) than in
wastewater (40% after 30 min and 80% after 720 min in the absence of magnetite formation),
using 2 cm distance between the electrodes, with an immersed area of the electrodes of
60 cm2, NaSO4 as the supporting electrolyte, and an intermediate current density of 5 mA
cm−2. Apparently, this process requires optimization for wastewater treatment due to
the nature of the by-products formed. With a similar aim, Sanchez et al. used Fe2O3

microparticles and a photothermal treatment to remove polystyrene and polyethylene
terephthalate (with sizes from 0.1 to 3 µm) from tap water. For that, 100 mg of metallic
microparticles were dispersed in 100 mL of water. Later, 100 mg of microplastics were
dropped in the same water, where the particles remained suspended homogeneously. Then,
the mixture was irradiated using a 980 nm diode LED (power of 250 mW) for 80 min.
The authors indicated that for this strategy, the generation of ·OH radicals maximized the
microplastic removal, triggering the attachment of microplastics to the metallic structure,
which in turn allowed for further treatment (photothermal irradiation) involving the
degradation of the adsorbed microplastics and future reuse of the metallic particles [85].
Similarly, Oliva et al. combined near-infrared (NIR) irradiation and magnetic bismuth
ferrite microparticles to enhance the removal of polystyrene present in drinking water.
They used microparticles composed of BiFeO3/Bi25FeO40 (Bi25FeO40 content ≈ 8.6%),
with NIR light (980 nm), 15 min reaction, and a Neodymium magnet for separation. The
authors estimated that ≈23.6% of the plastic particles were eliminated by photocatalysis
and the rest of them (≈76.4%) by physical adsorption, as well as the by-products being
almost totally mineralized [26]. Ariza-Tarazona et al. reported that a combined effect of
pH and temperature can influence the photocatalytic degradation of microplastics [86].
Also, Llorente-García et al. found that the photocatalytic degradation of polyethylene
microparticles in an aqueous medium, using a mesoporous N–TiO2 coating and visible
light, was affected by the microplastic size, where smaller particles underwent higher
degradation [87]. Although photocatalysis has been proposed to remove microplastics
from tap water, this process may lead to the mineralization of microplastics and generate
harmful fragments and by-products during the process [88]. Hence, this method should be
carefully evaluated to find optimal conditions that maximize removal efficiency, prioritize
removal over degradation, and avoid creating substances of concern. To achieve this,
identification of intermediate fragments and molecules, determination of dissolved organic
carbon, mineralization analyses, and toxicity assays are suggested.

Based on some studies described above, different methods tested in Mexico have
provided similar microplastic removal effectiveness (Figure 4b). Understandably, the
water matrices used by different researchers have different initial chemical compositions of
substances and microplastic content. Furthermore, each strategy presents specific operating
variables (Table 3). In the case of floating treatment wetlands, the water in urban ponds was
evidently contaminated with microplastics and other pollutants due to human activities [24].
Flocculation tests were carried out using water from an urban river that has been polluted
over the years and contains a natural load of minerals [25]. For electrocoagulation trials,
the authors only indicated that the experiments were completed using wastewater from
secondary effluents [84]. Of the treatments compared, photocatalysis in drinking water
was the only experiment using an aqueous matrix with a minimal (possibly negligible)
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load of other contaminants or minerals. In addition, the concentration of microplastics
used in the experiments appears to be high and could influence the separation process
(100% of efficiency; 23.6% by photocatalysis) [26]. Thus, the results of the first three
strategies may be more directly comparable to each other. Naturally, removal efficiency
can depend on the characteristics of the microplastic (e.g., composition, particle size,
and concentration), water matrix (e.g., pH, ionic strength, natural organic matter, and
temperature), treatment variables (e.g., nature of the adjuvant materials, time, energy input),
and the analytical method used. Additionally, it is important to highlight that floating
treatment wetlands and flocculation are methods that can avoid the formation of potentially
toxic by-products. In addition, based on the comparison between electrocoagulation
and coagulation–flocculation applied to real wastewater, electrocoagulation can provide
higher efficiency (around 10%), but this method is more studied at the laboratory scale,
while coagulation–flocculation has been used in more experiments on pilot and industrial
scales [89]. The coagulation–flocculation process is widely used at the industrial scale.
Similarly, floating treatment wetlands represent an appropriate ecotechnology for large-
scale wastewater treatment, for example, about 60 million m3 per year at a cost of USD
0.00026 per m3 [90].

