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Environmental significance: This lab-based study has vital implications for the environmental
fate and behavior of microplastics and PFAS. The study uncovers the interactions between
PFCAs (a prevalent subclass of PFAS) and microplastics, revealing their potential to mutually
influence their properties in aquatic environments. The adsorption of PFCAs onto microplastics,
driven by hydrophobic interactions, highlights microplastics' role as vectors for PFCA transport.
Sunlight-induced weathering triggers PFCA desorption, with chain length playing a crucial role
in this process. These findings emphasize the need to consider the joint occurrence of
microplastics and PFCAs in the environment, especially in areas impacted by aqueous
firefighting foam (AFFF). Understanding these interactions is essential for developing effective
strategies to tackle the environmental risks associated with these emerging contaminants.
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Abstract

Microplastics and per- and polyfluoroalkyl substances (PFAS) are two of the most notable
emerging contaminants reported in the environment. Micron and nanoscale plastics possess a high
surface area-to-volume ratio, which could increase their potential to adsorb pollutants such as
PFAS. One of the most concerning sub-classes of PFAS are the perfluoroalkyl carboxylic acids
(PFCAs). PFCAs are often studied in the same context as other environmental contaminants, but
their amphiphilic properties are often overlooked in determining their fate in the environment. This
lack of consideration has resulted in a diminished understanding of the environmental mobility of
PFCAs, as well as their interactions with environmental media. Here, we investigate the interaction
of PFCAs with polyethylene microplastics, and identify the role of environmental weathering in
modifying the nature of interactions. Through a series of adsorption-desorption experiments, we
delineate the role of the fluoroalkyl tail in the binding of PFCAs to microplastics. As the number
of carbon atoms in the fluoroalkyl chain increases, there is a corresponding increase in the
adsorption of PFCAs onto microplastics. This relationship can become modified by environmental
weathering, where the PFCAs are released from the macro and microplastic surface after exposure
to simulated sunlight. This study identifies the fundamental relationship between PFCAs and
plastic pollutants, where they can mutually impact their thermodynamic and transport properties.

Keywords: Microplastic, PFAS, PFCA, Adsorption, Weathering
1. Introduction

Over the past century, single-use plastics have become a part of everyday life and their use
continues to increase globally. Today, legacy plastics persist in the environment, as they populate
an overwhelming portion of water on our planet!'3. Left in the environment, these plastics can
fracture and disintegrate under stress leading to the formation of microplastics (MPs). MPs are
defined as sub-cm fragments of plastics which have been deposited in the environment as a result
of industrial and consumer waste. As these plastic fragments decrease in size, their surface area-
to-volume ratio increases*, which enhances their potential to adsorb various chemicals including
environmental pollutants®>~7. While the presence of MPs in the environment is well-documented,
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their impact on human health is currently under debate®. Regardless of the potential toxicity of
pristine MPs, the adsorption of chemical pollutants on the surface of MPs could render them
harmful to living organisms. Therefore, it is critical to understand and analyze the ability of MPs
to uptake and release common environmental pollutants.

Similar to MPs, per- and polyfluoroalkyl substances (PFAS) are a relatively new class of synthetic
pollutants which are commonly released into the environment. Several PFAS belong to the family
of persistent organic pollutants (POPs) and are referred to as “forever chemicals” due to their
unmatched stability in a wide range of environmental conditions, coupled with their extremely
slow degradation kinetics’. One sub-class of PFAS widely used in industry is the perfluoroalkyl
carboxylic acids!?, referred to as PFCAs from here on. The PFCAs contain a hydrophobic
fluoroalkyl tail which is tuned in length based on the desired application or local regulations.
PFCAs have been reported in all types of environments, including freshwater'!, arctic
ecosystems!? and atmospheric water'? (fog, dew, rain) while also contaminating drinking water
throughout the United States!4. This is particularly alarming due to their potentially carcinogenic
effects!>, adverse impacts on brain function'® and epidemiological association with various
illnesses!”. Existing literature reports the coexistence of MPs and PFCAs in lakes!'® and products
from wastewater treatment, such as biosolids or sewage sludge!*2°. In some instances, biosolids
and sewage sludge are utilized as fertilizer in agriculture, leading to the unintentional deposition
of these contaminants into the environment via runoff?! and atmospheric transport?°. The potential
for co-existence of PFCAs and MPs in numerous environments has prompted the development of
predictive models to estimate their relationship in different aqueous settings*?. However, the
experimental literature on the mutual interaction between PFAS and MPs, along with the
corresponding impact is limited. In a recent field study, PFAS was found to be concentrated on
microplastics more abundantly when organic matter was present, however the mechanism of the
accumulation of the PFAS on MPs remains unclear'®. In another study, a predictive model was
used to interrogate the complexity of PFCA-MP interactions, where it was demonstrated that the
hydrophobicity of the PFCAs is a significant contributor to the adsorption of PFCAs by MPs?2.
However, experimental validation of such predictions is needed to ensure the accuracy and
applicability of the models to the real-world scenarios. Currently, we lack the understanding of
potential synergetic effects occurring between the two emerging pollutants, which could
potentially amplify their threats to the environment and human health. Hence, it is critical to
investigate the factors governing the interactions between PFCAs and MPs and thus understand
the corresponding changes in the properties of the two pollutants.

