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Abstract

The risks posed by plastic debris to the environment and human health, depend on several factors,
including their 1) tendency to remain colloidally stable in the aquatic environment, 2) transport
potential in natural aquatic environments, including the subsurface, and 3) potential to act as
vectors for other pollutants in ecosystems. An improved understanding of the key processes and
factors that govern the behaviour of plastic debris under realistic environmental conditions will
contribute towards providing mitigating strategies for plastic pollution as well as improved risk

assessment.

In the first part of this thesis, the scientific literature was critically reviewed and used to
determine an estimate of plastic loads and pathways in different environmental compartments. The
key factors controlling the aggregation, deposition and contaminant cotransport of microplastics
in the aquatic environment were identified and critically analyzed. From the critical data synthesis,
it was shown that the rubbery polymer, polyethylene, generally has a higher contaminant sorption
capacity than other synthetic plastic types. Important gaps in the literature that preclude our
understanding of the risks associated with nanoplastics and microplastics in the aquatic

environment were identified.

To address some of these knowledge gaps, the next part of this thesis investigated the role
of climate and temperature cycling on nanoplastic transport. It is shown that by ignoring the effect
of freeze-thaw, a key component of cold climate regions, previous conclusions on nanoplastic
mobility might have been overestimated. Controlled laboratory experiments were used to show
that exposure of nanoplastics to repeated freeze-thaw cycles, such as those experienced in cold
climates will lead to aggregation and reduced transport in soils and subsurface environments.
These experiments also provided insight into the strength of the freeze-thaw induced aggregates,
showing that they are not prone to disaggregation even after applying a high shear force to
disaggregate them. Although the presence of natural organic matter (NOM) significantly increases
nanoplastic mobility, it was not sufficient to counter the impact of freeze-thaw.

In another study, the factors and mechanisms by which different plastic sizes interact with
NOM (humic acid, fulvic acid and alginate) in simple and complex artificial and natural

environmental matrices were investigated and compared. By using environmentally realistic



plastic/natural organic matter ratio, it was shown that the different organic molecules will interact
with the different plastics in a size-specific manner. In the absence of NOM, the minimum CaCl>
concentration needed to destabilize the particle suspension is insensitive to plastic size. Although
the presence of the polysaccharide alginate enhanced aggregation in CaCly, it had no
effect/stabilized nanoplastics in a complex ionic matrix. Overall, the effect of all three NOM types
was more pronounced for the larger nanoplastics than the smaller ones. While there were no
significant differences in the attachment efficiencies of both bare nanoplastics at the CCC (CaCl,)
and in artificial seawater, the larger nanoplastics were more stable than the smaller ones in a natural

seawater matrix.

A critical literature review reveals that only ten percent of laboratory studies investigating
the effects of microplastic pollution in ecosystems have used environmentally relevant (aged)
particles. Amongst these few studies, there is huge variability and disparity in weathering protocols
used across effect studies which may overestimate/trivialize the true environmental risks posed by
microplastics. An extensive synthesis of laboratory effect studies in the context of environmentally
relevant protocols for weathered microplastics, nanoplastics and leachates is presented which also
provides a framework for method harmonization. In addition, the appropriateness of current

microplastic weathering protocols is compared with international standard protocols.

Hence, in a final experimental study, the impact of environmental weathering on the
physicochemical properties of microplastics originating from real plastic debris (single use plastic)
is investigated using a range of spectroscopy, microscopy and profilometry techniques. The
impacts of these physicochemical changes on microplastic transport and contaminant facilitated
transport are examined. Changes to the surface chemistry, polarity, morphology, and density all
impacted the fate of the microplastics. The experimental results show that aging reduced the
sorption of a hydrophobic contaminant, triclosan, to the microplastics while both pristine and aged
plastics partially desorb this contaminant. Measurements of microplastic settling velocity show
that aging significantly increased the mobility of the microplastics. The combined experimental
findings and transport simulations imply that pristine plastics will undergo long range transport

and may facilitate the mobility of hydrophobic contaminants in surface waters.

Overall, these results advance our knowledge of how different environmental conditions

will influence nanoplastic fate and transport, provide fundamental and mechanistic understanding



of factors affecting nanoplastics stability in aquatic environments as well as improved

understanding on the risks associated with microplastics with environmental relevance.



Resume
Les risques que représentent les débris plastiques pour I'environnement et la santé humaine

dépendent de plusieurs facteurs, dont leur tendance a rester colloidalement stables, leur potentiel
de transport et leur capacité a agir comme vecteurs d'autres polluants dans I'environnement
aquatique. Une meilleure compréhension des processus et facteurs clés qui régissent le
comportement des debris plastiques dans des conditions environnementales réalistes contribuera a
I'élaboration de stratégies d'atténuation de la pollution plastique et a une évaluation précise des

risques.

La littérature scientifique a fait I'objet d'un examen critique et a été utilisée pour estimer
les charges et les voies de pénétration des plastiques dans différents compartiments de
I'environnement. Les facteurs clés contr6lant I'agrégation, le dépét et le transport des contaminants
des microplastiques (MPs) dans l'environnement aquatique ont été identifiés et analysés de
maniere critique. 1l a été démontré que le polyéthyléne a une plus grande capacité de sorption des
contaminants que les autres types de plastique synthétique. Des lacunes importantes dans la
littérature qui empéchent notre compréhension des risques associés aux MPs dans I'environnement

aquatique ont été identifiées.

La partie suivante de cette these a étudié le r6le du climat et des cycles de température sur
le transport des nanoplastiques (NPs). Il est démontré qu'en ignorant I'effet du gel-dégel, les
conclusions précédentes sur la mobilité des NPs dans les climats froids pourraient avoir été
surestimées. Des expériences de laboratoire contrdlées ont été utilisées pour montrer que
I'exposition des NP a des cycles répétés de gel-dégel, tels que ceux que I'on rencontre dans les
climats froids, entraine une agrégation et une réduction du transport dans les sols et les
environnements souterrains. Bien que la présence de matiére organique naturelle (NOM) augmente

significativement la mobilité des NP, elle n'est pas suffisante pour contrer I'impact du gel-dégel.

Les facteurs et mécanismes par lesquels différentes tailles de plastique interagissent avec
la NOM dans des matrices environnementales artificielles et naturelles simples et complexes ont
également été étudiés et comparés. En utilisant un rapport NP/NOM réaliste du point de vue
environnemental, il a été démontré que les différentes molécules organiques interagissent avec les
différentes NP d'une maniére spécifique a leur taille. Dans I'ensemble, I'effet de trois NOM était
plus prononce pour les grands NP que pour les petits. Bien qu'il n'y aie pas eu de différences

v



significatives dans les efficacités d'attachement des deux NPs nus a la concentration critique de
coagulation (CaCl.) et dans I'eau de mer artificielle, les NPs les plus grands étaient plus stables

que les plus petits dans une matrice d'eau de mer naturelle.

Une analyse critique de la littérature révele que seuls dix pour cent des études en laboratoire
portant sur les effets de la pollution par les MPs dans les écosystemes ont utilisé des particules
pertinentes pour I'environnement. Une synthese exhaustive des études de laboratoire sur les effets
dans le contexte de protocoles pertinents pour I'environnement pour les MP vieillis, les NPs et les
lixiviats est présentée et fournit également un cadre pour I'hnarmonisation des méthodes. En outre,
I'adéquation des protocoles actuels d'altération des MPs est comparée aux protocoles standard

internationaux.

Dans une derniére étude expérimentale, I'impact de I'altération environnementale sur les
propriétés physico-chimiques des MPs provenant de debris plastiques réels a été étudié a l'aide
d'une série de techniques. Les modifications de la chimie de surface, de la mouillabilité, de la
morphologie, de la densité, etc. ont toutes eu un impact sur le devenir des MPs. Les résultats
expérimentaux montrent que le vieillissement réduit la sorption d'un contaminant hydrophobe, le
triclosan, sur les MPs, alors que les plastiques vierges et vieillis désorbent partiellement ce
contaminant. Les mesures de la vitesse de sédimentation des MPs montrent que le vieillissement
augmente significativement la mobilité des MPs. Les résultats expérimentaux et les simulations de
transport impliquent que les plastiques vierges subissent un transport a longue distance et peuvent

faciliter la mobilité des contaminants hydrophobes dans les eaux de surface.

Dans I'ensemble, ces résultats font progresser nos connaissances sur la maniére dont les
différentes conditions environnementales influencent le devenir et le transport des plastiques. Ils
permettent de comprendre de maniére fondamentale et mécaniste les facteurs qui influencent leur
stabilité dans les environnements aquatiques et les risques associes aux PM pertinents pour

I'environnement.
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Chapter 1: Introduction

1.1 Motivation
Plastic pollution has received a lot of attention in the last decade. VVarying concentrations of tiny

plastics have been documented in most environmental compartments'* including remote areas.> ®
Even with the current pollution prevention strategies, plastic emissions to the environment are
expected to increase.” The major concern surrounding plastic pollution is the formation of
microplastics and nanoplastics because of their potential to bioaccumulate, biomagnify, and act
as transport vehicles for other contaminants.® These tiny plastics are either formed/manufactured
intentionally (primary) or breakdown from discarded bulk plastics (secondary).® Amongst the
prerequisite for assessing and predicting the risks associated with microplastics pollution, is
understanding their transformations and persistence in the environment. These transformations
may include aggregation, transport, deposition, sedimentation, adsorption of other contaminants,
degradation etc.® These processes could determine whether microplastics will undergo long-range
transport, accumulate within the vicinity of their release or be bioavailable. Nanoplastics from
surface runoffs, and landfill leachates, etc. can potentially be transported to groundwater. The
stability of nanoplastics in surface waters will also determine their bioavailability to pelagic or
benthic organisms; hence, the aggregation behaviour of nanoplastics has been studied in synthetic
water matrices.® The ability of microplastics to act as transport vehicles for other toxic and

persistent chemicals has also been documented in laboratory and field studies.'% 1*

Despite the numerous studies attempting to quantify the effects and risks of microplastics
and nanoplastics in these environmental compartments, there exist numerous knowledge gaps on
the factors that influence their behaviour and interactions. Microplastics are expected to encounter
and undergo various weathering processes (physical, chemical, or biological weathering) before
and after release into the environment, yet the effect of weathering on the environmental risks of
microplastics is largely overlooked.’> Most studies investigating the transport and stability of
microplastics have focused on other factors associated with the properties of the plastic and
background media.® Considering that most microplastics will rarely be in their pristine state in the
environment, it is important to investigate the effect of weathering on their behaviour. There are

also numerous studies investigating the fate of primary microplastics, and less so from secondary



sources. In addition, the mass of natural organic and inorganic colloids and molecules are
estimated to outweigh the mass of plastics in the environment;*3 yet, studies that assess the stability
of nanoplastics are often limited by the use of high concentrations of plastics relative to natural
colloids or natural organic matter (NOM). Moreover, there is lack of quantitative and comparative

data on the colloidal stability of nanoplastics in natural waters.

1.2 Research objectives
Clearly, there are several knowledge gaps regarding the fate and behaviour of microplastics and

nanoplastics in the environment. With the increasing production of plastics and inadequate waste
management strategies, a better understanding of their interactions and impact in natural

environments is crucial. Therefore, the four main objectives of this thesis were as follows:

1. To examine how environmental weathering in cold climates (exposure to freeze-thaw)
impacts the physicochemical properties and transport behaviour of nanoplastics in a model
groundwater environment.

2. To systematically and comparatively examine the effect of environmental organic matter
on the aggregation behaviour of different nanoplastics sizes in simple and complex
synthetic water matrices. Thereafter, to quantitatively compare the findings between
synthetic water and natural water matrices.

3. To examine the effect of UV weathering on the physicochemical properties of secondary
microplastics. Then investigate how these changes in the particle properties influence
microplastic settling and transport behaviour in freshwater.

4. To investigate the effect of UV weathering on the potential of secondary microplastics to
act as transport vehicles for hydrophobic contaminants.

1.3 Thesis organisation
o Chapter 2 provides an extensive literature review that estimates and describes the pathways

and loads of plastics in different environmental compartments. Studies investigating the
aggregation, deposition and contaminant transport of microplastics in the aquatic
environment were critically assessed. Critical links between different plastic types and their
adsorption capacities were provided.

e In Chapter 3, the effect of a physical weathering process (freeze-thaw) on nanoplastic

transport is examined. The influence of repeated freeze-thaw cycles on the transformation
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and transport of primary nanoplastics was investigated in a saturated porous media. The
ability of natural organic matter to stabilize the nanoplastics suspension was investigated
as well as the disaggregation behaviour of the freeze-thaw induced aggregates. Other
studies reporting the transport of nanoplastics at different temperatures were compared
with this work. Finally, the transport distance needed to remove 99.9% of nanoplastics
from the fluid phase was estimated.

e In Chapter 4, the impact of environmental organic matter on the colloidal stability of two
nanoplastic sizes was investigated in simple and complex synthetic water matrices. The
nanoplastic to organic matter ratio was kept realistic (low) to gain better mechanistic
interpretations of possible interactions. Thereafter, the aggregation behaviour of the two
nanoplastics were quantitatively examined and compared in synthetic versus natural
complex water matrices (with salinity gradients from fresh to seawater matrix).

e In Chapter 5, the expected and overlooked weathering pathways that plastics will undergo
throughout their lifecycle before and after release into the environment was examined. The
current weathering protocols used in microplastic research were critically analysed and
compared to international standard weathering protocols developed for polymers, for their
appropriateness, which highlighted important knowledge gaps. Finally, we developed and
proposed a quality reporting system for weathering protocols and characterization,
harmonization and reproducibility across different studies.

e In Chapter 6, the effect of UV weathering on the fate and behaviour of microplastic from
a secondary source was investigated. The changes to the physicochemical properties were
probed using a range of profilometry, spectroscopy and microscopy techniques. The effect
of weathering on the settling velocities of the microplastic was measured experimentally
and used to estimate their transport distance in a typical lake. Thereafter, the ability of the
secondary microplastics to act as transport vehicles in freshwater was investigated.

e Chapter 7 provides a conclusion of the thesis and general implications of the findings to

the global audience and suggestions for future research.

1.4 Contributions to knowledge
This doctoral thesis has addressed significant knowledge gaps in the literature and made novel and

original contributions to advance our knowledge towards accurate risk assessment of microplastic



and nanoplastic pollution. The specific contributions on the fate and transformations of

nanoplastics and microplastics are:

1. Demonstrated the impact of repeated environmental freeze-thaw on the stability and
transport of nanoplastics in saturated porous media. Although, there are several studies
looking at the effect of various factors on the transport of nanoplastics or nanoplastic
proxies in model groundwater environments, the effect of freeze-thaw (FT), a physical
weathering process typical of cold climates is unknown. This is the first study that showed
that by ignoring this component of environmental weathering, previous conclusions drawn
on the effect of cold temperatures on nanoplastic transport may be inconclusive or
overestimated. Repeated FT process was shown to induce nanoplastics aggregation which
resulted in heightened retention in the porous media. This is also one of the first studies to
show the coupled effect of cold temperature and the presence of natural organic matter on
nanoplastics transport. The impact of FT outweighed the effect of NOM even though the
presence of NOM significantly increased the transport of nanoplastics. We show that the
FT-induced aggregation process was irreversible suggesting that the aggregates may be
stable over long time periods.

2. Improved mechanistic understanding of the effect of environmental organic matter
on the stability of nanoplastics. Previous studies only focused on single particle sizes per
study whereas plastic particles in the environment are made up of various size populations
that may interact with organic matter differently. Moreover, the bulk of aggregation studies
use unrealistic plastic/NOM ratios. It was shown that by using low plastic/NOM ratios,
plastics will interact with different natural organic matters in a size specific manner. The
presence of polysaccharides which are sometimes in excess during seasonal algal blooms
destabilized the nanoplastics in simple divalent matrices and stabilized them in complex
ion matrices. In addition, the effect of NOM was more pronounced for the larger
nanoplastics. This provides an improved understanding of how different plastic sizes will
behave in the marine environment.

3. Quantitative comparison of nanoplastics behaviour in synthetic waters and natural
water matrices. Numerous studies have examined the aggregation behaviour of
nanoplastics in synthetic water using single particle sizes, while the natural marine water

is more complex. This study shows that the attachment efficiency of two nanoplastic sizes
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is similar in synthetic water (which is often used as proxy for marine water in laboratory
studies), but different in natural seawater matrix. These observed differences have huge
implications for risk assessment.

Demonstrated the effect of photodegradation on the interaction of a model
contaminant with microplastics. The effect of UV weathering on the sorption behaviour
of microplastics is sparse. Moreover, even though polystyrene is widely studied in the
literature, there are limited studies using those from secondary sources. This is the first
study to examine the sorption behaviour of a secondary microplastic made of polystyrene
while investigating the effect of plastic aging. The aged microplastics exhibit higher
adsorption capacity compared to the pristine ones at high contaminant concentration. This
provides improved understanding about the impact of weathering on microplastic
behaviour.

Investigated the effect of UV weathering on the settling behaviour of secondary
microplastics. The few microplastics settling velocity studies only focused on biofouling
as a form of plastic aging. In fact, biofouling is often attributed to why some microplastics
are lost from the sea and found in the seafloor, whereas microplastics will also undergo
other non-biological aging processes in the environment. This is the first study to show the
effect of UV weathering on the settling velocity of microplastics. The physicochemical
properties of the microplastics were altered after weathering which affected their buoyancy
leading to increased settling velocities. This data was used to estimate the retention of
microplastics in lakes.

Novel perspective and critical evaluation of the microplastics literature on plastic
loads, weathering, aggregation, deposition and contaminant sorption. A critical
literature review revealed an important trend between microplastic types and their
contaminant adsorption capacities. An up-to-date overview of plastic concentrations in
different environmental compartments was also presented. Weathering protocols vary
across microplastic research which can potentially confound findings. Hence, there is an
urgent need for the development of standardized protocols. The appropriateness of
international weathering standards for microplastics research was critically evaluated and
a framework of quality reporting system for method harmonization developed. This will

help with the design of experiments attempting to mimic environmentally relevant



microplastics. Critical knowledge gaps about the fate and behaviour of microplastics were

highlighted for future research.

1.5 Contributions of the author
This thesis consists of 5 articles and is presented in a manuscript-based format. Two of these

articles have been published in peer-reviewed scientific journals, one is submitted while the
remaining two articles are being prepared for submission. In all the publications, the first author
of each manuscript is the primary author of this thesis. Below is a detailed description of the

contributions of each author:
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Authors: Alimi, O.S., Farner, J.M. and Tufenkji, N.
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3. "Mechanistic understanding of the aggregation Kkinetics of nanoplastics in marine

environments", To be submitted to Water Research. 2021

Authors: Alimi, O.S., Farner, J., Rowenczyk L., Petosa, A.R., Claveau-Mallet, D., Hernandez,
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Contributions: Alimi, O.S, Tufenkji, N. and Farner, J. designed the initial aggregation
experiments. Alimi, O.S conducted most of the aggregation experiments, characterised the
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reviewed and edited the manuscript.
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O.S. and Claveau-Mallet, D. conceptualized the review idea and designed the study. Alimi, O.S.
conducted the literature review, synthesized, analysed the data, and wrote the initial draft of the
manuscript. Claveau-Mallet, D, Kurusu, R., Lapointe, M., contributed to writing sections of the

manuscript. Bayen, S. and Tufenkji, N. reviewed and supervised the work.

5. "Effects of weathering on the properties and fate of secondary microplastics from a disposable
cup” To be submitted.

Authors: Alimi, O.S., Claveau-Mallet, D., Lapointe, M., Thinh, B., Liu, L., Hernandez, L.M.,

Stephane, B. and Tufenkji, N.

Contributions: Alimi, O.S. and Claveau-Mallet, D. conceptualized and designed the study. Alimi,
0.S. conducted the adsorption and desorption experiments, settling experiments, led the
characterization of the microplastics, analyzed the data and wrote the manuscript. Thinh, B., (a
McGill University undergraduate student engaged at the time in a summer project in the
Biocolloids and Surfaces Laboratory) assisted with conducting some preliminary experiments.

Hernandez, L assisted with the SEM and XPS measurements. Lapointe, M assisted with the



transport simulations. Liu L. assisted with contaminant analysis using the LC-MS. Bayen, S. and

Tufenkji, N. supervised the project and reviewed the manuscript.

References

1. Panno, S. V.; Kelly, W.R.; Scott, J.; Zheng, W.; McNeish, R. E.; Holm, N.; Hoellein,
T. J.; Baranski, E. L., Microplastic Contamination in Karst Groundwater Systems. Ground Water
2019, 57 (2), 189-196.

2. Panko, J. M.; Chu, J.; Kreider, M. L.; Unice, K. M., Measurement of airborne
concentrations of tire and road wear particles in urban and rural areas of France, Japan, and the
United States. Atmos. Environ. 2013, 72, 192-199.

3. Browne, M. A.; Crump, P.; Niven, S. J.; Teuten, E.; Tonkin, A.; Galloway, T.;
Thompson, R., Accumulation of microplastic on shorelines woldwide: sources and sinks. Environ.
Sci. Technol. 2011, 45 (21), 9175-9.

4. Thompson, R. C.; Olsen, Y.; Mitchell, R. P.; Davis, A.; Rowland, S. J.; John, A. W.;
McGonigle, D.; Russell, A. E., Lost at sea: Where is all the plastic? Sci 2004, 304 (5672), 838.

5. Allen, S.; Allen, D.; Phoenix, V. R.; Le Roux, G.; Durantez Jiménez, P.; Simonneau,
A.; Binet, S.; Galop, D., Atmospheric transport and deposition of microplastics in a remote
mountain catchment. Nature Geoscience 2019, 12 (5), 339-344.

6. Napper, I. E.; Davies, B. F. R.; Clifford, H.; Elvin, S.; Koldewey, H. J.; Mayewski, P.
A.; Miner, K. R.; Potocki, M.; Elmore, A. C.; Gajurel, A. P.; Thompson, R. C., Reaching New
Heights in Plastic Pollution—Preliminary Findings of Microplastics on Mount Everest. One Earth
2020, 3 (5), 621-630.

7. Borrelle, S. B.; Ringma, J.; Law, K. L.; Monnahan, C. C.; Lebreton, L.; McGivern, A.;
Murphy, E.; Jambeck, J.; Leonard, G. H.; Hilleary, M. A., Predicted growth in plastic waste
exceeds efforts to mitigate plastic pollution. Sci 2020, 369 (6510), 1515-1518.

8. Rochman, C. M., The role of plastic debris as another source of hazardous chemicals in
lower-trophic level organisms. Springer Berlin Heidelberg: Berlin, Heidelberg, 2016; pp 1-15.

9. Alimi, O. S.; Farner Budarz, J.; Hernandez, L. M.; Tufenkji, N., Microplastics and
nanoplastics in aquatic environments: Aggregation, deposition, and enhanced contaminant
transport. Environ. Sci. Technol. 2018, 52 (4), 1704-1724.

10. Rochman, C. M.; Hentschel, B. T.; Teh, S. J., Long-term sorption of metals is similar
among plastic types: implications for plastic debris in aquatic environments. PLoS One 2014, 9
D).

11. Rochman, C. M.; Hoh, E.; Hentschel, B. T.; Kaye, S., Long-term field measurement of
sorption of organic contaminants to five types of plastic pellets: implications for plastic marine
debris. Environ. Sci. Technol. 2013, 47 (3), 1646-54.

12. Alimi, O. S.; Claveau-Mallet, D.; Kurusu, R. S.; Lapointe, M.; Bayen, S.; Tufenkji, N.,
Weathering pathways and protocols for environmentally relevant microplastics and nanoplastics:
What are we missing? J. Hazard. Mater. 2022, 423, 126955.

13. Koelmans, A. A.; Bakir, A.; Burton, G. A.; Janssen, C. R., Microplastic as a vector for
chemicals in the aquatic environment: Critical review and model-supported reinterpretation of
empirical studies. Environ. Sci. Technol. 2016, 50 (7), 3315-26.



Preamble to Chapter 2

Little is known about the concentrations, mobility, and impacts of nanoplastics and microplastics
in the environment. In this critical literature review, we presented a comprehensive overview and
perspective of micro- and nanoplastic aggregation and deposition and highlight key factors such
as water chemistry, surface coating, and plastic type and functionalization that influence particle
behavior. We included an overview of studies examining micro- and nanoplastic concentrations
and transport between major environmental compartments. We also discussed the potential for
plastics to act as transport vectors for other contaminants such as persistent organic pollutants,
metals, and pesticides in surface water and saturated porous media. Our data synthesis revealed
that the rubbery polymer, polyethylene generally has a higher sorption capacity than other polymer
types. Major knowledge gaps that need to be addressed to improve our understanding of the risks
associated with microplastic pollution were highlighted. This critical review chapter laid the

foundation for other chapters reported in this thesis.

The results and findings from this chapter have been published in Environmental Science and

Technology Journal in December 2017.



Chapter 2: Microplastics and Nanoplastics in Aquatic
Environments: Aggregation, Deposition, and Enhanced
Contaminant Transport

Abstract

Plastic litter is widely acknowledged as a global environmental threat and poor management and
disposal lead to increasing levels in the environment. Of recent concern is the degradation of
plastics from macro- to micro- and even to nanosized particles smaller than 100 nm in size. At the
nanoscale, plastics are difficult to detect and can be transported in air, soil and water compartments.
While the impact of plastic debris on marine and fresh waters and organisms has been studied, the
loads, transformations, transport, and fate of plastics in terrestrial and subsurface environments are
largely overlooked. In this review, we first present estimated loads of plastics in different
environmental compartments. We also provide a critical review of the current knowledge vis-a-
vis nanoplastic (NP) and microplastic (MP) aggregation, deposition, and contaminant co-transport
in the environment. Important factors that affect aggregation and deposition in natural subsurface
environments are identified and critically analyzed. Factors affecting contaminant sorption onto
plastic debris are discussed, and we show how polyethylene generally exhibits a greater sorption
capacity than other plastic types. Finally, we highlight key knowledge gaps that need to be
addressed to improve our ability to predict the risks associated with these ubiquitous contaminants
in the environment by understanding their mobility, aggregation behavior and their potential to

enhance the transport of other pollutants.
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2.1 Introduction
Currently, the global production of plastics exceeds 320 million tons (Mt) per year,! with

production expected to double in the next 20 years.? Of this, only 6-14% is recycled, meaning up
to 86% ends up either in landfills (21-42%) or released into the environment due to
mismanagement through a variety of pathways (Figure 2.1).2® Indeed, with the widespread use of
different plastics, the current era has been referred to as the Plasticene.” Plastic debris has been
detected in air,® oceans,> ® 10 soils,'*1® sediments,’* > and surface waters worldwide.'® It is
estimated that in Europe and North America, the amount of microplastics (MPs) transferred every
year from wastewater treatment plants (WWTPS) to agricultural soils as biosolids is greater than
the total burden of MPs currently present in ocean water.

Plastics are produced through the polymerization of various monomers and additives
resulting in a spectrum of characteristics such as polarity and “glassiness”.1" 18 These differences
in composition will impact their affinity for other pollutants and potential risks associated with
them.*® The most commonly detected plastics in the environment are polyethylene (PE), polyvinyl
chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET) and polystyrene (PS).2°

The presence of MPs in the environment had been largely overlooked until recently;
however, the number of studies is now growing rapidly due to the global ubiquity of plastic and
its potential threat to human health and biota. Large plastic debris breaks down to form
macroplastics (herein defined as >25 mm in size), mesoplastics (5-25 mm), MPs (<5 mm) and
nanoplastics (NPs) (<100 nm).?% 22 There is no clear consensus on the definition of MP and NP
size in the literature;> 232" in this review, we define MPs and NPs as plastic debris with diameters
of 100 nm-5 mm and <100 nm, respectively.

MPs/NPs are either primary or secondary in origin. One example of primary MPs is the
plastic beads used as exfoliants in personal care products.?® Primary NPs have also been detected
in facial cleansers.?® When these consumer goods are used, MPs and NPs are released into waste
streams, with 95-99% partitioning into biosolids or removed in oil skimming in WWTPs,3 11.30.31
Nonetheless, an estimated 8 trillion pieces of MP (including microfibers) enter the aquatic
environment via WWTP effluents.®? Other sources of primary MPs in the environment include

industrial abrasives and accidental spills.3® 34

11



2
.'i‘“
(

N
il

N\
&
Use

Manufacture

21-42% <5% <5%
Mishandled
25-28%"'
<5%"
[10? - 10° #/1]"
42-55%
14-30% SO
Losses [1-102#/L]"
SWTE D (d =
Lal
15-27% xt [10°5- 10#/1) 62-84%""
70-80%*
Sediments Oceans
- s 21 °*
[0.1-105 #/m?] (10610 #/1]

Figure 2.1. Estimates of plastic loading and transport pathways in the environment aggregated from reports in the literature.
Percentages indicate the fraction of plastics in a given compartment moving to a subsequent compartment, with wider arrows
representing greater plastic transfer. Ranges of concentrations measured, either in number of particles per liter or per area, are

given where reliable values were observed. Values indicated are for macro and microplastics. “corresponds to estimates for

microplastics only. fcorresponds to values divided between two compartments. fcorresponds to best estimates in the absence of
data in the literature. Data and references are summarized in Table S2.1.

Secondary MPs are the unintentional product of larger plastics degrading in the
environment due to weathering processes (e.g., hydrolysis, UV photodegradation, mechanical
abrasion, biodegradation). Sources include car tires, agricultural plastic mulch, microfibers from
textiles, and larger plastics in the ocean (e.g., plastic bags, bottles, ropes, nets).3* 33" Secondary
MPs can often be identified by their irregular shapes and changes to the chemical structure.®

The increasing load of plastic in the ocean has received considerable attention.® 1% 2533 |t
is estimated that there will be over 250 Mt of plastic accumulated in the ocean by 2025.%*° Though
the processes may be slow, plastic will inevitably break down into MPs and NPs due to exposure
to UV radiation, mechanical abrasion, and wave action. The combination of primary and secondary
sources leads to estimates that 5.25 trillion plastic particles contaminate the global sea surface,*

the majority of which are less than 10 mm in size.*
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In contrast to marine plastics, there is limited information on the behavior, fate, and loading
of MPs and NPs in the terrestrial environment. MPs and NPs may be introduced to soils as a result
of landfill leachate, agricultural mulches, application of wastewater biosolids to agricultural land,
or by direct releases of secondary MPs and NPs from abrasion or maintenance of outdoor plastic
goods and coated surfaces.? 3 445 Following release into the environment, MPs and NPs may
undergo various transformations commonly associated with natural or anthropogenic colloids;*
namely, homo- and heteroaggregation, interactions with microorganisms and macromolecules
(e.g., adsorption of proteins, natural organic matter) and biodegradation. These processes, as well
as the mobility of the particles in natural soils and ground waters, are strongly influenced by
porewater chemistry (e.g., pH, ionic strength, natural organic matter content) as well as the
properties of the plastics (e.g., size, shape, chemical composition) and soil/aquifer sediments (e.qg.,
composition, size distribution). While a large number of laboratory studies have examined the
transformations and transport of natural colloids and engineered nanomaterials such as metals and
metal oxides in terrestrial environments,*®° there is little data on how these environmental
processes and conditions affect different types of NPs and MPs that are present in soils.

Natural colloids such as iron oxides and clays have been shown to affect the transport of
contaminants such as radionuclides, pesticides, and polycyclic aromatic hydrocarbons in the
subsurface environment.5*%¢ Likewise, MPs and NPs can act as vectors for the transport of
contaminants such as heavy metals®’>° and persistent organic pollutants (POPs).2% 5065 Yet, the
extent to which sorption of contaminants onto different types of MPs and NPs enhances or
mitigates the environmental and health impacts of these pollutants remains unclear.

This paper provides a critical review of the existing scientific literature examining the
aggregation and transport of NPs and MPs in soil and groundwater systems. First, we estimate the
loads of plastics in different environmental compartments. Next, we critically assess existing
studies on the aggregation, transport and contaminant sorption behavior of NPs and MPs in
terrestrial and subsurface environments. Finally, the current gaps in knowledge precluding a

comprehensive understanding of MP and NP fate and impacts are discussed.

2.1.1 From macro to micro to...nano?
Macroplastics can degrade to form MPs through stresses that impact the structure and reactivity of

the plastic polymer.%® 87 Degradation of plastics can occur by multiple processes including

hydrolysis, photodegradation due to UV exposure, mechanical abrasion by sand or wave action,
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and biodegradation.®® ®° These processes may also act synergistically. For example, UV exposure
leads to carbonyl group formation, rendering the materials more brittle and increasing the
likelihood of mechanical degradation.®® Degradation mechanisms are not uniform for all plastics;
for instance, PS and PE are more prone to weathering by UV radiation than other plastics.”® While
the occurrence of MPs in the natural environment is increasingly well documented,*® %8 71 72 g
date, no study reports on the presence of NPs in aquatic or soil environments. This is mainly due
to methodological challenges associated with detection and recovery of such small, carbon-based
particles in complex natural matrices. Although there is no data available on environmental loads
of NPs, weathering of macroplastics and MPs is expected to yield secondary NPs.®’ Indeed, a
controlled laboratory study®® shows that NPs and MPs (ranging in size from 30-2000 nm) are
released during weathering of macroplastic (a polystyrene coffee cup lid) in a simulated marine
environment. A recent study further reveals that consumer products such as facial scrubs can act
as an unintentional yet important source of primary NPs to natural waters and soils.?® Thus,
although environmental levels of NPs are yet to be quantified, plastic nano-litter is expected to be
as ubiquitous as its bulk counterparts.

2.2 Living in the Plasticene: Plastic in every corner of the earth

Plastics can be found throughout the globe. Despite their ubiquity, the global cycling of MPs and
NPs is not well understood. Figure 2.1 illustrates the existing knowledge of global plastic cycling.
Significant transport pathways are identified and loads in selected environmental compartments
are reported; however, the relative flux of plastics from one compartment to another is often
unknown or associated with large uncertainty. Despite numerous studies to date, wide ranges in
reported concentrations are observed, representing both spatial variation and measurement
uncertainty. For example, estimates of plastic loads in the oceans range six orders of magnitude,*
2573 while no comprehensive data exist for MPs in soils despite considerable agricultural use.”
Finally, atmospheric deposition of MPs and NPs is expected, but largely unexamined’® except for

few studies.1® 77

2.2.1 Freshwaters are key vectors for microplastic transport

Rivers are estimated to transport 70-80% of plastics that eventually arrive in the oceans, with
primary inputs from mishandled debris either during manufacture and use, from agriculture and
land, and WWTP effluent (Figure 2.1).%° Concentrations of plastics in freshwater can rival marine

levels, though there is great spatial variation, depending on proximity to urban or industrial sites,
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or the presence of WWTPs.®8 7880 Freshwaters are generally closer to plastics sources than marine
waters and have more shoreline to retain particles, facilitating accumulation and mechanical
degradation.” Branches, logs, and dams have been identified as local hotspots of plastics.?! 82

Several studies have focused on large rivers, such as the Chicago River, Rhine-Main,
Danube, and Thames.3* 7 &8 |n general, significant differences are seen in concentrations of
MPs upstream of a point source versus downstream.”® However, the presence of multiple sources
along the length of a river makes identifying the origin of specific particles difficult.®
Additionally, changes in flow due to bends, particularly deep or shallow sections, etc. can cause
particle buildup and influence transport. Pulsed, accidental releases have been identified as a
primary source of peak loading events.>* Furthermore, periods of high flow are capable of both re-
suspending particles that may have settled to the sediments and depositing MPs onto adjacent
shorelines.*°

WWTPs, ubiquitous along populated waterways, act as significant point sources of MPs to
freshwaters. McCormick et al. demonstrated a 10-fold increase in plastic fibers downstream of a
WWTP in the Chicago River® despite the fact that 95-99% of plastics partition into the wastewater
biosolids.'® 8 & | ikewise, in a WWTP with tertiary treatment, as little as 0.1% of the incoming
MPs and microfibers were released in the effluent water.®* Although a relatively large fraction of
MPs/NPs are expected to be trapped in wastewater biosolids, it is estimated that 520,000 tons/year
of plastic waste is still released in wastewater effluents in Europe alone.®® It is noteworthy that
application of sludge can represent a significant source of MPs (and very likely NPs) to agricultural
lands.

Lakes can act as temporary or long-term sinks of MPs. Areas of the Laurentian Great Lakes
are as polluted as ocean gyres, but there are large spatial variations, both within a single lake and
between lakes.” Transport in lakes is driven by currents, similar to rivers and streams, but also by
wind patterns that can produce areas of seasonally high local MP concentrations. Hoffman and
Hittinger estimate plastic introduction into the Great Lakes at 10,000 metric tons/year.8’

Estimates of plastic loading in rivers and lakes range from 10 to 10s of pieces/L (Figure
2.1).3% 737 Making precise estimates of plastic loading in lakes is difficult however, as sampling
generally takes place at the water surface, while large concentrations of MPs can also exist below
the surface, depending on the biological, physicochemical, and hydrodynamic conditions (e.g.,

plastic density, mixing of water column and aggregation/attachment of bacteria/algae).8
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2.2.2 Aquatic species are at high risk
With the high loads of MPs (and likely NPs) in natural waters, aquatic species are expected to

experience chronic exposure and to potentially bioaccumulate the plastic particles.8%
Invertebrates such as crustaceans, barnacles, polychaete worms, mussels, and amphipods have
ingested MP fragments in controlled studies.> % 9 These tests often employ high MP
concentrations, limiting their environmental significance.! A few researchers investigated plastic
accumulation in organisms in their natural habitat confirming MP ingestion and accumulation in
the gut and stomach of various species of fish,% ® shellfish,% and fur seals.® Although there is a
growing number of studies on MP accumulation in aquatic organisms, the (likely) biouptake of
NPs has not been examined. The small size and organic composition of NPs present significant
methodological challenges to their detection and quantification in complex biological samples.
Techniques that may hold promise for future studies in this area include pyrolysis combined with
chromatography, mass spectrometry, infrared spectroscopy, scanning electron microscopy with
energy dispersive x-ray spectroscopy, field flow fractionation with pyrolysis and multi-angle light
scattering.®®

2.2.3 Plastic loads in soils and sediments are less understood
In comparison to aquatic environments, relatively few studies have investigated plastics levels in

soils and sediments.> % Significant sources of MPs and NPs to soils are likely land application of
biosolids, plastic agricultural products, and litter. Moreover, a considerable fraction of the global
production of plastic waste (21-42%) (Figure 2.1) is stored in landfills,** often under poorly
managed conditions that can result in release to soils. Not surprisingly, MPs and synthetic polymer
fibers found in sewage sludge were still detectable up to fifteen years after being applied to soils.**
13 Indeed, the US market for agricultural plastic was estimated at $5.8 billion in 2012, including
products such as plastic seed casings, ground covers, crop mulch, greenhouse coverings, labels,
and wraps.®” Despite this, little is known about the retention and fate of agricultural plastics after
their use. Bioturbation by earthworms can increase soil plastic retention; particles were observed
to move downward in the soil profile, with smaller particles being transported to a greater extent.”
% Modeling the fate of plastics in biosolids applied to soils, Nizzetto et al. estimate that only 16-
38% of deposited MPs are retained in soils.?

