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Microplastics are ubiquitous in the environment, accumulate hydro-
phobic organic contaminants, and suppress the photodegradative loss
of these contaminants. Thus, they have the potential to act as vectors
for contaminant uptake by organisms and transport to remote regions.
Our current understanding of microplastic-sorbed contaminant pho-
todegradation is drawn from experiments with unpigmented micro-
plastics, but the interaction of pigments with light may alter the loss and
corresponding persistence of sorbed contaminants. To improve our
ability to predict the fate of contaminants sorbed to the broad spectrum
of coloured microplastics in the environment, therefore, we investi-
gated the photodegradation (UVA light, Amax = 350 nm) of the model
organic contaminant anthracene sorbed to four coloured polyethylene
microplastics. Anthracene loss kinetics were colour dependent
(unpigmented >> orange > blue = white), which we attribute to
differences in the pigment light absorption profiles for the different
microplastics. The findings presented here highlight the need to
consider the influence of microplastic pigmentation when evaluating
the potential environmental impacts of their associated contaminants.

1 Introduction

Microplastics (<5 mm in one dimension) are ubiquitously
present in water, soil, air, and organisms."” In aquatic envi-
ronments, they accumulate toxic hydrophobic organic
contaminants®** and suppress the photodegradative loss of
these contaminants.>® As a result, contaminant concentrations
sorbed to microplastics are orders of magnitude greater than
those in the surrounding water.* Thus, in addition to the many
direct adverse health outcomes linked to microplastic inges-
tion,” microplastics may act as vectors for organic contaminant
uptake by aquatic organisms and transport to remote
regions.'*"

As plastic products are often coloured for aesthetic and
practical reasons, their degradation in the environment results
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Environmental significance

Aquatic microplastics accumulate toxic contaminants, thus facilitating
contaminant uptake by aquatic organisms and transport to remote
regions. Adequately assessing the importance of these pathways requires
us to understand the processes that govern the concentration of sorbed
contaminants, such as photodegradation. Although microplastics come in
many colours, studies examining the role of microplastic properties and
environmental conditions on contaminant photodegradation kinetics
have used solely unpigmented microplastics. Here, we show for the first
time that the microplastic colour alters contaminant photodegradation
kinetics. Our results highlight the urgent need for studies that better
represent the colour diversity of the microplastic population to better
inform environmental assessments.

in a correspondingly broad spectrum of coloured
microplastics.’>** For example, a survey classifying the colour of
plastic particles (20 um to 15 ¢cm) collected at the surface of the
world's oceans found that they were 31% white, 28% yellow-
brown-orange, 16% transparent, 11% blue-green, 7% black,
and 2% red."” This presence of pigments has been linked to
differences in environmental photoaging of plastics, as char-
acterized by changes in their chemical, physical and mechan-
ical properties.”>™® We hypothesized that microplastic colour
may play a similarly key role in the photodegradation of sorbed
contaminants, for example by shielding contaminants from
direct photodegradation or initiating indirect photo-
degradation. However, because studies to date have only used
unpigmented microplastics, the influence of microplastic
colour on contaminant fate remains unknown.

In this study, we show for the first time the influence of
microplastic colour on the photodegradation of sorbed
contaminants using polyethylene microplastics of four
common colours (unpigmented, white, blue, and orange) that
would display different light absorption profiles and using the
model contaminant anthracene (a combustion product found
in aqueous environments and sorbed to microplastics®*®). We
used polyethylene microplastics here as they are one of the most
abundant polymer types found in the environment® and, owing
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to their density (0.89-0.98 g cm™3),> are typically located near
the water surface*® where they are exposed to incoming
sunlight. We highlight the relationship of anthracene photo-
degradation kinetics with the microplastic light absorption
profiles and discuss the potential implications of this rela-
tionship for the environmental fate of microplastic-associated
contaminants.