In this article, we study the interactions between PFCAs and MPs using adsorption-desorption
isotherms. In the real environment, it has been reported that PFCAs can adsorb onto many different
surfaces??, including MPs!324 however the fundamental intricacies of this relationship have yet to
be elucidated. We use polyethylene (PE) as a model MP and a set of PFCAs with tail lengths
ranging from 7-10 C-atoms as model PFCAs. By varying the tail length, we seek to identify the
role of the hydrophobic fluoroalkyl tail of the PFCA on their adsorption-desorption from the
surface of MPs. We find that PFCAs are readily adsorbed onto the MPs and impact their dispersed
state in water. We also investigate the role of sunlight-induced weathering of MPs and common
macroplastics on the adsorption capacity and release of the preabsorbed PFCAs into bulk water,



oNOYTULT D WN =

Environmental Science: Processes & Impacts

which has potential implications in modeling the environmental transport of PFCAs and MPs.
With increasing anthropogenic waste in our oceans, it is necessary to identify how the presence of
one pollutant impacts the other. Our study points to the existence of complex relationship between
PFCAs and MPs, where both the pollutants mutually impact their thermodynamic and transport
properties.

2. Experimental
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Figure 1: Experimental design. (a) Schematic representation of the experimental process where PFCAs
adsorb onto the pristine PE MPs, then sunlight-induced weathering drives the photooxidation of MPs,
followed by the subsequent desorption of PFCA molecules. The PFCA molecules and MPs shown in the
schematic are not drawn to scale. (b) Scanning electron micrograph of the model PE MPs used in the study.
Scale bar = 50 pum. (c) Chemical structures of the four model PFCAs used to investigate the role of
fluoroalkyl tail length on their ability to adsorb/desorb from MP surface.

Microplastics are classified as primary and secondary. The primary microplastics are introduced
in the environment in their microscopic form, whereas the secondary microplastics are generated
in the environment due to the gradual weathering of larger plastic materials*. Here we use
hydrophobic PE microplastics as a model for primary microplastics. We identify the nature of
interactions and corresponding adsorption-desorption relationship between PFCAs and PE MPs in
the environment (Fig 1a). PE was chosen as a model MP, as it is estimated to compose nearly half
of all plastic waste in the marine ecosystem?’. Note that such well-defined model MPs were
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necessary to clearly understand their interactions with PFCAs, which cannot be achieved with
commodity plastics.

The existence of PFAS in the environment is well-documented and includes compounds such as
fluorinated polymers, fluorotelomers and perfluoroalkyl acids?®. We study four model PFCAs with
an identical carboxylic acid headgroup and increasing number of C-atoms in the tail. PFCAs have
higher interfacial activity relative to their hydrocarbon surfactant counterparts. These
characteristics can be attributed to strongly hydrophobic nature of the fluoroalkyl tail, which
renders the PFCAs highly active towards hydrophobic interfaces, including air?’. To better
understand the role of the fluoroalkyl chains on the interactions between PFCAs and MPs, we
selected four model PFCAs. These PFCAs were chosen as models because of the following three
reasons: (1) the potential threat they pose to human health!>:17, (2) their well-documented presence
in the environment, both as direct compounds and as products of degradation?®! and (3) the
systematic variation in fluoroalkyl tail length, which impacts their phase behavior’? and would
provide insights into the underlying interactions between PFCAs and MPs. We test the tail-length
dependence of the binding affinity of PFCAs onto the model PE MPs. To do this, we measure the
adsorption isotherms of PFCAs on PE MPs in deionized (DI) water at 25°C, where the MPs are
nearly neutral and the electrostatic interaction between the PE surface and PFCAs is negligible
(discussed in section 3.1).

2.1 Materials

Neutrally buoyant polyethylene microspheres of diameter ~70 um with a specific surface area of
~0.3 m? g'! (Fig. S1 and S2) were purchased from Cospheric LLC (Fig. 1b). The PE MPs were
dyed blue in color by the manufacturer, for clarity of visualization during the experiments. The
model PFCAs were purchased from Sigma-Aldrich (95% purity) and included perfluoroheptanoic
acid (PFHpA - C7), perfluorooctanoic acid (PFOA - C8), perfluorononanoic acid (PFNA - C9)
and perfluorodecanoic acid (PFDA - C10) (Fig. Ic).