Analysis of river sediment cores suggest plastic accumulation over the past four decades.®®
In the Rein-Main river, plastics <5 mm were found in all sediments sampled, with loads up to 1

g/kg (4,000 particles/kg).2 In general, less plastic mass but similar particle numbers — highlighting
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the fact that small particles are generally more mobile — were found in areas of lower population
density and nature preserves. Despite this, no clear correlation was established between sediment
MP levels and population density, industrial proximity, or WWTPs, illustrating the complex
influences of a river system. Lastly, Browne et al.®® found polyester and acrylic fibers used in
clothing were present at over 250% greater concentrations in coastal sediments at historical sewage
discharge locations versus reference sites.

Although soils — particularly agricultural lands — are expected to be important sinks for
MPs and NPs, significant research is needed to better understand their loads, fate and potential for
biouptake in these complex heterogeneous environments. Plastic laden soils also pose a risk for
contamination of natural subsurface environments, including groundwaters that may be used as
drinking water sources. Thus, there is also an urgent need to characterize the behavior and mobility
of MPs and NPs in natural soils and subsurface environments such as groundwater aquifers.

2.2.4 Modeling with incomplete data
Because the data on MP and especially NP loads are limited and the uncertainty is high, there are

few reliable models for MP (or NP) transport.'* Jambeck et al.®® calculated broad estimates of
future land-based (terrestrial and freshwater) plastics entering the ocean based on waste
management data, suggesting that between 100 and 250 million tons of plastics will be released
into the ocean by 2025. On a finer scale, Nizzetto et al. developed the first mathematical study of
MP fate in terrestrial environments and rivers using an integrated catchment model.*! This work
focused on the mechanisms of MP particle storage, entrainment and deposition in soils and streams
to calculate the retention efficiency of soils and river sediments during MP transport toward the
sea.> 1 One of the primary shortcomings of many models is the lack of 3-dimensional resolution,
with models assuming that all particles exist at the water surface which does not account for the
variability of plastic concentrations with depth.®® Furthermore, validating models becomes
difficult as not all plastics are captured due to limitations in sampling methods that are unable to
detect the smallest particles.®” To overcome these shortcomings, it could be of interest to
implement transport and fate models that have recently been developed for engineered
nanoparticles (ENPs).1% Several models that take aggregation and heteroaggregation into account
have been developed for ENPs that could be applicable to NPs.29%19 Currently, the lack of robust
models prohibits a comprehensive understanding of the risks posed by MPs and NPs and reflects

the shortcomings in existing data sets of MP and NP behavior and fate in environmental systems.
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To address this, considerable fundamental research is needed to characterize the aggregation and

deposition kinetics of MPs and NPs over a broad range of environmental conditions.

2.3 Current state of knowledge on micro- and nanoplastic aggregation and
deposition

NPs and MPs in natural soils and waters will undergo various transformations (e.g., degradation,
coating with environmental macromolecules) that will influence their aggregation, deposition, and
transport. These processes will depend largely on the aquatic chemistry of the water column,
aquifer porewaters, and sediment properties and will directly influence the environmental fate of
the plastic particles.

Aggregation involves the transport of two particles towards each other to collide, followed
by attachment. This can occur with two particles of the same type (homoaggregation), or two
different particles (heteroaggregation). Deposition is the process of a particle attaching to a larger,
immobile collector surface, such as an aquifer/sediment grain.’®* The fundamental mechanisms
governing particle aggregation and deposition have been extensively described.*” 1% 106 Once
particles collide with each other (aggregation) or with a collector grain surface (deposition), the
likelihood of attachment is controlled by van der Waals and electrical double layer forces described
by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,®” 1% as well as non-DLVO
interactions (including steric forces).!® 9 The likelihood of attachment or “attachment
efficiency” («) is the ratio of collisions that result in attachment to the number of total collisions.
If attractive forces dominate, the process is considered diffusion-limited and « approaches 1.
Conversely, if a < 1, repulsive forces influence the likelihood of attachment, and the process is
considered reaction-limited. According to DLVO theory, increasing the ionic strength (IS) of a
solution compresses the electrical double layer and decreases repulsive forces, resulting in a higher
rate of aggregation or deposition. The minimum electrolyte concentration needed to completely
destabilize a particle suspension is the critical coagulation concentration (CCC). The CCC
represents the point at which o reaches unity, beyond which the aggregation rate is insensitive to
an increase in 1S.1** Additionally, according to the Schulze-Hardy rule, multivalent electrolytes
will have lower CCC values.

Besides water chemistry, particle-specific properties (e.g., size, density, shape, chemical
composition, surface charge, surface coating), hydrodynamic conditions, and soil/sediment

properties (e.g., grain size distribution, organic matter content)% 1. 112 also influence the
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potential mobility of particles in natural aquatic environments. Below, the existing literature on

NP and MP aggregation and deposition has been summarized and critically analyzed.

2.3.1 Laboratory studies investigating the aggregation of nanoplastics and microplastics.
Aggregation largely determines the fate, mobility, persistence, and bioavailability of particles in

the environment. It is generally controlled by the IS and valence of the electrolytes in the
surrounding medium; however, aggregation can also be impaired for NPs/MPs that are polymer-
coated, either intentionally or incidentally.*® Heteroaggregation, in which two or more different
types of particles form aggregates, is more likely to take place than homoaggregation for MPs and
NPs due to the overwhelmingly greater number of natural colloids.*® While this has been shown
for ENPs and natural colloids,!® the impact of heteroaggregation on the state or fate of MPs and
NPs is unknown. Table 2.1 summarizes the laboratory studies that have investigated the
aggregation rates, CCCs and general aggregation behavior of MPs and NPs.

A large number of studies have examined the homoaggregation behavior of PS NPs and
MPs. In general, the data in Figure 2.2 show that the particle-particle attachment efficiency (opp)
increases with increasing IS due to compression of the electrical double layer, in agreement with
the DLVO theory. For example, Wegner et al®® report that carboxylated 30 nm PS particles in
seawater rapidly aggregated to over 1000 nm in less than 30 minutes. Data in Figure 2.2 show how
the electrolyte valence impacts the aggregation rates of PS NPs and MPs. For instance, the CCC
for sulfonated PS particles was an order of magnitude greater in monovalent electrolytes compared
to divalent electrolytes.!** The importance of valence is further highlighted in Figure 2.2a, where
trivalent cations destabilized carboxylate- and sulfate-modified PS at lower concentrations than

divalent cations. 11117

A study by Ruiz Cabello et al.**® shows that sulfate-functionalized PS behaves similarly in
two different monovalent electrolytes at pH 4 (in NaCl and KCI, Figure 2.2b). Interestingly,
Oncsick et al. also examined sulfate-functionalized PS, at pH 4 in NaCl, but report different
behavior. The 530 nm sulfate-functionalized PS used by Oncsick et al.!'’ (Figure 2.2b) is less
stable in NaCl when compared to a 960 nm PS employed by Ruiz Cabello et al. The observed
difference in particle stability may arise from differing surface charge densities and/or disparities

in diffusion kinetics due to particle size.
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1 Table 2.1. Laboratory studies investigating NP and MP aggregation

Plastic type and
surface
functionality
PVC latex

PVC latex

PS latex
(carboxylate)

PS latex
(casein coating)

PS latex
(sulfate)

PS latex
(sulfate)

PS latex
(sulfate)

PS latex

PS latex
(sulfate and
amidine)

Synthetic
amphiphilic
polyurethane
(APU)

Nominal size and
concentration

d=480 nm
Co=36 — 1800 mg/L

d=338,510 nm
Co=3x 108
particles/mL

d=90-244 nm
Co= 0.001- 0.005 wt %

d=348+4nm
Co=2.1 x 10° particles/
mL

d=297+3 nm
Co=3 x 10 (solid
volume fraction)
d=179+12nm

C = 10% particles/mL

d=156 nm
Co=7x10" particles/mL

d=789+3 nm
Co = 3.5% m/m solids

d =110, 120 nm

d=17-97 nm
Co = 1.5x10* mg/L

Solution chemistry

Na* and Mg?*

NaNOs, Ca(NOs) and
La(NO)s

NaCI,BaC|z, LaC|3

100 — 1000 mM NaCl
pH 7.3

KCI, CaCl,and
La(N03)3

KBr, MgSO,
pH3-9

15-100 mM NaCl
1 mg/L organic matter
pH 7.4

250 mM NaCl +
polyelectrolytes (HEC,
SCMC, SPSS)

500 mM NaCl

20 mg/L humic acid
and polysaccharides
pH 7

0.2, 5mM CaSO,
0.02% NaN3

Experimental
approach

spectrophotometry

DLS

photoelectric
colorimetery

DLS

spectrophotometry

spectrophotometry

DLS

DLS

DLS

DLS

Main findings and conclusion

» Aggregation kinetics in agreement with DLVO theory
» Aggregation follows Schulze—Hardy rule

* Qualitative but not quantitative agreement with DLVO theory

 Aggregation follows Schulze—Hardy rule
» Stability increases with addition of surface carboxyl groups

« Casein coating imparts stability
« Stability increases with casein coverage

» Good agreement between theory and experiment for all electrolytes studied
» Aggregation follows Schulze—Hardy rule

» Aggregation follows Schulze—Hardy rule

* Coated NPs stable over 24 hours

* NPs more stable with larger size fraction of humic acid

« Steric interactions dominate stability

* Polymer depletion led to NP aggregation

« Stabilization by polyelectrolytes dependent on molecular size and osmotic
pressure

* Smaller humic acid fractions impart greater stability on smaller aggregates
than polysaccharides. Impact is less significant for larger aggregates

« Stability increases with adsorbed organic matter; positively charged particles
adsorb more humic acid than the negatively charged counterpart

« Stability of aggregates inversely proportional to aggregate size

« Stability decreased with increasing ionic strength for all except particles with
poly(ethylene glycol)-modified urethane acrylate precursor chains
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PS latex
(carboxylate and
amphoteric)

PS latex
(sulfate and
amidine)

PS latex
(sulfate)

PS latex
(carboxylate)

PS latex
(carboxylate)

PS latex
(carboxylate and
amidine)

PS latex
(carboxylate and
sulfate)

PS latex
(sulfate and
amidine)

PS latex

PS latex
(carboxylate)

PS latex
(sulfate and
amidine)

dTEM = 364i 13,
32015 nm
Co =110, 180 mg/L

d =200, 270 nm
Co=n.s.
d=115+7 nm

Co=1.3x108, 1x10%°
particles/mL

d=30nm

Co =100, 200,
300 mg/L

d =1000 nm
Co =80 mg/L

d =40,50 nm
Co=1x10*mg/ L

d =530, 1000 nm
Co=4.5mg/L

dTEM = 960, 980 nm
Co=50-200 mg/L

d =70, 1050 nm
Co =50 mg/L
d=24-495nm

Co = 1.5x108 - 1x10*
particles/mL

dTEM = 110, 265 nm
Co = 2-10 and 50-200
mg/L; 0.3 — 2 x10°
particles/mL

NaCl
pH 5,7,9

KCI + polyelectrolytes
pH 4,58

0.1-1000 mM KCl,
MgCIz, LaCI3

pH6-7.5

sea water

KCI, MgCl,, LaCls,
ZI'C|4

pH4

natural seawater

51000 mM Nacl,
KClI, CsCl, MgCl,,
CaClz, LaCI3

pH 4

10 - 200 mM NaCl
8- 100 mM NaSCN
9- 180 mM NaBr
10 - 500 mM KCI
10 - 500 mM CsClI
pH 4

natural fresh water

500 mM NaCl
2000 mM CaCl,
pH 7

NaCl, NaBr, NaSCN,
NaN(CN),
pH 4

Low-angle light-
scattering

DLS

DLS

DLS

DLS

DLS

DLS

DLS

DLS

DLS

DLS
TEM

« Surfactant-complexed particles more stable than bare particles

* Electrostatic repulsion imparts stability

* At low electrolyte concentrations, colloids remain stable after addition of
surfactants

*Both particles behave similarly in the presence of oppositely charged
polyelectrolytes

*In the presence of polyelectrolyte coatings, EDL forces responsible for
stabilization

*Aggregation follows Schulze—Hardy rule

*Multivalent counterion concentration determines counterion adsorption
*DLVO theory assumption of constant charge is in agreement for monovalent
salt.

* NP destabilized shortly after being introduced to seawater (~1000 nm
aggregates)

 Aggregation follows Schulze—Hardy rule

* Carboxylate modified NP formed large aggregates of ~1700 nm while amine
modified ones was dispersed at ~90 nm

» Aggregation follows Schulze—Hardy rule
» Aggregation highly dependent on valence of counter ion
 Aggregation insensitive to ion type for the same valence

* Both MPs behave similarly in all electrolytes

* Heteroaggregation observed with kaolin or bentonite clays in natural
freshwater

» Aggregation rate directly proportional to particle concentration

» Surface charge and aggregation rate both sensitive to the type of ion
» Aggregation follows Schulze—Hardy rule

Jodar-Reyes et al., 20062

Hierrezuelo et al., 2010'%°

Schneider et al., 2011

Wegner et al., 2012%

Ruiz-Cabello et al., 2013

Della Torre et al., 2014

Oncsik et al., 20147

Ruiz-Cabello et al., 20158

Besseling et al., 2016

Henry et al., 2016

Oncsik et al., 2016
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Changes to the particles resulting from engineered functionalization or incidental coatings
will also impact NP aggregation. Hierrezuelo et al.*?® show that a 270 nm sulfate-modified PS is
more stable than a 200 nm amidine-modified PS under the same experimental conditions (open
red squares and circles). Della Torre et al. observed that 40 nm carboxylated PS NPs rapidly
formed aggregates of ~1700 nm in natural seawater, while 50 nm amino-modified PS NPs
remained temporarily stable at ~90 nm, but moderately aggregated at longer times.**° Sakota and
Okaya demonstrated that increasing the extent to which PS particles are carboxylated increased
stability, due to an increase in surface charge.*?! Similarly, the stability of sulfonated PS latex was
observed to depend on surface charge density.!** Thus, particle aggregation will not only depend

on water chemistry but also on the particle surface functionalization.
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Figure 2.2. Aggregation stability curves of selected PS NPs and MPs in (a) multivalent salts (b) monovalent salts without coating
and (c) monovalent salts with coatings from studies summarized in Table 2.1.116-118.12% Here, app = particle-particle attachment
efficiency and SMP, CMP and AMP = sulfate-, carboxyl- and amidine-modified plastics, respectively. Solid symbols indicate

addition of polyelectrolyte to the background solution.

Few studies have examined the effect of coatings on the stability of NPs and MPs. In Figure
2.2¢, solid symbols represent coated NPs and MPs while open symbols represent uncoated
particles. Although polymer coatings are generally observed to stabilize ENP suspensions due to
steric or electrosteric stabilization,*” their impact on NP and MP aggregation is not clear. For
example, Hierrezuelo et al. report that 200 nm uncoated amidine-modified PS particles are less
stable than those coated with either polyacryclic acid (PAA) or polystyrene sulfonate (PSS)

polymers (Figure 2.2c, circles). However, they also show that a 270 nm linear polyethyleneimine
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(LPEI- and polydiallyldimethylammonium chloride (PDAPMAC)-coated sulfate-modified PS

have a comparable stability to the bare particles (Figure 2.2c, squares). 12°

Natural organic matter (NOM), which is ubiquitous in natural waters, is expected to adsorb
on the surface of plastic particles, as has been demonstrated for natural colloids and ENPs. 134139
Studies on plastic aggregation in the presence of NOM are sparse,*?* 12 precluding generalizations
of the impact of these diverse environmental molecules. Two studies?* 126 show that PS NP
aggregation is reduced in the presence of polysaccharides, humic and fulvic acids; however,
additional research is needed to develop a more comprehensive understanding of the effects of
these ubiquitous and heterogeneous environmental macromolecules on plastic stability.

The existing literature on the aggregation of spherical PS particles is generally in
qualitative agreement with the DLVO theory of colloidal stability. Namely, the data in Figure 2.2
show that app increases with increasing solution IS until the mass transport-limited aggregation
rate is reached (where app=1). In all studies, spherical particles are used; however, since a large
proportion of MPs and NPs in the environment is expected to have variable and non-spherical
shapes, the aggregation behavior of different-shaped plastics warrants further investigation.
Moreover, plastic debris in the environment is not restricted to PS. While the aggregation behavior
of PVC latex and polyurethane (PU) particles have been observed to generally follow the DLVO
theory and Schulze-Hardy rule, 1% 1?0 little attention has been paid to these materials. Thus, future
research should take into account the diversity of plastics to better understand environmental fate
and associated risks.

2.3.2 Laboratory studies investigating the deposition of nanoplastics and microplastics.
Different experimental approaches have been used to investigate NP and MP deposition kinetics

in systems representative of the unsaturated (vadose) and water saturated zones of the subsurface
environment.}% 140 Fully or partially water-saturated columns filled with well-characterized
granular media (e.g., glass beads, sand, or soil) are commonly used to study particle transport and
deposition by monitoring changes in the column effluent particle concentration as a function of
time.124 140-171 Alternatively, the quartz crystal microbalance with dissipation monitoring (QCM-
D) has been used to characterize NPs deposition onto model aquifer grain surfaces.®” Nearly all
studies on the deposition of NPs or MPs have focused on spherical PS particles modified with

sulfate, amine or carboxyl groups (Table 2.2). Figure 2.3 summarizes data from some of these
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studies. As noted in the case of particle aggregation, the particle-collector attachment efficiency

(apc) also increases with 1S due to electrical double layer compression.

Figure 2.1. Deposition stability curves of PS NPs and MPs from studies in Table 2.2,14% 157, 160, 161, 164, 167 (3) SMP with and

—_ T T T
8 10° —&—50 nm SMP in NaCl, pH 7.2 (Franchi & O'Melia, 2003)
3 ] —k— 50 nm SMP + 1 ppm SRHA in NaCl, pH 7.2 (Franchi & O'Melia, 2003)
~ —O~50 nm SMP in KCI, pH 5.7 (Pelley & Tufenkji, 2008 )
> y —@-—50 nm SMP + 5 ppm SRHA in KCl, pH 5.7 (Pelley & Tufenkji, 2008)
8 107 1 —O—110 nm SMP in KCI, pH 5.7 (Pelley & Tufenkji, 2008)
o) —@— 110 nm SMP + 5 ppm SRHA in KCl, pH 5.7 (Pelley & Tufenkiji, 2008)
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(>)‘ 1 —{}—63 nm CMP in KClI, pH 8 (Tufenkji & Elimelech, 2005)
c 10 1 1 —(+ 63 nm CMP in KCI, pH 11 (Tufenkii & Elimelech, 2005)
(o) —O—24 nm AMP in KCl, pH 7 (Quevedo and Tufenkji, 2012)
L_) 364 nm ChMP in NaCl, pH 7.5 (Xu et al. 2016)
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without SRHA and (b) SMP, AMP, and CMP with and without various types of NOM Here, apc = particle-collector attachment

efficiency and solid symbols indicate addition of NOM. PHA = peat humic acid, GFA = Georgetown fulvic acid, SRHA =

Suwannee river humic acid and ChMP = chloromethyl-modified plastic.
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Table 2.2. Laboratory studies investigating NP and MP deposition

Plastic type and
surface functionality

Particle size and
concentration

Deposition system

Collector surfaces

Solution chemistry

Main findings and conclusions

References

PS latex
(sulfate)

PS latex
(sulfate)

PS latex
(sulfate)

PS latex
(sulfate and
carboxylate)

PS latex
(sulfate and amidine)

PS latex

PS latex
(sulfate and amidine)

PS latex

PS latex (fluorescent)
(carboxylate)

d =46,378,753 nm
Co=1-4mg/L

d=46, 121,378,753 nm
Co=0.5-4mg/L

d =156 nm
Co= 7x107 particles/mL

d =190, 220 nm
Co =5 x 107 particles/mL

d =468, 477 nm
Co = 107 particles/mL

d=76,301nm
Co=nla

d =2500 nm
Cp=23x10°
particles/mL

d =53 -1960 nm
Co=n.s.

d =450, 1000, 2000, 3200
nm

Co=n.s.

packed column
H:15, 20 cm, D:n.s.

packed column
H: 20 cm, D:n.s.

packed column
H:n.s, Din.s

packed column
H:30 cm, D:2.5cm

packed column
H:n/a

packed column
H:15 cm, D:3.2 mm

packed column
H:10 cm, D:2.5cm

packed column
H:20 cm, D:10 cm

packed column
H:15cm, D: 4.8 cm

H:10 cm, D: 5cm

glass beads
d=200,400 pm

glass beads
d=200,400 pm

quartz sand
d=275 pm

unsaturated quartz sand
d5() =212 - 315 nm

quartz sand
ds() :275 um

glass beads 100, 200
pm

quartz sand 74, 149 pm
Ottawa sand

dso =580 um

Munich gravel
d=250 pm
Sengethal sand
d=100 pm

Ottawa sand

d5o =150 - 710 um
glass beads

dsp = 260 um

3-300 mM KClI, CaCl,
pH6.7

3-300 mM KCl
pH6.7

15 -100 mM NaCl
1 mg/L humic matter
pH=7.4

1 mM NaNO;
pH 7.0

20 - 800 mM NaCl

pH 7.4

1, 10 mg/L Georgetown
fulvic acid, peat humic acid

0-1mM KCI

10 mM NaCl
0 - 20 mg/L Georgetown
NOM, pH 5.4

Milli- Q water
1, 10 mM NaCl, CaCl,
pH=nla

1 mM NaCl
pH7

* Deposition rate increases with
increasing IS until 0.1M KCl and 0.01M
CaCl, (above which deposition rate
decreases)

* Deposition rate increases with IS

« Stability curve slope independent of
particle size

«Steric repulsion responsible for stability
at high ionic strengths

*Peat humic acid imparts more stability
than Georgetown fulvic acid

* Presence of air at collector surface
increases retention

* Retention greater for hydrophobic
particles

* Negatively charged particles more
stable than positively charged when
coated due to greater magnitude of
repulsive force

* Larger molecular sized NOM shows
less retention due to steric contribution
» At higher IS, particles deposited on
porous media

* Presence of NOM imparts stability due
to contribution of steric and electrostatic
repulsion

*Deposition in agreement with DVLO:
particle transport increases with
decreasing IS

*Impact of counterion valence more
apparent in sand gravel

* Model included; particle and grain size
influence retention due to straining

* Retention increases with decreasing
grain size and increasing colloid size

Elimelech & O'Melia,
1990a**®

Elimelech & O'Melia,
19900

Amirbahman and Olson,
199312

Wan and Wilson, 1994156

Amirbahman and Olson,
19957

Sojitra, 19955

Deshiikan et al., 19988

Huber et al., 20002

Bradford et al., 2002%°
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PS latex
(sulfate)

PS latex
(sulfate)

PS latex
(carboxylate)

PS latex
(sulfate)

PS latex
(carboxylate)

PS latex
(carboxylate and
amidine)

PS latex
(sulfate)

PS latex
(carboxylate)

PS latex
(sulfate)

d=98nm
Co=1mg/L

d =308 nm
Co=1mg/L

d =63, 320, 3000 nm
Co=1x10"-3.6 x 10°
particles/mL

d =20 - 420 nm
Co =100 mg/L

d = 1000, 3200 nm
Cy=0.25,05,1,2 % Cy
Cr=3.68x 107, 1.18x
108 particles/mL

d =100 - 2000 nm
Co=1x10°%,1 %107
particles/mL

d =30, 66, 1156, 3000
nm
Co =10, 40 mg/L

d=1100 nm
Cp=25-2.8x107
particles/mL

d =2000 nm
Co=7.5mg/L

packed column
H: 250 cm ,D: 2.5 cm

packed column
H:20 cm, D:2.5cm

packed column
H:12.6 cm, D:1.6 cm

packed column
H:10 cm, D:4.5cm

packed column
H:15cm, D: 4.8 cm

H:10 cm, D: 5cm

packed column
H:20 cm, D:3.8 cm

packed column
H:10 cm, D:3.8 cm

packed column
H:10 cm, D:5cm

packed column
H:6.7 cm, D:1.8 cm

glass beads
d=200 pm

glass beads
d= 200, 400 pm

glass beads
dso = 330um

quartz sand
d=300 - 355 um

Ottawa quartz sand
d= 150, 240, 360 pm

glass beads and quartz
sand

417 — 600 um

glass beads

(3 fraction sizes)
d=88 - 125 um
d=180 - 250 um
d=590 - 840 um
unsaturated Ottawa
sand

dsp =240, 360 pm

Zirconia beads
d5o =326 pm

0-500 mM NaCl

0,1 mg/L SRHA
13-960 mM KCl, CaCl,
pH6.7,7.2

10 - 100 mM KClI
200 mM CaCl,
pH 5, 6.7-6.8

3-300 mM KClI
0.06 mM SDS
pH 8, 11

1 mM (NaCl + NaHCO5)

pH 7.5

1 mM NaCl
pH7

1-50 mM NaCl
pH 2, 6.7

DI water
200 mM NaCl
pH 10

6, 30 and 60 mM KClI
pH 10

0.1 - 100 mM KCl
pH3-11

* Deposition increases with IS; particle
depositing at lower IS more prone to
reentainment

* Deposition decreases with SRHA
(except at low IS)

Latex particle exhibit little affinity for
glass beads

* Retention increases with IS
* Deviations from colloid filtration
theory investigated

* Particle retention lower in saturated
flow conditions

* Deposition decreases reaching a
minimum then increases as plastic size
increases to MP

*Retention increase with increasing MPs
size and decreasing sand size

*Less deposition with increase in Co

*Particle retention increases with
increasing velocity

*Using DI water, 0% particle deposition
observed except for 3 pm PS

*High IS imparts a lower critical
straining ratio

* Retention decrease with level of

saturation

* Retention increases with IS
* pH effects on transport not significant

Franchi and O'Melia,
200360

Hahn et al., 2004%

Tufenkji and Elimelech,
2005161

Zhuang et al., 20052

Bradford and Bettahar,
2006%°

Tong and Johnson, 20067

Shen et al., 20084

Torkzaban et al., 20084

Kobayashi et al., 200863
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PS latex
(sulfate)

PS latex
(carboxylate)

PS latex

PS latex
(carboxylate)

PS latex
(carboxylate)

PS latex
(sulfate and
carboxylate)

PS latex
(sulfonated)

PS latex
(carboxylate)

PS latex
(carboxylate)

PS latex

PS latex
(carboxylate)

d =50, 110, 1500 nm
Co=12x10",1.2x%
10%, 8.6 x 10°
particles/mL

d =20, 200, 1000 nm
Co=ns.

d =980 nm
Co=nla

d =40, 500 nm
Co=7.8x10"/1.2x 108
particles/mL

d = 1000 nm

Co=3.64x 10"
particles/mL

d =20, 1000 nm
Co= 8 x10%, 107
particles/mL

d =800 nm
Co=n.s.

d=24 nm
Co = 10* particles/mL

d =100, 1050 nm
Co=10.5 mg/L

d=60nm
Co =50 mg/L

d =75,300 and 2100 nm
Co=4.31x10%and 1.35
x 108 particles/mL

packed column
H: 15 -16.5cm, D:1cm

packed column
H:20 cm, D:5.4 cm

packed column
H:30 cm, D:2.05 cm

packed column
H:30 cm, D:1cm

packed column
H:7cm, D:1.4 cm
H:30 cm, D:5.5cm

packed column
H:8cm, D:1.6 cm

n.s.

packed column
H:10 cm, D:1cm

chamber bed
LxWxH: 20x10x10 cm

deep well plate columns
H:3.4 cm

packed column
H:15.2 cm, D:2.61 cm

quartz sand
dso =256 um

Dune sand
dso= 310 - 320 um

unsaturated and
saturated sand
dso = 250 um

saturated quartz sand
d=270um

natural quartz sand
d= 800 pm

clean and biofilm
coated quartz sand
(Pseudomonas
aeruginosa biofilm)
ds() =763 um

hematite covered mica
monolayer

loamy and quartz sand
d =225 pm, loamy
d =256 pum, quartz

glass rod
d = 5000 pm

lota quartz sand and
Calls Creek sediment

d =200, 361 pm

fine and medium quartz
sand

d5o: 181, 513 pm

1-100 mM KClI
0,5 mg/L SRHA
pH5.7

3-4 mM artificial rainwater
pH7.8

2 -50 mM NaNOs
pH 7

0.05 - 100 mM NaCl
pH 6.7, 9.6

Dead sea water 8.5 M

10 mM KCI

pH 7.2

1IS=0.1- 10 mM
pH 3.5

0.1-100 mM KCI
0.1-10 mM CaCl,
pH7

1- 100 mM KCI
pH7

0.001-0.1% sodium
dodecyl sulfate (SDS)

0.1 - 1000 mM NaCl
83-95% saturation

* Deposition increases with IS

+ Addition of SRHA generally decreases
deposition due to steric contribution

* Particle transport: acid washed sand >
distilled water washed > natural sand

«Saturated flow: decreasing solution
surface tension and IS, decreases
deposition

*Unsaturated flow: deposition decreases
exponentially with travel distance.
*Deposition is IS dependent, and
increases with increasing 1S

+Particle deposition accelerates at high IS

* Retention increased in biofilm coated
sand vs. clean sand

* Higher retention with sulfate
functionalized particles than carboxylate

* Deposition deviates from the mean-
field DLVO theory but agrees with
DLVO theory at low IS

* Retention increases with IS

* Higher deposition with divalent
electrolyte vs. monovalent in quartz sand
* Retention greater in loamy than quartz
sand

* Retention decreases with increasing
flow velocity and increases with
increasing IS

*Greater deposition in the sediment than
in lota quartz sand.

* Less attachment onto fine than medium
quartz sand

* Deposition slighter higher with large
particles

Pelley and Tufenkji, 20085

Shani et al., 20085

Zhuang et al., 20104

Qing, 201173

Magal et al., 20117

Tripathi et al., 20111%¢

Nattich-Rak et al., 201246

Quevedo and Tufenkji,
201267

Wu et al., 2012168

Bouchard et al., 20134

Mitropoulou et al., 20134
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PS latex
(carboxylate)

PS latex
(carboxylate)

PS latex
(sulfate and
carboxylate)

PS latex

PS latex
(carboxylate)

PS latex
(chloromethyl)

d =100, 500, 2000 nm

Co=1.1x10°,7.3 %107,

2.3 x 10% particles/mL

d=300 nm
Co= 5.8 x 107
particles/mL

d=20nm
Co =20 mg/L (~2.62 x
10%2 particles/mL)

d =240 nm
Co=25mg/L

d =1156 nm
Co =10 mg/L

d =364 nm
Co =5, 100 mg/L

packed column
H:11cm, D:2cm

physical micromodel

packed column
H:8.1cm, D:1.6 cm

packed column
H:25 cm, D:2.5cm

packed column
H:10 cm, D:3.8 cm

packed column
H:200 cm, D:2.6 cm

quartz sand
dso =250 um

polydimethylsiloxane
(PDMS)

clean and biofilm
coated quartz sand
(Pseudomonas
aeruginosa biofilm)
d; =760 pm

fine and medium
unsaturated and
saturated sand

dso= 140, 323 pm

quartz sand
300 - 355 um

unsaturated quartz sand
300-350 um

0 - 800 MM NaCl,
pH5.6-58

DI water
1S =0.0012 mM
pH 7.0

1-100 mM NaCl
1-100 mM CaCl,
pH 7.0

0.4 mM NaCl
pH 6.7

0.0001 - 0.2 M NaCl
pH 10

1-75mM NaCl
pH 7.5

* Deposition behavior in column
experiments not consistent with batch
experiments

* Retention decreases with flow velocity

* At lower IS, high retention observed in
biofilm coated than clean sand

* Both functionalized particles behaved
comparably

*Deposition in unsaturated media greater
than saturated media

*Detachment of particles from the
primary energy well can be achieved by
Brownian diffusion.

*Increase in electrostatic repulsion leads
to decreasing particle deposition

Effect of saturation on deposition more
important at high IS

Treumann et al., 2014

Zhang et al., 2015

Mitzel et al., 2016

Hoggan, 20164

Wang et al., 20164

Xu et al., 2016
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The porewater flowrate in subsurface environments has been shown to affect the transport
of NPs and MPs.1% 170 Generally, decreased plastic deposition is observed at high porewater
velocities, in agreement with studies involving other types of colloids (e.g. titanium dioxide,
fullerenes).*® 170.172.174 Tong and Johnson observed a decrease in retention of PS MPs in columns
packed with quartz sand as flow velocity increased.'’? This behavior was observed by others when
the plastic particle and collector have the same charge (unfavorable condition).t’> 176

The type of granular media will play a large role in determining the fate of NPs and MPs
in the environment. Despite this, most studies have used clean glass beads and high purity quartz
sand that poorly represent natural environments. Researchers that investigated the behavior of
plastic particles in realistic media other than quartz sand and glass beads suggest that retention is
much higher under ‘dirty’ conditions. Bouchard et al. showed that PS MP retention was greater in
sediments from a creek in Georgia, USA than in pure lota quartz sand.}*® The observed retention
was attributed to the high aluminum hydroxide content and rougher surface of the sediment that
can provide positive charge and localized sites for deposition, respectively. Additionally, using
comparable media grain sizes, Quevedo and Tufenkji showed that PS NP retention was greater in
an agricultural loamy sand than high purity quartz sand.®” These studies suggest that retention is
higher in more heterogeneous granular media, although further investigations using
environmentally relevant granular materials are needed to establish a comprehensive
understanding of the effect of geochemistry and grain size distribution on the transport of NPs and
MPs.

Microorganisms and biofilms are ubiquitous in natural aquatic environments; yet, their
impact on the mobility of NPs and MPs has not been well studied. Tripathi et al observed that PS
NPs and MPs with different surface functionalities (carboxylate and sulfate) exhibit increased
retention in columns packed with quartz sand coated with Pseudomonas aeruginosa biofilm.6
Mitzel et al also reported higher retention of sulfate and carboxylate functionalized PS NPs when
sand is coated with Pseudomonas aeruginosa biofilm. This trend is observed in the presence of
other types of biofilms (e.g., Pseudomonas fluorescens, Stenotrophomonas maltophilia,
Lactococcus lactis etc.).t”” 18 The hydrophobicity of biofilm-coated sand can also influence the
transport behavior of PS. For example, Mitzel et al observed dynamic NP transport behavior in
sand coated with a hydrophilic biofilm, whereas NP transport was constant with time in the sand
coated with a more hydrophobic biofilm.*"
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Few studies have examined the impact of NOM such as fulvic and humic acids on the
transport and deposition of NPs and MPs in model subsurface environments.'%® 160. 164 particles
coated with NOM (Figure 2.3a, solid symbols) were generally observed to have lower attachment
efficiencies than uncoated particles (open symbols) with few exceptions. Franchi and O’Melia
showed that negatively charged sulfate functionalized PS particles coated with Suwannee River
humic acid exhibit reduced retention (except at IS below 10 mM NacCl) in columns packed with
glass beads (Figure 2.3a, star symbol). This was one of the first studies to report on the role of the
secondary energy minimum in the reversible attachment of NPs or MPs.1®° In examining the effect
of varying NOM concentrations, Amirbahman and Olson observed little difference in stability of
negatively charged PS MPs when the concentration of peat humic acid increased from 1 to 10 ppm
(Figure 2.3b, black and purple solid downward triangle).*>” Deshiikan et al looked at the effect of
increasing Georgetown NOM concentration on two PS MPs. The stability of the positively charged
PS MPs increased significantly as NOM concentration increased from 5 to 20 ppm. This was
associated with a reversal of MP surface charge from positive to negative. However, no substantial
difference in stability was observed for the negatively charged particles in the presence versus
absence of NOM, a result attributed to less NOM having sorbed to the negatively-charged
particles.!>® As humic substances are commonly negatively charged at environmentally relevant
pH, adsorption of NOM onto positively charged MPs will reduce the magnitude of the surface
charge.*® The type of NOM sorbed to the surface also influences particle stability. In comparing
adsorption of two NOMs having differing average molecular sizes (Georgetown fulvic and peat
humic acid, both at 1 ppm) onto positively and negatively charged PS MPs, particles coated with
the lower molecular-sized Georgetown fulvic acid were more likely to deposit onto quartz sand
(Figure 2.3b, solid diamonds), despite similar electrophoretic mobilities.®” This was attributed to
the reduced steric-stabilizing effect of the smaller organic molecule.

A significant fraction of NPs and MPs is expected to enter groundwater via the unsaturated
(vadose) zone, where particle mobility is often reduced compared to water saturated environments
due to the role of the air-water interface and film straining.40 143 156. 162 For example, Wan and
Wilson attributed increased retention of PS MPs in sand-packed columns with increasing gas
content to the air-water interface;**® however, Torkzaban et al. suggest that for similarly charged
surfaces, straining is the predominant retention mechanism.'*° Colloid hydrophobicity also plays

an increased role in particle retention in the vadose zone, resulting in greater partitioning to the

31



air-water interface.*®® Thus, the transport of hydrophobic plastics is expected to be significantly
mitigated when moving through the vadose zone.

A review of the existing literature (Table 2.2) shows that few studies have examined the
transport and deposition behavior of NPs and MPs in environmentally relevant systems. The
subsurface environment is heterogeneous and complex, and laboratory studies using pristine
granular media are likely to underestimate NP and MP deposition. As is also the case for plastic
aggregation, most of the studies on plastic deposition were performed using spherical primary
plastics that are less likely to be encountered in the environment. The transport behavior of more
environmentally relevant secondary plastics comprised of fragments, films, rods, etc. requires
investigation. Furthermore, studies have largely been limited to PS; thus, there is a need for
additional research to understand the impacts of factors such as water chemistry, microbial
biofilms, and soil type on the mobility of different plastics.

2.4 Plastics may act as vectors for other contaminants

2.4.1 Plastics as contaminant source and sink
NPs and MPs can serve as both sources and sinks for contaminants in the environment (Figure

2.4a). Chemical byproducts, monomers, and additives (e.g., bisphenol A, triclosan, bisphenone,
flame retardants, phthalates, organotins) are added during the manufacturing of plastics. Several
of these additives, that may leach from the plastic into the environment,’® are of significant
concern (endocrine disrupting, carcinogenic and/or mutagenic).t On the other hand, plastics can
also sorb inorganic and organic contaminants, % %8 63,181 35 MPs in the aquatic environment were
found to be contaminated with POPs and heavy metals. For example, MPs were reported to exhibit
concentrations of POPs up to six orders of magnitude greater than the background concentration
in the surrounding seawater.%? 182184 These interactions with contaminants are increasingly being
studied to better understand the risks associated with plastics in the environment.18 7. 62, 64,182, 185
Furthermore, the bioavailability of these sorbed contaminants to aquatic organisms may be
considerable, with significant rates of desorption for DDT and phenanthrene observed across a

range of salinities.®®
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Figure 2.4. (a) Contaminants that have been found to associate with plastic debris in the environment.17: 57 59 62, 186-189 Schematic
adapted from 8 (b) Relative ranking of sorption capacity as a function of plastic type. In a given study, a score of 1 indicates the
highest sorption capacity and increasing values indicate plastics that exhibit lower sorption capacities. HDPE = high-density
polyethylene; LDPE = low-density polyethylene; POM = polyoxymethylene; PA = polyamide; PET = polyethylene terephthalate.
*Glass transition temperature from 10,

Table S2.2 summarizes existing studies on the sorption of contaminants on plastics, many
of which have focused on micrometer and millimeter-sized particles. Sorption of contaminants
onto plastic debris depends on several factors such as the physicochemical properties of the
polymer, solution chemistry of the immediate environment, the degree of weathering, and

temperature 18, 61, 62, 65, 183-185, 191

When plastics are released into the environment, several environmental factors will lead to

fouling and weathering.%% 1! Degradation and breakup of pristine plastics can increase the exposed
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surface area, resulting in increased sorption capacity. For example, Napper et al. investigated PE
microbeads extracted from personal care products and found that rough MPs adsorbed more DDT
and phenanthrene than smooth ones.%* Similar trends were observed with heavy metal
contaminants; aged PE pellets adsorbed more cationic metals than pristine pellets.>® Brennecke et
al. observed that higher levels of Zn?* and Cu?* sorbed onto aged PVC compared with pristine PS
particles, despite the fact that PS generally shows a greater sorption capacity than PVC (Figure
2.4b).5" On the other hand, weathering via photodegradation oxidizes plastics (adding e.g.
carbonyl groups) and increases their polarity which can decrease their sorption capacity. Fouling,
sometimes indicated by discoloration, is also expected to affect the adsorption of contaminants
onto plastics. Discolored plastic particles have been shown to adsorb more PCBs than non-
discolored ones.®!

