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Although the impacts of plastic pollution have long been recognized, the presence, pervasiveness, and ecotoxicological
consequences of microplastic—i.e., plastic particles < 5 mm—contamination have only been explored over the last
decade. Far less focus has been attributed to the role of these materials and, particularly, microplastics, as vectors for a
multitude of chemicals, including those (un)intentionally added to plastic products, but also organic pollutants already
present in the environment.
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| 1. Introduction

Owing to their plasticity, plastics may be molded, extruded, or pressed into solid objects with an endless multitude of
shapes. Plastics, primarily derived from petrochemicals, are increasingly used in a variety of products due to their inherent
properties such as affordability, water resistance, and resilience to chemicals, temperature, and light. They are particularly
prevalent in packaging and single-use items. After usage, plastic waste might be gathered and sorted via official or
unofficial waste management systems or by the manufacturers themselves. This waste can then be converted into plastic
pellets or flakes, allowing them to rejoin the production cycle. However, a significant portion of these plastics are either
incinerated or openly burned, leading to serious environmental and health consequences [ disposed of in
landfills/dumpsites; or escape into the environment [, In fact, concurring estimates highlight that, considering all plastic
products manufactured since the 1950s, less than 10% have been recycled or re-used, with subsequent economic and
environmental consequences. However, environmental contamination with plastics occurs not only at the end-of-life of
these materials, but throughout their life cycle. For example, virgin plastic resin pellets, commonly referred to as “nurdles”,
disc-shaped plastic particles which are typically 3-5 mm in diameter and used as the raw material for the production of
most thermally molded plastic products B, are frequently lost during transport and are considered the second-largest
source of ocean microplastics 4. These are particles smaller than 5 mm, and, in the marine environment, although only
accounting for 8% of the total mass of the estimated plastic waste, microplastics correspond to over 94% of the estimated
1.8 (1.1-3.6) trillion pieces floating in the area [&, and have been found to be ubiquitous in all spheres of the environment,
namely, soil, water, and air, as well as in food [,

However, plastics do not consist only of polymers. They also include additives that contribute to improved plastic functions
that modulate chemical and physical properties. Every plastic item contains additives that determine the properties of the
material and influence its cost of production [, and, according to an estimate by van Oers and colleagues, any random
piece of plastic collected in environmental samples will contain at least 20 different additives [&. The global plastic
additives market, in 2020, was valued at USD 48.41 billion, and, at an estimated average annual growth rate of 5.7%, it is
projected to surpass the USD 75 billion mark in 2028 (<.

Plastics are composed of chains of polymers, and these different additives may be weakly bound to the polymers or
mixed within the polymer matrix. Additionally, because of this weak linkage, additives may leach during use or when
disposed of. Additionally, additives themselves, whether still associated with the plastic materials or following their
leaching, could degrade and form other toxic compounds, and may persist and bioaccumulate in biota (e.g., %). Even
when plastic waste is recycled, it is extremely difficult to remove plastic additives found in said waste due to their inherent
chemical characteristics. Consequently, it is highly likely that these compounds will incorporated into the newly produced
items 4. This is aggravated by the fact that many industrial manufacturers are not fully transparent regarding the used
additives and their concentrations and, consequently, a detailed view across the value chain of the chemical profile of the
final products is not available, with concomitant health risks . For example, brominated flame retardants have been

inadvertently incorporated into recycled products, including household items 22 and toys 3], posing a significant health
risk [14],