Table 3. A comparison between different processes tested in Mexico for the removal of microplastics
from water.

Microplastic Water
Matrix

Removal
Mechanism

Treatment
Variables Limitations

Polyethylene and
polypropylene,
300–5600 µm,
2.6 mg L−1

Urban ponds
Floating treatment
wetlands; removal by the
retention in the plant roots

Plant species, coverage
ratio, water quality and
flow, body depth, and
microplastic size

water volume, required
surface area, seasonal
variability, harvesting
requirements, structural
durability

Polystyrene,
75–250 µm,
10 items L−1

River water
Flocculation;
microplastics are trapped
by the floc

Nature of the flocculant,
flocculant dosage,
agitation speed, water
quality, time, and
microplastic size

Sensitivity to water quality,
precise balance of agitation,
the residues of some
flocculants can be harmful,
sludge management
challenges

Polystyrene,
0.30 µm,
50 mg L–1

Waste-water
from secondary
effluents

Electrocoagulation;
removal by particles
aggregation

Electrode type current
density, water quality,
electrolyte dose,
interelectrode distance,
time, and microplastic size

Electrode
fouling/consumption,
sludge generation, primarily
studied at the laboratory
scale, high operational costs

Polystyrene,
0.07–11 µm,
1000 mg L−1

Drinking water

Photothermal treatment
and magnetic separation;
microplastics are
eliminated by
photocatalysis and mainly
by physical-adsorption

Characteristics and
quantity of catalyst,
water quality, light
intensity, irradiation time,
and microplastic size

Catalyst deactivation and
reuse, light source, a magnetic
separator is required,
potential generation of
harmful by-products,
large-scale application

An interesting strategy that could be adapted by Mexican researchers is the air flota-
tion approach crafted with a positively charged carrier based on electrostatic force-induced
aggregation and flotation. This alternative has been proposed for river water with the
following advantages: short hydraulic retention time, high removal efficiency, no chemical
addition requirement, and robustness to different polymer types [81]. Apparently, ultra-
filtration techniques have not yet been explored in Mexico for evaluating the removal of
(nano)micro-plastics from fresh water [91]; moreover, this method prevents the formation
of potentially toxic by-products.
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Figure 4. (a) An illustrative image of a microplastic item trapped in floc formed with the chitosan–
polyaluminum chloride mixture (PAC) as a flocculant system. This image, which has not been
previously published, was captured (10×-magnification) by the corresponding author after orig-
inal flocculation experiments using river water (Humaya River) as the matrix and polystyrene
(10 items L−1) as the contaminant, as previously reported using 1 mg L−1 of PAC with 0.75 mg L−1 of
chitosan for 60 min [25]. (b) A comparison of the effectiveness of different processes for the removal
of microplastics (mainly polystyrene): floating treatment wetlands for urban ponds, flocculation for
river water, electrocoagulation for wastewater, and photocatalysis for drinking water.

7. Bioremediation of Plastic Pollution Using Microorganisms
The bioremediation of plastic waste can be carried out by microorganisms, such as bac-

