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Propositions
Accompanying the thesis

Natural Weathering Reshapes Nanoplastic Aggregation and Deposition

Dynamics: Implications for Nanoplastic Removal During Riverbank Filtration
by Yanghui Xu

1. Natural weathering of nanoplastics adds complexity to evaluating their transport and fate in

natural systems (this thesis).

2. Atwo-stage dynamic provides an accurate description of nanoplastic transport in natural porous

media (this thesis).

3. Weathering of sand by natural biofilms enhances nanoplastic retention during filtration (this

thesis).

4. Accounting for spatial heterogeneity of aquifers enables an accurate prediction of nanoplastic
breakthrough (this thesis).

5. Model nanoplastics cannot capture the wide variety of particle types, shapes, sizes and aging

conditions.

6. The development of novel water treatment technologies must be grounded in the real-world

characteristics of environmentally relevant nanoplastics.

7. Even if plastic production stops today, the ongoing accumulation and long-term burial of plastic

debris in sediments threatens ecosystem and human health.

8. Poorly biodegradable plastic debris may be more persistent, but they can be less toxic than the

so-called “biodegradable” ones.
9. “Is it true just because it has always been so?” —Xun Lu

10. There is no perfect plan, and outcomes often go beyond your expectations—so don’t wait.

Just do it. You'll find your way through trial, error, adaptation, and persistence.

These propositions are regarded as opposable and defendable and have been approved as such

by the promoters, Prof dr.ir. L. C. Rietveld and Dr.ir. K.M. Lompe.
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Summary

Nanoplastics (NPs) are emerging colloidal contaminants that may pose risks to ecosystems
and human health. Their environmental fate and associated risks are governed by colloidal
processes, including aggregation (particle—particle interactions) in the water phase, and
deposition (particle—surface interactions) within porous media. These processes are
particularly critical in systems such as riverbank filtration (RBF), a widely used natural
treatment method for drinking water production. NPs do not remain in their pristine state but
undergo natural weathering processes including UV-induced weathering and eco-corona
formation due to natural organic matter (NOM) adsorption. Porous media, such as sand grains,
also undergo natural weathering such as the development of spatially heterogeneous biofilms.
These weathering processes can alter the surface properties of both NPs and porous media,
consequently influencing NP aggregation and deposition dynamics. Understanding how
natural weathering modulates NP behavior during RBF will improve the prediction of NP
environmental fate and support more accurate risk assessments under realistic conditions.

First, current knowledge on the influence of UV weathering on the transport, fate and
ecological risks of NPs and microplastics has been reviewed, as well as their interactions with
co-occurring environmental contaminants. UV weathering typically increases surface O-
containing functional groups and negative charges, and hydrophilicity of NPs. With respect to
NP aggregation and deposition, these physicochemical alterations collectively reduce NP
aggregation and deposition. Additionally, UV weathering tends to reduce the thickness of the
eco-corona, thereby attenuating the influence of NOM on NP aggregation behavior. Together,
these findings from literature offer valuable insights into the role of UV weathering in
modulating the colloidal stability and mobility of NPs in the environment.

In the following, using model Suwannee river NOM, a contrasting role of the eco-corona in the
aggregation behavior of non-weathered versus UV-weathered NPs was elucidated. This was
primarily because UV weathering altered the interaction patterns between NOM and NPs, as
well as the conformational structure of the eco-corona. For non-weathered NPs, hydrophobic
NOM components primarily bound with NPs via hydrophobic and -1 interactions, while
extended hydrophilic NOM segments provide steric repulsion, inhibiting aggregation. In
contrast, for UV-weathered NPs, hydrogen bonding promoted binding of hydrophilic NOM
segments to multiple particles, increasing aggregation through polymer bridging. Both the
stabilizing and destabilizing effects of NOM increased with its concentration and molecular
weight. It highlights the destabilizing role of NOM in weathered NPs, offering new perspectives
on environmental colloidal chemistry and the fate of NPs in complex aquatic environments.

Then the transport and deposition mechanisms of non-weathered versus weathered NPs in
porous media were examined, challenging the assumptions of classical clean bed filtration
theory. It revealed that the inherent physical and chemical heterogeneity of sand grains drived
a two-stage deposition process: an initial stage characterized by both rapid, irreversible and
reversible attachment onto heterogeneous surface domains until site saturation was reached,
followed by a slower, predominantly irreversible attachment onto more homogeneous regions
of the grain surfaces. Both UV-induced weathering and NOM coating made them more
negatively charged, reducing the extent of both irreversible and reversible deposition
compared to non-weathered NPs. As a result, these weathering processes effectively
reshaped NP transport dynamics and screened the retardation effects imposed by surface



heterogeneity. These findings provide valuable insights into how sand surface heterogeneity
and NP weathering influence NP transport and deposition in saturated porous media.

Finally, weathering of sand grains was studied, particularly the development of spatially
heterogeneous natural biofilms, affecting NP transport during RBF. NP transport was
characterized by a two-stage dynamic: an initial stage dominated by favorable attachment,
leading to strong retention and delayed breakthrough, followed by a later stage characterized
by unfavorable attachment. Natural biofilms, particularly in the upper layer of the sand column,
enhanced both favorable and unfavorable NP attachment, with both attachment stages
decreasing with depth and positively correlating with biofilm biomass. In addition, natural eco-
corona formation on NPs in river water suppressed initial favorable deposition while enhancing
unfavorable deposition, ultimately reducing the overall transport potential of NPs through RBF.
It suggests naturally weathered NPs may break through earlier than non-weathered NPs, but
with reduced long-term leaching potential and a lower risk of groundwater contamination.

Overall, the dissertation reveals that the critical role of natural weathering in shaping NP
aggregation and deposition dynamics. It underscores the necessity of incorporating not only
environmentally weathered NPs but also naturally aged aquifer media in experimental designs
to more accurately represent real-world environmental conditions. This enables more reliable
prediction of NP mobility in RBF systems and provides essential mechanistic insights to guide
the development of engineered filtration and decontamination strategies tailored to mitigate
NP contamination in drinking water supplies.
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n Introduction

1.1. Microplastics and Nanoplastics as Emerging Contaminants

1.1.1. Pollution of Microplastics and Nanoplastics in Surface water and Groundwater

The global production of plastics has risen exponentially since the mid-20th century, reaching
nearly 400 million tons annually by 2018 [1]. This surge in production is driven by the
lightweight, durable, and versatile properties of plastics, which have revolutionized modern
industries and daily life [2]. However, this convenience comes at an environmental cost, as
plastic waste is pervasive, poorly biodegradable, and accumulates across diverse ecosystems,
from landfills to the ocean floor [3]. Over time, larger plastic debris undergoes degradation
through processes like photooxidation, abrasion, and microbial activity, fragmenting into tiny
particles [4]. These smaller plastic particles have first drawn scientific attention in the 1970s
when they were identified as an important component of ocean floor debris [5]. The term
“microplastics (MPs),” introduced by Thompson et al. [6], have further heightened awareness
by describing the accumulation of microscopic plastic particles in marine sediments and water
columns, broadening the scope of research on these emerging pollutants. A commonly
accepted classification defines MPs as plastic particles ranging from 1 um to 5 mm. However,
the degradation of plastics does not halt at this stage; MPs can further break down into even

smaller particles known as nanoplastics (NPs), which are typically less than 1 ym in size [7].

Available data on MPs in surface water reveal a wide range of contamination levels, although
they are often reported in inconsistent units. In concordance with global production,
polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), polyamide (PA), and polycarbonate (PC) are frequently detected in
environments [8-10]. An average MP concentration of 1,597 to 12,611 items/m3, with a mean
value of 2,516.7 + 911.7 items/m? has been reported for the Yangtze River in China [11]. MP
concentrations in European rivers typically range from 0-30 items/m3, with occasional
hotspots reaching thousands or even hundreds of thousands of items/m® [12]. Excluding
outliers, averages are 608 and 145 items/m? for the Elbe and Rhine, respectively [13, 14].
These findings indicate that MPs are pervasive contaminants in freshwater environments.
However, due to the challenges in detecting NPs in natural freshwater environments, few
studies have reported on their pollution levels in surface waters. NP concentrations ranged
from 0.283 to 0.793 mg/m? from upstream to downstream along the Fuhe River in China, likely
influenced by high pollution inputs from urban areas [10]. NPs were also detected in all
Swedish lakes and streams (mean 563 mg/m?®), including PE, PVC, PP, and PET, while in
Siberia, they were found in 7/12 water bodies at lower concentrations (mean 51 mg/m?) with
only PVC and PS polymers detected [15].
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Although studies on groundwater MPs and NPs (MNPs) contamination are limited, a few
documented cases provide insights. In four groundwater boreholes of the North West of South
Africa, reported microplastic concentrations averaged 41.7 items/m? for fragments < 600 pm
and 125 items/m? for fibers ranging from 20 ym to > 1.5 mm [16]. In Holdorf, Germany, MP
concentrations in three 30 m deep wells ranged from 0 to 7 items/m?, with an average of 0.7
items/m?®, predominantly between 50-150 um [17]. In contrast, Panno et al. have studied
springs and wells (< 65 m) in karst aquifers in lllinois, USA, detecting MP fibers (> 0.45 pm) in
16 out of 17 samples, with an average concentration of 6400 items/m3 and a maximum of
15200 items/m? [18]. The more open structure of karst systems, featuring crevices, conduits,
and sinkholes, likely facilitates MP entry, with septic releases and runoff identified as major
sources. Bauerlein et al. have reported MP concentrations ranging from 231 to 12,882
items/m?® in groundwater and riverbank-filtered groundwater in the Netherlands [19]. Similarly,
low concentrations of NPs, ranging from 0.021 to 0.203 mg/m®, have been detected in

riverbank groundwater [10].

1.1.2. Nanoplastics Pose Higher Environmental and Health Risks Than Microplastics

Fibers and fragments make up the majority of MPs identified in organisms [20], and their
presence has potential environmental and health risks. Physically, the ingestion of MPs can
cause blockages and damage to the gastrointestinal tract, leading to false satiety, malnutrition,
and even death [21]. Plasticizers and other chemical additives can leach from MPs, causing
severe biological effects, including endocrine disruption and adverse impacts on steroid
hormones, lipid metabolism, and thyroid function [22, 23]. Toxic monomers found in polymers
like PVC, PS, and PC further exacerbate the problem, being linked to reproductive
abnormalities and carcinogenic effects [24]. Moreover, once inside the gastrointestinal system,
MPs not only release their chemical components but also any persistent, toxic organic micro-
pollutant adsorbed on the MPs [25, 26].

In vitro and in vivo studies have demonstrated that MPs, but especially NPs can cause serious
health impacts on the human body, including physical stress, cell damage, apoptosis, necrosis,
inflammation, oxidative stress, and immune responses [27-29]. NPs typically pose a higher
potential for biological effects due to the following reasons. First, their small size enables them
to traverse cellular barriers, potentially leading to greater interference with biological systems
and increased risks to organisms [30]. Second, NPs possess a larger surface area-to-volume
ratio compared to the larger MPs, enabling them to adsorb more toxic organic micro-pollutants
[31], and facilitating easier interactions with the tissues and organs of organisms [32, 33].
Several studies have highlighted various pathways through which MNPs enter the human food
chain, including ingestion by animals in their natural habitats [34], contamination during food

production processes [35], and leaching from plastic packaging of food and beverages [36].
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1.2. Weathering Produces Secondary Microplastics and Nanoplastics

MNPs in environments are categorized based on their sources into primary and secondary
types [37]. Primary MNPs are directly released into the environment in their original small sizes
as a result of industrial processes and specific applications [38]. These include particulate
emissions from industrial production, cosmetic and cleaning products like toothpaste, raw
materials for plastic goods manufacturing, and textile fibers shed during washing or drying [39].
Often referred to as "microspheres” or "microbeads," these MPs come in a range of shapes,
sizes, and compositions [40]. It has been reported that PE accounts for more than 90% of the
microspheres used in cosmetics, with other polymers such as PP, polymethylmethacrylate
(PMMA), PS, and PET also being utilized [41, 42]. The presence of polymeric NPs have also
been revealed in exfoliants, likely an unintended by-products of MP degradation during

production, as their small size prevents them from functioning as exfoliating agents [41].

Secondary MNPs, on the other hand, are generated from the weathering or degradation of
larger plastic debris through exposure to physical, chemical, biological, and microbial
processes [43-48]. Mechanical breakdown involves disintegration and abrasion caused by
interactions between plastics and environmental factors such as sediments, pebbles, waves,
and tidal forces in aquatic systems [49]. Thermal degradation of plastics occurs when the bond
dissociation energy is exceeded, leading to bond breakage [50]. On land, plastics are
particularly vulnerable to thermal degradation in areas such as beaches, where high surface
temperatures can accelerate the process [51]. Solar radiation is the most effective pathway
for plastic degradation [52]. UV-induced oxidative degradation can create a fragile, brittle
surface layer prone to fissures and cracks, leading to the formation of polymer MPs and NPs
through fractures caused by moisture-induced stress, temperature fluctuations, and abrasion
by beach sand grains [52]. Photodegradation has resulted in a 5% weight loss of an expanded
polystyrene box, within one month, generating approximately 6.7 x 107 particles/cm? of MNPs
in regions at a latitude of 34°N [53]. Biological weathering of MPs occurs primarily through
microbial degradation and the processes of ingestion and digestion by organisms. Although
slow and limited, the biodegradation of plastics may occur through enzymatic
depolymerization followed by microbial assimilation and mineralization [54, 55]. The
degradation of MPs through ingestion was also documented, showing that Antarctic krill
(Euphausia superba) can fragment ingested MPs (31.5 ym) into smaller NPs (less than 1 um)
under acute static renewal conditions [7]. Marine and freshwater rotifers also can break down

PS, PE, and photo-aged MPs, releasing tiny particles during ingestion [56].

These weathering processes not only break down large plastics into smaller MPs or NPs but
also alter the physicochemical properties of the primary materials [57, 58]. Beyond surface
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fissuring and progressive fragmentation, UV irradiation induces chromatic shifts in MNPs,
typically manifesting as a transition from white to yellow or black hues [53], with intensifying
pigmentation correlating with prolonged solar exposure. Furthermore, UV weathering can
promote the surface functionalization of MNPs through the introduction of oxygenated groups,
including hydroxyl and carbonyl functionalities [59]. This formation of oxygen functional groups

is also linked to an increase in the surface hydrophilicity and polarity of the MNPs [60].

Biofouling, also referred to as the plastisphere, being the specialized ecosystems that develop
on MPs, represents a distinct form of MNP weathering [61]. The plastisphere comprises
bacteria, fungi, viruses, archaea, algae, protozoa and extracellular polymeric substances
(EPS), that maintain dynamic interactions with the surrounding environment [62]. Plastisphere
formation has been shown to change MP density, thereby altering their buoyancy [63]. The
plastisphere increases the effective density of MPs without a proportional increase in volume,
even leading to the sedimentation of previously buoyant particles [64]. However, due to their
smaller size, NPs exhibit a limited capacity for extensive biofilm formation, but their surfaces
can readily adsorb various components of natural organic matter (NOM), including humic
substances, proteins, and EPS, resulting in the development of an eco-corona [65]. This
organic layer influences the physicochemical properties of NPs, changing their interfacial
characteristics, aggregation behavior, and transport dynamics in aquatic environments (Figure
1.1) [66, 67].

1.3. Nanoplastics Exhibit Distinct Transport Patterns From Microplastics

1.3.1. Fate of Microplastics and Nanoplastics in Aquatic Environments

The transport and fate of MNPs are strongly influenced by their hydrodynamic behavior,

including aggregation, settlement, resuspension, and horizontal transport [68]. Polymer
density plays a crucial role in determining the deposition and mobility of MPs within aquatic
ecosystems. Settling and sedimentation of MPs are primarily governed by gravitational forces,

with high-density MPs tending to settle near riverbeds, while low-density MPs remain buoyant
and float near the surface [69]. For instance, low-density polymers like PP and PE typically
float, whereas high-density polymers such as PVC tend to settle. MP transport occurs through
gravity-driven vertical movement or horizontal displacement due to settling within aquatic
systems [70]. NPs, due to their distinct size characteristics, exhibit a different transport
behavior compared to MPs. The colloidal nature of NPs means that Brownian motion (diffusion)
often dominates over sedimentation and buoyancy forces, resulting in limited vertical transport
in the water column compared to MPs of the same material [71]. According to Stokes’ law, a 1

mm PVC MP would settle in water at a rate of approximately 22 cm/s, whereas a 100 nm PVC

NP would settle at an estimated rate of only 7 cm/year [71]. Consequently, NPs are more likely
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to remain homogeneously dispersed in aqueous systems unless aggregation occurs, which
causes them to behave as larger particles. The distinct size properties of MPs and NPs also
result in different transport processes in porous media, such as soils and sediments [60].
Physical straining or filtration plays a critical role in controlling the transport of MPs in porous
media. It has been suggested that MPs larger than 10 ym are typically filtered out, while
smaller particles have a higher potential to pass through soil pores and arrive in deep soil
layers [72]. The density of MPs also influences their movement; low-density MPs are less likely
to move downward due to buoyancy [73]. The mobility of NPs in porous media generally aligns
with colloidal filtration theory [74], where the classic Derjaguin-Landau-Verwey-Overbeek

(DLVO) interactions predominantly govern NP deposition [75].
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Figure 1.1. Schematic illustration of NP weathering, transport, and fate in aquatic

environments.

1.3.2. Aggregation and Colloidal Stability of Nanoplastics

The aggregation and stability of NPs are primarily governed by DLVO interactions, including
electrostatic and van der Waals forces, which are strongly influenced by water chemistry (e.g.,
pH, ionic strength, and ion valence) in aquatic environments. Typically, NPs carry a negative
charge while a decrease in pH or an increase in ionic strength can compress the electrical

double layer and lower the energy barrier, allowing particles to interact and aggregate due to
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Van der Waals attraction [76, 77]. Therefore, NPs, generally, exhibit minimal aggregation in
freshwater but undergo a stronger aggregation in seawater [78]. Multivalent cations (e.g., Ca?",
Mg?*, and Fe®") are more effective at screening surface charges than monovalent cations (e.g.,
Na* and K*) at equivalent mass concentrations [76, 77]. Beyond this charge screening effect,
these multivalent cations can also serve as cationic bridges, linking particles together and

promoting aggregation [79].

NOM is widespread in aquatic environments and consists of a complex mixture of organic
compounds, including humic acids (HA), microbial excretions, proteins, and polysaccharides
[65]. When NPs interact with NOM, they can develop a diverse organic coating on their
surfaces, referred to as an eco-corona [80]. This eco-corona can alter the physicochemical
properties of NPs, thereby influencing their stability [65]. In monovalent electrolyte solutions,
NOM generally stabilizes NPs through steric repulsion or electrostatic repulsion [81]. However,
in divalent electrolyte solutions (e.g., Ca?*), the interaction between Ca?* and adsorbed NOM
can enhance aggregation via Ca?*-facilitated polymer bridging [76, 77, 82]. NPs are typically
less stable in solutions containing both high concentrations of cations and NOM compared to
solutions with either cations or NOM [83]. A study has demonstrated that a combination of 10
mM cations and 5 mg/L NOM caused extensive aggregation and nearly complete removal of
50-100 nm NPs from suspension, while NPs remained stable when only one of these
components was present [84]. The role of NOM in NP stability is also influenced by the source
and composition of the NOM. In NaCl solutions, the most pronounced stabilization effect was
observed with bovine serum albumin (BSA, a model protein), which has exhibited the largest
hydrodynamic adsorption layer thickness of 21.9 nm, followed by HA, EPS, and sodium
alginate (SA, a model polysaccharide) [82]. In contrast, in CaCl, solutions, SA has caused
considerable destabilization of NPs through bridging with Ca?*, with the destabilizing effect
increasing as concentrations of SA and CaCl; rose. The destabilization effect of the other three
macromolecules followed the order: BSA > HA > EPS [82].

Inorganic colloids, such as clay and metal oxides, also influence the stability of NPs.
Electrostatic interactions typically dominate, depending on the zeta potential of the minerals.
Minerals and NPs with similar charges may repel each other, thereby stabilizing the NPs. As
reported, bentonite clay, which carries a net negative charge at pH 6.0, can help stabilizing
NPs [85]. However, high ionic strength can reduce this electrostatic repulsion between
similarly charged particles, and sorbed multivalent cations may facilitate cation bridging, which
enhances aggregation [85]. Similarly, montmorillonite and kaolinite, both negatively charged,
had no effect on the stability of NPs colloidal suspensions [86]. In contrast, the presence of
positively charged goethite or magnetite reduced NP stability due to a strong electrostatic

attraction between the NPs and the iron oxides [86].
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1.3.3. Nanoplastic Transport and Deposition in Porous Media

NPs can migrate from the topsoil to the saturated zone through infiltration driven by rainfall or
irrigation. Additionally, NPs may be introduced into aquifers through intentional injection
activities. The transport and deposition of NPs are highly influenced by factors such as flow
rates, flow orientations, degree of water saturation [87], solution chemistry (i.e., pH, ionic
strength and valence) [88], and the co-existence of environmental colloids such as NOM [88,
89], and bacteria [90]. Wu et al. have found that as pH increases, the electrostatic repulsion
between soil particles and negatively charged PS NPs also increases, which enhances the
mobility of PS NPs due to the greater negative charge density resulting from the deprotonation
of clay minerals [91]. In addition, divalent cations have facilitated the deposition of NPs on
sand surfaces through cation bridging [92], with deposition decreasing in the order Cs* > K* >
Na* and Ba?* > Ca?* 2 Mg?* [93]. NPs coated with NOM have exhibited lower attachment
efficiencies compared to uncoated NPs due to increased electrostatic repulsion [88, 94], or
the introduction of additional steric repulsion [67, 89]. Specifically, the transport of PS NPs in
saturated porous media has greatly been enhanced by the eco-corona formed from the larger-
sized EPS of Gram-negative Escherichia coli MG1655, compared to the eco-coronas derived
from soil HA and fulvic acids [67]. The negatively charged BSA has enhanced NP transport,
while the positively charged lysozyme has triggered the aggregation of NPs into large clusters,

inhibiting their movement through electrostatic adsorption and bridging effects [89].

The transport of NPs in porous media is also strongly associated with the characteristics of
the porous media itself, including grain size, surface properties, moisture content, and mineral
composition. Studies have shown that as the particle size of the media increases, NP
deposition decreases [95], primarily due to the reduced specific surface area and fewer
adhesion sites for NPs on the larger media surfaces [96]. Most studies on NP migration in
porous media use bare quartz sand columns, but real-world porous media are often more
complex, with varying media properties, affecting NP mobility. Metal oxides, particularly
manganese, aluminum, and iron oxides, are key deposits, formed during soil development.
Under typical pH conditions, these metal oxides are positively charged, facilitating the

retention of negatively charged NPs through electrostatic attraction [88, 94].

Studies on the role of biofilms on NP transport in porous media have been limited to biofilms
cultivated with Pseudomonas aeruginosa, Escherichia coli, or Bacillus subtilis [97, 98]. It has,
e.g., been found that biofilms (Escherichia coli) increased the retention of PS NPs in porous
media by enhancing media surface roughness, narrowing flow paths, and forming hydrogen
bonds between extracellular polymers and PS NPs [97]. Mitzel et al. have also revealed that
biofilm-coated quartz sand retained more PS NPs than uncoated sand, but the deposition

mechanisms differed between hydrophilic (P. aeruginosa 9027) and hydrophobic (P.
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aeruginosa PAO1) biofilm-coated surfaces [98]. NP transport was variable in sand coated with
a hydrophilic biofilm, while transport remained constant over time in sand coated with a more
hydrophobic biofilm [98].

1.4. Riverbank Filtration as Barrier of Colloidal Contaminants

Managed aquifer recharge systems, including riverbank filtration (RBF), soil-aquifer treatment,
and aquifer recharge and recovery, have globally been used to enhance the availability of local
water supplies, because of their high production potential, proximity to areas of demand, and
ease and economics of extraction [99, 100]. RBF has been practiced in Europe for more than
100 years, particularly in countries such as Switzerland, where 80% of drinking water comes
from RBF wells, 50% in France, 48% in Finland, 40% in Hungary, 16% in Germany, and 7%
in the Netherlands [101, 102]. RBF has also been used for nearly half a century in the United
States, especially in the states of Ohio, Kentucky, Indiana, lllinois, among others [103].
Nowadays, some Asian countries (e.g., China, India, and South Korea) have started

developing RBF for drinking water production [94, 104].

During RBF, the removal of pollutants through physical, chemical, and biological processes
can take place between surface water and groundwater and with substrates [105, 106]. Using
its natural filtration function, RBF is efficient in removing colloidal pollutants in rivers, such as
turbidity [103], pathogenic micro-organisms [107, 108], and engineered nanoparticles [109].
Most studies have focused on the attenuation of pathogenic micro-organisms (i.e., viruses,
bacteria, and protozoa) during RBF, with the main removal mechanisms being inactivation,
straining, and attachment to the aquifer grains (adsorption) [103]. Inactivation can happen with
the disruption of coat proteins and the degradation of nucleic acids [103]. Depending on the
particle size and that of the pore throats, physical straining is the most important removal
mechanism of microbial particles [108]. Flocculation with other colloids in the water might
increase in particle size and density, enhancing the removal of pathogenic micro-organisms
[101]. Finally, surface interactions such as electrostatic interaction, hydrogen bonding and
hydrophobic interaction, may also take place between pathogenic microorganisms and soil
particles, contributing to their removal [110]. The removal mechanisms of engineered NPs in
RBF systems have been found to be similar to bio-colloids, although limited studies on their
removal in realistic RBF systems exist [109, 111]. Bauerlein et al. have reported MP
concentrations ranging from 231 to 12,882 particles/m® in river water and RBF-treated
groundwater in the Netherlands, with MP levels reduced by 78% to 98% through RBF [19].
The observed lower NP concentrations in riverbank groundwater (0.021-0.203 mg/m?)

compared to surface water (0.283-0.793 mg/m?®), was also likely due to the filtration efficiency
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of the RBF [10]. Although RBF potentially contributes to the attenuation of MNPs, low levels

can still be detected in filtered groundwater, indicating that the removal is incomplete.
1.5. Research Outline

1.5.1. Research Objective

Understanding the transport and fate of NPs in natural waters and during RBF is critical for
ensuring clean water production. However, the weathering of NPs in natural waters through
processes such as UV exposure and eco-corona formation, as well as the weathering of sand

grains by natural biofilms in RBF sediments add complexity to understand their behavior.

Therefore, the overall objective of this dissertation is to explore how these natural weathering
processes change NP character in natural waters and influence their transport dynamics
during RBF, and to translate these insights into an improved predictive model, simulating the
fate of NP during RBF.

1.5.2. Research Gaps

(1) Weathering, particularly UV-induced weathering, serves as a pivotal driver in the
generation of secondary MNPs, which exhibit divergent transport dynamics and environmental
fate compared to their primary counterparts. However, a thorough review of research on the
physical, chemical, and biological impacts of UV-weathered MNPs in both aquatic and

terrestrial ecosystems is missing.

(2) The aggregation dynamics of NPs are profoundly modulated by weathering processes,
including UV-induced degradation and the formation of eco-coronas through NOM. Studies
utilizing commercially available NPs, representative of primary NPs, have demonstrated that
NOM adsorption affects NP aggregation. However, UV-weathered NPs, which mimic
environmentally relevant particles, exhibit distinct surface properties that may enable the
formation of a distinct eco-corona. How UV weathering affects the interaction of NPs with NOM

and, consequently, alters NP aggregation, remains largely unexplored.

(3) Natural filtration systems, such as RBF, play a crucial role in enhancing water quality by
retaining contaminants, including NPs, within sediment matrices. Understanding the transport
and deposition mechanisms of NPs in porous media is fundamental to assess their removal
efficiency and potential risks in these processes. While existing studies have offered valuable
insights into how UV weathering and NOM adsorption increase or reduce NP transport, a

comprehensive understanding of their transport dynamics and mechanisms remains lacking.

(4) Natural sand grains can also undergo weathering processes, such as biofilm formation,

which are critical for contaminant attenuation during RBF. However, their role in NP removal
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remains incompletely understood. Previous studies on NP mobility in porous media have
predominantly employed simplified, homogeneous biofilms cultivated from model bacteria
(e.g., Pseudomonas aeruginosa, Escherichia coli). In addition, in natural RBF systems,
biofilms exhibit pronounced spatial heterogeneity along infiltration gradients due to oxygen
and nutrient depletion, leading to stratified microbial communities (aerobic, anoxic, anaerobic
zones). Model studies have not yet addressed the impact of spatial heterogeneity in sand
grains. Bridging this knowledge gap is critical to refining predictive frameworks for NP transport
in RBF systems, ensuring they account for the spatial heterogeneity and dynamic interactions

inherent in natural biofilms under environmentally realistic scenarios.

1.5.3. Research Questions and Outline

RQ 1. What is the current knowledge and perspectives on the role of UV weathering in shaping

MNP transport, fate, and ecological risks across ecosystems?

In Chapter 2, current knowledge and existing discrepancies regarding the effects of UV
weathering on the physical behavior (contaminant adsorption dynamics, colloidal stability, and
mobility of MNPs and associated pollutants), chemical processes (photochemical interactions
with co-existing constituents), and biological impacts (ecotoxicological risks to aquatic
organisms, biofilm formation dynamics, planktonic microbial activity, and structural/functional

shifts in soil/sediment microbial communities) of MNPs in ecosystems are critically evaluated.

RQ 2. What is the role of NOM in the aggregation dynamics of non-weathered NPs versus
UV-weathered NPs?

Chapter 3 focuses on NP aggregation studies. The effects of weathering are reported,
including UV-induced oxidation and NOM adsorption, on the physicochemical properties of PS
NPs. Furthermore, the distinct role of NOM in regulating the colloidal stability of non-weathered
and UV-weathered NPs are described. For this purpose, PS NPs were UV-aged using an
artificial accelerated photooxidation method. Bulk Suwannee River NOM and its molecular
weight (MW) fractions (< 3 kDa, 3—10 kDa, 10-30 kDa, and 30 kDa-0.05 ym) were prepared.
Aggregation behavior of non-weathered and UV-weathered NPs was monitored using time-
resolved dynamic light scattering (DLS), both in the absence and presence of NOM fractions,
and DLVO and polymer-mediated steric models were applied to predict and understand the

size-dependent roles of NOM in NP aggregation.

RQ 3. How do the deposition mechanisms differ between non-weathered and weathered NPs

in saturated porous media?

Chapter 4 aims to elucidate the deposition mechanisms of non-weathered and weathered NPs
in saturated porous media. Therefore, commercial PS NPs were used as a model for non-
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weathered NPs. To simulate environmental aging, these NPs were exposed to UV irradiation
using a mercury lamp, producing UV-weathered PS NPs. Additionally, Suwannee River NOM
was incubated with both non-weathered and UV-weathered PS NPs to generate NOM-
weathered NPs. To further study the influence of NOM characteristics, NOM was fractionated
by MW, and each fraction was used to assess how NOM size modified NP surface properties
and affected deposition behavior. Breakthrough curves were obtained for both non-weathered
and weathered NPs in saturated porous media. Deposition mechanisms were interpreted
using two modeling approaches: the two-site kinetic model and the equilibrium-kinetic model.
These were further supported by DLVO and extended DLVO (XDLVO) theories to reveal the
interaction forces and underlying mechanisms governing NP deposition.

RQ 4. What is the effect of spatial heterogeneity of biofilm during riverbank filtration on the
transport of NPs?

Chapter 5 aims to elucidate how the spatial heterogeneity of biofilms influences NP transport
and removal, with the goal of improving predictive models for RBF systems. To this end, we
constructed multiple long columns packed with clean quartz sand and continuously fed them
with river water collected from an RBF site in the Netherlands, enabling biofilm development
over periods of 1, 3, and 6 months. After biofilm maturation, each long column was segmented
into short sections representing distinct depth intervals, which were subsequently used for NP
transport experiments. We first investigated how biofilm-induced heterogeneity affects NP
transport dynamics. We then analyzed the relationship between spatial biofilm characteristics
and NP retention or mobility. In addition, we compared the transport behavior of pristine NPs
in synthetic water with that of environmentally weathered NPs in natural river water to assess
the impact of eco-corona formation and a natural water matrix on NP mobility. Finally, we
employed transport modeling approaches that incorporate biofilm heterogeneity to better

predict NP retention and transport in RBF systems.

Chapter 6 summarizes the overall conclusions and implications of the thesis, discusses the

research’s limitations, and outlines directions for future work.



Chapter 2

Photo-oxidation of Micro- and Nano-plastics: Physical, Chemical and

Biological Effects in Environments

' Photo-oxidation of Microplastics and Nanoplastics
Q. OOQ’ K
%
) ® 025,3 St
Physical Effect [ )
° (L' 2 < f/‘

/ a @  Chemical Effect ons ’é e,

This Chapter is based on

Xu, Y.; Ou, Q.; van der Hoek, J. P; Liu, G.; Lompe, K. M., Photo-oxidation of Micro- and
Nanoplastics: Physical, Chemical, and Biological Effects in Environments. Environ Sci Technol
2024, 58, (2), 991-1009.