These health risks are not minimized when plastic waste is burned, which is particularly problematic in low-technology
incinerators or under uncontrolled conditions. When combustion is incomplete, the process causes the emission of
hazardous compounds, including persistent organic pollutants (POPs), namely, dioxins, as well as acid gases and ash [2],

| 2. Migration and Sorption

When present in plastics, chemicals added—whether intentionally or unintentionally—have the potential to migrate to the
surrounding matrix, hamely, food, water, and sediments, among others, as well as across the material itself, to its surface
(151, This migration may be intentional: for example, some mold release agents are added to be gradually and continuously
released to the surface of numerous plastic products, which results in improved antistatic, mechanical, or optical
properties (e.g., 8Ly or prevents the oxidation of silver, yielding a longer shelf-life for foodstuff 18] This is also the case
in some medical applications, as the precisely controlled release of drug dosages may greatly improve the quality of life of
patients. In most cases, however, and particularly in environmental settings, this observed release is uncontrolled and
unplanned, potentially resulting in serious environmental consequences. The overall process of migration can be divided
into four essential steps 13

(1)diffusion through the polymer;
(2)desorption (from the polymer surface);
(3)sorption at the plastic—matrix interface and;
(4)absorption/dispersion in the matrix.

Broadly, these steps are governed by Fick’s Law, which postulates that the “rate of diffusion of a substance across a unit
area (such as a surface) is proportional to the concentration gradient” 2. In simpler terms, Fick’s Law states that the flux
of a given compound takes place from areas or regions of higher concentrations to those of lower concentrations. The
scale of said migration is proportional to the concentration gradient (spatial derivative) 2. This may assume many forms,
but the most common version is based on the molarity of the chemical substance in question (Equation (1)):
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where:

« Jis the diffusion flux. It refers to the amount of substance per unit area per unit time. This parameter measures the
amount of substance that flows through a unit area during a unit time interval.

« D is the diffusion coefficient. It is expressed in area per unit time.
e (@ is concentration, expressed as the amount of substance per unit volume.
e X is position, the dimension of which is length.

For organic chemicals, as plastic additives, the rate of migration is molecular weight-dependent, meaning that smaller
molecules, typically exhibiting lower boiling points, will migrate faster, even at ambient temperatures, as is the case for
monomers such as ethylene or butadiene; conversely, larger molecules will migrate more slowly 221,

On the other hand, sorption describes the transfer of chemicals between phases, typically, a solid phase, such as plastic
materials, and a fluid phase, such as air or water. The term sorption thus describes both absorption and adsorption. In
adsorption, the molecules of the chemical remain on the interface between the fluid and the solid phases 21 while in
absorption, the molecules of the chemical penetrate and become embedded in the matrix of the solid phase. Typically,
adsorption involves bonding interactions such as van der Waals, ionic, or covalent bonds; absorption takes place through
the partitioning of the sorbate molecules into the sorbent matrix, which are subsequently held by weak van der Waals
forces 124, This process is highly dependent on the properties of the sorbate chemical, in particular, its hydrophobic
characteristics, but also on the properties of the solid phase and on the surface area-to-volume ratio, which increases
exponentially with decreasing particle size, as is the case for microplastics =, Especially at this scale, the surface polarity
of these materials plays a key role in determining their interaction with organic contaminants. For example, contaminants
exhibiting hydrophobic characteristics have a higher likelihood of adhering to non-polar surfaces 23, Indeed, the identified



environmental hazards posed by these additives when associated with microplastics result from the fact that many of
these chemicals, such as PAHs, are non-polar planar molecules. These molecules commonly possess adsorption
coefficients higher than those of non-planar molecules of identical hydrophobicity 221,

In general, lower concentrations of sorbate favor adsorption and higher concentrations favor absorption 24, This is
because, when concentrations of the chemical (sorbate) are sufficiently low, a higher degree of partitioning of the sorbate
between both solid and fluid phases will be observed due to stronger forces of interaction at the surface. Broadly, sorption
processes may be categorized as either physisorption (physical adsorption) or chemisorption (chemical adsorption)..

