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Abstract Marine plastics have shown to contain various environmental chemicals.
For evaluating the potential of plastics to influence regional and global dynamics of
these chemicals and to serve as a vector to marine biota, understanding of sorption
and desorption of chemicals by plastics is important. In this chapter, the equilibrium
sorption of neutral organic chemicals from water to plastics is discussed. First, the
basic principles of equilibrium sorption are explained, and then, factors that influ-
ence the magnitude of the sorption coefficient, such as types of plastics and
chemicals, temperature, coexisting organic and inorganic constituents in water,
are overviewed. Successively, effects on the equilibrium sorption properties of
field-relevant mechanisms such as degradation and biofouling as well as nano-
sized plastics are discussed. It is evident that studies on sorption properties of aged
plastics in field conditions are far less available than those of intact plastics in
laboratory conditions.
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1 Introduction

Plastic particles and fragments existing in marine environments have been found to
contain various types of chemicals. Some chemicals are additives that are inten-
tionally compounded into plastic during manufacturing processes, while others are
environmental contaminants sorbed by plastic from external phases (e.g., seawater).
The ability of plastic to sorb and concentrate hydrophobic organic contaminants
(HOCs) from ambient seawater has been recognized since the early 1970s [1, 2] and
has received growing interest afterwards [3—11]. Subsequent research has addressed
the composition of the chemical mixtures that reside in the plastic particles (e.g.,
[3, 4, 8]), the global distribution of plastic-bound chemicals by using the plastic as
continuous in situ passive samplers [6], the relative ability of various plastic types
to sorb chemicals [9, 12, 13], and several more specific mechanistic issues such as
the role of plastic as a transport medium [3, 14, 15]. Chemicals in marine plastics
can desorb to seawater when the conditions allow them to do so. Moreover, if
plastics are ingested by organisms such as birds, fish, and benthic organisms,
chemicals could desorb from the plastics within the gastrointestinal tract and
become available for successive uptake into the organism body [7, 16—18]. Clearly,
understanding of the sorption and desorption behavior of chemicals to and from
plastics is of utmost importance for the evaluation of plastic—chemical interactions
in marine environments as well as a possible transfer of chemicals from plastics to
organisms.

The aim of this chapter is to provide fundamental and practical knowledge
regarding equilibrium sorption of organic chemicals from water to plastic. Kinetics
of sorption (and desorption) of organic chemicals by plastics are out of scope within
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this chapter and will be dealt with in another chapter of this book. The first half of
this chapter summarizes the principles of equilibrium sorption of organic chemicals
to plastics. The concepts of equilibrium sorption and sorption coefficients are
introduced, and the relation of sorption coefficients with the properties of plastics
and chemicals is described. In the latter half of this chapter, we collate and
synthesize the recent research in relation to sorption of organic chemicals by marine
plastics. Influences of weathering and biofouling on sorption coefficients and field-
based values are overviewed.

2 Principles of Sorption to Polymers

2.1 Sorption: Types and Definitions

Sorption is a process in which chemicals are transferred from a fluid phase (e.g.,
water and air) to a solid phase. The term “sorption” collectively refers to both
absorption and adsorption. In absorption, molecules of the chemical penetrate and
become associated within the matrix of the solid phase, while in adsorption,
molecules become confined at the interface between fluid and solid phases. The
term sorption is widely used, because it is often unknown whether absorption or
adsorption is operative, and also because absorption and adsorption can simulta-
neously occur. The relative importance of absorption and adsorption depends on the
properties of the solid and the chemical and on the surface-to-volume ratio of the
solid. Plastics have a variety of properties and dimensions, and thus both absorption
and adsorption can be relevant. A term that is closely related to sorption is
“partitioning.” “Partitioning” is more general, referring to a transfer of chemical
between any types of phases, in contrast to “sorption,” which usually involves a
solid as one phase. This word usage is, however, not universal. In fact, “sorption”
and “partitioning” are often used as synonyms, and in some scientific fields such as
environmental chemistry, “partitioning” is used only to refer to a chemical transfer
“into” liquid and solid phases (i.e., absorption) (e.g., [19, 20]).

Sorption processes can also be classified into chemical and physical sorption.
Chemical sorption (also referred to as chemisorption) denotes the association of
chemicals by solid through the formation of covalent bonds. Thus, for chemisorp-
tion to occur, there need to be structural domains in solid and chemical molecules
that can mutually react. Chemisorption can be irreversible, i.e., the sorbed chemical
will not desorb from the solid to the surrounding phase (unless the covalent bond
that connects the chemical and the plastic breaks up). Physical sorption
(or physisorption) takes place due to non-covalent intermolecular interactions
such as van der Waals (vdW) interactions. Non-covalent interactions occur between
any solid and any chemical (though the interaction forces strongly depend on their
combinations) and physisorption is usually reversible. Usually, sorption of HOCs
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by typical marine plastics is physisorption. Therefore, in the following sections of
this chapter, we only deal with physisorption.