Photo-oxidation of Micro- and Nano-plastics: Physical, Chemical and Biological Effects in

IEEETE Environments

Abstract

Micro- and nano-plastics (MNPs) are attracting increasing attention due to their persistence
and potential ecological risks. This review critically summarizes the effects of photo-oxidation
on the physical, chemical, and biological behaviors of MNPs in aquatic and terrestrial
environments. The core of this paper explores how photo-oxidation-induced surface property
changes in MNPs affect their adsorption toward contaminants, the stability and mobility of
MNPs in water and porous media, as well as the transport of pollutants such as organic
pollutants (OPs) and heavy metals (HMs). It then reviews the photochemical processes of
MNPs with co-existing constituents, highlighting critical factors affecting the photo-oxidation of
MNPs, and the contribution of MNPs to the photo-transformation of other contaminants. The
distinct biological effects and mechanism of aged MNPs are pointed out, in terms of the toxicity
to aquatic organisms, biofilm formation, planktonic microbial growth, and soil and sediment
microbial community and function. Furthermore, the research gaps and perspectives are put
forward, regarding the underlying interaction mechanisms of MNPs with co-existing natural
constituents and pollutants under photo-oxidation conditions, the combined effects of photo-
oxidation and natural constituents on the fate of MNPs, and the microbiological effect of photo-

aged MNPs, especially the biotransformation of pollutants.

2.1. Introduction

With the high production and wide use of plastics, and the lack of effective waste disposal and
recycling methods, plastics are increasingly accumulating in the environment [112]. It is
estimated that 19 to 23 million metric tons (11%) of global plastic entered aquatic ecosystems
in 2016, and annual emissions may reach 53 million metric tons per year by 2030 [113]. In
recent decades, small plastic particles called microplastics (MPs; 1 ym—5 mm in size) have
attracted widespread attention in the world [114]. A part of the MPs in the aquatic environment
comes from the direct discharge of wastewater treatment plants and overland runoff, and the
other part mainly comes from the mechanical, chemical, and/or biological degradation
processes of large pieces of plastics [43-48]. Nanoplastics (NPs) are considered an extension
of MPs but considerably differ from MPs in terms of transport characteristics, interactions with

environmental constituents, bioavailability, and ecological risks [115, 116].

In the environment, Micro- and nano-plastics (MNPs) can undergo a series of weathering
processes, mainly including mechanical fragmentation, photo-oxidation, thermal-degradation,
and biodegradation [117]. Photo-oxidation by sunlight is considered to be the most critical
cause of polymer aging, which increasingly attracted attention over the past years [118]. Up
to March 2023, the total number of publications was 1892 based on the search results of the

Web of Science with the following keywords: microplastic* or nanoplastic* and photo* or light*
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or ultraviolet* or UV*. The number of publications continuously increased from 68 in 2018 to
611 in 2022. Photo-oxidation of MNPs is a complex process involving free radicals such as
alkyl, peroxyl, alkoxyl and hydroxyl radicals (*OH) [119], usually resulting in the change of
physicochemical properties of MNPs, and inducing their fragmentation and leaching of organic
matter like polymer molecules and additives [120]. Photo-oxidation of MNPs in the
environment is highly influenced by coexisting natural constituents of the surrounding matrix
(e.g., ions, minerals, and natural organic matter or NOM) [121, 122]. Notably, the presence of
environmental constituents such as anions, cations, and minerals may accelerate the photo-
oxidation of MNPs by promoting the generation of reactive oxygen species (ROS) [122-124].
On the other hand, some constituents like anions and NOM may inhibit the photo-oxidation of

MNPs by either shielding light or scavenging ROS, although some debates exist [125-127].

The modification of surface properties after photo-oxidation, such as increased O-containing
functional groups and decreased hydrophobicity, can change the fate of MNPs in the
environment [128, 129]. For instance, the effect of photo-oxidation generally increased
colloidal stability and mobility of NPs in water and porous media [129-131], but this effect might
be different depending on the water chemistry (e.g., salt types) [128, 132], the presence of
NOM [83, 133], and minerals in environments [128, 129, 134]. As carriers of environmental
contaminants, MNPs can adsorb the surrounding chemical substances and mediate their
transport in the environment [60]. The photo-oxidation of MNPs may enhance or reduce the
adsorption capacity toward pollutants [135], and thus change the mobility of pollutants [60,
136]. Liu et al. reported that the photo-aged PS NPs increased the mobility of both nonpolar
(pyrene) and polar contaminants (4-nonylphenol) in saturated loamy sand compared to
pristine NPs due to increased binding with contaminants [136]. In addition to affecting the
adsorption behavior of other contaminants, the photo-oxidation of MNPs may also produce
environmentally persistent free radicals (EPFRs) and ROS, and mediate the photo-chemical
transformation of pollutants, such as organic pollutants (OPs) [137, 138], heavy metals (HMs)
[139], and engineered nanoparticles (ENPs) [140, 141]. The modified surface properties, the
generated EPFRs and ROS, and the leached polymer molecules and additives of MNPs after
photo-oxidation can also change their toxicities to organisms and affect microorganisms in the
surrounding matrix, such as biofilm formation on MPs [142], the growth of planktonic microbes
[143, 144], as well as the microbial community in soil and sediment systems [145, 146]. All in
all, photo-oxidation can influence the physical, chemical, and biological processes of MNPs in

aquatic and terrestrial environments.

Currently, several reviews have summarized the weathering processes of MPs and
corresponding effects on the environmental behavior of MPs, mainly considering the different

weathering processes and mechanisms, and the effect of weathering on the properties,
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adsorption, and toxicity of MPs [58, 117, 147-149]. However, few of them have thoroughly
considered the physical, chemical, and biological effects of photo-oxidation of MNPs in the
environment. In the last two years, an increasing number of studies have focused on
understanding the process of photo-oxidation and its impact on different types of MNPs, as
well as the effect of environmental constituents on this process [122, 124, 126, 150-152].
Furthermore, research on the influence of photo-oxidation of MNPs on the adsorption and
photo-chemical transformation of other pollutants has gained more attention [151-154]. The
biological effect of photo-oxidized MNPs on organism activity, especially microbial community
composition and function has also become a subject of interest among scholars [142, 144,
155]. More importantly, the photo-oxidation process and the physical, chemical, and biological
behavior of MNPs are mutually associated and inseparable. Thus, it is necessary to give a
critical review of recent research on the physical, chemical, and biological effects of photo-

aged MNPs in aquatic and terrestrial environments.

Firstly, this article introduces the photo-oxidation process and physicochemical changes of
MNPs. Secondly, the physical effect of photo-oxidation of MNPs on the adsorption behavior
toward pollutants, the colloidal stability of MNPs, as well as the transport behavior of MNPs
and associated pollutants in porous media are discussed. Next, it dissects the effect of critical
factors on the photo-oxidation of MNPs, and the mediated role of MNPs in the photo-
transformation of environmental pollutants. Moreover, this article assesses the effect of photo-
oxidation of MNPs on the toxicity and its mechanism to organisms, plants and the
microbiological effect on a variety of environmental microorganisms. Finally, knowledge gaps

are pointed out and avenues for future research are suggested.

2.2. Photo-Oxidation of MNPs

Sunlight irradiation is the most important aging process for MNPs in the environment [156].
Sunlight is mainly composed of infrared (wavelength A between 700 nm and 1 mm), visible (A
= 400-700 nm), and UV (A = 100—400 nm) [157]. The UV fraction of light irradiation with high
energy plays a critical role in the weathering of MNPs [158]. It is estimated that the global
average solar irradiance received on Earth is 16.4—34 m\W/cm? over a 24-hour day [159]. The
photo-oxidation of MNPs has been extensively studied in experiments to accelerate aging with
artificial light sources, mainly gas discharge lamps such as xenon, mercury, fluorescent and
metal halide lamp, with UV intensities ranging from a few to tens of mW/cm? [117, 125, 158,
160]. The extent of photo-oxidation is determined by the UV dose (kJ/cm?) that is a product of
solar irradiance (mW/cm?) and exposure time. Photo-oxidation experiments on MNPs are
typically carried out in aqueous and aerial environments, commonly involving the participation

of oxygen (O2) and water [161]. Notably, in the laboratory, the mechanical agitation is typically
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combined with UV radiation to simulate hydraulic disturbance and to facilitate the mixing of
samples. This can accelerate the photo-oxidation and disintegration to some extent by

exposing the sample to more oxygen and UV radiation, as well as mechanical fragmentation.

The photo-oxidation first occurs on the surface of MNPs and produces highly reactive organic
radicals and ROS that are involved in the radical reactions [158]. In some cases, photo-
oxidation can also lead to the formation of relatively stable EPFRs [161]. Typically, along with
the generation of alcohols, ketones, olefins, and aldehydes, carboxylic acids and eaters, vinyl
groups and O-containing functional groups, such as carbonyl, carboxyl and hydroxyl groups
can be formed during the photo-oxidation of MNPs [162]. The yellowing of the polymer is a
typical sign of the generation of the chromophore [53]. At the same time, significant changes
in surface properties can be observed, including increased surface roughness, specific
surface area (SSA), polarity, hydrophilicity, negative charges [60, 117]. With further oxidation
with time, it gradually develops to the inner layer [163]. The molecular weight of the polymer
is reduced, the original physical properties are modified, and the material becomes fragile and
more prone to fragmentation. Finally, the photo-oxidation can result in the leaching of DOC

and additives [164], and further mineralization [165].
2.3. Physical Behavior of MNPs After Photo-Oxidation

2.3.1. Adsorption of Contaminants

MNPs can act as vectors of environmental contaminants, such as OPs and HMs, and thus
affect the transport of contaminants by MNPs in the environment and induce ecological risks
[43]. The effect of photo-oxidation on the adsorption behavior of MNPs is studied using batch
adsorption experiments by determining adsorption kinetics and adsorption isotherms. The
Langmuir and Freundlich models are the most commonly used models to describe adsorption
of contaminants on pristine and aged MNPs, indicating mono- or multi-layer adsorption
processes on heterogeneous surfaces [135, 166, 167]. The influence of photo-oxidation on
the adsorption behavior of contaminants on MNPs mainly depends on three mechanisms
(Figure 2.1): (1) the increase in surface roughness and SSA of aged MNPs could provide more
adsorption sites for contaminants [166, 168], (2) decreased hydrophobicity and increased O-
containing functional groups can change adsorption affinity of contaminants to MNPs
mediated by hydrophobic or hydrophilic interaction [151, 169], and (3) increased
electronegativity of aged MNPs could influence the electrostatic interaction between MNPs
and charged OPs and HMs [170, 171].
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Figure 2.1. Effect of photo-oxidation of MNPs on the homo-aggregation, hetero-aggregation,

and adsorption behaviors towards pollutants.

Organic pollutants. Various forces including hydrophobic interaction, TT—1 bond, electrostatic
interaction, and H-bond may mediate the interaction between MNPs and OPs (See Table S1
for details on the adsorption capacity and mechanism of photo-aged MNPs towards OPs)
[172]. The hydrophobicity of hydrophobic OPs can be evaluated with the partition coefficient
of n-octanol/water (log Kow), which is linearly correlated with their adsorption on MNPs via
hydrophobic interaction [135, 173]. Generally, due to the increase of O-containing functional
groups, the hydrophobic interaction between MNPs and hydrophobic OPs will decrease with
the photo-oxidation [174]. m—1 bond commonly occurs between aromatic MNPs (e.g., PS,
PET, and PC) and OPs with C=C bonds or benzene rings [166]. As typical aromatic polymers,
photo-oxidation of PS MNPs can lead to a decrease in aromatic components and an increase
in O-containing groups [175]. Liu et al. reported that the adsorption of bisphenol A on aged PS
MPs was reduced due to the decrease of the hydrophobic interaction and -1 bonds [152].
For hydrophilic and polar OPs with abundant O- or N-containing groups, the H-bonds control
their adsorption process on aged MNPs [176]. Several studies reported that the adsorption
ability of MNPs for hydrophilic compounds enhanced after photo-oxidation as they can form
strong H-bonds [170, 172, 177]. For example, Fan et al. found that the maximum adsorption
capacity (Qmax) of antibiotic on aged PLA and PVC MPs (1.29 kJ/cm?) were 1.2-2.2 times and
1.3-1.6 times higher than on the pristine MPs, respectively [177]. For charged OPs,
electrostatic interaction also affects their adsorption on MNPs [170]. MNPs are commonly

negatively charged under environmental pH conditions, and photo-oxidation could increase
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the negative charges of MNPs due to the increase in O-containing functional groups [167].
Theoretically, photo-oxidation can decrease or increase the interaction between MNPs and

negatively or positively charged OPs via electrostatic repulsion or attraction [167].

However, the actual situations are more complex and depend on many factors such as the
physicochemical properties of OPs, oxidation degree, and polymer type of MNPs. For example,
the adsorption of benzalkonium chlorides (BAC) on pristine/photoaged MPs was related to the
length of the saturated fat chains: the adsorption capacity of relatively hydrophobic BAC14 and
BAC1 on aged PE MPs decreased by 19% compared with pristine PE MPs, but that of
relatively hydrophilic BAC1, increased by 22% due to hydrophilic interaction and weak
chemical interactions [135]. Therefore, during photo-oxidation, the adsorption of OPs on MNPs
is not determined by one force, but the result of a variety of forces. Liu et al. reported that
hydrophobic and 1—11 interaction controlled the adsorption of atorvastatin and amlodipine on
pristine PS MPs while electrostatic interaction and hydrogen bonding controlled their
adsorption on aged PS MPs [167]. Particularly, the adsorption capacity of atorvastatin on PS
MPs decreased first and then increased with prolonged oxidation time, indicating the change
of dominant forces [167]. Thus, the UV dose also plays an important role in the adsorption of
OPs on the surface of MNPs. In addition to oxidation time, the oxidation degree of MNPs could
be affected by the light source and polymer type of MNPs. For instance, Liu et al. and Fan et
al. reported that the adsorption capacity of ciprofloxacin (CIP) on aged MPs (e.g., PS, PVC,
and PLA) was higher than on pristine MPs [170, 177]. Lin et al. found that the adsorption of
CIP reduced on PS, PE, PET and PVC MPs after UV treatment, but increased on PVC MPs
after vacuum UV treatment [166]. The distinct adsorption phenomenon of CIP on aged PVC
MPs in different publications might be related to different oxidation degrees of MPs and
influenced by UV treatment time and polymer type. Similarly, Wang et al. suggested that the
order of adsorption capacity of atrazine on pristine MPs was PS > PE > PP, while that on aged
MPs was aged PE > aged PP > aged PS, which was explained by varying degrees of increase
in surface roughness and SSA of aged MPs [172]. Overall, photo-oxidation changes the
adsorption of OPs on MNPs by influencing forces such as hydrophobic interaction and H-bond,

which is also dependent on the oxidation degree and physicochemical properties of OPs.

Heavy metals. Different from OPs, photo-oxidation typically promotes the adsorption
performance of MNPs to HMs [118, 168, 169, 178-180]. First of all, photo-oxidation can
enhance the surface roughness and SSA of MNPs, and thus promote the adsorption of HMs
[118, 180]. With increasing aging time, the surface of PS NPs significantly generated pores
and became rough, and the adsorption of five heavy metal ions (Pb?*, Cu?*, Cd?*, Ni?*, and
Zn?*) was enhanced [118]. The increase in surface negative charges after UV irradiation also

facilitates the adsorption of HMs due to enhanced electrostatic attraction. For example, the
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average zeta potential of tire wear particles (TWP) reduced from -8.0 to -14.6 mV and PP
MPs from -5.4 to =9.5 mV after a UV dose of 0.86 kJ/cm?, and thus the orders of adsorption
capacity of MPs towards Cd?* and Pb?* followed aged TWP > aged PP > pristine TWP >
pristine PP [178]. At the same time, the surface O-containing functional groups of aged MPs

can strongly adsorb HMs via ion complexation [168].

HMs do not exist alone and may coexist with other contaminants like OPs. Several studies
also reported the synergistic or competitive adsorption of HMs and OPs on aged MNPs [181,
182]. Xue et al. suggested that the photo-oxidation promoted the co-adsorption of Cu(ll) and
oxytetracycline (OTC) on thermoplastic polyurethanes (TPU) MPs, due to the increased
surface roughness and functional groups [182]. The synergistic effect was due to the bridging
role of Cu(ll) and the production of Cu(ll)-OTC complex [182]. Zhou et al. also reported that
rough surface and O-containing functional groups on aged PS and PVC MPs were responsible
for the adsorption of CIP and HMs, while CIP had negative and positive impacts on the
adsorption of Cu(ll) and Cr(VI) by aged MPs [181]. The negative impact of CIP on the
adsorption of Cu(ll) may be due to the competitive adsorption and high steric hindrance effect,
while non-specific interactions between CIP-Cr(VI) complexes and the heterogeneous surface
of aged MPs as well as CIP bridging promoted the adsorption of Cr(VI) on aged MPs [181].

Generally, HMs are characterized by positive charges and high complexing capacity with
negative charged groups while OPs exhibit complexity due to variations in hydrophobicity and
charge. Therefore, the photo-oxidation typically increases the adsorption capacity of MNPs
towards HMs via electrostatic attraction and ion complexation. However, the effect of photo-
oxidation on the adsorption of OPs varies, influenced by diverse forces such as hydrophobic
interaction, electrostatic interaction, -1 bonds, and H-bonds, depending on the polymer type
and oxidation degree of MNPs and physicochemical properties of OPs.

2.3.2. Colloidal Stability in Water Media

Colloidal stability including homo-aggregation (aggregation with themselves) and hetero-
aggregation (aggregation with other colloids) is critical to evaluate the fate, transport and
potential toxicity of MNPs, especially NPs, in aquatic environments [115, 116]. Dynamic light
scattering (DLS) is a widely used technique to determine the aggregation process and colloidal
stability of MNPs by measuring the change in hydrodynamic size of MNPs over time. The initial
stage of NP aggregation, characterized by an increase in aggregation rate with increasing
ionic strength, is referred to as the reaction-limited stage [82]. The subsequent stage that the
aggregation rate of NPs reaches a maximum and remains constant as ionic strength is further
increased is known as the diffusion-limited stage [175]. The critical coagulation concentration

(CCC) is the ionic strength at which the transition from the reaction-limited stage to the
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diffusion-limited stage occurs. CCC can be used as an indicator of the stability of NPs in
solution, with higher CCC values indicating greater stability [183]. By modifying the surface
properties of NPs and affecting their interaction with environmental substances, photo-
oxidation can also influence their homo-aggregation and hetero-aggregation behaviors (See

Table S2 for details on the influence of photo-oxidation on the colloidal stability of NPs).

Stability in the presence of monovalent and divalent cations. The photo-oxidation can influence
the aggregation behavior of NPs by changing their interaction forces [128, 132]. Liu et al.
reported that the CCC values of PS NPs exhibited a linear increase from 450 to 760 mM as
the UV-radiation time was extended from 0 to 24 h (R?=0.975) in the presence of NaCl [128].
Generally, the zeta potential of NPs became more negative with longer exposure to UV
irradiation, which enhanced the electrostatic repulsion between NPs and colloidal stability of
PS NPs in monovalent solutions [128]. Mao et al. suggested that reduced hydrophobicity of
aged PS NPs was responsible for the reduced aggregation due to enhanced hydration
repulsion [130, 175]. That is, photo-aged NPs contained more hydrophilic O-containing groups
that easily form H bonds with water, and this hydration layer blocked the aggregation of NPs
[133, 175]. In addition, photo-oxidized NPs could release organic molecules into solution,
which may also induce the stabilization of PS NPs due to steric repulsion [128]. Therefore,
increased electrostatic repulsion, hydration force, and steric hindrance could explain the
increased stability of NPs in the presence of monovalent cations after photo-oxidation. Cases
are different in the presence of divalent cations. The O-containing functional groups of UV-
irradiated NPs could bridge with Ca2*, which significantly reduced their stability in CaCl.,
solutions [128, 133]. According to Liu et al., a negative linear correlation (R?=0.811) was

observed between the CCC values and UV exposure time [128].

In contrast, several studies concluded that photo-oxidation did not promote the aggregation of
PS NPs in the presence of monovalent cations [132, 184]. Zhang et al. showed that simulated
sunlight irradiation for 2 h exhibited a negligible effect on the aggregation of PS NPs [184].
Wang et al. reported that pristine PS NPs are coated with sulfate groups, which were degraded
first by photo-oxidation, thereby reducing the negative charges of PS NPs and enhancing their
aggregation [132]. The discrepancies may be attributed to differences in aggregation
experiment design. Different from traditional aggregation studies, Zhang et al. studied the
aggregation of NPs in phosphate buffer solutions (PBS, 1.0 mM) by observing the change in
hydrodynamic size over 7 days in a oscillator [184]. It might be difficult to observe a significant
difference at low ionic strength due to the high stability of PS NPs [132]. Wang et al. studied
the aggregation of NPs under low-intensity UV exposure (0.0007 kJ/cm?), which induced
slower polymer oxidation than in other studies [128, 133]. Therefore, the stability of PS NPs

may first decrease and then increase in monovalent cationic solutions with the destruction of
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sulfate groups and subsequent generation of O-containing groups during the photo-oxidation
process [128, 132]. Similarly, the decreased stability of PS NPs-NH» was also observed after
photo-oxidation due to the first oxidation of surface sulfate and amine groups [132]. Thus, it is
essential to take into account the impact of UV dose that may affect the outcome when
designing relevant experiments. Notably, Zhang et al. observed that the hydrodynamic size of
pristine PS NPs increased from 99 to 299, 444 and 833 nm after photo-oxidation under UV
dose of 39.5, 78.9 and 157.8 kJ/cm?, respectively, which was explained by the crosslinking of
PSe or PSOO- and subsequent production of PS-PS or PSOOPS [185]. As reported, if O;
content is insufficient to react with these radicals, crosslinking reactions are more likely to
occur instead of direct chain scission [186]. Given that the details of the aging experiments,
such as the concentrations of dissolved Oz and PS NPs, were not clearly defined [185], further
investigation is necessary to determine whether the crosslinking of PS NPs could occur and

lead to the aggregation of NPs under UV exposure.

In addition, several studies compared the aggregation behavior of normal PS NPs with
carboxyl-functionalized PS NPs (PS-COOH) that may simulate surface properties of photo-
oxidized PS NPs to some extent [77, 183]. However, the reported CCC values of PS-COOH
in NaCl solutions were not higher than those of bare PS NPs (191 mM vs 264 mM, and 308
mM vs 310 mM), suggesting that PS-COOH may exhibit lower stability [77, 183]. Therefore,
although conducting experiments with PS-COOH can be useful in exploring relevant
mechanisms, it is important to recognize that these particles may differ from UV-aged NPs in
important ways. Firstly, UV exposure can induce changes in the physicochemical properties
of PS NPs that may not be fully replicated by carboxyl-functionalization alone. Secondly,
commercial PS and PS-COOH particles may be manufactured differently, which can make

direct comparisons between the two difficult or unreliable.

Stability in the presence of natural colloids. In addition to influencing the homo-aggregation of
individual NPs, photo-oxidation can also affect the interaction or hetero-aggregation of NPs
with other environmental colloids. Adsorption of environmental and biological macromolecules
on NP surfaces is well-studied to enhance the stability of NPs in monovalent cationic solutions
due to steric repulsion [82, 183]. The photo-oxidation of NPs were reported to reduce their
adsorption capacity toward organic molecules (e.g., HA, lysozyme, and alginate) and the
thickness of adsorption layer, thereby decreasing the inhibitory effect of steric repulsion on
subsequent aggregation of NPs [83, 133, 175]. However, as opposed to HA, the inhibitory
effect of bovine serum albumin (BSA) on the aggregation of PS NPs was strengthened after
photo-oxidation due to stronger hydrogen bonding and electrostatic attraction between O-
containing functional groups on aged NPs with amide groups of BSA [83]. Dissolved black

carbon (DBC) was reported to enhance the aggregation of PS NPs in monovalent cationic
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solutions as the strong interaction between aromatic constituents of DBC and PS NPs partially
screened negative charges of PS NPs; the photo-oxidation decreased the interaction between
DBC and PS NPs, and decreased the promoting effect of DBC on the aggregation of PS NPs
[175].

Photo-oxidation can also alter the interaction between natural minerals and NPs, affecting
their aggregation and sedimentation in environments. Zhang et al. suggested that positively
charged iron oxides (e.g., goethite and magnetite) showed stronger interactions with aged PS
NPs than pristine PS NPs due to increased electrostatic attraction and ligand exchange [134].
Although the aged PS NPs were more negatively charged than pristine PS NPs, the enhanced
adsorption of aged PS NPs on negatively charged clay minerals (e.g., kaolinite and
montmorillonite) was also observed, which was attributed to strong ligand exchange between
O-containing functional groups with hydroxyl groups on mineral surfaces [134, 187, 188].
Consequently, the stronger interaction between aged PS NPs and minerals compared to
pristine NPs, makes the aged NPs more susceptible to hetero-aggregation, adsorption and
co-precipitation with the minerals [134]. Therefore, the photo-oxidation of NPs can enhance
or reduce the interaction or hetero-aggregation with natural colloids depending on distinct

interfacial interaction, and further affect the aggregation of NPs in complex water media.

However, NPs were unlikely to undergo photo-oxidation alone, as the co-existing natural
substances might take part in the photo-oxidation of NPs complex systems. These natural
colloids may undergo photo-transformation or affect the photo-oxidation of NPs, and
subsequently affect the stability of NPs. For example, HA might compete with NPs for photons
and undergo photo-degradation, and the destruction of adsorbed HA increased (in NaCl) or
decreased (in CaCl,) the aggregation of NPs [83]. However, light irradiation induced the
flocculation of BSA molecules that wrapped and integrated NPs, resulting in the formation of
large aggregates [83]. Giri et al. observed a significant increase in the hydrodynamic diameter
when NPs were photo-oxidized (48 h) with microalgae extracellular polymeric substances
(EPS), compared to the case that NPs were aged in the lake water medium alone (without
EPS), which was explained by the formation of EPS layer on NPs during the photo-oxidation
process [189]. Although the mechanism was not mentioned, the increased particle size might

contribute to the hetero-aggregation between NPs and photo-flocculated EPS [83, 190].

2.3.3. Transport Behavior in Porous Media

Soil and sediment are not only a sink of MNPs, but may also represent potential sources of
MNPs pollution in groundwater systems [60, 191, 192]. The transport and deposition process
of MNPs in soil and sediment were commonly studied using porous media transport
experiments and quartz crystal microbalance with dissipation (QCM-D) [97, 193-195].
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Although no studies have reported this, photo-oxidation of MNPs may decrease the particle
size and thus increase its migration into the pore throat of soil and sediment media. Photo-
oxidation can also influence the mobility of MNPs in porous media by changing the surface
properties of MNPs and hence the interaction between MNPs and soil media [129, 136, 175].
In addition, MNPs in soils are likely to adsorb a variety of contaminants such as OPs, HMs,
and ENPs, and affect their transport in soils [43, 196, 197]. As reviewed above, by changing
their adsorption capacity towards these contaminants, photo-oxidation of MNPs might

increase or reduce the mobility of contaminants.

Enhanced mobility of MNPs. Typically, photo-oxidation can increase the mobility of MNPs in
porous media [129, 136]. Consistent with the predictions of the classic DLVO theory, Ren et
al. demonstrated that photo-aged PS MPs displayed increased mobility in both sandy and clay
loam soils, attributed to a more negative charge compared to pristine MPs [129]. The widely
used DLVO theory that takes into consideration van der Waals forces and electrostatic
interactions, is instrumental in predicting the mobility of charged ENPs in porous media [198,
199]. Unlike common hydrophilic ENPs, such as ZnO [199], TiO; [199] and graphene oxide
[200]. MNPs exhibit hydrophobic characteristics, and photo-oxidation generally leads to a
reduction in their hydrophobic nature [120, 201]. In certain cases, the DLVO theory fails to
accurately predict the mobility of MNPs in porous media [136, 202]. Liu et al. indicated that
the contribution from increased negative charge was relatively small, whereas photoaging-
induced increase in hydrophilicity was the primary cause for the enhanced mobility of PS NPs
[136]. Thus, the DLVO theory was less suitable to explain the transport behavior of PS NPs
than the XDLVO that considers the hydrophobic effect [136]. Feng et al. observed contrasting
effects of photo-oxidation on the transport of two MPs (PE and PTFE) in shore substrates over
tidal cycles [202]. Aged PE MPs that were more negatively charged and more hydrophilic
compared to pristine MPs, demonstrated greater transport in porous media, aligning with the
predictions of both the DLVO and XDLVO theory [202]. Conversely, aged PTFE MPs exhibited
enhanced retention in porous media despite a decline in negative charges [202]. This
discrepancy was explained with increased surface roughness of aged PTFE MPs [202], but
the notable increase in hydrophobicity also suggests that hydrophobic effects might contribute
as another potential cause [136]. Hence, although surface charge plays a role, the alteration
in other polymer properties after photo-oxidation, particularly hydrophobicity, are of crucial
importance. It is essential to consider other non-DLVO interactions when assessing the impact

of photo-oxidation on the mobility of MNPs.

The presence of other environmental substances also may affect the mobility of aged MNPs
in porous media by influencing the interaction between MNPs and media. The presence of HA

in either solution or silica surface inhibited the deposition of PS NPs on the silica surface



Chapter 2 IPETNENN

mainly due to additional steric repulsion, but this inhibitory effect was weakened after the
photo-oxidation of PS NPs [175]. Similarly, photo-oxidation also reduced the promoting effect
of DBC on the deposition behavior of PS NPs on silica surfaces due to the weak interaction
between DBC and aged PS NPs [175]. The positively charged Fe minerals may enhance the
retention of aged MNPs in porous media due to electrostatic attraction and complexation [129,
134], but the actual effect may be related to the content of minerals and the aging degree of
MNPs. Although current studies provided important information on the possible effect of
natural colloids on the transport of pristine and aged MNPs in porous media, it is still limited
to understand the combined effect of photo-oxidation and natural colloids such as NOM,

minerals, bacteria, and biofilms on the mobility of MNPs in porous media.

Mediated transport of contaminants. MNPs in soils are likely to adsorb a variety of
contaminants such as OPs, HMs, and ENPs, and affect their transport in soils [43, 196, 197].
As reviewed above, by altering their adsorption capacity towards contaminants, photo-
oxidation of MNPs might alter the mobility of contaminants in porous media. The effects may
be distinct for two different cases: (i) MNPs and contaminants coexisted in aquatic media and
co-transported, and (ii) MNPs were retained in soil media followed by the introduction of
contaminants. In terms of the co-transport case, Liu et al. reported that the photo-oxidation of
PS NPs increased the contaminant-mobilizing ability of PS NPs in saturated loamy sand due
to increased binding with both nonpolar (pyrene) and polar contaminants (4-nonylphenol)
[136]. Considering that photo-oxidation can promote or inhibit the adsorption of OPs
depending on various factors, the mobility of OPs may be enhanced or reduced after the
photo-oxidation of MNPs, although limited studies have investigated this. Similarly, due to the
increase in O-containing functional groups, the promotion effect of UV-aged PS NPs on the
transport of Pb(ll) and Cd(ll) was stronger than that of the pristine NPs [131]. Furthermore, as

carriers, aged PS NPs were more capable of freeing HMs retained in porous media [131].

For the case that MNPs were pre-deposited on soil media, Hu et al. found that UV irradiation
of PS, PVC and PE MPs enhanced their positive effect on the adsorption of 17(3-estradiol in
soil, indicating that the input of aged MPs into soil might reduce the mobility of 17(3-estradiol
by enhancing the adsorption capacity of the soil [203]. Similarly, after being incubated with
sediments, aged PE MPs also showed higher retention capacity towards Pb(ll) than pristine
PE MPs due to enhanced electrostatic attraction [179]. However, photo-oxidation of PLA MPs
might increase the mobility of Pb(ll) in sediments as aged PLA MPs changed the microbial
community in sediments and further altered the zeta potential of the mixture of MPs and
sediments [179]. Therefore, the effect of photo-oxidation of MNPs on the mobility of

contaminants in porous media may be complex, depending on factors such as transport mode,
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polymer type, size and oxidation degree of MNPs, soil properties, and indirect factors like

biological effects.

2.4. Photochemical Processes With Coexisting Constituents

The photo-oxidation of MNPs involves the direct absorption of specific wavelengths of light
energy, leading to the generation of excited states of electrons and alkyl radicals [158]. As the
process progresses, produced highly reactive organic radicals such as alkyl, peroxyl, alkoxyl
radicals can facilitate self-catalyzed reactions [158, 204]. In particular, the generation of «OH
with strong oxidation potential and high electrophilicity further accelerates the photo-oxidation
of MNPs [119]. In addition, aromatic MNPs (e.g., PS, PET and PC) are capable of producing
an excited triplet state ((MNP*) upon exposure to UV radiation [205]. The 3MNP* can transfer
energy to dissolved O, and water molecules to produce other ROS such as 'O; and O,
accelerating photo-oxidation of aromatic MNPs [201, 205, 206]. However, in the real
environments, MNPs do not undergo photo-oxidation in isolation but rather in the presence of
various environmental components, such as inorganic ions, natural colloids, and dissolved
organic matter (DOM). Under UV irradiation, these co-existing components can also undergo
photo-chemical processes, absorbing photons and either consuming or producing ROS [127,
207]. For example, the abundant chromophores in DOM can absorb UV energy, which forms
higher energy excited states ((DOM*) that can initiate reactions with dissolved oxygen and
water molecules, resulting in the production of ROS through energy transfer [208, 209].
Mediating by these photo-chemical processes, the co-existing components can either
accelerate or inhibit the photo-oxidation process of MNPs, as illustrated in Table S3

(highlighting critical factors influencing the photo-oxidation of MNPs) and Figure 2.2.