2.1. Factors Affecting Sorption
2.1.1. Particle Size of (Micro)Plastics

The reduction in size of polymeric particles, as well as their irregularity in shape, is accompanied by an increase in their
surface area-to-volume ratio which commonly results in an enhanced sorption capacity 2. By determining the specific
surface area through the Brunauer—-Emmett-Teller (BET) method, these authors found that the BET area of three
polymers—PE, PS, and PVC—showed a positive correlation with the sorption of pyrene. However, although shape and
size may play a role in the adsorption process, these factors likely have a less important role in absorption, as the latter
does not depend on the availability of sorption sites on the surface 28], It should also be noted that, particularly for smaller
particles, such as those commonly referred to nanoplastics (<1 pm in size) 24, aggregation phenomena could occur that
may result in an effective reduction in the available surface area, as reported by 28], who noted that sorption behaviors
were altered when microplastics were reduced to the nanoscale and attributed this lower sorption capacity to the
aggregation of nano-sized microplastics. Moreover, the presence and size of pores on the surface of microplastics is of
the utmost importance, as smaller pores enhance the interaction of the sorbate with the surface of the sorbent, leading to
the formation of monolayer adsorption, while larger pores result in both mono- and multilayer adsorption 22,

2.1.2. Crystallinity of (Micro)Plastics

Plastics and, by extension, smaller plastics (microplastics) are composed of amorphous and crystalline regions. Based on
the extent of molecular chain alignment, these materials may be classified as either amorphous, semi-crystalline, or
crystalline 23], Therefore, the degree of crystallinity of a given polymer expresses the fraction of crystalline regions, or, in
other words, the fraction in which the polymer chains are aligned with each other, and this parameter varies greatly among
different polymers, ranging from just over 0% (e.g., atactic PS) to over 90% (e.g., some commercial PE microspheres B%),
although no polymer is 100% crystalline. A higher prevalence of amorphous regions will result in higher mobility and
polymer accessibility, thus favoring the diffusion of the chemical's molecules compared to crystalline regions, which
require higher energies for their uptake 28], For example, Yao and colleagues studied the sorption of dibutyl phthalate, a
member of the phthalate acid ester (PAE) family, which is commonly used in plastic manufacturing to impart flexibility to a
wide variety of plastic products B, onto PE microplastics of different morphological characteristics and degrees of
crystallinity Y. Not only did they conclude that size was not a decisive factor, they also established a significant decrease
in adsorption with increasing crystallinity (r2 = 0.98).

2.1.3. Glass Transition Temperature of (Micro)Plastics

Closely associated with crystallinity, glass transition temperature (Tg) also affects MPs and chemical sorption processes.
Simply put, Tg is the temperature value at which there is a transition in the amorphous region of a polymer, when heated,
from a “glassy” to a “rubbery” state (23], It is, in other words, “the macro-manifestation of a polymer chain’s flexibility” 2. At
lower temperatures, the amorphous regions of the polymer are in the so-called “glassy” state, and, as such, they are more
rigid and only vibrate; however, when heated, some regions will transition to the noted “rubbery” state, and these
segments will show higher flexibility, as molecules will have a greater degree of freedom to move and, therefore,
absorption of chemicals in these regions will be enhanced 28 owing to higher accessibility to hydrophobic organic
compounds. As noted in the previous section, the crystalline regions of the polymer will not favor sorption owing to the
high energy needed to destabilize the strongly ordered polymer chains. Hence, it is possible to postulate that the effect of
Tg will thus be mostly felt within the amorphous regions, which will be more susceptible to sorption processes, although
this requires more detailed research.

2.1.4. Functionalization and Cross-Linkage of (Micro)Plastics

Polymers exhibiting higher degrees of cross-linking, i.e., the presence of strong covalent bonds between polymeric
chains, commonly show higher structural rigidity and therefore do not favor the internal diffusion of contaminants 3. A
typically cited example is that of vulcanized rubber with sulfur; the cross-linking results in an increased Tg, thus increasing



the range of temperatures associated with the “glassy” state of the polymer B2l ultimately influencing the sorption process
as discussed above.