Increasing temperatures will generally reduce the “glassiness” of a polymer, increasing its
affinity for contaminants; however, increasing the temperature of the aqueous phase also leads to
increased solubility of organic and inorganic contaminants.!® Crawford and Quinn observed
greater affinities for PE MP with 33 different PAHs at 21 °C versus 10 °C.*8 Hu et al. also reported
an increase in sorption with temperature of lubricating oil on PE NP and PS MP.% In contrast,
Zhan et al. showed that sorption of PCBs onto PP decreased as temperature increased from 19 to
27 °C.1% These conflicting data highlight the difficulty in predicting changes in contaminant
sorption, because temperature will impact both the properties of the plastic and the contaminant.

The salinity of the surrounding aqueous environment can also influence the sorption
behavior of plastics by affecting the water solubility of organic compounds. Generally, an increase
in salinity decreases the solubility of non-polar and weakly polar organic contaminants in water,%
known as the salting-out effect. Hence, high salt levels can increase the availability of certain
hydrophobic contaminants for adsorption onto plastics. Indeed, the adsorption of phenanthrene on
PP MPs increased with salinity.*® Hu et al reported that lubricating oil adsorbed more to PE NPs
and PS MPs when salinity increased. This was attributed to the salts promoting outer-sphere
surface complexation between the particles and the oil.6> Increased salinity levels also resulted in
greater sorption capacities of PCBs onto PE and PS.® However, this trend does not appear to be
universal for plastics. As salinity increased from freshwater to seawater, sorption of heavy metals
by PE was observed to decrease considerably, with the exceptions of Cu?*and Cr?*.2% Decreased

sorption of DDT onto either PVC or PE was noted when salinity increased from river to seawater
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(no effect was noted on the sorption of phenanthrene). Given the limited studies and
contradictory reports, the effects of salinity on the sorption of inorganic and organic contaminants
onto plastic merit further investigations.

Beyond environmental factors influencing sorption, the type of plastic also plays an
important role. Figure 2.4b provides an integrated comparison of polymer sorption capacities to
determine the expected relative contaminant association as a function of plastic type. For each
study, the sorption capacity of different plastics was ranked by assigning a score of 1 to those that
exhibited the highest sorption capacity and increasing values for plastics that exhibited lower
sorption capacities. The average ranking for each type of plastic across the different studies was
then calculated and reported alongside their glass transition temperatures (Tg). In general, rubbery
polymers such as PE and PP are expected to allow greater diffusion of contaminants into the
polymer than glassy polymers such as PET and PVC.!" At room temperature, rubbery polymers
exist above their Tq which results in greater flexibility and facilitates contaminant sorption.!’
Indeed, the rubbery polymer PE commonly shows a greater affinity for contaminants than other
types of plastics (i.e., in Figure 2.4b, PE most often receives a score of 1).417:20. 191197 Conyersely,
PET and PVC generally exhibit lower sorption capacities (i.e., they receive higher scores of 4 or
5).20-63 However, this generalization does not hold for all types of contaminants (Figure 2.4b). For
instance, PS appears to be an exception to the rule, whereby its average sorption capacity ranking
is greater than would be predicted by its Tq. Five studies have compared the sorption of
contaminants by PS and other plastics, and twice it ranked highest despite PS being a glassy
polymer at room temperature.®® A possible explanation for this is the presence of benzene in the
PS monomer rather than, for example, hydrogen in PE (Figure S2.1). This benzene ring increases
the distance between the polymer chains and can facilitate contaminant attachment and integration
into the polymer.}” Other exceptions to the general trend include the accumulation of less metal by
high density PE than low density PE, PET, PVC and PP, and sorption of more alkylbenzenes by
PVC than PE.1®® Thus, whereas general sorption trends appear to be well correlated to Tg, these
latter observations are likely related to the chemistries of a specific contaminant and plastic.

Contaminants are unlikely to exist in isolation in the environment; however, studies
investigating the potential for competitive sorption onto plastics are nearly nonexistent.
Competitive sorption between phenanthrene and DDT was demonstrated for PE and PVC, which
sorbed more DDT than phenanthrene.®* 1% The observed trend for DDT could be due to several
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factors, including its greater hydrophobicity. There is a need to investigate the sorption capacity
of plastics in environmentally relevant heterogeneous systems to further understand the
mechanisms by which plastics preferentially interact with different organic and inorganic
contaminants.

Figure 2.4aand Table S2.2 show that several investigations have focused on the association
of plastic particles with persistent, bio-accumulative, and toxic compounds (e.g., metals, PAHSs,
PCBs and DDT).®% 61.64.182.195 pharmaceuticals and other endocrine-disrupting compounds which
are contaminants of emerging concern are less studied in this context. Wu et al investigated the
effect of salinity and presence of NOM on the sorption capacity of four pharmaceutical
contaminants onto PE MPs.? They reported that sorption to PE MPs depends on contaminant
hydrophobicity and that the presence of NOM decreased the affinity of all but one contaminant
(carbamazepine).?®° Since the interaction of plastics with POPs can differ from pharmaceutical
contaminants (some of which can be ionic), there is need for more research to understand the
mechanisms by which pharmaceutical contaminants and NOM interact with plastic particles in

aquatic environments.

2.4.2 Nanoplastics and microplastics can facilitate the transport of contaminants
The mobility of organic and inorganic contaminants can be enhanced by association with colloids

in soils, surface waters, and groundwaters.>> 201202 Natural colloids (e.g. iron oxides and clays)
have been reported to increase the transport of metals such as copper, zinc, lead, cadmium, arsenic
and nickel up to 50 times the rates observed in non-colloid associated tests.> 3 54 203-207 Co||oids
have also demonstrated the potential for promoting the transport of organic pollutants, such as
prochloraz, glyphosate, and atrazine.?%8-2!% The movement of colloids can be faster than that of the
porewater due to the size exclusion effect, in which colloids are excluded from small pores.?*
Studies on the facilitated transport of contaminants by plastics (PS and polyurethane, PU)
in model or natural subsurface systems are sparse,*?” 212 though they are in general agreement with
the literature on natural colloids. PU used within a remediation paradigm improved the removal of
phenanthrene from soil by facilitating the contaminant's mobility in porous media and increasing
the bioavailability to microbial populations that can degrade the contaminant.'?” 212 Jaradat et al.
showed that phenanthrene in leaf compost had a greater affinity for sulfate- and carboxylate-
modified PS MPs than the compost materials.?!® Laboratory-scale columns packed with leaf

compost media revealed that phenanthrene levels in the column effluent were significantly higher
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in the presence of more hydrophobic sulfidated PS MPs than carboxylated PS. The potential for
76 and 301 nm sulfate-modified PS plastics to facilitate the transport of pyrene and phenanthrene
has also been investigated in columns packed with glass beads or quartz sand.'>® At low IS, both
pyrene and phenanthrene showed an earlier breakthrough in the presence of PS particles compared
to that without particles. In contrast, at high 1S, increased retention of PS particles in the granular
medium resulted in increased retardation of contaminant compared to experiments with no
particles. This suggests that the ability of plastics to facilitate the transport of contaminants is
linked with the stability of the plastic itself. In their study with PS MPs, Roy and Dzombak
identified slow desorption of contaminants from particles as an important prerequisite for
significant colloid-facilitated transport.>® Taken together, these studies show that MPs and NPs
have the potential to facilitate the transport of contaminants but a great deal more research is

needed to understand the scope of this problem.

2.5 Regulatory policy
The increasing evidence of MP’s potential for harm - either directly or indirectly, has led to

numerous calls for regulations and bans on MP use in consumer products and release into the
environment.?3 34 89. 214217 |y the U.S., most plastics are grandfathered into the Toxic Substances
Control Act of 1977 and therefore are considered safe until proven otherwise.?!® MPs are
considered non-hazardous solid waste from a regulatory standpoint, and governmental agencies
have been hesitant to include MPs in water quality regulations such as turbidity or particulate
matter, which would largely impact WWTPs.8 214218 |n Aystria, limits on plastic discharge into
freshwater rivers and streams do exist, although the limit, at 30 mg L™ day, is so high as to be
ineffective.3* The European Marine Strategy Framework Directive, which requires member states
to establish strategies for maintaining marine waters, includes MPs as marine litter but does not
specify how countries should keep MPs from reaching their coastal waters (e.g., improvements to
WWTPs or MP bans).?®

Amidst this backdrop, several governmental organizations have enacted legislation,
primarily focused on MPs in single use cosmetics, to specifically ban microbeads or MPs. In 1999,
the Canadian government classified microbeads as a toxin, which was coupled with the intent to
prohibit importation, manufacture, or sale of some microbeads. Similar to other legislation
however, this ban primarily covers personal care products and does not include abrasives, cleaning

products, and other household uses. Nine US states have enacted legislation banning the use of
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microbeads, with Illinois the first to do so in 2014.2Y" These acts primarily ban either the
manufacture or sale of personal care products containing microbeads, though significant loopholes
exist. For example, California law does not apply to products containing less than 1 ppm plastic
by weight.?Y’ Furthermore, the US government passed the Microbead Free Waters Act (MFWA)
in 2015, which amends the Food Drug and Cosmetic Act to ban the sale or distribution of MBs
under a tiered timeline. The primary shortcoming of regulations that exist is that the scope is
narrow and sufficient loopholes exist such that microbeads/MPs continue to be introduced into the
environment. The characterization of microbeads and MPs as non-biodegradable entities is
commonly included in regulatory definitions. This suggests that any change in particle size — either
incidental or engineered — would permit the incorporation of MPs in products despite the existing
bans. Furthermore, penalties for circumventing plastic waste regulations either do not exist

(Maryland and Maine)?!’ or are not enforced.?*

2.6 Environmental implications and outlook
We have presented estimated loads of plastics in different environmental compartments and an

overview of the key factors that govern the degradation, aggregation, and transport of NPs and
MPs in aquatic and terrestrial environments. The fate and transport of NPs and MPs strongly
depend on the physicochemical properties of the plastics and water and soil chemistries. A
significant concern regarding MPs and NPs is their demonstrated ability to act as transport vectors
for environmental contaminants. The rubbery polymer PE has shown a higher sorption capacity
compared to other plastics for most contaminants reviewed. PE is also the most produced and
frequently detected plastic in the environment widely used in packaging. As such, regulatory
bodies would do well to consider PE in policy making. Additionally, regulations should not only
consider the ability of plastics to act as sinks for environmental contaminants, but also the
contaminants that originate from the plastics. For example, while PVC generally accumulates
lower amounts of contaminants from its surroundings than other plastics (Figure 2.4b), it is

composed of a high content of carcinogenic phthalates (~50%).%°
Despite the considerable body of plastics research, important questions remain unanswered:

e How do we define NPs and MPs? And how can we make this definition uniform within
literature? There is a need to improve detection and characterization techniques, as there is

currently no rigorous methodology to detect NPs in the environment. How can we develop
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new techniques or improve existing ones to push the resolution towards detection at the
nanoscale?

Does the transport of other commonly detected plastics (PE, PP, PVC, PET, etc.,) differ
from that of PS in the subsurface environment? Do model primary plastics behave
differently from environmentally relevant secondary plastics? Changes in the
physicochemical properties of a particle will impact both aggregation and deposition
behavior. Will plastic types of similar size/surface areas behave differently?

Could plastic debris contamination in groundwaters be an important concern? What tools
exist for the accurate detection of NPs/MPs in groundwaters?

How do NPs and MPs interact with pharmaceuticals and other emerging contaminants?
The effect of salinity on contaminant sorption remains unclear. How do complex aquatic
environments containing natural organic matter, microorganisms, mixtures of
contaminants, etc. affect sorption capacity? Does the formation of biofilms affect

sorption/desorption capacities?

Answering these and other questions will significantly improve our understanding of the fate,

transport, and risks associated with MPs and NPs that are already ubiquitous in the environment.

Although policy makers are starting to acknowledge the potential risks and implications of MPs

and NPs, which is leading to the ban of some products, these are important concerns, as MPs and

NPs have been accumulating in the environment for decades. Understanding the behavior and

prevalence of MPs and NPs in the environment is the first step towards mitigating the impacts of

these contaminants.
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Figure S2.1. Molecular structures of some commonly detected plastics in the environment. (Adapted from Quinn and Crawford,
2016)
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Table S2.1. Data and references for Figure 2.1

Compartment
leaving

Manufacture & Use

Manufacture & Use

Manufacture & Use
Manufacture & Use
Manufacture & Use
Manufacture & Use

WWTP

WWTP

WWTP

WWTP

Mishandled

Agriculture & Land

Mishandled

Agriculture & Land
Fishing Industry
All terrestrial sources

Lakes & Rivers

Agriculture & Land

Compartment entering
Mishandled (Ag & Land +
Lakes & Rivers)

Agriculture & Land

Landfill

WWTP

Oceans

Recycled

Effluent - Rivers & Lakes
Solids - Land &
Agriculture

Solids - Landfill

Solids - Incineration

Lakes & Rivers

Lakes & Rivers

Land & Agriculture

Oceans + Lakes & Rivers
Oceans
Oceans

Oceans

Oceans

% of Plastic leaving
compartment

25.6-28.0%

05-5%

21-42%
0.8-46%
15-45%
6-26%

*0.1-5% (MP only)

42 - 55% (of sludge)

14 - 30 % (of sludge)

15 - 27 % (of sludge)
(25.6 - 28 %) w/ Land &
Agriculture

(62 - 84 % ) w/ Oceans

(25.6 - 28 %) w/ Rivers &
Lakes

62 -84 %
18-223%
80 %

70-80 % (ocean plastics
coming from rivers)

0-10 %

Reference
Calculated from
Jambeck et al., 2015t

Kyrikou and Briassoulis, 20072 Scarascia-Mugnozza
et al 20113, Sintim and Flury, 20174, Maliconico,
2017°

Nizzetto et al., 2016°
Calculated from Nizzetto et al., 20177
Nizzetto et al., 2016°
Barnes et al., 2009%; Dris et al., 2015°

Nizzetto et al., 2017; Horton et al., 2017 Carr et al.,
2016

Peccia and Westerhoff, 2015%; Samolada and
Zabaniotou, 2013

Peccia and Westerhoff, 2015%; Samolada and
Zabaniotou, 2013

Peccia and Westerhoff, 2015; Samolada and
Zabaniotou, 2013
Calculated from Jambeck et al., 2015

Nizzetto et al., 2016

Calculated from Jambeck et al., 2015
Nizzetto et al., 2016
Andrady, 2011%; Ivar do Sul and Costa, 2013%

Andrady, 2011
Horton et al., 2017

Calculated from Andrady, 2011**; Horton et al.,
2017
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Compartment Concentration (#/m?) Concentration (#/L) Reference

Lakes & Rivers 0.020 - 0.892 0.0024 - 0.3168 Horton et al., 2017%°

Lakes & Rivers 0.00005 - 0.032 Horton et al., 2017%°

Lakes & Rivers 4.1373 (+/-2.4615) Zhao et al., 2014

Lakes & Rivers 0.020 EerkesMedrano et al., 2015%
Lakes & Rivers 0.000028 EerkesMedrano et al., 2015
Lakes & Rivers 0.01-20 Dris et al., 2016°

Lakes & Rivers 0.043 EerkesMedrano et al., 2015
Lakes & Rivers 0.0003168 (+/-0.00046646) Lechner et al., 201418

Lakes & Rivers 0.00194 (+/-0.00081) McCormick et al., 2014°
Lakes & Rivers 0.01793 (+/-0.01105) McCormick et al., 2014'°
Lakes & Rivers 8.465 Zhang et al., 2015%

Lakes & Rivers 3.807 Zhang et al., 2015%

WWTP Influent 260 - 320 Dris et al., 2015°

WWTP Effluent 14-50 Dris et al., 2015°

WWTP Influent 636.7 (+/-38.8) Talvitie et al., 2017%
WWTP Effluent 3.2 (+/-0.7) Talvitie et al., 2017%
Sediments ~0.21 - ~77,000 0.185-80 HidalgoRuz et al., 2012
Sediments 13,759 (+/-16,685) EerkesMedrano et al., 2015%
Sediments 1108 (+/-983) Imhof et al., 2013%
Sediments 108 (+/-55) Imhof et al., 2013%
Sediments ~0.05 - ~200 Dris et al., 2016

Sediments 75 - 1,300 (13,759) Horton et al., 2017%°
Agriculture & Land 16 - 20 (+/-6) Browne et al., 2011%
Agriculture & Land 4-8 (+/-4) Browne et al., 2011%
Oceans 0.150 - 2.400 Coleetal., 2011%

Oceans ~0.00005 - ~5 0.000022 - 8.654 HidalgoRuz et al., 20122
Oceans 0.0269 Zhang et al., 2015%

Oceans 107-6 - 0.000250 Hinojosa and Thiel, 2009%”

Oceans 0.000167 (+/-0.000138) Zhao et al., 2014%¢



Table S2.2. Summary of sorption studies of contaminants to plastic particles

Plastic type and size

Contaminant

Key findings

References

PP virgin pellets

HDPE, PVC

(d = 140 pm, PVC)
LDPE and HDPE
PP, PE

Plastic pellets

PE  (t=2.286 x 10°cm)
PVC (t=1.78 x 10 cm)
PS  (t=3.05x10%cm)
Plastic particles

(d = 200 — 250 pm)

PE (d=2-3mm)

PP (d=2-3mm)

POM (d<2mm)

Plastic eroded pellets (PEP)

HDPE,MDPE, LDPE and
PVC

(0.25 mm screen)

PET, HDPE, LDPE, PVC,
and PP

PE beached and virgin

HDPE(wxIxh=
4.2x4.7x2.8)

LDPE (wxIxh=4x4.4x 2)
mm

PP,PS,PET,PVC, HDPE,
LDPE

(I=3 mm, d= 2 mm)
PVC and PE

(200250 pm)

HDPE, PVC, LDPE and PP
(d=3mm)
PET (I xd =2 % 3 mm)

PCBs, DDE, and nonylphenols
(NP) seawater

alkylbenzene; toluene and
o-xylene
PAH

PCBs (sea water)
PCBs

PCBs

phenanthrene

phenanthrene
synthetic fresh water

toluene
(landfill)

PAHSs and PCBs

Cr, Co, Ni, Cu, Zn, Cd and Pb
(filtered seawater)

PAHs

PAHSs
(marine water)

phenanthrene (Phe) and 4,4’-DDT
Al, Cr, Mn, Fe, Co, Ni, Zn, Cd and

Pb
(sea water)

« Contaminants sorb about 1 million times more contaminants than immediate seawater
* PVC > HDPE > biopolymers

*HDPE > LDPE (four times more; as a result of the higher surface area of the former)
*PE > PP

*Weathered pellets sorbed more PCBs

* PE>PS

*Sorbed chemicals unevenly distributed among pellets

* Average sorption: PE > PS > PVC

* PE showed the highest uptake of PCBs and partition coefficients

*Desorption rate: sediments > plastics
*PE >> PP > PVC > natural sediments

« Equilibrium distribution coefficient: PEP > PE > POM > PP
*Phenanthrene partitions to plastic debris several magnitudes over seawater

*Affinity for contaminants in landfills: Plastic > lignocellulosic materials
*Fast desorption from rubbery plastics compared to glassy plastics

Long term field investigation as opposed to laboratory studies where temperature is controlled

*Sorption of both contaminants consistent: HDPE > LDPE > PP >> PET > PVC
*Beached PE > virgin PE

LDPE > HDPE

*PS =~ HDPE = LDPE > PP > PET and PVC
*PS appears to be a source and sink for PAHs

«Contaminant transport rely more on concentration than on salinity
*Phe-PE >> DDT-PVC = DDT-PE >> Phe-PVC

*Phe: PE > PVC, DDT: PVC > PE

HDPE < LDPE, PVC, PET, PP and PS.

Mato et al., 2001%
Wu et al., 2001%°

Muller et al., 2001%°

Mato et al., 20023
Endo et al., 2005%

Pascall et al., 2005%

Teuten et al.,2007*

Karapanagioti and
Klontza, 2008%

Saquing et al.,
2010%

Rochman et al.,
2013(a)*"

Holmes et al.,
2012%

Fries and Zarfl,
2012 %

Rochman et al.,
2013(b)*

Bakir et al., 2014*

Rochman et al.,
2014%
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PS, PE and PP
(d <250 um)

PE (d=10-180 um)
PS (d=70nm)

PE microbeads
(d = 164 - 327 pm)

PE, PS and PVC
(d =150, 230, 250 pm)

PE (d=3.8mm)

PS (d=70nm)

PE (d=152.53 +57.92 um)
PA (d=109.44 + 4453
pm) PS
(d=168.55 + 57.50 um)
PVC (d =57.64 + 26.50
pm)

PE debris

(d = 250 - 280 pum)

PP
(d =0.425-0.85 mm)

PVC (d=1.6 x 0.8 mm)
PS (d=0.7-0.9 mm)

PE  (d=50nm)
PS  (d=20-40 um)

PE (d = 100 - 150 pm)
PS
PVC

PAHs;
HCHs

CBs

(Sea water)

PCBs

3 H-phenanthrene

14 C-

DDT

(sea water)
Perfluorochemicals: PFOS and
FOSA

PAHSs

PAHSs
(fresh water)

n-Hexane, cyclohexane, benzene,
toluene, chlorobenzene,
ethylbenzoate, and naphthalene

PPCPs

Dissolved organic matter (humic
acid): 0-20 mg/L

PCB: 3,3',4,4'-tetrachlorobipheny!l
(simulated seawater, 3.5% NaCl
solution)

CPCB =1 mg/L

Cuand Zn
(seawater)

lubricating oil

phenanthrene

d = diameter, | = length, t = thickness, w = width

*PS show greater affinity for the three contaminants studied except the few most hydrophobic PAHSs;
*HCHs: PP > PE

*CBs: PE > PP

*PAHS: PS > PE > PP

+Salinity increased sorption for both plastic types
*PS>PE

*DDT preferentially sorbed than phenanthrene in binary mixture
*Rough particles adsorb higher contaminants than smooth ones.

* Karosa > Kapros
*pH and salinity: FOSA unaffected while low values favour PFOS sorption
*FOSA: PE>PVC > PS

* Sorption capacity: 21°C > 10°C

« Sorption unaffected by aggregate size

*Sorption capacity: PS > PVC > PE > PA

* PPCPs sorbed to plastics according to their hydrophobicity
*Increase in humic acid decreased affinity for only three contaminant.
eIncrease in salinity affected sorption of one contaminants and not significant for the rest

*Sorption capacity increases as particle size and temperature decreases
Sorption capacity: simulated seawater > ultrapure water > n hexane

*Maximum concentration of Cu and Zn greater in PVC than PS
*Cu sorbed faster than Zn on PVC

*Sorption: PE > PS
*Sorption capacity: independent of pH but increases with salinity and temperature

*Sorption: PE > PS > PVC > natural sediment

Leeetal., 2014%

Velzeboer et al.,
2014%

Napper et al, 2015%

Wang et al., 2015

Crawford and
Quinn, 20174
Liuetal., 2016

Huffer and Hofman,
2016*°

Wu et al., 2016%°

Zhan et al., 2016%*

Brennecke et al.,
2016%

Hu et al., 2017

Wang and Wang
2017%
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PE = polyethylene; HDPE=high-density polyethylene; LDPE = low-density polyethylene; POM = polyoxymethylene; PP = polypropylene; PS = polystyrene; PVVC= polyvinyl chloride; PA = polyamide;
PET = polyethylene terephthalate. FOSA = Perfluorooctanesulfonamide, PFOS perfluorooctanesulfonate, PAH = polycyclic aromatic hydrocarbon, PPCPs = pharmaceuticals and personal care products,
PCB = polychlorinated biphenyls, HCH = hexachlorocyclohexane, DDE = dichlorodiphenyldichloroethylene, DDT = dichloro dipheny! trichloroethane
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Preamble to Chapter 3

The critical literature review on nanoplastics and microplastics aggregation and deposition in
chapter 2 revealed that the impact of environmental weathering on the transport of nanoplastics in
the aquatic environment is largely overlooked. Nanoplastics found in the environment are not
expected to be in their pristine state; hence, the goal of this chapter was to examine the impact of
a physical weathering process (freeze-thaw) on nanoplastics transport in a model subsurface
environment. The coupled effect of the presence of natural organic matter and the disaggregation

behaviour of the nanoplastic suspension after weathering were also investigated.

The results from this research have been published in Water Research in October 2020.
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Chapter 3: Exposure of Nanoplastics to Freeze-Thaw Leads to
Aggregation and Reduced Transport in Model Groundwater
Environments

Abstract
Despite plastic pollution being a significant environmental concern, the impact of environmental

conditions such as temperature cycling on the fate of nanoplastics in cold climates remains
unknown. To better understand nanoplastic mobility in subsurface environments following
freezing and thawing cycles, the transport of 28 nm polystyrene nanoplastics exposed to either
constant (10 °C) temperature or freeze-thaw (FT) cycles (-10 °C to 10 °C) was investigated in
saturated quartz sand. The stability and transport of nanoplastic suspensions were examined both
in the presence and absence of natural organic matter (NOM) over a range of ionic strengths (3-
100 mM NacCl). Exposure to 10 FT cycles consistently led to significant aggregation and reduced
mobility compared to nanoplastics held at 10 °C, especially at low ionic strengths in the absence
of NOM. While NOM increased nanoplastic mobility, it did not prevent the aggregation of
nanoplastics exposed to FT. We compare our findings with existing literature and show that
nanoplastics will largely aggregate and associate with soils rather than undergo long range
transport in groundwater in colder climates following freezing temperatures. As one of the first
studies to examine the coupled effect of cold temperature and NOM, this work highlights the need
to account for climate and temperature changes when assessing the risks associated with

nanoplastic release in aquatic systems.

3.1 Introduction
Plastic pollution is one of the major environmental challenges of the 21st century with recent

evidence highlighting the potential risk in terrestrial and freshwater ecosystems 1 2. Plastics have
been detected in almost every environmental compartment®® and will degrade over time due to
various environmental stresses to produce smaller, secondary, plastic particles such as
microplastics (100 nm-5 mm in size) and nanoplastics (<100 nm).” Additionally, some products
containing intentionally produced (primary) microplastics have been shown to also include
nanoplastics.’® Although the fate of plastics in soils has received less attention, recent studies
suggest that soils may be a larger reservoir for and source of plastics than other environmental
compartments.t® 12 Nanoplastics released from surface water run-off, landfill storage and

agricultural activities such as biosolids application and plastic mulch may end up in soils which
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could contaminate drinking water supplies via infiltration into groundwater. Thus, understanding
the transport potential of nanoplastics in soils and aquifers is crucial to protecting human and

environmental health.

The transport potential of nanoplastics and other nanoparticles in groundwater is typically
assessed by measuring the amount of particles retained in laboratory based saturated porous media
that mimic groundwater environments.3> Several physicochemical factors that are associated
with properties of the nanoplastic (e.g., size, surface functionalization), porous medium (grain size,
geochemistry), pore water chemistry (pH, presence of organic matter, ionic strength), and
hydrological conditions (flow velocity) have been shown to affect the transport of nanoplastics in
saturated porous media.” 14 16-18 The effect of temperature or freezing which could age or transform
nanoplastic suspensions, however, has largely been overlooked. Most nanoplastic transport
experiments have been conducted under ambient temperature conditions (20-25 °C).” Some
studies have employed the typical range of groundwater temperatures (4-20 °C), however they do
not cover cycles of freezing and thawing temperatures experienced in colder climates.*® %21 From
theory, the mass transfer rate of particles from bulk solution to the grain surface (described by the
single-collector contact efficiency, n,) should decrease at lower temperatures due to a decrease in
the diffusion coefficient, and thus cold climate regions might face higher risks of nanoplastic
exposure to drinking water wells due to the higher particle mobility observed at lower
temperatures.’® 2% 22 This temperature-dependent behavior has also been observed with other
colloids, such as graphene oxide,?® bacteriophage®* and E. coli®.

Beyond simple cold temperatures, many parts of the world experience cycles of freezing
and thawing in early and late winter. Exposure to freeze-thaw (FT) cycling has been associated
with changes in bacterial virulence and transport in porous media,?®2° whereby contradictory
results regarding enhanced or reduced mobility have been reported, depending on the bacterial
species studied. In addition to the lack of clear trend, the transport behavior of biocolloids may be
of limited use in predicting the mobility of non-biological colloids in saturated porous media, due
to their unique features (e.g., cell hydrophobicity, motility, cell surface appendages)?® 2’ which
may introduce additional transport and attachment mechanisms not considered in traditional
filtration theory. A recent study investigating titanium dioxide (TiO2) nanoparticles demonstrated

that FT induced aggregation, increased deposition, and limited particle transport.®® While the
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presence of NOM has generally been reported to stabilize particle suspensions at room
temperature, thereby increasing particle mobility in porous media, TiO2 subjected to FT in the
presence of NOM was associated with larger, more irreversibly agglomerated particles.*
Currently, there is no information on the impact of FT on nanoplastic transport in the environment
or on the interaction between NOM and nanoplastic during and after FT. Within other contexts
such as quality control, biological applications, etc., freeze-thaw has been employed to test
suspension stability of colloids.3: 32 For example, Barb and Mikucki reported that frozen
suspensions of 50-100 nm polystyrene latex particles remained agglomerated even after thawing
at room temperature.®* Understanding the effect of FT on nanoplastic transport in model
groundwater environments will be beneficial in risk assessments, especially for climates that

experience repeated FT cycling.*

In this study, we systematically examined the influence of FT cycles on the
transformations and transport of model primary nanoplastics in saturated porous media at a
groundwater temperature relevant to southern Canada. Nanoplastic stability and transport were
investigated over a range of ionic strengths (IS) in monovalent salt, in both the presence and
absence of NOM, at 10 °C and after exposure to 10 FT cycles. Under all conditions, 10 FT cycles
led to significant aggregation and reduced mobility compared to nanoplastics held at 10 °C.
Although the presence of NOM increased nanoplastic mobility in column tests, it did not prevent
the aggregation of nanoplastics exposed to FT.

3.2 Materials and methods
3.2.1 Nanoplastic and natural organic matter suspension preparation

Carboxylate-modified polystyrene latex Fluospheres® of 28 nm nominal diameter (Molecular
Probes, Invitrogen) were used to represent model primary nanoplastics. The stock suspension
(approximate number concentration of 4.5x10% particles/mL) was bath sonicated for 3 min before
the preparation of each working suspension. For transport and characterisation experiments, the
stock suspension was diluted to an initial working concentration of 2 mg nanoplastics/L (~2.3x10%!
particles/mL) at pH 6.0 + 0.2 in various electrolyte solutions ranging from 3-100 mM IS in either
the presence or absence of NOM. All electrolyte solutions were prepared using analytical grade
NaCl (Fisher Scientific) in filtered reverse osmosis water (Biolab Scientific), and the pH was
adjusted with 0.01M NaOH and HCI. Suwannee river NOM (International Humic Substances
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Society, RO Isolate, 2R101N) was used as a representative NOM. A stock solution of 100 mg/L
NOM was prepared in reverse osmosis water, adjusted to pH 8, stirred overnight, and stored in the
dark at 4 °C. This stock was spiked into suspensions at 5 mg/L for experiments conducted in the
presence of NOM. Each working suspension was then vortexed for approximately 20 s to obtain a
well-dispersed suspension and subjected to one of two temperature pre-treatments: either kept at
10 °C (control) for 10 days or exposed to 10 FT cycles. Prior to each experiment, the suspension

was gently inverted to resuspend any settled nanoplastics.

3.2.2 Temperature pre-treatments

Natural FT cycles were simulated in a recirculating chiller (Julabo CORIO CD-200F) filled with
a 70/30 ratio of water/propylene glycol. The temperature profile (Figure S3.1) was selected to
represent southern Quebec, Canada during the winter shoulder periods.?® 28 Nanoplastic working
suspensions were exposed to 10 FT cycles of 24 h each. During each FT cycle, the temperature
was brought from +10 to -10 °C over 8 h, held at -10 °C for 4 h, brought back to +10 °C over 8 h,
and then held at 10 °C for 4 h. In the second pre-treatment, samples were kept at a constant
temperature of 10 °C for the same duration (240 h).

In separate experiments, nanoplastic suspensions in 10 mM NaCl were exposed to 1, 5, and
10 FT cycles to examine the effect of the number of FT cycles. The stability of the suspension
after each treatment was then monitored over 5 days. For each stability test, the nanoplastic
suspension was gently shaken (moderate shearing force applied to not exceed the low flowrate
expected in groundwater) before each measurement. A separate stability test where the suspension
was vigorously mixed for 30 s using a vortexer at 100 rpm each day post FT was also performed.

3.2.3 Nanoplastic characterization

Nanoplastic suspensions were characterized following temperature pre-treatments. Nanoplastics
and aggregate sizes were determined using dynamic light scattering (DLS) and transmission
electron microscopy (TEM), while the zeta potential (ZP), which is an estimation of surface
charge, was determined from the electrophoretic mobility measured by laser Doppler velocimetry.
The electrophoretic mobility measurements were converted to ZP using the Smoluchowski
approximation with the Henry equation.® Both DLS and laser Doppler velocimetry measurements
were conducted using a Malvern Zetasizer Nano (Malvern Panalytical). For DLS measurements,

the Z-average diameter (dn, z-avg) (cumulants mean diameter), intensity mean diameter (dn, intensity)
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and volume mean diameter (dh, volume) are reported. The polydispersity index (PDI) provides an
indication of the heterogeneity of aggregate sizes within a suspension and ranges from 0
(monodisperse) to 1 (highly polydisperse). Aggregate morphology and primary particles were
visualized using TEM (FEI Technai 120 kV TEM) coupled with a Gatan Ultrascan 4000 4kx4k
CCD camera. TEM was performed on suspensions deposited onto thin carbon film grids (Pacific
Grid-Tech, 300 mesh, 3.05 mm O.D., hole size) and allowed to dry at room temperature after

wicking away the excess liquid with a Whatman filter paper.

3.2.4 Nanoplastic transport studies
Column experiments were performed at 10 °C inside a cold chamber (Danby, DWC032A2BDB),

analogous to previous studies.'® 827.30.34 Gass chromatography columns (16 mm inner diameter,
GE Life Sciences) were packed with high purity fine quartz sand (-50 +70 mesh size, dso = 256
um, Sigma-Aldrich). The sand was acid-washed before use following the protocol of Pelley and
Tufenkji.*® Prior to each column experiment, 26 g of sand was soaked in the desired electrolyte
for a minimum of 10 days at 10 °C and then wet packed into the glass columns. Uniform packing
of the sand bed was ensured by gentle vibration which resulted in a final packed bed length of 85
mm. The porous media was supported by a Nylon Spectra mesh filter (pore size: 70 um, thickness
70 um). One pore volume (PV) was calculated by subtracting the volume of the sand used (density
= 2.6 g/cm?®) from the total volume of the packed column and confirmed using 0.01 M KNOs as a
tracer. The column porosity, calculated as one PV divided by the total volume of the packed
column, was 0.43. After packing, a minimum of 10 PVs of electrolyte solution were pumped
through the porous medium to equilibrate the column. For experiments including NOM, the
column was equilibrated with electrolyte containing 5 ppm NOM. Electrolyte and nanoplastic
suspensions were introduced at a constant approach velocity of 7.5x10° m/s using syringe pumps
(Kd Scientific). For deposition experiments, 5 PVs of nanoplastics suspension were injected into
the column followed by the particle-free electrolyte until almost no nanoplastics were detected in
the effluent. Influent (Co) and effluent (C) nanoplastic concentrations were collected in real-time
by spectrofluorometry (FluoroMax-4 Jobin Yvon Horiba, Edison, NY), where Co was measured
before each column experiment and by bypassing the sand column. The nanoplastic excitation
(505 nm) and emission (515 nm) wavelengths were provided by the nanoplastic manufacturer and

verified in the laboratory.
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3.2.5 Interpreting transport experiments

To compare nanoplastic transport across treatments, the particle attachment efficiency, «, was
calculated using the influent sizes measured by DLS and the average C/Co determined from the
numerical integration of the area under the breakthrough curve (BTC, plotted as C/Co versus PV)

using Equation 3.1:1% %

a= 2 de In [Ci] 3.1)

where L is the length of the packed filter medium, 6 is the porosity of the sand bed, d. is the average
diameter of the sand grains, and C/Cy is calculated by integrating the experimental particle BTCs.

A detailed explanation can be found in Tufenkji and Elimelech, 2004.

