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Abstract: Marine pollution is one of the biggest environmental problems, mainly due to single-use
or disposable plastic waste fragmenting into microplastics (MPs) and nanoplastics (NPs) and en-
tering oceans from the coasts together with human-made MPs. A rapidly growing worry con-
cerning environmental and human safety has stimulated research interest in the potential risks
induced by the chemicals associated with MPs/NPs. In this framework, the present review analyzes
the recent advances in adsorption and desorption studies of different contaminants species, both
organic and metallic, on MPs made of poly (ethylene terephthalate). The choice of PET is motivated
by its great diffusion among plastic items and, unfortunately, also in marine plastic pollution. Due
to the ubiquitous presence of PET MPS/NPs, the interest in its role as a vector of contaminants has
abruptly increased in the last three years, as demonstrated by the very high number of recent pa-
pers on sorption studies in different environments. The present review relies on a chemical engi-
neering approach aimed at providing a deeper overview of both the sorption mechanisms of or-
ganic and metal contaminants to PET MPs/NPs and the most used adsorption kinetic models to
predict the mass transfer process from the liquid phase to the solid adsorbent.

Keywords: marine litter; ocean pollution; microplastics; nanoplastics; adsorption; kinetic; organic
contaminants; heavy metals; release

1. Introduction

Currently, the massive population expansion and the daily use of polymers for
producing and consuming non-reusable objects for different applications (packaging,
cosmetics, textiles, detergents, greenhouses, mulches, fishing nets, coating and wiring,
trays and bottles, covers, bags, and containers) cause wild waste accumulation, with
consequent significant complications owing to its management and disposal [1-4]. In
specific, the municipal solid waste worldly production passed from 1.3 billions of tons in
1990 to 3.81 billions tons after 25 years [5,6]. Even if the waste flow comes from different
sources [7,8], plastics represent a substantial portion of the municipal solid waste. In
2016, about 27.1 million metric tons (Mt) of plastic litters were stored in the European
Union (EU), of which 31.1%, 41.6%, and 27.3%, were recycled, reused (for energy pro-
duction), and dumped again in landfill sites, respectively [9]. Among polymer materials,
the greatest contribution is provided by thermoplastic polymers, whose consumption
(about 80% of all synthetic polymers) is mostly attributable to packaging and containers,
as well as the production of textile fibers [10]. Hence, plastics can be considered highly
responsible for waste management issues, not only because of their extensive usage but
also because of their short service life together with their long (bio)degradation time [11].
In addition, a great universal worry is due to the plastics’ storage in landfills because of
their easy accessibility in the environment. In particular, mismanaged plastic waste of
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polyethylene containers and poly (ethylene terephthalate) bottles of beverages, the most
common polymers found in urban waste, leads to a huge amount of surface water and
seabed marine litter [12].

Poly (ethylene terephthalate), generally labeled as PET, is a thermoplastic polymer
of the polyesters family produced by the reaction of ethylene glycol and terephthalic acid
under high temperatures and low vacuum pressure. The resulting polyester polymer is
characterized by high strength and stiffness, low density, good creep behavior, high
chemical resistance, and low cost [13]. Today, PET is one of the world's most commonly
used and versatile materials. Global poly (ethylene terephthalate) production was 30.3
million tons in 2017 [14], while European PET demand was about 4 million tons in 2018,
as compared to the global plastics production of nearly 360 million tons [9]. It is used for
bottles, food containers, and synthetic fiber production. It is forecasted that 583 billion
PET bottles will be produced in 2021 [15], and for this reason it could be considered one
of the most responsible polymers in marine pollution [2]. PET is used not only in the food
packaging and textile fields but also in agriculture, electrical applications, and several
composite applications in combination with reinforcement fibers for various industrial
and civil engineering applications that typically require higher strength and/or higher
heat resistance [16-18]. Recently, the interest in fiber-reinforced PET has increased due to
its benefits, as compared with thermoset composites, such as damage tolerance, high
impact resistance, chemical and solvent resistance, unlimited shelf life, low storage costs,
welding ability, and recyclability [19-21].

Plastic pollution in the marine environment has recently been recognized as one of
the most impacting threats for the environment, causing numerous hazardous and eco-
logically negative consequences, such as the entanglement of the marine species within
the plastic or their ingestion [22,23]. In particular, juvenile fish, reptiles (i.e., turtles, etc.),
and mammals often become entangled in plastic waste with consequent severe damage
for the animal growth [24,25] and restriction of movement precluding them from cor-
rectly feeding and, in the case of mammals, breathing [26,27]. A wide variety of species
have been reported to be harmfully crushed by plastic trash, such as for example marine
birds [28,29], sea turtles [30], cetaceans [31], fur seals [24], sharks [25], and filter feeders
[32]. Marine birds are very prone to the ingestion of plastic objects that they mistake for
food [28,29]. Plastic ingested by these marine organisms remains in the digestive tract
and can lead to reduced feeding stimuli, gastrointestinal obstruction, decreased secretion
of gastric enzymes, and lower levels of steroid hormones, causing reproduction difficul-
ties [5]. Specific classes of litter found in the oceans, involving the Antarctic [33], have
been observed in the sea for at least four decades [34-36].