Similarly, the presence of functional groups may also affect their sorption behavior. For example, it has been
demonstrated that highly aromatic PS exhibited a higher sorption affinity to polychlorinated biphenyl compounds, likely
attributable to the hydrophobicity and T—Tt interactions when compared with PE 4. Conversely, functional groups
containing oxygen could also act as H-bond acceptors, thus interacting with water molecules, leading to the formation of
water clusters on the surface of the polymeric materials. These three-dimensional water clusters may reduce the
accessibility of contaminants to the sorption domains of plastics due to competition, yielding a de facto reduction in
sorption affinities 221331, Hence, the type and extent of functionalization will affect the sorption process, though this will
not, by itself, enhance or negatively affect the sorption behavior, and attention should be paid to these specific
characteristics of the polymers.

2.1.5. Surface Polarity of (Micro)Plastics

Carbon is the key constituent of the most commonly used plastics. Having four valence electrons, it achieves stability by
sharing four more electrons, allowing it to form a wide range of covalent bonds. Carbon also catenates, forming strong
bonds with itself B8l In polymers, the existing functional groups, hydrophobicity, and presence of unsaturated bonds all
contribute to the type and strength of the formed secondary bonds 22 and these parameters are essential for
ascertaining and determining the interactions of the polymers with chemical compounds. Velzeboer and colleagues, for
example, showed that planar PCBs exhibited show stronger surface adsorption due to their supposed ability to move
closer to the sorption surface than the more bulky nonplanar congeners B2, although their findings were not consistent
between the two studied matrices, which were freshwater and saltwater (in freshwater, the effects of planarity were
inconsistently or not significantly different).

2.1.6. Age and Degree of Weathering of (Micro)Plastics

When exposed to the elements, plastics undergo degradation and structural alterations that may lead not only to
morphological changes, but also modifications at the level of surface area and polarity 23], These alterations have been
demonstrated to enhance the sorption of different compounds, including metals and organic contaminants. For example,
Liu and colleagues showed that ciprofloxacin had an elevated sorption capacity towards UV-aged PS when compared to
virgin plastic B8l An identical observation was made for the adsorption of oxytetracycline on weathered PS by Zhang and
colleagues 9. The authors suggested that these effects may be due to the formation of oxygen-containing groups at the
surface of these materials 2%, as well as to the light-induced surface oxidation of plastics [22. Aging may also result in
reductions in the hydrophobicity of plastics, thereby favoring the sorption of hydrophilic contaminants. In fact, it has been
shown that non-polar compounds were more likely to sorb onto weathered microplastics than those of polar nature, thus
suggesting that weathered or aged plastics may exert a more toxic effect than virgin or pristine plastics due to the higher
sorption potential of contaminants 44,

2.1.7. Color of (Micro)Plastics

Though severely understudied, color constitutes a parameter that may also play a role in the sorption of contaminants by
plastics. Frias and colleagues, for example, collected microplastics from two beaches and showed that black pellets had
the highest concentrations of POPs, except for PAHs 2. This could be due to the fact that colored and darker plastics
typically contain more additives, which may enhance their sorption capacity 23, although the nature and type of additives
used for obtaining darker colored plastics could also be a factor. Fisner and colleagues 43 also concluded that darker
colors mirrored a higher concentration of PAHs, although the degree or darkness was associated with weathering. As
such, the enhanced sorption capacity could be reflective of weathering and not color itself. This limited set of results
highlights the current need to further explore this parameter and how it affects sorption capacity, if it does at all.

2.1.8. Hydrophobicity and Planarity of the Sorbate

The properties of the sorbate (contaminant) also constitute a key factor in its uptake and release by microplastics, as
reflected by the accumulation capacity and the equilibrium state. Although it has not been thoroughly studied, it has been
demonstrated that hydrophobicity/hydrophilicity, surface charge, and the presence of functional groups in the sorbate do
exert an effect on the overall sorption behavior. Among these, however, hydrophobicity is considered to be the most
important, as the hydrophobic nature of most MPs’ surfaces renders these interactions the main driver of the sorption
mechanism of numerous chemicals 22231441 Accordingly, organic contaminants with high hydrophobicity tend to be more
readily adsorbed by (micro)plastics (22, In cases in which diffusion is the rate-limiting step of the sorption process, the
molecular weight of the molecule should also be considered, as the lower both the molecular weight and the