2.4.1 Effects of Natural Substances on the Photo-Oxidation of MNPs

Inorganic ions in aquatic environments may influence UV penetration depth and free radical
reactions, and thus induce a different degree of photo-oxidation of MNPs [210, 211]. Some
studies found that MPs (e.g., PP, PE, and PS) were degraded more efficiently in ultrapure
water compared with seawater due to high salt concentrations induce the high refractive index
of water and salt crystals formed on MP surfaces [210, 211]. The role of inorganic ions in free
radical reactions is still of a matter of dispute. Studies indicated that CI~ can effectively capture
*OH radicals and inhibit the formation of O.*~, thus weakening the role of ROS in the photo-
oxidation of MPs (e.g., PVC and PP) [121, 127]. However, Zhu et al. reported that NO3™~, Br~
and CI- accelerated the indirect photo-oxidation of PS MPs by reacting with *PS* to promote
the formation of reactive halide radicals and *OH; although HCO3;~ scavenged «OH, HCO3~
had no inhibitory effect on PS aging due to the oxidation role of generated CO3s+™ [124]. The

distinct roles of halide ions in the photo-oxidation of MPs may be related to different polymer
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types. Halide ions exhibit ROS-scavenging effects that inhibit the photo-oxidation of aliphatic
MNPs (e.g., PP, PE, and PVC) [121, 127]. In contrast, for aromatic MNPs (e.g., PS, PET and
PC), halide ions can react with the excited state 3MNP*, generating highly reactive halide

radicals that promote photo-oxidation and enhance the production of «OH [124].

As the main inorganic colloidal component in aquatic environments, natural minerals may take
part in the photo-oxidation process of MPs. All reported minerals including kaolinite,
montmorillonite, goethite, hematite, and pyrite can promote the photo-oxidation of MPs [122,
150, 212], but mechanisms are distinct. The presence of kaolinite and montmorillonite could
stabilize the MP radical cations and prevent their recombination with hydrated electrons, thus
promoting the generation of *OH and photo-degradation of PVC and PET MPs [122]. Under
UV irradiation, the surface Fe(ll) phases of goethite and hematite could catalyze the
generation of H,O, and Fe?*, leading to the initiation of the light-driven Fenton reaction [150].
This process produced a large amount of *OH and accelerated the photo-oxidation of PP and
PE MPs [150]. Similarly, the photo-oxidation of PS MPs and the transformation of
intermediates were accelerated in the presence of pyrite due to the generation of ROS,
especially *OH [212].

DOM which contains chromophores such as carbonyl, carboxyl, hydroxyl, and benzene rings,
serves as important photosensitizers in natural waters [213, 214]. There is a dispute regarding
the influence of DOM on the photo-oxidation of MNPs. As both ROS scavengers (e.g., *OH
and O2*7) and optical light filters, humic acid (HA) and fulvic acid (FA) were reported to inhibit
the photo-oxidation of PP MPs [126]. The aging process of PS MPs was accelerated in the
presence of HA and FA [121, 184], and FA exhibited a more significant promoting effect than
HA due to their more active carboxyl structure that produce more *OH [215]. However, Cao et
al. indicated that HA/FA accelerated the photoaging of aliphatic PP MPs due to the generation
of «OH by DOM photosensitization, while it inhibited or had only a minor effect on the photo-
oxidation of aromatic PS and PC MPs/NPs [216]. The explanation provided was that PS NPs
with large SSA can adsorb sufficient DOM via -1 interactions, delaying photoaging by
competing for photon absorption sites, while released phenolic compounds from aromatic MPs
weaken the photoaging process by quenching *OH [216]. While largely unclear, the varying
impacts of DOM on the photo-oxidation of MNPs might be related to DOM photosensitization
and light shielding ability, which can be influenced by molecular characteristics of DOM and
adsorption extent of DOM on MNPs. Therefore, the physico-chemical properties of MNPs (e.g.,
size, type, hydrophobicity, and crystal structure) and DOM (e.g., molecular weight distribution,
hydrophobicity and functional groups) potentially determine the role of DOM in the photo-
oxidation of MNPs.
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Therefore, MNPs not only undergo the photo-oxidation process but also interact with a wide
range of environmental components that may affect their photo-reactivity in different ways.
Depending on their specific roles, these constituents may either act as inhibitors, impeding the
photo-oxidation of MNPs, or promoters, accelerating it. The dual nature of their impact is
contingent on whether they function as scavengers, competing for photons or ROS, or as
photosensitizers, actively promoting the generation of ROS during the photo-oxidation of
MNPs. This intricate interplay underscores the complexity of the environmental factors that
modulate the photo-degradation of MNPs. Notably, most studies studied the photo-oxidation
of MNPs under controlled conditions that can provide valuable insights into the mechanisms
involved, but it may not fully reflect the complex interactions and photo-transformations that

occur in real-world environments.
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Figure 2.2. The photochemical processes of MNPs with co-existing natural constituents and

pollutants.

2.4.2. Effects of MNPs on the Photochemical Transformations of Other Contaminants

When exposed to sunlight, OPs can undergo spontaneous photo-transformation, representing
an important process of their attenuation in natural waters [217]. The mechanism is direct
photolysis and indirect photo-transformation induced by environmental components, such as
anions, cations, and DOM. The reactive intermediates such as *DOM* and ROS generated

from this photosensitization process can participate in the photo-degradation of OPs [218-220].
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On the one hand, MNPs that usually show good optical absorption characteristics, may
compete for photons with OPs and thus inhibit the direct photolysis of OPs due to the light
screening/shielding (see Table S4 for details on the role of MNPs in the photo-transformation
of pollutants) [137, 154, 221, 222]. On the other hand, MNPs can also take part in the indirect
photo-transformation of OPs by generating ESPRs, ROS and 3MNPs* and by providing more
surfaces for pollutant adsorption and photo-reactions (Table S4). For example, Zhang et al.
reported that the degradation of sulfamethoxazole (SMX) was decreased in the presence PS
MPs and even more so in the presence of aged PS MPs [137], as the optical absorption
capacity of PS MPs gradually increased with the photo-aging time after the formation of new
chromophores, such as carbonyl groups and conjugated double bonds [137]. Additional
studies also noted that the presence of photo-aged MNPs resulted in decreased degradation
of OPs compared to pristine ones [138, 154, 222, 223]. However, most studies reported that
MNPs had a promoting effect on the photo-oxidation of OPs [153, 222, 224-227]. Wang et al.
indicated that the photo-degradation efficiency of atorvastatin (ATV) increased from 19.82%
to 50.27% in the presence of 0.01 g/L and 0.5 g/L PS MPs, respectively [226]. 'O, generated
from photosensitization of PS MPs was the main reason; besides, the role of *PS* became
important in the presence of aged MPs because 'O, can be generated from the *PS* [226].
The light-screening and photosensitization effects induced by MNPs can occur simultaneously,
where the former inhibits the direct photo-degradation of pollutants, while the latter promotes
indirect photo-degradation [221]. The MNPs-mediated photo-transformation of OPs may differ
depending on the properties of OPs. Wang et al. reported that the catalytic effect of MPs was
strongly dependent on the electron-donating ability of functional groups of OPs [227].
Additionally, different types of MNPs also have a different effect on the photo-transformation
of pollutants. The photolysis of 2,2’,4,4’-tetrabromodiphenyl ether was inhibited by aged PS
MPs compared with pristine ones as the aged PS caused more light-shielding effect, while
aged PP and PE increased pollutant degradation because the fragmentation of aged MPs

provided more contact surfaces for pollutants and light [154].

The photo-oxidation of MNPs can also mediate the oxidation or reduction of HMs (Table S4).
Up to now, limited publications have studied the photo-transformation of HMs in the presence
of MPs. On the one hand, the photo-reduction of HMs (e.g., Cr(VI) and Ag(l)) was accelerated
in the presence of MNPs by processes such as O»¢~ production [139, 228, 229], or electron
shutting by carbonyl groups on oxidized MPs [229]. On the other hand, the photo-oxidation of
certain HMs such as Mn(ll) can be accelerated in the presence of MNPs due to the generation
of ROO- and O+~ radicals [230]. The photo-oxidation of MNPs can also induce the dissolution
of ENPs, such as nano-Ag and nano-ZnO [140, 141], due to the generation of 'O, *OH, and/or

acid release [141]. Simultaneously, reductive O, could also reduce the released Ag(l) to
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secondary nano-Ag [141]. It is important to note that the role of photo-oxidation in the
transformation of metal and metalloid species is reversible and interchangeable, likely
depending on the redox potential of the system. These findings highlight the complex interplay
between photo-oxidation processes and the fate of MNPs and associated contaminants in

environmental systems.
2.5. Biological Effects of Photoaged MNPs

2.5.1. Toxicity to Aquatic Organisms

Enhanced or reduced toxicity of MNPs. The toxicity of MNPs to aquatic organisms in
environments can be changed after the photo-oxidation (see Figure 2.3 and Table S5 for
details on the biological effects of photo-oxidized MNPs on organisms and microbes). The
majority of the studies (6 out of 8 publications) reported that the photo-aging of MNPs can
enhance their biological toxicity, mainly originating from four reasons: (i) the fragmentation of
MNPs after photo-degradation can generate smaller-sized particles with an irregular shape,
which enhance the toxicity of MNPs to organisms due to size and surface area effects. These
small particles can be ingested and bio-accumulated in organisms through sorption,
endocytosis, and phagocytosis compared to virgin MPs [148, 231, 232]. In addition, these
fragments with larger surface roughness and surface-specific area show higher affinity to the
tissues and cells and restrained the nutrients absorbed into the cells [232, 233]. (ii) The photo-
aging of MNPs can enhance the surface O-containing functional groups and negative charges,
which may increase the interaction between MPs and proteins in biota via hydrogen bonding
and electrostatic interaction [233, 234]. (iii)) Aged MNPs can also result in more oxidative stress
due to the generation of EPFRs and ROS [235-237], which led to higher cytotoxicity compared
to pristine ones [238]. (iv) The enhanced toxicity of photo-aged MNPs to organisms may be
attributed to the leachates including additives and MNP-derived intermediates [37, 239, 240].
The bioaccumulation of the leached endogenous toxicants (mainly phthalates) from
photodegraded PS MPs contributed to the exacerbated hepatotoxicity of Grouper [236]. Luo
et al. demonstrated that longer radiation time led to more release of Cr and Pb from
commercial lead chromate pigmented MPs, exhibiting more inhibitory effects on the cell

growth and photosynthesis of Microcystis aeruginosa [241].

However, few studies concluded the opposite results that photo-oxidation could alleviate the
toxicity of MNPs to organisms [189, 235]. Zou et al. indicated that pristine small-sized PA MPs
(8.13 ym) with a high aggregation potential tended to accumulate in organisms, while photo-
aged ones with higher stability were more easily to be excreted by zebrafish larvae [235]. Such
a distinct result may be also related to the larger particle size of pristine MPs, which were

easily intercepted by the intestinal villi and difficult to be excreted directly by the larvae [231].



Chapter 2 [IEXINENEN

However, Giri et al. found that the UV radiation significantly enhanced the hydrodynamic size
of PS NPs in media containing EPS due to photo-induced agglomeration of PS NPs and EPS,

and this mitigated the toxic effects of PS NPs on freshwater microalgae [189].

Therefore, size and surface area effects, the formation of O-containing groups, the generation
of EPFRs, and the leachates from photo-oxidized MNPs are responsible for their higher bio-
toxicity compared to pristine ones but there are cases where size changes explain the lower
toxicity of photoaged MNPs. In real environments, the bio-toxicity change of aged MNPs may
result from a combination of multiple causes [231, 232, 236], and can also be affected by the

co-existing environmental substrates.
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Figure 2.3. Biological effects of MNPs after photo-oxidation.

Combined toxicity with environmental contaminants. As vectors for environmental
contaminants, MNPs can affect their migration and bioaccumulation in organisms via ingestion
[242, 243]. The photo-oxidation can change the interaction between MNPs and contaminants
by surface modification, which may further affect their combined risk in environments. Several
studies have investigated the effect of photo-oxidation on the combined toxicity of MNPs and
pollutants, such as HMs, OPs, and ENPs to organisms. Studies indicated that aged MPs can
decrease the bioavailability of coexisting HMs (Cu?* and Cd?*) to microalgae C. vulgaris due
to their strong adsorption capacity towards HMs [234, 244]. Another reason for decreased
bioavailability may be that photo-oxidation increased the aggregation and sedimentation of

MPs with HMs, and reduced the concentration of HMs and MPs in the aquatic phase, thus
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limiting their inhibitory effect on organisms [244, 245]. The opposite results were reported in
terms of the combined toxicity of MNPs and metal nanoparticles, such as nano-ZnO and nano-
Ag [140, 141]. PS MNPs increased the sunlight-induced dissolution of nanoparticles, and
served as vectors for dissolved metal ions, significantly increasing the ion-related toxicity of

nanoparticles [140, 141].

However, cases can be complicated for the combined effect of OPs and MNPs after photo-
oxidation due to the different role of MNPs (carrier vs. scavenger) in the bioaccumulation of
OPs, as well as possible increase or decrease in the adsorption capacity of aged MNPs
towards OPs [166, 170, 177]. On the one hand, MNPs can facilitate the mobility of OPs, and
photo-oxidation enhance or reduce the bioaccumulation of OPs depending on the changed
adsorption capacity [246, 247]. For example, the stress of tilapia caused by PS MPs and
propranolol (PRP) was alleviated while that by MPs and sulfamethoxazole (SMX) was
exacerbated after photo-oxidation of MPs, as aged MPs adsorbed less PRP but more SMX
compared to pristine ones [247]. On the other hand, pristine or aged MNPs may serve as a
scavenger for OPs, reducing their bio-uptake [248]. Kim et al. suggested that the aged PE
MPs reduced the toxicity of BAC+2 but enhanced the toxicity of BAC+ as the adsorption of
BAC12 was increased but that of relatively hydrophobic BAC+s was decreased after the aging
of MPs [135].

Therefore, the effect of photo-oxidation on the combined toxicity of MNPs and contaminants
depends on both the roles of MNPs as carrier or scavenger, and adsorption capacity of
pristine/photoaged MNPs. If MNPs act as carriers, the toxicity resulting from the combined
effect of MNPs and contaminants is positively linked to the contaminants' adsorption capacity
on pristine/photo-aged MNPs. Conversely, if MNPs act as scavengers, the combined toxicity
is inversely related to the contaminants' adsorption capacity on pristine/photo-aged MNPs.
However, whether and how photo-oxidation can affect the combined toxicity of MNPs and
contaminants needs to be studied in more detail. Current studies lack a consistent approach
to assess these effects, and the results may be distinct given the polymer type, size, and the
aging degree of MNPs. Moreover, in addition to altering the interaction between MNPs and
contaminants and bioaccumulation, photo-oxidation may also affect the chemical
transformation of these contaminants. Thus, knowledge regarding the possible role of
photochemical effects is needed to understand the ecological risks of co-existed MPs and

pollutants in the environment.

2.5.2. Effects on Microorganisms

Biofilm formation. Biofilm can be formed on the surface of MPs due to the accumulation of a

large number of microbial communities in the aquatic environment [44, 249]. MP biofilm is
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distinctive and considered a new ecological niche, influenced by MP surface characteristics
and the surrounding environmental matrix [250, 251]. As an important process modifying the
surface properties of MPs, photo-oxidation has been studied to affect the formation of biofilm
and microbial community composition. Due to the increase in surface roughness and SSA,
aged MPs were more conducive to microbial adhesion [252, 253]. The formation of O-
containing groups and increased hydrophilicity of MPs after photo-oxidation also may select
hydrophilic microorganisms to colonize [142]. Additionally, the leaching of degraded polymer
from photo-aged MPs as a carbon source, as well as the enhanced adsorption of nutrients
may affect the colonization of microorganisms [44, 250]. Studies indicated that the total
biomass, detected operational taxonomic unit (OTU) number and a diversity of biofilm
communities increased with the aging of MPs [254, 255], and the relative abundance of some
families of the microbial community is significantly altered after the aging treatment of MPs
[142, 254, 256]. Simultaneously, the genes associated with the biofilm formation were reported
to be significantly expressed in photo-aged MPs [255]. In addition to providing novel substrates
for biofilm formation, MPs can potentially facilitate the enrichment and spread of antibiotic-
resistance genes (ARGs) and opportunistic human pathogens [257, 258]. Compared with
pristine MPs, photo-aged PS MPs enhanced selective ARG enrichment and ARG transfer due
to increased proximal ARG donor-recipient adsorption and release of chemicals from MPs
[246, 259]. Shan et al. suggested that photo-aged PP MPs were more conducive to the
expression of genes related to human pathogens [254], while the abundance of pathogen-
related genes decreased with the aging of PE and PVC MPs [255]. Different polymer types
and photo-oxidation conditions may be the reason for the inconsistent results. Although these
studies provide important information on the potential ecological and health risks of biofilm on
aged MPs in aquatic ecosystems, detailed mechanisms underlying them remain to be

determined.

DOC leaching and planktonic microbial growth. MNPs are likely to contribute to the DOC pool
in aquatic environments via leaching [143]. Although plastic-fragments do leach DOC in the
dark, light irradiation can stimulate the release of the plastic-derived DOC at levels more than
10 times higher than in the dark [260-262]. The leached DOC from photo-oxidized MNPs
shows low molecular weight and varies depending on polymer type [144, 260, 263]. Plastic-
derived DOC usually shows high lability and bioavailability [144, 262, 263]. The bioavailability
of the leached DOC depends on the plastic source and type [262]. Among the post-consumer
plastics, the bioavailability of ePS DOC (disposable lunch box) was the highest (76 + 8%),
followed by PP DOC (facial cleanser bottle) (59 + 8%) and PE DOC (shampoo bottle) (46
8%) [262]. Similarly, leached DOC from plastic shopping bags was chemically distinct and

more bioavailable than NOM in lakes [144]. However, Romera-Castillo et al. reported that the
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bioavailable fraction of the leached DOC under artificial solar radiation was (insignificantly)
lower than that in the dark (55% * 5% in the light treatments vs. 61% % 3% in the dark). They
observed a lower bacterial abundance in the light treatments, which was explained by the
possible generation of microbial inhibitors like ROS [143]. In addition, harmful additives may
be a source of the inhibitory effect of DOC [262]. The harmful additives in the leachates from
high-density PE (HDPE) bags and PVC matting were reported to strongly inhibit the growth of
Prochlorococcus and photosynthetic capacity [264]. Sheridan also suggested that high plastic
leachate concentrations may further impair bacterial growth due to large quantities of toxic
compounds (e.g., oxybenzone) [144]. Therefore, the plastic leachates after photo-oxidation
can be biolabile or biotoxic, and how planktonic microbes respond to plastic leachates
depends on their source and level, as well as the capacity of local microbial communities to

utilize these leachates.

Changing microbial communities in soil and sediment. Soil and sediment are major sinks of
MNPs in aquatic and terrestrial ecosystems [265]. As the primary life forms in soil and
sediment systems, the microorganism is the main participator in many biogeochemical
processes such as organic matter mineralization and nutrient cycling [265, 266]. The greatest
attention has focused on the effect of MNPs on the microbial community and function in soil
and sediment systems, including microbial growth and viability [267], microbial activity and
enzyme activity [268, 269], community structure and function [270-275]. Indirect mechanisms
of these impacts come from changes in soil physicochemical parameters, including bulk
density [276], porosity [277], soil aggregation [278-280], water-holding capacity [281, 282] and
pH [266, 279]. Direct interactions of MNPs with soil and sediment microorganisms are related
to biofilm formation on MP surface [268, 283], plastic leachate impact [270], ROS-induced
oxidative stress [284], and combined impacts with other chemicals [285, 286]. The photo-
oxidation of MNPs generally alters surface properties [142], leaching of toxic substances and
DOC [144, 262], and ROS production [143], and subsequently changes their stability [128,
132] and mobility [129, 136], adsorption [166, 168] and transformations of contaminants [154].
These effects of photoaged MNPs potentially lead to distinct alterations in microbial
community and activity, although the specific response of soil characteristics and

microorganisms to the photo-oxidation of MNPs remains largely unclear [146, 287].

For example, Liu et al. reported the photo-aged tire wear particles (TWPs) were more toxic
than pristine TWPs, which is attributed to the increased adsorption of released heavy metals
due to the increase in specific surface area and the transition of positive to negative charge
after photo-oxidation [287]. The high levels of ROS produced by photoaged MNPs may induce
oxidative stress in cells and subsequently suppress enzyme activity [288-290]. Despite

enzymes like superoxide dismutase, catalase, and peroxidase can scavenge ROS [291],
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research indicated that high ROS levels from UV-aged MPs may induce structural changes
and denaturation in functional enzymes [292], suppressing soil microbial enzyme activity (e.g.,
fluorescein diacetate hydrolase) [146]. The polymer degradation byproducts from the aged
MPs can be metabolized as substrates for specific microorganisms, which may result in a shift
in microbial community composition [146]. Aged PP and PS microfibers were shown to reduce
the abundance of Sphingomonadales (oligotrophic bacteria) and increase the abundance of
Burkholderiales (eutrophic bacteria) in soil compared with pristine MPs [146], potentially due
to the restriction of the growth rate of oligotrophs by eutrophs [293]. Furthermore, the
photoaged MNPs may affect microbial metabolism processes such as carbon and nitrogen
cycling. Chen et al. suggested that pristine PS MPs inhibited sediment bioavailability and CO-
emission, but this effect was decreased with the aging of MPs, which was explained by the
utilization of DOC by sediment microbes as the carbon source to promote organic carbon
mineralization [145]. Rillig et al. speculated that aged MPs contain O-containing functional
groups (e.g., ketones) that are redox active, which may serve as electron sinks and donors for
microbes, and increase microbial metabolism efficiency [294]. Although photo-aged PE MPs
did not significantly influence soil CO2 and N2O emissions compared with pristine MPs, aged
MPs significantly increased soil NOs~ content and amoA gene abundance [295]. It indicated
that aged PE may increase the nitrification rate and then provide more substrates for
denitrification, potentially increasing the emission of soil N.O [295, 296]. Although several
studies provided some insights on the effects of photo-oxidation of MNPs on microbial
community and function in soil and sediment, the processes and mechanisms are complicated
and depend on various factors such as plastic properties, aging degree, and local

microorganisms.

2.5.3. Potential Impacts on Plants

While the risks of MNPs to aquatic and terrestrial plants have been extensively documented
[297, 298], the potential impacts of photo-aged MNPs on plants remain largely unexplored,
and there is a dearth of information in this regard. The direct impacts of MNPs on plants include
blockage of cell connections or pores in the cell wall [299, 300], and the uptake, translocation,
and accumulation in different plant parts such as roots, shoots, and leaves [301, 302]. The
translocation of MNPs potentially posing toxic effects on various physiological and biochemical
processes in plants, including inhibition of seed germination and plant development, biomass
reduction, disruption of photosynthesis, oxidative damage, and genotoxicity [299, 303, 304].
Surface properties (e.g., particle size, charge, and hydrophobicity) of MNPs play vital roles in
the translocation of MNPs [303]. Smaller sizes of MNPs increase the likelihood of entering
seed pores and obstructing voids [299], and facilitating translocation in the vascular system
and the cell walls of root tissues [301, 302]. Besides, the translocation of MNPs within the
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plant appears to favor negatively charged particles, likely attributed to electrostatic repulsions
between MNPs and the electronegative cell walls [305, 306]. The translocation within plants
could also influenced by the aggregation states of MNPs [307]. For instance, the growth
medium and root exudates promoted the formation of large aggregates, restricting the uptake
of positively charged PS NPs; conversely, negatively charged NPs tended to remain stable
and can penetrate into root tissues [307]. As discussed in sections 2.3.2 and 2.3.3, the typically
more negative charges, hydrophilic nature, and smaller size contribute to the higher stability
and mobility of photoaged MNPs in water and soil media compared to pristine ones [128, 129].
It can be expected that the photo-oxidation has the potential to increase the uptake and

translocation of MNPs by plants, thereby inducing more adverse effects.

Apart from the physical blockage that can potentially inhibit water and nutrient adsorption [299,
300, 308], the physiological and biochemical responses of plants after MNPs exposure may
arise from plastic leachates [309], and oxidative stress [300, 310]. For instance, Pflugmacher
et al. highlighted the considerable toxicity of plastic leachates that induced a 77% decrease in
the plant germination rate [309]. Therefore, the photoaging can increase the leaching of toxic
additives [311, 312], potentially leading to adverse effects on plants. Besides, serving as
scavengers or carriers of environmental pollutants [166, 170, 177], the photoaged MNPs may
exert distinct impacts on plant growth in contaminated soils. The excessive ingestion of MNPs
by plants can also lead to the production of ROS, causing irreversible damage to plant tissue
and disrupting photosynthesis [299, 304, 307]. Photoaged MNPs may induce more oxidative
stress as they can produce more ROS or EPFRs [313, 314], which exhibit specific toxicological
properties, such as DNA damage, lipid peroxidation, protein oxidation, and inflammation [313,
315]. Although not previously reported, it is plausible that photoaged MNPs may result in more

toxic effects through these chemical mechanisms.

Indirect impacts of MNPs on plants may also occur through alterations in soil physico-chemical
characteristics, such as pH [279], water holding capacity [281, 282], and soil structure [278-
280], as well as soil-dwelling microbes [281, 298]. Boots et al. indicated that the presence of
HDPE MPs reduced the root growth of Lolium perenne, potentially attributed to the changes
in soil pH and the size distribution of water-stable soil aggregates [279]. Due to the formation
of hydrophilic O-containing functional groups and DOC leaching, the photoaged MNPs
potentially increase water and organic matter content, pH and cation exchange ability in soils
[316, 317]. These effects can indirectly impact plant growth such as seed germination and root
growth [281, 318, 319]. Furthermore, these changes in soil characteristics may impact soil
fertility by influencing the growth of microbial communities in the rhizosphere—a crucial
interface where plants interact with soil microorganisms [319-321]. Recent findings suggested

that polyester MPs enhanced microbial activity in both bulk soil and the rhizosphere [281].
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Additionally, the treatment with polyester promoted soil microbe colonization on spring onion
roots, and the potential mycorrhizal symbiosis may facilitate the growth of plants subjected to
polyester [281]. The introduction of photo-oxidized MNPs into the soil adds another layer of
complexity. They may exert distinct effects on soil microbial communities, which play a crucial
role in plant-microbe interactions, and nutrient cycling and availability, potentially influencing
plant health. In conclusion, our understanding of the potential risks of pristine and photoaged

MNPs to plant ecosystems is currently limited, necessitating further comprehensive research.

2.6. Future Perspectives

Relate the adsorption capacity of MNPs to the photo-oxidation degree and the physico-
chemical properties of pollutants. Increasing studies have evaluated the effect of photo-
oxidation of MNPs on their adsorption capacity toward contaminants, especially OPs.
Generally, the photo-oxidation of MNPs may enhance the adsorption of hydrophobic OPs and
reduce the adsorption of hydrophilic OPs due to enhanced O-containing functional groups
[174, 176]. However, in some cases, it is complex and depends on many factors including
polymer types of MNPs, oxidation degree and physicochemical properties of OPs [166, 170,
177]. There is a lack of knowledge to evaluate the effects of the photo-oxidation degree and
the physicochemical properties of OPs on their adsorption processes on MNPs. Integrating
experimental data with advanced analytical methods, such as molecular dynamic simulations
[322], and machine learning [323, 324], offers a comprehensive approach for understanding
the adsorption mechanism of MNPs after photo-oxidation, and establish the multi-dimensional
relationship between the adsorption capacity of MNPs, the photo-oxidation degree (e.g., the
carbonyl index and hydroxyl index, and the physico-chemical properties of pollutants (e.g.,

molecular weight, log Kow, zeta potential, type and number of functional groups).

Study the combined effect of photo-oxidation and natural colloids on the fate of MNPs. The
stability and mobility of MNPs in water and porous media are well reported to be influenced
by the photo-oxidation process and co-existing natural colloids. However, in real-world
environments, the effect of photo-oxidation and natural colloids can co-exist. On the one hand,
the photo-oxidation of MNPs may change their interaction with natural colloids (e.g., NOM,
minerals and bacteria), and these colloids may have different effects on the stability and
mobility of pristine and aged MNPs [83, 133, 175]. On the other hand, MNPs are unlikely to
undergo photo-oxidation alone, and the presence of natural colloids may take part in the
photo-oxidation of MNPs and further affect the stability and mobility of MNPs in environments
[122, 150, 212]. More work is needed to better understand the combined effect of the photo-
oxidation process and natural colloids on the fate of MNPs in aquatic and terrestrial

environments. A well-structured experiment combining photo-oxidation with environmental
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transport and fate studies can be complemented by state-of-the-art particle detection
techniques such as dynamic light scattering, nanoparticle tracking analysis, in-situ microscopy,
and Fourier Transform Infrared Spectroscopy (FTIR), as well as ROS detection techniques

like electron paramagnetic resonance spectroscopy.

Link the photochemical transformation of pollutants in the presence of MNPs to the
physicochemical properties of pollutants. By generating ESPRs and ROS or light-screening
effect, the coexisting MNPs may promote or inhibit the photo-transformation of OPs. Although
the promoting and inhibitory mechanisms have been studied for several OPs, the reasons why
MNPs play different roles in the photo-transformation of different types of OPs are unclear. In
fact, the adsorption and photo-transformation of OPs can occur simultaneously, and the
chemical structure of OPs and the adsorption process may contribute to the distinct effect of
MNPs on the photo-degradation of OPs [227]. Limited studies have considered the
relationship between adsorption and photo-degradation of OPs in the presence of MNPs. Thus,
more research should associate the physicochemical characteristics of OPs such as
hydrophobicity, electronegativity, and functional groups with their photo-transformation
process in the presence of MNPs, potentially utilizing molecular dynamic simulations [325],
and machine learning [326, 327].

Pay attention to the effect of photoaged MNPs on the biotransformation of pollutants. As
reviewed, the photo-oxidation of MNPs significantly influences the physical adsorption and
photochemical transformation of environmental pollutants. However, apart from the
physicochemical process, microbial biotransformation of pollutants such OPs and HMs under
aerobic or anaerobic conditions is also critical [328, 329]. Like the role of DOM in the
biotransformation of pollutants [330-332], the photo-oxidation of MNPs is likely to affect the
biotransformation of pollutants via several mechanisms: (1) the photo-oxidation may change
the adsorption capacity of MNPs toward pollutants, and alter their bioavailability by
microorganisms [333], (2) the high lability and bioavailability of DOC from oxidized MNPs may
promote the co-metabolic transformation of OPs [144, 262], and (3) photo-aged MPs or
intermediates containing redox-active functional groups may serve as electron sinks and
donors for microbes, and mediate the biotransformation of pollutants [294, 330]. So far, there
has been no research on this topic, which should be paid more attention to in the future. There
is potential for comprehensive investigations combining microcosm studies with advanced
techniques such as metabolomics, proteomics, mass spectrometry, and electron
paramagnetic resonance spectroscopy, to quantitatively assess the metabolism processes of

OPs under the impact of photoaged MNPs.
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Focus on the interaction between photoaged MNPs and plants. The interaction between plants
and MNPs is an emerging area of study with ecological importance. While the impacts of
MNPs on plants have been explored to some extent, the effects of photo-oxidation on these
impacts remain unclear. Techniques such as confocal microscopy and FTIR imaging
spectroscopy holds the potential to detect the interactions between photoaged MNPs and
plants, allowing for the visualization of spatial distribution and potential impacts [334].
Additionally, advanced analytical methods like metagenomes and proteomics, coupled with
plant physiology and biochemistry analyses and staining techniques, can be employed to
probe the intricate biological responses of both plants and rhizosphere microbes when
exposed to photoaged MNPs. Moreover, exploring plant interactions with pristine/weathered
MNPs holds promise for addressing the adverse impacts of plastic contamination, contributing

to the development of strategies for a cleaner and healthier planet.
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Abstract

Photochemical weathering and eco-corona formation through NOM adsorption play vital roles
in the aggregation tendencies of NPs in aquatic environments. However, it remains unclear
how photochemical weathering alters the adsorption patterns of NOM and the conformation
of the eco-corona, subsequently affecting the aggregation tendencies of NPs. This study
examined the effect of Suwannee River NOM adsorption on the aggregation kinetics of pristine
and photoaged PS NPs in monovalent electrolyte solutions. The results showed that
photochemical weathering influenced the conformation of the eco-corona, which, in turn,
determined NP stability in the presence of NOM. Hydrophobic components of NOM
predominantly bound to pristine NPs through hydrophobic and -1 interactions, and extended
hydrophilic segments in water hindered NP aggregation via steric repulsion. Conversely,
hydrogen bonding facilitated the binding of these hydrophilic segments to multiple photoaged
NPs, thereby destabilizing them through polymer bridging. Additionally, the stabilization and
destabilization capacity of NOM increased with its concentration and molecular weight (MW).
These findings shed light on the destabilizing role of NOM on weathered NPs, offering new
perspectives on environmental colloidal chemistry and the fate of NPs in complex aquatic

environments.

3.1. Introduction

The extensive production and widespread use of plastics contribute substantially to the
accumulation of plastic debris in aquatic ecosystems, comprising a substantial portion of
marine litter, ranging from 60% to 80% [43, 335-337]. Over time, these plastic materials
undergo a series of processes such as chemical degradation, biodegradation, photo-
degradation, thermal degradation, and mechanical abrasion, breaking them down into minute
particles at the nanoscale (< 1 ym) termed as NPs [43, 130, 338-340]. Once entering the
aquatic environment, NPs may be exposed to a series of physicochemical processes, such
as sunlight-induced photooxidation [128], aggregation [82, 341], deposition [97, 136] and
adsorption [134, 342], which are closely linked to their fate, bioavailability, and biotoxicity [43,
343].