2 Materials and methods
2.1 Microplastic sourcing and characterization

Polyethylene microspheres (500-600 um diameter) of different
colours (clear (i.e., unpigmented), white, blue, and orange) were
obtained from Cospheric. According to the manufacturer, the
four microsphere samples were made from the same poly-
ethylene material, and the only compositional difference is the
presence of coloured additives in the white, blue, and orange
microspheres. The clear microspheres have a density of 0.96—
0.98 g cm* (specified as low-density polyethylene), whereas the
other three have densities of 1.00 g cm 2. Their appearances are
shown in Fig. S1. Crystalline phases present in the micro-
spheres were identified using X-ray diffraction (XRD). Patterns
were collected using a Bruker D8 Discover instrument with a Cu
Ka sealed tube radiation source (A = 1.54184 A). The scan had
a 2¢ range of 2-100° and 6 frames were collected with an
exposure time of 300 s per frame. Absorption profiles (250-800
nm) of the microspheres were obtained using a Cary series UV-
vis-NIR spectrophotometer (Agilent Technologies) with a Pray-
ing Mantis diffuse reflectance accessory (Harrick Scientific
Products). The profiles were scaled to reference spectra ob-
tained for the empty cell (100% transmittance) and a certified
reflectance standard (0% transmittance; PTFE Spectralon® disk
from Labsphere).

2.2 Sorption of anthracene onto the microplastics

Sorption of anthracene onto the microspheres was accom-
plished by adding microspheres (0.2 g) to an aqueous anthra-
cene solution (10 mL, 30 ug L™ in HPLC-grade water) in amber
glass vials (12 mL). The total sorption time was 22.5 h, including
shaking (500 rpm, IKA® Vibrax VXR) at the beginning (5 h) and
end (30 min) of the sorption period. Control experiments with
no microspheres showed no anthracene loss (e.g., via sorption
to the vial walls or evaporation) over the sorption time. After
sorption, microsphere samples were vacuum filtered (30 mL
fritted glass filter, medium frit) until dry (~5 min) and used for
experiments on the same day. The final concentrations of
anthracene sorbed onto the microspheres, as determined via
extraction of unilluminated samples (see the SI Text S1 for
calculation details), were 587 & 80 ng g~ for unpigmented, 664
+ 75 ng g~ for white, 696 & 102 ng g~ " for blue, and 573 =+ 68
ng g~ ' for orange microspheres (average + one standard devi-
ation of seven trials). While these values are similar, a statisti-
cally significant difference (p < 0.05) does exist between the clear
vs. blue, orange vs. blue, and orange vs. white microspheres.
These values are also in the mid-range of typical polycyclic
aromatic hydrocarbon (PAH; the class of compounds that
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includes anthracene) concentrations measured in microplastics
collected from beaches and aquatic
(~100-2000 ng g~ 1).2>%"

environments

2.3 Photodegradation experiments

Aqueous suspensions of anthracene-contaminated micro-
spheres (0.03 g, ~345 microspheres, in 4 mL HPLC-grade water)
were prepared in borosilicate test tubes (13 x 100 mm, ESBE
Scientific); given polyethylene's density, the microspheres floa-
ted at the surface in a single layer. These suspensions were then
illuminated for 0, 15, 30, 60, 120, or 240 min (n = 3 test tubes for
each timepoint) using a Rayonet photoreactor equipped with six
UVA lamps (Anax = 350 nm; Luzchem LZC-355) and a rotating
carousel with 12 sample slots. Here, UVA lamps were chosen
because their emission spectrum overlaps with anthracene's
absorption peaks (Fig. S2). To compare the photodegradation of
anthracene when sorbed to microspheres versus in water (no
microspheres), we also illuminated aqueous solutions of
anthracene (4 mL, 15 ug L") in the same photoreactor for 0, 15,
30, 60, 120, or 240 min (n = 3 test tubes for each timepoint). To
quantify the desorption of anthracene from the contaminated
microspheres into the clean HPLC-grade water used for the
photodegradation experiments and assess its potential contri-
bution to the observed loss upon illumination, we performed
a comprehensive set of dark control experiments (see SI Text S2
for related methods).