2.2 Optical tensiometry

The concentration of the model PFCAs in DI water was determined using pendant drop
tensiometry performed on an optical tensiometer (Biolin Scientific) and corresponding pendant
droplet shape analysis®3-3¢. Optical tensiometry and pendant drop analysis is a traditional method
to determine surfactant concentrations in water. Pendant drop analysis involves suspending a drop
of the liquid phase from the tip of a needle or capillary tube. The pendant drop shape is strongly
influenced by the interfacial tension (in addition to gravity), which, in turn, is affected by the
surfactant concentration. By analyzing the droplet’s contour using Young-Laplace equation, along
with the knowledge of liquid volume and density, one can determine the surface tension and
subsequently deduce the surfactant concentration in the solution (using calibration curves). It is
important to note that this method is applicable only when a single known surfactant is present in
the solution, as is the case for our experiments. Further details on quantifying the surfactant
concentrations in water using surface tension and the use of pendent drop tensiometry can be found
in previous publications3”-38. Surface tension values were then converted to concentration using an
experimentally obtained calibration curve for each respective PFCA standard (Fig. S3). If the
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PFCA concentration in the solution exceeded its critical micellar concentration (CMC) or fell
outside the linear range of the calibration curve, the solution was diluted by a known factor, which
was later applied to estimate PFCA concentration in the bulk solution®®. Additionally, the contact
angle of water on PE was obtained using the sessile droplet mode of the same optical
tensiometer/goniometer. The measurements were performed using a 5 pL sessile droplet of DI
water placed on 1 cm? PE pellet. Images were captured and subsequently analyzed, from which
the values of the contact angle were obtained.

2.3 ATR-FTIR spectroscopy

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was performed
on (1) Pristine PE, (2) Pure C10 PFCA and (3) PE with adsorbed C10 PFCA. Results were obtained
using a monolithic diamond crystal ATR accessory on a Bruker Alpha FTIR instrument. The
instrument was blanked against the air, and subsequent measurements were taken by collecting 32
scans per spectrum at a 4 cm™! resolution.

2.4 Accelerated weathering experiments

Natural sunlight was simulated by employing an Xe-1 weathering chamber (Q-Labs) equipped
with a 340 nm wavelength filter and a corresponding irradiance set at 0.35 W m2, tested and
calibrated according to the ASTM D5071 standard’’. For the model PE MPs, a typical experiment
was carried out by adding 10 mg of MPs into respective PFCA solutions. The concentration of the
PFCA solutions coincided with ~70% of the maximum surface excess of each PFCA, which was
calculated from the adsorption isotherms (see section 3.1). For the commodity macroplastics, each
sample was placed in an excess solution of C8 PFCA and the surface excess was then estimated
via calibration curve. The samples were then dried for 24 hours. After drying, each sample was
placed in 1 mL of clean DI water within a sealed quartz cuvette, then subsequently placed in the
weathering chamber for 10 days. The amount of C8 PFCA that was released back into the aqueous
media was then estimated, using the same experimental calibration curves. Control experiments
were also carried out in the absence of UV light, and in complete darkness.

2.5 Electrophoretic mobility

Electrophoresis of the PE MPs was performed using coplanar gold electrodes synthesized by
deposition of gold vapor on a microscope glass slide. The slide was soaked in NoChromix (Godax)
solution for 12 h and subsequently washed with DI water. A 5 mm wide paper mask was placed
on the glass slide prior to coating the slide with a 10 nm layer of chromium followed by a 100 nm
layer of gold in a vacuum metal evaporator (Thermionics VE-90). The aqueous suspension of MPs
was then placed in the gap created by the paper mask between the gold electrodes. The direct
current (DC) electric field was applied and manipulated by connecting the electrodes to a power
supply (BK Precision 1665). The movement of the microplastics under the influence of electric
field was monitored using Leica DM6000 optical microscope in brightfield mode.

3. Results and Discussion

3.1 Adsorption of PFCAs on microplastics
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53 e s . .
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55 maximum surface excess (I';,qx) (Fig. 2a). In the experiments, we find that the C10 PFCA has the
56
57
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highest TI'),q, for the MPs, adsorbing ~33% more than C9 and ~50% more than C8, while C7
showed the lowest adsorption on the MPs. While the environmental levels of PFCAs are typically
lower than the concentrations used in our study, legacy AFFF can contain concentrations ranging
from 0.3 to 19 mM for fluorinated C8 surfactants (such as PFOA and PFOS) and 0.1 and 0.4 mM
for fluorinated C7 surfactants (such as PFHpA and PFHpS)*'#. Field studies near AFFF impacted
areas have reported concentrations of the fluorinated surfactants in groundwater, surface water,
and soil that fall within this range*>#4. Since AFFFs often act as point sources for PFCA
contamination, our experimental concentrations retain environmental significance and have
important implications for understanding the fate and effects of PFCA in the environment.
However, the primary purpose of our study is to shed light on the fundamental interactions between
the PFCAs and the plastic substrates, and their corresponding impacts on the properties of MPs.