2.2 Equilibrium Sorption and Sorption Coefficients

In a closed system consisting of a solid phase and a fluid phase (e.g., plastic and
water), transfer of a chemical occurs from one phase to the other until the concen-
trations of the chemical in the two phases become “balanced.” The final state, in
which there is no net transfer of the chemical between the two phases, is referred to
as sorption equilibrium. The concentration ratio at sorption equilibrium is referred
to as the sorption coefficient and is typically denoted with K. For sorption by
plastics,

Kpw =C, /Cy" (1)

where Ky, [Lwater/KEpiastic] 18 the sorption coefficient of the chemical from water to
plastic and Cp, [mol/Kgpjasiic OF ME/Kgpasiic] and Cy, [MOl/Lyater OF Mg/Ly o] are the
concentrations of the chemical in plastic and water, respectively. The superscript *
indicates that the two concentrations are in equilibrium. The unit of K, depends on
the units of the two concentrations; thus, if Cj, was defined with a unit of mol/Ljasiic
instead, then K, would be in Lyater/Lpiastic- Kpw defines the balanced state of C, and
C, and the value of K, depends strongly on the types of plastics and chemicals.
For example, a measured value of K, for PCB 143 (a congener of polychlorinated
biphenyls, PCBs) between polyethylene (PE) and water is 6.3 x 10° Lyacer/KEPE
[21], whereas that of lindane is 4.2 x 10° Lyawer/kgpe [22]. This means that, at
equilibrium, there is a factor of as much as 10,000 difference between PCB 143 and
lindane in terms of the enrichment factor from water.

The sorption coefficient K, is of tremendous importance for understanding the
sorption/desorption behavior of a chemical to plastics, as the spontaneous transfer
of a chemical always occurs in such a direction that the actual concentration ratio
(Cp/Cy,) approaches the value of K. If the actual C,/C,, ratio is <K, then
sorption from water to the plastic occurs. If C,/C, > K, then desorption from
the plastic to water takes place. When C,/C,, reaches K,,, then neither sorption nor
desorption occurs any more (i.e., sorption equilibrium). Equilibrium (or near-
equilibrium) situations can occur not only in closed systems, but also in any system
where the phase transfer occurs much quicker than other disturbing processes (e.g.,
degradation of the chemical). For example, sorption of legacy pollutants such as
PCBs from seawater to floating plastic particles in the open ocean may proceed
until equilibrium is reached, because the seawater concentration of such chemicals
is relatively stable over long time. In contrast, sorption of wastewater contaminants
to plastics in estuarine systems may not reach equilibrium, as concentrations in the
water phase fluctuate steadily.
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If K, is constant through the whole concentration range of the chemical, the
sorption is called “linear sorption,” because the plot of Cp* against C,” is linear.
Such a plot is called a linear isotherm, and the slope of the plot equals K. Thus,

Cp" = KpCy' 2)

In case K, depends on the concentration of the chemical, the isotherm (i.e., Cp*—
C,," plot) is nonlinear, and the sorption is called “nonlinear.” Nonlinear isotherms
of plastic sorption can sometimes be approximated by the following Freundlich
equation:

CP* _ KFr (CW*)n (3)

where Kg, and n are the Freundlich coefficient and exponent, respectively. If the
isotherm follows the Freundlich equation, K, is equal to K, (C W) ! which shows
how K, depends on the concentration and that K, is equal to Kg;, for C,, equal to
unity. Many other models exist (e.g., Langmuir, Polanyi, dual-mode [23]) to
describe nonlinear isotherms. Concentration-dependence of K, can be a relevant
issue for marine plastics, because lab-experiments are often conducted with con-
centrations that are much higher than the environmentally relevant range.
Regarding equilibrium sorption, two additional notes may be worth mentioning.
First, a high or low K, value by itself implies neither fast nor slow sorption.
Moreover, K., itself does not infer at all whether or not the actual situation is in
equilibrium or the sorption process of concern will ever reach equilibrium in the
real world. What K, implies, in combination with the actual Cp/C,, ratio, is the
direction of the phase transfer (either sorption or desorption), as explained above.
How sorption/desorption reaches equilibrium is an issue of sorption Kinetics.
Second, we only discuss neutral chemicals here with a focus on HOCs. Sorption
and partitioning of ionic and ionizable chemicals need more considerations than
presented in this chapter (see, for example, Chap. 8 of [24]). Many pharmaceuticals,
surfactants, and biocides are ionic or ionizable chemicals, for example.