The colloidal stability and aggregation tendencies of NPs have emerged as a recent focal point
of research interest, often drawing insights from the chemistry of other colloids such as natural
colloids and engineered TiO, nanoparticles [344, 345]. The aggregation or flocculation of
colloids is typically controlled by soluble polymers, such as engineered synthetic polymers like
polyethylene glycol and polyacrylamide [346, 347]. Similarly, in environmental systems,
natural polymer such as natural organic matter (NOM) plays a vital role in the aggregation of

colloids and nanoparticles [348]. The role of soluble polymers in the aggregation of
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nanoparticles is often studied in monovalent electrolyte solutions [188, 349, 350]. These
soluble polymers can induce either attractive or repulsive interactions depending on their
adsorption capacity on the nanoparticle surface [346]. If the polymer fails to absorb onto the
nanoparticle surface, the exclusion of polymers from the space between the nanoparticles can
create osmotic forces known as depletion attractions, which push larger nanoparticles
together and promote their aggregation [351]. On the other hand, if the polymer fully coats the
nanoparticle surface, it can stabilize the nanoparticles through steric repulsion [349]. However,
if the added polymer adheres to the colloid surface, various segments of the same polymer
may attach to different nanoparticles, leading to particle aggregation via polymer bridging [348].
In environmental systems, the stabilization of nanoparticles by NOM through steric repulsion
typically occurs [188, 350], while destabilization via depletion attraction or polymer bridging is
less observed [175, 352-354]. One study demonstrated that citrate-stabilized Au nanoparticles
was destabilized by fulvic acid (FA) via bridging flocculation driven by hydrophobic interactions
between adsorbed FA molecules [354]. In some cases, destabilization of nanoparticles by
NOM might occur via electrostatic patch-charge attraction if the nanoparticles (e.g., ferrihydrite
and TiO2) and NOM have opposite charges [355, 356], and via cation bridging in the presence

of multivalent cations, such as calcium ions [357, 358].

NOM, an ubiquitous natural polymer in aquatic environments, consists of heterogeneous
organic compounds, including humic acids (HA), FA, proteins, and polysaccharides [65, 359].
NPs and NOM in environments can interact through diverse attractions such as van der Waals
interactions, electrostatic interactions, hydrophobic interactions, hydrogen bonding, and -1
interactions [83, 360]. The adsorption of NOM on NPs often results in the formation of an
organic coating on the NP surface, referred to as an eco-corona [80]. This eco-corona can
alter the physicochemical properties of NPs, affecting their aggregation behaviors in aquatic
environments [65]. The eco-corona often enhances the stability of NPs in monovalent
electrolyte solutions, primarily due to steric repulsion [81-83]. Photochemical weathering is
another key process that modifies the surface of NPs, typically rendering them more
hydrophilic and negatively charged [136, 148]. By altering the interactions between NOM and
NPs, photochemical weathering can influence the formation and characteristics of the eco-
corona [360]. Using a quartz crystal microbalance with dissipation, a study indicated that
photochemical weathering decreased the adsorbed mass of HA, FA, and Suwannee River
NOM on plastic surfaces in synthetic freshwater [360]. Additionally, studies demonstrated that
photooxidation resulted in a decrease in the hydrophobic and m-1r interactions between PS
NPs and HA, consequently weakening the stabilization capacity of HA on PS NPs in
monovalent solutions [83, 133]. These findings provide insights into the stabilizing effect of the

eco-corona on both pristine NPs and those subjected to photochemical weathering.
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Nevertheless, NOM comprises chemically diverse polymers with varying MW and chemical
structures [65, 361, 362]. The high MW fraction of NOM typically consists of abundant
hydrophobic and aromatic components, whereas the low MW fraction contains a higher
proportion of hydrophilic O-containing groups [361, 363]. By influencing the adsorption pattern
of NOM on NPs, photochemical weathering has the potential to change not only the
mass/thickness but also the fractionation and spatial arrangement of the eco-corona on NPs
[364], and potentially leads to distinct stability outcomes. For instance, the photochemical
weathered NPs might not adsorb specific fractions of NOM, leading to depletion attraction and
potential destabilization of the NPs. Alternatively, hydrogen bonding might dominate the
adsorption of NOM on weathered NPs, allowing various hydrophilic segments of NOM to
attach to different NPs, thereby destabilizing NPs via polymer bridging. Further investigation
is necessary to determine whether these processes could occur and have distinct effects on
NP stability.

The main purpose of this study is to investigate the interaction between NOM and
pristine/photoaged NPs and their effects on NP aggregation. To address this knowledge gap,
the aggregation tendencies of pristine and photochemically weathered PS NPs were studied
both in the absence and presence of Suwanee River NOM, as well as NOM fractions
fractionated by MW. PS NPs were aged using the artificial accelerated photooxidation method
to harvest photoaged NPs. Bulk NOM (< 0.05 um) and NOM fractions (< 3 kDa, 3-10 kDa,
10-30 kDa and 30 kDa—-0.05 um) were prepared for adsorption tests in stirred batch reactors
using pristine and photoaged NPs. Time-resolved dynamic light scattering (DLS) was used to
observe the effects of bulk NOM and NOM fractions on the aggregation kinetics of pristine and

photoaged NPs in sodium chloride solutions.
3.2. Materials and Methods

3.2.1. Materials

A PS stock solution with a concentration of 50% w/v and a NP nominal size of 100 nm was
purchased from Zhichuan Intelligent Technology (Suzhou) Co., Ltd. PS NPs were chosen for
their occurrence in natural waters [10], and widespread use in aggregation studies [128, 130,
133], facilitating comparison with existing research. According to the manufacturer, the PS
NPs were unfunctionalized but contained the surfactant sodium dodecyl sulfate (SDS). To
reduce the interference with this surfactant, the prepared PS suspension (5 g/L) was washed
four times using ultrapure water through ultracentrifugation (22000 x g, 30 min) and sonication
(40 kHz, 5 min) until the total organic carbon (TOC) in the supernatant was negligible (0.38 +
0.11 mg C/L). The hydrodynamic sizes of unwashed and washed NPs were measured as
161.5+ 1.3 nmand 159.8 + 0.7 nm, with polydispersity indices of 0.063 and 0.057, respectively,
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indicating that the cleaning process did not induce aggregation of PS NPs. Suwannee River
NOM was purchased from the International Humic Substances Society (IHSS). The
polyvinylidene fluoride (PVDF) ultrafiltration membranes were purchased from RisingSun

Membrane Technology (Beijing) Co., Ltd.

3.2.2. NOM Fractions Preparation

To prepare the NOM stock solution, 200 mg of NOM was dissolved in 200 mL of ultrapure
water under sonication. The pH was then adjusted to 10 using 0.1 M NaOH to enhance NOM
dissolution and prevent aggregation [360]. The solution underwent stirring at 200 rpm for 24
hours to facilitate solubilization. A stainless steel Amicon stirred cell (100 mL) ultrafiltration
system equipped with a 0.05 ym membrane disc (PVDF) was employed to remove any
undissolved NOM and collect bulk NOM. NOM with a size below 0.05 ym, which accounts for
the majority of NOM [365, 366], was selected for easy separation from the larger NPs (100
nm) after the adsorption experiment using 0.1 um filters. Following this procedure, NOM
fractions were separated via successive filtration through 30, 10, and 3 kDa membrane discs
(PVDF) to collect NOM fractions with MWs ranging from 30 kDa—0.05 ym, 10-30 kDa, 3-10
kDa, and < 3 kDa. After the initial ultrafiltration, the membrane was rinsed with 5 mL of
ultrapure water and then subjected to filtration again. This procedure was repeated twice to
achieve improved separation performance and minimize loss. The concentrated retentate was
collected and then diluted with ultrapure water. The harvested NOM fractions were filtered
using 0.1 um PES filters for further use, aimed at removing any particulates resulting from the
ultrafiltration procedure. The TOC concentrations of the final bulk NOM and NOM fractions
measured with TOC analysis (Shimadzu, ASI-V) were as follows: 343 mg/L for bulk NOM (<
0.05 pm), 244 mg/L for NOM (30 kDa-0.05 pm), 101 mg/L for NOM (10-30 kDa), 243 mg/L
for NOM (3-10 kDa), and 131 mg/L for NOM (< 3 kDa). The entire procedure resulted in a
12.2 % loss, with the proportions being 39.2 % (< 3 kDa), 17.1% (3-10 kDa), 6.8% (10-30
kDa), and 19.2% (30 kDa—0.05 pym). The resulting pH of the stock solutions was 7.1 for bulk
NOM, 7.6 for < 3 kDa, 7.1 for 3—10 kDa, 7.2 for 10-30 kDa, and 7.2 for 30 kDa-0.05 pym
fractions. These NOM solutions were diluted to achieve a consistent DOC concentration of

1-10 mg/L for the adsorption experiments and the aggregation experiments.

3.2.3. Accelerated Photooxidation Experiments

A mercury lamp (500 W) emitting UV light with an intensity of approximately 35 mW/cm? was
employed to age PS NPs. The spectrum of the mercury lamp is shown in Figure S1. The
accelerating factor of the lamp was assessed by comparing the aging extent of PS NPs under
real sunlight exposure in the Netherlands (see details in Text S71, Figure S1 and Figure S2).
Pristine PS NPs, with a concentration of 300 mg/L (200 mL), were introduced into a 300 mL
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transparent quartz reactor placed on a magnetic stirrer. The lamp, positioned within a
circulation-cooled quartz tube, was placed inside the quartz reactor. The PS NPs were aged
for 2, 4, and 8 days, corresponding to approximately 40, 80, and 160 days of sunlight exposure
in the Netherlands. The particle number concentrations of both pristine and photoaged NPs
were considered the same as photoaging did not cause obvious fragmentation of NPs (see
Results and Discussion). To eliminate the interference of the leached dissolved organic carbon
from plastic photodegradation in subsequent experiments, the aged NPs were washed four
times using ultrapure water through ultracentrifugation (Eppendorf, Centrifuge 5910 Ri) at
15000 rpm (22000 x g) for 30 min and sonication (DK-3000H) at 40 kHz for 5 min. The washed
pristine and aged NPs for 2, 4, and 8 days were labelled as PSy, PS,, PS4, and PSs,
respectively (Figure S3). Due to changes in NP concentration during the washing process, the
concentration of washed aged NPs was determined using UV absorbance at 289 nm and
adjusted to match the UVyg9 of the unwashed aged NPs. For subsequent adsorption and
aggregation experiments, approximately 4.68x10'? particles/L of pristine (10 mg/L) and
photoaged NPs were used by diluting the stock solutions to match their corresponding UVasg
(0.952, 0.927, 0.916 and 0.902 for PSo, PSz, PS4, and PSg, respectively). The dilution resulted
in final pH values of 5.7, 5.9, 5.8, and 6.0 for PS,, PS,, PSs, and PSs, respectively. The
corresponding TOC concentrations for PSy, PS,, PS4, and PSg were measured as 29.2 mg
CI/L, 26.8 mg C/L, 24.7 mg C/L, and 23.6 mg C/L, respectively (Table S6). High concentrations

of the NPs were used for better observation of experimental phenomena.

3.2.4. Adsorption Experiments

Batch adsorption experiments were carried out to examine the adsorption of bulk NOM and
NOM fractions onto pristine and photoaged NPs. Pristine or photoaged NPs (10 mg/L) were
mixed with bulk NOM or NOM fractions (2 mg/L) in 10 and 100 mM NaCl solutions within 50
mL centrifuge tubes. At these NaCl concentrations, no aggregation occurred, making them
suitable for testing NOM adsorption. The pH was adjusted to 6.0 + 0.1 using 0.1 M HCI and
NaOH to reflect environmentally relevant conditions [76, 82]. The centrifuge tubes were
agitated at 100 rpm in a shaker at room temperature for 24 h (preliminary tests indicated that
equilibrium was reached after this duration) [367]. Following this, the solution was filtered
through 0.1 um PES filters (pre-washed with 10 mL ultrapure water) to separate NPs and NOM.
For each solution, the first 3 mL of filtrate was discarded, and the remaining filtrate was used
to test NOM removal. Preliminary experiments indicated that NOM adsorption on filters was
negligible, and NOM adsorption by NPs had minimal impact on the specific absorbance of its
UV spectra (Figure S4). The concentrations of NOM before and after adsorption were
determined using UV absorbance at 280 nm, an index that reflects the aromaticity of NOM
and is commonly used for its quantification [355, 362, 368]. Control samples of the washed
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NPs were compared with a blank sample, confirming no contributions from the NPs to the UV
absorbance in the filtrate (Figure S5). Duplicates were performed to assess the reduction in
NOM concentration (1-A/Ao) after adsorption onto pristine and photoaged NPs (Ao and Amean

UV absorbance at 280 nm before and after adsorption).

3.2.5. Aggregation Kinetics Measurements

Time-resolved dynamic light scattering (DLS) technique was used to examine the aggregation
kinetics of NPs in NaCl solutions utilizing a Malvern Zetasizer instrument (Nano ZS, Malvern,
UK). The NOM and NP samples were pre-mixed in ultrapure water, and the pH was adjusted
to 6.0 £ 0.1 using 0.1 M HCI and NaOH. The concentration of NPs was 10 mg/L, a common
concentration for aggregation kinetic studies [76, 77, 82, 128]. Bulk NOM (< 0.05 ym) was
adjusted to concentrations ranging from 1 to 10 mg C/L to examine the effect of NOM
concentration on NP aggregation, within the typical range found in natural waters [81, 82, 369].
To further investigate the impact of NOM MW, a representative concentration of 2 mg/L was
selected for different NOM fractions. The concentration of monovalent electrolyte solution
(NaCl) ranged from 100 mM to 1000 mM. A relatively wide range of NaCl concentrations was
tested to estimate the critical coagulation concentration (CCC) values and gain a better
understanding of the aggregation tendencies of NPs. Duplicates or triplicates were conducted
for each sample. Details on the detection and calculation for the aggregation kinetics can be
found in the Supporting Information (7ext S2). The Zetasizer instrument provided the intensity-
weighted hydrodynamic size of NPs. To gain more insights into the aggregation kinetics, the
intensity, volume, and number-weighted hydrodynamic sizes were analyzed using the

Litesizer DLS 700 instrument (Anton Paar, Austria).

3.2.6. Characterization

The UV-vis spectroscopy (G10S UV-Vis, Thermo Fisher Scientific) and three-
dimensional excitation-emission matrix (3D-EEM) fluorescence spectroscopy (Horiba
Scientific) were employed to characterize the chemical properties of bulk NOM and
NOM fractions. The hydrodynamic size and zeta potential of NPs in the absence and
presence of NOM were measured using the Zetasizer Nano ZS90 (Malvern Instruments, UK).
The size and morphology of pristine/photoaged NPs in ultrapure water were examined using
a scanning electron microscope (SEM, Quattro, FEI) and a transmission electron microscope
(TEM, Tecnai G20, FEI Corp, USA). Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, Nicolet iN10, Thermo Fisher Scientific) was used to detect the
surface functional groups of NPs and NOM, as well as their interactions [130]. Detailed

characterization methods are provided in Text S3.
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3.2.7. DLVO and Steric (Polymer-Mediated) Interaction Energy.

The classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was used to describe the
interaction forces between NPs including van der Waals and electrostatic double layer
interactions [188, 370]. In the presence of NOM, the extended DLVO (XDLVO) theory
considering a steric (polymer-mediated) model was used to investigate interaction energies
between NPs. This model takes into account repulsive steric interaction that arises when the
adsorbed NOM forms a brush-like layer around the NPs, as well as attractive steric interaction
(i.e., polymer bridging) that can occur when the polymer is able to adsorb onto multiple NPs
simultaneously [347, 371]. Detailed calculations of DLVO and polymer-mediated interaction
energies are provided in Text S4, and Table S7, Table S8, Table S9, and Table S10.

3.3. Results and Discussion

3.3.1. Photochemical Weathering Modifies NPs

The FTIR spectra and the corresponding functional groups with their respective absorption
wavenumbers are presented in Figure 3.7a and Table S71. As the photoaging time prolonged,
a decrease in the intensity of peaks at 696, 753, 1028, 1452, 1494, 1601, 2850, 2920, and
3026 cm™" was observed, indicating the degradation of aliphatic segments and benzene rings
of pristine PS NPs under UV exposure. Notably, the new peaks at around 1717 and 3453 cm-
' appeared after the photochemical weathering of PS NPs, attributed to the stretching
vibrations of carboxyl (C=0) and hydroxyl (-OH) groups [372]. This is consistent with previous
studies indicating that photochemical weathering can degrade initial hydrophobic aromatic and
aliphatic components while generating hydrophilic O-containing functional groups [83, 343].
PS NPs had a specific UV absorbance at around 289 nm, which is attributed to the T—m*
transition of the benzenoid ring [373]. Photochemical weathering led to a reduction in UV
absorbance at 289 nm (T7able S6) [374], likely due to the destruction of the benzene ring
structure [132]. The initial zeta potential of the pristine NPs (washed to remove SDS as
described in the methods) was already low (-50.3 £ 1.4 mV in 10 mM NaCl), most likely due
to sulfate groups generated during their synthesis [128, 132]. The zeta potential decreased
further as a result of aging to -63.8 + 0.8 mV, -65.7 + 0.5 mV and -70.6 £ 1.0 mV in 10 mM
NaCl after photoaging for 2, 4 and 8 days, respectively. Additionally, the hydrodynamic size
decreased from the initial value of 159.8 £ 0.7 nm to 156.4 + 0.9 nm, 153.0 £ 0.8 nm, and
151.7 £ 1.7 nm after photoaging for 2, 4, and 8 days, respectively (Figure 3.2c). Similarly, TEM
results indicated that the particle sizes for PSy, PS2, PS4, and PSs were 159.2 + 3.0 nm, 155.7
4.2 nm, 152.7 £ 4.5 nm, and 150.4 £ 4.9 nm, respectively. The SEM and TEM images also
showed that both pristine and photoaged NPs generally exhibited a regular spherical
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morphology (Figure S6 and Figure S7), indicating that photoaging occurred primarily at the

surface of the NPs without inducing obvious fragmentation.
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Figure 3.1. FTIR spectra of pristine and photoaged NPs (a), bulk NOM and NOM fractions (b),
PSo before and after adsorption with bulk NOM and NOM fractions in 100 mM NaCl (c), and
PSs before and after adsorption with bulk NOM and NOM fractions at 100 mM NaCl.
Subscripts 0, 2, 4 and 8 mean aging times of 0, 2, 4 and 8 d.
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Figure 3.2. (a). The zeta potential of pristine and photoaged NPs with and without bulk NOM
and NOM fractions (2 mg /L) in 100 mM NaCl after 24 h (n = 10). (b). The removal (UV2s
reduction) of bulk NOM and NOM fractions (2 mg /L) after adsorption (24 h) on pristine and
photoaged NPs in 100 mM NaCl (n = 2). (c) The hydrodynamic size of pristine and photoaged
NPs with and without bulk NOM and NOM fractions (2 mg/L) in 100 mM NaCl after 24 h (n =
10) (d). The adsorption layer thickness of bulk NOM and NOM fractions (2 mg/L) on pristine
and photoaged NPs in 100 mM NaCl after 24 h. Error bars represent the mean + 1.96 SE (95 %

confidence interval). Subscripts 0, 2, 4 and 8 mean aging times of 0, 2, 4 and 8 d.

3.3.2. NOM Adsorption Modifies Pristine and Photoaged NPs

As observed in the FTIR spectra and corresponding specific wavenumbers (Figure 3.1b and
Table S12), both bulk NOM and NOM fractions exhibited peaks at 1042, 1112, 1388, 1574,
1747 and 3300 cm, indicating the presence of —OH and C=0 groups [355, 367, 375, 376].
Typically, lower MW NOM showed more pronounced absorption peaks across all bands,
indicating a higher abundance of —OH and C=0 groups [355]. As depicted in the UV-vis
spectra (Figure S8), NOM with higher MW contained abundant aromatic components,

evidenced by the increased absorbance at 254 nm with increasing MW [355]. The UV
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extinction coefficients (SUVAzs4) were as follows: 0.056 L mg™* cm™ for bulk NOM (< 0.05 um),
0.085 L mg™ cm™ for NOM (30 kDa—-0.05 um), 0.071 L mg™' cm™" for NOM (10-30 kDa), 0.065
L mg”' cm™ for NOM (3-10 kDa), and 0.038 L mg™' cm™ for NOM (< 3 kDa), respectively. The
corresponding aromaticity values were estimated to be 26.0%, 36.6%, 31.6%, 29.2%, and
19.2%, respectively [377]. Conversely, the lower MW NOM fractions exhibited stronger
fluorescence intensities at Ex = 300—-350 nm/Em = 400-500 nm and Ex = 250-275 nm/Em =
380-500 nm (Figure S9). This may be attributed to the higher abundance of aromatic
carboxylic and hydroxyl groups in the lower MW NOM fractions [359, 378, 379]. These findings
aligned with previous research, indicating that higher MW NOM fractions contain more
aromatic structures, whereas lower MW fractions are richer in hydrophilic C=0O and —OH
groups [380, 381].

FTIR analysis revealed that NOM may adsorb onto pristine and photoaged NPs through
different interaction mechanisms (Figure 3.1c,d and Figure S10). For pristine NPs, the
adsorption of NOM reduced the intensities of aliphatic segments at 2850 and 2920 cm™' and
benzene rings at 1452, 1492, and 3026 cm™ (Figure 3.7c), indicating NOM likely interacted
with these components via hydrophobic and -1 interactions. Notably, higher MW NOM
appeared to reduce these intensities more substantially (Figure 3.7c), likely due to its more
hydrophobic aromatic structures (Figure S8). Additionally, higher MW NOM could generate
stronger van der Waals forces with NPs [382, 383], might contributing to this phenomenon.
The adsorption of NOM also led to the appearance of C=0 and —OH functional groups at 1737
and 3280 cm™ on pristine NPs (Figure 3.1d), likely attributed to the signals from unbonded
groups, including —OH and C=0 groups of NOM (Figure 3.1b). Generally, pristine NPs with
lower MW NOM adsorption showed higher intensities for C=0 (1737 cm™") and —OH (3280 cm"
") groups, likely due to their higher abundance and more pronounced response from these
functional groups (Figure 3.1b). However, for photoaged NPs, the adsorption of NOM reduced
the intensities of not only the original aliphatic segments (2850 and 2920 cm™') and benzene
rings (1452, 1492, and 3026 cm™) but also the newly generated C=0 (1737 cm™) and —OH
(3280 cm™) (Figure 3.1d and Figure S10). This suggests that multiple forces likely contributed
to the interaction between NOM and photoaged NPs: the hydrophobic aromatic components
of NOM may bind to hydrophobic sites (aliphatic segments at 2850 and 2920 cm™ and
benzene rings at 1452, 1492, and 3026 cm™) on photoaged NPs via hydrophobic and -1
interactions, while the oxygen-containing groups (C=0 and —OH groups at 1737 and 3280 cm"
") on photoaged NPs may interact with the hydrophilic -OH and C=0 groups of NOM via
hydrogen bonding. Notably, higher MW NOM exhibited a greater capacity to reduce the
intensities of both hydrophobic and hydrophilic groups on photoaged NPs (Figure 3.1d). This
may be attributed to the stronger van der Waals forces between higher MW NOM and NPs
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[382, 383], which could also enable hydrophobic and Tr-11 interactions, as well as hydrogen
bonding. Overall, we hypothesize that the adsorption of NOM on NPs was likely governed by
a combination of van der Waals forces, hydrogen bonding, hydrophobic and 1-1r interactions,
influenced by the NOM MW and the extent of NP photoaging [343].

The effects of bulk NOM and NOM fractions on the change in zeta potential of pristine and
photoaged NPs at 10, 100 mM and 500 mM NaCl are illustrated in Figure S11, Figure 3.2a
and Figure S12, respectively. At 100 mM NaCl, there were no visible differences between
pristine and photoaged NPs, as well as between NPs with and without NOM (Figure 3.2a and
Figure S12). However, at 10 mM NaCl, the surface charges of pristine NPs became more
negative in the presence of bulk NOM and NOM fractions (Figure S117). This phenomenon,
widely observed for engineered nanoparticles, was attributed to the charge superposition of
the adsorbed NOM [357, 380]. However, the presence of NOM reduced the negative charges
of photoaged NPs, especially for PS4 and PSg. While no existing studies have documented
this phenomenon, we propose that NOM was likely to interact with these hydrophilic O-
containing functional groups on photoaged NPs via hydrogen bonding (Figure 3.1d), thereby
shielding the negative charges or O-containing functional groups on the surface of the

photoaged NPs.

Figure S12 and Figure 3.2b illustrate the UV2go reduction for bulk NOM and NOM fractions
post-adsorption at 10 mM and 100 mM NaCl solution, respectively. For pristine NPs, there
was a 9.2 + 1.6 % reduction in the UV2g of bulk NOM at 10 mM NaCl, indicating NOM sorption
onto the NPs (Figure S13). However, the addition of both bulk NOM and NOM fractions did
not lead to visible change in the hydrodynamic size of both pristine and photoaged NPs at 10
mM NaCl (Figure S14). At 100 mM NaCl, the adsorption of bulk NOM on PSy, PS,, PS4 and
PSs increased importantly to 63.0 £ 0.8 %, 58.0 + 1.0 %, 51.0 £ 0.8 %, and 42.2 + 1.0 %,
respectively. Meanwhile, there was an important increase in hydrodynamic size from the initial
values of 159.8 £ 0.7, 156.4 + 0.9, 153.0 £ 0.8, and 151.1 £ 1.7 nm for PSy, PS,, PS4, and PSg
to 1654 + 1.4, 164.8 £+ 1.9, 161.4 £ 1.7, and 158.3 + 1.8 nm, respectively, when exposed to
bulk NOM (Figure 3.2c). This was attributed to NOM adsorption rather than NOM aggregation
as no NOM aggregates were detected by DLS at 100 mM NaCl (Figure S15). The increased
adsorption of bulk NOM at higher salt concentration can be attributed to the compaction of the
electrostatic layer between the NPs and NOM. Notably, at 100 mM NaCl, the adsorption at
UV2go decreased with the aging of NPs. Similar trends were observed across various NOM
fractions, suggesting that photochemical weathering reduced the adsorption of NOM across
all fractions. Generally, NOM with relatively high MW exhibited relatively high adsorption on
both PS, and PS,. However, for the more aged PS4 and PSg, the adsorption of NOM (> 30
kDa) was not the highest compared to lower MW NOM fractions. Figure 3.2d shows the
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adsorption layer thickness determined by comparing the hydrodynamic sizes of the NPs
before and after NOM adsorption. Generally, the mean adsorption layer thickness of NOM
fractions increased with their MW, indicating that higher MW fractions formed thicker layers
on both pristine and photoaged NPs. Notably, although bulk NOM showed higher adsorption
on the NPs compared to NOM > 30 kDa, the mean adsorption layer thickness of bulk NOM
was generally lower than that of NOM > 30 kDa. Thus, there was no consistent correlation
between the mean adsorption layer thickness and the adsorption capacity. The surface
coverage of NOM on NPs was estimated based on the adsorption amount and assumed NOM
size (Table S9). The results indicated that surface coverage of NOM decreased with the
photoaging of NPs, and higher MW NOM exhibited lower surface coverage, potentially due to

spatial constraints between NOM molecules [384].

3.3.3. Photochemical Weathering Stabilizes NPs

The effect of photochemical weathering on the aggregation tendency of NPs was examined in
monovalent solutions (Figure S16). As ionic strength increased, the attachment efficiency of
both pristine and photoaged NPs increased, due to the charge screening effect of Na*, which
reduced the electrostatic repulsion between the NPs [128]. The CCC value of pristine NPs
was measured at 550 mM NaCl, indicating their high stability. However, for photoaged NPs,
the CCC values exceeded 1000 mM, indicating photoaged NPs were much more stable than
pristine ones. At equivalent NaCl concentrations, the attachment efficiencies decreased with
prolonged photoaging, indicating a reduction in NP stability as the extent of aging increased.
Notably, the zeta potential of pristine NPs became increasingly negative with prolonged
photoaging, consequently intensifying the electrostatic repulsion among photoaged NPs.
Therefore, it can be inferred that electrostatic interaction played a pivotal role in stabilizing
NPs following photoaging, in line with the previous studies [128]. The DLVO theory predicted
high energy barriers (> 20 kgT) for both pristine and photoaged NPs at 100 mM NaCl. However,
at 500 mM NaCl, no energy barrier was observed for PS,, while energy barriers of 12.5 kgT,
28.4 ksT, and 31.5 ks T were noted for PS;, PS4, and PSs, respectively (Figure S77). One study
also suggested that the stabilization of NPs may be induced by the release of dissolved
organic molecules due to steric repulsion [128]. However, in this study, both pristine and
photoaged NPs underwent a washing step to remove dissolved organic molecules, and thus

these molecules were not responsible for the enhanced stability observed in our findings.

3.3.4. NOM Stabilizes Pristine NPs but Destabilizes Photoaged NPs

The effect of bulk NOM on the hydrodynamic size change of pristine and photoaged NPs in
500 mM NaCl is shown in Figure 3.3a-3.3d and Figure S18-Figure S21. The presence of bulk
NOM slowed down the rate of increase in the hydrodynamic size of pristine NPs (Figure 3.3a).
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The Litesizer measurements indicated that the intensity, volume, and number-weighted
hydrodynamic sizes all decreased in the presence of bulk NOM (Figure S18 and Figure S19),
suggesting that bulk NOM hindered the aggregation of pristine NPs under this condition.
Additionally, the inhibitory effect of bulk NOM on NP aggregation increased with rising NOM
concentration (Figure 3.3a). Figure 3.4a further illustrates the change in attachment efficiency
with varying NaCl concentrations. As observed, in the presence of bulk NOM, the CCC value
of pristine NPs increased from 550 mM to around 630 mM NaCl, suggesting that NOM
enhanced the stability of NPs in monovalent solutions. The electrostatic interaction had a
negligible effect, as evidenced by no important difference in the zeta potentials of pristine NPs
with and without NOM (Figure S13). We hypothesize the electro-steric repulsion induced by
the adsorption layer might be a primary factor stabilizing the pristine NPs [83]. As reported,
the adsorption of the NOM layer can disrupt the original ionic diffuse layer of particles, leading
to an expansion of the ionic diffuse layer, which may enhance the stability of NPs [385].
Additionally, based on the theoretical interaction energy profiles at 500 mM NacCl, a high
energy barrier was present between pristine NPs in the presence of NOM (Figure S22a). This
barrier resulted from the additional long-range steric repulsion that occurred when the
separation distance decreased to less than twice the thickness of the NOM adsorption layer.
The stabilization of NPs and engineered nanoparticles by NOM via steric repulsion has also

been extensively documented in previous studies [81, 82, 363].

Nevertheless, the addition of NOM increased the hydrodynamic size of photoaged NPs (Figure
3.3b-3.3d). This phenomenon was not due to NOM aggregation as DLS did not detect NOM
aggregates (Figure S15). The intensity, volume, and number-weighted size distributions of
photoaged NPs with and without NOM over time were examined at 500 mM NaCl (Figure S20
and Figure S21). All three types of size distributions generally exhibited uniform single peaks
with minimal variation from each other and showed similar trends over time, indicating that the
majority of photoaged NPs aggregated in the presence of NOM. The attachment efficiencies
of photoaged NPs at all tested NaCl concentrations also increased after the addition of NOM
(Figure 3.4b-3.4d), suggesting that NOM destabilized photoaged NPs. Notably, the
aggregation of photoaged NPs occurred under relatively high NaCl concentrations, where
NOM had minimal effect on the zeta potential of NPs (Figure S13), suggesting other forces
rather than electrostatic interaction were at play. It has been reported that in addition to steric
repulsion, soluble polymers can induce destabilization of colloids/nanoparticles through
depletion attraction [349, 351], or polymer bridging [348, 386]. As NOM was adsorbed on
photoaged NPs (Figure 3.2b), it is unlikely that depletion attraction was the mechanism
responsible for the destabilization of photoaged NPs by NOM. In this study, we hypothesize
that NOM might serve as a bridging agent among the photoaged NPs, thereby promoting their
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aggregation. The XDLVO theory, which considers steric attractive interaction (i.e., polymer
bridging), accurately predicted this destabilization phenomenon (Figure S22b-S22d). The
long-range polymer bridging created a deep primary energy minimum as the separation
distance decreased to less than the thickness of the NOM layer. At relatively low salt
concentrations (e.g., 100 mM), the strong electrostatic repulsion created a substantial energy
barrier between the photoaged NPs, preventing them from coming close enough for polymer
bridging to occur (Figure S22b1-S22d1). However, at higher salt concentration (e.g., 500 mM),
the electrical double layer was compressed, allowing the NPs to approach each other and
enabling polymer bridging to take effect (Figure S22b2-S22d2). Few studies have reported
polymer bridging by NOM in environmental colloid chemistry [353, 354]. Nason et al. reported
that Pony Lake fulvic acid (PLFA, > 2 mg/L) destabilized citrate-stabilized Au nanoparticles in
80 mM KCI, which was explained by bridging flocculation driven by hydrophobic interactions
between adsorbed PLFA molecules on adjacent Au nanoparticles [354]. Pradel et al.
demonstrated that sodium alginate, a model polysaccharide could bridge pristine PS NPs by
binding multiple particles together, while the resulting clusters were further stabilized through

steric repulsion [353].
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Figure 3.3. The effect of bulk NOM concentration (1, 2, 5, and 10 mg/L) and different MW
NOM fractions (2 mg/L) on the hydrodynamic size (intensity weighted) change of pristine and
photoaged NPs at 500 mM NaCl. Subscripts 0, 2, 4 and 8 mean aging times of 0, 2, 4 and 8

d.
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Figure 3.4. The aggregation kinetics of pristine and photoaged NPs without and with NOM (2

mg/L) in NaCl solutions. Subscripts 0, 2, 4 and 8 mean aging times of 0, 2, 4 and 8 d. Error

bars represent the mean + SD (n = 2 or 3).