hydrophobicity of the compound (higher hydrophilicity) are, the faster the diffusion mass transfer until reaching equilibrium
or steady-state conditions. This is because, in such cases—with diffusion as the rate-limiting process—the molecular
weight of the sorbate becomes more relevant than hydrophobicity, as diffusion is more prominently hindered by the
increase in the molecular size 28],

Planarity also plays a role in the kinetics of the sorption process. In fact, planar molecules, such as PAHs, show higher
sorption coefficients when directly compared with other non-planar molecules of identical hydrophobicity. This is due to the
fact that higher degrees of planarity will result in higher proximities towards the surface of the plastics, facilitating non-
covalent TT—Tt interactions between the sorbent and sorbate [24],

2.1.9. Speciation/lonization and Functionalization of the Sorbate

Chemical speciation is also a noteworthy aspect. Simply put, speciation depends on the acid dissociation constant (pKy)
of the contaminant and the pH of the solution (pHsg), as these determine the isoelectric charge of the chemical. If pHgq >
pKg,, the contaminant will predominantly be in an ionized form ¥, For organic contaminants, namely, ionic compounds,
different ionization states under different conditions could affect the sorption mechanism due to electrostatic interaction
23 For example, when studying the partition behavior of perfluorooctanesulfonate (PFOS) and
perfluorooctanesulfonamide (FOSA) in commercial microplastics, Wang and co-workers showed that FOSA was adsorbed
by PS but PFOS was not due to the electrostatic repulsion observed between PS and PFOS, as both were negatively
charged 8. Similarly, for metals, chemical speciation could be an important parameter for predicting their sorption
behavior, as the process is partly driven by the formation of free cationic species and coordination complexes within the
matrix 28, Free cations subsequently have a higher likelihood of interacting with the negatively charged regions of
microplastics, which can be generated through the adsorption of organic molecules ¥Z or even due to the presence of
other plastic additives. The organo-metallic complexes, however, can interact with areas of the surface of the plastics
showing a neutral charge due to hydrophobic interactions.

The presence of functional groups in the contaminant/sorbate could also impact the degree and extent of sorption. For
example, in an already mentioned study, Wang and colleagues described a higher sorption of FOSA than that of PFOS on
PE, which could, at least partially, be ascribed to the presence of a sulfonamide group on FOSA 8. Similarly, when
assessing the sorption of three anti-inflammatory drugs to microplastics, Elizalde-Velazquez and colleagues showed that
some exhibited an enhanced sorption, likely due to the presence of amino groups in their structure 28, This likely stems
from the fact that functional groups may attract the 1t electron(s) on the surface of plastics and therefore enhance m—m
electrostatic interactions between polymers and chemicals.

2.1.10. pH of the Medium

External factors of the surrounding medium play an active role in sorption processes, with numerous relevant
characteristics and parameters. By far, however, the most studied of these is pH. As previously noted, the pH of the
solution contributes to determining the charged state of the contaminants, which affects the sorption affinity through
electrostatic interaction. For example, it has been described that the degree of sorption by commercially acquired virgin
PS particles increased with increasing pH values when this was kept under the 5. The authors suggested that this was
likely due to the fact that, within the studied range of pH values, PS was negatively charged and the sorbent was
positively charged; however, the high concentration of H* inhibited the sorption of the positively charged chemical, and, as
such, sorption increased with a decrease in H* concentration 28, Subsequently, when the pH value was further increased,
sorption quickly decreased as the positively charged chemical became negatively charged, resulting in an electrostatic
repulsion between the sorbate and sorbent. Fred-Ahmadu and colleagues 22 summarized the role of pH as follows:

(i).Electrostatic repulsion will increase with an increase in the solution’s pH, suppressing electrostatic interaction between
differently charged sorbates and sorbents;

(ii).An increase in pH may favor the dissociation of the hydrophobic neutral sorbate molecules into negatively charged,
hydrophilic species, resulting in a diminished hydrophobic interaction;

(iif).High pH may increase the 1t donor ability of sorbate, thus enhancing -t interactions.