2.3 What Determines the Sorption Coefficient from Water
to Plastic?

2.3.1 Intermolecular Interactions

K, strongly depends on the combinations of chemical and plastic. A major

determining factor for K, is the intermolecular interactions that the chemical

undergoes in (or on) the plastic phase and in the water phase. If the energy due to

the chemical—plastic interactions is more favorable than that of the chemical-water

phase interactions, then a higher concentration of the chemical will be found in
plastic than in water at equilibrium, i.e., K,y > 1 (assuming absorption mechanisms
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and full accessibility in plastic). This means that the chemical will be enriched in
the plastic phase in comparison to the water phase. HOCs generally show K, > 1
in plastics, and often K, is many orders of magnitude higher than 1 because of the
favorable interaction energies of HOCs residing in plastics in reference to those in
water.

The most relevant types of interactions for sorption of neutral organic chemicals
are vdW interactions, hydrogen (H)-bonding interactions, and cavity formation
[25], and these types of molecular interactions additively contribute to the overall
interaction energy of the chemical in a given phase. The former two types of
interactions are attractive; thus, stronger interactions lead to a higher affinity of
the chemical for the phase of concern. vdW interactions occur between any types of
molecules, whereas H-bond interactions occur only between H-bond donor and
acceptor molecules. For example, nonpolar polyethylene molecules exert only vdW
interactions to any chemical, whereas the water molecule (an H-bond donor and
acceptor molecule) undergoes H-bond interactions with many polar chemicals in
addition to the universally present vdW interactions. The cavity formation is the
(hypothetical) process to create a cavity in the phase to accommodate the molecule
to be sorbed. Creation of a cavity needs disruption of mutual interactions between
phase-constituting molecules and thus costs energy. Therefore, the larger the cavity
formation energy, the smaller the affinity for the phase. The cavity formation
energy in the water phase is large and much larger than that in the plastic phase,
because of the strong cohesive energy between water molecules. In a given phase,
the larger the molecule to be sorbed, the larger the cavity formation cost, because
the size of the cavity depends on the size of the coming molecule.

Note that what is important for the sorption coefficient is the “difference”
between the molecular interaction energies that occur in plastic and in water, and
not the absolute interaction energy in either of the phases. In the literature, it is often
incorrectly stated that a high log K, value is an indication of strong interactions
between chemical and plastic. However, a high log K, value can occur with a
relatively low chemical—plastic interaction energy as well, if the chemical-water
interaction energy is even lower (e.g., due to a high cavity formation energy cost in
water). Similarly, strong chemical—plastic interactions do not necessarily mean that
log K,y is high, because they can be compensated by similarly strong or even
stronger interactions in the water phase (this is often the reason for relatively low
K, of polar chemicals sorbing from water to nonpolar plastics). For molecular
interactions and quantitative predictions of log Kp,,, also see Sect. 3.5 below.

2.3.2 Phase Properties of Plastics

If we were dealing with the partitioning of chemicals from water into organic
solvent, the molecular interactions discussed just above would be more or less the
entire story for describing partition coefficients. However, in contrast to a liquid
phase where the dissolved chemical can freely move, the matrix of plastics is not
necessarily fully accessible for the sorbed chemicals. Marine plastics are synthetic
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Table 1 Glass transition

Plastics T, (°C)
temperatures () of selected  ~ 07y G 7 | ethylene (LDPE) ~125
synthetic polymers

Atactic-polypropylene (a-PP) -20

Isotactic polypropylene (i-PP) 100

Polystyrene (PS) 100

Poly(vinyl chloride) (PVC) 81

Poly(vinyl acetate) (PVA) 28

Poly(dimethylsiloxane) (PDMS) —123

Poly(ethylene terephthalate) (PET) 69

Polyoxymethylene —93 to —8*

Data are from Carraher [26] unless otherwise noted
“Suzuki et al. [28]

organic polymers, and they usually contain crystalline and amorphous regions
[26]. A crystalline region has an ordered structure where polymeric molecules are
regularly arranged. The atoms consisting of polymer molecules are restricted in
terms of the positions and motions. Disrupting tightly associated polymeric chains
needs a high energy, and thus chemicals do not favorably absorb to crystalline
regions. In an amorphous region, polymeric chains are more randomly oriented,
molecular segments have a higher freedom to move, and a larger free volume is
available for chemicals to be absorbed. Semi-crystalline polymers, which contain
both crystalline and amorphous regions to an appreciable extent and include many
commercial polymers such as PE and PP, can absorb the chemicals in their
amorphous regions. Indeed, it was reported that the sorption coefficient from
water to PE (Kpg/,) decreases with increasing crystallinity of PE [27]. The degree
of crystallinity varies considerably even across polymers with the same repeating
structure, as the chain branching and the processing during the polymer productions
have strong influences on the formation of crystalline regions [26].