Microplastics (MPs) are generally defined as polymer particles with a regular or ir-
regular shape and a size ranging between 5 mm and 1 pum and are insoluble in water [37],
while bigger particles, such as pellets, are called mesoplastics [26,38,39]. However, a clear
and accepted terminology and classification is still under discussion, as well as a stand-
ardization of the plastic collection and analysis methods [40]. Microfibers (MFs), very fine
fibres (approx. 3-10 um in diameter), spun as endless filaments can be of both synthetic
and natural origin. The size to diameter ratio is also quite high, on the order of 103, which
is an additional crucial property of MFs [41]. The most common constituents of MPs in-
clude polyethylene (PE), polystyrene (PS), polyethylene terephthalate (PET), polyvi-
nylchloride (PVC), and polypropylene (PP), [34,42,43]. MPs generally arise from the
plastic pollution of seaside and beaches, deriving from fragmentation phenomena or
from powders employed, for example, in cosmetics [44,45]. Both microplastic and meso-
plastic litters can be eaten by marine species and, thus, can reach the marine food net-
work. In contrast to macroscopic plastic litters, MPs on the seaside, seabed, or surface
water, frequently combined with sand, are complicated to be stored and, at present,
there is not an easy and universal method for the calculation of their amount [46]. Fur-
thermore, the degradation of marine MPs due to prolonged external light exposure,
mechanical abrasion, and biodegradation can cause the creation of nanoplastics (NPs)
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with sizes lower than 1 um [47-51]. In particular, marine MPs were investigated by sev-
eral researchers, and their presence has widely been proven in coastal environments
[52-54]. The freshwater system is also considered a potential sink of MPs [55-59].
Zbyszewski and Corcoran [60] reported for the first time the presence of MPs in the
freshwater system during the coastline of Lake Huron, Canada. Very recently, Li et al.
[61] evidenced that there are different concentrations of MPs in Australia, Asia, North
America, and Europe. The current literature underlines that MPs are found in every sea
basin around the world, with higher concentrations occurring in intense human activity
areas demonstrating that plastic debris transport can be extremely efficient and that the
prediction of the plastics” fate is of paramount importance [62]. Additionally, the study
and modeling of the transport of MPs in the marine environment has attracting increas-
ing interest [63]. MPs have been detected also in urban atmospheres as well as in remote
and pristine environments, showing that atmospheric transport of MPs is also very sig-
nificant [64,65].

However, even if it is noted in the literature [46] that micro (MPs) and nanoplastics
(NPs) represent one of the emergent environmental pollutants and that the release of
chemicals/additives used in synthesis of plastics materials may carriage flowing effects
on marine species, full knowledge of their impacts on living organisms is still lacking. In
detail, the relationship between the migration/dispersion of MPs/NPs from one com-
partment to another and all the environmental compartments (terrestrial, aquatic, and
atmospheric) need to be better analysed. The authors believe that a chemical engineering
approach to study this problem can be very useful since it allows the prediction of both
the sorption of different contaminants species on MPs/NPs and the diffusion of
MPs/NPs in the marine organisms, and, hence, in humans who eat fish. Compared to
other papers studying the adsorption on different microplastics, generally PE and PS,
the present review focuses on a single polymer, PET, in order to provide a deepen over-
view of the overall aspects related to the adsorption and desorption studies on PET
MPs/NPs. To this aim, this review first analyses the contaminants in the marine envi-
ronment, then focuses on the sorption mechanisms of organic and metal contaminants to
MPs/NPs, indicating the most used adsorption kinetic models to predict the mass trans-
fer process from the liquid phase to the solid adsorbent, with particular regard to the
analysis of the adsorption studies of organic and metallic pollutants on the most widely
dispersed marine polymer waste, i.e., polyethylene terephthalate MPs.

2. Poly (Ethylene Terephthalate) Microplastics

Despite PET representing 10% of plastic production, its diffusion in marine litter is
widely assessed according to public opinion and documented in the literature. The major
sources of PET microplastics in the marine environment are bottles and fibers. Bottled
water is one sector of the beverage industry that has recently experienced substantial
growth, and the consumption of plastic bottles is expected to increase by 20% by 2021
[66]. It is estimated that 500 billion plastic bottles are used every year, but less than half
are recycled [67]. Unfortunately, due to waste mismanagement and illegal dumping, PET
bottles are highly present in the marine litter, despite PET being more widely recycled
than other polymers. According to the report of Ocean Conservancy International
Coastal Cleanup [68], plastic bottles are the third most littered item collected in 2019
around the world. Several beach litter surveys highlight the presence of PET bottles in
coastal pollution, with different percentages depending on the climatic period, tourism
exploitation, disposal regulation, etc. [69,70]. For instance, according to Simeonova and
Chuturkova [71], plastic drink bottles represent by weight about 44% of the Bulgarian
Black Sea coastal pollution. Brouwer et al. [72] performed social research in European
countries bordering the Mediterranean Sea, Black Sea, and the North Sea. They reported
that after cigarette butts, the most frequently recorded litter type by beach visitors is
plastic bottles.
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Waste with a density higher than that of seawater sinks to the bottom of the sea. For
this reason, PET bottles are abundant among deep-sea litter items, as reported for dif-
ferent geographical places, for example in the Caribbean Sea [73], the Mediterranean Sea
[74,75], the East China Sea [76], etc. However, PET bottles with closed caps can float and
make a long journey, as demonstrated by Duncan et al. [77], who released PET bottles,
equipped with GPS and satellite tags, into the Ganges River and the Bay of Bengal. Car-
ried by coastal currents, the bottles released into the ocean travelled long distances of up
to 2845 km in 94 days before being dispersed. This demonstrates that plastic pollution is a
truly global issue, as a plastic bottle dropped in a river or ocean can travel thousands of
miles in a few months.

Recently, PET fibers, which account for 70% of all synthetic fibers [78] with a global
consumption of about 50 Mton/year [79], have been recognized as an emerging source of
pollution. They are released in relatively large amounts in wastewaters of common
laundry cycles and escape removal from wastewaters in treatment plants due to the very
low dimensions (diameters in the 10-20 um range and masses between 1.7 and 7.0 ug)
[79]. PET fibers can generate microfibers through fragmentation and degradation. After
entering freshwater and seawater, they may be transported by currents and turbulent
hydrodynamic conditions before sinking in the water column [36] and ending up in ma-
rine sediments, where they can be ingested by aquatic organisms [80]. Geyer et al. [81]
estimated that 5.6 Mt of synthetic microfibers were emitted from apparel washing be-
tween 1950 and 2016. Half of this amount was emitted during the last decade, with a
compound annual growth rate of 12.9%.

Despite PET being more widely recycled than other polymers, the recycling volume
is quite different across countries depending on their policies. There are still several
countries where PET recycling is low. Moreover, even if PET is recycled, illegal dumping
in the sea is a big problem; additionally, a bottle made of recycled PET can be illegally
dumped in the ocean, making all recycling efforts useless. Therefore, the high volume of
production of PET and waste mismanagement make PET one of the most polluting plas-
tic materials. The abundance of PET microplastics and their continuous degradation in
the marine environment to nanoplastics have raised concerns due to their entering the
food chain through multiple routes, increased bioavailability, their impact on low-trophic
organisms through the uptake of toxic chemicals, and the increased risks for human
health [82]. The issues related to PET MPs/NPs have been less studied than those related
to more abundant polymers such as polyethylene (PE) or polystyrene (PS), but interest in
research on this topic has been greatly increasing in the last three years, as proved by the
very recent literature.