The role of pH may be of paramount importance when assessing potential ecotoxicological consequences, especially at
the level of human health, as it has been shown that, for metals, for example, high desorption rates from contaminated

plastics can be observed in particularly low pH environments, as is the case when these materials are exposed to gastric
fluid (491,



2.1.11. Salinity of the Medium

Salinity plays an especially important role in marine environments. Salts and, particularly, NaCl promote a “salting-out”
effect that increases with molecular weight and decreases with compound polarity 23l This results in a shift of equilibrium
towards the organic/polymeric phase. In other words, the presence of salts in a solution where sorption may occur will
induce alterations in the partition equilibrium of natural organic solutes towards non-aqueous phases and may end up
increasing sorption to microplastics by decreasing the solubility of the chemical contaminant 28, The effects of salinity can
also manifest through the rate or extent of agglomeration of sorbent, namely, microplastics, inducing changes at the level
of size and available surface area, causing a reduction in the sorption of contaminant ions. In cases in which electrostatic
interactions are the predominant driving force, a competition between ion-exchangeable sites can take place, again
yielding a de facto decrease in the sorption of chemical compounds BY. However, other authors have found that a wide
range of levels of salinity exerted little to no effect on the rate of sorption of different chemicals on a variety of plastics, as
in the case of polybrominated diphenyl ethers with four microplastics (PE, PP, PA, and PS) Bl suggesting that the
sorption mechanisms by microplastics may indeed be contaminant-specific, resulting in sorption processes that are not
dependent on the salinity of the surrounding environment.

On the other hand, ions available in the surrounding medium may compete with organic compounds for sorption sites on
the surface of plastics, thus negatively affecting the sorption processes of these materials. This has been confirmed by
Zhang and colleagues, who showed that increasing concentrations of CaCl, or Na,SO,, for example, decreased the
sorption of oxytetracycline in both virgin and weathered plastics B2, which was ascribed to the strong competition of Ca2*
and Na* for cationic exchange sites at the surfaces of the tested microplastics. Similarly, by directly comparing the
sorption affinity of PFAs on microplastics in both fresh and seawater, Llorca and co-workers 22 found sorption to be
weaker in the latter, thus confirming the expected behaviors for these cases. These findings showcase the need to further
expand research on the topic, as contamination of the environment and subsequent ecotoxicological implications will likely
vary depending on the environmental compartment the contamination refers to. This is especially relevant for metals,
namely, copper, lead, and cadmium 23], as the sorption mechanisms for these more directly vary depending upon the
existing competition for binding sites between ions in solution and contaminants. Indeed, this appears to be the
determining factor for the observed effects of ionic strength during sorption 22,

2.1.12. (Dissolved) Organic Matter in the Medium

Organic matter (OM) is of special importance for metals, as it can react with them and affect the sorption process.
Generally, this interaction yields neutral organo-metallic complexes which display higher degrees of hydrophobicity when
compared to that of the free ions. Consequently, this favors sorption by the hydrophobic microplastics 22, On the other
hand, this complexation also contributes to a decrease in the concentration of the free ions in solution, which may result in
a lower degree of sorption. As such, the overall process should be analyzed on a case-by-case basis, as it depends on
the specificity of the (dissolved) organic matter, ions, and their concentrations, making difficult to determine or assume a
“general” behavior of the sorption process when (D)OM is a present 28, Nonetheless, the size of the plastics also likely
plays a role. In fact, Chen and colleagues demonstrated that the interactions of DOM and plastics depended, among other
factors, on the size of the particles 24 due to their effects on the stability of the dispersions.