3.3 Results and discussion
3.3.1 Physicochemical properties of nanoplastics exposed to freeze-thaw

One of the key factors determining the fate of nanoplastics in porous media is the particle size.’
The hydrodynamic diameters (dn) of nanoplastics at 10 °C and after exposure to FT are reported
as the Z-average (dn, z-avg), intensity mean (dn, intensity), and volume mean (dh, voume) diameters in
Table 3.1.
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1 Table 3.1. Measured hydrodynamic diameters, electrophoretic mobility (EPM), zeta potential (ZP), calculated elution (C/C0) and attachment efficiencies of the nanoplastics
2 (NP) in quartz sand porous media

3
lonic dh vl
. . , volume
Particle Treatment SUeNIth oy, tn. 2-avg ppy v intensit (nm) Oz-avg Qint mean EPM ZP (mV)
(mM (nm) (nm) /
NacCl) (Lmcm/Vs)
3 0.95 55+2 0.29 803 50+4 0.0040 +9.1x10* 0.0039 +9.0x10* -15+03 -22.1+25
10°C 10 0.72 46+ 4 0.27 55+4 432 0.018 + 6.4x10* 0.021 +5.7x10* -1.8+£04 -255+5.4
30 0.024 46 + 10 0.24 55+ 16 43+9 0.21 + 4.4x10%2 0.24 + 6.4x10%2 -1.6+£03 -225+59
100 0.026 58 4 030 61zx8 66 £2 0.25 £ 0.0x10° 0.27 £ 3.0x1072 -10x0.1 2152+11
NP
3 049 1044+156 081 462+163 486194 0.40 + 2.5x102 0.24 + 3.3x102 -1.9+0.3 -279+70
FT 10 047 582+331 073 407+136 402221 0.30 £ 1.3x10? 0.24 + 3.1x10%2 -20+0.4 -35.6 £6.5
30 0070 668+85 076 687+124 28128 1.1 +9.3x102 1.2 +5.6x102 -14+£02 -234+15
100 0.063 612+353 0.78 484+118 194%15 1.1 +2.4x10? 1.0 +3.6x101 -1.1+0.1 -202+18
10°C 30 0.92 65+10 036 66+17 71+20  0.0066 +6.9x10°%  0.0070 + 7.6x10° -4.1+0.5 -555+7.2
NP + 100 0.54 57 £13 033 70£28 72+27 0.040 + 1.8x10°3 0.047 + 4.8x103 -11+0.2 -15.0£4.1
NOM 30 0.47 2834+1585 0.82 4831121 475+ 139 0.49 + 4.2x1072 0.41 +2.0x101 -25+07 -349+£9.3
FT
100 0.38 519+ 134 0.60 384%32 4059 0.34 + 7.5x10%2 0.29 + 2.8x10%2 -16+02 -204 £ 2.7
4 The ratio of particle radius (14 nm) to double layer thickness, ka = ~5.5, 3.0, 1.7 and 0.95 in 3, 10, 30 and 100 mM NaCl res pectively, hence Smoluchowski
5 approximation was used to convert EPM to ZP using the Henry equation.
6
7
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For monodisperse particle suspensions, Ohzag and dhintensity Will be the same, and either
measurement would accurately describe the particle size in suspension. However, DLS becomes
less accurate when the polydispersity index (PDI) is high (> 0.5). Under these conditions, the Z-
average diameter, calculated from the method of cumulants, may overestimate dn since the
scattering intensity is proportional to the sixth power of the particle diameter.® In such cases, the
intensity peak may be more accurate in describing the system as it is the closest distribution to

what is measured.3" 38

From Table 3.1, measured values of the influent dh, intensity at 10 °C ranged from 55+4 —
80£3 nm in 3-100 mM 1IS. These values, together with the PDI (< 0.36), suggest that the particles
are generally stable under all conditions (at 10 °C) examined, even at high 1S (100 mM NacCl). It
is worth noting that the nanoplastic manufacturer suggests that the carboxylate-modified
nanoplastics are stable in up to 1 M monovalent salt.>® Inspection of the intensity-based particle
size distribution (PSD) of the nanoplastics at 10 °C, (Figure 3.1a and b, Figure S3.2 open red
squares) reveals that the PSD is reproducible across triplicate runs. In the presence of NOM (solid
symbols), the nanoplastics are also stable at 10 °C. The PSD of the pristine nanoplastics at 10 °C
occasionally indicated the presence of some aggregates greater than 2000 nm comprising ~1-10
% of the total particle population. Because even a small trace of large aggregates or artifacts will
skew the intensity mean, the intensity weighted diameter peak with at least 90% of the particle
population was reported as the dn,intensity (Table 3.1) in such cases (refer to section S3.2 for further
discussion).*® The calculated volume mean diameter is in good agreement with this 90% intensity
peak (see Figure S3.3 for comparison). The dh,intensity and dh z-avg Values observed in this study were
2-3 times larger than the nominal size (~28 nm) reported by the manufacturer and obtained via
TEM. This is not surprising, as DLS hydrodynamic sizes are usually greater than those observed
with TEM.®® ¥ Indeed, size analysis of TEM images for the stable nanoplastics at 10 °C (Figure
3.1 c and d) reveal sizes similar to the manufacturer’s report (25 £ 4 nm, n = 48 as determined via

Image J analysis).
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Figure 3.1. Representative intensity particle size distribution of nanoplastics in 30 mM NaCl (a) without NOM and (b) in the
presence of NOM for three replicate samples (A, B, C). Representative TEM images of nanoplastics kept at 10°C for 240 hours
(c and d) and after 10 FT cycles (e and f) all in 30 mM NaCl (a), (c), and (e) are suspensions without NOM. (b), (d), and (f) are

suspensions with NOM.

Suspensions exposed to 10 FT cycles underwent aggregation that caused significant shifts
in the PSD from 10—-100 nm towards larger sizes of 100-1000 nm (Figure 3.1a and b, blue circles).
The presence of NOM did not prevent the aggregation of nanoplastics following FT, and size
ranges are on same order of magnitude for nanoplastics in the absence of NOM. For example, in
30 mM, the bare nanoplastics have dh,intensity = 687 + 124 while in the presence of NOM, dhintensity
=483 + 121 (Table 3.1). TEM images confirm the formation of large aggregates upon exposure to
repeated FT cycles (Figure 3.1c-f).

The effects of 3 different pre-treatment durations (1, 5, or 10 FT cycles) on the dh, z-avg Of
the aggregates as well as on the disaggregation behavior of the aggregates were investigated.
Figure 3.2 shows the dh, z-avg Of the aggregates before and after the 3 pre-treatments. After exposure
to all 3 pre-treatments, the hydrodynamic size increased to ~2000 nm and remain aggregated after
5 days. The aggregate size for the 1 FT cycle suspension post FT slightly decreased over the 5
days but did not fall below ~1000 nm (Figure 3.2a). For all cycles, vigorously mixing the
suspension did not result in an appreciable decrease in dh, z-aig cOmpared to day 5 post FT. This
suggests that the aggregates formed after exposure to FT may be stable over longer time periods.

72



(&) 1 FT cycle (b) 5 FT cycles (c) 10 FT cycles

’E\lo4__ €104_ 54_
S E = * * :10 :
MELL : = vot?,
= =
£ 100 L >4 E ;03 4 L] § 10 L R
& 10° F . T M s 10°F S 10°F
° 3 =]
O
o © =
2 [ = £
5 10?2 f § 107} £ 102
s T E < =10F
o :‘ ° * 3
o F o = -
el ke] >
]>:‘101 1 1 1 1 1 1 1| :|>:‘101 1 1 1 1 1 1 1101 | T N N T A N |
= T U U U U U T = T U U U U U T
© 4 0 0 0 0 O ©o © 4 o0 0 0 0 0 O 'SHZE"OUE,U'OU'OUE
n v u n n n o o u u v ° w n 0 n o o
g =224 222 g =442 2 2 g 2222222
b e e A s e R b O e A s e R | R R e e
e s B R e R e R 4 4 4 4 4 4

=5 aa o o < ~ o~ =~ =~ ~ ~

—_— = —_— = = D

—_ = = D =

(paxa1on
(paxa1loA
(paxauon

Figure 3.2. The stability of the nanoplastic suspension in 10 mM NaCl after exposure to (a) 1 FT cycle (b) 5 FT cycles and (c) 10
FT cycles. Sample stability was measured after FT exposure and named Post FT day 1 — 5. Samples that were vortexed Post FT
from day 1 — 5 are collectively plotted as Post FT (vortexed).

Table 3.1 lists the ZP of nanoplastics in NaCl before and after FT treatment as well as in
the presence and absence of NOM. All particles were negatively charged at pH 6 as anticipated
given the carboxylic functional groups. The ZP was generally unchanged by increasing IS at 10
°C, except for nanoplastic suspensions in 100 mM IS (-15.2 £1.1 mV). This is seen both in the
presence and absence of NOM which can be attributed to the screening of the electrical double
layer as salt concentration increases. For bare nanoplastics, exposure to 10 FT cycles did not
significantly alter the ZP when compared with those kept at 10 °C.

The ZP of nanoplastics in 30 mM NaCl and the presence of NOM (-55.5 + 7.2 mV) was
more negative compared to nanoplastics in the absence of NOM (-22.5 £ 5.9 mV). This was also
generally observed for nanoplastics subjected to FT in the presence of NOM, although no
differences in ZP are observed in 100 mM NaCl. The carboxyl and hydroxyl functional groups
present in NOM will impart negative charges on microplastics and nanoplastics, leading to more
negative ZPs & 4142 \We also observed some differences in ZP for the NOM coated nanoplastics
when exposed to FT versus 10 °C. For example, after 10 FT cycles, nanoplastics in 30 mM IS +
NOM, had a less negative ZP (-34.9£9.3 mV) compared to those not exposed to FT (-55.5£7.2
mV). It is important to note that the ZP values for the NP aggregates should be considered with

caution as the aggregates are not solid spheres (see Figure 3.1).
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3.3.2. Proposed mechanism of aggregation upon exposure to freeze-thaw

The formation of large aggregates after exposure to 10 FT cycles occurred irrespective of IS. This
is also observed in the presence of NOM, which has been shown to stabilize nanoplastics and other
colloids even at high monovalent 1S.18 % Previously, FT has been used to intentionally induce the
aggregation of nanoparticles.® Similarly, Xiang et al. found only cryoprotectants (e.g.
polyethylene glycols, Tween 20) to be effective in preventing FT induced aggregation of
proteins.** We therefore hypothesize that aggregation is due to the solute rejection phenomenon in
which the ordered crystalline structure of ice rejects impurities (e.g., insoluble particles) during
freezing.*® This increases the local concentration of nanoplastics in the still-unfrozen water,3% 4°

inducing aggregation. When the ice thaws, particles remain aggregated.

3.3.3 Nanoplastic transport in the absence of freeze-thaw

Figure 3.3 shows the BTCs for transport experiments conducted in the presence and absence of
NOM. In agreement with DLVO theory,*® 4’ nanoplastic deposition increased with IS.
Considerable transport (C/Co = 0.95 and 0.72) is observed at low IS (3 and 10 mM NaCl,
respectively) (Figure 3.3a). However, as IS increases to 30 and 100 mM, nearly all particles are
retained in the column (C/Co = 0.024 and 0.026, respectively). Although the size and ZP of the
bare nanoplastics in this study are not greatly impacted by increasing IS up to 30 mM (Table 3.1),
the ZP of the quartz sand collector in the column has been shown to vary with IS: -18.9+0.3 mV
in 1 mM NaCl vs -12.7+0.5 mV in 10 mM NaCl.2* The ZP of the sand grain continuing to approach
zero with increasing 1S would explain the favorable deposition despite the similar ZP values of the

nanoplastics themselves.
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Figure 3.3. Breakthrough curves of nanoplastics conducted at (a) 10°C without NOM, (b) 10°C in the presence of NOM, (c) after
10 FT cycles without NOM, (d) after 10 FT cycles in the presence of NOM. Error bars represent standard deviation between
duplicate runs.

It is worth noting the different shapes of the BTCs (Figure 3.3a and b) - which can give
insight into the governing type of deposition mechanism in the porous medium. Typical BTCs
observed in colloid transport studies are either constant, increasing (due to blocking) or decreasing
(indicative of straining and/or ripening) with time.*® Blocking occurs when deposited particles
prevent subsequent deposition of incoming particles. Colloids may become physically strained
when entrapped in smaller pores between grains, thereby clogging the pores and reducing elution
over time. Ripening is a result of multi-layer deposition in which incoming particles are retained
on already deposited particles.®® In some cases, (e.g., 100 mM NaCl + NOM, Figure 3.3b), the
BTCs exhibit a pronounced shape that is characteristic of blocking. Similarly, Quevedo and
Tufenkji observed increasing BTCs indicative of blocking with 24 nm nanoplastics in 10 mM KClI
using the same sand grains.*® Similar behavior was observed by researchers working with cerium

dioxide nanoparticles.*®
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To investigate how the presence of NOM, which is ubiquitous in the environment, would
influence transport, 5 mg/L of NOM was added to nanoplastics suspensions of 30 and 100 mM IS.
Figure 3.3b compares the BTCs in the presence (closed symbols) versus absence (open symbols)
of NOM at 10°C. As previously discussed, bare nanoplastics show almost no elution through the
column at 30 mM and 100 mM IS; however, nanoplastic mobility increased significantly in the
presence of NOM. Increased retention is observed at 100 mM (C/Co=0.54) compared to 30 mM
(C/C0=0.92) which is in agreement with the DLVO theory and consistent with the ZP measured (-
55.5+£7.2 mV at 30 mM compared to -15.0+4.1 mV at 100 mM). At 100 mM, BTCs characteristic
of blocking are observed, though not at 30 mM IS. Interestingly, values of C/Co in 30 mM IS +
NOM are similar to bare nanoplastics in 3 mM IS (0.95 and 0.92, respectively). This highlights
the ability of NOM to increase nanoplastic mobility, even at high IS (typical groundwater IS may
reach up to 10 mM monovalent ions and 2 mM divalent ions),>® and agrees with previous studies.**
4151 This has been observed in a natural groundwater where suspended organic matter increased
the mobility of 50 nm carboxylated nanoplastics compared to the same groundwater where the
organic matter had been previously removed.*! The interaction between NOM and carboxylated
PS has been well studied in the literature.> % NOM interacts with surfaces via electrostatic
interaction, hydrophobic interaction or ligand exchange which imparts electrosteric, electrostatic
or steric stability on negatively charged nanoparticles.*> >* 5 In one particularly relevant recent
work, the authors demonstrated significant adsorption of Suwannee River NOM onto PS-COOH
using initial NOM concentrations between 1 — 10 mg C/L.%2 This range covers the concentration
used in this study (2.6 mg C/L). Additionally, the presence of NOM on sand surfaces has been
reported to impart steric stabilization, significantly reducing particle retention.® Thus, the

stabilizing effect observed at 30 and 100 mM (Figure 3.3b) is not surprising.

3.3.4. Nanoplastic transport after exposure to 10 FT cycles

Exposure to FT (Figure 3.3c) greatly decreases the transport of bare nanoplastics compared to
controls held at 10 °C in 3 and 10 mM IS (Figure 3.3a). This is likely due to the FT-induced
aggregation of nanoplastics, resulting in greater deposition. At low IS of 3 and 10 mM, differences
in nanoplastic transport can be linked to aggregate size. Nanoplastic aggregates in suspensions
held at 10 °C are smaller (dnz-avg Of 552 nm and 46+4 nm, respectively) and more monodisperse
than the suspensions exposed to FT (1044+156 nm and 582+331 nm, respectively). At 3 mM, C/Co
reduces from 0.95 to 0.49 after FT exposure while at 10 mM, C/Cq reduces from 0.72 to 0.47. At

76



30 and 100 mM 1S, FT does not significantly impact nanoplastic transport as almost complete
retention of nanoplastics is observed in the sand column for particles exposed to both temperature
pretreatments, even though the particles exposed to FT treatment form much larger aggregates
(66885 and 612+353 nm, respectively) than those at 10 °C (46+10 and 58+4 nm, respectively)
(Table 3.1). Physical straining is thought to become important when aggregate diameter (da) to
collector diameter (d) ratios (da/dc) are in the range of 0.002 to 0.008 or greater,'” %" or when the
collector shape is irregular and angular,®® likely leading to an increase in particle retention. For the
256 pm collector (grain size) used here, these ratios translate to an aggregate diameter range of
512-2048 nm or greater. Since all da in this work range from 384432 — 2834+1585 nm (for FT
exposed particles), straining is likely in some cases. However, a decrease in C/Co over time is not
observed in all cases as would have been expected if physical straining was the dominant
mechanism. Perhaps, some of the larger aggregates were entrapped in the pore spaces due to
straining, but this does not appear to be the primary reason for the difference between 10 °C and
FT BTCs.

As was observed at 10 °C, nanoplastic mobility in 30 and 100 mM after FT was greater in
the presence of NOM (Figure 3.3d, solid symbols) compared to the absence (Figure 3.3d, open
symbols). This can be due to steric stabilization by the NOM as the nanoplastic aggregates form.
However, even in the presence of NOM, FT reduces transport which is readily observed when
each IS is compared with the equivalent 10 °C control (Figure S3.4). Therefore, the increase in
gravitational sedimentation and interception associated with larger aggregate size following FT

outweighs the impact of steric stabilization.

3.3.5 Interpreting transport experiments

Attachment efficiencies, «, calculated from Equation 3.1, are reported in blue and red symbols
using both dh,z-avg (Figure 3.4a) and dh,intensity (Figure S3.5b) (Table 3.1). The influence of aggregate
size is observed in the slight differences in reported « values; however, both calculated az-avg and
aint-mean €Xhibit the same trend (See Figure S3.5). Thus, we focus on az-avg in this discussion. The
stability curves show qualitative agreement with the DLV O theory whereby « generally increases

with IS. For bare nanoplastics at 10 °C, oz-avg Varied over two orders of magnitude (~0.004 < a <
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0.25) in the range of 3-100 mM NaCl IS. Even at 100 mM IS, oz-avg does not approach unity, the

point at which particles would be completely destabilized.
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For nanoplastics exposed to FT (blue symbols), az-avg is significantly higher with more

remarkable differences at low IS of 3 and 10 mM when compared to the 10 °C controls. The

difference in az-avg for nanoplastics exposed to FT versus 10 °C in 30 and 100 mM is nearly an

order of magnitude (Figure 3.4a). Overall, the differences in az.avg highlight the importance of

considering FT-induced nanoplastic aggregation when making predictions of nanoplastic transport

in cold climates. Under all conditions examined, the presence of NOM significantly reduced the
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az-avg OF the nanoplastics. This is consistent with previous studies that have examined the effect of

NOM on ¢..18 4251

The current results are compared with previous studies using quartz sand grains with
similar sizes and conducted with negatively charged nanoplastics and microplastics (Figure 3.4a).
The o values reported by Quevedo and Tufenkji are generally lower than this study even though
the nanoplastics are relatively the same size and functionalization from the same manufacturer.’?
This can be attributed to the higher pH (pH 7 in their study compared to pH 6 in this study) resulting
in significantly larger particle ZPs (-64 mV to -34 mV for 0.1 to 100 mM KCI 1IS). At 30 and 100
mM IS, the stability curve for 50 nm sulfonated nanoplastics reported by Pelley and Tufenkji at
20 °C is comparable with that at 10 °C in this study.'® 8 Both studies were carried out at
comparable pH but with different particle surface functionalization and size. This explains
differences in the ZP (approximately -50 mV to -30 mV for 1-100 mM KCI IS) which is greater
than the ZP measured in this work (-25.5£5.4 mV to -15+2 mV for 1-100 mM NaCl IS). The work
of Mitzel et al. shows lower « values compared to this study especially at 10 mM and for the
carboxyl functionalized nanoplastics. Although Mitzel et al. used similarly sized nanoplastics, they
worked at pH 7 with larger quartz sand grains. In their work, the ZP of the nanoplastics ranged
between -57 mV to -43 mV. Kim and Walker investigated the effect of changing temperatures on
the transport of 1000 nm carboxylate PS microplastics in 10 mM KCI and found that o decreased
in the order 25 °C > 10 °C = 4 °C.1® These « values especially at 25 °C are all higher than this
work at 10 °C, however the « of nanoplastics exposed to FT are higher than those reported by Kim
and Walker. Indeed, when comparing o values at 10 mM, nanoplastics exposed to FT in this work
are higher than other reports, which span 3 orders of magnitude. When considering factors that
affect o, we show here that FT has an equal or greater influence on a. While these studies (Figure
3.4a) have been conducted under several different conditions that make direct comparison difficult,

they highlight the significant effect of FT on nanoplastic mobility in model groundwaters.

The predicted particle travel distance can be defined as the depth of packed sand that is
required to remove 99.9% of the nanoplastics from the fluid phase and can be used to estimate
potential nanoplastic exposures in subsurface environments (Figure 3.4b). Travel distances were
calculated using the experimentally determined a;-avg in Table 3.1 (see Section S3.6 for equation).
For the conditions studied, the greatest travel distance was 10 m for bare nanoplastics at 3 mM IS.
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We observe a decrease in the travel distance of nanoplastics after exposure to 10 FT cycles at low
IS. Following FT, calculated travel distances did not exceed 1 m for any condition. As IS increases,
the travel distance for bare nanoplastics exposed to FT and 10 °C converge as the nanoplastics are
already destabilized from the high electrolyte concentration. The IS at which this occurs is shifted

to higher concentrations in the presence of NOM.

3.4 Conclusions
Recent evidence has confirmed the presence of microplastics in groundwater and drinking

water from groundwater sources.*® ¢ and the prevalence of nanoplastics, though still unknown, is
likely. Meanwhile, the effect of freeze-thaw on the mobility of nanoplastics in the subsurface
environment has been largely overlooked. Previous literature looking at warm and cold — though
not freezing — temperatures has suggested that drinking water wells in colder climates are at higher
risk of nanoplastic and other nanomaterial contamination due to the higher particle mobility
observed at lower temperatures.'® 2% 2% 61 Repeated freeze-thaw cycles are an important weather
feature experienced in cold climates with some parts of the world having up to 105 FT cycles
annually.®? Our results, in which exposure of nanoplastics to 10 FT cycles was shown to reduce
transport under all conditions, suggest that nanoplastics are more likely to be associated with soils
and less likely to undergo long range transport in groundwater in colder climates following
freezing temperatures. This has implications in a broader context as emerging research shows that
nanoplastics can act as transport vehicles for persistent organic pollutants in saturated porous
media.>® Consequently, this FT-induced change in nanoplastic transport might mitigate the
mobility of these organic pollutants. We propose that the increase in deposition following FT
observed in this work was driven by the freezing-induced aggregation of nanoplastics in
suspension. This was recently observed for TiO2 nanoparticles where a single FT cycle induced
aggregation and reduced transport in otherwise stable suspensions.*® While the presence of NOM
significantly increases nanoplastic mobility, it was not sufficient to counter the impact of FT.
Stability tests show that the aggregates formed after FT exposure are not prone to disaggregate
even after applying high shear stress, suggesting that they will be stable over longer time scales in
the environment. By ignoring the impact of freezing temperatures, transport predictions may
overestimate the travel distances of nanoplastics in cold climates. This highlights the need to
account for weather patterns when assessing the risks associated with nanoplastic release in aquatic

systems.
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3.5 Supporting information
S3.1: Temperature profile.
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Figure S3.1. Temperature profiles for 10 °C and FT pretreatments.
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S3.2: Representative DLS intensity size distributions
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Figure S3.2. Representative intensity weighted particle size distribution of 20 nm PS before and after FT treatment (a) 3 mM (b)
10 mM (c) 30 mM (d) 100 mM (e) 30 mM + NOM (f) 100 mM + NOM. Plots indicate triplicate measurements of the same
sample suspension.
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S3.3: Particle size distributions

60 —o—10°CA_
(@ —+—10°CB )
s0b o 10°CC - Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 36.21 Peak 1: 36.66 12.26
S 40} ge (dnm): =2
> Pdl; 0.242 Peak 2: 4187 1064
2 a9 Appearance of large |
8 aggregate/artifact Intercept: 0.811 Peak 3: 974.9 3200
Q 20t ] Result quality : Good
£
10f
0 Joooooooed oo nooonooasaenasea TR
10 100 1000 10000
Size (nm)
—o—10°CA
60 o r T e 10°%CBT
50} —=o-10°CC | Size (d.nm): % Volume: St Dev (d.n...
°\° 40 Z-Average (d.nm): 3621 Peak 1: 27.86 99.6 8.916
Q Disappearance of large Pdl: 0.242 Peak 2. 4692 03 1084
g 30f aggregate/artifact Intercept: 0.811 Peak 3: 1143 0.2 3331
o 20+ . Result quality : Good
> qa%g ‘
10} i)
H 2
B
0 booooooeed Yeororerrrrereeenooenererren
10 . 100 1000 10000
Size (nm)

Figure S3.3. Representative (a) intensity particle size distribution versus (b) volume particle size distribution in 10 mM IS at 10
°C highlighting the insignificance of large aggregates or artifacts above 2000 nm. Plots indicate triplicate measurements of the
same sample suspension.

As stated in the main text, when the intensity weighted PSD indicated the presence of a small sub-
population of aggregates at large sizes (e.g. > 2,000 nm) at 10 °C, the peak having up to 90% of
the particle population was used as the dn, intensity. This peak corresponds to the vast majority of
particles in suspension, which is of greatest interest in the column experiments. A very small
number of large aggregates will skew the overall intensity weighted average size of the suspension
to larger sizes since scattering scales to the 6™ power 1. The relative influence of this can be
observed if the number or intensity or volume weighted PSD is plotted as a function of size 2. From
Figure S3.3, we clearly see that the contribution of such peaks is very small in terms of
concentration. We therefore infer that such peaks may be artifacts.
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S3.4: Breakthrough curve highlighting the effect of natural organic matter (10 °C versus FT)
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Figure S3.4. Breakthrough curve of the NPs in (a) 30 mM and (b) 100 mM NaCl highlighting the effect of FT in the presence of

NOM.

S3.5: Stability curve of nanoplastics using different DLS sizes.
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Figure S3.5. Attachment efficiency as a function of ionic strength calculated using (a) DLS hydrodynamic Z-average, dn, z-avg and

(b) DLS hydrodynamic intensity mean, dh, intensity.
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S3.6: Predicted travel distance

The predicted travel distance is given as 3;

Log = —In (C%) (3(1—2—(19}0(770)

Loo:  filtration distance required to achieve 99.9% removal

a: attachment efficiency

de: grain size

CI/Co: concentration in the effluent (set to 0.001)
o: porosity

no: single-collector contact efficiency

S3.7. Parameters used in calculating attachment efficiency.

Porous medium porosity 0.43

Collector diameter 0.256 mm
Fluid approach velocity 7.5 x 105 m/sec
Particle density 1055 kg/m?®
Temperature 283 K
Hamaker constant * 1.0 x 10%)
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Preamble to Chapter 4

The critical literature review in chapter 2 revealed that the effect of natural organic matter on
nanoplastic stability is sparse, which precludes a holistic understanding of nanoplastics
transformation in aquatic environments. There are also limited studies investigating the stability
of nanoplastics in more complex heterogenous matrices with no quantitative data of their
behaviour in these systems. The bulk of the reviewed aggregation literature often relies on using
unrealistically high plastic: natural organic matter concentration which may overestimate their true
fate in the natural environment. Therefore, the goal of this chapter was to understand the
mechanisms by which different environmental organic matter interact with nanoplastics of
different sizes at realistic relative plastic to organic matter concentrations. The stability of
nanoplastics was also investigated in natural waters with increasing salinity gradients and
compared to the synthetic water matrices often used in laboratory studies. Lastly, the interaction
of nanoplastics/nanoplastic aggregate with silica which is ubiquitous in the marine environment

was examined.

The findings from this chapter has been prepared for submission in Water Research.
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Chapter 4: Mechanistic Understanding of the Aggregation Kinetics
of Nanoplastics in Marine Environments

Abstract
Plastics that existing below the submicron scale have been detected in the oceans and their

transformations will control their fate and bioavailability. In this study, the initial aggregation
kinetics of two different sizes of polystyrene nanoplastics: 28 nm (NP2g) and 220 nm (NP220), were
investigated using time-resolved dynamic light scattering. The stability of the plastics was
evaluated in the presence and absence of three natural organic matters (NOM) — the Suwannee
River humic acid (HA) and fulvic acid (FA), and the biopolymer alginate (AL) — and in varying
concentrations of divalent salt — including in artificial seawater (ASW) and natural surface water
(NW) with varying salinities. In the absence of NOM, the critical coagulation concentration (CCC)
in CaCl, was independent of particle size, however, the addition of HA enhanced aggregation via
bridging regardless of the size of the plastics. In contrast, the interaction of the plastics with
alginate was size dependent. In CaCl, alginate appeared to enhance aggregation by encapsulation
for NP2g and gel bridging for NP220, while FA had little or no effect. In ASW, HA enhanced the
aggregation of NP22o while alginate was seen to stabilize the particle suspension. Generally, the
effects of the three NOM were more pronounced for the NP2 as compared to the NP2g. While
there were no significant differences in the attachment efficiencies of the bare nanoplastics in either
CaCl; or in ASW, the NP220 was more stable than NP2g in the natural seawater matrix. Finally, in
CaCly, the interaction of nanoplastic aggregates with a model silica surface was less repulsive in
the presence of AL and HA than FA. This study highlights the importance of considering the
interplay of different particle sizes and realistic complex water chemistries when assessing the fate

of plastics in the marine environment.
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4.1 Introduction
A recent estimate shows that the marine environment is a large sink for plastics, receiving between

4.8 — 12.7 million metric tons in 2010.! Environmental degradation and fragmentation generates
microplastics and nanoplastics,? that have been documented globally in the marine environment *
4 and raised both environmental and public health concerns. Recent studies have detected
microplastics in the tissues and intestinal tracts of marine organisms ° and have reported on their
trophic transfer,® which can potentially be passed on to humans. In addition to entering the food
web, plastic particles have been reported to adversely affect the health of marine biota due to
neurotoxicity, oxidative stress,” reduced feeding,® bioaccumulation of pollutants,® and other
causes. Several ecotoxicological studies have highlighted that the size of a plastic particle will
determine its potential to interact with aquatic biota, including its ability to be taken up and retained
by an organism, or to be translocated into organs. Specifically, smaller plastic particles are often
reported to be more toxic than larger ones due to easier passage/uptake.’® A few studies have
shown that organisms will take up nanoplastics smaller than their primary food size.!! Hence,
understanding the fate of nanoplastics and microplastics in the marine environment is important

for accurate risk assessments.

When nanoplastics and microplastics are released into the aquatic environment, they may
undergo several processes and transformations, amongst which is aggregation.'? 13 Aggregation
will change the apparent size of plastics, which in turn determines their mobility, bioavailability
and effects. To quantitatively assess the aggregation kinetics of the particles, particle-particle
attachment efficiencies (&) and the critical coagulation efficiencies (CCC, i.e., the concentration
of electrolyte where aggregation transitions from being reaction-limited to diffusion-limited) are
often used. These parameters are described by the classical Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory.* The role of ionic strength, pH, the presence of natural organic matter (NOM),
and temperature on the stability of plastic particles have been recently studied in simulated and
natural waters.*>1” However, the impact of size on the CCC of plastic particles remains unclear. A
few studies have examined how size affects the aggregation of other nanoparticles in the absence
of NOM, however, they have reported contradictory conclusions. For example, two studies
observed a decrease of CCC with decreasing particle size,'® 1° while others reported either an
increase in CCC with a decrease in size,?® 2! or a CCC that independent of size.?? Furthermore,

since different particle compositions will have different Hamaker constants (which governs van

92



der Waals attractions),*® the conclusions gained from these nanoparticles may not necessarily be

applicable to plastic particles.

The composition of natural organic matter (NOM) in marine systems is complex and location
dependent but is comprised of humic substances, and polysaccharides® which can play important
roles in the fate and persistence of colloidal particles. While several studies have examined the
effects of humic and fulvic acids on the behavior of plastic particles in model single cation water
matrices, there still exist important knowledge gaps, especially in complex waters. For example,
the effect of particle size in the presence of the different kinds of NOM is unknown. NOM
molecules are expected to far outnumber plastic particles in marine systems,* yet, most
microplastic aggregation studies use unrealistically high plastic/NOM ratios. Also, the effect of
algal polysaccharides, such as alginate, on the aggregation of plastics is unclear. In complex ion
mixtures, as found in the marine environment, it is unknown how plastics of different sizes will
interact with polysaccharides, which may be at high concentrations during seasonal algal blooms.
Even though alginate have been reported to destabilize nanoparticles when in the presence of
divalent ions and stabilize them when in the presence of monovalent ions, the mechanism is
unknown, especially with particles of different sizes. Moreover, no study has quantitatively and
systematically compared the aggregation kinetics of nanoplastics in synthetic versus natural
waters. A few studies®™ % have examined the effect of the presence of alginate on single sizes of
nanoplastics, however, these studies have been conducted in single cation systems.

Following aggregation, plastic aggregates may come in contact with coastal sediments or
suspended colloidal aggregates (e.g. during seawater intrusion events). For example, in marine
systems, plastic aggregates can interact with silica particles to form larger heteroaggregates. Larger
and denser plastic aggregates can also settle in the water column where they can interact with
larger SiO, sediments.?” This has been shown for other particulate contaminants?®-2° although how

this process might influence the fate of plastics in natural waters is unclear.

Therefore, the main objective of this study was to systematically investigate the effects of
NOM on the aggregation of different sized nanoplastics in increasingly complex water matrices
(both simulated and natural). A second objective of this work was to examine the impact of NOM
on nanoplastic interactions with a model Si surface using an optical NanoTweezer. Low

concentrations of carboxylated polystyrene nanobeads (28 and 220 nm) were used as model
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nanoplastics? to ensure that plastic/NOM ratios were as realistic as possible with respect to marine
systems. Carboxylated plastics were chosen as a proxy to reflect the oxidation state of
environmental plastics®! and the uniform, negative surface charge allows a mechanistic insight into

the interactions of different types of NOM.

4.2 Materials and methods

4.2.1 Preparation of water samples and aqueous suspensions of the plastics
Stock suspensions of carboxylated polystyrene model nanoplastics called NP2g (nominally 28 nm,

based upon data the manufacturer and confirmed by transmission electron microscopy) and NP22o
(220 nm) were obtained from Thermo Fisher (Lots# 1790453 and 1820029, respectively). Fifty
mg/L stock suspensions were prepared by diluting the NP2g and NP2 in filtered reverse osmosis
water (Biolab Scientific). Prior to each experimental run, the concentrated suspension was
vortexed for ~30 seconds and then diluted to the working concentration of 2 mg/L (1.65x10*! and

3.4x108 particles/mL for NP2s and NP2z, respectively; see Table S4.1).

Sodium alginate (AL), extracted from brown algae was purchased from Sigma-Aldrich.
Suwannee River humic acid Il (HA) and Suwannee River fulvic acid Il (FA) were obtained from
the International Humic Substances Society. One hundred mg/L stock solutions of all three NOM
were prepared, by raising the pH of the stock solution to ~10 (to ensure complete solubilization)
prior to their dilution to concentrations that were more representative of natural seawater (i.e. 1
and 10 mg/L).%® The total organic carbon (TOC) content of the stock solutions was determined
using a TOC analyzer (TOC-VCPN, Shimadzu, Japan) as 45, 54, and 28 mg C/L for the HA, FA,
and AL, respectively. In the natural environment, [NOM]:[plastic] are expected to be high (up to
10,000).%2 To be environmentally relevant, the working NOM concentration chosen at 10 mg/L

ensured a [NOM]:[plastic] ratio of 5 which is far greater than ratios used in the literature.

Aggregation kinetics of the nanoplastics were studied in the presence of divalent salts
(CaCl,, Sigma-Aldrich), artificial seawater (ASW) and several natural surface waters (NW).
Because the same concentration of a divalent salt has a higher impact as compared to a monovalent
ion, we focus on Ca?* when making comparisons between the ASW and NW. Additionally, Ca?*
has a unique behavior which can favor aggregation in the presence of HA and alginate via bridging.
33 A stock electrolyte of 500 mM CaCl, was used for dilutions. ASW was prepared by diluting 40
g of artificial sea salts (Sigma-Aldrich, Lot #SLBX3050, Table S4.1) in 1 L of filtered reverse
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osmosis water (Biolab Scientific). Before use, the pH in each working suspension was adjusted to
8 + 0.5 (representative of seawater 3#) with 0.1 mM NaOH. Finally, four natural surface water
samples were collected in the St. Lawrence River (QC, Canada), between August and September
2020, filtered through 300 pum nylon mesh (McMaster-Carr, USA) then stored at 4°C before use.
The sampling locations spanned from Montreal to Cacouna (low/freshwater salinity to high/close
to seawater salinity) with sample points (hamed NW1, NW2, NW3, NW4) having <0.2, 17.1, 34.8
and 34.2 practical salinity units, respectively and 1.9, 0.3, 0.1 and 0.2 mg/L dissolved organic
carbon, respectively. Details on the sampling sites and the physicochemical properties of the

samples are provided in Table S4.2.

4.2.2 Nanoplastic aggregation
4.2.2.1 Aggregation experiments
Time-resolved dynamic light scattering (DLS) measurements, which monitored the evolution of

the hydrodynamic size of the particles were performed using a Malvern Zetasizer Nano ZS
(Malvern Panalytical) with a laser source of 633 nm and a detection angle of 173°. Z-average
hydrodynamic (Dn) diameters were collected over 30 min at 30 sec intervals. To simulate the
release of nanoplastics into the environment, stock solutions of the NOM and salts were premixed
into a cuvette, and particles were added as the last item (total volume of 1 mL before each DLS
measurement. Prior to use, cuvettes were cleaned with filtered reverse osmosis water.
Electrophoretic mobilities (EPM) were measured by laser Doppler velocimetry using the same
equipment. Each experimental condition was repeated three times in order to evaluate
reproducibility.

4.2.2.2 Determination of aggregation rate

The initial increase in D, obtained through a linear least squares regression analysis, was used to

compute the aggregation rate constant (k),

e L (dDh(t))Ho (4.1)

No\ dt
where No is the initial particle concentration. In some cases, the aggregation profile did not capture
the initial primary particle sizes (limitations of the instrument) because aggregation was too fast.
In these cases of extremely rapid aggregation, the slope of the initial linear part of the data
capturing only a few data points was used to calculate k, as has been widely done previously in the

aggregation literature. 26 35 36 particle-particle attachment efficiencies, o, were then obtained by
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normalizing aggregation rates, k, to the rate at which particles were fully destabilized, Krast
(diffusion limited aggregation; Equation 4.2). Aggregation rates are often reaction-limited (RLA)
(i.e. a < 1) at low ionic strengths, while diffusion limited aggregation (DLA) occurs more often at
high salt concentrations. The transition between these two regimes represents the critical

coagulation concentration (CCC).

1 (dDy(t) (4.2)
1 k No\ dt )t~
a —_—— —_—
W kfast 1 (dDh(t)>
(No)fast dt t-0sast

In Eq 4.2, W is the stability ratio. In this study, No can be ignored in equations (1) and (2) given
that the initial particle number concentration was the same in all experiments, for both particle
sizes. For each water type tested, k was normalized with the kst obtained in CaCl; in the absence
of NOM.

4.2.2.3 Aggregate microstructure
The size and morphology of NP2g and NP22o were determined by transmission electron microscopy

(TEM, FEI Technai 120 kV TEM) coupled with a Gatan Ultrascan 4000 4kx4k CCD camera. TEM
was performed on suspensions deposited onto thin carbon film grids (Pacific Grid-Tech, 300 mesh,
3.05 mm O.D., hole size). The drop cast suspension was allowed to sit a few min before the excess
liquid was wicked away using a Whatman filter paper and the grid was allowed to dry at room

temperature.

4.2.3 Probing nanoplastic interactions with silica
To better understand how nanoplastics might interact with a silica surface such as suspended or

sedimented silica in a water matrix, an optical tweezer (NanoTweezer, Optofluidics, Philadelphia)
was used to determine nanoplastic-Si interaction energy profiles in the presence of the 3 NOM
types (see Table S4.3 and Section S4.1 for details on the operation of the optical tweezer).
Following methods previously described®” measurements with the NanoTweezer were taken by
flowing the particle suspension through a silica chip (within 30 min of sample preparation). NP220
were introduced to an already mixed electrolyte (working CaCl, concentration of 0.5 mM) with
and without NOM. The NP220 suspension was introduced into the silica chip at a rate of 0.2 pL/min
and the laser power was increased in 0.5 mW increments, until particle entrapment. Sixty 30 sec

videos, were acquired and analyzed using Fiji ImageJ. At least 45 particles were tracked in each
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experiment and a minimum of 3000 measurements/particle track were collected. Each
experimental condition was repeated three times. With the information obtained from the recorded
videos, the parameters A and A, in the electrostatic interaction equation (Eq. S4.1) could be
calculated for each plastic-NOM-surface combination. Videos of 1 mg/L NOM and 0.5 mM CaCl;
(no plastic particles), taken at the maximum laser power (for highest trapping efficiency), were

used as negative controls in order to confirm that the scattering of NOM molecules was negligible.