2.4 Quantification of anthracene concentrations

Anthracene concentrations in aqueous solutions were deter-
mined using fluorescence spectrometry (Aexcitation = 355 nm,
Aemission = 402 nm; BioTek Cytation 5 microplate reader with
a 24-well black polystyrene microplate) via comparison to an
external calibration curve prepared with standard solutions in
HPLC-grade water (2-15 pg L'). Control experiments
confirmed minimal (<10%) loss of anthracene to the poly-
styrene plate walls over the analysis period (<10 min). The mass
of anthracene sorbed to the microspheres was determined by
isolating the illuminated microspheres via vacuum filtration
(15 mL fritted glass filter, medium frit) until dry (~1 min;
smaller mass of microspheres took less time to dry than after
the bulk sorption step) and extracting the anthracene using
acetone (3.5 mL in 12 mL amber glass vials). The total extraction
time was 24 h, including shaking (400 rpm) at the beginning (30
min) and end (2 h) of the extraction period. As acetone is
incompatible with the polystyrene microplates available for the
microplate reader, anthracene concentrations in the acetone
extracts were determined using a single cuvette spectropho-
tometer (Aexcitation = 355 NM, Aemission = 402 nm; Cary Eclipse
fluorescence spectrophotometer with 1 cm quartz cuvettes) via
comparison to an external calibration curve prepared with
standard solutions in acetone (1.5-7.5 pg L.

2.5 Chemicals

Anthracene (200 000 pg L™" in methanol), HPLC-grade acetone
(=99.9%), HPLC-grade methanol (=99.9%), and HPLC-grade
water were obtained from Sigma-Aldrich. The anthracene
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standard was diluted in methanol to make a 2500 ug L™ " stock
solution, which was used to make all other aqueous and acetone
anthracene solutions. All chemicals were used as received.

3 Results and discussion

3.1 Photodegradation of anthracene sorbed to unpigmented
versus pigmented microspheres

As illustrated in Fig. 1, anthracene loss kinetics upon illumi-
nation exhibit a distinct dependence on microsphere colour
(unpigmented >> orange > blue = white). For all microsphere
types, the data are well-fit by a single exponential (see Table S1
for all fit parameters), which implies first-order loss kinetics for
anthracene when sorbed to microplastics. The rate uncer-
tainties reported below represent one standard deviation of the
fits as provided by the curve fitting tool in Igor Pro (version
9.05). The loss rate constant of anthracene sorbed to the
unpigmented translucent microspheres (0.027 + 0.003 min ")
is similar to the loss rate constant of anthracene in the aqueous
phase (0.0272 4 0.0006 min~"). On the other hand, a suppres-
sion (1.5-2.3x) in anthracene loss kinetics is observed for the
three pigmented opaque microspheres (0.018 & 0.002 min ™" for
orange, 0.012 =+ 0.002 min " for blue, and 0.012 + 0.002 min "
for white). In principle, because aqueous-phase photo-
degradation of anthracene is rapid, these differences could
arise not only from differences in photodegradation loss
kinetics of sorbed anthracene but also from differences in
anthracene desorption kinetics. In other words, if desorption
followed by rapid aqueous-phase photodegradation maintained
a concentration gradient between the microspheres and
surrounding water that promoted sustained desorption, this
would result in desorption rate-limited anthracene loss
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Fig. 1 Photodegradation of anthracene sorbed to unpigmented and
pigmented (white, blue, and orange) polyethylene microspheres
(~600 ng g~1). The loss of anthracene in aqueous solution (15 ug L™ is
also shown for comparison. Each photodegradation time point
represents the average of three separate trials and the error bars are
the associated standard deviations; in some cases, these are too small
to see. All data were fitted to a single exponential.
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kinetics. However, as we show experimentally in the SI (Text S2),
anthracene desorption was minimal under our experimental
conditions. Therefore, as we discuss in the following para-
graphs, we attribute the observed colour dependence to differ-
ences in the microplastic-sorbed anthracene photodegradation
rates arising from differences in microsphere light absorption
profiles.