For organic chemicals, the presence of dissolved organic matter probably results in a decrease in their sorption to
microplastics, as it likely binds the chemicals and competes with microplastics 2. However, these effects will possibly
vary with the polarity of the chemicals: non-polar chemicals have a higher affinity towards organic matter, resulting in a
decreased sorption to plastics, but this influence is likely reduced in the case of polar chemicals. For cases in which
absorption is the dominant process, the presence of DOM has been demonstrated to be of less significance owing to the
fact that its effects are more pronounced at the surface of polymeric materials, especially non-porous ones, as there is no
blockage of pores by the organic matter (251,

2.1.13. Co-Existing Pollutants in the Medium

It is known that multiple contaminants and pollutants are found in the environment and, especially, in aquatic
environments. As such, their co-existence could lead to competition for sorption sites on microplastics. Though not many
studies have focused on this subject, Bakir and colleagues, for example, studied the sorption of DDT and phenanthrene
by unplasticized PVC and ultra-high molecular weight polyethylene in seawater 8. They found that DDT outcompeted
phenanthrene for sorption onto plastic, thus illustrating an antagonistic effect. However, as noted by the authors, their
work depicted a binary component process, and in the environment a multitude of such contaminants exist. As such, it is
necessary to further study these interactions, focusing on an ever-increasing degree of complexity.

2.1.14. Temperature of the Medium



The temperature of the medium can induce modifications of the polymers at the structural level, as higher temperatures
may result in larger motions of segments of the polymer, thus favoring lower crystallinity, whose effects on the sorption
process have been previously described. In spite of the expected role of this parameter in the uptake/release of
contaminants by plastics, most of the sorption studies have been conducted at room temperature, except when the
experimental design is specifically tailored to determine said effects 22, Some studies have demonstrated that, generally,
higher temperatures result in higher sorption rates, which could imply an increase in the number of active sites on the
surfaces of the (micro)plastics BZ. For example, Lin and colleagues demonstrated that a slight increase in temperature
translated into a small increase in the sorption of tetracycline by PS microplastics 28: similarly, desorption of different
bisphenols has been shown to increase with increasing temperatures B2, However, broadly speaking, the effects of
temperature of the matrix depends on the chemical’s microstructure, meaning that the sorption process varies depending
on the degree of crystallinity (as discussed above) and that this, in turn, depends on the temperature. In other words, the
sorption rates may increase with increasing temperatures, but decrease with increasing degrees of crystallinity, which
increases with increasing temperature. Again, it is therefore likely that the behavior of sorbate—sorbent interactions will
have to undergo analysis on a case-by-case basis owing to the inherently different characteristics of contaminants and
polymers and their interaction with the environment.

2.1.15. Confounding Factors

Multiple factors affect the uptake/release of chemical compounds by polymeric materials, as illustrated in Figure 1.
However, how these affect the sorption behavior is, in some cases, insufficiently described and, even for those whose
effects are understood, as is the case for weathering, often divergent and contrasting findings are reported, and predictive
modelling becomes extremely difficult. For example, some authors have described microplastics found in riverine systems
to be less susceptible to weathering phenomena than those found in marine systems 89, as the former are less subject to
tidal flows and are beached less frequently and for shorter periods of time. Others, however, have claimed that
microplastics found in rivers are more exposed to UV radiation, and therefore undergo more intense weathering 61,
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Figure 1. General overview of the key factors affecting the uptake and release of contaminants by (micro)plastics. The
question mark represents the potentially still undetermined factors as well as the unpredictable contribution of
confounding factors, such as matrix complexity (23],

Soil and sediment matrices are highly complex media, and most studies focusing on assessing the sorption behavior of
chemicals in the presence of (micro)plastics have been performed in aquatic environments. Nonetheless, both matrices
are key reservoirs of chemical contaminants and microplastics 28, Chen and colleagues studied the uptake and release
of triclosan, a bacteriostatic agent widely used in numerous consumer products that is intended to reduce or prevent
bacterial contamination, by soil and PS and PE particles 82, Interestingly, these authors described different patterns of the
release of triclosan, which were highest for soil, followed PE and PS microparticles. This suggests that the typical high
rate of uptake of chemicals by plastics 23], subsequently accompanied by this lower rate of desorption, could constitute a



potential risk for the transfer of pollutants from loaded microplastics to the surrounding environment, whether sediments,
water, or even biota.