4.3 Results and discussions

4.3.1 Aggregation kinetics in the absence of organic matter
Both NP220 and NP2g formed aggregates in suspension (Figure 4.1a, b). Indeed, for the bare NP22o

and NP2g in 1-30 mM CaCl., a typical aggregation profile can be seen in Figure 4.1c, in the absence
of organic matter. At 1 mM CaCly, both dispersions were quite stable over 30 min. As the
electrolyte concentration increased to 5 mM CaCly, a significant increase in aggregation rate was
observed for NP2g. At 30 mM, the mean hydrodynamic diameter of the particles increased further,
and the dispersions were completely destabilized. Increasing the salt concentration to 100 mM did
not result in any significant increase in hydrodynamic size compared to 30 mM (Figure S4.1),
which suggested that aggregation was diffusion limited. As the CaCl, concentration increased from
1 to 10 mM, the magnitude of the EPM decreased for both particle sizes and approached 0
pm.cm/V.s (Figure 4.2). This phenomenon can be attributed to a screening of the particle charge,
resulting in a compression of the electrical double layer and a corresponding reduction in
interparticle repulsive forces. It is worth noting that the EPM for the NP220 and NP2g are similar
for a given condition. All calculated aggregation rates are presented in Figure S4.2. The higher
aggregation rates observed for the NP2g compared to NP22o are not surprising because under the
same conditions, smaller sized particles are less stable than larger ones due to the higher surface
energy of the former.®® The lower aggregation rate of NP220 compared to that of NP2g is somewhat
consistent with their particle number concentration. For example, at 10 mM CaCly, there is a 10-
fold increase in aggregation rate of NP22 (0.54 nm/s) compered to NP2g (0.052 nm/s) while the

difference in number concentration is 1000-fold.

From the stability curve (Figure 4.1e), we observe that, in agreement with DLVO theory,
a increases with electrolyte concentration (RLA conditions) until DLA is presumed to occur (=1,
CCC=10 mM). The presence of RLA and DLA regimes in the stability curve is consistent with
electrostatic interactions being the governing mechanism in the system. The CCC is independent
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of the size of the plastic particles. Although, contradictory findings about the influence of size on
CCC for other nanomaterials exist in the literature, our results agree with theoretical predictions.
Based on the Smoluchowski approximation, which assumes that the double layer thickness was
much smaller than the particle size, DLVO predicts that particle size and concentration should
have no effect on the CCC.* Particles with comparable surface properties in a given solution
chemistry are also expected to show similar colloidal stability, independent of size.* It is important
to note that NP2g had a lower reported charge density compared to NP2 (as function of surface
area, Table S4.1) which was confirmed by our measurements of the EPM in 10 mM NaCl (-1.5
for the NP2g vs -3.5 pm.cm/V.s for the NP220). However, in the conditions under study, we see that
both particles have comparable EPM in CaCl» (Figure 4.2a, b; 1 mM: -2 vs -1.8 um.cm/V.s; 10
mM: -1 vs-1.1 um.cm/V.s). Hence, as ionic strength increases, the effective charge of the particles
are similar leading to similar values of CCC for the two plastics (i.e. 10 mM for NP2g and NP220).
Note that in the literature, CCC values for polystyrene particles range between 2.95 and 71.28 mM
for divalent salt solutions (Table S4.4). When CCCs reported in the literature are compared as a
function of particle size (Figure S4.3), there appears to be weak relationship, with no clear trend.
This lack of clear trend cannot be generalized to our study since these studies were performed
using different pH and particles having different surfaces, surface heterogeneities, charge densities
etc. which makes direct comparison difficult. Nonetheless, two studies working with single particle
sizes reported CCC that are comparable to our values (i.e. 12 mM CaCl;*' and 10 mM CaCl,*).
For studies examining two different sizes of polystyrene particles, a size dependency with CCC
was reported; namely, 50 and 500 nm particles had CCC of 18 and 250 mM CaCly, respectively,
43while 20 and 100 nm particles had CCC of 13 and 32 mM CaCly, respectively.*
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4.3.2 Size dependent enhanced aggregation in the presence of Ca?* and alginate.
The aggregation kinetics of the plastic particles were investigated in the presence of AL (1 and 10

mg/L). The aggregation rates presented in Figure S4.2 show a slight increase in the presence of 10
mg/L AL as compared to 1 mg/L for NP22. While o for the bare plastics is not significantly
different in the presence of AL in the RLA regime of the stability curve (Figure 4.3e), at salt
concentrations > the CCC (10 mM), o appears to exceed a value of 1for the NP22o. This enhanced
aggregation is readily observed in the aggregation profiles of Figure 4.3a, e. For both particle sizes,
the EPM did not change significantly in the presence of AL as compared to its absence (Figure

4.2), indicating that factors other than electrostatic forces were likely destabilizing the plastics.

TEM images suggest that the interaction of the particles with the calcium and the AL

depended upon particle size. From Figure 4.4a, b, we clearly see that the structures are different
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(higher magnification images shown in Figure S4.4 b, c) for NP2s with respect to NP22o. For NP2g,
the particles appear to be entrapped/encapsulated, while for NP2z, a distinct net-like (coil-like)
network appears to bridge the particles together. Interestingly, similar fibrillar aggregate structures
have been observed for colloidal aggregates isolated from lake* or marine systems.*°

Alginate is a biopolymer consisting of mannuronic (M) and guluronic (G) blocks, known
to form strong gel networks or extended coils in the presence of divalent ions, (e.g. Ca**, Mg?").
47 In natural water samples, alginate has been found to be a fairly flexible biopolymer capable of
forming fibrillar structures/networks where colloids can be embedded, hence destabilizing them.*>
48 Laboratory studies have reported that in the presence of Ca®*, AL may destabilize hematite,*°
boron,* and manganese dioxide nanoparticles®® via bridging. A recent study crosslinked alginate
with 10 mM CaCl; as a proxy for a biofilm and investigated the diffusion of three different particle
sizes through the gel structure. 52 They showed that the alginate gel matrix was heterogenous, and
the accessibility of the gel pores was particle size dependent. Hence, we hypothesize that the
interaction of the plastic particles and the alginate aggregate/coils depended on the relationship
between the polymeric network mesh size (¢) and the size of the plastic particles (dp). In the
absence of plastic particles, sheet-like calcium alginate structures can be observed (Figure S4.4a).
The £of any alginate aggregate structure depends on the polymer and crosslinker concentrations.
Typical reported for hydrogels ranges from 5 — 100 nm®3 and 5 — 200 nm>* for calcium alginate
gels. When &> dp, as may be the case for NP2s, the particles may be able to diffuse more easily
through the alginate gel. When &< dp, as is the case for NP22o, the particles would be more likely
to sorb onto the alginate chains, similar to the ‘pearls on a necklace’ observed by Santchi et al.*®
The bigger particles are not physically trapped inside the gel, rather alginate can acts to bridge the

NP220 during the aggregation process.

There is limited information on the effect of plastic size on aggregation in the presence of
calcium alginate. Two studies, each looking at a single particle size, have observed differing types

of alginate gel structures in the presence of Ca®*.
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Figure 4.3. (top panels = NP2s. bottom panels = NP220) Representative aggregation profile in 10 mM CaClz (CCC) in the
presence and absence of 10 mg/L alginate (a & €), 10 mg/L humic acid (b & f) and 10 mg/L fulvic acid (c & g). Stability curves
of NP2s and NP2z in the absence and presence of all three organic matters at 10 mg/L (d & h). Error bars represent standard
deviation for 3 independent experiments. Using One-way ANOVA and Tukey mean comparison, in the diffusion limited regime,
attachment efficiencies of particles in AL and HA were significantly different (p<0.05) compared to the bare particles (for NP22o,
panel d) while no significant difference for NP2g, panel h.

4.3.3 Effect of fulvic acid in the presence of Ca?* differs with plastic size.
Representative aggregation profiles in the presence of FA show that FA slightly stabilized the NP2g

(slower aggregation rate in the presence of FA in Figure 3c, but had no impact on the aggregation
rate for NP22o (Figure 3g). No significant difference in EPM was observed when comparing with
particles in the presence and absence of FA (Figure 4.1). The similarity in EPM could be explained
by the significant electrostatic repulsion of bare carboxylated plastics which was either of similar
charge density as the FA or sufficient to cause significant electrostatic repulsion (and thus limited
sorption of the FA). The role of NOM on colloidal stability can be attributed to steric hindrance
when its adsorption is sufficiently thick that it prevents particle approach and collision.>® However,
FA is a small molecule that is not known to aggregate, even in the presence of Ca?*.>® Under the
conditions of this study (NOM concentration of 10 mg/L) the FA is in large excess with respect to
the available surface area of the nanoplastic (Table S4.5, assuming 1 nm for FA). Nonetheless, the
attachment efficiencies of FA coated particles (Figure 4.3d, h) are generally similar for the bare
particles (only small differences observed in a few cases) as the bare particles. This might be

attributed to the FA molecules not having sufficiently coated the particles, hence significantly
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lower « values wouldn’t necessarily be observed in the early stages of aggregation probed here.
The relative weak effect of the FA on nanoplastic stability would suggest that adsorbed FA either
insignificant or smaller than the electric double layer thickness (Debye length, Table S6)

(precluding mechanisms involving either steric hinderance or bridging flocculation).

Humic acid Fulvic acid

Figure 4.4. (Top panel = NP2s. Bottom panel = NP220) Transmission electron micrographs of NP2s and NP2z0 in the presence of
alginate (a & b), humic acid (c & d) and fulvic acid (e & h). Salt concentration = 10 mM CaClz, NOM concentration = 10 mg/L.
All experiments were carried out at a pH of 8 + 0.5.

4.3.4 Enhanced aggregation in the presence of Ca?* and humic acid
Higher aggregation rates were observed in the presence of HA with respect to its absence,

especially for NP22o (Figure 4.3b, f). The attachment efficiency also notably increased, generally
consistent with the DLA regime for NP2 but exceeding 1 in some cases. The enhanced
aggregation observed in the presence of HA may be explained by a cation bridging mechanism.
Indeed, the TEM images suggested that NP2 monomers/dimers had combined with HA
aggregates (Figure 4d). On the other hand, for the NP2g, nanoplastic aggregates appeared to
combine with HA aggregates (cluster-cluster aggregation, Figure 4c). Indeed, while the HA bridge
is easily seen for the NP22o (Figure 4d), it is not clear for NP2g (Figure 4.4c). This may be because
the HA aggregates are similar in size as the primary nanoplastics and their aggregates. Humic acids
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have reported nominal sizes of 2.5 — 12.8 nm °6°8 and may form large aggregates in the presence
of CaCl, 3 %° (see also Figure S4.5). Since in the presence of Ca?*, the HA seem to form large
aggregates, it is unlikely that the HA molecules could fully cover the nanoplastic - thus a lack of
stabilization is not surprising. Such large HA aggregates may be able to adsorb to the nanoplastic
surface, exceeding the particle Debye length and leading to particle-particle bridging.%’ High
aggregation rates in the presence of Ca?* have been shown for fullerene, *° silica ®* and polystyrene
microplastics. 62 Although some studies performed in Ca?* and Mg?* have reported a stabilizating
effect of the HA for fullerene nanoparticles, *° silica ®* and carbon nanotubes, © it occurred mainly
at low concentrations of divalent cations where the HA were less likely to form aggregates or be
in excess. Generally, when in monovalent salts, nanoparticles are thought to be stabilized by humic
substances via steric or electrostatic repulsion,® however, in solutions of divalent ions, this does
not appear to be the case, especially at high concentrations. This change is ascribed to cation
complexation with the functional groups on the humic substance, thereby “caging” the NP22o into
larger aggregates.®® The destabilization observed for HA as compared to the FA may also be
ascribed to the slightly higher molecular weight and hydrophobicity of the former. For high
concentrations of divalent cations, high molar mass NOM have been shown to promote
aggregation of fullerene nanoparticles to a greater extent than low molar mass NOM.®* A
schematic of the proposed interactions between the different types of organic matters and

nanoplastics has been presented in Figure 4.5.
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Figure 4.5. Schematic showing the proposed/possible mechanisms of interaction between NP2g and NP22o with alginate, humic
acid and fulvic acid in CaClz in the diffusion limited regime. Schematic is for illustration purposes and not drawn to scale

4.3.5 Aggregation kinetics of the nanoplastics in artificial seawater with and without
natural organic matter.
In order to mimic real marine systems, aggregation Kinetics of the plastic particles, in the absence

and presence of all 3 NOM were investigated in an ASW (Table S4.1). Significant aggregation of
the bare NP2g and NP22o was seen in the ASW, especially for NP2g (Figure 4.6a). Interestingly, for
the bare plastics, the value of a determined in the ASW was comparable to the o in CCC in CaCl;
(~1, Figure 4.6b). On adding 10 mg/L FA, o decreased only slightly for NP22o. In contrast, in the
presence of HA, « was considerably higher than in its absence (2.13+£0.43 vs 1.13+0.19 for NP22).
It is possible that the enhanced aggregation observed in HA resulted from the presence of Ca?* in
the ASW. As seen above, in the presence of monovalent salts, the humic acid is likely to stabilize
colloidal particles however, de-stabilization may predominate in the presence of the divalent salts.
The ASW has a Ca?* concentration corresponding to its CCC for CaCl, (10 mM) in addition to
470 mM of monovalent ions.

The HA had no statistically significant effect on the early-stage aggregation rates of NP2s
(o = 1.24%0.21 in the absence and 1.00+0.40 in the presence of HA). On the other hand, for time
scales exceeding 30 min, the hydrodynamic diameter of NP2g was greater in the presence than in
the absence of HA (Figure S4.7a). Interestingly, a recent study by Tallec et al. showed that the
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presence of HA in ASW increased the hydrodynamic diameter of 50 nm carboxylated nanoplastics
only slightly after 24 h, but significantly after 48 h.% In the presence of the AL, a considerable
decrease in o was observed for NP2z but no significant difference for NP,s (Figure 4.6b). In Ca®*,
AL destabilized the plastic dispersions (Figure 4.3a, e). In the presence of monovalent cations and
Mg?*, AL is unable to strongly form a gel/coil.®® Since there are more monovalent ions in the
ASW, they might dominate the interactions and the type of AL gel structure that is formed. Indeed,
Chen et al. showed the detrimental effect of Na* when added to the same system during the
formation of the AL gel (that could enhance aggregation).®” Another toxicity study also showed
that the presence of 45 mg/L AL stabilized TiO2 nanoparticle in ASW.% These results suggest that
when AL is in abundance in marine environments such as occurs during algal blooms, NP2g and
NP220 may be less likely to aggregate. The significant increase in the magnitude of EPM values in
the presence of AL and FA (1 and 10 mg/L, Figure 4.2) suggests that some electrostatic

stabilization is occurring, which would be consistent with the small observed reduction in .
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Figure 4.6: (a) Representative aggregation profiles of the bare nanoplastics, NP28 and NP220 in ASW and (b) attachment
efficiencies in ASW in the presence and absence of humic acid, fulvic acid and alginate, as compared with the attachment
efficiency in 10 mM CaCl2 (i.e CCC). (c) attachment efficiency in natural surface waters as compared with the attachment
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4.3.6 Aggregation kinetics of the nanoplastics in natural surface water
In order to better understand the behavior of plastics in the natural environment, natural surface

water samples were collected with increasing salinities ranging from fresh to seawater (<2 to 35
practical salinity units for NW1 to NW4 sample points respectively) were used. As discussed in
section 2.2.2, aggregation rates were normalized with those determined in 10 mM CaCl(CCC).
For both nanoplastics, a was the lowest in the freshwater sample (NW1) and increased with the
increase in ionic strength (and decrease in dissolved organic carbon from NW1 to NW4 (Figure
4.6¢). For the highest salinity sample, NW4, a was comparable to that observed in the ASW for
NP2g. In contrast, NP22o exhibited a much lower « value as compared to the ASW (p<0.05). The
marked difference in a of NP2 in ASW (1.13 = 0.17) versus the natural seawater sample, NW4
(0.57+ 0.12) demonstrates the importance of assessing the fate of plastics in realistic environments.
These results suggest that in the natural environment, NP2 are more likely to be stable as

compared to similar concentration of NPs.

4.3.7 Interaction energies between nanoplastics and silica surfaces.
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Figure 4.7. Interaction energy profiles for the interaction of NP220 and a silica surface in the presence of 1 mg/L fulvic acid,
humic acid and alginate and 0.5 mM CaClz. Error bars indicate standard deviation for n = 3 independent experiments. Details of
the fitting parameters are presented in Table S4.8. Note that curves for NP220 + HA (green) and NP22o + AL (yellow) largely
overlap.
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In natural waters, nanoplastics are very likely to interact with natural colloids such as silicates and
clays which are generally present in much higher concentrations (e.g. heteroaggregation). It is thus
of great interest to examine the interaction of nanoplastics with such surfaces. As a starting point
to gain some insight into the complex environmental systems, we measured the interaction
energies of NP22o with a model Si surface in the presence of 1 mg/L organic matter and 0.5 mM
CaCl; using an optical tweezer (Figure 4.7). According to DLVO theory, electrostatic repulsion
will increase as the particles approach a like-charged surface. In the presence of the HA and AL,
repulsive forces were similar, while repulsion was greater for the bare NP22g and the NP2 in the
presence of FA. Thus, interactions between the plastic particles and the silica surface were more
favorable in the presence of Ca?* and either AL or HA, where some attractive forces (e.g., bridging)
may be present (Figure 4.5). Broadly, these results agree with particle-particle aggregation data in
Figure 4.3, which indicated that while the aggregation rates of NP22o and NP2g in the presence of
CacCl; increased when either AL (Figure 4.3a, €) or HA (Figure 4.3b, f) were present, this was not
the case for FA (Figure 4.3c, Q).

4.4 Conclusions
The aggregation behavior of polystyrene NP2g and NP22o have been investigated and compared in

simple and complex synthetic waters, as well as natural surface water matrices. Using realistic
nanoplastic/NOM ratios, we were able to show the specific effects of different kinds of NOM on
the aggregation of nanoplastics. At the same mass concentration, in the absence of organic matter,
NP2g aggregated faster than NP22o, however, the two sizes of nanoplastics had the same CCC. For
all conditions, the effect of all NOM was more obvious for NP22g as compared to NP2s. While AL
and HA destabilized both particles in Ca?*, the mechanism of destabilization of AL was dependent
on the size of the plastic. The presence of FA in Ca?* slightly stabilized NP2s after 30 min, likely
due to increased electrostatic repulsion, but did not appear to affect the NP22o. HA appeared to
destabilize the plastics via a bridging mechanism, while AL destabilized the plastics due to
bridging and encapsulation/entrapment. In a simulated seawater, the presence of AL stabilized the
particles more (reduced hydrodynamic size) as compared to HA and FA. In the more complex salts
and NOM mixture of the natural waters, the plastic particles appeared to be more stable than would
have been predicted from experiments performed in synthetic media. This suggests that different
organic matter fractions may be playing a role in stabilizing the nanoplastics in natural waters. In

the natural environment, NP2g will be more likely to aggregate compared to NP22o, a difference
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that was underscored when looking at the water with the highest ionic strength (NW4). In this
work, we quantitatively showed that while NP2g behaved similarly in ASW and NW (NW4), NP22o
aggregation in natural waters (NW4) is substantially lower than predicted using ASW (which is
often used as a proxy for seawater). Ultimately, this study shows the importance of considering
both the size of plastic particles and the different organic matter components that may be present
in natural waters, and the need to design experiments with more realistic complex matrices when

predicting the fate of plastic particles in the environment.
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Supporting information
Table S4.1. The properties and conditions of plastic and electrolyte used in the study

NP5 working concentration 2 mg/L (~ 1.66 x 10" particles/mL)
NP220 working concentration 2 mg/L (~ 3.42 x 108 particles/mL)
NPy charge density* 2.5 x 107" meg/cm?

NP2z charge density* 1.9 x 10" meg/ cm?

Plastic density* 1.05 g/cm?®

Artificial Seawater Composition (mg/L)* Chloride: 19000- 20000

Sodium: 10700-11000
Sulfate: 2660
Potassium: 300-400
Calcium: 400
Carbonate: 140-200
Boron: 5.6
Magnesium: 1320
Strontium: 8.8
Acrtificial seawater ionic strength 561 — 714 mM
Artificial seawater conductivity ~36000 US/cm

* provided by the manufacturer.

Table S4.2. Properties of the natural surface water

Sample Location site Temperature  Conductivity  pH DO, Calculated DOC
name GPS coordinates (°C) (uS/cm) (%) salinity (mg/L)
(PSU)
NW1 Lake Saint-Louis 25.04 252 796  63.9 <2 19
/ Beaconsfield
45°24.181'N
73°52.556' W
NwW?2 St Joseph de la 15.98 22897 7.66 129.3 17.1 0.333
Rive
47° 26.755'N
70° 18.022'W
NW3 Baie Ste 11.01 38804 777 1123 34.8 0.133
Catherine
47°58.498' N
69° 42.990' W
NwW4 Cacouna 11.7 38893 7.83 103.3 34.2 0.167
47° 55.709'N
69° 32.673'W

S4.1. Mechanism of operation of the optical tweezer

This equipment is based upon total internal reflection microscopy (TRIM) and uses light to capture
particles and push them towards the surface. ! As the optical tweezer confines the light and
particles in two dimensions, it increases the signal-to-noise ratio in comparison to TRIM. %2 When

the particle is captured, an evanescent field will be generated around it which scatters light. The
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intensity of scattered light will depend on the position of the particle within the evanescent field. 2
This intensity is then measured by the instrument and is used to generate potential wells of
interaction. Potential energy maps are calculated by correlating the scattered light to the particle-
surface interaction. Briefly, a Boltzmann inversion is used to calculate the equilibrium state and
then all other states are compared to the equilibrium state, therefore generating the map.! The
principal component of particle-surface interaction is the overlapping of electrical double layers.

Using DLVO theory, we calculate the screened electrostatic interaction as:

—Z

U —z
- = A
o7 = A (54.1)

where U is the interaction energy, k; is the Boltzmann constant, T is the absolute temperature, z
is the distance between the PS nanoparticles and the surface, A, is the Debye screening length, and

A is the interaction coefficient for steric repulsion.

Table S4.3. Experimental details for aggregation versus plastic-surface interaction experiments.

Parameter particle-particle experiments particle-surface
experiments

particle concentration (mg/L) 2 10

plastic size NP2g, NP2z NP220

CaCl; concentration (mM) 1, 3,5, 10, 30 and 100 0.5

organic matter concentration (mg/L) 1and 10 1
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Figure S4.1. Representative aggregation profile showing the effect of ionic strength (1, 10, 30, 100 mM CaClz2and ASW) on the
NP220.
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Figure S4.2. Aggregation rates of NP28 and NP220 in CaClz and ASW in the presence and absence of different organic matter.
AL = Alginate, HA = humic acid, FA = fulvic acid and ASW = artificial seawater. Error bars represent standard deviation of at
least 3 measurements. Additional experiments were carried out at 30 ppm HA only to better elucidate its interaction with the
smaller NPs since the aggregation rate measured in the presence of 10 ppm HA was not significantly different from 1 ppm HA.

Table S4.4. Relationship between CCC in divalent salts and polystyrene plastic size from literature

Reference Plastic size CCC (mM) pH Concentration Modification NOM
(mg/L) concentration
this study 20, 200 nm 10 CaClz 8 2 carboxyl 1, 10 mg/L
3 1 um, 0.53 um 20 CaClz 4 45 carboxyl, -
30 CaCl2 sulfate
4 12 £3.4 um 2.95 CaCl 6 20 - 15 mg TOC/L
3.20 BaCl 6
5 100 nm 71.28 CaCl2 7.5 -
63.10 BaCl:
6 269 nm 12.2 CaCl: 6 20 sulfate 1-50
7 100 nm 28 CaCl2 10 bare, carboxyl 1,5 10C/L
NOM
8 120 nm 20 no surface -
29 BaCl2 modification
33 CaCl2
44 MgClz
9 PS —900 nm PS - 10 CaCl2 20 PE-SDS -
PE — 200 — 750 nm PS - 25 MgCl:
PE - 0.4 CaCl2
PE - 8 MgCl2
10 240 nm 25 CaCl; 10 -
1 50 nm - 100 carboxyl, 1, 10, 30 mg/L
amidine and
plain
12 50 — 100 nm 32 CaClz 10 no surface 1,2 and 5 mg
modification C/L
13 50 and 500 nm 18and 250 MM 6+0.2 20 no surface -
CaCl modification
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Figure S4.3. Comparison of CCC of nanoplastics and microplastics from literature to show the effect of particle size on CCC.
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Figure S4.4. Transmission electron microscope images of (a) calcium alginate sheets formed in the absence of plastic particles.
Close up images of plastic interaction with calcium alginate (b) NP2s (c) NP22o
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Table S4.5. Surface coverage calculation of natural organic matter present in working solution

Fulvic acid Humic acid
NP2s NP220 NP2s NP220
Nominal size of plastic (um) 0.028 0.22 0.028 0.22
Working concentration of plastic (mg/L) 2 2 2 2
Working concentration (particles/mL) 1.66 x 10**  3.42 x 108 1.66 x 10% 3.42 x 108
Surface area of working concentration (cm?/g) 2 x 108 2.6 x 10° 2 x 10° 2.6 x 10°
Surface area of 1 plastic (hm?) 1.26 x10°  1.26 x 10° 1.26 x 103 1.26 x 10°
Total surface area of plastic in 1mL 41x10“ 52x10% 4.1 x 10 4.29 x 108
Number of NOM particles needed for 100%
coverage 41x10“  52x10% 4.1 x 10® 4.29 x 1012
Number of NOM in experiment (particles/mL) 1.1 x 10% 1.1 x 10% 1.7 x 10%3 1.7 x 10%3
number of NOM in 1 mL
"~ number of NOM for 100% SA coverage 26.89 211.26 0.42 3.27

No of FA particles/mL 1.097 x 10%
No of HA particles/mL 1.097 x 10%
Nominal size of fulvic acid assumed 1nm
Nominal size of humic acid assumed 10 nm
Humic acid size (nm) 4.4 and 12.8 nm*
Fulvic acid size (nm) 1.3-1.6%
Suwanee River Fulvic acid (nm) 1.5-2.51
Natural organic matter (nm) 1.8 - 216
NOM = natural organic matter
SA = surface area
6 = plastic coverage ratio
Table S4.6. Debye length in CaCl2 concentration

1 mM 551 nm

5mM 2.46 nm

10 mM 1.74 nm
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Figure S4.5. Representative aggregation profile of NP2g showing the effect of humic acid at 10 mM CaClz and 10 ppm HA.

Table S4.7. Elemental composition of organic matter used as reported by the International Humic Substances Society

Type Humic Acid Fulvic acid
Cat No. 3S101H 25101F
H20 11.9 16.9
Ash 4.62 0.58
Cc 54.59 52.34
H 3.90 4.36
0 40.03 42.98
N 1.50 0.67
S 0.55 0.46
P nd 0.0004
Table S4.8. Fitting parameters from plastic-surface interaction.
Treatment Calculated Calculated Ap
A (nm)
Bare plastics 51.99+6.11 9.44 +1.62
Plastics + FA 45.79+3.72 10.57+£1.32
Plastics + HA 4.86 £2.81 9.70+1.27
Plastics + AL 6.18 £ 4.48 11.29 £3.37

Ao = Debye screening length, A = parameter related to steric and electrostatic interactions.
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Figure S4.6. Hydrodynamic diameter of NP28 and NP220 after 30 minutes in CaCl2 and ASW in the presence and absence of
different organic matter. AL = Alginate, HA = humic acid, FA = fulvic acid and ASW = artificial seawater. Error bars represent
standard deviation of at least 3 measurements.
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Preamble to Chapter 5

The risks associated with microplastics cannot be fully understood by using pristine particles. Even
though an increasing number of studies consider more realistic scenarios with the use of
environmentally relevant microplastics, we observed huge variability and disparity in weathering
protocols used across these studies. The use of less realistic weathering pathways or protocols that
lack rationale may overestimate or trivialize environmental risks. Hence, we present a novel and
extensive synthesis of laboratory effect studies in the context of environmentally relevant protocols
for weathered microplastics, nanoplastics and leachates while providing a framework for method
harmonization. We found that only ten percent of laboratory studies investigating the effects of
microplastic pollution in ecosystems used environmentally relevant (aged) particles. This has
important implications for realistic risk assessments and for the design of experiments examining

the effects of these contaminants and their associated hazards.

The findings from this chapter was published in Journal of Hazardous Materials in August 2021.
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Chapter 5: Weathering Pathways and Protocols for
Environmentally Relevant Microplastics and Nanoplastics:

What Are We Missing?
Abstract

To date, most studies of microplastics have been carried out with pristine particles. However, most
plastics in the environment will be aged to some extent; hence, understanding the effects of
weathering and accurately mimicking weathering processes are crucial. By using microplastics
that lack environmental relevance, we are unable to fully assess the risks associated with
microplastic pollution in the environment. Emerging studies advocate for harmonization of
experimental methods, however, the subject of reliable weathering protocols for realistic
assessment has not been addressed. In this work, we critically analysed the current knowledge
regarding protocols used for generating environmentally relevant microplastics and leachates for
effects studies. We present the expected and overlooked weathering pathways that plastics will
undergo throughout their lifecycle. International standard weathering protocols developed for
polymers were critically analysed for their appropriateness for use in microplastics research. We
show that most studies using weathered microplastics involve sorption experiments followed by
toxicity assays. The most frequently reported weathered plastic types in the literature are
polystyrene>polyethylene>polypropylene>polyvinyl chloride, which does not reflect the global
plastic production and plastic types detected globally. Only ~10% of published effect studies have
used aged microplastics and of these, only 12 use aged nanoplastics. This highlights the need to
embrace the use of environmentally relevant microplastics and to pay critical attention to the
appropriateness of the weathering methods adopted moving forward. We advocate for quality
reporting of weathering protocols and characterisation for harmonization and reproducibility

across different research efforts.

5.1 Introduction
Plastic pollution in the environment has received considerable attention over the last decade. The

projected rate of global plastic production has been estimated to outweigh current and predicted
future efforts aimed at reducing plastic pollution and plastic debris already accumulated in the
environment are persistent. Hence, the environmental impacts of plastics may not decrease for the

next decade even with new legislation and initiatives. The smaller fragments, known as
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microplastics and nanoplastics are even more worrisome due to their reported and potential adverse
effects.* Microplastics form as a result of fragmentation of bulk plastics due to environmental
weathering, referred to as secondary microplastics, or are intentionally manufactured, known as
primary microplastics.> ® A vast majority of plastics in the environment are of secondary origin,

while between 15-31% of plastics in the environment is estimated to be primary.’

Although some microplastics will be pristine (as manufactured) at the point of release into
the environment, those that come from water or wastewater treatment plants would have
undergone some degree of weathering before release into the environment. Even though these
processes can remove up to 95% of microplastics, the biosolids streams (i.e., dewatered or
stabilized sludge) of these facilities can still end up in the environment (via land application).
Hence, the contribution of the pathways occurring in these systems to the physicochemical changes

of plastics during their lifecycle should not be ignored.

Plastics may undergo various physical, chemical and biological transformations, before
release into the environment, some of which lead to the production of micro- or nanoplastics. These
include: hydrolysis,® photooxidation,® chemical oxidation,'® natural organic matter (NOM)
adsorption/attachment and flocculant aggregation,'t 2etc. Upon release into the natural
environment, plastic particles may further undergo photodegradation, hydrolysis, chemical
oxidation, biodegradation, mechanical stress, etc..> ** 1* Plastics will encounter one or more of
these weathering pathways during their lifecycle either simultaneously or sequentially; however,
most microplastics studies only explore a few of these processes in isolation when mimicking
environmentally relevant systems. To mimic microplastics that are representative of those found
in the environment, weathering studies must consider the processes that occur both before and

after release into the environment.

The time it takes to observe noticeable physicochemical changes in weathered plastics may
range from a few weeks to several years;*°hence, the weathering process is commonly accelerated
in the laboratory. For accelerated weathering, there exist international standard protocols
developed for plastics and other polymeric materials for quality control purposes. These protocols
are sometimes already incorporated in commercial weatherometers or can be adapted in custom-
made laboratory chambers. The former usually offers more control over the parameters and more

comparable results, but it is expensive and not readily available in environmental research
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laboratories. The latter offers more flexibility in terms of design and is less costly, but the results
are specific to each system. Standard protocols generally recommend using specific lamp types,
condensation cycles etc. to simulate natural conditions.!® However, microplastic studies are
increasingly using methods to initiate fast degradation without adequate justification which can

potentially lead to unrealistic physicochemical changes and conclusions.

The majority of microplastics recovered from various environmental compartments and
organisms are weathered and have been well characterized both in the macro- (bulk) and micro-
scales.t”?% In the context of this review, environmentally relevant microplastics are defined as
plastics that have properties mimicking microplastics found in the environment and those that have
undergone similar processes as would be experienced by plastics in the real environment. Until
recently, most laboratory studies have been carried out using pristine microplastics and
nanoplastics;?* hence, the majority of the known risks associated with microplastic pollution were
determined under less realistic conditions. Therefore, our understanding of the true risks associated
with microplastic pollution may be limited. To advance knowledge in this field, emerging studies
now include more environmentally relevant microplastics and the majority show that aged
microplastics behave differently from pristine ones under same conditions. By ignoring the impact
of key weathering processes, most findings in the current microplastics literature may be
inconclusive. Recent reports are calling for standardization of methods across microplastics
studies?? and quality criteria for risk assessment to lay a foundation to increase harmonization and
comparability across studies.?®> However, there is a lack of standardized protocols for microplastic

weathering.

Therefore, the purpose of this review is to: (i) highlight and discuss the typical and expected
weathering pathways (especially those that might have been overlooked in water treatment
processes) that microplastics will undergo before and after release into the environment during use
and disposal, (ii) discuss the need to mimic weathering pathways in the water cycle where exposure
is important, (iii) critically review the current methods used in weathering microplastics in
laboratory effects studies to assess their appropriateness, (iv) critically review existing
international standard protocols recommended for weathering bulk plastics and assess their
applicability for microplastics studies, (v) propose useful weathering guidelines to address some
of the identified knowledge gaps.
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5.2 Key weathering conditions and pathways encountered by plastics throughout
their lifecycle

5.2.1 UV photooxidation
Sunlight is mainly composed of infrared (wavelength A between 700 nm to 1 mm), visible (A =

400-700 nm) and ultraviolet light or UV (A =100-400 nm).?* The latter has higher photon energy
due to its higher frequency, and is divided into three main subtypes: UVC (A= 100-280 nm), which
is completely absorbed by the ozone layer in the atmosphere, UVB (A = 280-315 nm), mostly
absorbed by the ozone layer, but still reaching the Earth’s surface, and UVA (A = 315-400 nm),
which is not affected by the ozone layer and comprises more than 95% of the UV radiation that
reaches the Earth’s surface.? It is believed that photodegradation initiated by UV in the presence
of oxygen, or photooxidation, is the most important type of abiotic degradation pathway that

plastics undergo in the environment.26: 27

The three steps of photooxidation are initiation, propagation and termination. First, the
photon needs to be absorbed by a chemical bond leading to chain scission and free radical creation.
Cleavage of weaker C-H bonds from tertiary carbons, present in polypropylene and polystyrene
for instance, is particularly favourable and forms stable radicals to continue the photooxidation.??
During propagation, oxygen is quickly added to these radicals to form peroxy radicals, which in
turn withdraw hydrogens from vicinal chains and form hydroperoxide groups and new free
radicals. The reaction is terminated once radicals combine and form inactive/stable groups.
Stabilizers commonly incorporated in plastics act to preferentially absorb UV radiation or to
capture and stabilize free radicals. During photooxidation, not only chain scission but crosslinking,
branching and the formation of oxidized groups in the polymer chain such as carbonyl, carboxyl
and hydroxyl is expected.?®Yellowing is a typical consequence of photooxidation, creating more
chromophores and facilitating further degradation.?® As the molecular weight of the polymer
decreases, the original physical properties are lost and the materials become brittle and more prone
to fragmentation.>® Photooxidation increases roughness and surface area, forming flakes and
grooves to a depth of approximately 100 um, and so the fragmentation easily leads to micro- and
nanoplastic release.3! Mechanical abrasion after photooxidation accelerates the fragmentation

process by breaking the brittle degraded surfaces of plastics such as expanded polystyrene.?

The extent of photodegradation is also determined by the intensity of the radiation,*® which

depends on the solar irradiance, or the total power per unit area received from the sun. Absorption
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and scattering in the atmosphere, reflection on Earth’s surface, meteorological conditions, seasons
and geographical position alter the value of solar irradiance that reaches plastic fragments in the
environment. The UV dose is a product of irradiance (1), expressed as energy per unit surface area,
and time of exposure (t). A long time of exposure in a natural environment leads to a high UV
dose, while artificial UV irradiation used during water treatment for pathogen inactivation has a
negligible UV dose due to a very short time of exposure (few seconds),®*-* even considering the
high irradiance (typically 40 mJ/cm?) used.*® A UV reactor (e.g., low pressure and high intensity
irradiance lamp) with a monochromatic UVC irradiance (254 nm) can provide enough energy to
initiate the plastic surface photodegradation, but natural weathering over a long period of time
(e.g., several weeks) contributes more significantly to plastic photooxidation. More research is

needed in this area, notably for polymer degradation being driven by | only rather than by Ixt.