3. Contaminants in the Marine Environment

Many chemical contaminants, derived from human activities, are released into the
marine environment causing serious damage to water and long-term effects on organ-
isms due to chronic exposure [83]. The most common contaminants present in the mi-
croplastics in the marine environment are schematized in Figure 1.
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Figure 1. The most common contaminants present in the microplastics in the marine environment.

Polychlorinated biphenyls (PCBs) are a wide group of organochlorine compounds
largely used in the past in electrical equipment as dielectrics, coolant fluids in electrical
apparatus, transformers, switches, capacitors, thermostats, and carbonless copy paper
[84], [85]. Since 2001, a list of 209 PCB congeners is included in the Stockholm Convention
of persistent organic pollutants (POPs) [86,87]. Although they have been banned, PCBs
are still present in the environment and are present ubiquitously in biota and sediments
[10,88].

Bisphenol A (BPA) is a common constituent of polycarbonate plastic and epoxy
resin with a global production of 5.5 million tons per year [89]. BPA is used as an additive
to enhance the elasticity, transparency, and durability of some plastic products. It can be
released during the production and use of plastic products, and it is found in both
aqueous and terrestrial environments and in organisms/animals. BPA is an endo-
crine-disrupting compound (EDC), affecting the endocrine system and causing adverse
effects in humans and animals by either binding to or blocking hormone receptors [89]. It
is also associated with cardiovascular disease, reproductive disorders, and breast cancer
[90].

Polycyclic aromatic hydrocarbons (PAHs) are a family of more than hundred com-
pounds containing multiple aromatic rings, including, for example, naphthalene, an-
thracene, and phenanthrene [91,92]. They are ubiquitous contaminants generated during
the incomplete combustion of organic material and are considered a priority because of
their persistence, bioaccumulation, and toxicity [91]. In water, PAHs tend to associate
with particles rather than dissolve because of their hydrophobic nature [93]. Exposure to
PAHs has also been linked with cancer, cardiovascular disease, and poor fetal develop-
ment.

Perfluoroalkyl (PFAs) are stable fluorinated compounds that exhibit both polar and
apolar moieties. Since they are both water and oil repellent, PFAs are commonly used in
the production of commercial stain repellents, surface coatings, firefighting foams, in-
secticides, and cleaners. Perfluorinated acids (PFAs), including perfluorocarboxylic acids
(PFCAs) and perfluorosulfonic acids (PFSAs), have been detected in the blood and tis-
sues of wildlife and humans worldwide, including in remote regions such as the Arctic
[94] [95]. Elevated exposure to PFAs can impact lipid metabolism, reproduction, and
development.
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Pesticides are widely used in agriculture, public health control, and domestic envi-
ronments [96]. It is estimated that approximately 3 billion kg of pesticides are used an-
nually [97]. Approximately 1% of the applied pesticides reach their target, while the re-
maining 99% enter vegetables, fruits, soils, and water [98]. This dissipation depends on
several local factors, including crop type, runoff, leaching, erosion, and climatic condi-
tions. The application strategy and compound characteristics contribute to the fate of
pesticide residues [98]. In this context, rainfall is the main factor linked to runoff, wash-
ing, transport, and leaching from land to aquatic ecosystems [99,100].

Pharmaceutical compounds have been classified as emerging pollutants for the
aquatic ecosystems because they can enter the aquatic environment via different routes,
for instance, as wastewater from industries and hospitals, as well as the human body
excreting medicines being only partially metabolized into sewage [101]. Together with
other chemicals contained in detergents, fabric coatings, cosmetics, and food packaging,
pharmaceuticals are considered compounds of emerging concern (CECs) since they may
impact aquatic life even in very low concentrations [102]. The most studied pharmaceu-
tical adsorbed on microplastics are amoxicillin, vancomycin, paracetamol [103], and sul-
fonamide antibiotics [104]. Among CECs, phenol is present in many cleaning and hy-
giene products and is also used by the plastics industry and agricultural production
[103]. Many other dangerous organic compounds for marine environments are synthetic
dyes used by the textile, cosmetic, pharmaceutical, food, paper, plastic, and printing in-
dustries [105-107].

Metals present in the marine environment include not only heavy metals, i.e., metals
and metalloids with an atomic weight in the range of 64.5-200.6 g/mol and densities
greater than 5 g/cm [108], but also other lightweight metals and non-metals. Metals in the
marine environment may have a natural source, such as the weathering and wear of
rocks, soil erosion, or dragging by rainwater, or an anthropogenic origin [109,110]. This
latter is related to industrial activities such as electroplating, metal smelting, fertilizer
industries, mining operations, pesticides, paper manufacturing, coatings on boats and
ships, and pipe corrosion [110-116]. The presence of heavy metals is particularly com-
mon where there are high anthropogenic pressures such as harbors and marinas, which
are also known to have high abundance of MPs originating from human activities [117].
Titanium is one of the most diffuse metals present in microplastic samples, which may be
due to the sorption from the environment or the constitution of the plastic of origin [118].
Ti may be added to the plastic during its manufacture as TiO: to function as a white
pigment or a UV absorber and later be released during the degradation of the material
[119,120]. The presence of other metals such as Al, Fe, Sn, Mn, Pb, or Cr have been found
in microplastics from beached sediments [110,121,122]. Additionally, cadmium is widely
distributed in aquatic environments and has been found to easily accumulate on the
surfaces of microplastics [123]. Cu and Ag ions are used as biocides in plastics. Copper
oxides are particularly used in boat antifouling paints and are then easily dispersed into
the marine environment [124-126]. High concentrations of heavy metals contribute to
health risks including adverse effects on the nervous, cardiovascular, renal, and repro-
ductive systems and also reduced intelligence [127]. For a detailed review of the potential
effects of microplastics and additives of concern to human health, the authors refer to
some recent works [128,129].