As reported, steric stabilization occurs with high adsorbed amounts, but polymer bridging

requires sufficient unoccupied surface area on particles for the attachment of polymer chain

segments from other particles [386]. Typically, an optimal polymer dosage corresponds to low

adsorbed amounts, and an excess of polymer can lead to restabilization [386]. In this study,

although photoaging reduced the amount of NOM adsorbed and the surface coverage on NPs
(Table S9), low MW NOM fractions (e.g., < 10 kDa) at 2 mg/L still exceeded 100% surface
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coverage on photoaged NPs. Furthermore, the destabilization capacity of NOM on photoaged
NPs increased with the concentration of NOM (Figure 3.3b-3.3d). It suggests that the
adsorbed amount or surface coverage did not solely determine the distinct role of NOM in the
stability of pristine and photoaged NPs. We propose that the unique adsorption configurations

of NOM on pristine and photoaged NPs might play a crucial role.

It is commonly believed that NOM in solution has a micelle-like structure, with hydrophilic
moieties exposed on the external part and the hydrophobic domain hidden in the inner part
[387-389]. Conformational rearrangements could occur, enabling favorable moieties to adsorb
onto solid surfaces [389-391]. The hydrophobic components of NOM might tend to bind with
the surfaces of pristine NPs through hydrophobic and -1 interactions (Figure 3.7c), while
hydrophilic segments might extend into the surrounding solution (Figure 3.5) [372, 392]. These
hydrophilic segments might inhibit NP aggregation through steric repulsion. Compared to
pristine NPs, the surface of photoaged NPs was more heterogeneous, containing both
aromatic segments and O-containing functional groups (Figure 3.1a). This surface
heterogeneity may allow NOM to adsorb through both hydrophobic and hydrophilic
interactions (Figure 3.1d). The hydrophobic and 1r-1r interactions likely facilitate the adsorption
of the hydrophobic components of NOM onto the non-oxidized regions of the photoaged NPs,
while hydrogen bonding may occur between the hydrophilic segments of NOM and the
oxidized regions on the photoaged NPs (Figure 3.5). Additionally, the remaining hydrophobic
or hydrophilic segments of NOM in solution may bind with the heterogeneous regions on other
photoaged NPs, effectively bridging two or more photoaged NPs. In previous studies, the
presence of HA stabilized both pristine and photoaged PS NPs in monovalent solutions, but
the stabilization capacity was weakened on photoaged NPs due to less HA adsorption [83,
175]. The distinct effect of NOM on photoaged NPs observed in this study compared to
previous studies may be attributed to differences in aging extent. Earlier studies likely involved
less photoaged NPs, with aging times of one day or less, and CCC values that were
determinable and below 1000 mM [83, 133]. HA adsorption on these photoaged NPs was
likely dominated by hydrophobic and 1r-11 interactions, with minimal hydrogen bonding. In
contrast, the increased oxidation in this study may reduce these hydrophobic interactions while
enhancing hydrogen bonding between NOM and photoaged NPs. Thus, we propose that
sufficient surface hydrogen bonding donors (O-containing functional groups) on photoaged

NPs are essential for the formation of polymer bridging.
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Figure 3.5. Schematic diagram illustrating the mechanisms of NOM adsorption and the
stabilization or destabilization of NPs by NOM, as well as the DLVO and steric model

interaction energy curves at 500 mM NaCl.

3.3.5. Molecular Weight-Dependent Stabilization and Destabilization Capacity

NOM, being a heterogeneous mixture of components with varying MW and chemical
properties, exhibits chemical heterogeneity among its fractions [393]. This molecular
heterogeneity plays a crucial role in determining the formation of an eco-corona, which
subsequently impacts the stability of nanoparticles [360, 363]. The impact of MW-fractioned
NOM on the hydrodynamic size change of pristine NPs in a 500 mM NaCl solution is depicted
in Figure 3e-3h. Compared to pristine NPs in the absence of NOM fractions, NOM with
relatively large MWs (i.e., > 30 kDa, 10-30 kDa, and 3—-10 kDa) notably inhibited the increase
in the hydrodynamic size of NPs, while NOM with MW below 3 kDa seemed to promote the
increase in hydrodynamic size in the initial stage. At all tested NaCl concentrations, NOM with
relatively large MWs (i.e., > 30 kDa, 10—-30 kDa, and 3-10 kDa) inhibited the aggregation of
pristine NPs (Figure 3.4b-3.4d). Notably, although NOM < 3 kDa exhibited some
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destabilization on pristine NPs under relatively low NaCl concentrations (< 500 mM), the CCC
value of pristine NPs with NOM < 3 kDa was higher than that of pristine NPs alone (610 mM
vs. 550 mM). Generally, the stabilization capacity of NOM fractions increased with the increase
in MW. Due to higher aromaticity and fewer carbonyl groups, NOM with higher MW exhibited
higher adsorption capacity on pristine NPs (Figure 3.2b). Additionally, the larger size of high-
MW NOM contributed to the formation of a thicker adsorption layer on the NPs (Figure 3.2d).
According to the steric model (Figure 3.5 and Figure S22a), higher MW NOM could generate
longer-range steric repulsion, producing a high energy barrier at a larger separation distance,

thus demonstrating stronger stabilization capacity.

For photoaged NPs, NOM < 3 kDa did not induce obvious changes in the hydrodynamic size
at 500 mM NaCl, whereas NOM with larger molecular weights, particularly NOM > 30 kDa,
caused an increase in the hydrodynamic size of PS;, PS4 and PSg (Figure 3.37-3.3h). The
attachment efficiencies of photoaged NPs in the presence of NOM fractions were further
investigated across a wide range of NaCl concentrations. Generally, similar to bulk NOM, all
NOM fractions destabilized the photoaged NPs. Notably, the destabilization capacity of NOM
fractions increased with increasing MW. NOM with relatively large MW generally formed a
thicker adsorption layer on photoaged NPs (Figure 3.2d). Based on the theoretical calculations
of the steric model, the adsorption layer thickness largely determined the separation distance
at which polymer bridging occurs (Figure 3.5 and Figure S22b-S22d). NOM with a relatively
large MW could serve as a “large bridge”, binding photoaged NPs at a relatively far distance
(Figure 3.5). Thus, the destabilization of photoaged NPs was strongly dependent on the MW
of NOM.

3.4. Environmental Implications

The aggregation behavior and colloidal stability of NPs are highly impacted by natural
weathering processes, such as photochemical weathering [128], and eco-corona formation
[81, 82]. This study revealed that the role of photochemical weathering and eco-corona in the
colloidal stability of NPs was more complicated than what we previously expected [83].
Although both photoaging and NOM adsorption are known to stabilize NPs in monovalent
electrolyte solutions [81, 82, 128], our study highlighted that NOM stabilized pristine NPs most
likely via steric repulsion but destabilized photoaged NPs via polymer bridging in monovalent
electrolyte solutions. The modification of NPs through photochemical weathering likely
impacts eco-corona formation [394, 395]. Although photoaging reduces the amount of eco-
corona on NPs [360]. this is not the primary reason for the destabilization of photoaged NPs.
We propose that distinct interaction between NOM and pristine/photoaged NPs induced

distinct eco-corona conformation on pristine and photoaged NPs, thus leading to distinct
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stability effects. In monovalent solutions, NOM typically stabilizes NPs or engineered
nanoparticles via steric repulsion [81, 82, 393], while the destabilization phenomenon of NOM
usually occurs in the presence of multivalent cations (e.g., calcium) via cation bridging [357,
396]. This study highlighted the destabilization role of NOM in monovalent solutions in
environmental colloid chemistry, providing new insights into the stability and fate of NPs and
engineered nanoparticles in complex aquatic conditions. NOM is diverse in terms of molecular
size and properties [393]. NOM with relatively high molecular weights typically exhibits
relatively high aromaticity and hydrophobicity, but low hydrophilicity [363]. In this study, higher
molecular weight NOM fractions displayed greater adsorption on both pristine and photoaged
NPs, indicating that the photoaging did not notably change the adsorption preference of NPs
based on NOM size. In addition, despite their lower abundance, NOM with relatively high
molecular weights played a dominant role in either stabilizing pristine NPs or destabilizing
photoaged NPs. This highlights the importance of considering the heterogeneity in molecular
size distribution of environmental NOM when interpreting its effects on the transport and fate
of NPs.

It should be noted that, commercial PS NPs used in this study are highly stable, which makes
it challenging to observe aggregation behaviors under typical freshwater conditions. To
address this, high salinity conditions were chosen to better observe and understand the
interactions and aggregation behaviors of NPs. Thus, the findings are relevant to estuarine or
marine ecosystems, where elevated salinity levels are common. However, the underlying
mechanisms observed in this study, such as the interactions of NOM with pristine and
weathered NPs and the resulting aggregation processes, are fundamental and may also apply
to less stable NPs or scenarios in freshwater systems. This suggests that while specific
outcomes may vary, the broader insights provided by this research could contribute to

understanding NP behavior across a range of aquatic environments.
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Abstract

The deposition of nanoplastics (NPs) in porous media is strongly influenced by natural
weathering processes, such as UV exposure and adsorption of natural organic matter (NOM),
but the deposition mechanisms of both, non-weathered and weathered NPs, remain poorly
understood. In this study the effect of NOM on the transport of non-weathered polystyrene
(PS) NPs and UV-weathered PS NPs was examined in saturated porous media under low
ionic strength conditions. It revealed that the physical and chemical heterogeneity of the sand
surface created favorable attachment sites, leading to site blocking and retardation of NPs.
NPs followed a non-steady-state, two-stage transport dynamic: rapid, irreversible, and
reversible or pseudo-equilibrium attachment on heterogeneous areas until site saturation,
followed by slow, irreversible attachment on relatively homogeneous surfaces. Both UV
weathering and NOM coating generated more negatively charged NPs, reducing the
irreversible and reversible deposition of NPs. These weathering processes reshaped NP
transport dynamics and masked the retardation effects induced by sand surface heterogeneity.
Moreover, the impact of NOM on NP deposition varied depending on the extent of UV

weathering and the molecular weight of the NOM.

4 1. Introduction

The massive production and pervasive use of plastics lead to plastic debris accumulating in
the environment [113, 397], with projections suggesting that up to 12 Gt of plastic waste could
enter natural ecosystems by 2050 [398]. Over the past decades, microplastics have drawn
great attention due to their persistence in the environment and toxic effects on aquatic
organisms [399, 400]. Recently, however, nanoplastics (NPs, < 1 ym) have attracted
increasing attention [401]. NPs originate from two main sources: primary NPs, which are
intentionally manufactured for commercial and industrial applications [402], and secondary
NPs that are formed through the degradation of larger plastic particles, e.g. by UV-induced
breakdown [403]. Both in vitro and in vivo studies have shown that NPs can pose serious
health risks to humans, including physical stress, cellular damage, apoptosis, necrosis,
inflammation, oxidative stress, and immune responses [27-29, 404]. NPs have been detected
in various water sources, including surface water, groundwater, and riverbank filtrate (RBF)
[10]. Especially, the presence of NPs in RBF raises concerns about its effectiveness in
removing these particles.

Studies on NP transport and deposition often draw upon established knowledge of colloid
transport in porous media [405]. The classical clean bed filtration theory (CFT) is the most
commonly used approach for describing the filtration of colloidal particles [406]. The CFT

assumes that collector surfaces are perfectly smooth and uniformly charged, with the
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deposition rate being constant. A first-order kinetic model is typically employed to describe
deposition, where colloids break through without retardation (i.e., breakthrough occurs at or
before the first pore volume) and the breakthrough curve (BTC) remains a steady-state plateau
[407]. The classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is commonly used to
explain the deposition phenomena [408]. Under unfavorable conditions, where repulsive
interactions are present, colloids typically deposit in the primary minimum by overcoming the
energy barrier [409]. However, discrepancies between theoretical predictions and
experimental results are often observed, particularly under unfavorable conditions [409, 410].
For instance, colloids are not expected to deposit onto collector surfaces at typically low ionic
strengths due to the presence of a high energy barrier, yet particle deposition is frequently
observed [410, 411]. Tufenkji and Elimelech have suggested that some colloids undergo
"slow" deposition by overcoming the repulsive energy barrier to reach the primary energy
minimum, while others deposit "fast" due to a relatively deep secondary energy minimum [410,
411]. Non-steady-state breakthrough, driven by mechanisms such as site blocking, is also
commonly seen in experiments [412, 413]. This is usually explained by the physical and
chemical heterogeneity of the collector surface, resulting in varying deposition rates [407, 414].
Particularly retardation, which deviates from the CFT, has been observed in the case of
colloids [415, 416]. While retardation is associated with “equilibrium adsorption” during the
transport of reactive solutes [417], this concept cannot directly be applied to colloid transport
as colloids are typically thermodynamically unstable [418]. In addition, the transport of NPs in
porous media has extensively been studied using commercially available NPs, such as PS
NPs [67, 88, 89, 94, 97, 98, 129, 136, 419]. The deposition of NPs in previous studies typically
occurred under unfavorable conditions and deviated from CFT theory [67, 89, 129, 420, 421],

but limited research has been dedicated to the reasons behind these deviations [422, 423].

Moreover, NPs exposed to aquatic environments do not maintain their original state or
properties, but, instead, undergo natural weathering processes such as oxidation by UV-light
and coating with organic macromolecules [117]. For example, secondary NPs may have been
UV-weathered [53, 424], while primary NPs may undergo UV weathering when exposed to
environmental conditions [128]. Typically, UV weathering generates a range of oxygen-
containing functional groups on the NP surface, making them more hydrophilic and negatively
charged [136, 148]. Furthermore, a coating of natural organic matter (NOM), which includes
various organic components such as humic acids, fulvic acids, proteins, and polysaccharides
[65, 359], can be formed as an "eco-corona" on NPs, serving as another weathering factor
that modifies their surface properties [83, 360]. Depending on the source and component,
NOM may increase or decrease the negative charges of the surface of NPs [88, 89, 94]. The

modification of NPs by these weathering processes can alter their interactions with collector
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surfaces and thus influence their transport in porous media [67, 88, 89, 94, 129, 136]. For
instance, some authors have reported that NOM adsorption can enhance NP transport by
increasing electrostatic repulsion [88, 94], or by inducing additional steric repulsion [67, 89].
However, weathering processes may not only enhance the transport capacity of NPs, but may
also lead to distinct transport dynamics. Non-steady-state breakthrough and retardation,
deviating from CFT, are often observed during transport of non-weathered NPs, whereas
weathered NPs tend to show steady-state breakthrough with reduced or negligible retardation
compared to pristine particles [67, 421]. Despite these observations, this aspect has not been
explicitly studied. Overall, the mechanisms behind these deviations from CFT, as well as how

weathering reshapes NP transport dynamics in porous media, remain poorly understood.

Therefore, the main objective of this study is to elucidate the transport mechanisms of non-
weathered and weathered NPs in saturated porous media. Commercial PS NPs, representing
non-weathered NPs, were UV-aged using a mercury lamp to produce UV-weathered PS NPs.
Suwanee River NOM was incubated with both non-weathered and UV-weathered PS NPs to
generate NOM-weathered NPs. NOM was further split into different MW fractions to study how
NOM size modifies NPs and affects their deposition. BTCs for non-weathered and weathered
NPs in saturated porous media were obtained by filtering over clean quartz sand columns.
Finally, a two-site kinetic model and an equilibrium-kinetic model, combined with DLVO and
extended DLVO (XDLVO) theory, were used to elucidate the mechanisms driving the
deposition of non-weathered and weathered NPs.

4.2. Materials and Methods

4.2.1. Materials

The preparation of PS NPs could be found in Chapter 3. The used quartz sand had a diameter
of 0.4-0.8 mm, and was purchased online from vidaXL. For comparison, two other types of
quartz sand were obtained from Sigma-Aldrich: Sigma-1, with a size range of 0.2-0.8 mm,
and Sigma-2 with a narrower range of 0.21-0.30 mm. The vidaXL sand and the Sigma-1 sand
were then sieved using stainless steel screens (30 and 40 mesh) to obtain 0.425-0.6 mm
vidaXL sand, 0.425-0.6 mm Sigma-1 sand, and 0.2-0.425 mm Sigma-1 sand. The sand was
then cleaned to remove possible organic residues and metals by sequentially soaking it in
concentrated NaOH for 24 h, followed by washing with concentrated HCI for 24 hours. After
cleaning, the sand was thoroughly rinsed with ultrapure water until the pH stabilized at

approximately 6.5. Finally, the cleaned quartz sand was heated at 550 °C for 5 h.
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4.2.2. Preparation of Weathered Nanoplastics

The UV-weathered PS NPs were prepared by aging PS NPs under a 500 W mercury lamp (35
mW/cm?) for 2, 4 and 8 days [425]. Detailed procedures are provided in Chapter 3.

NOM-weathered NPs were prepared by mixing NOM (2 mg C/L) with pristine or UV-weathered
NPs in 10 mM NacCl, with the pH adjusted to 6.0 + 0.1 using 0.1 M HCI and NaOH. 10 mM
NaCl was selected to represent typical surface water with low ionic strength. Bulk NOM (<
0.05 ym) and NOM fractions with MWs ranging from 30 kDa—0.05 ym, 10-30 kDa, 3-10 kDa,
and < 3 kDa were prepared, as detailed in Chapter 3. To obtain stable NOM-weathered NPs,

the mixture was allowed to react for 24 hours to approximately reach equilibrium [425].

4.2.3. Column Transport Experiments

A polymethyl methacrylate column with a height of 9 cm and an inner diameter of 2 cm was
used to study NP transport in the porous media (see the setup in Figure S24). The ratio
between the column diameter and sand grain diameter was 33, which falls within the
recommended range of 20-50, ensuring minimal wall effects and preferential flow paths [426].
To prevent sand loss from the bottom and ensure a uniform flow distribution at the top, a
stainless steel mesh with a 200 um opening was placed at the bottom of the column. During
sand packing, ultrapure water was introduced from the bottom of the column. The cleaned,
dry sand was then wetted with ultrapure water, and gradually added to the column using a
spoon and while gently stirring the column to prevent layering and air entrapment. The
resulting sand bed porosity was 0.39, calculated based on the inserted sand mass, the packed
column volume, and a sand density of 2.56 g/cm?®. After packing, several pore volumes (PVs)
of ultrapure water were injected to wash the sand in the columns. 10 mM NaCl was used as a
tracer to assess the conservative transport properties of the packed columns, while measuring
the electrical conductivity with a potable conductivity meter (HQ1140, HACH, USA) in the
effluents of the column. As for all experiments, a constant flow of 1 mL/min (0.54 m/h) was

applied in an upward direction, using a peristaltic pump (Longer BT100-3J).

For NP transport studies, the columns were pre-flushed with a particle-free background
electrolyte (10 mM NaCl) for 10 PVs to establish stable baseline conditions. Following this, 25
or more PVs of NP suspension were injected, followed by 10 PVs of background electrolyte
elution to allow the column effluent UVag9 to return to baseline levels. Effluent samples were
collected in glass tubes from the top of the column at equal time intervals to obtain BTCs. NP
concentrations were measured using a UV spectrophotometer (G10S UV-Vis, Thermo Fisher
Scientific) at a wavelength of 289 nm. Transport experiments for pristine NPs were conducted
at concentrations of 2 mg/L (9.36x10" particles/L, UV25=0.211 cm™), 5 mg/L (2.34x10"
particles/L, UV25=0.505 cm™), and 10 mg/L (4.68x10"? particles/L, UV2s= 0.952 cm™) in 10
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mM NaCl. For UV-weathered and NOM-weathered NPs’ transport studies, 4.68x10'?
particles/L in 10 mM NaCl was used. Both non-weathered and weathered NPs were pre-
equilibrated for 24 h before injection. NP aggregation was not observed after the 24-h reaction
period, as indicated by dynamic light scattering measurements. Either duplicate or triplicate

experiments were conducted for each transport condition.

4.2.4. Adsorption and Desorption Experiments

Batch adsorption experiments were conducted to study the adsorption of non-weathered and
weathered NPs by the cleaned 0.425-0.600 mm vidaXL sand. A 100 mL suspension of
4.68x10"2 particles/L (UVz2s9= 0.952 cm™) of either non-weathered or weathered NPs was
mixed with 50 g of sand in 10 mM NaCl. The mixture was agitated at 160 rpm for 48 hours.
The suspension was sampled at specific time intervals (0, 1, 2, 10 min and 0.5, 2.5, 20, 24
and 48 h) and tested for UV.s9. After 48 hours, the suspension was replaced with 85 mL of
particle-free 10 mM NaCl solution, and the desorption of NPs was tested at several time
intervals (0, 1, 2, 10, and 30 minutes). Controls, without sand addition, showed no obvious
UVago reduction of NPs following agitation for 48 hours (Figure S24). Blanks indicated that
agitation caused the fragmentation and release of suspended fine sands, which interfered with

the UV absorbance of NPs (Figure S25). Detailed analysis results are presented in Text S5.

4.2.5. Characterization

Detailed characterization and analysis regarding the physicochemical properties of non-
weathered and weathered NPs, and NOM can be found in Chapter 3.

The zeta potential of sands was characterized using a Zetasizer Nano ZS90. Prior to testing,
the sands were ground into fine particles using a stainless steel rod to facilitate suspension
and measurement [427]. The surface morphology of quartz sand and the deposited NPs was
characterized using both an optical microscope and SEM. Energy-dispersive X-ray
spectroscopy (EDX; EDX1800ROHS) was conducted to identify the major elemental
components present on the sand surfaces. In addition, X-ray diffraction (XRD; PHILIPS PW

1710) was used to analyze the mineralogical composition of the sands.

4.2.6. Modelling

In porous media, the transport and deposition of NPs are primarily controlled by three major
processes: advection, dispersion, and attachment to collector surfaces. These processes are

typically described by 1-D advection-dispersion-reaction (ADR) equation:

ac d%c ac  ppdS
- Pz Ve T m (4-1)
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In this model, t represents time (min), z is the distance (m), and C denotes the concentration
of NPs in solution (mg/L or particle/L). D is the hydrodynamic dispersion coefficient (cm?/min),

v is the average pore water flow velocity (cm/min), and ps is the sand bulk density (mg/cm?)
and O is the porosity of the sand media (dimensionless). %denotes the change in
concentration of NPs due to reactions such as deposition (S in the same units as C). The
mean pore-water flow velocity and the hydrodynamic dispersion coefficient used in NP
simulations were obtained by fitting to NaCl tracer breakthrough curve. The first-order
reversible kinetic model is expressed as follows [428]:

as
%ba = KqeepC — %bkdets (4-2)

Where ka.: (min™') is the first-order attachment coefficient, ket (Min™) is the first-order
detachment coefficient (equal to O for irreversible retention). The function y in the attachment
term is a general term that varies according to the attachment mechanisms being modeled
(e.g., clean bed, blocking, ripening, etc.). The following attachment mechanisms are

considered in this study to simulate the experimental results [412].
(1) Clean bed filtration (CFT) model (y = 1).

The rate of NPs attachment k.« can be expressed as below:
C
kaee = 2n(2) (4-3)

Where L is the column length (cm), Co and C represent the influent and steady-state effluent
NP concentrations (mg/L), respectively. The steady-state concentration C is used to evaluate
the retention behavior of NPs in the column. The obtained first-order attachment rate
coefficient ks (Min') can then be used to calculate the attachment efficiency a (dimensionless)
using the following equation [416]:

o = 2kqerdc

= 3(1-60)vne (4-4)

where d. is the diameter of sand grain (cm), a represents the attachment efficiency (the ratio
of particle attached to the collector to all particles colliding with the collector), and no is the
single collector efficiency (dimensionless), calculated using the Tufenkji-Elimelech equation
[74].

(2) Site blocking. The clean bed with site-blocking model includes a maximum retention

capacity, Smax(1g/g), to limit NP deposition [412]. This is represented by the following equation:

N

Yp=1- (4-3)

Smax
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In this model, y is a dimensionless Langmuirian blocking function. When the retention capacity
Smax is much larger than S, y approaches 1, and Equation (2) simplifies to the clean bed
filtration model. Initially, there are no NPs associated with the solid phase, making the site-
blocking term equal to unity. As NP attachment increases and S approaches Snax, the site-

blocking term approaches zero.

To investigate the presence of multiple kinetic deposition sites, a two-site kinetic model was
employed to fit the BTCs using HYDRUS 1-D. This model accounts for both reversible and
irreversible kinetic attachment at two different sites, as described by the equation below [414]:

3(S,+5.
%b% = kq1P1C + kg h,C — %bkd151 (4-6)

where S; and S; are the solid phase NP concentration on site 1 and site 2, respectively. Kas
and ks, are the attachment rate coefficient for site 1 and site 2, respectively. kqs is the

detachment rate at site 1 and the detachment at site 2 was negligible in this study [414].

(3) Equilibrium and kinetic model. A combined model containing a first-order kinetic component
(Sk) and an equilibrium component (S¢), in accordance with a linear Freundlich isotherm, can
be written:

Pb O(Sk+Se) P pp 0C
e = kaetC — LkaerS + Ka 5! (4-7)

When the kinetic detachment term (kqe:) is neglected, and first-order attachment was assumed
to be irreversible, the equilibrium component could be incorporated into 1-D advection-
dispersion-reaction (ADR) equation (1):

ppy 0C . 9%C ac

(1+Ka ) 5= Doz — v —kauC (4-8)

R=1 +Kd%” (4-9)

Where R is the retardation factor and Ky is the distribution coefficient. Introducing Ky in NP
transport modeling simplifies the attachment/detachment process by reducing the parameters.
However, conceptually, the equilibrium assumption is invalid because K, is fundamentally
based on Gibbs energy and the assumption of thermodynamic equilibrium, whereas NPs are
inherently thermodynamically unstable [418]. On the other hand, several authors have
successfully applied the concept of Ky in modeling NP transport [405, 429-431], aligning with
other experimental studies that observe retarded BTCs [414, 432]. In this study, “equilibrium
retention” of NPs was observed based on the adsorption and desorption experiments, along

with obvious retardation in the BTCs of PS NPs. Therefore, the equilibrium-kinetic model
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incorporating the distribution coefficient (Ky) and retardation factor (R) was also considered to
fit the BTCs using STANMOD software.

4.2.7. DLVO and XDLVO Interaction Energy

The classical DLVO theory, which accounts for van der Waals attraction and electrostatic
double-layer repulsion, was applied to describe the interaction energies between NPs and
sand [188, 370]. In the presence of NOM, the extended DLVO (XDLVO) theory was employed
to incorporate steric repulsion when evaluating the interaction energies between NPs and
sand surfaces. Surface physical heterogeneity or roughness (Figure S26), and chemical
heterogeneity were also considered in the DLVO and XDLVO interaction calculation [433, 434].

Detailed calculations of DLVO and XDLVO interaction energies are provided in Text S6.

4.3. Results and Discussion

4.3.1. Two-Stage Deposition of Nanoplastics

The BTCs of 2, 5 and 10 mg/L PS NPs, along with the corresponding total input mass and
cumulative breakthrough mass profiles during a single pulse under 10 mM NaCl are depicted
in Figure 4.1a. The BTC of the tracer (10 mM NaCl) in the column showed distinct single peaks
(Figure S27), suggesting that NaCl behaved as a non-reactive tracer and confirming the sand-
packed column was properly prepared. In contrast with most previous studies, where NP BTC
was typically observed after only a few PVs [98, 129], NP suspensions in this study were
injected for 25 PVs, to observe the full breakthrough. This study revealed an S-shaped
breakthrough pattern: the BTCs of NPs in the first pulse exhibited an initial retardation,
followed by a rapid increase, and then a gradual rise until eventually flattening at C/Co = 0.91
(Figure 4.1a). Also, at lower NP concentrations, the initial NP breakthrough curve was S-
shaped but the plateau of constant NP effluent concentration was reached later (Figure 4.1b
and Figure 4.1c). Correspondingly, the cumulative breakthrough mass profiles showed a
negligible NP breakthrough in the initial stage, followed by a gradual, linear increase at a near-
constant rate until the start of the elution stage.
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Figure 4.1. The BTCs (yellow dots), total input NP mass (red dots), and accumulative
breakthrough mass profiles (blue dots) of 2, 5 and 10 mg/L non-weathered NPs during a single
pulse in 10 mM NaCl. The red, blue, and green numbers indicate the total input NP mass (mg),
total NP breakthrough (mg), and total retention (mg), respectively, during a single pulse. The

shaded area under the tail of the curve represents the normalized NP concentration during the
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elution stage, which is symmetric to the shaded region during initial ascent stage. Error bars

represent the mean + range (minimum to maximum) (n = 2).

The elution stage with NP-free solution should theoretically result in a washout of C/Co*PV =
0.91 (representing the mass of NPs in 1 PV of water) if no detachment occurs. However, the
integrated areas under the elution curves during the first pulse were C/Co*PV = 1.30-1.33 at
different NP input concentrations, suggesting that only a small part of the NPs underwent
reversible attachment. This observation is consistent with the results of the batch experiments,
where NPs were detached upon replacement with NP-free solution (Text S5 and Figure S25).
By subtracting the total breakthrough (including the elution stage) from the total mass input,
the retained NPs were attributed to irreversible attachment. The mass of irreversibly attached
NPs was calculated to be in pulse 1 a (2.50 mg — 1.52 mg =) 0.98 mg, pulse 1 b (2.05 mg —
1.20 mg =) 0.85 mg, and pulse 1 ¢ (1.39 mg — 0.72 mg =) 0.67 mg for input concentrations of
10 mg/L, 5 mg/L, and 2 mg/L, respectively. These results demonstrate that both reversible and
irreversible NP attachment are concentration-dependent processes, with irreversible

attachment predominating during the first pulse.

Unlike the first pulse BTCs, all concentrations of NPs in the second and subsequent pulses
exhibited approximately a normal breakthrough: no noticeable retardation (noticeably breaking
through at the first PV) and quickly leveled off at the same plateau (i.e., 0.91) (Figure 4.7). The
shaded area under the tail of the curve in the elution stage mirrored that observed during the
initial ascent, indicating symmetry between the initial injection and the final elution. This
breakthrough pattern is consistent with the principles of traditional CFT that assumes a
constant attachment rate under steady-state conditions [412]. Furthermore, the integrated
areas under the elution curves during the second and subsequent pulses showed little change
compared to the elution stage of the first pulse. This suggests that the amount of reversibly
attached NPs remained relatively constant and low between pulses, indicating that NP
attachment was predominantly irreversible, and reversible attachment mainly occurred during

the initial stage of transport.

Physical straining and site blocking are commonly cited mechanisms explaining the deviation
of colloid transport from CFT [405]. Straining refers to the trapping of relatively large particles,
where the ratio of particle radius to the median collector radius exceeds 0.0017, within pore
throats [435]. As higher concentrations may lead to more colloid aggregation and increased
particle size, straining typically results in decreased transport of colloids as the input
concentration increases [436]. In this study, PS NPs had a size ratio to sand grains of about
0.0003, showed no aggregation, and demonstrated an opposite concentration-dependent

transport behavior, suggesting straining was not the deposition mechanism of PS NPs.
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Therefore, to study site blocking, a modeling approach (Equation 4-5) was adopted where a
maximum solid stage concentration (Smax) was added to constrain the NP deposition. As NP
attachment increases over time, the available sites on the collector surface are gradually
covered by the deposited NPs (as S approaches Snax), leaving fewer sites available for further
deposition [412]. Typically, increasing the input concentration of particles facilitates their
transport, as higher input concentrations lead to greater surface coverage and faster site
saturation [437-439]. Therefore, in this study, site blocking might be responsible for the time-

dependent and concentration-dependent deposition of PS NPs in the first pulse.

However, the one-site model, both with and without the Langmuirian blocking function, did not
adequately fit the entire BTCs in the first pulse (Figure S28). On the other hand, the two-site
kinetic model with a Langmuirian blocking function for each site provided a good fit for all the
BTCs (Figure S28). The value of the attachment coefficient k.; was approximately one order
of magnitude larger than ki, for PS NPs (T7able 4.1), indicating that NP deposition was
dominated by fast deposition at site 1. The time retardation of BTCs was predominantly
determined by the values of ka; and Smaxs. A higher value of kas indicates a more favorable
deposition, leading to complete retention until the solid stage concentration of NPs at site 1
approached Spmaxr. The above analysis indicates that some reversible attachment could occur
during the initial stage of transport; therefore, the detachment rate constant k4 was
incorporated in the two-site blocking model. The fitted values showed that k4 was
approximately one order of magnitude lower than ka.s (Table 4.1), suggesting that the
attachment process dominated over detachment at site 1 during NP filtration, until saturation.
In the batch experiments, the rapid attachment of PS NPs by sand during the initial mixing
stage (< 10 min), along with rapid detachment (Figure S25), was consistent with rapid
attachment during the first NP injection and fast detachment during the initial elution stage in
the transport experiments, suggesting that breakthrough curve can be approximated with a
model that uses equilibrium processes [440, 441]. Additionally, the observed initial retardation
followed by a breakthrough supports the use of an equilibrium-kinetic model, which also well
described the BTCs (Figure S28). The initial retardation, as indicated by high R and K,
reflected the rapid, instantaneous retention of NPs during the first stage. As particle
accumulation continued, the sand surface reached its apparent equilibrium, leading to
breakthrough. Subsequently, NP attachment during the plateau (kax) was primarily governed
by slow kinetic irreversible attachment, consistent with ka2 in the two-site kinetic model. Overall,
the modeling further supports a two-stage deposition process of NPs: an initial stage
characterized by a low amount of fast, reversible or pseudo-equilibrium attachment until site

saturation, followed by a subsequent stage dominated by slow, irreversible attachment.