The experimental adsorption isotherms were further analyzed using the Langmuir adsorption
model. This two-parameter model is applicable under the assumption of monolayer adsorption of
PFCAs on MPs, and the existence of a dynamic equilibrium between the adsorbed and unabsorbed
state of the PFCA. Under such assumptions the surface excess is given as:

ImaxKadsCo ( 1 )
= T Kawrto
where K ;4 1s the equilibrium adsorption constant, which is proportional to the binding affinity of
PFCAs to the MPs. The experimental data is fitted using equation 1, with T, and K4 as fit

parameters. The values obtained for maximum surface excess and adsorption constant as a function
of number of carbon atoms in the tail of PFCAs are shown in Table 1.

Table 1. Adsorption isotherm fitting parameter obtained using Langmuir model.

PFCAs I'max (umol g1) Kaas (x1000 M)
C7 0.10 0.5
C8 0.15 2.0
C9 0.20 12.0
C10 0.30 16.8

We report an increase in the values of I'y,,,, and K45 with increasing number of C-atoms in the
fluoroalkyl chain of the model PFCAs (Table 1). This observed increase in I'y,,, can be attributed
to the increase in the hydrophobic attraction between the longer chain PFCAs and the MPs surface
leading to a closer packing of the molecules at the interface. The increase in binding affinity of
PFCAs onto neutral MPs can be quantified by the Gibbs free energy of adsorption (AG®,4s) from
Kaas as AG®q4s = —N4kpT In(K,45) where N4 is the Avogadro number, kg is the Boltzmann
constant, and T is the temperature*. We observe an increase in AG®,4, from -15 kJ mol-! to -24 kJ
mol-! upon increasing the number of C-atoms in the tail of the PFCA, which are consistent with
existing literature on the binding of molecules onto solid-liquid interfaces®. We report an
increasing affinity of PFCAs for microplastic surface with increasing fluoroalkyl chain length.
This observation aligns with current literature which reports a correlation with chain length and
adsorption onto environmental media such as minerals**’, and soils*®**° as well as its
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bioaccumulation in plants>?. Our results further demonstrate how the chemical structure of PFCAs
influences their adsorption to environmental media, particularly through hydrophobic interactions
between the adsorbent and adsorbate. Note that the model PFCAs used in the study are acidic in
nature and affect the pH of solutions.

Increasing the concentration of PFCAs will lead to a decrease in the pH of the solution. This is due
to the release of protons upon the dissociation of carboxylic acid headgroup of the PFCAs, causing
an acidic shift. At acidic pH, the nonionic and anionic forms of the PFCA molecule will exist in
equilibrium (below the equivalence point). As the pH increases beyond the equivalence point, the
ionized carboxylate state i.e. anionic form of the PFCAs solely will be present in the solution. This
behavior has been established for fatty acid molecules®', and PFCAs are anticipated to behave in
a similar manner. Hence, the pH could impact the adsorption of PFCAs, especially onto charged
surfaces. The current study uses DI water as the solvent, where the pH varies with the concentration
of PFCAs. Here the use of buffer solutions was intentionally avoided as increasing the ionic
strength (due to the presence of buffers) will not only alter the interactions of the PFCA with MPs
but also influence the hydrophobic interactions between the tails of the PFCA molecules and
impact corresponding adsorption behavior3®. Further work is needed to delineate the roles of pH,
ionic strength, and ionization state of the headgroup on the adsorption of PFCAs onto solid-liquid
interfaces.

The mechanism of adsorption of PFCAs on MPs primarily relies on the hydrophobic interactions
between the tail of the PFCAs and the hydrophobic MP surface. Since the adsorption is mainly
driven by these nonpolar interactions, the influence of pH, which primarily affects the ionization
state of the headgroup, is expected to be minimal in this scenario. The pristine polyethylene in its
near neutral charged state is not anticipated to electrostatically interact with PFCA molecules. We
further ascertain this conjecture by measuring the adsorption isotherm for C8 PFCA onto MPs at
pH 7 and 0.6 M NaCl i.e. salinity equivalent to ocean water (Fig. S4). The isotherms measured at
pH 7 and elevated salinity remains nearly the same to the isotherm in DI water, presumably due to
the strong hydrophobic attraction between the plastic surface and the fluorinated tail of the PFCA.
Notably, the interfacial activity of PFOA is reduced as the solution pH is increased (Fig. S4a),
likely due to the alteration in the ionization state of the headgroup; however, further research is
required to validate this hypothesis conclusively. This invariance of PFCA adsorption on plastics
further highlights that the conclusions of our controlled lab-based study will be valid under real
environmental conditions.