Generally, the marine concentrations of hazardous substances vary by location and
sampling temporal interval, thus making it very difficult to have a reliable mapping.
Generally, industrialized areas present higher contaminant values than remote areas.
Moreover, only few toxic chemicals have been monitored, compared to the plethora of
existing hazardous substances. For example, the European Environmental Agency has
monitored the concentration of eight hazardous substances in European seas (cadmium,
lead, mercury and the pesticides DDT and lindane, PAH, PCB, and hexachlorobenzene),
which were generally considered “low” or “moderate”, even if in some cases moderate
levels meant that EU environmental quality standards were exceeded and this should be
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unacceptable for marine organisms [130]. Moreover, a series of hazardous substances
(hexachlorobenzene and benzopyrene) could still be found at high concentrations,
among others, in some of the European seas, while concentrations of lindane were “high”
in the Mediterranean Sea and generally low elsewhere [130].

4. Sorption Mechanisms of Organic and Metal Contaminants to MPs/NPs

The different mechanisms of surface interaction between NPs/MPs and contami-
nants are synthetized in Figure 2. The hydrophobic interactions are non-covalent forces
that cause the partition of organic compounds between the aqueous phase and NPs/MPs
[131,132]. Generally, the adsorption dominated by hydrophobic interactions follows the
linear sorption isotherm [133].

The hydrogen bonding interactions are specific weak electrostatic interactions that
exist between a hydrogen atom bonded to a strongly electronegative atom and a lone pair
of electrons of another electronegative atom nearby [132]. The sorption by hydrogen
bonding happens when there are proton donor and proton acceptor groups, and it could
be influenced by the functional groups of NPs/MPs and the organic contaminants [134].

NPs/MPs with aromatic rings in the structure, such as polyethylene terephthalate,
often present m-m interactions with aromatic contaminants [134,135], which involve
non-covalent bonds. Pharmaceuticals are retained by polymers through m—mt interactions,
which is the basis for the development of drug-delivery systems using polymeric nano-
particles [132].

The surface sorption based on the electrostatic interaction arises when both
MPs/NPs and organic or metal contaminants have opposite electric charges. The pres-
ence of polar groups on the adsorbent surface increases the electrostatic attraction be-
tween the hydrophilic domains of the contaminant molecules [132].

Van der Waals forces are non-specific and weak intermolecular forces between
molecules [131,136]. Typically, aliphatic polymers such as PE and PP interact with or-
ganic compounds through van der Waals forces due to the presence of non-specific
functional groups [132].

The sorption mechanism, named pore filling, is due to the presence of several pores
with different sizes in MPs/NMPs [137-139]. The organic contaminants can penetrate in-
side the pores, remaining trapped.

interaction

Electrostatic
interaction

Figure 2. Typical sorption mechanisms between contaminants and micro- and nanoplastics
(adapted from [131,132]).
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The sorption mechanisms of organic contaminants to MPs/NPs depends both on the
properties of the MPs/NPs and the organic contaminants and on the chemistry of the
solution (i.e., pH, ionic strength, dissolved organic matter) as reported in Figure 3.
Among the properties of the MPs/NPs that can affect the sorption mechanisms are the
particle size, the polarity, the crystallinity, the glass transition temperature, and the
functional groups. Referring to the particle sizes, generally the specific surface area and
the amount of sorption sites increase when the particle size decreases. Velzeboer et al.
[140] determined an increase of about 1-2 orders of magnitude for NPs with respect to
MPs. However, some studies reported that the nanoscale size increased the aggregation
of the particles, hence decreasing the specific surface area [140].

Some authors have reported that the sorption mechanism of organic contaminants
on MPs/NPs is deeply influenced by the hydrophobicity of MPs [141-143]. In detail, MPs
are mostly hydrophobic, and thus they easily adsorb hydrophobic organic contaminants.
However, the presence of oxygen-containing groups on the surface of weathered MPs
can enhance the polarity, reducing in turn the adsorption of hydrophobic organic con-
taminants. Concerning the crystallinity of the MPs/NPs, it is well known in the literature
that the capability and rate of sorption of contaminants by polymers decrease by in-
creasing the grade of crystallinity [144,145]. Glass transition temperature also influences
MP and contaminant sorption processes [49]. Several authors demonstrated that rubbery
polymers are characterized by a greater affinity towards contaminants than glassy pol-
ymers [139,146,147]. This behavior can be attributed to the high mobility of the rubber
state, allowing a major availability for hydrophobic organic compounds [92,148]. On the
other hand, glassy polymers have strong sorption sites owing to the presence of internal
pores, and consequently they are characterized by a slower release rate of hydrophobic
organic compounds. Finally, the functional groups of MPs/NPs can also affect their
sorption mechanism as a function of the chemical nature of the group and the contami-
nant, as reported in detail in [131].

On the other hand, it is important to underline that the properties of organic con-
taminants (hydrophobicity and hydrophilicity, surface charge and functional groups of
the pollutants) also influence the sorption behaviour [131]. For example, Endo et al. [149]
showed that organic contaminants with high hydrophobicity can be more readily ad-
sorbed on MPs/NPs. The chemistry of the solution is also responsible for different sorp-
tion mechanisms, as confirmed by several results summarized in [131]. In detail, the pH,
the ionic strength, and the dissolved organic matter (DOM) of the aqueous solution can
affect the sorption mechanism. The pH of the solution, in fact, establishes the charged
state of the organic contaminants and MPs/NPs. This latter phenomenon influences the
sorption affinity by means of electrostatic interaction [150]. In addition, the ions of the
aqueous solution may contend with the organic contaminants for sorption sites on
MPs/NPs, hence influencing the sorption behaviour of organic contaminants by means of
MPs/NPs [131]. DOM could influence the sorption of organic compounds by MPs/NPs
through complicated interactions, responsible for a strong modification of the MPs/NPs’
surface properties [131]. In conclusion, it is important to note that several pollutants are
generally present in the aqueous environment, generating further competition for the
sorption sites on MPs/NPs.
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Figure 3. Factors affecting the sorption of contaminants in micro- and nanoplastics (adapted from
[151]).