5.2.2 Biological weathering
Biological weathering, or biodegradation, may occur when plastics are exposed to various types

of microorganisms. Biodegradation can be simplified as the hydrolysis of polymer into monomers
or final mineralization products (CO2, CH4) by enzymatic activity. This involves extracellular
depolymerases to break down polymers into molecules small enough to pass the cell membranes,
and intracellular depolymerases in which those small molecules are used for cell metabolism.*
The proliferation of such microorganisms depends on environmental parameters (e.g.,
temperature, pH, moisture, salinity) and morphology of the microplastics that enables attachment
of microorganisms and formation of biofilm.3’ Biological activity can be measured by monitoring
the production of final mineralization products. The degradation of specific organic molecules can
be monitored, for example, by using labelled carbon to enable differentiation from the background

carbon.38: 39

Biological weathering occurs to some extent in most environmental compartments,
however, microplastics may be in contact with high concentrations of active microorganisms in
soils,*® anoxic waters and wastewater processes.®® In wastewater treatment and sludge treatment
streams, microplastics are contacted with a wide range of microbial ecosystems, in aerobic, anoxic
or anaerobic conditions. These processes often host specific microorganisms such as methanogenic
archaea or nitrifying bacteria, with high concentrations of active biomass (e.g., 1500 to 4000 mg/L
in conventional activated sludge). It is worth noting the high concentration of biological solids in

sludge (60 to 1300 g/L), as most microplastics that transit wastewater treatment plants are captured
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in the solids stream.*® Most wastewater or sludge treatment processes provide partial

biodegradation of microplastics.*'Specific species can degrade different types of plastics.'*

5.2.3 Chemical oxidation and disinfection
Chlorine, chloramines, ozone, potassium permanganate and hydrogen peroxide are widely used in

the drinking water industry for oxidation and disinfection. While ozone has a higher oxidative
potential (E°rq: 2.08 V), its concentration decreases quickly in full-scale processes and no residual
concentration is expected in the distribution system.*? The chlorine oxidative potential of HOCI is
lower (E°rd: 1.48 V),*? but a residual concentration is usually maintained in the distribution system
(> 0.3 mg CI2/L in North America). Consequently, the non-filterable plastics are exposed to
chlorine for several hours. In drinking water applications, disinfection is generally performed after
granular filtration which removes a fair number of microplastics (87-99 %).** However, if
implemented before filtration (inter-oxidation), chemical oxidation via ozonation has the potential
to fragment larger microplastics into smaller plastic debris. In wastewater treatment, ozone is
usually implemented at the end of the water treatment process to reduce ozone consumption caused
by non-selective reactions with colloids; thus, the majority of plastics are not exposed to ozone as
they are efficiently removed during settling. However, some plastic debris are persistent and
remain in settled waters. In wastewater treatment, the ozone concentration is considerably higher
compared to the concentration used for drinking water disinfection. This increases the risk of
plastic degradation via chemical oxidation pathways. Chemical oxidation was shown to alter the
polymer backbone (formation of hydroxyl and carbonyl groups), hence initiating the degradation
sequence,3® 4+ and to change the surface charge (reduction of the zeta potential by using 0.5-5
mg Os/L).*” The impact of ozone combined with low water flow shearing (25-80 s*) was
investigated in a full-scale process and the concentration of 1-5 pum microplastics increased,
although it is not clear if the increase was associated with plastic fragmentation or to a better
detection due to the cleaner plastic surface after ozonation.*® *® To date, no study has clearly
explored the combination of chemical oxidation with high-shearing events on plastic
degradation/fragmentation. Ozonating/fragmenting plastics into smaller pieces would reduce their
settling velocity, as velocity is proportional to the diameter,? °* ! which will affect their transport

into clarifiers and aquatic ecosystems.
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5.2.4 Thermal effects
Microplastics are exposed to thermal variation in aquatic environments and urban waters during

1) drinking and wastewater treatment, 2) sludge treatment and 3) distribution and usage of potable
water. While many common drinking water and wastewater treatment processes occur between 1
and 30°C, several processes in the sludge treatment line are maintained at higher temperature.®
For example, anaerobic digestion occurs between 30 and 57°C, composting occurs between 50 to
70°C and incineration occurs between 650 and 820°C.*. As 90-99% of microplastics in
wastewater facilities passes in the sludge treatment line,>> microplastics are likely to be exposed
to a wide range of temperatures. Thermal stress encountered by microplastics in distribution and
usage of drinking water occurs via hot water pipelines (50-95°C) and boiling in cooking processes
(95°C). Microplastics will also undergo thermal stress at cold and freezing temperatures (e.g.
freeze-thaw cycling) in cold climate regions. Stable aggregates of nanoplastics have been observed
after exposure to several cycles of freeze-thaw.>

Several authors have characterized thermal aging of bulk plastics or microplastics using
depletion of antioxidant, depth of carbonyl groups,®* % changes in molecular structure and
crystallinity,> appearance of fractures,>* >’ changes in surface groups®® and monitoring of mass
loss.*t Colin et al observed an Arrhenius dependency of thermal aging processes of PE pipes
between 20 and 105°C.>* Though fractures have been observed on the surface of plastics, studies
that report release of smaller microplastics or nanoplastics following thermal degradation of bulk
plastics or microplastics are sparse. Hernandez et al.showed that exposure of bulk plastic to 95°C

for five min led to leaching of considerable micro- and nanoplastics.*®

Thermal aging is affected by environmental factors. First, the effect of temperature is
affected by the presence of oxidizers. The presence or absence of oxygen in sludge treatment (e.g.,
aerobic or anaerobic conditions) favors oxidation or hydrolysis, respectively. Oxidation Kkinetics
of commonly used oxidants in drinking water treatment (chlorine, chlorine oxide, ozone, etc.) are
faster at higher temperature. Moreover, aging by thermal oxidation is affected by the presence or
absence of antioxidant in bulk plastics *’. Finally, the establishment of microbial communities that
support plastic biodegradation is affected by temperature; thus, higher temperatures generally lead

to increases in both thermal degradation and biodegradation °°.
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5.2.5 Other transformations
Plastic debris are known to be weathered via multiple pathways (e.g., (photo)oxidation, thermal

degradation, biodegradation, etc.) causing alteration of the polymer backbone. However, plastic
materials could experience other transformations in natural waters and water treatment processes:
heteroaggregation with natural colloids, NOM adsorption, binding of salts, biofilm formation, and
coagulant/flocculant adsorption. Although these may not be considered as weathering pathways
affecting the polymer backbone, such transformations are nonetheless expected to affect the fate,

behavior and impacts of plastics in the environment.

In sea waters and surface waters, binding of divalent ions (Ca** or Mg?"),
heteroaggregation with natural colloids and adsorption of natural NOM on plastics have been
observed by many researchers and were reported to influence the stability of microplastics.
Consequently, such pre-coating/corona on plastic surfaces could significantly impact nanoplastics
and microplastics transport as some NOM fractions or colloids may act as stabilizers (limiting
aggregation) while others (e.g., high molecular weight NOM fractions) promote aggregation via
interparticle bridging effects.-%%-52 Similar results were observed by Liu et al., where nanoparticle

stability and aggregation were considerably modified by organic coatings.®®

Water treatment was also reported to change plastic surface chemistry. While a large
proportion of plastics is expected to be trapped in aggregates and settled sludge, a small proportion
is however refractory to treatment and is de facto released in aquatic environments.*® ¢ 55The
coagulants (e.g., alum), flocculants (e.g., polyacrylamide) and bioflocculants (extracellular
polymeric substances, EPS) present in wastewater®® are expected to coat the plastic surface, hence
modifying its transport and fate once released in aquatic environments. It was reported that metal-
based coagulants (e.g., alum; 1-6 mg Al/L)*" %768 and organic cationic polymers (e.g., polyamines;
0.1-0.6 mg/L)*?> ® interact with plastic surfaces via electrostatic affinities on negatively charged
sites (e.g., hydroxyl and carboxyl groups) or via hydrogen bonding.*'Quartz crystal microbalance
with dissipation (QCM-D) experiments showed that positively charged inorganic and organic
coagulants deposited more on weathered plastic surfaces, as more anionic functions are available.**
UV exposure could also have an impact on plastics aggregation and stability. Wang et al.
concluded that UV-induced weathering that degrades sulfate and amine groups of plastics reduced
the electrostatic repulsion, hence promoting nanoplastic homoaggregation (NaCl solution).”
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5.2.6 Weathering processes in major environmental compartments of the water cycle
Weathering pathways encountered by microplastics in major environmental compartments are

summarized in Figure 5.1. We present the mass flux of plastics in major compartments of the water
cycle and show the important weathering processes occurring in them (Figure 5.1). Microplastics
undergo several weathering pathways at the same time in each environmental compartment,
leading to combined effects. For example, the presence of carbonyl groups on UV-degraded
microplastic surfaces favors biofilm growth.2® Conversely, a biofilm covers the surface of the
plastic fragments and may also increase their density and make them sink in water.”* Marine snow
can also transport micro- and nanoplastics to ocean sediments regardless of their density.’? This
may explain the presence of buoyant plastics in sediments and a lower-than-expected presence in
surface waters.”Other combinations of weathering processes accelerate microplastic
fragmentation: photooxidation combined with mechanical abrasion® or thermal degradation

combined with biodegradation.*

Weathering pathways are complex even within a single compartment. For example, the
impact of photooxidation on plastics depends on the plastic composition and sunlight penetration
in water. Buoyant polymers such as PE (density = 0.91-0.97 g/cm®) and PP (density 0.90-0.92
g/cm?®) are more prone to photooxidation in open bodies of water than common polymers that sink,
such as polyethylene terephthalate (PET, density = 1.35-1.45 g/cm?®) and polyvinyl chloride (PVC,
density = 1.1-1.45 g/cm®). In seawater, where the water density is higher, some grades of PS and
expanded PS also float and are subjected to direct solar radiation. Shape is another factor that will
contribute to how a particular fragment will be exposed to radiation. Flat fragments in the water
surface will tend to expose mainly one side, which will receive more radiation, while more
symmetrical cubic fragments will rotate and present a more homogeneous degradation on all
sides.3! The impact of each weathering process is related to both the intensity and duration of
exposure. Therefore, typical residence times in the water cycle must be considered when assessing
microplastic weathering processes. A water droplet transits for 9 days in the atmosphere, 2 weeks
in a river, 10 years in big lakes, 120 years in superficial layers of oceans, and 3000 years in deep
oceans.”* The residence time of water in most drinking water and wastewater treatment processes

is less than two days,* however, in many cases, the sludge retention time (few days to few months)
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may be considered instead of the water retention time because most plastics are trapped in the

sludge.
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Figure 5.1. Major weathering pathways that plastic and its degradation products will encounter throughout its lifecycle before
and after entering the environment. Percentages refer to estimated fraction of plastics released into a given compartment after
manufacturing and use based on data from 13,

5.3 Effects of weathering on microplastic fate in the environment
In the previous section, we described how weathering can change the properties of plastics. Those

physicochemical changes are reported to affect plastic fate in the environment and removal during
water treatment.!* Weathering can also affect how microplastics interact with aquatic organisms.”
The color, size, attached biofilm and surface charge changes will determine microplastic uptake
and potential effects.”® There is a lack of understanding on how weathering affects microplastic
removal during water treatment, transport and aggregation processes, hence, this section will
briefly discuss these three processes.

During water treatment, weathered plastics were recently shown to interact better with
coagulants and flocculant. 90-99% of weathered plastic removal was systematically measured®

133



69.77.78 while lower removals were observed with pristine plastics: ~ 80%?"! and <30%."° Similarly,

on-site measurements systematically reported removals higher than 95% for naturally weathered
plastics.%® 80 81 Sych higher interaction of coagulant, flocculant and bioflocculant (EPS) is
attributable to a more heterogeneous plastic surface obtained after weathering (e.g.,
(photo)oxidation) and/or after other surface modifications (e.g., NOM coating), hence offering
new anchoring points for coagulants, while pristine plastic surfaces are relatively homogeneous
and less reactive.!’ Consequently, studies designed with pristine plastic materials might
underestimate plastic aggregation and removal in full-scale water treatment plants. Considering
that pristine plastics are likely inexistent in natural environments, these studies reveal the
importance of designing research protocols with realistic weathering conditions. To overcome
systematic plastics release, water treatment plants could be designed considering the surface
chemistry of weathered and refractory plastics e.g., by adjusting the aggregation conditions such

as coagulant types and pH.

Few studies have shown the effect of weathering on the transport of nanoplastics in model
groundwaters and their stability in surface waters. One study highlighted the importance of
considering weathering conditions in cold climates. Exposure of PS nanoplastics to repeated
freeze-thaw cycles led to significant aggregation even in the presence of NOM, resulting in
lowered mobility of the particles in saturated quartz sand compared to nanoplastics at constant
cold temperature.® A different study showed that UV and ozone weathering increased the mobility
of nanoplastics and facilitated the transport of contaminants in a loamy sand. The enhanced
mobility of the weathered nanoplastics was attributed to the increase in surface oxidation and
reduced hydrophobicity.8? UV weathering also impacts the stability of nanoplastics in simulated
natural waters.23A combination of new carboxyl functional groups and decreased particle size
(from 120 to 80 nm) of the UVA-aged nanoplastics compared to pristine ones enhanced the
aggregation of the nanoplastics in calcium chloride solution (ascribed to bridging via oxygen-
containing functional groups) but promoted stability in sodium chloride solution.®® Our
understanding of the effects of weathering on other environmental fate processes besides toxicity

and sorption is still very limited; hence, more studies are needed for realistic risk assessment.
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5.4 Current knowledge about weathering protocols used in microplastics effect
studies
A comprehensive literature search was conducted using the Scopus and Google Scholar citation

databases (as of May 25, 2021). The search was carried out to identify laboratory-based effect
studies that (i) compared weathered/aged plastics with pristine ones in the same study, (ii) used
leachate from weathered plastics and, (iii) used pristine microplastic only (detailed criteria in Table
S5.1). An effect study in this context is defined as a study that investigates the effect of weathered
microplastics or leachate on transport, aggregation, or toxicity of particles, sorption of
contaminants, etc. Leachates commonly contain organic/inorganic additives and monomers that
are released during the weathering process,#and can also contain nano- or microplastics.® Studies
investigating the fragmentation or biodegradability of microplastics without evaluating the effects
of the aged microplastics were excluded from the search.

5.4.1 Weathering protocols used in microplastic effect studies.
Most weathered microplastic effect studies use pristine commercial primary microplastics or

nanoplastics and weather them via UV, chemical, thermal or biological degradation. A few studies
use microplastics obtained from the environment (mostly beaches) for laboratory studies. A subset
of these studies uses degradation products leached from bulk plastic for toxicity studies. Figure
5.2 shows the distribution of the various types of weathering treatments applied to microplastics
or their leachates. It is evident that there are fewer studies using leachate compared to the
weathered microplastics. As mentioned above, there are more studies investigating the effect of
weathering on microplastic sorption/desorption capacity (Figure 5.2, layer 2). Few studies have
used microplastics weathered via natural UV radiation (sunlight) with only two of them reporting

irradiance.** 8
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Figure 5.2. Distribution of the various types of weathering treatments applied to microplastics and plastic leachates among
controlled laboratory effects studies. First layer = plastic state, second layer = study type/effect studied, third layer = weathering
pathway/choice, fourth layer = weathering medium. WWTP — Wastewater treatment plant, N/A — Not available. Total of 93
studies identified from 63 articles. Articles reporting more than one weathering media are treated as separate studies. Data
references provided in Table S5.2.

For studies using UV radiation, we compared the irradiance versus duration of exposure
for microplastics weathered naturally or artificially as well as the type of plastic used (Figure 5.3).
The radiation time varies from 24 to 7920 hours in these studies. There is no generalized method
of exposure as the irradiance and duration of exposure vary significantly across these studies with
PS having the most variation. It is worth noting that 49% of studies (31/63 articles) report the
temperature in the weathering setup. The cumulative distribution (Figure S5.1) shows that 70% of
these studies use temperatures <35°C with only two investigating effect of weathering at cold®’
and freezing temperature.>® The plastics weathered via UV radiation are typically suspended in
media that range from deionised water to natural water and chemical oxidants (Figure 5.2, layer
4). Two studies used a combination of UVC light and H20, to weather microplastics for 96
hours.® & While UVC light is not most representative of the natural environment, it is sometimes

used in water treatment disinfection. UVC light exposure in water treatment is usually done at
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short contact times (~ 5 sec), hence studies using this approach should mimic the short residence
time accordingly. Other studies have used chemical oxidation approaches including Fenton
reagent, hydrogen chloride, ozone, potassium permanganate and hydrogen peroxide® %t while
some combined Fe** with UV light (photo-Fenton)®: °2 or high temperature.®® While these
chemicals are sometimes used in water and wastewater treatment, hence relevant, there is
variability in the working concentrations used across studies (20-200 mM Fe?*, 2 g and 10 mM
K2S20g), making comparability and environmental appropriateness difficult to assess.
Environmental appropriateness is sometimes questionable as there is a need to justify the choice
of high chemical dose and weathering pathway being mimicked. One study used natural sunlight
to weather PS and PE, and compared the results to microplastics weathered via Fenton reaction
and heat-activated KS,0s.* Microplastics were suspended in water samples from Yangtze River
and Taihu Lake, China and placed on a building rooftop for 11 months. It was argued that the
degradation products formed after initiating natural UV radiation yields same products as the
advanced oxidation process i.e., free radicals. The oxygen/carbon ratio of the aged microplastics
was also quantified and it was shown that it could be used as an alternative parameter to carbonyl
index typically used to measure extent of oxidation. These oxidation processes are promising
approaches that could shorten the aging time of microplastics for laboratory effect studies but may

require further validation.
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Figure 5.3. General trend in irradiance versus duration (hr) and plastic type across different laboratory effect studies reporting
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Microplastics can be weathered with the aim of growing biofilms on them.®” 106108 \Wang
et al.1® mimicked weathering in wastewater treatment plants by placing PE microplastics in
sewage outlets in Shanghai for 20 days. This resulted in a pore size reduction (from 10 to 3 nm)
and an increase in specific surface area (from 0.24-0.78 m?/g) of the plastic. When mimicking
biofouling in a riverine, estuarine and marine system in Australia, Johansen et al. observed that
patchy biofilm enriched with Si, Al and O developed on the plastic surface.’®® PS microbeads
placed in filtered seawater for 3 weeks in the dark showed that aging enhanced plastics ingestion
by zooplankton.®” However, no characterisation was done to confirm the presence of biofilm on
the plastic surface. Even though some studies are designed to produce biofilm-aged microplastics,
characterising its presence after weathering is helpful. Schur et al. showed this in a recent study
where dissolved organic matter rather than the presence of biofilm was suggested as the driving

mechanism for the multigenerational effect of wastewater-incubated PS on Daphnia.''°A recent
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study revealed that microplastics exposed to freshwater from an artificial pond and seawater from
a marine aquarium led to the coating of biomolecules forming an eco-corona, which facilitated
their uptake in mouse cells.!!! These non-UV weathering pathways particularly highlight the
importance of exploring other weathering processes microplastics will encounter in the
environment. For example, while it was shown that UV-aged PA microplastics had limited toxicity
to zebrafish larvae,’°> another study reported tissue alterations in mussels exposed to PE

microplastics incubated in seawater.”

Thermal weathering pathways have also been used to obtain environmentally relevant
plastics. One study exposed PS nanoplastics to temperatures typically encountered in cold climate
regions®® for transport experiments in saturated quartz sand. The nanoplastics were suspended in
monovalent salt solution (in the presence and absence of natural organic matter) and subjected to
several controlled freeze-thaw cycles (from 10°C to -10°C). These temperature ranges closely
mimic those encountered during the shoulder periods in southern Quebec, Canada. Another study
used a higher temperature of 70°C to weather PS microplastics suspended in sea water and
freshwater for sorption experiments.®® However, it is unclear which environmental compartment
was being mimicked or where plastic would normally encounter such high temperatures. Since
such high temperatures will not be typically encountered in freshwater and seawater, there is a

need to better describe the rationale behind such choices.

Another approach used in obtaining environmentally relevant microplastics is by using
leachates obtained during the weathering of bulk plastics. The particles contained in leachates
could be more representative of the types of nano- and microplastics found in the environment,
therefore, we included some studies using leachates in this review. It is however important to note
that some of these studies do not use corresponding reference or control pristine particles for
comparison. Nevertheless, we can gain some insights from the weathering methods used.
Leachates were obtained either by weathering bulk plastics in the dark or exposure to natural
sunlight.8 8 9"The reported leachate studies use background medium ranging from deionised

water, tap water and natural/artificial seawater.

Overall, we noted considerable variability in the methods, duration, and medium used for
weathering microplastics. While few of the identified laboratory-based studies follow existing

international standards, a larger percentage used custom-designed weathering protocols, and some
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do not justify the rationale behind the choice of weathering process. There is no notable difference
in the protocols used for nanoplastics versus microplastics across studies. In general, the
biofilm/biodegradation related effect studies seem to use the most realistic protocols having direct
environmental relevance. Some studies have weathered plastics naturally by placing them outdoors
but fail to report the irradiation values, making comparison difficult. Effect studies mimicking
mechanical abrasion that might occur in sandy beaches or deep bed sediments are sparse.

Weathering processes occurring in biosolids streams are also overlooked.

5.4.2 Proportion of microplastic effect studies that use weathered plastics
Figure 5.4a shows the proportion of effect studies carried out with weathered plastics. Only few

microplastics effect studies (~10%) used weathered microplastics, of which a considerable
proportion found weathering to have a significant effect (~90%). By focusing on only pristine
plastics, current models may be underestimating (or overestimating) the risks associated with
microplastic pollution. Figure 5.4c presents the ranking of the top five most frequently reported
polymer types across microplastic studies. Across all effect studies, the most frequently weathered
plastic type was polystyrene > polyethylene > polypropylene > polyvinyl chloride > others (Figure
5.4b). Comparing the type of plastics detected in various environmental compartments globally
as well as the current global plastic demand, there seems to be a mismatch (Figure 5.4c). Indeed,
majority of weathering studies use polystyrene whereas it is not the most commonly occurring
plastic in environmental samples. Polypropylene which ranks second in most environmental
studies,*211 s the third most weathered plastic. Polyethylene appears to be the most commonly

occurring plastic, hence should be used in more weathering research to understand its effects.
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Overview of microplastic effect studies using weathered microplastics
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Figure 5.4. (a) The distribution of microplastic types used in effect studies highlighting the small proportion using weathered
plastics in comparison to pristine ones; (b) The number of effects studies reporting types of polymer weathered in those studies.
Dot pattern are polymer types reported in effects studies using microplastics sampled from the environment. Studies reporting
both PE and HDPE/LDPE were counted as one PE; (c) A ranking of top 5 plastic types used in weathering effects studies in the
present review versus those detected in the environment, produced or used in laboratory studies globally. Plastics rank 1 (most
common) — 5 (least common) from left to right. PS - polystyrene, PE - polyethylene, PP — polypropylene, PVC — polyvinyl
chloride, PET — polyethylene terephthalate, PA — polyamide, PC — polycarbonate, PMMA — polymethyl methacrylate, PU -
polyurethane.

5.4.3 Microplastics effect studies using environmental samples: comparison with laboratory
weathered microplastics.
Few effect studies (<2%) have used microplastics collected in the natural environment (Figure

5.4a, Table S5.3). Again, majority of these studies focus on sorption/desorption and the most
frequently used plastics follow PE>PP=PS. Although this approach yields microplastics that are
of significant environmental relevance, it makes study reproducibility quite challenging. Zhang et
al. collected beached microplastics from North China and compared their contaminant sorption
capacity to virgin PS foams with similar sizes.!’®> The beached microplastics adsorbed
contaminants two times as much as the pristine ones (Freundlich isotherm constant = 425 and 894

mg/kg. (I/mg)Y" respectively). This was attributed to the higher specific surface area of the aged
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microplastic. Using PE pellets collected from beaches in South West England, researchers have
shown that higher amount of trace metals adsorb on the beached plastics compared to virgin
ones.!'® Waldschlager et al. recently used microplastics recovered from a fluvial environment to
determine their fate.!'” They showed that the environmentally weathered microplastics had much
slower settling and rising velocities compared to pristine plastics used in their previous study.*8
Some of these studies show that the aged microplastics collected in the environment behaved
differently than pristine microplastics of the same or similar material while others do not compare
with pristine ones. Generally, this approach should be embraced by the microplastic community

as it can provide more realistic insights on the effects of microplastic pollution in the environment.

In Figure 5.5 and Table 5.1, we compared the characteristics of microplastics weathered in
the laboratory versus those collected from the environment. Interestingly, we observed that only
12 laboratory effect studies have used aged nanoplastics. Additionally, only few studies report the
size of plastic retrieved from the environment which prevents an extensive meta-analysis (some
report <5 mm without an actual value or range). The few environmental microplastics with size
ranges up to 0.45 pum, were obtained by grinding milli-sized samples.!t®> 119 120The |ack of
environmental samples using nanoplastics might be associated with the methodological difficulties
associated with separating the nanoplastics from the complex background matrix. The shapes of
plastics used are also very different as fragments dominate environmental microplastics whereas
aged beads/spheres are more commonly used in the laboratory studies. While most environmental
microplastics were collected from agricultural soils and beaches, only one laboratory effect study
used landfill and soil as weathering media. Clearly, there exists several gaps between these two

types of microplastics used in effect studies.
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Figure 5.5. Size ranges of weathered microplastics used in effect studies. Detailed references provided in Tables S5.2
and S5.3. Arrows indicate that no lower limit was provided for that study.

Table 5.1. Comparison of characteristics and weathering conditions of effect studies using microplastics aged in the laboratory or
collected in the environment. Detailed references in Tables S5.2 and S5.3

Microplastics collected from

Characteristics Laboratory weathered microplastics -
environment
polymer types PS> PE;\APEAZPFYTCFE PPEJ:FE’CA >PU> PE > PP >PS > PA > PVC, PET
shapes beads > fragments, films, fibers fragments > beads, films, fibers
weathering air, deionized water, artificial and natural
medium/sampling surface waters, chemical oxidants, landfill/soil, beach sediment, farmland soil
environment wastewater effluent

size, density, morphology, specific surface area,
physical characterisation crystallinity, color, contact angle, glass size, density, color, morphology
transition temperature, melting point

polymer type, surface chemistry
polymer type, surface chemistry (zeta potential,  (zeta potential, functional groups,
carbonyl index) carbonyl index, point of zero
charge)

chemical characterisation

plastic source, irradiation, wavelength,

other conditions reported temperature, humidity, duration

location
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5.5 Standardized international weathering protocols in different applications
Long before the onset of microplastics research (Figure 5.6a), standard weathering protocols were

developed to assess whether a new plastic product will maintain acceptable properties during its
lifecycle. Nonetheless, there has been an increase in the number of publications on microplastics
or nanoplastics that mention these protocols (Figure 5.6b). In this section, we review selected
active standards from ASTM International and the International Organization for Standardization
(1SO) and discuss whether they are appropriate and adaptable for the study of plastic fragmentation
into micro- and nanoplastics in the environment. These standards are classified below according
to the type of exposure they intend to reproduce: outdoor exposure, marine exposure and solid
waste conditions. A list of all standards used in this section, including ASTM/ISO equivalencies
is available in Table S5.4.

(a) timeline of selected ASTM standards (markers: year of adoption (b) (C) i q
and revisions) vs. n° of microplastics publications over time properties measure
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Figure 5.6. Selected ASTM standards for simulated weathering, classified as outdoor exposure, marine exposure or solid waste
conditions: (a) timeline including the creation and revision of each standard, compared with the surge in scientific publications
including microplastic* or nanoplastic* in title, abstract or keywords (Scopus, May 4, 2021); (b) publications including
microplastic* or nanoplastic* and at least one code (e.g., D6400) of the selected ASTM standards in any field, including the body
text (Google Scholar, May 4, 2021); (c) simulated degradation pathway and the outcome properties measured within each type
of exposure. Standards of natural exposure were not included in this selection.

5.5.1 Outdoor exposure
The standards aimed for natural outdoor exposure, such as ASTM D1435/1SO 877.2, 1ISO 15314,

ISO 877, and ASTM D 5272, recommend that specimens should be exposed in several locations,
and state that an average result in a given location can only be achieved after several years of

repeated exposure.
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The standard protocols that simulate outdoor exposure using accelerated weathering are
carried out in a chamber in which plastic degradation is induced by light (photodegradation), heat
and moisture (Figure 5.6¢). These standards do not intend to simulate other degradation pathways
such as mechanical abrasion, biodegradation or advanced oxidation processes. To produce
photooxidation, most protocols recommend the use of either a fluorescence UV lamp or a xenon
arc lamp. ASTM D4329/1SO 4892-3 describe the practice for exposing plastics to UVA lamps,
which match the solar irradiance in the UV region to produce the most damaging type of radiation
that can occur in the environment. But even though the higher energies of UV-range radiation are
more deleterious to plastics, in the environment they are exposed to a wider range of radiation of
different energies. Experiments using a narrow frequency band may overlook synergistic effects
or overexpose plastics to their UV wavelengths of maximum sensitivity, which are not so abundant
in the environment.®® 121 Xenon arc lamps simulate the sunlight spectrum including UV, visible
and infrared light, and therefore are generally preferred if a product is intended for outdoor use, as
described by ASTM D2565 (similar to 1SO 4892-2).

Weathering chambers allow for irradiance, temperature and humidity control to improve
the simulation of natural phenomena. While the majority of the standards specify a temperature
suitable for each exposure, some of these temperatures are higher than those encountered in typical
natural waters/environments. Condensation cycles can be reproduced in UV chambers by an
increase of chamber temperature and relative humidity followed by a temperature decrease.
Alternatively, chambers equipped with xenon arc lamps use a water spray cycle to simulate rain
and fast temperature changes. The presence of water on the surface of plastics can accelerate the
reactions involved in the degradation process, while fast temperature changes cause contraction
and expansion of the specimens. Different cycles with small variations in these parameters are also
proposed, but in all cases, the cycle is repeated every few hours with the same parameters.

The test time depends on the materials and can be defined by the stakeholders involved,
but it is recommended that the minimum test time should produce a substantial performance
difference between the specimen and the control. Some standards recommend the use of two
controls: one with known superior durability and another with known inferior durability.
Appearance and mechanical properties of the bulk plastic parts are common properties evaluated

by the users.
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5.5.2 Marine exposure
In the marine environment, plastic specimens are in constant contact with water and

microorganisms, and exposed to different levels of UV radiation depending on their buoyancy.
ISO 15314 is one of the few standards aimed at natural exposure of plastics in marine
environments. It provides three exposure scenarios: plastic floating on the surface, partial
immersion of plastic and complete immersion to assess the persistence of marine litter. 1ISO 15314
is suitable for different types of specimens commonly found in consumer products such as plastic
films, sheets, fibers and ropes. This standard recommends exposure at different locations to
account for variability in radiation, temperature, microorganism populations, etc. The accelerated
weathering standards that simulate marine exposure account for the fact that material degradation
in natural waters is mainly dependent on the presence of microorganisms 22, giving emphasis to
biodegradation and often omitting other processes such as photodegradation and temperature
variations (Figure 5.6¢). ASTM 7473 simulates marine exposure in open system aquarium
incubations with natural flowing seawater, but without sunlight as the test is aimed for non-buoyant
plastics. The protocol uses marine sediments, which contain several orders of magnitude more
bacteria than seawater, to guarantee the presence of microorganisms. The standard recommends
evaluating the specimen visually and measuring the weight loss over time to obtain some insight
on the fragmentation rate. ASTM D6691 and D7991 describe methods to assess the aerobic
biodegradation of plastics in controlled laboratory conditions, in which the amount of CO;
produced by the biodegradation of the specimen is measured over time. In ASTM D6691, a well-
defined population of microorganisms present in the marine environment is used, while the method
described in ASTM D7991 reproduces the tidal environment with specimens buried in natural
sandy marine sediment. But just as the protocols aimed for outdoor exposure, the ones that mimic
the marine environment are only concerned with the degradation of the bulk plastic specimens,
which are easier to separate and recover for analysis.

5.5.3 Solid waste conditions
In the standards that simulate weathering in solid waste conditions, biodegradation is also the main

degradation pathway, in combination with heat and moisture (Figure 5.6c), in different types of
media. ASTM D5988 (equivalent to ISO 17556) aims to simulate biodegradation of plastics when
disposed in aerobic soil environment. A biometer flask is used and the specimen is buried in equal

parts of soil, sand and manure. The CO produced by the system is trapped in the flask and
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measured periodically. Control flasks with no specimens are important since the soil will naturally
produce CO>. The standard does not specify the type of polymer to be tested and recommends that
the results should not be used to classify the material as biodegradable or not. Depending on the
type of plastic, signs of biodegradation that can be captured by this method can take a long time to
appear. Natural polymers more susceptible to biodegradation produce CO, faster than
polypropylene, for instance, and are better suited for the method.'?* The aerobic biodegradation of
plastics is also evaluated in controlled composting conditions at thermophilic temperatures (ASTM
D5338, equivalent to ISO 14835). ASTM D5338 is often used together with ASTM D6400
(equivalent to 1SO 17088), which determines the requirements needed to label a given plastic as
compostable in aerobic municipal or industrial composting facilities. Based on this standard, a
compostable plastic will have 90% or more of its fragments passing a 2 mm sieve after 12 weeks
in composting conditions. At 180 days, 90% of the carbon present in the plastic must be converted
to CO2. ASTM D6400 mentions that the rate of degradation in the specified timeframe is thickness
dependent, and each material that aims to be labeled as compostable must specify the maximum
thickness at which the requirements above are met.

Anaerobic biodegradation can be simulated by the ASTM D5511 (equivalent to
ISO 15985) in high-solids anaerobic-digestion conditions (wastewater sludge) or by ASTM D5526
in accelerated landfill conditions, both using sealed vessels to measure the gas residues (CO, +
methane) over time. Both standards recommend the use of methanogenic inoculum derived from
anaerobic digester as the medium to reproduce anaerobic conditions. ASTM D5526 is also
designed to produce a mixture of household and plastic waste in different stages of degradation
that can be used for ecotoxicological assessment.

The protocol described by ASTM D7475 combines both aerobic and anaerobic
biodegradation in simulated biologically active landfills. In the aerobic phase, plastic specimens
are mixed with pretreated household waste and changes in mass, molecular weight and selected
physical properties should be measured before and after as indications of biodegradation. The

anaerobic phase of the protocol is analogous to ASTM D5526.

5.5.4 Appropriateness of standard protocols for micro/nanoplastics research
Standard protocols for accelerated weathering explicitly state the claims that can be made with the

measured results and highlight that the proposed exposure conditions of each protocol cannot be

147



used to predict/extrapolate the absolute degradation rates of plastics. Their main advantage is to

124 \which

produce faster degradation and reproducible conditions compared to natural degradation,
is sought after in micro/nanoplastics research while the drawback is creating conditions that do not
match natural weathering.

The standards for outdoor exposure focus on accelerated photodegradation (Figure 5.5b)
and are used to monitor the loss of bulk or surface properties after weathering (Figure 5.5¢). These
standards are not concerned with the generation of small fragments or leachates produced by the
degradation. If a strip of textile made of plastic fibers maintains an acceptable color variation and
mechanical properties after a standardized weathering test, for example, the product is approved
even though it may produce microplastics during its common use. Furthermore, condensation and
water spray cycles inside the weathering chambers can wash away these by-products. In
microplastic research, the most mentioned outdoor exposure standards are the guides on how to
operate either a fluorescent UV lamp or a Xenon arc lamp and water apparatus (ASTM G154 and
G155),'?° which can be used in non-commercial weathering chambers commonly built in research
laboratories. The most typical adaptation that is made in microplastic research is the use of a water-
filled container containing the plastic to be weathered, to retain micro/nanoplastics and leachates
during the process. This type of sample exposure is not covered by the international standard
protocols, which were designed to expose plastic parts attached to a panel to produce homogeneous
exposure. In some commercial weathering chambers that comply with the standards, the samples
are exposed at an angle and even vertically, which makes it difficult to adapt for the exposure of
open water-filled containers containing plastic to be weathered. This gap could be bridged with
new standards on how to expose this type of sample aimed for leachate/micro and nanoplastic
retention.

The standards for marine exposure and solid waste conditions are mainly used to evaluate
biodegradable, compostable or oxo-biodegradable plastics by the biodegradation gases produced
under different weathering conditions (Figure 5.5c). These types of plastic are often presented as
a sustainable alternative to conventional plastics, but the standards used to evaluate
biodegradability or compostability are also not concerned with the generation of micro- and
nanoplastics in soil or compost. A plastic classified as biodegradable according to ASTM D6691,
for instance, may not completely biodegrade in the natural marine environment, since the test

conditions described by the standard may overestimate the natural biodegradation rate?? while
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ASTM D6400 allows the presence of microplastics (fragments <2 mm) in the final compost after
fragmentation for a plastic to be labelled as compostable.*?® This apparent contradiction has made
ASTM D6400 one of the most cited international standard protocols in microplastics research.
Adapting these standards as a weathering method to study plastic fragmentation is challenging due
to the complexity of the remaining medium, often a mixture of waste/soil/sediment and plastic
fragments. As different methods to separate micro- and nanoplastics from complex samples are
being developed,®® new international protocols designed specifically for the separation and
analysis of micro- and nanoplastics could be created and used in conjunction with existing
weathering standards.

A combination of protocols is also a potential future direction to create conditions that are
closer to natural weathering. ASTM D6954 is a guide that combines different degradation
pathways: thermal or photooxidation (outdoor exposure standards) followed by biodegradation in
soil or solid waste. This guide also recommends the assessment of the ecological impact of
degradation by-products. Each weathering step is analyzed separately and consecutively. More
characterization data to compare artificially and naturally weathered samples (as described in
Table 5.1) is needed to verify if this approach can produce realistic samples, since natural
weathering pathways often occur concurrently.

The size, thickness and shape of the specimens is rarely specified in most weathering
standards. The recommendation is that they should fit inside the sample holders and be appropriate
for the before/after properties measurements. But the rate of fragmentation into micro- and
nanoplastics is highly dependent on these characteristics. As mentioned earlier, degradation
pathways start on the surface, so samples with high surface area are more susceptible to faster
deterioration and fragmentation. This partly explains the ubiquity of microfibers in the

environment. %’

5.6 Overview of the current state of research on environmentally relevant
microplastics and proposed weathering guidelines for future research.
This review outlined several important aspects related to protocols for obtaining environmentally

relevant microplastics and nanoplastics:
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Most of the studies reviewed show that weathering largely has an effect on the behavior of
microplastics in the environment, however, many studies (~90%) are still using pristine
plastics.

There is a lack of effect studies using aged nanoplastics from accelerated laboratory
weathering or environmental samples.

Environmental microplastics are dominated by fragments while those aged in the
laboratory are mostly beads/spherical.

Reported weathering studies are focused on polystyrene > polyethylene > polypropylene >
polyvinyl chloride, while the most produced/detected plastics include polyethylene >
polypropylene. Polystyrene has been overrepresented in microplastics research and more
efforts should be dedicated to other plastic types, especially microfibers.

Current plastic standard weathering protocols, developed before the increased concern
about plastic pollution, may not be fully suited for microplastic studies as they aim to
monitor durability and understand bulk plastic behavior, with little concern about
fragments or leachates produced during degradation. Combining different protocols and
creating new sampling protocols for micro- and nanoplastics could increase the use of
international standards and improve reproducibility in microplastics research. To achieve
this objective, more characterization data comparing naturally and artificially weathered
samples is needed.

Important weathering pathways are not well represented in microplastics research. Many
microplastics will undergo biodegradation or biological coating under various temperature
ranges, due to their predominance in biosolids streams or in land. Chemical oxidation
encountered in the water treatment cycle is also overlooked.

The combined impacts of several weathering pathways on polymer backbone alteration
(e.g., mechanical stress combined with (photo)oxidation) and other surface modifications
(e.g., NOM coating) are currently neglected, although such combinations are likely to
drastically change interactions with surfaces and to synergistically contribute to plastic
fragmentation.

The characterization of leached plastics has particularly been overlooked. While we focus

on the weathering of microplastics, we may miss an essential component: are smaller
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microplastics or nanoplastics being leached from primary microplastics and/or bulk

plastics 4?