Another important factor is the glass transition. Amorphous regions of the
polymer undergo a transition from a rubbery to a glassy state upon cooling below
the glass transition temperature (T,;). Polymer molecules in a rubbery state are
capable of segmental chain movements, whereas those in a glassy state are
restricted to vibrational and short-range rotational motions. Polymers whose T, is
below ambient temperature are called rubbery polymers (e.g., PE; see Table 1),
while those with T, above ambient temperature are called glassy polymers (e.g.,
poly(vinylchloride) (PVC) and polystyrene (PS)). Various properties including
sorption properties of a polymer differ dramatically when compared at temperature
below and above T,. Rubbery regions absorb chemicals as organic solvent dissolves
them, because of the relatively high flexibility of the polymer segments. The
sorption to a rubbery polymer is usually linear, non-competitive in multi-solute
systems, and fully reversible. In contrast, chemicals are said to partition into
characteristic nano-sized pores within glassy polymers, and this type of sorption
is rather an adsorption-like or pore-filling process [29, 30]. As a result, the sorption
of organic chemicals to glassy polymers shows nonlinear isotherms, competition
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with other coexisting chemicals, and hysteresis due to deformation of the pores
[30-32].

2.4 Influences of External Conditions on the Sorption
Coefficient

Temperature can have influences on plastic—water sorption coefficients in two
ways. First, temperature can influence the bulk properties of the polymer such as
crystallinity and glassiness and thereby change K. A higher temperature generally
leads to lower crystallinity and glassiness because the higher energy allows larger
motions of polymer segments. Second, the intermolecular interaction energy also
depends on the temperature. The data for low density polyethylene (LDPE)—water
partition coefficients of PAHs and PCBs show a minor but significant temperature-
dependence; an increase by 10°C causes a decrease of K, by a factor of 1.1-2
[21, 33]. This is comparable to typical solvent—water partition coefficients for
HOCs which decrease by a factor of <2 (i.e., <0.3 log units) with an increase of
10°C [24].

Composition of the water phase can have an influence on apparent sorption
coefficients. Particularly relevant for hydrophobic chemicals are particulate (POM)
and dissolved organic matter (DOM) present in seawater. POM and DOM can
significantly sorb chemicals and thereby decrease the sorption of chemicals to
plastics. Here, we consider POM and DOM as additional sorbing phases in water
and do not consider their potential influences on the sorption properties of plastic
and water themselves (see Sects. 3.2 and 3.3 for the latter mechanism). The
apparent sorption coefficient from the water phase (including POM and DOM) to
plastic (K,pp) can be expressed as [24],

Kapp = pr/<1 + CPOMKPOM/wa[er + CDOMKDOM/water) (4)

where Cpon and Cpow are the concentrations of POM and DOM, respectively, in
water [kgom/Lwater]ls, and Kpomwater aNd Kpomywater are the respective sorption
coefficients of the chemical [Lygaer/kg@om]. For highly hydrophobic chemicals,
Kpomwater and Kpomywater are large, and thus the denominator of Eq. (4) can be
significantly >1, causing K, to be smaller than K,,.

Inorganic salts in water can cause a difference in sorption coefficients from pure
water. Salts in water can induce a salting-out effect, which shifts the sorption
equilibrium toward organic phases. The salting-out effect on the sorption coeffi-
cient can be described by using the Setschenow relationship [34],

lOg (Kplaslic/salt waler/KpW) =K° Csalt (5)
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where Kpjastic/salt water 15 the sorption coefficient from salt-containing water to plastic,
K [M™'] is the Setschenow coefficient, and Cy,, is the concentration of the salt in M
(e.g., ~0.5 M NaCl for seawater). K° depends on the type of salt and the organic
chemical of concern. Thus, the extent of salting-out effect (i.e., Kpjasticssatt water/Kpw)
depends on the type and the concentration of salt and the type of chemicals. In
seawater, NaCl is largely responsible for the salting-out effect [35], and in NaCl
solution, the salting-out effect increases with the molecular size and decreases with
the polarity of the chemical [34]. The available data and models indicate that the
sorption coefficients for HOCs in seawater can be higher by up to a factor of 2 in
comparison to their K, in pure water [34, 36]. Thus, the effect of salt in seawater is
rather minor.

2.5 Quantitative Models for Estimation of Sorption
Coefficients

Experimental data for K, are available for only limited combinations of polymer
and compound (see Sect. 3.5 below for some examples). Therefore, K, values
often have to be estimated using a model. It must be noted that these models have
been developed for unweathered, pure polymers and that their applicability to
plastics that are weathered under marine conditions has to be explored.

The most common approach to estimate K, is a simple log—log correlation with
K,w, the octanol-water partition coefficient,

logKpy = alogKow + f (6)

Coefficients a and /3 are empirically calibrated using experimental data for K,,, and
K. Coefficients have been reported for several (pure) polymer types typical for
marine litter [37, 38]. Such simple regression models are useful to estimate K, of
chemicals that are structurally similar to the chemicals used to derive the regression
coefficients. For example, a regression equation calibrated with data for PCBs is
expected to provide sufficiently accurate predictions for other PCB congeners.
However, predictions can be substantially less accurate for other chemicals because
log K,w—log K, correlations are not general for all chemicals.