Chapter 4

4.3.2. Sand Surface Heterogeneity Creates Favorable Deposition Sites

Typically, primary and secondary energy minima can produce irreversible and reversible
deposition sites, with primary-minimum deposition being much more stable than secondary-
minimum deposition [407, 409]. Based on DLVO theory calculations (Figure S29), a relatively
high energy barrier (220 ksT) was observed for NP-sand interactions, making it difficult for the
NPs to diffuse over these barriers into the primary energy minimum [442]. The shallow
secondary energy minimum of -0.145 kgT suggests that only limited NP deposition might occur.
Therefore, the visible retardation of BTC and site blocking of PS NPs could not be explained
by the classical DLVO theory, although the interaction energy only represents the average
value between NPs and sand surfaces. For a homogeneous surface, the attachment potential
predicted by the interaction energy would result in a constant deposition rate. However, natural
sands are typically physically and chemically heterogeneous, leading to variations in the
interaction energies between particles and different locations on the heterogeneous surfaces
[443], which might explain the deviation from the classical DLVO and CFT.

To elucidate the underlying mechanism behind the observed retardation phenomenon, the
transport behavior of PS NPs in 10 mM NaCl was tested using sands from various sources,
as shown in Figure 4.2. Site blocking was observed across all types of sands; however,
differences in retardation were evident. Specifically, negligible retardation occurred in Sigma-
1 sands with diameters of 0.425-0.6 mm and 0.2-0.425 mm, whereas considerable
retardation was observed in the 0.210-0.297 mm Sigma-2 sand, similar to the behavior seen
with vidaXL sand. SEM images exhibited that the surface of Sigma-1 sand was relatively
smooth, with regular shallow scratches or grooves (Figure 4.2b). However, the surfaces of
vidaXL sand and Sigma-2 sand exhibited numerous irregularities and pronounced
unevenness. Most NPs tended to accumulate at these rough sites, suggesting that physical
heterogeneity was likely responsible for the retardation of NPs in vidaXL and Sigma-2 sand
(Figure 4.2b). In a previous study [444], we observed a similar phenomenon, where retardation
of silver nanoparticles occurred in rough sand, while negligible retardation was noted in

relatively smooth sand.
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Figure 4.2. (a) the BTCs of tracer and NPs in different types of sand, (b) the SEM images
showing sand morphology and NP deposition on sand surfaces, and (c) the XRD spectra of
the various sand types.

The surface roughness of sand including protruding asperities and concave areas can create
favorable sites for NP attachment under unfavorable conditions [413, 414]. As calculated, the
energy barrier decreased from 220 kgT to 84.6 ksT, 44.1 kT, and 33.5 kgT in the presence of
50 nm, 20 nm, and 10 nm convex asperities, respectively (Figure S29). Irreversible attachment
at the primary energy minimum may be enhanced at the tops of nanoscale protruding
asperities [443]. Studies further indicate that colloid immobilization under unfavorable
conditions may arise from wedging within grain-grain junctions [445, 446]. Instead of
overcoming the energy barrier, colloids may migrate along collector surfaces via secondary-
minimum interactions until they become immobilized in regions with reduced hydrodynamic

shear, such as interstitial spaces between grains [445, 446].

In addition, microscopic analyses showed that the 0.425-0.6 mm and 0.2-0.425 mm Sigma-
1 sands were clean and transparent with no visible impurities, whereas the 0.210-0.297 mm
Sigma-2 sand and vidaXL sand exhibited colored hues (Figure S30). Despite sequential
treatments with HCI, NaOH, and thermal combustion to remove metal oxides and organic
impurities, certain clay minerals might have remained due to their resistance to these

treatments [447]. SEM-EDS and XRD analyses confirmed the potential presence of minerals
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in vidaXL sand (albite, kaolinite, and illite) and in the 0.210-0.297 mm Sigma sand (albite and
kaolinite) (Figure S31 and Figure 4.2c) [448]. The presence of minerals was also associated
with the less negative zeta potential of vidaXL sand (-41.7 £ 0.8 mV) and 0.210-0.297 mm
Sigma-2 sand (-45.5 £ 0.5 mV) compared to the 0.425-0.6 mm (-46.8 £ 1.3 mV) and 0.2—
0.425 mm (-40.4 £ 0.7 mV) Sigma-1 sands (Figure S32), likely due to positively charged edge
positions such as APP* [449-451]. Considering the chemical heterogeneity, the energy barrier
decreased from 220 ksT to 163 ksT, 119 ksT, and 34.1keT in the presence of a positively
charged area (e.g., + 40 mV) with size of 10 nm, 20 nm, and 50 nm, respectively (Figure
S29ct), thereby promoting irreversible attachment at the primary energy minimum.
Concurrently, the secondary energy minimum increased from 0.145 kgT to 0.155 kgT, 0.165 kgT,
and 0.217 ksT (Figure S29c2), enhancing the potential for irreversible attachment. Although
previous studies did not explicitly mention retardation, the findings have suggested a potential
link between the observed retardation of colloids and the presence of clay minerals [447, 451,
452]. For instance, increasing contents of clay minerals such as kaolinite, montmorillonite, and
illite have appeared to cause more retardation of NPs [423, 451, 452]. Using the same 0.210-
0.297 mm Sigma-2 sand, retardation has also been observed for PS NPs [67], and graphene

oxide nanoparticles [453].

Consequently, the combined physical and chemical heterogeneity of sand surfaces in sand
can lead to a wide distribution of primary and/or secondary minimum depths as well as
attenuated hydrodynamic shear forces, which contribute to the observed breakthrough
behavior of NPs. As reported, attachment to kinetically limited sites occurs in the primary
energy minimum where overcoming an energy barrier is required, while attachment to fast
equilibrium sites takes place in the secondary energy minimum [454]. In the initial stage,
surface heterogeneity creates numerous favorable locations for both rapid reversible (less
important) and irreversible (dominant process) NP attachment at these energy minima, leading
to initial NP retardation. As these high-affinity sites become saturated, they are no longer
available for further attachment, resulting in site blocking. Subsequently, during the second or
third NP pulses, incoming NPs deposit predominantly onto relatively smooth surfaces, where

irreversible attachment at the primary energy minimum dominates [409, 455].

4.3.3. UV Weathering Reduces Surface Heterogeneity Effects

The BTCs for both pristine and UV-weathered NPs in sand columns are depicted in Figure 3.
Compared to the pristine NPs, the UV-weathered NPs exhibited earlier breakthrough. The
concentration plateau was reached faster as the aging time increased, indicating that photo-
oxidation enhanced NP mobility (Table 4. 1). The equilibrium-kinetic model and two-site kinetic
model also accurately described the transport of UV-weathered NPs (Figure S28). The

reduction in Ky from an initial value of 2.15 mL/g to 1.54 mL/g, 1.37 mL/g and 1.06 mL/g
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indicates that the retention capacity of sand for PS NPs decreased with UV weathering. This
trend was consistent with the batch experiments, where the removal of NPs after 48 h
decreased from 82.0% for PSo to 58.0%, 49.9%, and 32.8% for PS., PS4, and PSg,
respectively (Figure S25). The initial ka7 value of 1.038 min~" for PS, reduced to 0.464 min™",
0.328 min™', and 0.300 min~' for PS,, PS4, and PSg, respectively. The same trend was
observed for ka2 and kar. Correspondingly, Smaxr exhibited a decrease from 8.84 pg/g for PSq
to 6.12 ug/g, 3.01 ug/g, and 2.96 ug/g for PS,, PS4, and PSs, respectively, while Spmax2 dropped
from 0.632 ug/g for PSo to 0.391 ug/g, 0.310 ug/g, and 0.276 pg/g for PSy, PS4, and PSs,
respectively. Similar to pristine NPs, multi-site deposition was observed for UV-weathered NPs;
however, the number of available sites was lower compared to the pristine NPs. This reduction
likely reflected changes in surface properties of the NPs, impacting their interaction dynamics

with the collector surfaces.

Since the UV-weathered NPs carried a more negative charge compared to pristine ones
(Figure S11), the increased electrostatic repulsion between the NPs and sand could be a
contributing factor for the reduced retention [129]. Table S13 shows the energy barrier and
secondary energy minimum between NPs and heterogeneous/homogeneous surfaces.
Although surface roughness greatly reduced the energy barriers, the barriers between UV-
weathered NPs and convex asperity (e.g., 10 nm) (46.1-52.4 kgT) remained higher than those
for pristine NPs (33.5 kgT). Meanwhile, the secondary minimum between NPs and concave
valley decreased (0.090-0.196 ksT vs. 0.507 kgT). Although the presence of positively
charged areas may favor the attachment of more negatively charged UV-weathered NPs,
DLVO calculations still predicted higher energy barriers (54.2—96.2 ksT vs. 34.1kgT) and
shallower secondary minima (0.038-0.079 kT vs. 0.217 kgT) between UV-weathered NPs
and a positively charged area (e.g., 50 nm, + 40mV) (Table S13), due to the dominant
influence of the surrounding negatively charged surface. It indicates that UV weathering
reduced both irreversible deposition at the primary energy minimum and reversible deposition
at the secondary energy minimum. Furthermore, UV weathering rendered these originally
favorable heterogeneous sites for non-weathered NPs unfavorable, leading to the reduced
retardation and the rapid reaching of the steady-state plateau observed in the BTCs of UV-
weathered NPs. Although not emphasized by the respective authors, carboxyl group-
functionalized NPs that mimic weathered NPs, exhibited negligible retardation compared to
their non-functionalized counterparts when transported through Sigma sand with an average
diameter of 0.260 mm [67]. Therefore, UV weathering can reshape NP surface properties,
reducing the influence of sand surface heterogeneity and causing NPs to undergo distinct

transport dynamics.
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Figure 4.3. The BTCs of non-weathered and UV-weathered NPs in the absence and presence
of bulk NOM and NOM fractions (2 mg C/L) in 10 mM NaCl. Subscripts 0, 2, 4 and 8 mean
aging times of 0, 2, 4 and 8 d. Error bars represent the mean * range (minimum to maximum)

(n=2).
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4.3.4. NOM Reduces Surface Heterogeneity Effects

The retardation of pristine NPs decreased in the presence of NOM, as evidenced by the rapid
breakthrough of NPs at first PV (Figure 4.2). After NOM addition, the attachment efficiencies
as and az reduced from 0.079 and 0.015 to 0.030 and 0.003, respectively, corresponding to
the reduction in Ky and kax in the equilibrium-kinetic model. Based on the two-site model fitting,
the parameters Spmaxr and Spax2 decreased from 8.84 ug/g and 0.632 ug/g to 0.720 pg/g and
0.161 ug/g after the addition of NOM, indicating that NP deposition on both heterogeneous
and homogeneous surfaces decreased. Batch adsorption experiments revealed that 9% of
NOM adsorbed onto PS NPs (Figure S13). Additionally, the adsorption of NOM greatly
increased the negative charge of the pristine NPs (Figure S171), probably due to the charge
superposition of the adsorbed NOM [357, 380]. The increase in electrostatic repulsion likely
explains the enhanced mobility of NPs in the presence of NOM [94]. Steric repulsion due to
NOM adsorption is typically considered a key factor contributing to increased mobility of
engineered colloids in porous media, such as graphene oxide [456], ZnO [457], and Ag [458],
as well as PS NPs [67, 89]. In this study, steric repulsion likely played a critical role in
increasing the mobility of PS NPs as well. According to XDLVO theory, NOM adsorption greatly
increased the energy barrier between NPs and sand surfaces (Table S13), thereby reducing

the irreversible deposition of NPs.

Similar to pristine NPs, the deposition of UV-weathered NPs on heterogeneous and
homogeneous surfaces reduced in the presence of NOM, as indicated by reductions in the
fitted parameters Ka1, ka2, Smax1 and Smaxz, as well as Ky and Kax. In contrast to the pristine NPs,
the zeta potential of UV-weathered NPs, especially PS4 and PSs, became less negative in the
presence of NOM (Figure S11). Limited studies have reported this phenomenon, but we
propose that the reduction in negative charges may be attributed to the shielding of charges
or oxygen-containing groups on UV-weathered NPs by NOM [425]. Furthermore, this effect
was more pronounced as UV aging time increased, due to the generation of more surface
oxygen-containing groups on the more weathered NPs (Figure S17). Although NOM could
decrease the electrostatic repulsion between UV-weathered NPs and the sand, steric
repulsion may outweigh the effects of reduced electrostatic interaction. XDLVO theory
suggested that NOM-induced short-distance steric repulsion primarily affected the energy
barriers between UV-weathered NPs and both heterogeneous and homogeneous surfaces,
with minimal impact on the secondary energy minimum (7able S13). This led to a reduction in

the irreversible deposition of UV-weathered NPs at the primary energy minimum.

Similar to UV weathering, the weathering of NPs by NOM also diminished the effect of sand
surface heterogeneity on NP transport and greatly reduced retardation. Different effects of

NOM on NP transport dynamics have been identified in previous studies, although not
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explicitly highlighted. For instance, on standard quartz sand and glass beads, NPs have
exhibited a steady-state breakthrough, and model NOM compounds such as humic acid,
bovine serum albumin, and sodium alginate have been found to only enhance the height of
the BTC plateau without altering the overall transport dynamics [88, 459]. However, in the
study by Zhu et al., retardation of pristine NPs has been observed in Sigma sand (0.260 mm),
while NOM components such as fulvic acid, humic acid, and macromolecular extracellular
polymeric substances (EPS) have been found to reduce this retardation. In particular, EPS
appeared to eliminate retardation entirely, resulting in a near steady-state breakthrough [67].
Similarly, low-molecular-weight organic acids have been observed to reduce the retardation
of NPs in columns using sand sourced from Tianjin Guangfu Technology Development Co.,
Ltd. [460]. These findings highlight the complex interplay between NP weathering by NOM and

sand surface heterogeneity in shaping NP transport.

4.3.5. NOM Molecular Weight-Dependent Deposition of Nanoplastics

NOM is a heterogeneous group of compounds with varying MW and chemical properties [393].
The MW of NOM could determine its reactivity with NPs and control their mobility in porous
media [67]. For pristine NPs in the presence of NOM fractions, the attachment efficiencies a,
as and a2 generally decreased as the MW of NOM increased, indicating that mostly the higher-
MW NOM increased NP mobility. In the equilibrium-kinetic model, the Ky value increased from
0.534 mL/g to 0.718 mL/g, 0.776 mL/g, and 0.832 mL/g, and k.« increased from 0.0034 min™',
0.0034 min', 0.0046 min', 0.0048 min"' as NOM MW decreased. Similarly, ka1, Smax1, Smax2
decreased with increasing NOM MW, whereas k., showed no obvious correlation. This
suggests that NOM with a higher MW had a stronger capacity to reduce the deposition of NPs.
Higher-MW NOM with larger molecular size and greater aromaticity, could form a thicker
adsorption layer via hydrophobic and -1 interactions (Figure S14), enabling higher-MW
NOM to induce stronger steric repulsion, thereby enhancing the mobility of pristine NPs.
XDLVO theory revealed that the energy barriers between NPs and sand surfaces increased
with higher NOM MW, while the secondary energy minima between NPs and sand surfaces
remained nearly unchanged across different NOM MWs. Therefore, NOM MW primarily
influenced the availability of irreversible deposition sites on heterogeneous and homogeneous

surfaces.

For UV-weathered NPs, a similar trend was observed, with higher mobility in the presence of
higher MW NOM. However, not all MW NOMs enhanced the mobility of UV-weathered NPs.
As evidenced by the increase in attachment efficiencies a, the presence of < 3 kDa and 3-10
kDa NOM reduced the mobility of PS4 and PSs. Although all NOM fractions reduced the
negative charges of UV-weathered NPs, the adsorption of lower MW NOM (e.g., < 3 kDa) on

PS4 and PSg was negligible (Figure S13). We propose that a competition between electrostatic
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interaction and steric repulsion was at play. In the presence of higher MW NOM, the additional
steric repulsion outweighed the reduced electrostatic repulsion, leading to enhanced mobility
of UV-weathered NPs. Conversely, with lower MW NOM, the reduced electrostatic repulsion
dominated, resulting in increased deposition of PS4 and PSg. According to XDLVO predictions,
the energy barrier between PSg and convex asperity increased from 52.4 ksT to 62.4 and 58.9
keT in the presence of > 30 kDa and 10-30 kDa NOM, respectively, but decreased to 43.1 and
42.1 kgT in the presence of 3—10 kDa and < 3 kDa NOM, respectively (Table S13). On smooth
surfaces, the energy barriers remained high (> 260 ksT) both in the absence and presence of
NOM fractions. Therefore, the influence of NOM and its fractions on the irreversible deposition

of UV-weathered NPs primarily occurred on these heterogeneous surfaces.

4.4. Environmental Implications

This study focused on the deposition mechanisms of non-weathered and weathered PS NPs
in saturated porous media under typically low ionic strength conditions. Our findings reveal
that the transport dynamic of NPs deviated from traditional CFT and DLVO theory. Instead, a
two-stage transport with mostly irreversible and to a lesser degree also reversible attachment
was observed, particularly for non-weathered NPs during the first filtration pulse. This
retardation behavior is often overlooked in other studies [94, 97, 447], as it can resemble
steady-state transport with a very low breakthrough when breakthrough curves are measured
over short timeframes and/or at low concentrations of NPs. These results highlight the

importance of considering the full breakthrough curve, especially during the first filtration pulse.

The study also reveals the critical role of sand grain physical and chemical heterogeneity in
this two-stage transport of NPs. It can explain deviations in transport behaviors observed
across previous studies [67, 410, 414, 422, 451], as traditional cleaning methods, such as acid
treatment, cannot fully eliminate chemical heterogeneity in certain sand sources. Moreover, it
suggests that clean, ideal quartz sands or glass beads are inadequate representations of
natural sands in transport studies, as impurities in natural sands, such as minerals and organic
matter, can make NP undergo distinct transport dynamics. Although weathering of NPs may
diminish this effect, it nonetheless challenges the applicability of CFT and steady-state

transport assumptions for predicting NP behavior in natural sand systems.

Additionally, this study underscores the role of natural weathering in reshaping the transport
behaviors of NPs, particularly in masking the influence of sand surface heterogeneity on
retardation. This phenomenon also helps explain the distinct transport behaviors reported in
literature, where different studies often employ commercial NPs with diverse surface
functionalities and stabilizing coatings. For instance, carboxyl-functionalized NPs have

exhibited steady-state breakthrough behavior, in contrast to non-functionalized NPs [67].
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Many commercial NPs are stabilized with surfactants such as sodium dodecyl sulfate, which
can mask surface charge heterogeneities and reduce deviations from CFT [410, 461]. These
commercial carboxyl-functionalized and coating-modified NPs may partially resemble the
transport dynamics of weathered NPs. However, they may not adequately represent the
physicochemical properties or dynamic interactions of real-world NPs in natural environments.
To better reflect real-world scenarios, future studies should prioritize the use of weathered NPs
in natural waters, whose surfaces can vary depending on water matrices, such as the

composition and concentration of NOM.
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Abstract

Riverbank filtration (RBF) is a widely used natural treatment process to remove contaminants
for drinking water production via biodegradation and filtration. Its potential to remove also
nanoplastics (NPs), a new pollutant of concern for human health, is still unclear. Predicting NP
transport during RBF remains challenging, particularly with spatially heterogeneous biofilms,
driven by oxygen and nutrient gradients during infiltration, adding to the complexity. We
constructed a simulated RBF to cultivate natural biofiims and study how spatially
heterogeneous biofilm distributions influence NP transport. Distinct from traditional clean bed
filtration theory (CFT), we identified a two-stage transport dynamic of NPs: an initial retardation
dominated by favorable attachment until breakthrough, followed by unfavorable attachment
until an approximate steady-state breakthrough was reached. Biofilms, particularly in the
upper layer of the sand column, enhanced both favorable and unfavorable NP attachment,
with both attachment stages decreasing with depth and positively correlating with biofilm
biomass. Moreover, weathering of NPs in river water through eco-corona formation inhibited
initial favorable deposition while promoting unfavorable deposition, ultimately reducing NP
transport potential. Leveraging the two stage transport, we predicted NP travel distance and
breakthrough time in spatially heterogeneous natural sand. These findings provide valuable
insights for refining predictive models and guiding the design of engineered filtration systems

to mitigate NP contamination.

5.1. Introduction

Nanoplastics (NPs), defined as plastic particles smaller than 1 ym, are increasingly recognized
as ubiquitous contaminants in the environment [401]. Due to their small size and large surface
area, NPs exhibit a high mobility, raising concerns about their potential ecological and human
health impacts [401]. NPs can originate from primary sources, such as engineered NPs, used
in industrial applications [402], or as secondary products from the fragmentation and
degradation of larger plastic debris, including microplastics, under environmental stressors
like UV radiation, mechanical abrasion, and chemical oxidation [403]. NPs have been detected
in various freshwater bodies, including surface water [10, 15], groundwater [10], and even
treated drinking water [462]. As plastics continue to accumulate in fresh water, the level of NPs
is expected to rise, raising concerns about the safety of e.g. drinking water. Riverbank filtration
(RBF) is a widely implemented natural water treatment process, particularly in Europe, where
it contributes to drinking water production [101]. In this process, river water infiltrates through
bank sediments toward abstraction wells, undergoing a combination of physical filtration,

biological degradation, and geochemical transformation [105, 106].
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Given the widespread use of RBF for drinking water production, it is essential to also
understand NP transport and retention in RBF, in order to assess potential risks to drinking
water quality. Numerous experimental and mathematical modeling studies have been
performed to understand NP transport and deposition in porous media. Among the most
commonly used theoretical frameworks for describing NP transport are the clean bed filtration
(CFT) and the classical and modified Derjaguin—Landau—Verwey—Overbeek (DLVO) theories
[74, 408]. NP transport has extensively been evaluated using model polystyrene (PS) NPs in
small-scale columns, packed with clean quartz sand, under varying conditions, including flow
rate, flow orientation, water saturation [87], solution chemistry (e.g., pH, ionic strength, and
ion valence)[88], and the presence of coexisting environmental colloids and molecules,
particularly natural organic matter (NOM) [88, 89]. Adsorption of NOM onto NPs can lead to
the formation of an eco-corona, representing environmentally relevant forms of weathered
NPs. Studies using model NOM have shown that the eco-corona typically enhances NP
mobility in porous media by increasing electrostatic repulsion [88, 94], or introducing additional
steric hindrance (elastic and osmotic interaction) [67, 89]. However, the influence of eco-
coronas formed under environmentally relevant conditions, such as in natural waters with

complex NOM composition and variable aqueous chemistry, remains poorly understood.

Unlike laboratory conditions that often use clean quartz sand, natural sand grains in the
subsurface are typically coated with organic and biological materials [463]. In these settings,
microorganisms preferentially attach to grain surfaces and develop thin, patchy biofilms [464].
Biofilms are structured communities of sessile microorganisms embedded within a self-
produced matrix of extracellular polymeric substances (EPS), and they can constitute the
majority of bacterial biomass in natural porous media [463, 465]. Especially during RBF, a
condensed biologically active surface sediment layer, commonly referred to as the colmation
layer or Schmutzdecke, plays an important role in effectively removing suspended solids,
pathogens, and other contaminants [101]. The role of biofilms in NP deposition has primarily
been studied using biofilms derived from single-species bacterial models, such as
Pseudomonas aeruginosa and Escherichia coli [97, 98]. For example, He et al. have reported
that biofilms formed by E. coli enhance PS NP retention in porous media by increasing surface
roughness, restricting flow paths, and facilitating hydrogen bonding between EPS and the NPs
[97]. Although these studies provide mechanistic insights into the potential role of biofilms in
NP transport, they do not fully reflect real-world conditions, where natural biofilms are typically

heterogeneous and composed of diverse microbial communities.

In natural RBF systems, biofilms also exhibit pronounced spatial heterogeneity along
infiltration gradients due to progressive oxygen and nutrient depletion [101]. This ecological

zonation gives rise to stratified microbial communities and results in variability in biofilm
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biomass, composition, and physicochemical properties (e.g., surface charge, hydrophobicity,
and EPS content) [466, 467], all of which can influence NP interactions with porous media.
However, the influence of spatially heterogeneous biofilms on NP transport and removal in
RBF remains poorly understood. In addition, traditional models for predicting long-distance
NP transport in the field are largely based on small-scale laboratory experiments conducted
under simplified conditions, which fail to capture the complexity of natural systems. To improve
the accuracy and applicability of these models, it is essential to incorporate the spatial
variability of natural biofilms under environmentally relevant conditions. Addressing this
knowledge gap will be critical for developing more realistic and predictive frameworks for

assessing NP fate and transport in RBF systems.

Therefore, the main objective of this study is to elucidate how the spatial heterogeneity of
biofilms influences the transport and removal of NPs, thereby improving predictive models for
RBF systems. We address three key questions grounded in identified research gaps: (1) How
does biofilm-induced weathering (spatially heterogeneous biofilms) of sand surfaces influence
NP migration? (2) How does the weathering of NPs in natural waters affect their transport?
and (3) How can incorporating natural weathering and biofilm spatial heterogeneity improve
the predictive accuracy of NP transport models? To investigate these questions, we
constructed long (90 cm), segmented columns, packed with clean sand, that were
continuously fed with river water from an RBF site in the Netherlands to allow biofilm
development over periods of 1, 3, and 6 months. Following biofilm growth, the column
segments were separated into 10-cm short, undisturbed sections, representing different filter
depths, which were then used for NP transport experiments. First, we explored the transport
mechanisms of NPs in columns with and without biofilm. We then examined how spatially
heterogeneous biofilms at different filter depths affected the transport and retention capacity
of NPs. Additionally, we conducted transport experiments in the column segments to compare
the transport of non-weathered NPs in synthetic water with that of environmentally weathered
NPs in river water to evaluate the role of naturally formed eco-coronas on NP mobility. Finally,
we developed several modeling approaches that incorporate spatial biofilm heterogeneity to

predict NP retention and transport in RBF systems.

5.2. Materials and Methods

5.2.1. Biofilm Inoculation and Development in Laboratory

Seven long, segmented acrylic glass columns, each 90 cm in length, were assembled by
connecting ten short segments (9 cm in length, 2cm in diameter) via threaded joints (see

Figure S33 for the experimental setup). Each segment was packed with clean quartz sand
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(particle diameter: 0.425-0.6 mm). The sand was purchased from vidaXL and cleaned
sequentially by soaking it in concentrated 5.0 M NaOH for 24 hours, followed by treatment
with 12 M concentrated HCI for another 24 hours to remove organics and metals following
previously published protocols [197]. After chemical treatment, it was thoroughly rinsed with
ultrapure water until the pH stabilized, then dried and heated at 550 °C for 5 hours to remove
residual organic matter. During column packing, ultrapure water was introduced from the
bottom to ensure full saturation. The cleaned sand was rewetted with ultrapure water, and then
gradually added with a spoon and gently mixed to prevent layering and air entrapment. A
stainless steel mesh with 200 ym openings was installed at the base of each short column to
prevent sand loss and ensure uniform flow distribution. The final porosity of the packed bed
was calculated to be 0.39, based on the sand mass, column volume, and a particle density of
2.56 g/cm?.

River water was collected twice from an RBF site in the Netherlands in September and
December 2024. A portion of the water was microfiltered (MF-Water) through a 2 ym Whatman
membrane to remove large particles and algae, preventing clogging and algal growth in the
columns. Another portion was ultrafiltered (UF-Water) using a 100 kDa cut-off device to
remove microorganisms while retaining native dissolved organic carbon (DOC) and ions. The
filtered waters were stored at 4 °C in a refrigerator and brought to room temperature prior to

the column experiments.

The MF-Water was pumped upflow through the seven columns using peristaltic pumps at
0.1 mL/min (1.3 m/d) for two weeks to inoculate native bacteria onto the sand grains.
Subsequently, the columns were supplied with UF-Water at 0.1 mL/min from bottom to top to
support biofilm development for 1, 3, or 6 months. Two dual-channel peristaltic pumps supplied
four of the seven columns (two each for 1 and 3 months, respectively), and a three-channel
pump supplied three of the seven columns for 6 months. For 1-month and 3-month sets, one
was used for biofilm characterization and the other for NP transport experiments in synthetic
water (without DOC), replicating the ion composition of the river water (see Table S74 for
detailed water quality parameters). For the 6-month set, one column was used for biofilm
analysis, one for NP transport in synthetic water, and one for NP transport in river water (<
100 kDa). The columns were operated at room temperature and covered by a black film to

prevent light exposure and inhibit algal growth.

5.2.2. Biofilm Characterization

Biomass quantification. After biofilm formation, the long columns designed for biofilm
characterization were disassembled into ten short segments each to assess biofilm biomass

and surface characteristics at different depths (0—9 cm, 9-18 cm, ..., 81-90 cm). Each short
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segment was further divided into three 3 cm layers, which were thoroughly mixed using a
spoon. Biofilm biomass was quantified by measuring total carbon and nitrogen content using
an Elemental Analyzer (vario EL cube). For segments C1 and C2 (0—-9 cm and 9-18 cm), all
three sublayers (upper, middle, and lower 3 cm) were analyzed. For segments C3 to C10, only
the middle layer was selected for total carbon and nitrogen analysis. Prior to measurement,
the sand samples were ground into fine powder using a mortar. Approximately 50 mg of each
sample, as well as blank clean sand, was used for analysis, with measurements conducted in

duplicate.

Adenosine triphosphate detection. Active biofilm biomass was assessed by adenosine
triphosphate (ATP) using a commercial ATP assay kit (Beyotime) and quantified with a
fluorescence luminometer. Following the manufacturer’s protocol, approximately 0.5g of
sample was used for each ATP measurement. For segments C1 and C2 (0—9 cm and 9-18 cm),
all three 3cm layers were analyzed. For segments C3 to C10, only the middle layer was
selected. Clean sand was also tested as a control. Each sample was measured in duplicate

to ensure reproducibility.

Extracellular polymeric substances extraction and quantification. EPS from biofilms were
quantified by measuring protein and polysaccharide contents. For each segment, the top 3 cm
layer was used for analysis. Approximately 5 g of sand was transferred into a 10 mL glass vial,
and 5mL of synthetic water was added. The mixture was sonicated at 40 Hz for 1 minute,
shaken for 30 seconds, and sonicated again for 1 minute to detach biofilm material from the
sand grains [468]. A 3.5 mL aliquot of the resulting suspension was transferred to a new glass
vial. Cation exchange resin (CER; Dowex Marathon C, 20-50 mesh, sodium form, Fluka
91973), pre-soaked overnight in ultrapure water, was added to the suspension at a dosage of
0.1 g. The biofilm-CER suspension was stirred at 600 rpm for 2.5 hours at 4 °C, then allowed
to settle for 3 minutes to separate the resin. The supernatant was collected and centrifuged at
8,000 rpm for 20 minutes at 4 °C to obtain the extracted EPS [469]. Protein content in the EPS
(expressed as ug/g sand) was determined using the bicinchoninic acid (BCA) assay with a
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA), using bovine serum albumin
as a standard. Polysaccharide content (ug/g sand) was quantified by the phenol-sulfuric acid
method, using glucose as the calibration standard [469]. Each sample was measured in

duplicate.

Zeta potential measurement. The zeta potential of clean sand and biofilms was measured
using a Litesizer DLS 700 instrument (Anton Paar, Austria). To facilitate suspension and
accurate measurement in synthetic water, clean sand was first ground into fine particles using

a stainless steel rod [427]. For the zeta potential of biofilms, the middle 3 cm layer from each
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segment was selected. Biofilms were extracted using the sonication protocol described
previously. The resulting suspension was allowed to settle for 1 minute to remove the larger
sand particles. The supernatant water, containing detached biofilm, was collected and
analyzed using the Litesizer DLS 700 instrument. Each sample was measured ten times to

ensure accuracy and reproducibility.

Scanning electron microscopy. The surface morphology of bare and biofilm-coated sand was
characterized using scanning electron microscopy (SEM; Quattro, FEI). Sand samples were
collected from the top layer (C1, 0—9 cm) and middle layer (C5, 36—45 cm) of the column after
6 months of biofilm development. The samples were gently dried at 40 °C, mounted on glass
slides, and coated with a thin layer of gold prior to imaging to enhance conductivity and image

quality.
5.2.3. Nanoplastic Transport Experiments

Commercial PS NPs (nominal size: 100 nm) were purchased from Zhichuan Intelligent
Technology (Suzhou, China) Co., Ltd and used as model NPs. The PS stock solution was
diluted in synthetic water and UF-Water to prepare two types of suspensions: pristine NPs and
weathered NPs, respectively, at a final concentration of 30 mg/L. The weathered NPs were
incubated in UF-Water for two days to form a stable eco-corona (Figure S34). Arelatively high
NP concentration was selected to enable observation of full transport dynamics within a
daytime.