Adsorption of PFCAs lead to significant changes in the surface of the MPs. We employ ATR-
FTIR to probe the presence of PFCA on the surface using vibrational spectroscopy ona 1 cm x 1
cm pellet formed by thermal molding the PE MPs>2. The PE pellet was submerged in a solution
containing excess of C10 PFCA (5 mM) and allowed to equilibrate for 24 hours. After
equilibration, the pellet was removed from the PFCA solution, and dried for 12 hours at room
temperature before acquiring the ATR-FTIR spectra. Air-drying at room temperature is a suitable
method for this particular system because of the chemically inert nature of polyethylene, which
makes prolonged exposure to air unlikely to cause any degradation or changes to the chemical
signature. C10 was selected as the model PFCA due to its high affinity for adsorption onto MPs,
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which makes ensuing changes in the ATR-FTIR spectra easier to detect relative to shorter-chained
PFCAs. The ATR-FTIR spectra of the pristine plastic pellet, pure C10 PFCA, and PE pellet with
adsorbed C10 PFCA are shown in Figure 2b (see Fig. S5 for complete spectra). We find that
adsorption of C10 onto PE pellet introduces distinct peaks in the region 1150-1240 cm™ in the
ATR-FTIR spectra, corresponding to the C-F streching>-*. The emergence of these peaks in the
spectra of PE pellet confirms the adsorption of the PFCA on the surface of the plastic.

3.2 Effect of PFCA adsorption on the dispersity of MPs

PFCAs adsorb onto MPs with their hydrophilic head group facing the aqueous solvent. This
corollary is based on the observed increase in the maximum surface excess of adsorbed PFCA
upon increasing the carbon atom tail length (Fig. 2a), combined with the existing literature for
surfactant adsorption on hydrophobic surfaces®>. The adsorption of PFCAs can influence the
wettability of the MPs and lead to alterations in their transport behavior in the aqueous media (Fig.
3). In the absence of PFCAs, we find that the neutrally buoyant MPs are situated at the air-water
interface. This flotation of the MPs is due to their hydrophobicity rather than their mass density
being lower than water. However, upon the addition of PFCA (here C8), we observe a significant
increase in the dispersibility of MPs in the water column (Fig. 3a). In this instance, C8 was chosen
as the model PFCAs for the experiment due to its significant environmental relevance, but it should
be noted that this behavior was observed for all C7 to C10 PFCAs (Fig. S6). We quantify the
change in dispersity of the MPs upon the addition of the PFCA by estimating the number density
of the MPs in the water column using ImageJ software package’®. In a typical image analysis, the
number of MPs particles per mm? of the image are determined and plotted as a function of the
amount of PFCA. We find a rapid increase in the number density of the MPs dispersed in water
with increasing the C8 PFCA concentration (Fig. 3b). The change in water wettability of the MPs
due to the adsorption of PFCAs drives the observed changes in the dispersibility of MPs in aqueous
media.
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Figure 3. Effect of PFCA adsorption on the wettability and dispersity of MPs. (a) Image showing the
increased dispersibility of MPs upon increasing the concentration of C8 PFCA. (b) Increase in number
density of microplastics in the bulk of solution (circles) and decrease in the water contact angle of PE pellet
(squares) upon increase in the concentration of C8 PFCA. The pellet was formed by thermal molding of the
PE MPs. (c) Decrease in the water contact angle as function of the number of carbon atoms in the fluoroalkyl
chain of each PFCA. The pellets were equilibrated in respective 5 mM solution of the PFCAs. Insets show
the water droplet on the surface of the pellet. The error bars in (b) and (c) represent the standard deviation
of at least three experiments.

The wettability of the MPs is experimentally quantified by measuring the contact angle () of a
water droplet on the centimeter sized PE pellets formed by thermal molding of the PE MPs. The
PE pellets are submerged in solutions containing increasing amounts of C8 PFCA and allowed to
equilibrate for 24 hours. After drying, we measured the contact angle of a 5 uLL droplet of water
on the pellet using an optical goniometer. We find that the water contact angle decreases with
increasing the concentration of C8 PFCA (Fig. 3b), highlighting the transition of the PE surface
from hydrophobic to hydrophilic. The increase in the water wettability of the MPs upon the
adsorption of PFCAs is the reason for observed increase in their dispersity in water (Fig. 3a-b).
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Additionally, we find that the water wettability of the PE pellet saturated with PFCA is dependent
on the number of carbon atoms in the fluoroalkyl tail. The contact angle shows a decrease with
increasing the number of carbon atoms in the tail from C7 to C10 (Fig. 3¢). The decrease in contact
angle with increasing PFCA tail length is due to the increase in the Iy, of the PFCA adsorbed on
the PE surface (Fig. 2a). Our wettability experiments indicate that the coexistence of MPs and
PFCAs in an aqueous environment could lead to an increase in the vertical transport of MPs.