5. Adsorption Modelling

Adsorption is a mass transfer process from the liquid phase to the solid adsorbent.
The adsorption kinetic study provides information of the adsorption rate, the perform-
ing of the adsorbent, and the mass transfer processes. The possibility to predict the ad-
sorption kinetic of a specific process is crucial for the development of the most suitable
adsorption systems. It is well known that the adsorption mass transfer kinetic includes
three steps: the external diffusion, the internal one, and the adsorption of the adsorbate
in the active sites of the adsorbent diffusion. In first step, the adsorbate moves across the
liquid film around the adsorbent specie [152]. The driving force of this stage is the dif-
ference between the concentrations of the bulk solution and the surface of the adsorbent.
In the second step, the adsorbate specie diffuses in the pores of the adsorbent. Finally,
during the last stage, the adsorbate is adsorbed through the active sites of the adsorbent.
Among the several adsorption kinetic models proposed, the most used models are em-
pirical without a physical meaning of the specific involved parameters. On the other
hand, some other models, even if characterized by parameters with a precise physical
meaning, require very complicated solving methods that hinder their utilization, causing
in such cases inappropriate applications and solutions. In Table 1, a classification of the
most used adsorption kinetic models with the respective reference is reported.

The pseudo-first-order (PFO) model, proposed for the first time by Lagergren in
1898 [2], is an empirical model that has been frequently used to fit the kinetics data and to
calculate the amount of chemical adsorbed at the equilibrium ge and the rate constant ki,
by plotting In(qe-qr) vs. t, using a linearization method that, in some cases, has deter-
mined an erroneous estimation of the parameters [153-156]. However, the adsorption of
metal ions and hydrophilic compounds onto microplastics could be represented by the
PFO model [157,158]. This is probably due to the hydrophobicity of the microplastics,
which delays the diffusion of hydrophilic materials into the surface of the microplastics.
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As a consequence of this behavior, the external/internal diffusion stage can be considered

the rate limiting step.

Table 1. Adsorption kinetic models.

Model Parameters Ref.
gt and ge are the amount (mg g') of a target chemical adsorbed
per unit mass of microplastics at time t (min) and at the equilib-
rium:
GO A RS
Experimental data: g, ge, t ! W € w [1]
where co, ¢, and ce are the initial concentration (mg L), concen-
tration (mg L) at time t (min), and concentration (mg L) at the
equilibrium of a target chemical in liquid phase; V is the volume
(L) of the solution; W is the mass (g) of microplastics
Pseudo-first-order [159]
—klt k1 is the rate constant (min™)
4 =9.(1-¢"")
Pseudo-second-order
t_ 1 k2 is the rate constant (g mg-! min-) [160]
4, k,q e2
Fy="1
Boyd’s film diffusion Bt = 0.4977 —In(1 - F(1))
F(t)=1- (%) Z [%) exp(—n>Bt) when F(t) values>0.85 [4]
T n

n=l

2
2
Bt=|+/n - n—(%mj when F(t) values <0.85

However, the adsorption of hydrophobic organic compounds (such as lubrication
oil and polybrominated diphenyl ethers) onto microplastics could be better described by
the Ppseudo-second-order (PSO) model [161,162]. Additionally, in this case the lineari-
zation of the model presents disseminated errors, responsible for incorrect calculations of
the PSO model parameters. In order to overcome the limits of both the first- and sec-
ond-order models, in the 2019 Guo and Wang proposed a mixed order (MO) model [152].
This last model, which represents the overall adsorption process, is based on the follow-
ing assumptions: (1) an arbitrary stage of the adsorption; (2) the rate controlling step is
the diffusion or the adsorption; and (3) an arbitrary initial adsorbate concentration in the
solution [152]. The MO model has been successfully used to describe the adsorption of
several materials onto microplastics [157, 163] by solving the differential equation, im-
plementing the Runge-Kutta method in MATLAB [157] or in the easier Excel software
[152].

The internal diffusion models assume that the diffusion of adsorbate within adsor-
bent is the slowest step. The diffusion of adsorbate in the liquid film around the adsor-
bent and the adsorption onto the active sites are instantaneous. Among the most used
internal diffusion models, in Table 1 the Boyd’s intraparticle diffusion model is reported.
Boyd et al. proposed, for the first time, an intraparticle diffusion model in the 1947 [164].

In the previous years, Boyd’s intraparticle diffusion equation had been applied to
describe the internal mass transfer processes. As an example, [165] used Boyd’s model to
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analyze the adsorption process of Pb(Il) onto mansonia wood sawdust. Ala’a et al. [166]
applied Boyd’s model to study the adsorption of phenol onto PMMA, demonstrating that
this process is not controlled by the intraparticle diffusion.

Models for adsorption onto active sites (AAS) are reported in Table 2. These models
assume that the adsorption onto active sites is the slowest step, and, thus, the diffusion
process is negligible.

Table 2. Adsorption isotherm models.

Model Parameters Ref.
gm is the maximum adsorption capacity (mg g) of micro-
plastics under monolayer adsorption;
Langmuir ke is the surface adsorption equilibrium (Langmuir) constant
1 1 1

+_
9. CequL Um

(L mg™); ge is the amount (mg g) of a target chemical ad- [167]
sorbed on per unit mass of microplastics at time t (min);
Ce is the concentration (mg L) at the equilibrium of a target
chemical in liquid phase

Freundlich

Inq, =Inkg +llnce
n

e is the amount (mg g™) of a target chemical adsorbed on per
unit mass of microplastics at time t (min);
Ce is the concentration (mg L) at the equilibrium of a target
chemical in liquid phase; [168]
1
krand — are the Freundlich constants related to adsorption
n
capacity (L mg™) and adsorption intensity

Temkin
RT

RT
qe :b—lnaT +—1Inc,

T bT

e is the amount (mg g™) of a target chemical adsorbed on per
unit mass of microplastics at time t (min);
Ce is the concentration (mg L) at the equilibrium of a target
chemical in liquid phase;
ar and br are the Temkin isotherm constant (L mg™) and
Temkin constant (mol) related to adsorption heat;

R is the gas constant with a value of 8.314 ] mol-! K; T is the

absolute temperature (K)

[169]

e is the amount (mg g™) of a target chemical adsorbed on per
unit mass of microplastics at time t (min);

Dubinin—-Radushkevich qp is the adsorption capacity (mg g™); B is the Dubin-

Ing, =Inqp — P&’

in—-Radushkevich model constant (mol? J-?) related to adsorp- [170]
tion energy; ¢ is the Polanyi potential calculated by

S:RTln(l+L]
CC

The Langmuir kinetics model, proposed by Langmuir in 1918 [167] needs to be
solved by implementing the Runge-Kutta method in specific programming software,
such as MATLAB. However, Al-Jabari [171] applied the Langmuir model to study the
adsorption kinetics of Cr(Ill) onto mineral particles. Marczewski et al. [172] used the
same model to analyze the adsorption and desorption kinetics of benzene on carbons,
and Marczewski [173] widened the application of the Langmuir model to dilute solu-
tions.