As the microplastic scientific community is now moving towards plastics and microplastics of
greater environmental significance, it is important that protocols used for weathering effect studies
be standardized for the sake of harmonization. Without documenting the actual conditions used
and appropriate metrics, comparison across studies becomes challenging. Overall, there is a lack
of justification of the choice for some weathering pathways. A selected method or protocol should
attempt to mimic a weathering pathway encountered in the environment. As a way of harmonizing
methods, we recommend that future weathering effect studies follow some of the guidelines
presented in Table 5.2. In this table, important parameters related to materials and protocols are
listed. Currently, only few microplastics research studies describe all these materials and
parameters. Notably, too much focus has been given to the primary materials without considering

the initial microplastics, leached chemicals and leached plastics as a whole.
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Table 5.2. Proposed reporting guidelines for studies on effects of weathered microplastics

Parameter/property

Guidance to improve comparability and reproducibility

Polymer type

Characterise polymer type before and after weathering

Polymer source

Specify source: purchased or collected in the environment

Physical and
mechanical
characterisation

Indicate the properties of the plastics before and after
weathering. e.g., color, size, shape, morphology, roughness,
melting point, tensile strength, hardness, etc.

Materials
Chemical
characterisation

Report chemical changes before and after weathering. e.g.,
surface functionalization, crystallinity, surface charge,
molecular weight

Leached chemicals

For plastic leachates, report organic and inorganic products
generated during weathering

Leached plastics

Monitor the formation of secondary microplastics and
nanoplastics during weathering

Irradiance

For samples exposed to UV, report the total irradiance
measured in the sample compartment and wavelength of light

Weathering
exposure time

Report the duration of each weathering exposure

Weathering
pathway

Justify the weathering pathway being mimicked in the
environment

Medium

Describe the background medium in which plastic is
weathered. e.g., air, activated sludge, seawater, saline
solution, presence of organic matter, river water

Methods/Protocols Oxidation

Report the dosage of oxidants
(type, concentration, contact time)

Temperature

Indicate the temperature in the weathering setup

Humidity

Report the relative humidity in the weathering setup,
especially for samples exposed to air

Location

In the case of microplastics collected from the field, the
location and environmental compartment as well as extraction
procedure should be outlined

Control

Control of same microplastic type and/or procedural blanks
should be used to elucidate the effect of weathering

Replicates

Characterise variability by replication
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5.7 Supporting information
S5.1: Search criteria for literature review.

A systematic and extensive literature search was carried using the Scopus search engine to retrieve all
research papers reporting the effect of microplastics up until May 2021. The criteria followed during the
search is presented in Table S5.1. The abstract and titles of the retrieved articles were further reviewed for
relevance to include only studies that investigated the effect or transformation of either pristine or weathered
microplastics. All review articles, book chapters, opinion papers, etc. were removed from the search. A total
of 785 articles were obtained from this search after removing articles that do not meet the criteria presented
in Table S5.1.
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Table S5.1. Literature search criteria

Search strings

Exempted words

Exempted study themes

(“microplastic” OR
“nanoplastic” OR “plastic
leachate” OR “tiny plastic” OR

“detection”,

LR I3

“abundance”, “review”,
“distribution”, “beach”,

e Detection/abundance/occurrence of
microplastic in food, water, sediment, biota,
environment, wastewater etc.

“microfiber” OR “microfibre” | “occurrence”, e Weathering of plastics or microplastics

OR “microbead”) “quantification”, without investigating at least one effect.
“techniques”, “methods” e  Detection/sampling/identification

AND

techniques

. L e Human microplastic consumption
different combinations of these

keywords:

(“effect” OR “aggregation” OR
“deposition” OR “adsorption”
OR “toxicity” OR “leaching”
OR “desorption” OR
“transport” OR “removal”

Table S5.2. Summary of laboratory studies investigating the effect of weathered microplastics, nanoplastics and leachates

Reference  Plastic Size Weathering conditions
PS 125 - 250 um 96 hours
2 UVA light. 26 W/m?
PS, PP L -3.5mm. W-2.2mm 60 °C, 4 weeks
3 UVA light, 50 W/m?, A = 313 nm
PET 1x1mm 200 - 500 hours
4 PET, PVC, PMMA, ) UVA light, A =340 nm
PE, PS, PA 74.76 - 350.8 um humidity = 60%, temperature = 30 °C
5 PS Mercury UV light (A = 365 nm) in water, H,0, (10%) and CI (25 mg/L)
96 hours
6 pp 62.6 um 365"9(/:100 mL K;S,0s with high temperature, pH 7, 40 days
Natural sunlight (0.12 - 2.26 mW/cm?) in filtered freshwater from Yangtze and
5044119 Tihu Lake for 5 and 11 months, -4 to 38 °C
7 PS + PE 45‘5i ]2‘9 “2 Fenton reaction (30% H,0, + 200 mM Fe?*) for 1,5,10,20 and 30 days, pH 4
' ZW K,S,0s oxidation (100 mM K;S,0s) with high temperature for 1,5,10,20 and 30
days, 70 °C, pH 7
8 PS + PV/C 75 um UVC light, X = 254 nm, 96 hours
9 PS 0.4 um ;JSV% light in air, pure water and seawater, A = 340 nm, 1, 2 and 3 months
Photo-Fenton (30% H,0, + 20 mM Fe?*), A = 365 nm, 2.1 mW/cm?
10 PS 50.4+11.9 um 0, 6,12, 24, 48, 72, 108 hours
25°C
1 PS 4 mm UV (A = 340 nm), 44 pW/cm?, seawater, 90 days
12 PS 1um high temperature (75°C) in air, pure water and seawater
H 1, 2 and 3 months
UV (in water) and mechanical, A = 254 nm
13 PE 05-1mm 10 and 4 months
40 °C
14 PE, PS - uv
15 PA <2mm HCI (15%) + Acetone (20%), 24 hours
- 0, 2+ — 2
16 PS 50.4+11.9 um Phooto Fenton (30% H,0, + 20 mM Fe®*), A, = 365 nm, 1 mW/cm?, 120 hours
30°C,pH 3
17 PS ) Fenton reaction (1. 5% H,0, + Fe) and H,0,(1.5%)
1, 3, 5 and 7 days for each treatment
18 250 - 500 pm _ 2 Npin
PLA, PVC 50 - 100 um UVA bulb, A =313 nm, 50 W/m?, Milli Q water, 3 — 72 hours
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19

sewage effluent in Shanghai

PE 60 - 150 pm 20 days
20 B Biofilm formation in Georges River, estuarine and marine water samples with
HDPE, PP 50,90 - 106 pm gamma irradiation (1.17 MeV, °Co source), 19 days
21 PS 40.1£9.1nm UVA bulb, 120 hours, air
22 ) Mixing in synthetic seawater
PE 6-8.5 um 7,14, 21, 28, 42 and 56 days
UV light exposure in ultrapure water and activated sludge for biofilm formation
(18/6 light-dark cycle, UVA+UVB: 15280 — 15460 uW/cm?, UVC: 108 — 112
23 PS 205.4 +72.2 nm uW/cm?)
120 and 720 hours
32-36°C
24 200 mg/L K;S,0g oxidation with high temperature, 15 days
PE, TWP - 70 °C, 60 rpm
UVA bulb, 0.5 W/m? (360 nm), 240 hours
25 PU 0.8-2mm Black body temperature = 60 °C
Dry bulb temperature = 30 °C, RH = 5%
26 ) incubation in soil and river (Shanghai), 20 days each
PE 75-140 um exposure to air with UVC bulb (A = 254 nm), 4 days
27 ] O; (88 mg/L)
PE, PS, PP 200 - 600 ym 03 + Hy0, (O3 : H,0, ratio of 0.5)
28 PU 50 — 100 mesh UVC (5 mW/cm?, A = 254 nm)
29 PS 45 pm biofilm colonization in unfiltered seawater, 168 hours
> -
30 PS 20 - 100 um UVA:r UVB, 113 + 45 W/m?, natural filtered seawater, 60 days
25+3 °C
31 PS 15 & 30 um :Sn;il?:dark in filtered seawater (for biofilm formation), 3 weeks
32 PE 50 ~ 570 um, natural weathering in seawater (using outdoor wave simulator basin), 21 days
247.7 £95.1 um '
33 UV (Xenon), 1200 W/m?, 1 — 8 weeks
PE <500 um 60 °C, RH = 50%
incubation in river, WWTP and landfill leachate samples with daylight fluorescent
34 PE 140.6 £ 80.0 um lamps - 16/8 h (light/dark), 3 weeks
2312 °C
35 natural sunlight in unfiltered seawater, 216 hours
PE 10-45pum 15- 25 °C
36 ) biofilm colonization
Leachate . -
37 PE. PP, PET, PA 0.3—17 um ggtg;alssunllght, deionised water
0.01-0.8 pm y
natural sunlight in deionised water, natural water, tap water and sodium chloride
38 PU 3x3x3 mm leachate solution. 8640 hours
25°C
2
39 PE leachate U\/O(Xenon), 1200 W/m?, 672 hours
60 °C
40 HDPE, PVC leachate Z(;n:l(e:llght, seawater, 120 hours
41 PET, PS, PP, PVC, In the dark, seawater, freshwater and seawater algae growth media, 336 hours
leachate o
CTR 25°C
42 PET, HDPE, PVC, N/A, 24 hours
LDPE, PP, ps, pC  eachate 28°C
43 PVC leachate IZTJ tpg dark, aged seawater sample, 24 hours
44 PP, HDPE, PVC, leachate In the dark, deionized water, 72 hours
ABS, epoxy 20-50 °C
PC, PVC, PU, PE,
PS, LDPE, HDPE, -
45 PET, PMMA, leachate IZnOthé dark, deionized water, 72 hours
PTFE, ABS, PP,
MDPE,
leachate
52.3+£29.3 um
46 PET, Nylon 8.6 £5.2 um thermal degradation in deionised water, 95 °C <1 hour
171 £78 nm
229+ 116 nm
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UVA + UVB lamp (702.8 W/m?), artificial seawater

47
PE, PET, PP.PS leachate 96 hours, 20 - 30 °C
48 PA 8.13+£2.27 um In the dark, UV light, UV bulb + 7.5 UM H,0,, 35 W/m?, 2160 hours, 1. < 420
49 PS 3um incubation in freshwater and seawater, 336 hours
50 PS <63 um Incubation in wastewater sample, 216 hours
51 PVC 50 - 100 pm UVA, 50 W/m?, & = 313 nm, 600 hours
52 PS 5pum UVC bulb, % = 254 nm, 240 hours
53 PLA, PVC 5-50 um deionised water, . > 310 nm, 45W/m?, 2160 hours
54 PS, PVC 150 and 250 um UVA light for 3 months, A > 340 nm
19.1 + 2.3 W/m? (UVC, 2.3 + 0.3 W/m? (UVA; including 0.25 W/m? of UVB)
55 PS,PVC PP PET.  leachate 231 452°C
PE
ultrapure water
56 PA 0-180 um UVC light exposure with tap water
- - - e -
57 PS, PVC, PP, PET, U\_/_Ilght and dark exposure in brackish water (7% salinity, pH = 7.9), 1 rpm
PE leachate mixing
700 W/m?
58 PS - UVC with 10% H,0,, . =254 nm, 120 hours
59 UVA,
PS 005-0.1 \>365 nm, 1.71 mW/cm?, 24 hours
60 PS - UV bulb with 5 mM NaNO; and ozone, 12 hours
61 UVA bulb, surface water (St Lawrence river),
PE 140 pm ) =365 nm, 10 mW/cm?, 1440 hours
cold and fluctuating freezing temperature (-10 to 10 °C) in sodium chloride (3 —
62 PS 28 nm 300 mM) solution and in the presence and absence of natural organic matter (5
mg/L), 10 days
63 PVC, PP, PET 5 x 5 mm square biofilm colonization in freshwater samples (Niushoushan River, Qinhuai River and

East lake, China), 1056 hours

PS = polystyrene, PE = polyethylene, PP = polypropylene, PA= polyamide, PEVA = polyethylene vinyl acetate, PVC = polyvinyl chloride, PLA = polylactic
acid, PU = polyurethane, CTR = car tire rubber, PET = polyethylene terephthalate, PC = polycarbonate, ABS = acrylonitrile butadiene styrene, TWP = tire
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Figure S5.1. Cumulative frequency distribution for average temperatures used in weathering protocols for

effect studies.
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Table S5.3. Summary of effect studies using microplastics collected from the environment

Reference Plastic Size Sampling location
64 PS 0.45—1mm North China
65 PE <lmm Southwest England
66 PS, PE 0.5-1mm East China Sea and Yellow Sea
0.1-0.2mm
67 PE, PP, PS, PVC, PET, EPS 460 — 4830* pm Southern California
68 PP Shenyang city
69 PP, PE, HDPE, PEVA, PP, PA 0.45-100 um Gabes beach, Tunisia
70 PE, PP, PS 16.4 — 962.2 um Easter Island, Guam and Hawaii
71 PE Beijing, China
72 PE, PP 100 —500 pm Lake Ontario shoreline
73 PE, PP leachates sandy beaches, Guadeloupe archipelago, France
74 PE. PP, PA, PEVA 0.45 - 100 pm sea §u_rface and sandy beach in Bizerte, northern
Tunisia
75 leachates

PE, PC, PP, PS, PU, HDPE,

North Pacific Gyre

* = equivalent sphere diameter. PS = polystyrene, PE = polyethylene, PP = polypropylene, PA= polyamide, PEVA = polyethylene vinyl acetate, PVC =

polyvinyl chloride, EPS = expanded polystyrene
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Table S5.4. Summary of international standard weathering protocols developed for plastics and other polymers

1ISO or
Tvoe of simulated ASTM
reference exygsure Summary degradation / controlled parameters Outcome / Report equivalence
P parameters or technical
similarity
Three methods for natural exposure of natural degradation duration of exposure,
1SO 15314 natural plastics in a marine environment: (photodegradation, exposure raft and rack; bulk/surface i
marine floating, partially immersed and heat and moisture) | specimen mounting, water properties loss
completely immersed variations depth, climate
ASTM D1435 natural Procedures for natural outdoor exposure r(waﬁ:)rtzél dcie?;zc;i\it:)?]n angle and duration of bulk/surface 1SO 877.2
outdoor of plastic materials hpeat and ?noisture)‘ exposure, climate properties loss '
ASTM D5272-08 natural Method for natural exposure of ?a;%([a:)l ddeegr;?ji?ité?]n angle and duration of bulk/surface i
outdoor photodegradable plastics hpeat and gmoisture)’ exposure, climate properties loss
natural/acc | How to perform a weathering test using natu(;ilctitleg;gitlon duration of exposure, n/a (no report
ASTM D4364 elerated sunlight concentrated with Fresnel hotodearadation climate, duration of spray generated - ISO 877-3
outdoor reflectors Eeat an dgmoisture’) cycle operation only)
Method to induce degradation of temperature, relative
accelerated oxidatively degradable plastics under . L o bulk/surface
ASTM D7444 outdoor atmospheric pressure and thermal and heat and moisture humutjr:':)c/i(izgglmen properties loss
humidity variations
. IS0 4892-3
ASTM G154-0 accelerated How to operate a fluorescent UV lamp photodegradation type of UV Iam_p, specimen n/a (no report and 15O
outdoor and water apparatus mounting generated) 16474-3
accelerated Test conditions to perform accelerated photodegradation; durczzt:]c()jrérc]):aii)g)noiu::elzeand bulk/surface
ASTM D 4329 outdoor weathering of plastics using UV heat; moisture irradiance blacky an’el roperties loss ISO 4892-3
fluorescent lamps (condensation) temp’eraturep prop
accelerated Test conditions to perform accelerated photodegradation; durczzt:]c()jrérc]):aii)g)noiu::elzeand bulk/surface
ASTM D 4587 outdoor weathering of paints and coating using heat; moisture irradiance blacky an’el ronerties loss 1SO 11507
UV fluorescent lamps (condensation) temp’eraturep prop
Test conditions to perform accelerated
weathering of degradable plastics using hotodearadation: duration of exposure and
ASTM D5208-14 accelerated UV fluorescent lamps; P heat: rgloisture ' condensation cycle, bulk/surface i
outdoor Simulate conditions that might be (conaensation) irradiance, black panel properties loss
experiences when the material is temperature
discarded as litter
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ISO 4892-2,

ISO 11341,
accelerated How to operate a xenon arc light and . type of xenon arc lamp n/a (no report S0 105 B2,
ASTM G155 photodegradation . . - ISO 105 B04,
outdoor water apparatus filters, specimen mounting generated)
ISO 105 BO5,
and 1SO 105
B06
duration of exposure and
. . photodegradation; spray cycle, irradiance,
ASTM D2565 accelerated Practice for the exposure of plastics to heat: moisture black panel and air bqu/sgrface 1SO 4892-2
outdoor xenon-arc lamps . properties loss
(spray) temperature, relative
humidity
duration of exposure and
accelerated Test conditions to perform accelerated photodegradation; spray cycle, irradiance, bulk/surface
ASTM D5071 weathering of degradable plastics using heat; moisture black panel and air : 1SO 4892-2
outdoor ) . properties loss
xenon arc lamps; (spray) temperature, relative
humidity
L duration of exposure and
_ . photodegradation; S
Test description to evaluate the tensile A spray cycle, irradiance,
accelerated ) heat; moisture . bulk/surface
ASTM D4355 strength of weathered geotextiles over . black panel and air X -
outdoor ; (spray or relative . properties loss
time humidity) temperature, relative
humidity
accelerated Method to determine the degree and level | photodegradation /
of aerobic biodegradation of plastics aerobic microorganism’s . .
I1ISO 19679 outdoor/m . . . . . . biodegradation gases -
- when settled in marine sediment at the biodegradation; population
arine . .
interface between seawater and seafloor moisture
Method to determine the weight loss of . duration of exposure, film
accelerated non-floating plastic materials when . aeroblc_ thickness, source of natural .
ASTM D7473-12 . . . biodegradation; ' weight loss -
marine exposed to open marine aquarium . sea water and surface
g moisture : :
conditions marine sediment
Respirometry flask test to evaluate the
accelerated degree and rate of aerobic biodegradation aerobic microoreanism’s
ASTD D6691 . of plastics exposed to a defined microbial biodegradation; gan biodegradation gases -
marine CoE . population
population in controlled laboratory moisture
conditions
Test to evaluate the level of aerobic .
accelerated biodegradation of plastics exposed to . aeroblc_ . . . .
ASTM D7991 . o . . biodegradation; marine sediment type biodegradation gases -
marine conditions that simulate the environment .
. moisture
of sandy tidal zones
accelerated Test to evaluate the degree and rate of aerobic
ASTM D5988 marine / aerobic biodegradation of plastics and biodegradation; soil source biodegradation gases 1ISO 17556
solid waste | formulation additives in contact with soil moisture
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accelerated

Respirometry flask test to measure the
oxygen demand to evaluate the degree of

aerobic

ISO 14851 marine / aerobic biodegradation of plastics in an biodegradation; ficroorsanism s biodegradation gases -
. 4 . . population (oxygen demand)
solid waste aqueous medium ¢ an inoculum from moisture
activated sludge may be used
Method to determine the degree and level aerobic biodegradation
ASTM D5338 solid waste of aerobic blodegradz_mon of pl:astlcs in biodegradation: test duration, temperature, gases/ visual aspect 1SO 14855
controlled composting conditions at A inoculum to be used . :
> heat; moisture after biodegradation
thermophilic temperatures
It established the requirements to label a
plastic as gompos_tqble wh_en exp(_)sed to biodegradation
aerobic municipal or industrial aerobic sieving, biodegradation ases; fragment size;
ASTM D6400 solid waste composting facilities * the criteria are . . 9. gre gases, Trag ' ISO 17088
. . biodegradation results, ability effect on plant
related to final fragment size, rowth
biodegradation and potential hazard to g
plant growth
Method to determine the degree of
aerobic biodegradation of plastics aerobic test duration. temperature
ISO 14852 solid waste | exposed to an inoculum from activated biodegradation; ! pel | biodegradation gases -
L . 2 type of sludge or soil used
sludge, mature compost or soil in aerobic heat; moisture
mesophilic conditions
Method to determine the degree and level
of anaerobic biodegradation of plastics in
accelerated landfill conditions The test anaerobic test duration, choice of
ASTM D5526 solid waste also produces a mixture of plastics and . . solid waste and inoculum | biodegradation gases -
biodegradation
household waste that can be used to to be used
access environmental and health risks
using other standards
Method to determine the degree and level .
. of anaerobic biodegradation of plastics in . anaeroblf_: test duration, temperature . .
ASTM D5511 solid waste : ; L biodegradation; : ' " | biodegradation gases ISO 15985
high-solids anaerobic digestion heat inoculum to be used
conditions
Method to determine the degree of anaerobic test duration. temperature
ISO 14853 solid waste anaerobic biodegradation of plastics biodegradation; . ' P " | biodegradation gases -
. inoculum to be used
exposed to digested sludge heat
Protocol to measure biodegradation aerobic and durati bulk/s_urf?ce )
. changing from aerobic to anaerobic anaerobic test duration, temperature, properties loss;
ASTM D7475 solid waste . . . . . L specimen shape, household biodegradation -
environment, simulating what occurs in biodegradation; . )
. S . waste characteristics gases; molecular
landfills as the depth is increased moisture

weight
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ASTM D6954

accelerated
outdoor /
solid waste

A guide that establishes a method to
expose plastics first to oxidation (UV or
heat) and then to biodegradation,
combining other standards in a given
order * Toxicity may also be employed
with the residue from biodegradation

photodegradation;
aerobic and
anaerobic
biodegradation;
heat; moisture
(spray or humidity
control)

Tier 1: duration of
exposure, temperature,
humidity or spray or
condensation; Tier 2: test
duration, inoculum used,
temperature;

bulk/surface
properties loss;
biodegradation
gases; weight loss;
fragment size;
molecular weight;
toxicity results
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Preamble to Chapter 6

The critical literature reviews in chapters 2 and 5 provided the basis for this chapter. Our findings
in chapter 5 revealed that only 10% of studies examining the effect of microplastic in the
environment were carried out with environmentally relevant microplastics. More so, studies that
use plastics originating from secondary sources, which are more prevalent in the environment, are
sparse. The transport behavior of environmentally relevant microplastics is also scanty. Hence, the
goal of this chapter was to understand how environmental UV weathering changes the
physicochemical properties of microplastics from a single-use plastic cup. Thereafter, we aimed
to understand how these property changes affect their mobility, transport, and interaction with

other contaminants in freshwater.

The findings from this chapter are being prepared for submission to a peer-reviewed journal.
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Chapter 6: Effects of Weathering on the Properties and Fate of
Secondary Microplastics from a Disposable Cup

Abstract

Our current understanding of the fate and transport of environmentally relevant microplastics
originating from real plastic debris is limited. In this work, we probed the changes to the
physicochemical properties of polystyrene microplastics (4.5 mm) generated from a disposable
cup as a result of UV-weathering, using a range of spectroscopy, microscopy and profilometry
techniques. Thereafter, we aimed to understand how these physicochemical changes affect the
microplastic contaminant sorption ability and transport potential in the aquatic environment. UV
exposure led to measured changes in microplastic hydrophobicity (20-23% decrease), density (3%
increase), surface oxidation, and microscale roughness (24-86% increase). The settling velocity of
the microplastics increased by 53% after weathering which translates to a settling time that is ~1
hour faster for the aged microplastics to reach the sediment bed in a simulated deep freshwater
system of 80 m. Our work suggests that UV aging, rather than just biofouling (as often predicted),
can increase microplastic deposition to sediments, while the impact of UV weathering was greater
than the predicted effect of the water temperature. Weathered microplastics exhibited reduced
sorption capacity (up to 52% decrease) to a model hydrophobic contaminant (triclosan) compared
to pristine ones. The adsorption of triclosan to pristine and aged microplastics was slightly
reversible with significant desorption hysteresis. These combined effects of weathering could
potentially limit the long-range transport and contaminant transport abilities of microplastics. As
the first study to investigate the effect of UV aging on the sorption capacity and mobility of a
secondary polystyrene microplastic, this work advances our knowledge about the risks associated
with microplastics in natural aquatic environments and the need to use environmentally relevant

microplastics.

6.1 Introduction
There is growing concern about the true environmental risks posed by microplastic pollution to

ecosystems. Microplastics (< ~5 mm) are often classified as either having primary (intentionally
produced pellets/beads) or secondary origin (tiny fragments from real plastic debris). Secondary
microplastics are thought to be found in larger quantities in the environment compared to primary

ones,! yet, the majority (~90%) of studies aimed at understanding the risks associated with
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microplastic pollution have been carried out with primary (mostly pristine) microplastics.? The
few effect studies that attempt to mimic environmentally relevant microplastics focused on
weathering virgin plastics from primary sources rather than those originating from plastic debris
(secondary source). A recent estimate shows that 46% of global plastic debris originates from
single-use plastic packaging material,® most of which become film fragments in the environment.
Numerous field studies also detect microplastic films in the environment and biota, yet, few effect
studies use microplastic films (i.e., flattened microplastics) when investigating risks. Although,
there are several governmental and institutional legislations and movements to reduce the global
plastic footprint (especially with respect to single-use plastics), these measures are still in their
infancy. Hence, the burden of plastic pollution will continue in the foreseeable future. In fact, two
recent studies predict that plastic emissions and exposure to the environment will increase even

with the current rate of intervention strategies.* °

Throughout the lifecycle of microplastics, they experience multiple forms of weathering
such as photodegradation, thermal degradation, biofouling etc., either simultaneously or
sequentially.®® These processes will impact microplastics properties and buoyancy, and hence
their settling behavior which will either lead to long-range transport or accumulation near the
source of release in aquatic environments. Understanding the sinking behavior of microplastics is
particularly important in designing remediation strategies,® predicting the concentration of
microplastics in the water column, deposition rates in the seabed, identifying pollution hotspots
within the water column,® etc. However, in the current literature, there is a lack of understanding
about the effect of weathering on the sinking behavior and residence time of microplastics,
especially microplastic films/sheets. Although the effect of biofouling on the vertical transport of
microplastics has been theoretically modelled,!! only few experimental studies have attempted to
investigate the impact of weathering (no studies on photodegradation) on the settling behavior of
microplastics, with contrasting findings. Waldschlager et al. showed that microplastics collected
from a fluvial environment settled slower compared to pristine microplastic samples. > ¥ Nguyen
et al. also reported that microbe-associated polyurethane microplastics have sinking rates two
times slower than pristine ones.* On the contrary, two studies show that biofouled microplastics
exhibit higher settling velocities than pristine ones.*> 16 Clearly, there is a need to better understand
the crucial role of other weathering processes (other than biofouling) in altering the
physicochemical properties, and hence the settling behavior of microplastics.
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Moreover, despite the substantial number of effect studies that have investigated the
sorption/desorption capacity of pristine primary microplastics, our understanding of the interaction
of other contaminants with microplastics from secondary sources (both pristine and aged) is still
limited. Even though the environmental effects of polystyrene particles are widely studied in the
literature.> 1’ the sorption or desorption capacity of contaminants on secondary polystyrene
microplastics derived from single-use plastic is not well understood. The effect of UV weathering
on the interaction of this plastic type with other contaminants is also not well known. Indeed, our
understanding of the potential effects of weathering on the settling behavior and fate of

environmentally relevant microplastics from secondary sources is still limited.

Therefore, to address some of these gaps, the objective of this work is to systematically
investigate how UV weathering alters the properties of secondary microplastics (4.5 mm) sourced
from a single-use disposable product, and how these changes subsequently affect particle fate and
behavior in a simulated freshwater system. For this purpose, microscopy, spectroscopy and
profilometry techniques were used to characterize the surface and bulk properties of the
microplastics before and after exposure to UV radiation. The adsorption and desorption of the
model contaminant, triclosan to the aged and pristine microplastics were also measured.
Experimentally determined settling velocities were coupled with a model to simulate the vertical
transport and contaminant-facilitated transport potential of microplastics in freshwater systems.
Model simulations on the effects of weathering on the transport of microplastics of different shapes

are presented for a 220 um microplastic sizes.

6.2 Materials and methods

6.2.1 Plastic source and UV weathering treatment
Single-use plastic cups (Cogan, #13-3001859) were purchased from a Dollarama store in

Montreal, Canada in 2019. A heavy-duty revolving leather punch (SE 7924LP) was used to
generate circular microplastic disks with 4.5 mm diameter from the disposable cups. Afterwards,
the microplastics were rinsed thoroughly with reverse osmosis water (Biolab Scientific). Some
samples were kept at room temperature in the dark and used as pristine microplastics while a
separate batch of samples were placed in a glass plate containing 10 mM NaCl solution at pH ~6
(to mimic freshwater) and exposed to UV radiation in a weathering chamber for 8 months. The
weathering chamber was kept at a temperature of 27 °C. The UV light consisted of both UVA and
UVB bulbs (306 nm; Topbulb G15T8E, 350 nm; Topbulb, Eiko F15T8/BL and 365 nm; Hikari
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Lamps) with total intensity of ~35 W/m?. During weathering, the microplastics were gently stirred
at 35 rpm which ensured proper exposure of the samples to the UV radiation. After weathering,
the microplastics were thoroughly rinsed with reverse osmosis water, air-dried and stored in the
dark at room temperature in a desiccator for further use.

6.2.2 Characterization of microplastics
The change in microplastic mass after weathering was quantified using an ultra-micro analytical

balance (S4, Sartorius) having a weighing accuracy/sensitivity of 0.0001 mg. The density of the
microplastic before and after weathering was quantified using the titration method described in
ISO 1183-1. Briefly, the microplastics were placed in a glass beaker with 50 mL reverse osmosis
water. Then, small droplets of concentrated zinc chloride (#MKCG2036, Sigma Aldrich) solution
were added to the beaker while the liquid was stirred. This process was repeated until the
microplastic floated to the surface of the liquid. 1 mL of the final solution was then weighed on an
analytical balance (MS104TS/00, Mettler Toledo) to determine the density. The thickness of each
microplastic was measured using a digital caliper (Mastercraft, Digimatic) with 0.02 mm accuracy.
The crystallinity of the microplastic was determined using the conventional density measurement
method by estimating the weight fraction crystallinity of the microplastic (equation S1) as

described in section S1.

The surface functional groups of the pristine and aged microplastics were characterized
using a Fourier-transform infrared spectrometer (FT-IR, Spectrum |1, PerkinElmer) in attenuated
total reflectance (ATR) mode with a single bounce-diamond. Microplastic disks were analyzed in
the region 400 — 4000 cm™ with 32 scans at 4 cm™ resolution. The specified area under band
method?® was adopted to calculate the ratio of the integrated band under the carbonyl region (1650
1800 cm™) and a reference absorption peak band (C-H) because it did not change after weathering
(640—720 cm™* centered at 696 cm™).%® Spectragryph software (v1.2.15) was used for peak analysis
and normalization. X-ray photoelectron spectroscopy (XPS) with etching was used to analyze the
oxidation profile of the aged and pristine microplastics. Briefly, the spot size was set to 200 pum,
the etching parameters set to 500 eV with a low current (etching rate of 0.21 nm/s in Ta20Os), and
three levels of etching were measured (0 s, 3 s, and 6 s). Spectra of the C1 and O1 peaks were

collected.

The surface hydrophobicity of the microplastics was measured using the sessile water

contact angle method on an OCA 20 Goniometer (DataPhysics Instruments). The instrument is
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equipped with an automated microliter syringe and digital camera. For both aged and pristine
microplastics, a total of 12 disks (6 each for inner and outer surface of the original cup) were used.
Briefly, 3 pL of water was dispensed on each sample surface and measurement was carried out
within 3 s. Measurement on each sample was repeated twenty times.

The surface morphology of the microplastics was characterized using scanning electron
microscopy (FEI Inspect F50). Sample surfaces showing the inner and outer parts of the cup were
coated with a 3 nm layer of platinum before measurement (Leica Microsystems EM ACEG600
Sputter Coater). A complimentary optical profilometry technique was used to quantitatively
characterize the surface roughness of the plastics (Zygo NexView 3D) with Mx software. The
Coherence Scanning Interferometry (CSI) mode with high z-resolution, signal oversampling and
20 um scanning length were adopted. All data were analyzed and extracted from the Mx software
to obtain the profile parameters. Briefly, at least 12 microplastics (6 each for the inner and outer
surface of the original cup) for each weathering condition were mounted on a glass slide with a
double-sided tape before each measurement. The Brunauer—Emmett—Teller (BET) specific surface
area was measured using the nitrogen adsorption method (Tristar 11 Plus, Micromeritics). Prior to
the analysis, microplastic samples were degassed to remove any contaminants at 120 °C vacuum

overnight. The mass of the microplastic samples after degassing was used for analysis.

The tensile strength of the microplastic was estimated with a Shimadzu EZ Universal
Tensile tester. For tensile strength measurements, ASTM D638 (Standard Test Method for Tensile
Properties of Plastics) and D882 (Standard Test Method for Tensile Properties of Thin Plastic
Sheeting) were used with slight modifications to the sample size. Rectangular plastic strips (70x10
mm) from the disposable cups were used for all measurements and these strips underwent the same
weathering procedure as the 4.5 mm disks. Each strip was placed between the parallel plates of the

instrument and allowed to stretch until it broke.

6.2.3 Settling experiment
The settling velocity of the microplastics was measured using a cylindrical column (50 cm height

and 10 cm diameter) following the procedures described in previous studies.® ** Microplastics
were placed at the center of the column, approximately 1 cm below the water surface using
stainless steel tweezers and released to fall freely. The time each particle took to travel to a depth

of 29 cm was recorded with a stopwatch. This 29 cm depth is between two upper and lower
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excluded sections of the water column and was selected because the particles reached terminal
velocity at this distance. The fluid in the settling column contained 10 mM NaCl at pH 6 to mimic
freshwater. Microplastics were pre-wetted by immersing in the same fluid at least 2 days before
each experiment. The temperature of the fluid for all experiments was kept at 20-21 °C and 1 °C.
All experiments at 1 °C were carried out in a cold chiller (Danby, DWC032A2BDB) to maintain
the temperature during the experiments. To validate the measured settling velocities, the settling
velocity of standard polystyrene spheres of a similar order of magnitude in size as the microplastics
used in this study was investigated. The polystyrene spheres (Cospheric LLC, Lot # 30199318-07)
have a mean diameter of 4.7 + 0.05 mm and a density of 1.05 kg/m?. The theoretical Stokes settling
velocity of the model spheres (calculated as 7.4 cm/s) was compared with the measured settling
velocity (7.0 = 0.0 cm/s). Since the average measured settling velocity deviated by only 5% from
the theoretical value, the protocol used for measuring the microplastic settling velocity was

deemed valid and reliable.

6.2.4 Adsorption kinetics and isotherm experiment
Triclosan was used as the model hydrophobic contaminant (log Kow = 4.76) in this study as it is

often detected in freshwater and treated wastewater.?’ Batch kinetic adsorption experiments were
conducted at low and high concentrations of 20 and 100 pg/L triclosan, respectively. Isotherm
experiments included two additional concentrations of 50 and 150 pg/L triclosan. Preliminary
experiments showed that the time needed to reach equilibrium is approximately 21 days, hence all
experiments were conducted for at least 21 days. For each condition, 7 disks of either pristine or
aged plastic (~30 mg total) were added to 40 mL triclosan solution in amber glass vials (Sigma
Aldrich) and shaken in an end-to-end rotator (Boekel Scientific) at 60 rpm. All triclosan solutions
were prepared in background electrolyte of 10 mM NaCl. At each sampling time point, each vial
was spiked with 50 pg/L of internal standard (triclosan-ds from CDN Isotopes), filtered through a
0.22 um membrane filter (PTFE syringe filter, Canadian Life Science) and stored in a freezer (-4
°C) before analysis. Control samples with triclosan in background electrolyte solution without
microplastics were also shaken in the rotator during all experiments to monitor contaminant loss.
All experiments were performed at room temperature (~20-22 °C). Solution pH was at 6 + 0.2

throughout all experiments.
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6.2.5 Desorption experiment
Triclosan desorption kinetics and isotherm were measured immediately after each respective

adsorption phase. Briefly, the microplastic disks were transferred from each adsorption vial using
tweezers into 40 mL triclosan-free 10 mM NacCl solution in amber vials. The liquid phase triclosan
concentration in each vial was monitored for 21 days to ensure that equilibrium was reached. At
each sampling time point, each vial was spiked with 50 pg/L of internal standard (triclosan-ds),
filtered through a 0.22 pm membrane filter (PTFE syringe filter, Canadian Life Science) and stored
in a freezer (-4 °C) before analysis.

6.2.6 Analytical instrumentation
The triclosan concentration in all adsorption experiments was measured by an Agilent 1290

Infinity Il LC system coupled to a 6545 Q-TOF-MS (Agilent Technologies, Santa Clara, USA).
The LC separation was done with a Poreshell120 EC-C18 analytical column (3 mmx100 mm, 2.7
pum; Agilent Technologies) connected with a Poreshell120 EC-C18 guard column (3 mmx5 mm,
2.7 um; Agilent Technologies). The mobile phase A was HPLC water and the mobile phase B was
acetonitrile/methanol mixture (50:50 v/v). Ammonium acetate (5 mM) was added to both mobile
phases A and B to improve the electrospray ionization (ESI) efficiency. Samples were kept at 4 °C
in the multisampler compartment. Details of HPLC and MS parameters are presented in Table
S6.1. During sample run, reference ions (112.9856 and 1033.9881 for ESI in negative mode) were

used for automatic mass recalibration of each acquired spectrum.

6.2.7 Transport distance simulation
Here, we aim to simulate the effect of aging on microplastic transport and contaminant co-transport

potential. To predict the transport of smaller microplastic disks (< 220 um), an equation for the
theoretical settling velocity was developed based on Newton’s law (balance of forces acting on a
single particle falling in a fluid) by assuming the shape of a disk (detailed derivation is provided

in equations S6.2-S6.4, supplementary information, section S6.2). This equation is given as;

(6.1)

_|2g9h (pp — p1)
Vp =
Cppy

where V = terminal settling velocity, Cp is the drag coefficient which is a function of the Reynolds
number (Re), p1 = density of the fluid, pp = density of the particle, h = thickness of the microplastic

disk.
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When Re < 1, equation 6.2 was obtained while Cp was calculated using the Stokes equations (see
eq S3 in Sl). A correction factor (Cr) was applied to the Cp of the aged microplastics to account
for any effects of aging on the material surface properties (e.g., diameter, wettability, roughness,
etc.). This correction factor allows the simulation of the effect of aging on the settling velocities
and travel distance of microplastics. Equation 6.2 was used for simulations presented in section

6.3.2.

_ 2ghde(pp — p1) (6.2)
P 20.4Cen

where n = dynamic viscosity, de is the disk equivalent diameter.

6.2.8 Data and statistical analysis
All adsorption experimental data were fitted using the linear, Langmuir and Freundlich isotherms.

The kinetics were modelled using the pseudo-first and second-order kinetic models. The Solver
Add-in Excel tool was used for all curve fitting. All adsorption equations used are summarized in
Table S6.1 and the non-linear forms of these models were used in fitting all experimental data for
comparison. Where necessary, statistical significance was evaluated using one-way ANOVA and
Tukey HSD mean comparison. All statistical analysis was performed using OriginPro software
(version 9.8.0.200).