A more general approach is to use a multiparameter model that explicitly
considers the contributions of various intermolecular interactions to log K.
Such models are referred to as polyparameter linear free energy relationships
(PP-LFERs). Among others, Abraham’s linear solvation energy relationships
(LSERs) are used most frequently [39]. LSERs for plastic—water sorption coeffi-
cients appear

LogKpw =c+eE+sS+aA+bB+vV (7)
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E, S, A, B, and V are the solute descriptors, describing the chemical ability to
undergo molecular interactions. E is the excess molar refraction, S is the solute
dipolarity/polarizability, A is the solute H-bond donor property, B is the solute
H-bond acceptor property, and V is the molar volume. The lowercase letters in
Eq. (7) are regression coefficients, indicating the differences in the complementary
interaction properties between plastic and water. In comparison to single parameter
models, PP-LFERs are more general in that they can be applied to practically any
neutral chemical irrespective of its chemical class. Prediction errors are typically
<0.3 log units [40, 41]. The descriptors are available for several thousands of
compounds [42]. The current limitation of PP-LFERS to be used for plastic sorption
is that the regression coefficients are unavailable for plastic types occurring fre-
quently in the environment, which signifies an important future research topic.

While the models shown above always require empirical descriptors and fitting
coefficients, there are also estimation models that only require the molecular
structures of polymer and chemical as input. The COSMOtherm program, based
on the COSMO-RS theory, uses a quantum-mechanically calculated surface elec-
tron density of the molecule to describe the intermolecular interaction forces and
derives partition coefficients via thermodynamic calculations [43]. The application
of COSMOtherm for polymer sorption has been reported before [44]. Another
predictive approach is SPARC, which calculates partition coefficients using molec-
ular descriptors that are derived solely from the molecular structure [45]. SPARC’s
calculations of molecular descriptors are based on group contribution methods with
a diverse calibration data set. Both COSMOtherm and SPARC are commercial
software. The strong advantage of COSMOtherm and SPARC is that predictions are
possible for virtually any neutral chemical and any phase, provided that the
chemical and the phases have defined molecular structure. The prediction accuracy
is within 1 log unit on average [46] and often poorer than empirical fit models if the
empirical models are used within their domain of applicability.

3 Sorption to Marine Plastics

3.1 Marine Plastics

The partitioning of hydrophobic chemicals to pristine, unaltered plastics has been
studied extensively in the framework of developing passive samplers (e.g., [37]).
However, in the marine environment, sorption could become dependent on the state
of the plastic, which changes over time and place. For example, the role of polymer
degradation (weathering) [5, 47], fouling, i.e., biofilm formation or organic matter
fouling [11, 48] and competition [13] in the plastic sorption have been discussed in
the literature. This implies that “marine plastic” constitutes a mixture of polymer
types, with a range of sizes and ages, causing a distribution of sorption affinities
even at small spatial scales. This also implies that making inferences on equilibrium
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sorption from field observations is challenging, due to long equilibration times
[4, 5, 9] and a high variability in age and characteristics of microplastics found on
the same location (e.g., [4, 9, 49]). Furthermore, this may limit the applicability of
the model approaches mentioned in the previous section, which is limited to well-
defined pure polymers with properties staying constant over space and time. In the
following sections, effects of degradation and fouling will be discussed, and a
comparison of in situ sorption coefficients with those for passive samplers will be
provided.

3.2 Effects of Biotic and Abiotic Degradation on Equilibrium
Sorption to Marine Plastics

In the marine environment, fragmentation of microplastic leads to smaller sized
particles that eventually may reach the nano-scale [50, 51]. Polymers consist of a
mixture of polymer chains with varying length. The chains are linked by weak
secondary bonds like H-bond or vdW interactions or by physical interactions
through entanglement of chains, leaving void space in between the chains. Polymer
breakdown is mainly initiated by chemical reactions (oxidation) that makes the
plastic brittle and the weak interactions are susceptible to breakage at a low energy
level. In combination with other forces like friction, this causes formation of
smaller polymer particles at the millimeter, micrometer, and nanometer size
range [51]. Especially at beaches, the combination of photo-oxidation by UV
exposure, a high temperature and high humidity probably enhances fragmentation
rates and reduces the size of the plastic particles [47]. The changes occurring in the
particles may lead to changing equilibrium partition coefficients through different
mechanisms. Mato et al. [3] and Endo et al. [4] discussed three mechanisms for
changing sorption characteristics upon degradation of plastic pellets. Here, we
extend their discussions on the three mechanisms with additional information
from recent studies.