The Freundlich adsorption isotherm model is an empirical law that was conceived to
predict the isothermal variation of gaseous adsorption on a solid adsorbent with pres-
sure. This model has been successfully applied for predicting the sorption onto a surface
from an aqueous media and gas adsorption on porous surfaces. The key aspect of this
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model is that it accounts for intermolecular interactions between adsorbates and indicates
the heterogeneity of adsorption sites [174]. Temkin isotherm model is able to predict the
interaction between adsorbent and adsorbing particle, and, thus, it was successfully used
to analyze the equilibrium sorption of the phosphoric acid modified rice husk [169]. The
Dubinin-Radushkevich (DR) equation is widely used for the description of adsorption in
microporous materials, especially those of a carbonaceous origin. The equation has a
semi-empirical origin and is based on the assumptions of a change in the potential energy
between the gas and adsorbed phases and a characteristic energy of a given solid. This
equation yields a macroscopic behavior of adsorption loading for a given pressure [170].

6. Adsorption Studies of Organic Pollutants on Poly (Ethylene Terephthalate)
MPs/NPs

As reported in Table 3, several studies are devoted to the adsorption of organic
pollutants on PET microplastics, both derived from engineered micropowders, hereafter
named “pure MPs”, or from the grinding of PET bottles. Liu et al. [175] studied the ad-
sorption behavior of three types of chlorophenols (CPs), which are chlorinated aromatic
compounds commonly used for industrial and agricultural production, on pure PET
microplastics with a size lower than 150 um. The adsorption equilibrium was achieved
within 72 h, and the pseudo-second order model was more appropriate to describe the
process, which was likely governed by a multi-step mechanism: film diffusion during the
first stage, then intra-particle diffusion during the second stage, and dynamic equilib-
rium during the third stage. The main adsorption mechanisms of undissociated CPs on
PET were found to be hydrophobic and hydrogen bonding interactions, which increased
and decreased with the chlorine content, respectively. The adsorption capacity was
found highly dependent on pH. When pH increased from to 4 to 10, the adsorption coef-
ficient decreased close to zero at pH 10 since dichlorophenol (DCP) and trichlorophenol
(TCP) were almost completely dissociated and negatively charged. This led to strong
electrostatic repulsion with negatively charged PET.

Liu et al. [175] performed adsorption studies not only in ultrapure water but also in
natural lake water and seawater, observing a significantly lower adsorption capacity of
DCP and TCP on PET MPs than that in ultrapure water. Since multiple chlorophenols
often coexist in the environment, the adsorption of a CP mixture in laboratory water was
also investigated. The results indicated that the adsorption of each CP by PET was little
affected by the presence of other CPs when the concentration of CPs was low.

Godoy et al. [103] studied the sorption and desorption behavior of two antibiotics
(amoxicillin and vancomycin), an analgesic (paracetamol), phenol, and two pesticides
(atrazine and diuron) on PET chips of 2.7 mm obtained from the grinding of PET bottles.
The kinetic study indicated that phenol and amoxicillin had the highest affinity for PET,
even if the sorption process was slow and needed more than 28 days (amoxicillin) or
about 21 days (phenol) to reach equilibrium. The equilibrium curves showed a better fit
with the Langmuir model, indicating that the sorption was the monolayer type in all the
analyzed concentrations. The high adsorption of phenol on PET may be due to the van
der Waals and n-m bonds. These latter are due to the presence of aromatic rings in the
structure of a contaminant and polymer [176,177], as it occurs in polystyrene (PS), where
the dominant mechanism is given by n-n bonds [178].

Godoy et al. [103] also performed desorption studies from an initial high concentra-
tion of 16 mg/L at two different temperatures (40 °C and 82 °C) and three different pH
values (2, 4, and 6), representing both the environmental and the physiological conditions
of a marine organism. A pH value equal to 6 is common in most of natural environments;
however, in the stomach of mammals a pH value between 2 or 3 is reached [179]. Ac-
cording to experimental results, desorption increased with the temperature and pH.

Song et al. [180] studied the adsorption of petroleum hydrocarbons (PHs) on pure
PET MPs with a size in the rage of 50-200 pum, which achieved equilibrium within 72 h.
They found that the key rate-controlling steps were intraparticle diffusion and liquid film
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diffusion. For the first mechanism, a process in three stages was proposed. In the first
stage, the external mass transfer between the solid and liquid phases lead to surface dif-
fusion. In the second stage, intraparticle diffusion occurred due to the PHs penetration
into the inner layer. In the third stage, dynamic equilibrium of sorption and desorption
occurred [181]. Unlike previous studies demonstrating the partial reversibility of the
desorption of other bisphenol A [90] and phenantrene [182] from microplastics, the
sorption of petroleum hydrocarbons on PET was fully reversible and no hysteresis oc-
curred. This implied the environmental risk associated with the release of contaminants
in the environment.

Guo et al. [104] studied the sorption of sulfamethoxazole, an antibiotic, on pure PET
MPs with a size lower than 150 um, which reached equilibrium after 16 hours. The sorp-
tion capacity decreased with increasing pH and ionic strength. PET MPs are always
negatively charged in alkaline solution, and the surface can be protonated with decreas-
ing pH [183]. The anionic speciation of sulfamethoxazole increased in alkaline environ-
ments, which led to the increasing of the electrostatic repulsion between microplastics
and sulfamethoxazole.