After biofilm development, the long columns were carefully disassembled into ten short
segments (C1-C10), each representing a depth interval of 0-9 cm, 9-18 cm, etc., down to 81—
90 cm, for NP transport experiments. Before removing a segment from the top, the pump and
the effluent outlet were shut off. The segment was then carefully unscrewed from the long
column. It was immediately inverted, filled with background water to maintain saturation, and
sealed with a cap to remove excess water. This procedure was done such that the formation
of air bubbles or sand loss were prevented. Finally, the segment was returned to its original

orientation, becoming a self-contained short column ready for transport experiments.

Prior to NP injection, approximately 8 pore volumes (PVs, 53.3min) of particle-free
background electrolyte (synthetic or river water) were injected at a constant upward flow rate
of 0.75mL/min (9.75 m/d) to flush the columns and remove loosely attached biofilms.
Subsequently, 35 PVs (466.7 min) of NP suspension were injected, followed by 8 PVs of
background electrolyte for elution, both at 0.75mL/min. The total transport experiment
duration was 9.6 hours. The higher flow velocity used during transport experiments compared

to biofilm development was intended to facilitate the full observation of transport dynamics
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within a single day. Transport experiments were conducted on four segments per day, so

completing all transport experiments for a single long column took three days.

Effluents were collected from the column outlet at regular time intervals (0.5 PVs) in glass
tubes using an autosampler to generate breakthrough curves (BTCs). NP concentrations in
the effluent were quantified using a UV-Vis spectrophotometer (G10S, Thermo Fisher
Scientific) at a wavelength of 270 nm. The UV absorbance at 270 nm (UV27o) for 30 mg/L PS
NPs in synthetic water was 0.965 cm™'. For comparison, the UV27o of background UF-Water
was only 0.067 cm™'. Adsorption tests showed that the UV270 of DOC remained unchanged
before and after adsorption by NPs (7ext S7 and Table S15). Therefore, for NP transport
experiments in river water, the measured UV270 values were corrected by subtracting the
background absorbance of 0.067 to determine NP concentrations.

To validate the applicability of the observed transport dynamics and mechanisms in natural
systems, we also collected surface-layer river sand from a RBF site in the Netherlands and
conducted NP transport experiments. Untreated wet river sand was packed into a 9 cm column,
and NP transport experiments were carried out using both synthetic water and UF-Water,
following the same procedure as described above. Due to the substantial retention of NPs in
river sand, long-term transport (40—45 h) was monitored to capture the complete transport

dynamics.

5.2.4. Nanoplastic Characterization

The hydrodynamic size and zeta potential of PS NPs in synthetic water and river water were
measured using the Litesizer DLS 700 instrument (Anton Paar, Austria), with ten replicate
measurements conducted for each sample. To examine NP deposition, sand samples were
collected from the top segment (C1, 0—9cm) and middle segment (C5, 36—45cm) of the
column after 6 months of biofilm development. The deposited NPs on clean sand and biofilm-

coated sand were visualized using SEM.

5.2.5. Modelling

Two-site blocking model. NP transport in porous media is influenced by three fundamental
mechanisms: advection, dispersion, and attachment to solid surfaces. It is often captured

using the one-dimensional advection-dispersion-reaction (ADR) model:

ac a%c aC _ ppds

Yoz Vo et (5-1)

In this model, t represents time (min), z is the distance along the column (m), and C denotes
the NP concentration in the aqueous phase (mg/L). The hydrodynamic dispersion coefficient
is represented by D (cm?/min), while v is the average pore-water velocity (cm/min). The bulk
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density of the porous medium is p» (mg/cm?3), and 6 denotes the porosity of the sand bed. The

as
at

attachment or detachment. The key transport parameters, mean pore-water velocity and

term — captures changes in solid-phase NP concentration S (same units as C) due to

dispersion coefficient, were obtained by fitting experimental NaCl tracer breakthrough curves.
The NP deposition and release processes were described using a first-order reversible kinetic
model, given as [428]:

as
%ba = kquPC — %bkdets (5'2)

Here, ka+ (min™) is the first-order attachment coefficient, and ke (min™') is the first-order
detachment coefficient, which is set to zero when assuming irreversible retention. The term g
in the attachment expression serves as a generalized factor that reflects the specific

attachment mechanism being modeled, such as clean-bed filtration, blocking, or ripening [412].

In CFT (g = 1), the rate of NPs attachment k.: can be expressed as below:
C
kaee = HIn(2) (5-3)

Where L is the column length (cm), Cy and C represent the influent and steady-state effluent
NP concentrations (mg/L), respectively. The steady-state concentration C is used to evaluate

the retention behavior of NPs in the column [416].

The clean-bed filtration model with site-blocking incorporates a maximum retention capacity
(Smax) to account for the finite availability of attachment sites on the collector surface. This

model describes NP deposition with the following equation [412]:

S

Y=1- (5-4)

Sm ax

In this model, @ represents a dimensionless Langmuirian blocking function. When the
deposited NP concentration S is much smaller than the maximum retention capacity Smax, @
approaches 1, and the equation simplifies to the clean-bed filtration model. Initially, when no
NPs are associated with the solid phase, the blocking effect is negligible. However, as more
NPs attach and S approaches Snax, W decreases, indicating reduced availability of attachment

sites due to site saturation.

In this study, as NPs were deposited at multiple kinetic deposition sites, a two-site kinetic
model was employed to fit the BTCs using HYDRUS-1D. This model accounts for NP
attachment at two distinct sites and is described by the following equation:

3(S,+S
%% = kq1P1C + kaoh,C (5-5)
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Where S; and S; represent the solid phase NP concentration at site 1 and site 2, respectively.
ka1 and ka2 are the attachment rate coefficients for site 1 and site 2, respectively. The
detachment rates at both sites were considered negligible, as no obvious NP tailing was
observed in the BTCs [414].

Logistic model. The two-site blocking model sometimes fails to fit the BTCs of weathered NPs
or produces fitted parameters that cannot be directly compared with those of non-weathered
NPs. Therefore, the logistic model was further employed to fit the BTCs of both non-weathered
and weathered NPs. The logistic model is commonly employed to describe the S-shaped
adsorption behavior of organic chemicals in column systems [470, 471]. In this study, the
attachment of NPs resembled an adsorption-like process of chemicals, prompting the use of
a modified logistic model to fit the BTCs of NPs, as shown below:

(&)
= s (5-6)
Where (C/Co)max represents the predicted maximum steady-state plateau of the breakthrough
curve. The logistic curve typically exhibits an S-shape, with its first derivative (the differential
coefficient) displaying a symmetrical pattern, initially increasing to a peak and then decreasing.
The parameter {, denotes the time at which the rate of change is highest, i.e., the breakthrough
occurs most rapidly. Beyond estimating (C/Co)max, this model is also used to derive the

favorable retention (Sr), unfavorable retention (S.f), and the retardation factor (R) as follows:

S =Lyt (15t (5-7)

Sup = ft’;end(1 —g—;) dt (5-8)
tp

R - tp.tracer (5-9)

ty = te,_, . (5-10)

Co

The breakthrough time (f,, min) is defined as the time when the normalized effluent
concentration (C/Cy) reaches 0.1. The retardation factor (R) is calculated as the ratio of the
breakthrough time of NPs (1) to that of the conservative tracer (t,racer). The favorable retention
(Sr) represents the mass of NPs retained on the sand up to t,, and is expressed in pg/g sand.
The unfavorable retention is defined as the additional NP retention occurring after f, until the

end of the transport experiment (i.e., the given maximum transport time).
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5.2.6. Interaction Energy Calculation

The classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory accounts for van der
Waals and electrostatic double layer interactions [188, 370]. To incorporate the influence of
hydrophobic interactions, the extended DLVO (XDLVO) framework was applied by including
Lewis acid—base interactions [472]. Surface heterogeneity, such as surface roughness, charge,

and hydrophobicity variations, was also considered. The details are provided in Text S8.

5.3. Results and Discussions

5.3.1. Surface Heterogeneity Drives Two-Stage Transport Dynamics of NPs

According to the CFT, colloids typically exhibit rapid breakthrough within the first PV under
unfavorable conditions (both colloids and sand are negatively charged), followed by a rapid
stabilization of the BTC to a steady plateau, reflecting a constant attachment rate [88, 97, 129].
CFT is consistent with predictions from classic DLVO theory. On an even and homogeneous
sand surface, the uniform energy barrier and secondary minimum result in a steady, consistent
deposition rate. However, this study revealed an S-shaped, BTC during the initial pulse (Figure
5. 1a): characterized by early-stage retardation, followed by a rapid increase in breakthrough,
and then a gradual approach to a plateau at C/Cy = 0.92. In theory, when detachment is
neglected, flushing with NP-free solution should produce a washout equivalent to one PV of
NPs. In practice, however, the integrated area under the elution curves during the first pulse
(8 PVs) was C/Co=1.22, suggesting that a fraction of previously deposited NPs was released.
By subtracting one PV of breakthrough (0.92), the detached NPs, representing reversible
attachment, were estimated as 0.09 mg. In contrast, the irreversibly retained fraction was
substantially higher, amounting to 2.94 mg as determined from mass balance analysis. These
results indicate that irreversible attachment dominated attachment during the first pulse.
During the second pulse, NPs exhibited an approximately normal breakthrough, as defined by
the CFT, reaching the same plateau value (0.92) as observed in the later stage of the first
pulse. The integrated area under the elution curve during the second pulse showed little
change compared to that of the first pulse, indicating that the same reversible attachment
occurred during the first and second pulse. These observations suggests that NP transport in
the later stage of the first pulse and the second pulse followed the traditional CFT that assumes

irreversible attachment at a constant attachment rate [412].
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Figure 5. 1. (a). The BTCs (yellow dots), total input NP mass (red dots), and accumulative
breakthrough mass profiles (blue dots) of NPs in clean sand during pulse 1 and 2 (a). The red,
blue, and green numbers indicate the total input NP mass (mg), total NP breakthrough (mg),
and total retention (mg), respectively, during a single pulse. The shaded area under the tail of
the curve represents the normalized NP concentration during the elution stage, which is
symmetric to the shaded region during initial ascent stage. Error bars represent the mean +
range (minimum to maximum) (n = 2). Comparison of BTCs (b) and breakthrough mass
profiles (c) of NPs in clean sand (C0) and biofilm-coated sand segments (0-9 cm) cultivated
for 1, 3, and 6 months (1-C1, 3-C1, and 6-C1); Fitted parameters Smax, Smax1 and Smaxz using
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the two-site blocking model (d); and the fitted Sio, Si, Sur (€), R (f), and (C/Co)max (9) using the
logistic model.

Both DLVO and XDLVO calculations revealed a high energy barrier and a shallow secondary
minimum between NPs and sand (Figure S35), indicating limited deposition under this
energetically unfavorable condition. However, the physical and chemical heterogeneity of
natural sand might introduce a distribution of interaction energies, leading to variability in NP
attachment rates [443]. The sand surface roughness (physical heterogeneity) can enhance
both irreversible and reversible attachment of NPs by lowering energy barriers at asperities
(Figure S36) [443], and by deepening secondary minima while reducing hydrodynamic drag
in concave areas [407, 434]. SEM images revealed that NPs were predominantly deposited
on these rough surface areas (Figure 5.2h). Additionally, the presence of trace amounts of
clay minerals (as shown in the XRD and EDS results, Figure S31 and Figure 4.2c) may further
enhance irreversible and reversible attachment by offering positively charged edge sites
(Figure S37) [449-451]. This physical and chemical heterogeneity was probably responsible
for the observed non-steady-state breakthrough. During the initial stage, PS NPs preferentially
occupied these energetically favorable heterogeneous sites (including both irreversible and
reversible sites), resulting in transport retardation. Once these limited sites were saturated,
they became unavailable for further attachment, leading to site blocking. In the subsequent
transport stage, incoming NPs deposited slowly and predominantly irreversibly onto less
favorable, relatively homogeneous surfaces. During the elution stage, a small fraction of
attached NPs was released; however, these particles rapidly reattached during the initial
injection of the second pulse. In contrast, the irreversible attachment sites on heterogeneous
areas remained occupied and thus unavailable for new NP attachment. As a result, during the
second pulse, irreversible attachment on relatively homogeneous surfaces dominated the

retention process.

The two-site blocking model, which assumes that NPs attach to two distinct types of sites (Site
1 and Site 2), provided a good fit to the BTCs in the first pulse. The attachment rate constant
ka1 for NPs was an order of magnitude higher than k.., indicating that Site 1 represented more
favorable deposition sites compared to Site 2. In this study, Site 1 is interpreted as the
energetically favorable, heterogeneous areas of the sand surface, while Site 2 corresponds to
the relatively homogeneous, less favorable areas. BTC retardation was governed by k.s and
Smax1, €nabling near-complete retention of NPs until Site 1 reached Spaxs. After Site 1 became
saturated, the BTCs plateaued as further, irreversible deposition occurred only at the
energetically unfavorable Site 2. Here, Smaxr and Smax2 represent the maximum retention
capacity of the favorable and unfavorable sites, respectively. However, Spmax2 in two-site

modeling reflects only the amount of NPs retained on unfavorable sites within the experimental
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duration. Under steady-state conditions, this value may continue to increase over time, as it
corresponds to slow, irreversible attachment onto a large and relatively homogeneous surface
area that can act as an effectively infinite sink. To better describe the steady-state transport,
the logistic model was also used to fit the BTCs (Figure S38), where St represents the
maximum capacity for favorable retention, analogous to Spmaxs in the two-site model, and
(C/Cp)max denotes the ideal plateau during the steady-state transport stage. Distinct from CFT,
which uses the steady-state C/Co to evaluate colloid transport and travel distance, the two-
stage transport of NPs in this study can be described by energetically favorable attachment at
limited heterogeneous sites quantified by Smaxr and S, and energetically unfavorable

attachment at unlimited homogeneous sites, represented by (C/Co)max.

5.3.2. Biofilm Facilitates Both Favorable and Unfavorable Attachment of NPs

PS NPs in biofilm-coated sand columns (0—9 cm) cultivated for 1, 3, and 6 months also
exhibited two-stage transport dynamics (Figure 5. 1b and Figure S39). The presence of biofilm
increased NP attachment, with cumulative breakthrough masses decreasing from 7.85 mg in
clean sand to 4.10 mg, 3.62 mg, and 3.12 mg for biofiims grown over 1, 3 and 6 months,
respectively (Figure 5. 1b). Correspondingly, the mass of irreversibly attached NPs increased
from 2.95 mg in clean sand to 6.70 mg, 7.18 mg, and 7.68 mg with increasing biofilm age. In
contrast, reversibly attached NPs decreased from 0.09 mg to 0.08 mg, 0.07 mg, and 0.05 mg,
respectively, over the same period. These findings demonstrate that biofilm formation could
increase irreversible attachment and reduce NP detachment. Based on the two-site blocking
model, the total retention capacity (Smax, the sum of Spaxr and Smax2) of NPs increased from
68.9 ug/g in bare sand to 170.1 ug/g, 184.7 pg/g, and 212.3 ug/g in sand coated with biofilm
cultivated for 1, 3, and 6 months, respectively. A similar trend was observed for the retention
capacities at Site 1 (Smax1) and Site 2 (Smaxz), indicating that biofilm formation enhanced both
favorable and unfavorable attachment. Consistent with the increase in Snaxs, the retention
capacity at favorable sites (Sy) in the logistic model also increased from 28.8 ug/g in bare sand
to 80.2 pg/g, 89.6 ug/g, 94.4 ug/g in sand coated with biofilm cultivated for 1, 3, and 6 months,
respectively. This biofilm-enhanced retention at favorable sites was responsible for the
observed increase in NP transport retardation (R). Additionally, the predicted (C/Co)max Were
0.90, 0.80, 0.75, and 0.72 for bare sand and sand coated with biofilm cultivated for 1, 3, and
6 months, respectively, indicating that biofilm reduced steady-state transport at unfavorable
sites. Collectively, these findings demonstrated that biofilms greatly increased both favorable

and unfavorable attachment of NPs.

As biofilms carried less negative charges compared to sand surfaces (Figure 5.2a), the
reduced electrostatic repulsion between NPs and biofilms explained the enhanced attachment
of NPs in biofilm-coated sand [473]. The more hydrophobic nature of biofilms (Figure S40),
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compared to the silica surface, also facilitated NP attachment through hydrophobic
interactions [474, 475]. XDLVO calculations revealed that the energy barrier for NPs
interacting with biofilms was lower than that for interactions with sand (Figure S35), facilitating
irreversible deposition. Additionally, depth of the secondary energy minimum for NPs and
biofilms exceeded that for NPs and sand (Figure S35), suggesting an increased likelihood of
irreversible or reversible attachment at secondary energy minimum. Thus, biofilm surfaces
were more favorable deposition sites compared to clean sand. However, similar to clean sand,
XDLVO theory only accounts for interactions with homogeneous surfaces and cannot fully

explain the observed non-steady-state transport.

SEM images indeed revealed that biofilm-coated sand grains exhibited more pronounced
convex asperities and concave valleys compared to the clean sand (Figure 5.29). Moreover,
NPs were visibly deposited and accumulated at these heterogeneous sites on biofilms (Figure
5.2h and Figure S41). These convex asperities of biofilms probably further promoted
irreversible attachment by lowering energy barriers. Moreover, the deeper secondary energy
minimum and reduced hydrodynamic drag in concave areas (Figure S36) may promote the
conversion of reversible attachment into irreversible retention, potentially explaining the
reduced detachment on biofilm-coated sand. The enhanced deposition of PS NPs [97], along
with other nanoparticles such as nano Fe (0) [476], and ZnO [477], due to biofilm-induced

surface roughness has also been reported in previous studies.

In addition to surface physical heterogeneity, biofilms probably also contributed to the
complete deposition of NPs on biofilm surfaces via providing chemically heterogeneous sites.
EPS, primarily consisting of proteins and polysaccharides, are key components of biofilms
[478]. Biofilm-coated sand contained abundant active biofilms (Figure 5.2d) rich in proteins
and polysaccharides (Figure 5.2b and Figure 5.2c), accompanied by increased carbon and
nitrogen content (Figure 5.2e and Figure 5.2f). Proteins within EPS are strongly linked to the
hydrophobic character of biofilms [479], which might promote NP deposition through
hydrophobic interactions in specific regions of the biofilm matrix (Figure S42) [478-480].
Furthermore, the presence of positively charged amine groups in the protein structure of EPS
may enhance NP binding via electrostatic attraction (Figure S37) [83, 480]. Beyond these
interactions, polymer bridging between NPs and EPS molecules, such as polysaccharides,
may occur in the presence of divalent ions [477, 479], further strengthening NP-EPS
associations [188, 476]. SEM images also revealed that NPs were trapped by the EPS,
showing high surface coverage on the biofilm (Figure 5.2h and Figure S41). Particularly, some
NPs penetrated into and became embedded within the EPS or biofilm matrix, highlighting the
role of EPS network in physically entrapping NPs [478]. During the growth and maturation of

biofilms from 1 to 6 months, the zeta potential of the biofilms showed little change (Figure
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5.2a), suggesting that their surface properties remained relatively constant. The increased

retention capacity with biofilm growth was thus probably due to the enhanced biomass and

EPS content (Figure 5.2b—Figure 5.2f), which provided more available sites to capture NPs.
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5.3.3. Spatial Heterogeneity of Biofilms Determines NP Retention

During RBF, microbial activity within biofilms rapidly depletes oxygen through the degradation
of organic matter and nutrients, leading to the formation of spatially heterogeneous zones. In
our study, as the infiltration depth increased to 90 cm, reductions in ATP, EPS, and carbon and
nitrogen contents were observed, indicating indeed a progressive decline in biofilm biomass
with depth (Figure 5.3a). This decline was closely associated with a reduction in the total NP
retention capacity (Smax) (Figure 5.3b). Specifically, decreases in Smax1, S, and the retardation
factor (R) suggest that favorable attachment processes became less dominant with depth.
Similarly, the decline in Snax2, accompanied by an increase in the predicted (C/Co)max, reflected
a weakening of unfavorable attachment at deeper layers (Figure 5.3b). Linear correlation
analyses further demonstrated strong associations between biofilm biomass indicators and
both total and site-specific retention parameters (Figure 5.3c), highlighting the critical role of
spatial heterogeneity in biofilm development and subsequent NP retention within the

subsurface porous media.

The first 9 cm on the inflow-side of the column exhibited the highest NP retention capacity
(Figure 5.3-Figure 5.3g), corresponding to the biologically active surface sediment layer
commonly referred to as the colmation layer in rivers or Schmutzdecke in slow sand filters
[101]. It is known to act as a natural filtration barrier, effectively removing suspended solids,
pathogens, and organic contaminants through a combination of adsorption, biodegradation,
and physical straining [51, 481, 482]. The favored retention capacity observed in the
Schmutzdecke can be attributed to its dense microbial colonization and elevated EPS
production, which together foster a complex surface topography and abundant interaction

sites for NP attachment.
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C 0,918 0,901 0,892 0,796 0,869 -0,86
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Figure 5.3. Variation in zeta potential, ATP content, total carbon (C), nitrogen (N), protein, and
polysaccharide concentrations with increasing depth (a);Depth profiles of fitted transport
parameters: Smax, Smax1 and Smax2, Sf, R, and (C/C0)max (b);Correlations between biofilm
biomass indicators (zeta potential, ATP, C, N, protein, and polysaccharide) and the fitted

transport parameters (Smax, Smax1 and Smax2, Sf, R, and (C/C0)max) (c).

5.3.4. Eco-Corona Reduces Favorable but Enhances Unfavorable Attachment

The formation of eco-corona due to DOM adsorption was an important weathering pattern of
NPs in natural waters. In this study, NPs in river water (< 100 kDa) had larger hydrodynamic
size compared to that in synthetic water (233.2 £ 2.8 nm vs. 118.2 + 1.3 nm) (Table S15). The
formation of a thick eco-corona (~57.5 nm) indicated the strong interaction between DOM and
NPs. Especially, eco-corona induced a less negative charge on NPs (20.0 + 0.1 mV in river

water vs. 29.0 £ 0.6 mV in synthetic water), and reduced their hydrophobicity, as indicated by
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a decrease in water contact angle from 101.6° to 47.8° (Table S15). These results suggest
that eco-corona formation during NP weathering can effectively mask and alter the original

surface properties of pristine NPs.

Figure 5.4a-Figure 5.4f illustrate the BTCs of NPs in synthetic water and river water through
columns packed with bare and biofilm-coated sand. In bare sand, NPs in river water displayed
distinct transport behavior compared to those in synthetic water (Figure 5.4f). The weathered
NPs exhibited minimal retardation, breaking through rapidly and reaching a relatively stable
plateau that was slightly lower than that for NPs in synthetic water. The total retention capacity
and the retention capacity at favorable sites (Sy) decreased from 67.2 pug/g and 22.3 yg/g in
synthetic water to 54.0 pg/g and 7.0 pg/g in river water, respectively. In contrast, the retention
at unfavorable sites (Sy) for weathered NPs was slightly higher than that for NPs in synthetic
water (47.0 ug/g vs. 44.9 ug/g). Meanwhile, the predicted steady-state plateau (C/Co)max
decreased from 0.90 to 0.87. These results suggest that eco-corona formation primarily
inhibited favorable deposition onto heterogeneous sites in bare sand, while slightly promoting
unfavorable deposition onto relatively homogeneous surfaces. In biofilm-coated sand, the eco-
corona also inhibited favorable attachment while enhancing unfavorable attachment.
Nevertheless, the overall retention of NPs increased, primarily due to the enhanced
unfavorable deposition. This effect was more evident in the shallower layers, where higher
biofilm biomass led to greater unfavorable retention (Figure 5.49g). For instance, in the 0-9 cm
segment, the predicted (C/Cy)max decreased from 0.73 in synthetic water to 0.62 in UF-water
(Figure 5.4q).

Although the reduced hydrophobicity of eco-corona-coated NPs was generally unfavorable for
their attachment, the concurrent decrease in electrostatic repulsion lowered the overall
interaction energy barrier on homogeneous surfaces (Figure S43). This probably explains the
enhanced unfavorable attachment observed for eco-corona-coated NPs; however, it does not
account for the observed reduction in favorable attachment. We propose several possible
mechanisms by which the eco-corona may suppress favorable attachment on heterogeneous
areas. First, the eco-corona reduced the depth of the secondary energy minimum within
concave valleys (Figure S44) and increased the hydrodynamic diameter of the NPs, potentially
limiting their access to small concave features that promote physical entrapment. Second,
positively charged surface heterogeneities were less favorable for eco-corona-coated NPs
compared to the more negatively charged, non-weathered NPs (Figure S45). Third,
hydrophobic surface domains were also less favorable for eco-corona-coated NPs, which
exhibited reduced hydrophobicity compared to the non-weathered NPs (Figure S46).
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Previous studies have often used model NOM to simulate eco-corona formation on NPs and
conducted transport experiments in clean sand [67, 88, 89]. These studies typically report that
the eco-corona enhances NP transport. However, such simplified systems do not fully capture
natural conditions, where the eco-corona exhibits a complex and variable composition, and
sand grains present important surface heterogeneity. In this study, we demonstrate that eco-
coronas formed in natural river water enhance the initial transport of NPs but reduce their
subsequent transport in biofilm-coated sand. This means that although weathered NPs may
break through earlier than non-weathered NPs, their lower final effluent concentration

indicates reduced long-term leaching potential and a lower risk of groundwater contamination.
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C6 (45-54 cm) 120,8 138,0 50,9 49,0 69,9 89,1 0,82 0,79
C7 (45-63 cm) 120,0 133,2 50,9 48,0 69,1 85,2 0,82 0,81
C8 (63-72 cm) 116,1 130,7 472 454 68,9 85,3 0,85 0,79
C9 (72-81 cm) 112,8 112,8 421 25,7 70,7 87,1 0,86 0,81
C10(81-90 cm)|  103,2 105,3 36,6 25,6 66,5 79,7 0,85 0,83
CO0 (clean sand) 67,2 54,0 22,3 7,0 449 47,0 0,90 0,87

Figure 5.4. BTCs of NPs in synthetic water and UF-water for segments: C1 (a), C2 (b), C5 (c),
C8 (d), C10 (e) and CO; Corresponding fitted transport parameters derived from BTCs (g).
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5.3.5. Refinement of NP Transport Prediction in Filtration-Based Processes

To validate the applicability of the observed transport mechanisms in natural systems, we
collected surface-layer river sand and conducted long-term NP transport experiments (Figure
5.5a). The results revealed a similar two-stage transport dynamic as observed in laboratory
settings. However, compared to controlled column experiments using artificial media, NP
transport in natural river sand exhibited extreme retardation. In this real-world setting, NPs
took 14 hours in synthetic water and 10 hours in UF-Water to achieve visible breakthrough.
This is likely because the river sand was highly weathered by biofilms and other impurities,
which provided abundant favorable heterogeneous sites for NP attachment. The calculated
mass of NPs retained under favorable conditions reached 3.82 mg/g in synthetic water and
3.29 mg/g in UF-Water. Following the saturation of these energetically favorable sites, NPs
transitioned to attachment under energetically unfavorable conditions. The final transport
stage approached a near steady-state breakthrough, with relative concentrations (C/Co) of
0.82 in synthetic water and 0.52 in UF-Water, respectively. These findings suggest that NP
weathering enhanced unfavorable deposition, consistent with our earlier observations under
controlled laboratory conditions. Previous studies have rarely examined NP transport over the
extended timeframes as executed in our study [75, 97, 98, 459]. Then particles have been
assumed to be completely immobilized if breakthrough was not observed within the relatively
short experimental durations. This highlights the importance of monitoring full transport
dynamics for the prediction of NP mobility in natural porous media, particularly in

environmentally relevant scenarios such as RBF systems.
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Figure 5.5. BTCs of NPs in synthetic and UF-Water using river sand collected from an RBF
site (a); Simulated relationships between travel distance and C/Cy (b), St (c), and breakthrough
time (d) under laboratory conditions; and predicted relationships between travel distance and
C/Cy (e), St (f), and breakthrough time (g) in river sand based on laboratory-derived models.

Traditional NP transport models often rely on idealized conditions and CFT to predict NP
transport distance. Here, we used the estimated maximum steady-state plateau ((C/Co)max)
under unfavorable conditions for this prediction. As shown in Figure 5.5a, the travel distance
required for NP concentration to decline to 1% (C/Co = 0.01) was 3.93 m in synthetic water
with bare sand, decreasing to 2.98 m in UF-Water due to eco-corona effects. Accounting for
spatial heterogeneity from biofilms further reduced these distances to 2.26 m, highlighting the
need to incorporate natural variability into predictive models. This study also emphasized the

role of favorable retention in delaying NP breakthrough. Assuming a 1 m column diameter,
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1 m/day flow velocity, and 1 mg/L influent NP concentration in a 1 m-long column, favorable
attachment resulted in retention capacities of 247.8 ug/g (synthetic water) and 74.4 ug/g (UF-
Water) with clean sand, increasing substantially to 634 ug/g and 585 ug/g, respectively, when
biofilms were present (Figure 5.5b). Considering biofilm heterogeneity, breakthrough times
after a 1 m length extended from 12 to 101 days in synthetic water and from 39 to 93 days in

ultrafiltered river water (Figure 5.5c).

Applying the same transport equations used in laboratory settings, we extended our analysis
to natural river sand to predict long-term NP mobility in environmentally relevant settings.
Model simulations revealed that, in river water, it would take approximately 9.4 years for NPs
to traverse a 1-meter column of river sand (Figure 5.5g). This indicates that, in real-world
scenarios, NPs are highly unlikely to migrate into deeper subsurface layers over time scales
of several years. While eventual breakthrough and attachment under energetically
unfavorable conditions may occur over extended periods, the total predicted travel distance
remained limited to approximately 1.40 meters in river water (Figure 5.5f). These findings
reveal the low potential of NP migration to groundwater or drinking water sources in such

sedimentary environments.

5.4. Summary

We designed and tested a column system to cultivate natural biofilms on sand grains under
simulated RBF conditions and studied how spatially heterogeneous biofilms regulate NP
transport. We found that NP transport deviated from conventional clean-bed filtration theory,
instead following a two-stage dynamic: an initial stage of favorable deposition followed by a
steady-state stage of unfavorable deposition. Weathering of sand grains by natural biofilms
enhanced both favorable and unfavorable NP retention, both of which were strongly correlated
with biofilm biomass across different depths. In addition, we weathered NPs in river water to
develop a natural eco-corona that reshaped their surface identity. This eco-corona inhibited
favorable deposition and promoted unfavorable deposition, and together reduced their
transport potential. These insights provide a mechanistic understanding of NP mobility under
environmentally realistic conditions and underscore the importance of considering natural

weathering processes of both NPs and filter media when evaluating transport dynamics.

Building upon these findings, we aimed to refine predictive models for NP transport in filtration-
based systems. By incorporating spatial heterogeneity into the model, we achieved more
accurate predictions of NP travel distance, based on the steady-state breakthrough stage
under unfavorable deposition conditions. Beyond focusing solely on the unfavorable stage,

we also highlighted the importance of accounting for the favorable retention stage, which is
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critical for predicting NP breakthrough times. The proposed two-stage transport behavior

provides valuable insights for optimizing engineered filtration systems such as RBF.



Chapter 6

Conclusion and Perspectives

This chapter comprises the main conclusions of the dissertation and the perspectives for future

research
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6.1. Conclusion and Implications for Environmental Science and Engineering

In this thesis, the influence of natural weathering processes on the transport of nanoplastics
(NPs) through porous media were elucidated, including UV-induced weathering, eco-corona
formation, and the development of spatially heterogeneous biofilms on sand grains. Overall it
was concluded that weathered NPs display fundamentally altered surface properties and
interfacial interactions, leading to distinct aggregation and deposition behavior compared to
non-weathered NPs. Furthermore, weathered sand largely increases NP retention, thereby
reducing their subsurface transport potential. These insights supported the refinement of
predictive models for NP transport in riverbank filtration (RBF) systems, and can guide the

design of engineered filtration strategies for NP removal.
In the following the conclusions from the various chapters are presented.

In Chapter 2, the effects of photo-oxidation on the physical, chemical, and biological behavior
of MNPs in both aquatic and terrestrial environments were reviewed. Physically, photo-
oxidation increases surface O-containing functional groups and negative charges, and
hydrophilicity, thus increasing the stability and mobility of NPs in water and porous media.
Moreover, photo-oxidation changes the interactions (e.g., electrostatic interaction,
hydrophobic and hydrophilic interactions) between MNPs and co-existing contaminants such
as polar or hydrophobic organic compounds and heavy metals, either increasing or reducing

their ability to adsorb, transport, and release various contaminants in natural environments.

MNPs do not undergo photo-oxidation in isolation but rather in the presence of various
environmental components such as inorganic ions, natural colloids, and natural organic matter
(NOM). Some constituents act as inhibitors by scavenging reactive species or competing for
photons, thereby reducing the extent of photo-oxidation of micro- and nanoplastics (MNPs).
Conversely, others function as photosensitizers, accelerating photo-oxidation by actively
facilitating the generation of reactive oxygen species. MNPs also affect the photo-
transformation of co-existing contaminants: they may inhibit direct photolysis by competing for
light but can facilitate indirect photo-transformation by generating free radicals and providing

surfaces for pollutant adsorption and reactions.