1. The aforementioned weathering of plastic leads to smaller particles, thus
increasing the specific surface area of the particles. Moreover, small cracks
developing on the surface will increase the microscopic surface area. Fotopoulou
and Karapanagioti [47] observed slightly increased surface areas for beach
eroded PP and PE. Increasing the surface area increases the adsorption capacity
of the plastic, whereas it does not influence the bulk absorption. Velzeboer
et al. [11] indeed observed higher sorption to nano-sized PS particles than to
micrometer-sized PE, whereas this would be reversed if the particles had
equal size.

2. UV-B photo-oxidation or microbial degradation increases the abundance of
oxygen containing groups like carbonyl groups and therefore the polarity of
the plastic, which will lead to a change of the sorption coefficients. The effect of
overall polarity on partition coefficients has been well-established for natural
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organic matter in the aquatic environment [52-54]. Fotopoulou and
Karapanagioti [47] observed an increase in functional groups on the surface of
beach eroded PE, leading to negative surface charge at seawater pH. Beached
eroded PP, however, did not show an increase in functional groups on its surface,
which illustrates the polymer specificity of the surface alterations.

3. Differences in crystallinity have been shown to explain the differences in
partition coefficients among different types of polymers [27, 55], as well as
differences in partition coefficients for the same polymer at different states of
weathering. A rearrangement of the amorphous rubbery regions inside the
polymer and an increase in crystallinity would cause a decrease in the equilib-
rium partition coefficient if sorption to the amorphous regions is stronger than to
the crystalline regions. However, an increased crystallinity might also enhance
overall sorption if the crystalline domain has a higher sorption coefficient. For
instance, Karapanagioti and Klontza [5] observed higher distribution coeffi-
cients for eroded plastic pellets, which they attributed to increased crystallinity
of the pellets due to weathering.

It follows from these mechanisms that they could have both positive and
negative influences on Kp,, and may partly compensate for each other. Endo
et al. [4] assessed the relationship between the carbonyl index of beached PE pellets
as a measure of weathering and PCB concentrations in the field-sampled plastic
pellets, yet they did not find any relationship.

3.3 Effects of Biofouling on Equilibrium Sorption to Marine
Plastics

Like any surface in the marine environment, plastic will be colonized with micro-
and macroorganisms, a process referred to as biofouling (e.g., [56, 57]). Lobelle and
Cunliffe [57] describe how biofilm formation, leading to biofouling, develops in
four phases: adsorption of DOC, attachment of bacteria, attachment of unicellular
eukaryotes, and attachment of larvae and spores. For the formation of biofilms,
rather elaborate quantitative models are available, often focusing on marine snow
(e.g., [58]). Biofilms may subsequently cause the attachment of invertebrates and
algae, which further increases the degree of biofouling.

We are not aware of literature specifically addressing the effect of biofouling on
sorption. However, the main effects may be inferred from sorption phenomena
known to occur for similar natural particles or particle assemblages. Biofouling
turns the polymer particle into a dual domain sorbent, i.e., a microplastic core with
an outer shell of organic material. This is similar to mineral particles with an
organic matter coating or to mineral particle aggregates held by organic matter,
like suspended solids, marine snow, or sediment. Because the organic matter
shields the polymer surface from the direct ambient water layer, sorption to the
microplastic implies that this organic matter layer has to be passed. The overall
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kinetics of the process then may become dependent on the resistances to transfer in
the polymer, in the biofilm, and in the aqueous boundary layer surrounding the
biofilm coated microplastic particle, where the slowest transfer process will deter-
mine the overall sorption rate [48].

These sorption kinetics can be modeled using the concepts of intra-organic
matter diffusion (see [24]), which however is beyond the scope of the present
chapter.

Sorption equilibrium also can be expected to exhibit dual domain behavior, with
total sorption being the sum of the sorption to the microplastic (i.e., Eq. 1) and the
sorption to the organic matter. Note that the organic matter may be located on the outer
surface of the polymer particle, as well as inside the macropores. The overall sorption
coefficient for the fouled plaStiC partiCIe» Kfouled plastic/water [Lwater/kgfouled plastic]»
would be

Kfouled plastic/water — fPLKpW + fOMKOM (8)

where fpr and fon (—) are the mass fractions of plastic and organic matter (OM) in
the fouled particle, respectively, and Kon [Lwaer/kgom] are the sorption coefficient
for the attached organic matter (including biofilm, attached algae, and inverte-
brates). As explained in Sect. 2.2, for glassy polymers or for polymers with a
high crystallinity, sorption would not be linear and the first term in Eq. (8) may
be replaced by a term accounting for Freundlich, Langmuir, or Polanyi—Manes
sorption (e.g., [19]). Here, we provide the equation with nonlinear sorption to the
plastic accounted for by a Freundlich isotherm:

Kfouled plastic /water :fPLI{Ferni1 +f0MKOM (9)

in which the notations are the same as for Eq. (3). Kg, and n depend on the types and
conditions of plastic as well as on the chemicals.