The decrease in sorption capacity with increasing ionic strength agrees with the re-
sults of Li et al. [184] and Llorca et al. [185] on antibiotics and perfluoroalkys in seawater,
respectively. The content of Na ion increased with increasing salinity and is sorbed
without difficulty by electrostatic interaction. The acidic groups of PET MPs may be re-
placed by protons, which could lead to hydrogen bonding that can explain the reduction
of adsorption capacity with increasing ionic strength [186].

Cortes-Arriagada [186] performed a computational study to assess the adsorption
mechanism of bisphenol A (BPA) onto PET nanoplastics with an average diameter of ~2.7
nm by molecular dynamics (MD) simulations. He found that the outer surface of nano-
PET had a remarkable nucleophilic nature, allowing one to increase the mass transfer and
intraparticle diffusion of BPA into the nanoplastic to form stable complexes by inner and
outer surface adsorption. The obtained maximum adsorption energy (~19 kcal/mol) had a
similar order of magnitude of nanostructured adsorbents such as graphene, carbon
nanotubes, activated carbon, and inorganic surfaces, indicating the worrying adsorption
properties of nanoPET. The adsorption mechanism was driven by the interplay of dis-
persion and electrostatic effects, which dominated the inner and outer surface adsorp-
tion, respectively. The simulation results demonstrated that n-r stacking was not a relia-
ble interaction mechanism for aromatics on nanoPET. The formed complexes are also
highly soluble, and water molecules behaved as non-competitive factors, establishing the
high risk of nanoPET to adsorb and migrate pollutants in water ecosystems. Further-
more, the adsorption performance was decreased but not inhibited at a high ionic
strength in salt-containing waters.
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Table 3. Adsorption isotherm and kinetic studies on PET microplastics.

PET Source Size Water Pollutant Type and Model Parameter pH Ref.
(pm) Content
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7. Adsorption Studies of Metals on Poly (Ethylene Terephthalate) MPs

Generally, the sorption uptake of metals on PET MPs reported in the literature is
lower than that of organic contaminants. For example, Godoy et al. [110] compared the
adsorption of seven heavy metals (Cd, Co, Cr, Cu, Ni, Pb, and Zn) on five different MPs
both in Milli-Q water and natural waters (seawater, urban wastewater, and irrigation
water). PET MPs obtained from bottles presented lower adsorption capacity, which was
significant with Pb whose values are reported in Table 3. The adsorption equilibrium was
reached after approximately 120 h. The adsorption isotherms were better described by
Langmuir model, which indicated that the main adsorption mechanism could be chem-
ical adsorption.

The results obtained by Godoy et al. [110] in natural waters indicated that dissolved
organic matter and the electrostatic forces of the polymers may play a major role on metal
adsorption on MPs. The results showed an enhancement of metal adsorption in waters
with high chemical and biological oxygen demands since the adsorption capacity of Pb
increased from 1.25 mg/g in distilled water to 2.38 mg/g in seawater, to 3.70 mg/g in ur-
ban wastewater, and to 2.71 mg/g in irrigation water. These results confirmed the results
of Richard et al. [189] who found that metal accumulation on plastic positively correlated
with amount of biofilm generated from colonization by fouling organisms. However, the
little metal absorption obtained by Godoy et al. [110] on MPs from PET bottles could be
due to the PET fillers added to PET against ageing and organism colonization [190].

Zhou et al. [123] studied the effect of pH on the adsorption of cadmium (Cd(II)) onto
five different MPs including pure PET MPs with an average size of 65 um. The sorption
first increased with a pH from 2 to 6 and then gradually decreased with a pH ranging
from 6 to 9. The maximum at pH 6 for PET was associated with the point of zero charge, a
pHprzc, value of 5.49 of PET, which is the pH at which the net charge of total particle sur-
face is equal to zero. For pH values higher than pHrzc, electrostatic repulsions occurred
decreasing the adsorption amount. Under a high pH condition, the formed precipitation
of Cd(OH)*/Cd(OH): may compete for the active sites on the MPs surface and lead to a
decline in Cd(II) adsorption. Oxygen functional groups (especially the C = O and C -O
groups) played critical roles in the process of Cd adsorption onto MPs [191].

Desorption hysteresis phenomena of cadmium occurred both in the simulated
earthworm gut environment and the sediment system, suggesting that met-
al-contaminated MPs would pose higher ecological risks to macroinvertebrates [123].
PET had lower desorption rates than other microplastics but different form zero, and it
was much higher in the simulated gut environment than in the sediment system. As al-
ready reported by Zhang et al. [192], Zhou et al. [123] did not observe any formation of
new crystalline phases after the Cd adsorption. This indicated that the microplastic
crystallinity may not be the main influencing factor of metal adsorption.

Wang et al. [187] examined the effect of UV irradiation on the metal adsorption of
Cu? and Zn? ions to virgin and aged PET debris in aqueous solution in order to estimate
the degradation after sunlight exposure. Generally, they found a higher adsorption for
Cu? than for Zn? and after UV radiation, in agreement with Brennecke et al. [109]. This
could be related to the increased surface area and oxygen-containing groups on the sur-
face of UV irradiated MPs. Since the Langmuir model fits the experimental results better
than the Freundlich model, this implies that the monolayer adsorption played a signifi-
cant role in the metal ions removal. The adsorption increased with pH changing from 3 to
7 due to the high number of charged sites on microplastics. At a pH higher than 7, copper
and zinc hydroxide precipitation occurred. The adsorption capacities of metal ions were
also enhanced with increasing temperatures, which showed that the adsorption pro-
cesses were endothermic.
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8. Comparison between Marine and Laboratory Adsorption Studies on Poly (Ethylene
Terephthalate) MPs

Most of the adsorption studies with MPs were performed under laborato-
ry-controlled conditions. However, in the field many environmental conditions can vary
considerably, such as contaminant concentration, temperature, medium composition, MP
degradation, biofilm formation, and the effect of multiple contaminants at the same time.

One main difference between laboratory and field experiments is the equilibration
time. Equilibrium is reached much faster under lab conditions in the order of hours or
days, while it takes several months in the environment [188,193]. This is likely due to the
lower contaminant concentrations in the environment and the constant agitation usually
applied in laboratory experiments [134].