teria and fungi, to break down this pollutant; however, the biodegradation process varies
depending on environmental factors and the durability of the plastics [92]. In general, some
factors that influence microplastic biodegradation are related to the exposure conditions
and the characteristics of the plastic materials (Figure 5) [93,94]. In the bioremediation, some
microorganisms can produce enzymes that break down plastics, yielding smaller, metabo-
lizable compounds [95]. Ali et al. described four stages of the biodegradation mechanism of
synthetic plastic polymers: colonization (biofilm formation), biofragmentation (polymeric
structure is broken down), assimilation (the microbial cell utilizes the produced monomers),
and mineralization [93]. For example, Fusarium is a group of filamentous fungi with the
capability to degrade environmental pollutants, including plastic [96]. The research on
plastic degradation by microorganisms has recently increased in different Mexican research
institutions. Narciso-Ortiz et al. analyzed the polyethylene terephthalate-degrading ability
of native bacterial strains isolated from a soil sample. B. muralis, Brevibacterium, and S.
proteamaculans strains showed degradation activity after 3 days of incubation in a liquid
culture medium containing the plastic. Changes in the polymer surface were determined
by visual inspection, scanning electron microscopy (SEM), and Fourier FTIR spectroscopy.
B. muralis showed the best degradation ability, suggesting its future use for plastic bioreme-
diation in water bodies [97]. Morando-Grijalva et al. identified bacteria isolated from soil
samples collected in Yucatán and evaluated their degradative activity on poly(butylene
succinate) films in a liquid medium. Micrographs of film surfaces examined by SEM after
21 weeks of treatment (Figure 6) showed a uniform texture for the control, while films
treated with B. cereus CHU4R, A. baumannii YUCAN, and P. otitidis YUC44 exhibited an
increase in pore size, a slightly eroded surface, and extensive damage with larger and
deeper holes and significant surface cracks, respectively. Additionally, biofilm formation
was detected from SEM images. Compared to the infrared spectrum of the control sample,
a slight shift corresponding to the bands at 2952 and 2867 cm−1 was detected after the
treatment with P. otitidis YUC44. According to Atmospheric Solids Analysis Probe–Mass
Spectrometry, changes in thermal degradation suggested that the microorganisms success-
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fully degraded the sample [98]. In the same sense, Fierros-Peña et al. isolated bacterial
strains exhibiting lipase activity and degrading environmentally deteriorated polyethylene
terephthalate. The polymer samples for bacterial isolation were obtained from a parking
lot and soil from a vacant lot. Physically, chemically, and biologically treated PET sheets
(UV + 100 ◦C + HNO3 followed by S. pavanii treatment) were incubated for 60 days. PET
degradation was evidenced by visual inspection, SEM, and FTIR. P. soli was found to be
the most effective bacterium, but also seven more strains exhibit degradation ability. In
this regard, the authors stated that combined use of treatments such as photo-oxidation,
chemical hydrolysis, wear of the material, and biological treatment facilitates the microor-
ganisms colonization and the degradation of plastic waste [99]. Castañeda et al. evaluated
hydrocarbonoclastic consortia for the bioremediation of triple-layered polypropylene face
masks. Physical structural changes of the fibers were observed by a stereoscope and a
microscope after 15 days of incubation in bioreactors. The achieved biodegradation was
19.98% and 3.77% for a consortium from the Gulf of Mexico (with a maturity of 1 year) and
a younger consortium from the Port of Veracruz, respectively. P. aeruginosa, B. cepacia, E.
coli, S. maltophilia, S. pyogenes, S. Typhimurium, S. flexneri, V. parahaemolyticus, and E. faecalis
were the most abundant bacteria in the consortia [100]. Polyurethane biodegradation was
studied by Magaña-Montiel et al. using a novel deep-sea bacterium, Stutzerimonas frequens
GOM2, isolated from the Gulf of Mexico. The ability to degrade plastic was assessed by
incubating the strain with commercial water-based dispersions of polyester-polyurethane
(Impranil) for 15 days in a liquid medium. In addition to FTIR, the biodegradation activity
was confirmed by the reduction in the molecular weight of the polymer as determined via
gel permeation chromatography. This was further supported by changes in the number
of signals in the chromatograms of mass spectrometry from the supernatants collected
at different culture time. Additionally, the authors highlight the ecological safety of this
strain, including its non-pathogenicity and ability to reverse Impranil-induced embryonic
lethality in zebrafish via polyurethane biodegradation [29]. Evidently, this approach in
Mexico requires more systematic studies comparing different microorganisms and vary-
ing the polymer types. In addition, a comprehensive characterization demonstrating the
degradation of the materials is strongly recommended.

Figure 5. Factors influencing plastic biodegradation. Plastic biodegradation is influenced by a
combination of material properties and environmental conditions. Depending largely on their
chemical composition, plastic materials can exhibit different degrees of degradation in response
to environmental factors such as nutrients, temperature, light, and humidity. In addition, some
plastic materials are broken down by certain microorganisms (e.g., bacteria and fungi) found in
the environment.
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Figure 6. SEM images of film surfaces after 21 weeks of treatment with (a) control PBS, (b) B. cereus
CHU4R, (c) A. baumannii YUCAN, and (d) P. otitidis YUC44. The image was taken from the study
reported by Morando-Grijalva et al. [98].