3.4 Sorption Competition

The sorption equilibrium to the plastic phase most probably is influenced by the
presence of the organic matter, in case “adsorption” is the predominant mechanism
of sorption. Attenuation of HOC sorption by organic matter fouling is well known
for many geosorbents (e.g., black carbon, activated carbon) for which surface
adsorption is the dominating mechanism (e.g., [59-61]). Velzeboer et al. [11]
studied the effect of DOC on the simultaneous sorption of polychlorobiphenyls
(PCBs) to microplastic and nano-sized plastic and observed no difference for
micrometer-sized PE. This was explained from a partitioning (i.e., absorption)
mechanism dominating sorption to the bulk of the plastic, which supports the
additivity of sorption to plastic and OM as in Eq. (8). For 70 nm nano-PS, however,
sorption generally was slightly lower in the presence of DOC, which suggests an
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adsorption mechanism and a sorption competition effect between DOC and PCBs.
This also implies that the parameters in the first terms in Egs. (8) and (9) depend on
the concentrations of DOC and other competitors in the water. Apparent competi-
tion was also observed for sorption of phenanthrene and DDT to PVC and PE
microplastic, i.e., phenanthrene sorption was lower at higher DDT concentrations in
the study by Bakir et al. [13]. The studies are difficult to compare, however, because
Velzeboer et al. [11] used 10—1,000 times lower aqueous phase concentrations and
6 weeks of equilibration instead of the 72 h used by Bakir et al. [13]. Several studies
have shown long equilibration times for HOCs sorption to microplastics [3, 9, 62],
suggesting that the data for 72 h may not fully relate to sorption equilibrium.

3.5 “In-Situ” Values of Sorption Coefficients

Data on sorption of HOCs to marine plastics under in situ conditions is important in
order to assess the role of microplastics in transport and bioaccumulation of HOCs
[17, 18]. As mentioned above, field-monitoring data of concentrations in marine
plastics are not useful to obtain sorption coefficients, because of a tremendously
large variability of plastic types, age, weathering state, fouling, and the extent of
equilibration that occurs in the field. Field-exposure tests would provide insightful
results, yet such data is very limited. In situ values for sorption coefficients can be
calculated from chemical concentrations in plastic and ambient seawater, under
equilibrium conditions (Eq. 1). Measurement of in situ sorption coefficients thus
requires long exposure times [3, 9, 62]. Long exposure times also allow the
weathering and fouling of the plastic, which further maximizes the relevance of
the in situ values. To our knowledge, only one study measured chemical concen-
trations in plastic and ambient seawater after field tests [3]. They observed rapid
uptake of various HOCs by plastic pellets in 6 days but concluded that this time was
insufficient to reach equilibrium. Estimates of in situ PCB and PAH partition
coefficients for LDPE, HDPE, PP, PET, and PVC can be inferred from long term
sorption data provided by Rochman et al. [9], who measured the uptake of PCB and
PAH by these polymers under controlled conditions in San Diego Bay. Uptake was
measured up to 12 months and equilibrium concentrations were inferred from the
uptake curves using a one-compartment two-parameter kinetic model. While
Rochman et al. [9] did not directly measure HOC concentrations in seawater, we
argue that the LDPE microplastic deployed for 1 year by Rochman et al. [9] can be
considered as a regular passive sampler. The apparent aqueous phase concentra-
tions in San Diego Bay can be calculated using previously published LDPE—water
partition coefficients for passive samplers. Subsequently, the partition coefficients
for HDPE, PP, PET, and PVC can be calculated using the calculated aqueous phase
concentrations and the polymer phase concentrations reported by Rochman
et al. [9] (Fig. 1). The validity of this approach is supported by the following.
Previous studies using passive samplers used similarly long deployment times of,
for instance, 60 days (LDPE [63]) up to 365 days (LDPE [64]). Furthermore,
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sorption kinetic behavior could be described with the same parameters for up to
128 days (environmental PE pellets [62]), which would not be the case if discern-
able weathering would occur within these time frames. Lohmann [37] reviewed the
literature on HOC partitioning to LDPE and concluded that values for the various
LDPE materials were very close, and that the thickness of the LDPE had no
influence on the equilibrium partition coefficients. This can be explained from the
fact that LDPE has a relatively low crystallinity and therefore linear sorption to the
amorphous, rubbery polymer fraction dominates. This also explains that Velzeboer
et al. [11] measured Log K,,—Log K, regression parameters for HDPE
microplastic particles in seawater that agreed very well to the regression provided
by Lohmann [37], an agreement also observed by Lee et al. [38]. The observed
similarity among LDPE passive sampler materials and the similarity observed
between LDPE microplastic and sampler materials mean that variation across PE
materials apparently has a limited effect on K,,, which also implies that the LDPE
employed by Rochman et al. [9] can be assumed to have the same equilibrium
sorption behavior.