The overall photodegradation rate of microplastic-sorbed
anthracene will depend on the light fluxes experienced by its
near-surface and internally diffused fractions, which in turn will
be influenced by anthracene's intraparticle diffusion coeffi-
cient*® and the extent of light penetration into the microplastic
bulk. As all of the microspheres were made from the same
polyethylene material, we would expect the distribution of
anthracene within the plastics to be similar; however, as high-
lighted by the microsphere absorption profiles (Fig. 2), the
unpigmented sample absorbs much less light than the pig-
mented ones over the wavelength range of the UVA lamps
(~300-400 nm). Thus, we expect light to penetrate deeper into
the unpigmented microspheres than the pigmented ones,
resulting in the photodegradation of a greater fraction of
anthracene. This is further supported by the fact that the pho-
todegradation of anthracene is almost identical when sorbed to
the unpigmented microspheres as compared to in the aqueous
phase, suggesting that the majority of sorbed anthracene is
exposed to the incoming light.

Contrarywise, for the strongly absorbing pigmented micro-
spheres, we expect a greater degree of light shielding, especially
for the internal anthracene fraction. Consequently, to photo-
degrade, this internal fraction would first need to diffuse back
toward the surface of the microsphere, with this process being
driven by the anthracene concentration gradient within the
microsphere resulting from photodegradation of near-surface
anthracene. Accordingly, the slower photodegradation kinetics
observed for the pigmented microspheres as compared to the
unpigmented ones imply that this diffusion step is rate-
limiting. Empirical support for this interpretation is provided
by the kinetic fits for the pigmented microspheres: in particular,
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Fig. 2 Absorbance profiles of the unpigmented, white, blue, and
orange polyethylene microspheres. Note that the absolute values
partially depend on sample packing in the holder, so small observed
differences may not represent actual differences in sample absor-
bance. Overlaid on top is the emission spectrum for the UVA lamps
used (provided by Luzchem).
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all include large offset values (y, = ~0.2, Table S1), which
suggests the existence of a second, slower, rate constant asso-
ciated with anthracene diffusion to the microsphere surface.
This type of multi-rate-constant behaviour has been observed
previously for PAHs sorbed to soot and fly ash, where the loss
kinetics were governed by both surface photodegradation and
internal-to-surface diffusion.>**°

3.2 Photodegradation of anthracene sorbed to different
pigmented microspheres

For the three pigmented microspheres studied here, anthracene
photodegrades faster (~1.5x) when sorbed to the orange
microspheres than when sorbed to the blue or white ones (Fig. 1
and Table S1). Since all three microspheres absorb strongly in
the UVA lamp region (Fig. 2), this suggests that differences in
overall light shielding do not account for the different loss rates
for the pigmented samples. We attribute this large and similar
UVA light absorption to titanium dioxide, a strong UV light
absorber present in the pigmented microspheres but not the
unpigmented microspheres (see XRD patterns in Fig. S3). This
absorption behaviour is not specific to the microspheres used in
these experiments but rather would be relevant to many
commercial plastics, as titanium dioxide is both the most
common white pigment and used extensively in coloured plas-
tics to improve brightness and tinting strength.***

Although overall light absorption in the UVA region does not
differ between pigmented samples, it does differ in the visible
region, where the pigments absorb the complementary wave-
lengths to the sample colour (Fig. 2). In the case of the orange
microspheres, this means that the orange pigment peak is in
the blue and near-UV region (ending ~580 nm). Assuming that
this peak is similarly broad to the blue pigment absorption peak
(at ~500-800 nm), we would expect the tail of the orange
pigment peak at the lower wavelength end to partially overlap
with the UVA lamp wavelengths. Thus, the faster loss rates we
see for orange could reflect absorption of UVA light by the
orange pigment, which could lead to the generation of reactive
species (e.g., singlet oxygen, hydroxyl radical) and thereby
initiate the indirect photodegradation of anthracene.

As all peaks in the microsphere XRD patterns were assign-
able to either polyethylene or titanium dioxide (Fig. S3), we can
conclude that the orange pigment is not a common crystalline
colourant (e.g., metal oxides or sulfides)**** but instead is non-
crystalline. For example, organic pigments are commonly used
to colour orange plastics (e.g., trans-perinone or substituted
benzimidazolone azo pigments).*** Similarly structured
organic orange dyes (aryl azo naphthol dyes) have been shown
to photogenerate singlet oxygen,*® which is known to react with
anthracene resulting in indirect photodegradation.** However,
since the manufacturer did not specify the pigments used in the
orange or blue microspheres, we cannot conclusively say that
indirect photodegradation is occurring and, if it is, the exact
indirect pathway.