According to Ningthoujam et al. [101], four key aspects can be addressed to improve
the activity of bacterial consortia: bacterial formulation and immobilization, plastic pretreat-
ment (e.g., mechanical size reduction), optimal environmental conditions (e.g., controlled
temperature, pH, and nutrient/oxygen supply), and multi-step biodegradation pathway
reconstruction. Regarding the environmental safety and ecotoxicological implications of
microplastic biodegradation, studies have reported that partially oxidized or fragmented
plastics produce adverse effects on aquatic organisms. Additionally, polymer by-products
can intensify toxicological effects. Therefore, it is important to distinguish between surface
modification, fragmentation, biotransformation, and complete mineralization [102]. In the
same sense, microplastic-associated biofilms represent hotspots for potential pathogens
and antibiotic resistance [103]. Several potentially pathogenic bacterial species have been
found in microplastics [104]. Consequently, the pathogenicity of the isolated and proposed
bacteria must be thoroughly evaluated.

8. Chemical Recycling: A Research Direction in Plastic
Waste Management

Reducing the release of plastic into the environment is essential. As described in the
literature, there are limits to mechanical plastic recycling, and circular economy approaches
in plastic waste management are applied to a minor extent [105]. Polyethylene tereph-
thalate is one outstanding example of the recycling chain in Mexico, given that 60% of
bottles based on this material are recycled [106]. Among other solutions, chemical recycling
has been proposed to enhance the environmental performance of plastic waste manage-
ment [107]. Obviously, chemical recycling is not a direct microplastic removal technology
but a waste-management approach that may reduce future microplastic generation after
being implemented responsibly. This recycling strategy allows the conversion of plastic
into its basic components, which can be used for the manufacturing of high-quality recycled
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plastic or other products [108]. For instance, Laredo et al. described that hydrothermal
processes operating at pressures of 2.5–30 MPa, temperatures above 400 ◦C, and resi-
dence times of 20–60 min can be used to depolymerize polyolefins such as polyethylene
and polypropylene, including derivatives and mixtures, composed of long hydrocarbon
chains [109]. Reza et al. studied the depolymerization of low-density polyethylene by
comparing low-pressure hydrothermal liquefaction and autogenic pressurized pyrolysis,
finding that the chemical composition of the products was very similar with both methods
when no catalyst was used. However, using a ZSM-5 zeolite catalyst resulted in higher gas
production under pyrolytic conditions. This catalyst led to a fuel yield of around 44%, with
gasoline-range hydrocarbons of 36–38% and diesel-range hydrocarbons of 6–8% [30]. Mexi-
can researchers have also explored the depolymerization of polyethylene terephthalate in a
non-aqueous alkaline environment. From this approach, an experiment conducted using
60 ◦C, NaOH concentration of 8.5 wt%, and reaction time of 3 h yielded 96.84% of tereph-
thalic acid with a total recovery of monomers and dimers close to 92%. In addition, this
work indicated that the alkaline depolymerization could be more cost-effective than other
depolymerization methods [110]. According to our search, the current status of chemical
recycling in Mexico comprises a few studies. As a recommendation, the photo-reforming
process as a green H2 production method is an interesting approach that could be explored
by Mexican researchers. With this aim, the degradation of polyethylene terephthalate,
low-density polyethylene, and polystyrene was tested by Thiloka Edirisooriya et al. using a
sealed 50 mL quartz reactor and light from a high-pressure UV mercury vapor lamp, where
a 1:1 polymer-to-catalyst ratio was established as the optimum condition [111].