3.3 Desorption of PFCAs from MP surface upon weathering
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Figure 4: The sunlight-induced release of PFCAs from MPs. (a) The fraction of PFCAs remained adsorbed
onto MPs upon increasing the time of accelerated weathering. The points represent experimental data, while
the error bars are the standard deviation of at least three measurements. The inset is an image of the sealed
quartz cuvette used for the weathering experiments. The cuvette contained the MPs with adsorbed PFCAs.
(b) Changes in the electrophoretic mobility of MPs in their pristine form (triangles) i.e. no adsorbed PFCA
and with adsorbed C8 PFCA (pentagons) as a function of the time spent in the accelerated weathering
chamber. (¢) Schematic representation of the mechanism for the weathering of microplastics (top) and the
sunlight-induced desorption of C8 PFCA from the surface of the MPs (bottom).
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Environmental stressors could alter the surface chemistry of the MPs, thus impacting the state of
the pre-adsorbed PFCA molecules. Here, we investigate the effects of sunlight-induced
photooxidation of MPs on the sorption behavior of PFCAs. We subject the MPs with pre-adsorbed
PFCAs to photooxidation via an accelerated weathering chamber. Previously, we have shown that
the photooxidation increases the density of negatively charged moieties on the surface of PE
MPs>2. The increase in negative charge density of PE MPs is due to the dissociation of carboxylic
acid groups, which are the predominant photooxidative product formed on the plastic surface’”.
To understand the role of these newly formed photooxidized entities on the PFCA-MPs
interactions, we investigated the change in the amount of PFCAs bound to the surface of MPs upon
increasing incubation times in the accelerated weathering chamber. In a typical experiment, sealed
quartz cuvettes were filled with 1 mL of a known C8 PFCA concentration corresponding to ~70%
['ax for 10 mg of MPs (Fig. 2a, and Fig. 4a (inset)). The PFCA-MPs mixture was equilibrated for
24 hours on an orbital shaker (30 rpm), which allowed for the adsorption process to complete. The
sealed quartz cuvettes containing the PFCA-MPs mixtures were then transferred to the weathering
chamber.

In the accelerated weathering chamber, sunlight-driven photooxidation of plastics is simulated
using a xenon arc lamp equipped with a filter that restricts UVB and UVC radiation, while favoring
wavelengths in the UVA spectrum (~340 nm). The irradiance and temperature remain constant at
0.35 W m2 and 63 °C, respectively, which generates an experimental environment that is
comparable to natural sunlight, following the ASTM D5071 standard (see section 2.4)*°. The
combination of these parameters effectively accelerates the rate of photooxidation by a factor that
can range from approximately 10 to 30 (as estimated by TenCate Geosynthetics>®). However, the
exact acceleration factor in the real world would depend on both spatial and topological parameters
such as latitude and altitude. This means that 24 h of UV exposure inside the weathering chamber
may correspond to between 10 and 30 days of exposure in a natural environment. To preserve
simplicity and avoid inaccuracy, experimental results are reported as a function of accelerated
weathering time. In our experiments, we monitor the change in adsorbed state of each PFCA bound
to MPs for up to 10 days of accelerated weathering. This time interval is chosen because during
this period significant changes in the surface chemistry of the MPs can be observed®?. Additionally,
there is no significant difference in the surface excess values for each PFCA after 10 days of
equilibration without exposure to UV irradiation and in darkness (Fig. S7). MPs exposed beyond
10 days of accelerated weathering display signs of mechanical stress (i.e. cracking, fracturing)®?,
which are not further investigated in this study.

The discrete negative charges introduced on the surface of the MPs due to sunlight-induced
photooxidation drives the desorption of PFCAs from the surface of the plastics. The desorption
isotherms of the four model PFCAs onto PE MPs are reported as a fraction of the initial surface
excess, and accelerated weathering time (Fig. 4a). We find that the amount of surfactant bound to
MPs decreases with increasing weathering time, i.e., PFCAs desorb from MPs throughout
weathering. Additionally, we find that the release of PFCA molecules from the microplastic
surface under simulated sunlight conditions is strongly dependent on the fluoroalkyl tail length.
After 10 days of accelerated weathering, we report a ~40% decrease in the adsorbed amount of
C10 PFCA, and ~90% decrease in both C7 and C8 PFCA (Fig. 4a). This correlates with the fact
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that molecules with weaker hydrophobic attraction to the surface, such as shorter chained PFCAs,
will desorb more easily*”. Furthermore, the electrostatic repulsion between the negatively charged
photooxidative products on the MP surface and the anionic head groups of the fluorinated
surfactant would also contribute to the desorption process (Fig. 4c). We further anticipate that pH
could potentially play a role in the desorption process. Note that complete desorption of PFCA
from the MP surface was not observed within the tested 10 days. This finding is consistent with
existing literature, which describes the complete desorption of surfactants from solid-liquid
interfaces being exceptionally difficult®. In this instance, the photo-induced changes to the
microplastic surface are site-specific, and therefore perhaps allowing the PFCA to remain adsorbed
to less-affected sites on the MPs (Fig. 4c).