For all pigmented samples, we cannot discount indirect
photodegradation contributions from titanium dioxide itself,
which upon absorption of light generates an electron-hole pair
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that can donate or accept electrons to form reactive species such
as singlet oxygen or hydroxyl radical.®” If this titanium dioxide-
mediated indirect photodegradation is occurring, we can
assume that it would be similar for all three pigmented samples
and therefore may be partially masking the influences of light
shielding on the kinetics. Thus, the differences in rates for the
direct photodegradation of anthracene (ie., controlled
primarily by light penetration) could be even larger for pig-
mented versus unpigmented samples than the total rates (ie.,
combined direct and indirect photodegradation) reported here.
The importance of this potential masking is unclear, though,
since titanium dioxide pigments are often coated with silica or
alumina to reduce its photoactivity®**® and, in our samples, the
titanium dioxide is present as rutile, one of its less photoactive
polymorph.*

Here, we explained the observed dependence of anthracene
photodegradation kinetics on microsphere colour in relation to
their different light absorption profiles. Another possibility that
we cannot exclude is the potential influence of pigments on
other microsphere properties (e.g., porosity, surface area,
surface charge) and resulting anthracene photodegradation
kinetics. However, since all microspheres were made from the
same polyethylene material and have the same size range, we
expect these property differences to be minimal and the inter-
action of the pigments with light to be the most important
difference in relation to contaminant photodegradation.

3.3 Environmental significance

We show here that the photodegradation kinetics of
microplastic-sorbed anthracene vary with microsphere colour.
Based on the rates determined for our experimental conditions,
we would expect that anthracene will be more persistent when
sorbed to opaque pigmented microplastics compared to trans-
lucent unpigmented ones. This suggests that opaque micro-
plastics may be more important vectors for anthracene
ingestion by aquatic organisms and transport to remote
regions. Additionally, we would expect anthracene to be more
persistent when sorbed to blue or white microplastics than
when sorbed to orange microplastics.

Our experiments were conducted under simplified condi-
tions (i.e., one contaminant, anthracene, in HPLC grade water)
as a first step towards assessing the influence of microplastic
colour. However, other microplastic-sorbed contaminants may
absorb light differently, react by different pathways, and thus be
influenced by the presence of pigments in different ways.
Furthermore, under real-world conditions, the relative persis-
tence of contaminants on different coloured microplastics may
be influenced by additional microplastic-specific (e.g., biofilm
formation, microplastic age) or environmental (e.g., water
composition) factors. While the effects of these factors on
contaminant photodegradation has been investigated for
unpigmented microplastics,”**** the combined effects of these
factors with microplastic pigmentation remains unknown. For
example, microplastic aging can lead to pigment degradation
and colour fading," which would change both the microplastic
light absorption profile and its potential to generate reactive
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oxygen species, thereby altering the photodegradation kinetics
of sorbed contaminants. Thus, more work using coloured
microplastics is needed to accurately predict the impact of
colour on sorbed contaminant lifetime, and our results serve as
a call to action and foundation for the design of such studies.

4 Conclusion

Microplastic colour is an important but overlooked influence on
the photodegradation of microplastic-sorbed contaminants and
may control the relative abundance of contaminants on
different coloured microplastics. These differences may be
important for ecosystem health, as the probability that organ-
isms will ingest a certain microplastic colour and its varying
levels of associated contaminants depends both on the relative
abundances of each colour and the feeding habits of each
specific organism. For example, the contribution of unpig-
mented microplastics to overall microplastic loadings was
much larger in a Chinese river (37%)" than off the coast of India
(10%)," whereas the relative abundance of blue microplastics
was similar in both locations (~20%). In addition, studies have
suggested that organisms will preferentially ingest micro-
plastics with colours similar to their food sources: for example,
goldfish preferentially ingested black and green microplastics,*
while Amberstripe scad preferentially ingested blue micro-
plastics.** Understanding the interplay of microplastic colour
abundances, ingestion rates, and contaminant persistence will
therefore be crucial to evaluating the impact of microplastic—-
contaminant systems on aquatic organisms and informing
potential future guidelines for plastic pigment usage.
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