6.3 Results and discussion

6.3.1 Changes to physical and chemical properties of microplastics after weathering
After aging, we observe that the microplastic disk color changes from white translucent to yellow

opaque (Figure 6.1a, b). The yellowing of polystyrene is often observed as a result of the free
radicals generated by the chromophore during photooxidation.?! It is important to note that the
bulk plastic cup has a glossy outer layer. This outer layer glossiness was still preserved after aging
for all disk samples (Figure S6.1). SEM images show slight changes on the surface of the aged
microplastics (Figure 6.1c, d). From observation, the outer side of the aged cup seems to show
higher pitting in comparison to the pristine surface, however, this was not comprehensively
quantified. The inner side of the cup appeared more irregular than the outer side, however, when
comparing the aged sample with the pristine there were no obvious changes (Figure S6.3). To
quantitatively characterize and compare the surface roughness of the pristine and aged disks, an
optical profiler was used. The results of surface topography characterization are shown in Figure
6.1e, T (2D profile), Figure S6.4 (3D isometric view) and Figure 6.1i, j (roughness parameters of
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interest, Sa the average surface roughness and S; the peak to valley height). By inspecting the 2D
and 3D scans, we observe deeper valleys and higher peaks (blue and red regions, respectively) on
the surface of the aged microplastics compared to the pristine ones. For both cases, the outer side
of the cup is considerably smoother. This was confirmed in the measured Sa and S; parameters on
167x167 um? areas (Figure 6.1i, j). For all conditions, Sa and S, were lower for the outer side
compared to the inner side. After aging, we observe a slight increase in S, (for the inside surface)
and a larger increase in S; (both p < 0.05). This shows that weathering increased the microscale
roughness of the microplastics which complements the increase in Brunauer—Emmett—Teller

specific surface area measured (0.34 and 0.95 cm?/g for pristine and aged plastics, respectively).

The wettability of the microplastics was measured to understand the effect of aging on the
material surface hydrophobicity. The outer surface of the pristine microplastics had the highest
contact angle. After weathering, the contact angle of the microplastics decreased indicating an
increase in hydrophilicity of the material, as seen in Figure 6.1g, h. When comparing the outer and
inner surfaces of the microplastics, we observe that the outer surface was more hydrophobic
(99£4.9 and 80+5.3 vs 91+4.6 and 70+4.3 for both pristine and aged microplastics, respectively,
p<0.05). This translates to a decrease in the contact angle of 23% for the inner surface and 20%
for the outer surface after weathering. Leaching of additives from the plastic material may also
have contributed to the increased hydrophilicity of the material. Similar trends of decreased water
contact angle of aged polystyrene microplastics compared to pristine plastics were recently

reported.® ??

The mass changes after weathering (Figure 6.1k) showed a slight decrease (14%) in the average
mass after weathering, however, this change was not statistically significant (p>0.05). The average
diameter also did not significantly change after weathering (0.45 to 0.44 + 0.034 mm). This shows
how long it may take plastic debris to completely break down in the environment. Interestingly,
we observed an increase in the density of the aged microplastics, by 3% (from 1.04 £ 0.004 to 1.07
+ 0.004 g/cm?®, p<0.05). In polymers, density changes are typically associated with either changes
in crystallinity, changes in mass or volume (diameter and thickness), loss of plasticizers,
biofouling, etc. UV radiation has been shown to increase crystallinity due to the close and regular
packing of the polymer chains.?® Compared to amorphous areas, the crystalline part of a polymer
is more densely packed,?* hence, increase in crystallinity could lead to increased density (decreased
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specific volume). It was previously observed that UV exposure led to increase in nylon density.?
From the weight fraction crystallinity calculated for pristine and aged microplastics (equation
S6.1), the crystallinity of the microplastics increases from 0 to 37%. In addition to increased
crystallinity and based on the slight decreases observed in the diameter, thickness (0.25 + 0.048 to
0.24 + 0.045 mm) and mass (4.4 + 0.78 to 3.8 = 0.54 mq), a simulation is presented and discussed
in Figure S6.2 and Table S6.3 to show how particle density may change when these parameters
change. At constant mass, a decrease in either thickness, diameter or both will lead to between 3—
7% increase in densities (Table S6.3). A conservative estimate of slight decrease (1%) each in
mass, thickness or diameter can lead to an increase in density of 3%. Therefore, the increase in

density can be attributed to either an increase in crystallinity and/or slight decrease in volume.
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Figure 6.1. Physical characterization of the pristine and aged microplastics (a, b) colour changes of the microplastic, (c, d)
surface morphology of microplastics (outer side) using SEM, (e, f) roughness profile of the microplastics (inner side) using a
profilometer, (g, h) representative image of water droplet for contact angle measurement on pristine and aged microplastics (inner
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side), (i, j) roughness parameters, Sa and S; at 50x magnification, (k) mass change of microplastic disks before and after
weathering. Pristine-in and aged-in refer to the inner surface of the original cup, while pristine-out and aged-out refer to the outer
surface of the cup.

Table 6.1. Summary of parameters related to changes in physical, chemical and mechanical properties of the microplastics after
aging

Property pristine-in pristine-out aged-in aged-out
Contact angle (°) 91+4.6 99+4.9 70+4.3 80+5.3
Carbonyl index 0.024 +0.012  0.0031 +£0.0051  0.068 + 0.042 0.022 +0.012
pristine aged
Young’s modulus (MPa) 496 £ 54 597 £ 178
Ultimate elongation 0.074 £ 0.0076 0.023 £ 0.0019
Thickness (mm) 0.25+0.048 0.24 £ 0.045
BET specific surface area (cm?/g) 0.34 0.96
Density (g/cm?®) 1.04 £ 0.004 1.07 £ 0.005

The pristine microplastics were confirmed as polystyrene using the built-in PerkinElmer
software library (99% match). The changes to the functional groups of the inner and outer surfaces
of the microplastic disks are compared in Figure 6.2a. The peak characteristic of the carbonyl band
(~1742 cm™) is more pronounced for the aged microplastics. This suggests some degree of
oxidation on the aged plastics. Indeed, the carbonyl index of the surface of the disks significantly
increased after aging from 0.024+0.012 to 0.068+0.042 for the inner surface and from
0.0031+0.0051 to 0.022+0.012 for the outer surface. XPS analysis was used to complement the
FTIR measurements and three different depths (depth 0 corresponding to the surface 0 nm, depth
1 corresponding to ~0.63 nm and depth 2 corresponding to ~1.26 nm) were scanned on each side
of both pristine and aged microplastics. Figures 6.2b-e and S6.5 show the O1s and C1s spectra. In
the C1s spectra (Figure 6.2b, c), we observe an additional peak due to oxidation at the surface
(depth 0) at ~288.5 eV which correspond to O=C-OH, while the peak at ~286 eV (binding energy
of C=0) increased. This change is consistent on both inner and outer sides (Figure S6c, d). From
Figure 6.2d, we observe that the oxygen content at the surface (depth 0) increased after aging. The
oxygen content is consistently higher for the aged microplastic, even at greater etching depth into
the material (Figure 6.2e). Nonetheless, the extent of oxidation is greatest at the surface of the aged
microplastic, and these observations are consistent on both the inner and outer surfaces of the disks
(dotted and solid lines respectively, Figure 6.2d, e). These FTIR and XPS results confirm changes
in the oxidation state and increase in hydrophilicity of the microplastics after UV treatment which

is consistent with the decrease in water contact angles (discussed in the preceding 2 paragraphs)
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Figure 6.2. Surface composition characterization of microplastics. (a) representative FTIR spectra of pristine versus aged
microplastics. Inset: zoom-in of FTIR spectra; (b) representative deconvoluted XPS spectra of C1s for pristine disk at depth 0; (c)
representative deconvoluted XPS spectra of C1s for aged disk at depth 0; (d) XPS analysis of O1s at depth 0; (e) difference in
oxygen content at depths 0, 1 and 2 for inner and outer surfaces. XPS etching done at 400 eV at 0.21 nm/s; depth 0 = outermost
surface = 0 s of etching, depth 1 =3 s, depth2 =6 s.

Changes in the mechanical properties of the plastic due to weathering were investigated using

tensile strength tests. The experimentally measured stress versus strain curve is presented in Figure

S6.7 while the calculated ultimate elongation and Young’s modulus are reported in Table 6.1. The

shape of the stress-strain curve of the pristine plastic is characteristic of a tough and strong plastic

while that of the aged plastic is typical of a brittle polymer.?® Calculated Young’s modulus did not

change significantly after weathering, while the ultimate elongation decreased by 69% (Table 6.1).

The reduced ultimate elongation of the aged plastics is an indication of increased brittleness, which

is often associated with an increase in crystallinity.?” Indeed, our aged plastic samples were fragile

and easy to break. Other studies also report a decrease in ultimate elongation of plastics after UV
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weathering.?” 28 To summarize, we show that weathering affected the surface chemistry, tensile
strength, morphology, crystallinity, surface area and density of the plastics. While the inner and
outer sides of the disks were exposed to the same weathering conditions, the two sides were not
affected the same way. We also noted that the topography of the glossy outer surface of the

microplastics seems to be more resistant to UV-weathering.

6.3.2 UV weathering increases the settling rate of polystyrene microplastics
Figure 6.3a shows the settling rate of the pristine versus aged microplastics. Clearly, we

see an increase in the settling rate of the disks after weathering, from 0.87 £ 0.08 cm/s to 1.3 +
0.22 cm/s (~53% increase) at 21 °C, and from 0.77 £ 0.11 cm/s to 1.2 + 0.11 cm/s (~54% increase)
at 1 °C. The mobility of particles in cold temperatures is expected to be slower compared to room
temperature (due to changes in fluid viscosity). Interestingly, while the percentage increase in
settling velocity after weathering is similar at both temperatures, the impact of weathering is more
important than that of the fluid temperature (Figure 6.3a). The measured increase (3%) in plastic
density after weathering likely contributes to the observed increased settling rate of the disks. In
addition to this change, the surface roughness and hydrophobicity of a particle could affect its drag,
and hence, sinking velocity. Our surface roughness measurements show that the microplastics
became slightly rougher after weathering which would favor a reduction in settling velocity rather
than an increase i.e., higher fluid-solid interactions at the plastic-water interface generate shearing
and an additional drag effect. However, the contact angle measurements imply that the
microplastics became more hydrophilic with aging which could possibly play a role in decreasing
the drag of the microplastics. There are no studies investigating the effect of UV weathering on
the sinking velocity of microplastic disks, but we can obtain some insights from biofouling studies.
The increased settling velocity of biofouled microplastic films/sheets versus pristine microplastics
has been ascribed to increased density as a result of biofilm formation on the plastic surface.!® 2°
A different study shows that microplastic films from municipal plastic waste had settling velocities
ranging from 0.45 — 10.47 cm/s which is in the range of our reported values.® Others also reported
biofouled microplastics having increased settling velocity compared to pristine ones as a result of

increased density when using spherical microplastics® or irregularly shaped fragments.®

To simulate the effect of weathering on the vertical transport of the microplastics, we need
to consider that weathering affects the density and other material properties such as hydrophilicity,

crystallinity, thickness, diameter, etc. which are expected to affect the drag coefficient of the aged
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disks. Hence, a correction factor (Cs) is applied to Cp for the aged microplastics. As described in
section 6.2.7, equations 1 and 2 were used to simulate the settling velocity of different microplastic
disks and spheres with similar equivalent diameters at different water temperatures. For the
smaller-sized disk/sphere (<220 um), the particles were assumed to be in the laminar regime
(where Re <1). A lake depth of 80 m is assumed which is representative of lake depths in Quebec,
Canada.®! Figure 6.3b-f shows the results of the transport simulations. For the large microplastic
disks (4.5 mm), the particles will settle out of the water column in approximately 3 and 2 hours
for pristine and aged microplastics, respectively, at 21 °C. For the smaller disks (220 um), we
show that they cover the same depth in 18 and 8 days for pristine and aged microplastics,
respectively. We also show in all cases (Figure 6.3b-f) that the pristine microplastics will travel
slower at both 1 and 21 °C compared to aged microplastics at 1 °C. When the 220 pum disk is
compared to spherical plastics of similar equivalent diameter(100 pum), our transport simulation
revealed that microplastic disks will remain in the water column for a longer period before sinking.
This is not surprising as a particle of same diameter but that departs from a spherical shape will

experience higher drag.
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Figure 6.3. (a) experimental settling velocity of microplastic disks in 10 mM NaCl (de = 1952 pm), and (b) simulated transport
distance of microplastic disks in a freshwater system (de = 1952 um). (c, €) calculated settling velocity of polystyrene disk and
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6.3.3 Effect of weathering on adsorption capacity of triclosan on microplastics
The effect of weathering on the affinity of triclosan to the microplastics was investigated in batch

sorption experiments. The adsorption kinetics of triclosan on microplastics at two concentrations
(low, Co = 20 pg/l and high, Co = 100 pg /) are shown in Figure 6.4a, b, while a summary of the
parameters obtained from the kinetic models is presented in Table 6.2. Sorption equilibrium was
reached for both concentrations at ~20 days. This time is considerably higher than equilibrium
times typically reported in laboratory studies investigating sorption of contaminants to primary
polystyrene microplastics which range from 16 h to 17 days.3> 3 We observed higher adsorption
capacity of the pristine microplastics compared to the aged ones, only at Co =100 pg/L (p < 0.05).
Both sets of kinetic experimental data fitted the pseudo second-order model better than the first-
order model, which suggests a chemisorption mechanism. The adsorption of several contaminants
to microplastics has been shown to follow pseudo second-order kinetics.®? After aging, the
triclosan load (ge) on the microplastics did not change significantly when Co =20 pg/l (13 £ 0.4 to
13 £ 0.51 pg/g) but decreased when Co = 100 pg/l (51 £ 2.5t0 44 + 3.1 pg/g, p<0.05). The average
adsorption rate, ko, also slightly decreased for the aged microplastics suggesting less available
adsorption sites. The sorption of hydrophobic contaminants on virgin polystyrene microplastics is
often attributed to several mechanisms depending on the water chemistry, contaminant and
polymer nature.®* In our study, we hypothesize that triclosan will interact favorably with the
polystyrene via hydrophobic and ©t-n interactions (due to the presence of benzene rings in triclosan
and polystyrene). Electrostatic interaction is unlikely since triclosan is neutral at the working pH
of 6. Since aging led to reduced hydrophobicity, this might explain the lower adsorption capacity
of the aged microplastics. Indeed, in agreement with our study, reduced sorption was reported after
aging of polystyrene microplastics for atorvastatin,® bisphenol A, and four fuel aromatics and
ethers.3” In marked contrast to our work, some studies found aged polystyrene microplastics to
exhibit higher sorption capacity than pristine particles for hydrophobic contaminants. For example,
Xiong et al. reported that UV-aged polystyrene nanoplastics have higher sorption capacity than
pristine particles for bisphenol A.3 Higher sorption capacities were also reported for a range of
contaminants (with log Kow ranging from 0.5 to 5) to thermally-aged microplastics compared to
pristine ones.*® Even though the hydrophobicity of the plastic surface decreased after aging, the
increased sorption to aged microplastics was attributed to the higher specific surface area.>® While

we did observe higher surface roughness and surface area of the aged microplastic disks, this did
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not translate to higher sorption capacities of triclosan. Interestingly, the sorption capacity of the
microplastics in this study at Co = 100 pg/L is higher than some studies using primary polystyrene
microplastics with higher specific surface area (Figure 6.4d). With the starting concentration of
contaminant and specific surface area of microplastics used by Hai et al (Co=100 pg/L) and Liu et
al (Co=50 pg/L), ** 4 our microplastics still have a higher sorption capacity than these studies
(even at Co=20 pg/L, Figure 6.4d).
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Figure 6.4. Effect of weathering on the (a) contaminant adsorption Kinetics at 20 pg/L triclosan; (b) at 100 pg/L triclosan; (c)
adsorption isotherm at pH 6; (d) comparison of hydrophobic contaminant (log Kow 3.09 — 4.76) equilibrium adsorption capacity
between different polystyrene microplastics in literature. Error bars denote standard deviations between triplicate runs.

From the isotherm in Figure 6.4c, we observe that the pristine microplastics have more affinity
for triclosan at high concentration compared to the aged microplastic (that is, at Co = 50, 100 and
150 pg/L, p<0.05). By inspection, both curves follow a non-linear isotherm. Glassy polymers such
as polystyrene tend to exhibit both linear and non-linear isotherms while rubbery ones such as
polyethylene have linear isotherms.*! We can also infer from the non-linearity of the isotherm that

adsorption rather than absorption is dominant which is in general agreement with previous
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observations.** Generally, contaminants have more affinity for the amorphous region of a polymer

than the crystalline region. Polystyrene is amorphous and at room temperature, it exists in a glassy

state. After aging, the crystallinity increased, making the amorphous region less accessible which

may contribute to the reduced sorption capacity of the aged microplastics. By fitting the

experimental data to the three isotherm models, we show that the data for pristine and aged

particles fits the Langmuir model better (R? = 0.94 and 0.95, respectively, Table S6.3). This

suggests a monolayer coverage of triclosan on the microplastic surface.

Table 6.2. Kinetic model fitting parameters for triclosan adsorption and desorption on microplastics

model parameter pristine aged
Adsorption, Co = 20 pug/L e, exp (1O/Q) 12 £0.36 13+0.81
Pseudo-first order ki (day™) 0.53+0.11 0.25 + 0.044
ge (HO/0) 11+0.38 12 +1.07
R? 0.89 £0.04 0.86 £ 0.057
Pseudo-second order k2 (g(ug.day)?) 0.058+0.017  0.029 + 0.0065
9 (Mg/g) 13+0.39 13+0.51
R? 0.95 + 0.023 0.93 £ 0.0098
Adsorption, Co =100 ug/L e, exp (UG/Q) 51+2.6 44 3.1
Pseudo-first order ki (day?) 0.39+£0.105 0.31+£0.015
ge (Lg/Q) 47 +2.3 39+4.7
R? 0.87 £ 0.05 0.81+0.095
Pseudo-second order k2 (g(ug.day)') 0.011+0.004 0.0084 +0.0010
ge (1g/Q) 53+25 45+ 35
R? 0.93+0.03 0.87 £ 0.069
Desorption, Co = 100 pg/L Qe, exp (1O/Q) 42+28 38+3.3
Pseudo-first order ki (day?) 0.49 £ 0.069 0.60+0.14
9 (Mg/g) 42 £37 38+3.3
R? 0.71+£0.041 0.97 £ 0.008
Pseudo-second order ka2 (g(ug.day)?) 0.081 +0.0081 0.13+0.04
ge (Mg/Q) 43+2.70 38+£3.3
R? 0.98+0.0046  0.98 + 0.0079

e, exp = €Xperimental adsorption capacity at equilibrium
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6.3.4 Effect of weathering on desorption of triclosan from microplastics and potential for
facilitated transport
To understand the potential for release of contaminants in freshwater systems, the desorption

kinetics of triclosan from the microplastic disks was monitored in 10 mM NacCl solutions at Co =
100 pg/L. Desorption kinetics as well as adsorption and desorption isotherms are shown in Figure
6.5a, b and c, respectively. First, we observe that the aged and pristine microplastics reach
desorption equilibrium at 5 days (Figure 6.5a), which is fast compared to the adsorption time of
~20 days. The desorption kinetic data was well fitted to the pseudo second-order model (Table
6.1). Interestingly, more triclosan, Ce, desorbed from the pristine microplastics compared to the
aged ones at equilibrium (7.9£0.10 vs 5.1+0.33 pg/L respectively, p<0.05) even though the pristine
microplastics have a slightly lower rate of desorption (0.081 + 0.008 vs 0.13 + 0.04 g/ug.day,
respectively). On a mass basis, pristine microplastics desorb more triclosan than the aged sample
(ge = ~10 vs ~7.5 pg/g microplastics). The higher Ce observed for pristine versus aged disks is
consistent across a range of starting concentrations (Figure S6.8). Perhaps the aged microplastics
did not release more triclosan because of its low initial adsorption capacity, ge compared to the
pristine microplastics. In the isotherm plot, adsorption and desorption hysteresis is observed for
both pristine (Figure 6.5b) and aged microplastics (Figure 6.5¢) implying that the adsorption of
triclosan by the microplastics is not fully reversible for the tested conditions. This is consistent
with the calculated hysteresis indices (HI, Figure 6.5b, ¢). When HI is < 0, desorption hysteresis
is not obvious while the greater the HI value, the higher the degree of hysteresis.*? The calculated
hysteresis indices are generally > 0 except for one value for aged microplastics (Figure 6.5¢) which
is slightly negative/neutral. The glassy domains in polymeric structures (e.g., polystyrene and
geocolloids) have been reported to be favorable for adsorption but energetically unfavorable for
desorption of non-polar hydrophobic molecules.***3 Liu et al. showed how pyrene was irreversibly
adsorbed to polystyrene compared to a rubbery polymer, polyethylene.*? This may explain the
hysteresis observed during desorption. We also observe from the desorption isotherm that
generally, the pristine microplastics retain more triclosan than the aged ones (Figure 6.5b, c, Table
S6.3).

Triclosan desorption kinetics of pristine and aged disks (Figure 6.5a) were combined with
the measured settling rates (Figure 6.3a) to quantify the amount of triclosan released as function

of time and depth in natural waters (simulated for lake of 80 m depth where the horizontal flow
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was assumed to be negligible). Because of their higher settling rate, aged disks would release
triclosan deeper in the water column compared to pristine disks. To account for the microplastic
shape, simulations were also performed on a 220 um disk (having equivalent sphere diameter of
100 pm) and spherical microplastic (100 um). Assuming that the desorption kinetics presented in
Figure 6.5a are conserved for a microplastic with an equivalent diameter of 100 um it is more
likely that aged disks and spherical microplastics would release triclosan at the bottom of a lake
(i.e., in sediments), while pristine and non-spherical microplastics are more likely to release

triclosan in the water column (Figure S6.9).
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Figure 6.5. Desorption data for triclosan in 10 mM NaCl. (a) desorption kinetics at Co = 100 pg/L, (b) desorption isotherm of
pristine microplastics, (c) desorption isotherm of aged microplastics. Dotted line drawn to connect each adsorption data with its
desorption data. Error bars denote standard deviations of 3 experimental runs. HI = hysteresis index.

6.4 Environmental implications

The effect of weathering on the transport and contaminant facilitated transport of microplastics in
surface waters is largely underexplored. While some efforts have been made to understand the
transport potential of microplastics in the aquatic environment, the use of pristine plastics limits
our understanding of the risks associated with environmentally relevant microplastics. This is the

first study to investigate the effect of UV-weathering on the settling velocity of secondary
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polystyrene microplastics and their interaction with an organic contaminant. We show that
weathering will transform some physicochemical and mechanical properties of microplastic disks
obtained from a single-use cup which includes the surface roughness, density, surface chemistry,
wettability, crystallinity, and tensile strength. These transformations affected the fate, transport

and interactions of the microplastics with triclosan in a model aquatic environment.

Specifically, our transport simulations reveal that the impact of weathering of the microplastics
outweighs the effect of water temperature. Considering a lake in Quebec as a case study and based
on the settling velocities measured, simulations show that weathering will reduce the residence
time of a microplastic disk from 3 to 2 hours and 18 to 8 days (for 4.5 mm and 0.220 mm sizes,
respectively). Two recent studies reported increased settling rate of aged (biofouled) microplastic
films/sheets in natural water samples. While the weathering design in our study (simple water
matrix, 10 mM NaCl) was not aimed at producing biofouled microplastics or grow biofilms on
microplastics, we show that other transformations (which may include slight reduction in
volume/thickness/diameter/polarity and increase in crystallinity of the microplastics) as a result of
UV degradation could increase the sinking rates and transport of microplastics. The settling
velocity and transport reported in our work for aged microplastics is expected to be even higher

when natural colloids or biofilms are attached to the aged microplastics.

Our results also show that aged polystyrene microplastics can have lower affinity for a model
hydrophobic contaminant, triclosan and that this contaminant is partially desorbed from pristine
polystyrene compared to the aged material. These results suggest that microplastics from bulk
plastic debris may act as vectors for hydrophobic contaminants when in a “cleaner” water body or
potentially to an organism when ingested. As one of the first studies investigating the sorption
capacity of secondary microplastics from bulk products, we show that despite the low working
contaminant concentration (ppb range) and low specific surface area of the microplastic disks, we
still observe higher adsorption of a hydrophobic contaminant than some primary microplastic types
with higher specific surface areas in literature. 3 4% 44 Indeed, there is need for more studies using

microplastics of environmental relevance rather than pristine primary polymers.

The observed higher contaminant sorption and desorption potential as well as the slower

settling rates of pristine polystyrene microplastics compared to aged ones, suggests that the pristine
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plastics may facilitate the mobility of hydrophobic contaminants (such as triclosan) in surface

waters.
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6.5 Supporting information
S6.1. Weight fraction crystallinity calculation

The weight fraction crystallinity can be calculated using density measurements as follows *:

_Pc(p ~ Pa) (S6.1)
p (Pc = Pa)
where p is the density of the sample, pa is the density of 100% amorphous polystyrene = 1.04

Cc

g/lcm?, pc = density of 100% crystalline polystyrene = 1.12 g/cm?2. Using the measured densities
of 1.04 and 1.07 cm®/g for pristine and aged microplastics, the weight fraction crystallinity

becomes 0% and 37%, respectively.

Table S6.1. LC-MS measurement parameters

Parameter LC-MS (ESI in negative mode)
Injection volume 4 uL
LC eluent program Mobile A: 5 mM ammonium acetate in water

Mobile B: AcN/MeOH 1:1 with 5 mM
ammonium acetate

0to 0.5min: 5% B

0.5 to 3 min: ramp to 100% B

3to 7 min: 100% B

7 to 7.01min: back to 5% B

7.01to 9 min: 5% B

LC flow rate 0.3 mL/min
Post-column run 1 min

LC column temperature 30°C

MS condition Gas temperature: 175 °C

Drying gas: 10 mL/min
Nebulizer: 30 psi

Sheath gas temperature: 375 °C
Sheath gas flow: 12 mL/min
Capillary: 4000 V

Nozzle voltage: 2000 V
Fragmentor: 125V

Skimmer: 50 V
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Table S6.2. List of kinetic, isotherm models and other adsorption models used in this study.

Kinetics model Equation
d
Pseudo-first order d(it =k, (0. —q,)
d
Pseudo-second order % =Ky (0 — qt)2
Isotherm model
Langmuir d. = 1+bC.
Freundlich g, = kFCelln
Adsorption capacity qe = M
m
. . _ Qae - Yaa
Desorption hysteresis index (HI) HI = q—l T,Ce
ad

C. = equilibrium concentration, Cy = initial concentration, q. = adsorbed phase concentration at equilibrium, q; =

adsorbed phase concentration at time t, q4. = adsorbed phase concentration during desorption, q.q = adsorbed

phase concentration calculated from C, assuming desorption is reversible, V = liquid volume, m =microplastic

mass, k = kinetic rate constant

S6.2. Transport simulation equation and assumptions

Assumption 1: the disk is horizontally aligned during settling h I ‘

Assumption 2: we assume that ddlt” = 0 for the entire column height <

o _ avy
Fr: residual force = ppr

Fq: gravity force = (pp — pi)gh
Fq: drag force = oplpPL

Also, Fr=Fg - Fq

At terminal velocity, % = 0. By substituting Fq and Fg into Fr, we obtain;

2gh (pp — p1)
Cppy

=2r

(S6.2)

b= particle volume, which is z+?h for a disk or (4/3)z+® for a sphere, A,= particle cross sectional
area (mr?), Vp= terminal settling velocity, Cp = drag coefficient, pi = density of fluid, pp = density

of particle, h = thickness of the microplastic disk, Re: Reynolds number.
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When Re < 1, using the simplification for Cp (equation S3), we calculate this modified Stokes

equation (S4) adapted for a disk:

2041 (S6.3)
P prpde

_ 2ghde(py — P1) (S6.4)
p 20.41C;

where n = dynamic viscosity, de = disk equivalent diameter, 20.4 = shape factor for a disk (24 used
for a spherical microplastic) 8. A correction factor (Cr) was applied to the Cp of the aged
microplastics to account for any effects of aging on the material surface properties (e.g.,
wettability, roughness). Using eq. S4, Cr at 21 °C was obtained as follows:

0.04
v isti 31.25m/h Cc
p pristine — / — 0.0D7 , Cf= 0.743
Vp aged 47.95m/h toes

pp - p1 = 0.04, for a pristine microplastic, pp - p1 = 0.07, for an aged microplastic, Vp of aged and

pristine disks were obtained experimentally. The Crat 1 °C was calculated as 0.734.

pristine aged

outer side

inner side

Figure S6.1. Surface topography of the microplastics showing the glossy outer surface versus the non-glossy inner side.
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Table S6.3. Calculated changes to density after aging. Below is a description of different scenarios that may lead to increased
density. All values used are approximate average values measured: mass (from 4.4 — 3.8 mg), thickness (from 0.25 to 0.24 mm),
and diameter (from 4.5 — 4.44 mm) for pristine and aged microplastics, respectively.

case description density increase

A constant mass + constant thickness + decrease in diameter 3%, Figure S6.2a

B constant mass + decrease in thickness + constant thickness 4%, Figure S6.2b

C constant mass + decrease in thickness + decrease in diameter (case A + B) 7%, Figure S6.2¢

D decrease in mass + constant thickness + decrease in diameter 11% decrease, Figure
S6.2d

E decrease in mass + decrease in thickness + constant diameter 10% decrease, Figure
S6.2¢

F decrease in mass + decrease in thickness + decrease in diameter (case D + E) 8% decrease, Figure S6.2f

D’ slight decrease in mass + constant thickness + decrease in diameter 2%, Figure S6.2d

E slight decrease in mass + decrease in thickness + constant diameter 0%, Figure S6.2¢

F slight decrease in mass + decrease in thickness + decrease in diameter (case D’ + E’) 5%, Figure S6.2f

Cases A-F were simulated using average values of mass, thickness and diameter measured. At
constant mass, a decrease in thickness, diameter or both as measured during experiments, will lead
to density increase (cases A-B). At constant volume, a decrease in mass will not translate to an
increase in density, however, decreasing mass and either thickness, diameter or both may lead to
density increase or decrease. Cases D-F are for large mass decreases (i.e. 14%, as observed after
aging), while D’-F’ are for slight mass decreases (2%). Finally, a slight decrease each in mass,
thickness and diameter by 1% each can cause density to increase by 3%. This is a conservative

estimate by taking into account all measured changes estimated after weathering.
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Figure S6.2. Different scenarios where changes to mass, diameter, thickness or different combinations of all parameters will
impact the density of the microplastic disk.

pristine aged

outer side

inner side

Figure S6.3. Representative SEM images showing the morphology of the inner and outer surfaces of the pristine versus aged
microplastic disks.
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Figure S6.4. Representative 3D structures showing the surface topography of the microplastic disks.
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Figure S6.5. Contact angle measurements of pristine versus aged microplastics. out and in refer to inner and outer parts of the
single-use cup. N = 60 measurements from 3 independent samples (n = 20 each) for each condition. Asterisks represent
significant difference at p < 0.05.
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Figure S6.6. XPS spectra of pristine versus aged microplastics for C1s and O1s. a-d indicates that additional peaks are observed
at depth 0 (surface) for both inner and outer sides.
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Figure S6.7. Stress-strain curves. Samples A, B, C are three independent samples for each treatment. The parameters were
calculated as described in °. The Young’s modulus was calculated as the slope of the stress-strain curve while ignoring the first
few flat data points. The ultimate elongation is the plastic strain value where the plastic broke.®
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Table S6.3. Isotherm model fitting parameters for triclosan adsorption on microplastics

model parameter  pristine aged
Linear Ka (L/g) 0.61 0.15
R? 0.73 0.072
Langmuir KL (L/g) 0.31 0.10
Omax (19/9) 88.41 41.29
R? 0.94 0.95
Freundlich Ke (L/g) 9.98 15.10
n 2.39 5.17
R? 0.78 0.30
20
18 - | pristine
16| M aged

14
12
10

desorbed concentration (ug/L)

o N b O

10 50 100 150
TCS concentration (ug/l)

Figure S6.8. Effect of weathering on the amount of triclosan released from microplastics (approx. 30 mg) in 10 mM NaCl
solution (40 mL). Values on x-axis are the approximate initial starting concentrations during the sorption phase. Error bars
represent standard deviation of 3 independent measurements from three separate vials.
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Figure S6.9. Effect of weathering on the desorption of triclosan as function of depth for a smaller microplastic disk (diameter of
220 pm) and sphere both having equivalent diameters of 100 pum.
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Chapter 7: Conclusions and Future Directions

7.1 Conclusion and implications
The overall goal of this thesis was to better understand the factors that influence the fate and

transformations of nanoplastics and microplastics in aquatic environments. Specifically, the
contributions of environmentally relevant factors to nanoplastics and microplastics stability,

transport and interaction with other contaminants were investigated.

The effect of environmental physical weathering on the mobility of nanoplastics was examined
in water saturated porous media using laboratory scale quartz sand packed columns. The effect of
repeated freeze-thaw cycles on the stability and mobility of nanoplastics was investigated while
exploring the coupled effect of the presence of natural organic matter (NOM). Exposure of
nanoplastics to 10 freeze-thaw cycles led to aggregation and reduced transport of nanoplastics in
saturated porous media. Although the presence of NOM significantly increased nanoplastic
mobility, the impact of freeze-thaw outweighed its effect. At all ionic strengths examined, the
calculated transport distance needed to remove 99% of the freeze-thaw induced aggregates from
the liquid phase did not exceed 1 m. Disaggregation experiments on the freeze-thaw induced
aggregates suspension suggests that the aggregation was irreversible after 5 days, hence, the
aggregates may remain stable over longer time scales in the environment. These findings suggest
that previous conclusions on the effect of cold temperature on particle mobility, where particle
transport was investigated in warm versus cold but not freezing temperatures, may be
overestimated without accounting for temperature cycling. These findings also have significant
implications since some parts of the world experience up to 105 FT cycles annually, which further
highlights the need to account for climate and temperature changes when assessing the risks

associated with nanoplastic release in aquatic systems.

The stability of two different-sized nanoplastics in the presence of three different NOM types
was investigated and compared in simple and complex synthetic waters, as well as natural surface
water matrices. The interaction of the nanoplastic aggregates with a model silica surface was also
examined using an optical tweezer. Realistic nanoplastic/NOM concentration ratios were used to
understand the specific interaction mechanism of different types of NOM with the nanoplastics.
The minimum concentration of CaCl> required to destabilize the nanoplastic suspension was not

size-dependent. The effect of NOM on the attachment efficiency was more evident for the larger
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nanoplastic compared to the smaller plastic. In both simple and complex water matrices, humic
acid generally enhanced the aggregation of both nanoplastics. On the other hand, the presence of
alginate destabilized the nanoplastic in simple divalent salt but stabilized/had no effect on the
nanoplastic aggregation in a complex water matrix. The presence of fulvic acid generally had no
significant effect on the aggregation behaviour of the nanoplastic suspension. While the smaller
nanoplastics behaved similarly in both the highest salinity natural water and synthetic water
matrices (aggregated), the larger nanoplastics was shown to behave differently (twice more stable
in natural water). The lower attachment efficiency of the larger nanoplastics compared to the
smaller ones in natural water highlights the need for using more realistic water matrices when
examining the behaviour of nanoplastics in the environment. In a ternary system, the interaction
of the nanoplastic aggregates with a model silica surface in the presence of CaCl, was found to be
less repulsive in the presence of alginate and humic acid compared to fulvic acid.

The effect of photodegradation on the transport and contaminant facilitated transport of
environmentally relevant microplastics in freshwater was also examined. The changes to the
physical, chemical and mechanical properties of secondary microplastics was probed before and
after UV weathering using a range of techniques. After weathering, changes to microplastic
hydrophobicity (20-23% decrease), density (3% increase), surface oxidation, and microscale
roughness (24-86% increase) were observed. Exposure of microplastics to UV weathering
significantly increased their settling velocity by 53% and 54% at 21°C and 1°C respectively. The
impact of weathering on the settling velocity was shown to outweigh the impact of the water
column temperature. Based on the measured rates, weathering will reduce the residence time of
microplastics in the water column (80 m deep lake) from ~3 to 2 hours and 16 to 7 days for 4.5-
and 0.22-mm particles, respectively. The settling velocity and transport reported for aged
microplastics is expected to be even higher when natural colloids or biofilms are attached to the
aged microplastics. The aged polystyrene microplastics also have a lower affinity for a
hydrophobic contaminant, triclosan. This contaminant is partially desorbed from both plastics
while the pristine microplastics retain more. The observed higher contaminant sorption and
desorption potential as well as the higher residence time of pristine polystyrene microplastics
compared to aged ones, suggests that the former may facilitate the mobility of hydrophobic
contaminants (such as triclosan) in surface waters. Aged microplastics on the other hand will limit

the long-range transport of microplastics and associated contaminants. Ultimately, the weathering
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state of a microplastic will determine if a contaminant would be more released in the water column
or in sediments. Since most microplastics found in the environment will be secondary and aged to
an extent, weathering might reduce the risk of microplastics being available to pelagic organisms
while increasing their exposure risk to deposit feeders residing in the water floor.

7.1 Future directions
The current work has addressed important research questions on the factors affecting the

behaviour of nanoplastics and microplastics in aquatic environments which has generated
additional questions towards mitigating microplastic pollution. In addition to the important

knowledge gaps highlighted in the literature review chapters, some research questions include:

7.1.1 What is the competitive interaction between microplastics and multiple contaminants
and organic matter?

There is a cocktail of persistent and emerging contaminants in the presence of different organic
matter in the environment, thus, microplastics will not interact with only one contaminant in
isolation. Different contaminants may interact with microplastics sequentially or simultaneously,
perhaps in an antagonistic manner thereby affecting their transport potential. The role of the
presence of biofilm in either enhancing or mitigating the sorption/desorption of contaminants with
microplastics is also poorly understood. Addressing these gaps will improve the ability to

accurately predict the risks associated with microplastic pollution.

7.1.2 What is the behaviour of fragmented microplastics and different polymer types?

The critical literature review presented in this work revealed that 90% of laboratory effect studies
have used pristine microplastics while plastics with environmental relevance are rarely used. It
was also shown that microplastics collected from the environment for effect studies are dominated
by fragments while microplastics aged in the laboratory are mostly beads/spherical. Overall,
polystyrene is widely studied while we have limited understanding about the risks posed by other
plastics with different properties. Understanding the differences in behavior between polystyrene
and other microplastic types is crucial for accurate risk assessment and to drive policy. There is
also need for more studies to better understand how aged microplastic fragments from secondary
sources of other plastic types behave under realistic environmental conditions in terms of their
mobility and stability. Nanoplastics are hypothesized to be equally or more toxic compared to

microplastics, yet, effect studies that use plastics in the nanoscale having environmental relevance
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are very scarce. The contribution of natural colloids to the stability of nanoplastics also requires

further investigation.

Ultimately, this thesis advances our understanding of how different environmental
conditions will influence plastic fate and transport and would contribute towards improved

microplastic transport and exposure models for accurate predictions.
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