The surface charge density of MPs is altered by both the weathering process and adsorbed
chemicals. To corroborate this, we investigate changes in the electrophoretic mobility of both
pristine MPs and the MPs with adsorbed C8 PFCA as a function of accelerated weathering time.
The electrophoretic mobility Lig is the velocity v of a particle in an external electric field normalized
to the applied field strength E, i.e. ug = v/E. In this case, v = (e¢{/n)E, where ¢ is the dielectric
constant of the medium, C is the zeta potential of the MP, and 1 is the viscosity of the medium.
Therefore, g is linearly proportional to the zeta potential and dependent on the surface charge
density of the MP particles®!. We performed the electrophoretic mobility measurements by
transferring 100 pL of PFCA-MPs mixture in the 5 mm gap between two coplanar gold electrodes
and applying 5 V of DC potential (see section 2.5).

Pristine unweathered MPs with no adsorbed PFCAs show no significant migration towards either
electrode indicating the lack of charge on the surface of MPs. Upon weathering, the pristine MPs
in the DC field migrate towards anode highlighting the negative surface potential of the MP
surface. The electrophoretic mobility increases with increasing weathering time, indicating the
increase in the negative surface charge density on MPs (Fig. 4b). The observed increase in pg of
MPs upon weathering in the absence of PFCA is attributed to the formation of carboxylate ions
and other negatively charged functional groups on the surface of PE due to photooxidation, as
discussed in our previous publication’?.

Addition of C8 PFCA to pristine unweathered MPs increases the pg significantly. The MPs migrate
toward the anode, indicating that the net surface charge of MPs with adsorbed C8 PFCA is
negative. Interestingly, the value of pg decreases with increasing weathering time and remains
larger than MPs weathered in the absence of the C8 PFCA (Fig. 4b). The net electrophoretic
mobility of the MPs is governed by two factors: (I) Oxidation state of the MPs surface, and (II)
Amount of the PFCA adsorbed on the MPs. Weathering driven photooxidation leads to the
charging of the PE surface, which drives the desorption of the C8 PFCA molecules (Fig. 4a-b).
The PFCA desorption upon weathering could lead to the observed decrease in the pg of the MPs.
In summary, the weathering of MPs drives the formation of negative charges on their surface,
which in-turn triggers the release of pre-adsorbed PFCA molecules from MPs surface (Fig. 4c).
The adsorption/desorption of PFCAs from the surface of MPs could have a significant impact on
their mutual transport in the environment. Additionally, the change in surface properties of MPs
will influence their life cycle in the environment and affect both their behavior and interactions
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with the surrounding environment. Existing literature has reported that the presence of surfactant
can influence the ability of MPs to adsorb other chemicals such as antibiotics®?, ionic
contaminants® and hydrophilic pollutants®4.

3.4 Uptake and release of PFCAs from commodity plastics

(a) Crosslinking density
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Figure 5. Uptake and release of C8 PFCA from commodity plastics. (a) Images of the commodity
macroplastics used in the experiments in the order of their crosslinking density. (b) The amount of
C8 PFCA adsorbed onto the plastics (blue) and the amount that remained adsorbed after 10 days
of accelerated weathering (yellow). Error bars represent the standard deviation of three
measurements.

Our findings indicate an intricate relationship between PFCAs and MPs, where the weathering
state of the plastic could impact the PFCA adsorption/desorption behavior. We further investigate
the relation between PFCAs sorption characteristics and weathering state of plastics by testing the
uptake and release of C8 PFCA from four commodity PE macroplastics. These plastics included:
(1) a shopping bag, (2) a thin film for packaging, (3) six-pack rings for holding beverages and (4)
a milk jug. The wettability characteristics and thickness of each plastic are provided in Figure S8
and S9. These model commodity plastics were selected due to their widespread use in consumer
products, as well as their accessibility. Note that all these commodity plastics are chemically PE,
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but the crosslinking density of the polymer chains forming these model materials vary
significantly. Here the purpose of investigating these commodity materials is to elucidate the
broader impact of plastic weathering on PFCA sorption behavior. In a typical experiment, a known
amount of the commodity plastic is added to a concentrated solution of C8 PFCA and allowed to
equilibrate for 24 hours. During this period, surface of the plastic is saturated with the PFCA
molecules, i.e., respective [,q, is attained. The commodity plastic with adsorbed C8 PFCA
molecules is then dried overnight at room temperature and weathered for 10 days as described in
section 3.3.