It appears that the five polymers LDPE, HDPE, PP, PVC, and PET show
different in situ partition coefficients (Fig. 1), and that the patterns are identical
for PCBs (Fig. 1a) and PAHs (Fig. 1b). Taking LDPE as a reference with the highest
values, it appears that HDPE has very similar K, values, whereas the other
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polymers have log K, values that are ~0.3-0.5 log units (PP) and ~1-1.5 log units
(PVC and PET) lower than the values for LDPE. Regressions of log K,,, against log
Kow (not shown) were all linear and highly significant.

A couple of studies that measured relative differences in either HOC concentra-
tions sampled from the same locations or K, between polymer types can be
compared with the data from field-exposure tests in Fig. 1. Endo et al. [4] as well
as Hirai et al. [8] measured PCB concentrations in marine plastic pellets and found
concentrations that tended to be higher in PE pellets than in PP pellets sampled
from the same location, which is consistent with the difference shown in Fig. 1.
Karapanagioti and Klontza [5] performed laboratory phenanthrene sorption studies
with equilibration up to 164 days and observed K, values for virgin PE being an
order of magnitude higher than for PP. Two visually identically plastic eroded
pellets however showed different K, values, illustrating the indeterminate nature
of randomly sampled pellets. In short term (only 72 h) sorption experiments, Bakir
et al. [13] found apparent phenanthrene sorption coefficients to virgin PVC being
1.5 orders of magnitude lower than those for PE, which also agrees to the difference
between PE and PVC in Fig. 1. Lee et al. [38] measured K, values for PAHs,
chlorobenzenes (CBs), and hexachlorocyclohexanes (HCHs) to “pure” HDPE, PP,
and PS, in the laboratory. They found consistent correlations with log K, for PAHs
and CBs, whereas for the HCHs relatively low K,w’s were observed due to the
polarity of the HCHs. LDPE again showed higher K, values than PP, whereas
PS-K,,, values were even higher for low-molecular-weight PAHs and CBs and only
for high-molecular-weight PAHs, PE showed the highest K, values.

In summary, our re-interpretation of the data from Rochman et al. [9] shows that
the relative partition coefficients of various plastic types after 1-year in situ
exposure experiments are consistent with the available literature data based on
the laboratory experiments. Thus, LDPE and HDPE show the highest affinity for
sorption of HOCs like PCBs and PAHs, followed by PP and then PET and PVC, a
conclusion drawn earlier by Rochman et al. [9]. Therefore, we tentatively conclude
that influences of weathering and fouling on sorption coefficients are insignificant
within a 1-year exposure time. Further research is needed to address the effects of
even longer time exposure on sorption properties and also in varying environmental
conditions.

3.6 Nanoplastic

Nanoplastic is probably the least known area of marine litter but potentially also is the
most hazardous [51]. For nano-sized plastics, some specific features may affect
sorption, such as its extremely high specific surface area, and aggregation. We are
aware of one study of HOC sorption to nanoplastics. Velzeboer et al. [11] investigated
the simultaneous sorption of 17 PCBs to 70 nm polystyrene particles, which was
compared with sorption to PE microplastic, sediment, fullerenes, and multiwalled
carbon nanotubes. K, values for the nano-PS reached values up to 10° L/kg, which
was much higher than values observed for micrometer-sized PE or bulk PS. PS is an
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aromatic polymer made from the monomer styrene. The strong sorption therefore was
explained by hydrophobic interactions and n—mn-interactions between PCBs and the
aromatic PS, as well as by the very high surface area of the nano-PS, compared to
micrometer-sized plastic. Isotherms were concave or S-shaped, which might have
been caused by changes in aggregation state with increasing aqueous PCB
concentration.

4 Conclusions and Outlook

Experimental K, data are rarely available for marine-plastic relevant polymers
other than PE. Accordingly, well-calibrated empirical models to predict K, are
available for PE only. Further sorption studies for other types of polymers are
warranted. Particularly, glassy polymers such as PS and PVC need more attention
because of their more complicated sorption behavior than rubbery polymers. The
first results for nano-PS demonstrated strong sorption for PCBs and may have
implications for its hazard. Uptake of micro- or nano-sized particles across cell
membranes may cause particle toxicity as well as chemical toxicity (e.g., [65]).
Thorough studies on the relationship between the size and the sorption properties
should shed more light on possible mechanisms of enhanced sorption. While
most studies have used PCBs or PAHs as test chemicals, other HOCs such as
polybrominated diphenyl ethers, phosphate esters, and phthalate esters are also
relevant because of their use for plastic additives. Extending the diversity of test
chemicals will enlarge the applicability domain of K, -prediction models toward
more chemical types and will also contribute to improved understanding of
chemical—plastic molecular interactions. Influences of plastic degradation and
fouling on K, have been conceptualized, although they still remain to be validated
and quantified by experiments.
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