Another potentially confounding factor is microbial activity. In fact, most plastics, and particularly microplastics, are prone
to microbial colonization €3], This includes colonization by bacteria, algae, and fungi, which may form a biofilm on the
surface of these materials. As discussed by Rodrigues and colleagues 4], the presence of biofilms could result in a two-
tiered effect on the sorption of contaminants: it may prevent the penetration of UV radiation, and, consequently, actively
reduce the weathering of microplastics, with a concomitant decrease in sorption rates, as previously discussed; however,
it may also induce higher rates of sorption through modifications of the plastics’ surface morphology. Hence, the overall
effect of biofilm formation might depend upon the protective role it confers to the microplastics against weathering, which,
in turn, may depend on the type of organism, as well as on the putative alterations these materials undergo in response to
the presence of said biofilm.

2.2. Sorption Mechanisms

The mechanisms involved in the sorption of contaminants onto (micro)plastics are overviewed in Figure 2 .
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Figure 2. Overview of the sorption mechanisms of organic contaminants in the presence of microplastics. Research
suggests that these phenomena may lead to microplastics acting as vectors for these contaminants 24, Phenanthrene
and ciprofloxacin are used merely as examples 25,

2.3. Mechanistic Modelling

Generally, the uptake process of a solute onto a solid particle involves four distinct steps [€2!:
()transport of the solute within the bulk solution/matrix;

(2)diffusion of the solute through the boundary layer around the sorbent;

(3)diffusion of the solute inside the solid sorbent and;

(4)sorption on the active sites on the solid surface.

The release process, in turn, results from the reverse sequence of steps, beginning with the desorption from active sites
(23] The overall rate of the process is determined by the slowest of these steps, although it should be noted that the
contribution of each individual step depends on the properties of the chemicals and the particles themselves, as well as
on the environmental characteristics, as discussed in the previous section. Most studies, however, focus on the kinetics of
the sole sorption process, and, as such, very few works have delved into the identification of the rate limiting step. One
frequently—and understandably—ignored step is the initial step, as the solute transport through the solution may be
considered negligible due to the often powerful mechanical stirring used in laboratory studies 8. Generally, Step 4 is
considered to be the one controlling the overall sorption process and therefore is the step modeled through simplified
empirical equations 23 such as the pseudo-first and second order kinetics equations.



The overall retention (or release) of a fluid on a solid and their thermodynamic equilibrium are defined as “sorption
isotherms” [€7. a term that accounts for the fact that these equilibria must be determined for a constant temperature, which
should be should be specified. Sorption isotherms are, therefore, a graphic representation of the interactions between the
sorbent and sorbate per unit weight of the former that also enables the determination of the remainder of the latter when
equilibrium is reached. As such, sorption isotherms can be used to predict the total amount of sorbate that can sorb on
onto the solid surface of the sorbent, and the kinetic models developed estimate the efficiency of the sorption process (22,
Experimental data on equilibria usually fit well into a one parameter linear model, also known as Henry’'s Law, or two-
parameter linear or non-linear Langmuir or Freundlich isotherms 22,

In essence, kinetic models serve the purpose of estimating the efficiency of the sorption process, while sorption isotherms
can be used to predict the amount of sorbate that can sorb onto a solid matrix.

Thus, determining the kinetics and the isotherm models will enable a better understanding of the sorption behavior of
different chemicals in the presence of plastics, and multiple studies have focused on this aspect, mostly by modelling such
sorption mechanisms based on empirical equations.
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