Another important difference is the presence of a biofilm which can affect the ac-
cumulation and long-range transport of metals in the aquatic environment [194]. To this
aim, Rochman et al. [188] deployed five types of plastic pellets (PET, HDPE, LDPE, PVC,
and PP of about 5 mm size) at multiple locations in the urban bay of San Diego for one
year. Unlike organic chemical pollutants [147], they found that the accumulation of met-
als on plastic debris did not differ greatly by polymer type. They explained this result,
considering that since the distribution of biofilm among different types of plastics is
similar, the presence of a biofilm might overwhelm any differences in metal accumula-
tion related to different types of plastic [195]. Moreover, the accumulation of metals was
enhanced with time and biofilm accumulation onto the MP surface, since the concentra-
tions of some metals such as Cr, Mn, Co, Ni, Zn, and Pb did not reach saturation on at
least one plastic type after a one-year immersion in seawater.

Furthermore, the same authors [147] studied the sorption of polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) on the same five types of
plastic pellets immersed in a marine environment for one year. The measured sorption
capacity of PET and PVC for PCBs did not change with time, while that for PCBs reached
equilibrium after six months, much faster than HDPE, LDPE, and PP, but achieving a
significantly lower content. This could be due to the smaller surface area of PET and PVC
and to their glassy polymer structure, which did not favor the adsorption/partition of
organic compounds [134,136].

The third difference could be ascribed to the source of the investigated PET MPs:
bottles or pre-production pellets, here named “pure MPs” in Table 3. For example,
Kedzierski et al. [190] immersed PVC, PET, and PBAT (poly-butylene adipate cotereph-
thalate) into the bay of Lorient (France) for 520 days. Unlike OVC, no changes were ob-
served on the PET surface after immersion for more than one year in seawater. According
to Kedzierski et al. [190], this difference may arise from PET fillers that protect it against
ageing and organism colonization, significantly decreasing its adsorption capacity.

Ateia et al. [196] compared the adsorption of pesticide (atrazine), a pharmaceutical
(acetamidophenol), and three perfluoroalkyl substances (PFAS) on a large set of MPs
with a size lower than 500 um both in distilled—deionized water and lake water at pH =
6.5. Generally, pure MPs had lower normalized uptake values than those of real and
weathered MPs [117]. This is due in most cases to a higher surface roughness. Further,
those MPs loaded with natural organic matter showed an increased contaminant sorp-
tion indicating that laboratory studies underestimate the actual sorption uptake values.

Llorca et al. [84] evaluated for three weeks the adsorption/desorption behavior of
polychlorinated biphenyls (PCBs) into PET MPs with a size lower than 600 pm in sedi-
ment/water systems in marine microcosms. They found a significant sorption rate of
PCBs increasing with a lower degree of chlorination. PET presented a superior affinity
for PCBs than rubbery polymers, such as PE, due to its glassy nature, related to a high
glass transition temperature around 80 °C, and due to the n-n interactions related to the
presence of aromatic groups in its chemical structure. The adsorption/desorption be-
havior of PCBs onto MPs was fitted by the Freundlich isotherm model.
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Although the studies carried out in the field present different results compared to
laboratory studies, many of them have been successfully modelled with the sorption
models discussed in a previous paragraph, demonstrating the validity of these models
[147,188,197].

The maximum adsorption capacity reported in Table 3 is in the range of 0.1-1753
mg/g, depending on the chemical and on the MP size. The lower values have been ob-
served in MPs immersed in the sea with a size of about 3 mm. Usually, the values re-
ported in Table 3 have been determined in laboratory experiments of a few days consid-
ering only one contaminant each time, while it is well known that several contaminants
can coexist in a particular marine environment, even if at very low concentrations, thus
not excluding a synergistic effect on the adsorption. It is plausible to hypothesize that the
increased surface area of MPs of a few microns or NPs may lead to higher adsorption and
that the long-term immersion in the sea and the presence of a biofilm on the MP/NP can
increase the adsorbed chemical amount. As reported by Andrady [49], the potential toxic
outcome from ingestion invariably depends on the bioavailability of organic pollutants,
the body mass of ingesting organism, the concentration of the organic pollutant “cock-
tail” in the MP, and their propensity to bioaccumulate in the organism. Even at non-lethal
concentrations, the interaction among organic and metallic pollutants with PET MPs re-
sults in a significant potential environmental and health risk.

9. Conclusions and Future Perspectives

The reviewed results highlight that multiple factors affect the adsorption/desorption
behavior of pollutants on poly (ethylene terephthalate) MPs/NPs, mainly related to the
interaction between the chemical structure of PET, contaminants, and the environment.
All the results confirm that the adsorption of both organic and metallic pollutants in PET
MPs/NPs are important phenomena implying a high risk of concentrating these haz-
ardous chemicals in MPs ingested by marine organisms. PET MPs/NPs can not only
transport contaminants in the marine environment but also reach humans along the food
chain. Additionally, the contaminant that may be released from MPs/NPs into the envi-
ronment or human body is a factor of great concern that deserves further investigation.
However, due to the complexity of the problem, further long-term studies are still
needed in order to deepen the interaction between each pollutant and PET under condi-
tions similar to the real environment, such as seawater and physiological conditions, and
taking into account the presence of biofilm.

All the reviewed studies are focused on PET microplastics due to easier detection
compared to nanoplastics and to the difficulties in obtaining relevant environmental
nanoplastics. The only sorption study on PET NPs was a computational one, performed
by molecular dynamics simulations. However, due to the increased surface area of NPs,
the adsorption should be comparable or even more pronounced than in MPs.

At the moment, there is little information that MP interactions reduce or increase
environmental risks. Consequently, the absence of the evidence of risk can be mistakenly
recognized as a declaration of no risk, as also stated by Leslie and Depledge [198]. In-
deed, in the authors’ opinion, research is still needed to fill the knowledge gap on the
source of MPs contaminants, i.e., from additives or from the environment, the synergistic
contribution of MP exposure to additives or chemicals found in organisms, and the re-
lease mechanisms of toxic chemicals which are still unclear and relatively unexplored. In
the authors’ opinion, this review may contribute to the increase in awareness on the en-
vironmental risks related to ineffective disposal of plastic waste. The authors hope that
this review may be useful for planning and implementing novel and efficient plastic
waste strategies and water treatment methods for micro- and nanoplastics, thus greatly
reducing the risks on the marine environment and human health.
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