In conclusion, through methods like pyrolysis, depolymerization, and solvolysis,
chemical recycling breaks down plastic polymers into basic molecules or valuable secondary
products. Widespread adoption is hindered by high energy demands, substantial costs, and
the need for specialized equipment [112]. Furthermore, successful chemical recycling hinges
on the meticulous categorization of plastic waste [113]. Particularly, catalyst deactivation,
regeneration, and reusability are critical concerns for the practical implementation of
catalytic polyolefin recycling [114]. In this research topic, the methods developed may
prove unattractive when they are too energy-intensive and require complex pre-sorting
of plastic materials [115]. Thus, some challenges of chemical recycling are as follows:
the energy efficiency must be enhanced; proper sorting and preprocessing are essential,
reducing the presence of materials that negatively affect the process; the economic viability
needs to be improved compared to traditional recycling methods; and to avoid processes
that produce harmful emissions, including volatile organic compounds or greenhouse
gases [116]. An alternative waste-to-energy method involves incinerating plastic to generate
heat or electricity; however, despite diverting waste from landfills and providing power,
this practice remains highly controversial due to its release of greenhouse gases and toxic
emissions [117].

9. Perspective
In Mexico, microplastics have been found in sediment, aquatic compartments, ani-

mals, and food products, being a potential contaminant concern to humans through direct
environmental exposure, drinking water, and food products. Among the priority gaps,
standardized monitoring studies are needed for rivers, lakes, dams, and industrial efflu-
ents. Currently, the heterogeneity of methods regarding the sampling, extraction, and
identification of microplastics can lead to poor data comparability, hindering national-level
policy formulation. A minimum technical roadmap for standardized monitoring tailored to
the Mexican context is required. In addition, most publications from Mexican institutions
remain limited to the occurrence and identification of polymers. Hence, research should
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be expanded to improve microplastic removal from fresh water, especially through the
flocculation process and membrane filtration technologies; to develop systematic studies
on the toxicity of microplastics; to propose regulatory policies regarding this contaminant
in effluents; and to improve recycling programs of plastic material, preventing its release
into the environment. Thus, there is a wide research gap to be explored.

A key point is the extraction of microplastics from the matrix. Authors have stated
that the treatment with NaClO can be effective for soft and hard tissue but is unsuitable
for calcareous materials; acid digestion can trigger the degradation of some synthetic
polymers; and alkaline solutions are less appropriate for sediment and water samples [118].
Schrank et al. indicated that strong acids and high temperatures cause strong degradation
of several polymers, while alkaline treatment could damage fewer materials. Favorably,
Fenton’s reagent, enzymatic digestion, and ZnCl2 (density separation) are friendly with
common plastics [119]. Quality assurance and quality control protocols are essential [77],
including procedural blanks, filtered reagents, covered samples, recovery tests, digestion
efficiency, and minimum spectral match thresholds for FTIR or Raman confirmation. For
a more reliable characterization of the polymers, a combination of analytical techniques
is recommended, such as infrared spectroscopy, Raman spectroscopy, scanning electron
microscopy, and atomic force microscopy [120]. In the case of flocculation, which is a
well-established strategy widely used as part of the river water purification process, more
in-depth studies are required, addressing the effect of the characteristics and concentration
of microplastics, natural organic matter, and the presence of emerging contaminants, as has
been reported for other pollutants [121,122]. Regarding emerging mitigation approaches,
comprehensive studies are needed addressing evidence such as mass loss under controlled
conditions and biosafety when using bacteria [29,98], as well as feedstock contamination,
energy demand, catalyst deactivation, and life-cycle assessment in chemical recycling.

In conclusion, harmonized protocols (e.g., amount of sample used and extrac-
tion procedure, including digestion and filter pore size), minimum reporting standards
(e.g., type, average size, and predominant shapes), and inter-laboratory validation are
highly recommended for effective monitoring. Currently, research in Mexico on the toxicity
of microplastics lacks comprehensive studies. Rivers and dams as a water source and efflu-
ents from the textile industry and wastewater treatment plants as a source of microplastics
can be considered as priority matrices. Beach sand and river sediment are crucial matrices
for monitoring microplastic pollution. Flocculation is a cost-effective strategy that may be
the best option for removing microplastics from river water given its effectiveness and the
fact that it is already applied on an industrial scale. Bioremediation seems advantageous
for targeting microplastics present in soil. From a policy perspective, there is an urgent
need for national databases, permissible limits, and strict monitoring obligations. Finally,
mitigating the entry of microplastics into water sources prevents the need for costly removal
technologies and reduces health concerns about this contaminant. Industry collaboration
and innovation are essential to mitigate microplastic pollution. Furthermore, collaboration
between the government and society is required to address this problem and improve the
management of plastic waste.
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