We find that the shopping bag adsorbed the maximum amount of the C8 PFCA, followed by the
packaging film, six-pack rings, and the milk jug. (Fig. 5b). The systematic decrease in the adsorbed
amount could be attributed to the change in the specific surface area of the plastics in the order
shopping bag > packaging film > six-pack rings > milk jug, which is based on the observed
thickness of the material (Fig. S9). After 10 days of accelerated weathering, the pre-adsorbed C8
PFCA is subsequently released back into the aqueous solution (Fig. 5b). The amount of the C8
PFCA which remains bound to the surface after weathering decreases in all tested commodity
plastics. The shopping bag retained the most PFCA followed by the packaging film, then the six-
pack rings, while the milk jug retained the least. The desorption is again attributed to the change
in surface chemistry of the MPs due to photooxidation (Fig. 4c). Note that the chemical
composition and nature of additives used in the manufacturing of the commodity plastics used in
our study may not be identical. Despite such inherent variability, all commodity plastics show an
initial adsorption and subsequent weathering-induced release of PFCA molecules. Therefore, one
generic conclusion which can be drawn is that regardless of the exact composition, thickness and
size, PE plastics tend to uptake PFCAs, and release upon weathering. Further work is necessary to
identify the exact composition of the commodity plastics and its relationship with the sorption
behavior of PFCAs.

4. Conclusions and perspective

In the present study, we have demonstrated (1) the ability of PFCAs to adsorb onto polyethylene
(PE) micro and macroplastics (MPs); (2) the effect of PFCAs on the wettability and dispersibility
of MPs; and (3) the desorption of PFCAs from the plastics upon sunlight-induced weathering. The
adsorption of the PFCAs is governed by hydrophobic interactions between the PFCA fluoroalkyl
tail and plastic surface. Adsorbed PFCAs impact both the wettability and dispersibility of the
model PE MPs. This specific aspect points to the potential role of PFCAs in the vertical migration
and transport of MPs in aquatic environments, where the two contaminants can coexist. Finally,
we identify the role of sunlight in the desorption of PFCAs from the MP surface. The desorption
of PFCA from micro and macroplastics is driven by the increase in hydrophilicity of MPs and
repulsion between the PFCA and photooxidized plastic surface. Analogous to the adsorption
mechanism, the desorption of PFCAs is highly dependent on fluoroalkyl chain length; longer
chained PFCA molecules can overcome the electrostatic repulsion, while shorter chained PFCAs
are more susceptible to be released from the MP surface. The uptake and release of PFCAs from
plastics highlights the role of MPs as a vector of transport for PFCAs in the environment, and a
potential route of exposure for marine biota. The lab-based experiments described in the present
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article focus on the fundamental mechanisms that drive the interactions between the two emerging
contaminants. The trends observed in our study are in good agreement with statistical models that
have been employed to describe the potential relationship between PFCAs and MPs??, while also
accounting for sunlight-induced alterations to their interactions. It should be noted that simulated
sunlight in the laboratory does not always reflect true environmental processes, due to non-
reproducible factors such as fluctuations in humidity, UV index and wind conditions. However,
the true value in these experiments lies within the fundamental knowledge gained by observing
the sunlight-induced alterations to the surface of plastics and corresponding change in PFCA
sorption process. Further research is required to provide more context on the life cycle of
coexisting microplastics and PFCAs in different environmental conditions. Additionally, the
presence of electrolytes, counterions, biofilms on the plastic surface, additives in plastics and
mixed salts in natural seawater will impact the adsorptive behavior of surfactants and will likely
alter the interactions between MPs and PFCAs3>°, Finally, it may be warranted to investigate the
adsorption of PFCAs onto a particle surface at various point sources (i.e., AFFF impacted areas),
that could contain perfluorinated surfactants at concentrations equal to or exceeding the critical
micelle concentration (CMC). This is because at higher concentrations, surfactants have the ability
to form distinct structures at solid-liquid interfaces, which influence the substrates®®. Although a
quantitative assessment on the simultaneous presence of MPs and PFCAs at point sources currently
lacking, circumstantial evidence suggests their likely coexistence. For instance, military bases, a
known common point source of AFFF deposition in the environment*>*, also pose specific
concerns regarding solid waste management®’. Considering the urbanized atmosphere of military
facilities and their historical use of AFFFs on-site, it is plausible that both microplastic pollutants
and PFCAs could be concentrated in the same areas. The potential coexistence of microplastic
pollutants and PFCAs at AFFF impacted sites warrants further investigation in the field, to fully
comprehend their interplay. Our study provides fundamental knowledge on the complex
relationship between the two emerging contaminants and the dependence of this relationship on
environmental stress, here sunlight-induced weathering.
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