Photoaged MNPs are usually more toxic to organisms due to reduced particle size, increased
surface reactivity, enhanced affinity for biological membranes, elevated oxidative stress, and
the release of toxic leachates. Photo-oxidation also facilitates biofilm formation on MPs by
increasing surface roughness, introducing oxygenated functional groups, and releasing more
bioavailable carbon that supports microbial colonization. In aquatic systems, planktonic
microbial responses to leachates from aged MNPs depend on the leachates’ bioavailability or

biotoxicity and the metabolic adaptability of the local microbial communities. Photoaged MNPs
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further impacts microbial communities and functions, such as carbon and nitrogen cycling,

particularly in soil and sediment systems.

Overall, the review reveals the diverse physical, chemical, and biological effects of MNPs in
environments induced by UV weathering. It underscores the importance of using
environmentally weathered MNPs in experimental designs to more accurately reflect their

behavior and impacts under real-world environmental conditions.

In Chapter 3, the change in adsorption behavior of NOM and the conformation of the eco-
corona by UV weathering were identified, thereby influencing NP aggregation. The results
revealed that UV weathering altered the eco-corona structure, which controls NP stability in
the presence of NOM. For non-weathered NPs, hydrophobic NOM components primarily
bound via hydrophobic and -1 interactions, while extended hydrophilic NOM segments
provided steric repulsion, inhibiting aggregation. In contrast, for UV-weathered NPs, hydrogen
bonding promoted binding of hydrophilic NOM segments to multiple particles, leading to
destabilization through polymer bridging. Moreover, both the stabilizing and destabilizing
effects of NOM increased with its concentration and molecular weight. Using a combined
DLVO and steric interaction model, including steric repulsion and polymer bridging, NOM’s

role in the stability of non-weathered and UV-weathered NPs could be predicted.

This chapter also reveals a contrasting role of the eco-corona in influencing the aggregation
behavior of non-weathered versus UV-weathered NPs, highlighting the complexity of NP fate
in natural aquatic environments. These findings demonstrate that the aggregation process is
highly dependent on both the physicochemical state of the NPs and the composition of the
surrounding NOM, underscoring the need to consider natural weathering when assessing NP
stability. Traditionally, NOM has been understood to stabilize NPs or engineered
nanomaterials in monovalent electrolyte solutions through steric repulsion. The destabilization
effects of NOM are usually attributed to the presence of multivalent cations (e.g., calcium ion),
which promote cation bridging. However, this study challenges the prevailing paradigm by
demonstrating that NOM can induce destabilization even in the absence of multivalent ions,
revealing a previously underrecognized mechanism of NP aggregation in environmentally

relevant conditions. This advances current understanding in environmental colloid chemistry.

In Chapter 4, NP weathering, induced by UV exposure and NOM adsorption, is reported,
affecting their transport behavior and deposition mechanisms in porous media. Our findings
revealed key deviations from the classical clean bed filtration theory (CFT), highlighting the
critical role of physical and chemical heterogeneity of sand surfaces in governing NP retention.
It was observed that surface heterogeneity led to distinct site-blocking and retardation, with

NP deposition following a two-stage attachment process: an initial stage characterized by both
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rapid, irreversible and reversible attachment onto heterogeneous surface domains until site
saturation was reached, followed by a slower, predominantly irreversible attachment onto

more homogeneous regions of the grain surfaces.

Both UV-induced aging and NOM coating altered the surface charge of NPs, making them
more negatively charged. This modification reduced the extent of both irreversible and
reversible deposition compared to non-weathered NPs. As a result, these weathering
processes reshaped NP transport dynamics and screened the retardation effects imposed by
surface heterogeneity. These findings reinforce the importance of incorporating

environmentally realistic NPs into predictive models of NP transport and fate in porous media.

The two-stage transport behavior has often been overlooked in previous studies, particularly
when breakthrough curves are measured over short timeframes, leading to misinterpretations
of NP transport as steady-state with very low breakthrough. These results underscore the
necessity of analyzing the full temporal evolution of transport profiles to accurately capture NP
dynamics and avoid inaccurate conclusions. This challenges the general applicability of CFT
and steady-state assumptions in predicting NP fate in natural porous media. It highlights the
significance of surface heterogeneity-induced retardation in determining NP removal efficiency
in natural sands. In this chapter, also a low removal efficiency was observed for both non-
weathered and weathered NPs in clean quartz sand under controlled conditions, suggesting
that clean sand is not suitable for effective NP removal. However, under real-world conditions,
the abundance of various surface impurities and organic coatings on natural sands, likely

enhance NP retention and limit deep NP penetration during long-distance migration.

In Chapter 5, the spatial heterogeneity of biofilms was examined, influencing NP transport
during RBF and how incorporating this complexity can improve model predictions. NP
transport was characterized by a two-stage dynamic: an initial stage dominated by favorable
attachment, leading to strong retention and delayed breakthrough, followed by a later stage
characterized by unfavorable attachment. Biofilms, particularly the top layer, played a critical
role in enhancing both favorable and unfavorable retention of NPs. However, the extent of
retention decreased with depth, showing a clear correlation with declining biofilm biomass. To
better reflect real-world conditions, environmentally relevant NPs were used that were pre-
incubated in river water to allow for the formation of an eco-corona. Our results indicate that
eco-corona formation suppressed initial favorable deposition while enhancing unfavorable

deposition, ultimately reducing the overall transport potential of NPs through porous media.

Building on the mechanistic understanding of NP transport dynamics, predictive models were
refined to better capture NP behavior in natural and engineered filtration systems. A major

advancement was the explicit incorporation of spatial heterogeneity in predictive modelling in
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natural porous media. Traditional modeling approaches often assume uniform deposition
conditions, which can lead to inaccurate estimations of NP mobility and retention. By
integrating spatial variability into the model framework, the accuracy of predictions regarding
NP travel distance was improved, especially under environmentally relevant conditions such

as those found in RBF and slow sand filtration systems.

One of the key findings further is the recognition of the initial favorable retention stage as a
critical factor for estimating NP breakthrough time. While most previous studies have
predominantly used the unfavorable attachment stage, typically associated with steady-state
transport to predict NP transport distance, the results demonstrated that the favorable

retention stage plays an equally important role in accurately predicting breakthrough timing.

Using these two approaches, the transport distance and breakthrough time of NPs at a RBF
site could be predicted. The results indicate that NPs require a long time—several years—to
travel even short distances (e.g., 1 meter) through the RBF system. Moreover, even when
breakthrough eventually occurs, the resulting effluent concentrations are negligible. These
findings suggest that RBF, particularly upper layers with highly weathered sand grains, can

serve as an effective natural barrier for NP attenuation in drinking water treatment.

6.2. Limitations and Future Perspectives

This thesis has advanced the understanding of how natural weathering processes reshape
the transport and fate of NPs in environmental and engineered systems. Despite these
advancements, replicating truly realistic environmental conditions remains inherently

challenging due to numerous sources of uncertainty and obstacles.

PS NPs were selected as model non-weathered NPs due to their ease of preparation and
characterization. However, in real-world scenarios, other polymer types, such as PE, PP and
PET, may be more prevalent. Future research should therefore broaden its scope to include a
wider range of environmentally relevant plastic types to improve generalizability. The
concentrations of NPs used in this thesis were relatively high, enabling robust detection and
mechanistic interpretation. However, actual environmental concentrations of NPs are typically
several orders of magnitude lower, presenting serious analytical challenges. Although
techniques such as metal doping followed by ICP-MS analysis or the use of stable isotopes
like 13C-labeled NPs offer promising alternatives for trace-level detection, they are still
constrained to specific polymer types like PS, relatively high detection thresholds and potential

interference from environmental impurities.
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While this work has focused on the homoaggregation behavior of NPs, it is increasingly
evident that heteroaggregation, or the interaction of NPs with naturally occurring colloids such
as clay minerals and microbial particles, may be even more influential in determining their
environmental fate [352]. A key area for further investigation is how environmental weathering
processes, particularly eco-corona formation, affect heteroaggregation dynamics and the
subsequent settling behavior of NPs in natural waters. To advance this understanding, the
development of in situ microscopic and characterization techniques is essential for capturing
these complex and dynamic interactions under environmentally relevant conditions.
Furthermore, given the high heterogeneity and complexity of natural colloids, Al-based
analytical approaches offer promising pathways for predicting NP fate by integrating diverse
datasets and identifying patterns that may not be apparent through conventional methods
[483].

The findings presented in the chapters 4 and 5 highlight the critical importance of considering
natural weathering processes of sand grains, particularly the development of heterogeneous
biofilms, when assessing NP transport and retention in subsurface environments. By using
natural river sand, valuable insights into the capacity of real-world porous media were gained,
to attenuate NPs through both favorable and unfavorable retention mechanisms. One of the
key observations was the prolonged transport time of NPs through natural media, which
suggests that factors beyond biofilms, such as mineral particles and naturally occurring

colloids may make a difference.

The top layer with dense biofilms at the entrance of the RBF system markedly enhanced NP
removal, highlighting its potential value in engineered filtration systems. This finding suggests
promising opportunities to optimize NP retention by leveraging or mimicking biofilm formation.
Since biofilm formation is driven by the availability of oxygen and nutrients, engineered
systems may be optimized through strategies such as increasing aeration and supplementing

with nutrient-rich influents.
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-E Supplementary Materials

Text S1. Evaluation of the Accelerating Factor

A mercury lamp (500 W) emitting UV light with an intensity of approximately 35 mW/cm? was
employed to age PS NPs. The spectrum of the mercury lamp is shown in Figure S71, and was
evaluated by comparing the photoaging of PS NPs under actual sunlight exposure in the
Netherlands. PS NPs at a concentration of 20 mg/L were initially photoaged for durations of 3,
6, 12, and 24 hours using a mercury lamp. The extent of aging was determined by measuring
the UV absorbance at 289 nm with UV-vis absorbance spectroscopy. As depicted in Figure
S2, the UV289 initially increased slightly and then decreased with prolonged photoaging. Real
sunlight exposure was conducted on a house roof for five days in the Netherlands during the
summer of 2023. Based on calculations, five days of sunlight exposure equated to six hours
of mercury lamp aging. Thus, one day of mercury lamp aging corresponded approximately to

20 days of sunlight exposure in the Netherlands.

mercury lamp
spectrum
L] - LN - . - . - .
300 400 500 600 700
]  uvA | visible light [

Figure S1. The spectrum of the mercury lamp for accelerated photoaging.
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Figure S2. The change in UV absorbance at wavelength 289 nm of PS NPs (20 mg/L) under

mercury lamp exposure.

Figure S3. Pictures showing the color change of NPs after photoaging
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Table S6. The UV289 (measured at approximately 4.68x10'? particles/L), TOC (measured at
approximately 4.68x10"? particles/L) and size (measured with TEM) of PSo, PS2, PS4+ and PSs.

PSo PS, PS4 PSs
uv289 0.967 0.927 0.916 0.902
TOC (mg C/L) 29.2 +01 27.8+0.2 247 0.1 23.6+0.3
Size (nm) 159.2+3.0 155.7+4.2 152.7+45 1504 +£4.9
0.3 0.3
(a) ——NOM (b) ——NOM
! NOM filtration NOM filtration
g NOM-PS, NOM-PS,
‘. —— NOM-PS, 8 —— NOM-PS,
[
8 0_2_‘. NOM-PS, € 024 NOM-PS,
£ —— NOM-PS; 2 —— NOM-PS,
£ >
& 3
> g
= ©
0.1 £ 0.1
2
0.0 . s 0.0 . : .
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure S4. (a) UV absorbance of bulk NOM (2 mg C/L) before and after adsorption by pristine
and photoaged NPs at 100 mM NaCl. (b) corresponding normalized UV absorbance (SUVA)

to NOM mass that was estimated using UVso.



Supplementary Materials m

0.3
—— PS,-NaCl
PS,-NaCl
PS,-NaCl
——— PSg-NaCl
g 0.2- 100 mM NaCl
&
2
Q
(%2
0
©
>
D
0.1-
0.0 mm—— — -
300 400 500 600

Wavelength (nm)

Figure S5. UV absorbance of the filtrates of washed pristine and photoaged NPs (10 mg/L in
100 mM NaCl) after 0.1 um filtration, as well as 100 mM NaCl (blank).



Text S2. Aggregation Kinetics Measurements.

Time-resolved dynamic light scattering (DLS) technique was used to examine the aggregation
kinetics of NPs in NaCl solutions utilizing a Malvern Zetasizer instrument (Nano ZS, Malvern,
UK). The instrument featured a He—Ne laser operating at a wavelength of 633 nm and
maintained a fixed scattering angle of 173° [370]. The NOM and NP samples were pre-mixed
in ultrapure water, and the pH was adjusted to 6.0 = 0.1 using 0.1 M HCI and NaOH. The
concentration of NPs was 10 mg/L, a common concentration for aggregation kinetic studies
[76, 77, 82, 128]. Bulk NOM was adjusted to concentrations ranging from 1 to 10 mg C/L and
NOM fractions to 2 mg C/L, falling within the typical range of NOM concentrations found in
natural waters [81, 82, 369]. Before measurement, 0.5 mL of NPs or NPs/NOM were added
to a 1-cm quartz cuvette, followed by the addition of 0.5 mL of NaCl solution with the desired
concentration (ranging from 200 mM to 2000 mM). The mixture was immediately measured,
and the aggregation kinetic was determined by continuously monitoring the hydrodynamic size
change of samples every 30 seconds over a 15-minute period [495]. Duplicates or triplicates

were conducted for each sample.

The aggregation kinetics of PS NPs in the early stages were assessed by measuring the initial
rate of hydrodynamic size (Dh) change over time (t). The initial aggregation rate constant (k)
was directly proportional to the initial rate of Dh increase and was normalized to the initial
concentration of PS NPs in the suspension (MO) (Equation (S1)) [81].

dDp,(t)

Jo o e e (S1)

My

The initial rate of the linear increase in Dh for PS NPs with time (dDh(t)/dt) was determined
from t = 0 until Dh reached 1.5Dh0. This value was calculated using linear least squares
regression analysis. The attachment efficiency (a), used to characterize the stability of PS NPs,
was calculated by normalizing k under various solution conditions to kf under rapid

aggregation conditions [130, 496].

dDy, (t)
a=X € dht )t-0
= . = TdDj(t)
kf (d—};)t—m,fast

(S2)

Two distinct regimes, termed reaction-limited and diffusion-limited aggregation, can be clearly
identified. In the initial reaction-limited stage (a < 1), the aggregation efficiency of PS NPs
increased with increasing salt concentration, consistent with DLVO theory [130, 175]. The salt
concentration at which attachment efficiency (a) reaches its maximum value 1 was termed the

critical coagulation concentration (CCC), serving as an indicator of the aggregation potential
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of PS NPs [130, 372]. In this study, the CCC values of most samples, such as pristine and

photoaged NPs in the presence of NOM, were not determined due to their strong stability.

The Zetasizer typically reports the intensity-weighted hydrodynamic size of nanoparticles,
which may overestimate larger particles due to their stronger light scattering [497]. To ensure
that the observed aggregation of NPs analyzed using the Zetasizer was not biased by a few
larger aggregates, the additional aggregation measurements using the Litesizer DLS 700
(Anton Paar, Austria) were conducted to detect the changes in the intensity, volume, and
number-weighted hydrodynamic sizes. The aggregation processes of pristine (PSo) and
photoaged (PS4) NPs (10 mg/L) in the absence and presence of bulk NOM (10 mg/L) in 500
mM NaCl were studied.

137
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Text S3. Characterization methods of NPs

The UV-vis spectroscopy (G10S UV-Vis, Thermo Fisher Scientific) and three-dimensional
excitation-emission matrix (3D-EEM) fluorescence spectroscopy (Horiba Scientific) were
employed to characterize the chemical properties of bulk NOM and NOM fractions. The
hydrodynamic size and zeta potential of NPs in the absence and presence of NOM were
measured using the Zetasizer Nano ZS90 (Malvern Instruments, UK). Before measurement,
pristine or photoaged NPs (10 mg/L) and NOM or NOM fractions (2 mg C/L) were mixed in 10
and 100 mM NaCl for 24 h (preliminary tests indicated that no aggregation of NPs or NOM
occurred at these conditions). The average adsorption layer thickness of NOM on the NPs
was calculated based on the differences in the hydrodynamic size of NPs before and after
interaction with NOM.

The size and morphology of pristine/photoaged NPs in ultrapure water were examined using
a scanning electron microscope (SEM, Quattro, FEI)) and a transmission electron microscope
(TEM, Tecnai G20, FEI Corp, USA). For SEM measurement, NPs were pre-filtered onto 0.1
um PES membranes, dried at 40 °C and then coated with gold. Prior to TEM analysis, the

samples were dropped onto 200 mesh carbon-coated copper grids and dried at 40 °C.

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet iN10,
Thermo Fisher Scientific) was used to detect the surface functional groups of NPs and NOM,
as well as their interactions utilizing wavenumbers ranging from 400 to 4000 cm-1 [130]. The
NP samples were prepared by drying concentrated NPs on a glass slide at 40 °C to avoid
changes of NPs, while NOM samples were freeze-dried using a freeze-dry instrument (BK-
FD12PT, Vertical Freeze Dryer, BIOBASE BIODUSTRY) before FTIR analysis. To detect the
interactions between NPs and NOM, 100 mL reaction solutions containing 10 mg/L pristine or
photoaged NPs and 2 mg/L bulk NOM or NOM fractions were prepared and incubated for 24
h in 100 mM NaCl. The mixture was then filtered using 0.1 ym PES membranes, and the
samples on the membranes were dried at 40 °C before being analyzed using FTIR. Twenty

discrete spectral measurements were conducted linearly and subsequently integrated to

synthesize a composite spectrum.
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Text S4. DLVO and Steric Model

The classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory includes van der Waals and
electrostatic double layer interactions [188, 370]. The total interaction energy (Ep.vo) defined
as the sum of the van der Waals interaction energy (E.ow) and electric double layer interaction
energy (Eep). In the presence of NOM, the extend DLVO (XDLVO) considering a steric
(polymer-mediated) model was used to investigate interaction energies between NPs based

on repulsive steric interaction and attractive polymer bridging interaction.

DLVO. The equations of Ep.vo, Evaw and Eep. are given as follows:

Epvo = Evaw + EepL (S3)
Agz1R
E - _ 121 4
vaw 12h(1+%) (S4)
w
Egp, = 32meye, R(kgT /ze)*tanh (4kBT/ze)2 exp(—kh) (S5)

where A2r (J) is the Hamaker constant of NP-water-NP system. A1z = ((A11)"? - (A22)"?)?,
where Ay and Az, denote the Hamaker constants of NPs and water (A2, = 3.7 x 102° J) in a
vacuum. The Hamaker constants of PS,, PS,, PS4, and PSs were estimated to be 5.1x102' J,
1.2x102' J, 5.0x10%2 J, and 3.5%1022 J based on fitting results [128, 498]. R (nm) is the particle
radius. h (nm) is the separation distance. & and ¢, are the permittivity of the vacuum (8.854x10"
2. C/(V-m)) and the relative dielectric constant of the liquid (78.5), receptively. ks is the
Boltzman constant (1.381x102 J/K). T is absolute temperature (298 K), z is the valence state

of ion. e is the electron charge (1.602x107'° C). ¥ (V) is the potential of NPs. k is the inverse

Debye length (Eq. 6).
—1 _  |&r&oksT
ko= w/ 2N le? (S6)

where NA is the Avogadro constant (6.02x102 mol™), and / is the ionic strength of the solutions,

1=0.55 ciz?, ciis the molarity of ion. The Debye length or ionic diffuse layer is a measure of the
range of electrostatic interactions. k' is calculated as 0.96 nm and 0.43 nm in 100 mM and

500 mM NaCl, respectively.

Steric Repulsion. The adsorbed polymer layer on NPs can lead to an increase in osmotic
pressure and elastic repulsion. The repulsive steric interaction energy (Es) is defined as the
sum of osmotic (Eosm) and elastic repulsive energies (Eeiss). The equation of Eqsm could be
expressed as follows [499, 500]:

Eosm _
1(37 =0,2d<h (87)
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o = 0w ;=) (¢ -3) a s h <2 (9
o= ohow (5 —x) ¢ (53— tn () h<d (%9

where v, is the volume of one solvent molecule (0.03 nm3), x is the Flory-Huggins solvency
parameter (0.45), d (nm) is the thickness of adsorbed NOM, estimated as half of the difference
in the hydrodynamic size of NPs before and after NOM adsorption in 100 mM NaCl (Table S7)
[501], ¢nom is the effective volume fraction of the adsorbed NOM layer and can be expressed
as follows:

QR?
pnom[(@+R)3—R3]

(S10)

Dyom =3

where Q (mg/m?) is the maximum adsorbed amount of NOM on NP surface (7able S9). pnom
is the density of NOM (assumed to be 1.5 g/cm?) [502].

The equation of Ees could be expressed as follows [503]:

% =0,d<h (811)
o 1O NG IHC NPEY R

where Mw (Da) is the molecular weight of NOM.[501] The MWs of bulk NOM and its fractions
were estimated as follows: bulk NOM at 12,000 Da, NOM (> 30 kDa) at 50,000 Da, NOM
(10-30 kDa) at 20,000 Da, NOM (3-10 kDa) at 6,500 Da, and NOM (< 3 kDa) at 1,500 Da.

Kuhl et al. also developed a steric repulsion model and the equation of Escould be expressed
as follows [504]:

1
16mKTdR 2d\z 40 ,h 1 h 840
Bs = 25T 56 (5) -~ G + 245 - 5D (513)

h

Where s (nm) is the mean distance between anchoring (or grafting) sites on the surface (7able

S11) [347]. s could be calculated using following equation:

Mw
NAXQ

S =

(S14)

where My, (Da) is the molecular weight of NOM, NA is the Avogadro constant (6.02x102 mol
", Q (mg/m?) is the adsorbed amount of NOM on NP surface (7able S8). The corresponding

surface coverage (%) of NOM on NPs was shown in Table S9.

Both steric repulsion models could predict the stabilization of pristine NPs by NOM. The

calculated interaction energies based on osmotic pressure and elastic repulsion were much



Supplementary Materials m

higher than those from the secondary steric model by Kuhl et al. Additionally, since the
secondary steric repulsion model shared the same parameters as the polymer bridging model,

the secondary steric model was used in this study.

Polymer Bridging. Attractive polymer-mediated interactions (i.e. polymer bridging) occur when
the polymer’s affinity for another surface surpasses a certain threshold. The bridging adhesion

energy (Eg) is calculated as follows [371]:

2nR h?

12
Ep == (ch—=—=5) (S15)

where / (nm) is a segment length is considered as twice the C-C bond length (0.304 nm), Ic is
the polymer contour length (Table S2), € (kT) is the bonding energy per segment (assumed to
be 0.3 kT) and s (nm) is the mean distance between anchoring (or grafting) sites on the surface
(Table S10) [347].

Combination of DLVO and Steric Model. Conventional DLVO theory considers interactions
between "hard" particle surfaces. Some studies have integrated the steric model with the
conventional DLVO theory by using the apparent zeta potential for calculations, which is
suitable at low ionic strengths [502, 505]. In such conditions, the adsorbed layer thickness is
smaller than the Debye length, so adsorbed polymers do not substantially distort the electrical
potential distribution in the ionic diffuse layer. However, at high ionic strength, the adsorbed
layer thickness may exceed the Debye length, making conventional DLVO theory inapplicable,

as it would suggest that electrostatic interactions occur after the contact of adsorbed layers.

Ohshima's electrophoretic theory proposes that the outer surface potential (of the adsorbed
layer) is the appropriate electrical potential for predicting electrostatic interactions between
"soft" particles coated by polymers [506, 507]. However, Ohshima's theory applies DLVO
principles to adsorbed layers and sometimes fails to accurately describe colloidal interactions
of polymer-coated particles [506, 508]. Additionally, Ohshima's theory addresses pre-contact
DLVO interactions between adsorbed layers, while the steric model describes post-contact
particle interactions. Integrating the steric model with Ohshima's DLVO theory is difficult as

they start from different zero separation distances.

Therefore, combining the steric model with both conventional DLVO theory and Ohshima's
theory at high ionic strengths poses a challenge. Studies have indicated that, at high ionic
strength, the effective distance of electrical double layer repulsion between approaching
particles may be governed by the adsorbed layer thickness rather than the Debye length [385].
To address this, we used a modified Debye length (effective electrical double layer) in the
conventional DLVO theory in this study. The modified Debye length was assumed to be the
sum of the NOM adsorption layer thickness and the theoretical k' [509, 510].
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Table S7. The d and Lc (nm) of bulk NOM and NOM fractions (2 mg/L) on pristine and
photoaged NPs, estimated as half of the difference in the hydrodynamic size of NPs before
and after NOM adsorption in 100 mM NaCl (Figure 2d). d and Lc (nm) in 500 mM NaCl were

assumed to be the same.

d or Lc (nm) Bulk > 30 kDa 10-30 kDa 3-10 kDa <3 kDa
PSo 2.81 6.07 4.82 4.29 2.02
PS. 4.19 6.62 3.87 3.22 1.58
PS4 4.23 6.92 4.77 4.05 2.95
PSs 3.63 5.91 417 2.92 2.33

Table S8. Adsorption capacity (Q, mg/m? of bulk NOM and NOM fractions (2 mg/L) on pristine
and photoaged NPs, as estimated based on NOM removal conducted in 100 mM NaCl (Figure
2a), and particle size of NPs (Figure 2c). Q in 500 mM NaCl were assumed to be the same.

Q (mg/m?) Bulk > 30 kDa 10-30 kDa  3-10 kDa <3 kDa
PSo 3.35 2.94 2.79 2.72 2.28
PS: 3.22 2.88 2.86 2.71 2.24
PS4 297 2.78 2.92 2.81 2.1

PSs 2.51 2.48 3.03 2.84 2.14
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Table S9. Surface coverage (%) of bulk NOM and NOM fractions (2 mg/L) on pristine and
photoaged NPs, as estimated based on NOM density (assumed to be 1.5 g/cm®), molecular
size, and adsorption amount. NOM molecules were assumed to have a spherical geometry,
with their molecular sizes calculated using the online Molecular Weight to Size Calculator

(https.//nanocomposix.com/pages/molecular-weight-to-size-calculator).

Coverage (%) Bulk > 30 kDa 10-30 kDa 3-10 kDa <3 kDa
PSo 114.2 62.1 80.1 113.7 155.2
PS> 102.9 57.0 77.0 106.0 143.2
PS4 88.6 51.6 73.6 102.8 125.5
PSs 72.3 444 73.5 100.2 123.3

Table S10. The distance between anchoring sites (s, nm) of bulk NOM and NOM fractions (2
mg/L) on pristine and photoaged NPs, as estimated based on Equation S14. The MWs of bulk
NOM and its fractions were estimated as follows: bulk NOM at 12,000 Da, NOM (> 30 kDa) at
50,000 Da, NOM (10-30 kDa) at 20,000 Da, NOM (3-10 kDa) at 6,500 Da, and NOM (< 3
kDa) at 1,500 Da. s in 500 mM NaCl were assumed to be the same.

s (nm) Bulk > 30 kDa 10-30 kDa 3-10 kDa <3 kDa
PSo 1.51 5.31 3.45 1.99 1.04
PS2 2.48 5.37 3.41 2.00 1.05
PS4 2.59 5.48 3.37 1.96 1.09

PSs 2.82 5.78 3.31 1.95 1.08
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Table S11. Functional groups of pristine and photoaged PS NPs at their respective
wavenumbers measured using FTIR.

Wavenumber Functional groups References
(cm™)
696, 753, and 1028 C-H in-plane bending/aromatic C—H bending [128, 130, 511, 512]
1452 aromatic ring movement or —CH2— vibration [511-514]
1493 and 1601 C=C stretching of the aromatic ring
2850 C-H stretching vibration of the —CH group in the [225, 512, 513, 515-517]
aliphatic segments
2920 C—H stretching vibration of —-CH2— group in the
aliphatic segments
3026 C-H vibration of the aromatic ring
1717 C=0 group [372]

3453 —OH group
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Figure S7. SEM images of pristine and photoaged NPs (NPs were obtained by filtration on

membranes and gold sputtering was conducted prior to measurement).
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Table S12. Functional groups of bulk NOM and NOM fractions at their respective

wavenumbers measured using FTIR.

Wavenumber Functional groups References
(cm™)

1042 and 1112 C-0 stretching of alcohols or carbohydrates [367, 375]
1388 OH deformation, C-0O stretching of phenolic [375, 518]

OH, or deprotonated carboxyl groups (COQO")
asymmetric stretching

1574 aromatic alkenes, conjugated carbonyl, or [519]
COO™ asymmetric stretching
1747 C=0 stretch of amide, quinone, or protonated [355, 520]
carboxylic acids (COOH)
3300 —OH stretching [355, 375, 376]
0.8
Bulk NOM
——NOM (> 30 kDa)
NOM (10-30 kDa)
—— NOM (3-10 kDa)
08 7 NOM (< 3 kDa)
8
C
8
o
204 -
©
>
-2
0.2 -
00 T T T
200 300 400 500 600

Wavelength (nm)

Figure S8. UV absorbance of bulk NOM and different NOM fractions (4 mg C/L).
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Figure S9. 3D-EEM spectra of bulk NOM and different NOM fractions
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Figure S10. FTIR spectra of PS; and PS4 before and after adsorption with bulk NOM in 100

mM NaCl.
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Figure S11. The zeta potential of pristine and photoaged NPs with and without bulk NOM and
NOM fractions in 10 mM NaCl. Error bars represent the mean £ 1.96 SE (n = 10).

o
&

S ] + Bulk NOM

[ ]+NOM(>30kDa) [+ NOM (10-30 kDa)
[_]+NOM(3-10kDa) [+ NOM (<3 kDa)

o
o
1

R
w
]

o
(=]
1

154

Zeta potential (mV)

4L
o
1

&
1

PSO pPS2 PS4 PS8

Figure S12. The zeta potential of pristine and photoaged NPs with and without bulk NOM and
NOM fractions in 500 mM NaCl. Error bars represent the mean + 1.96 SE (n = 10).
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Figure S13. The reduction in UV280 (NOM removal) of bulk NOM and NOM fractions after
adsorption on pristine and photoaged NPs in 10 mM NaCl. Error bars represent the mean +
1.96 SE (n = 2).
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Figure S14. The hydrodynamic size of pristine and photoaged NPs with and without bulk NOM
and NOM fractions in 10 mM NaCl. Error bars represent the mean + 1.96 SE (n = 10).
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Result
Name Status Repetition Start time Temperature Focus position Processed runs
He mm
N-100 1 Failed 1 08:53:35 25 -0.8 &
N-100 2 Failed 2 08:55:49 25 -0.8 3
N-1003 Failed 2 08:56:34 25 -0.8 &
N-100 4 Failed 4 08:57:19 25 -0.8 3
N-100 5 Failed 5 08:58:05 25 -0.8 3;
N-100 6 Failed 6 08:58:50 25 -0.8 3
N-100 7 Failed 7 08:59:35 25 -0.8 3
N-100 8 Failed 8 09:00:20 25 -0.8 3
N-1009 Failed 9 09:01:05 25 -0.8 &
N-100 10 Failed 10 25 -0.8 3
N-100 11 Failed 11 5 25 -0.8 5
N-100 12 Failed 12 09:03:20 25 -0.8 g
N-100 13 Canceled S 09:04:03 25 -0.8 2
Average
St.Dev.
RSD%
Result
Name Status Repetition Start time Temperature Focus position Processed runs
(el mm
N-500 1 Failed 1 09:49:33 25 -0.4 3
N-500 2 Failed 2 09:51:47 25 -0.4 3
N-500 3 Failed 3 09:52:32 25 -0.4 3
N-500 4 Failed 4 09:53:17 25 -0.4 3
N-500 5 Failed 5 09:54:02 25 -0.4 3
N-500 6 Failed 6 09:54:47 25 -0.4 3
N-500 7 Failed 7 09:55:32 25 -0.4 3
N-500 8 Failed 8 09:56:17 25 -0.4 3
N-5009 Failed 9 09:57:02 25 -0.4 3
N-500 10 Failed 10 09:57:48 25 -0.4 3
N-500 11 Canceled 11 09:58:34 25 -0.4 1
Average
St.Dev.
RSD%

Figure S15. The size characterization results of bulk NOM (10 mg/L) over time at 100 mM and
500 mM NacCl.
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Figure S16. The aggregation kinetics of pristine and photoaged NPs without NOM (a) and with
bulk NOM (b). Error bars represent the mean £ SD (n = 2 or 3).
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Figure S17. DLVO interaction energy of pristine and photoaged NPs at 100 and 500 mM NaCl

solutions.
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Figure S18. The intensity, volume, and number-weighted size distributions of pristine NPs at
500 mM NaCl over time.
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Figure S19. The intensity, volume, and number-weighted size distributions (%) of pristine NPs
in the presence of bulk NOM (10 mg/L) at 500 mM NaCl over time.
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Figure S20. The intensity, volume, and number-weighted size distributions of photoaged NPs
(PS4) at 500 mM NaCl over time.
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Figure S21. The intensity, volume, and number-weighted size distributions (%) of photoaged
NPs (PS.) in the presence of bulk NOM (10 mg/L) at 500 mM NaCl over time.
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Figure S22. DLVO and steric interaction energy of PSO0 (a), PS2 (b), PS4 (c) and PS8 (d) in
the absence and presence of bulk NOM and NOM fractions at 100 and 500 mM NaCl
solutions.
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Text S5. Adsorption and Desorption of NPs on sand

Controls showed no obvious UV reduction of NPs following agitation for 48 hours (Figure S24).
However, blanks indicated that agitation caused the fragmentation and release of suspended
tiny sands, which interfered with the UV absorbance of NPs (Figure S25). Therefore, while the
adsorption results were not highly precise, they provided valuable insights into NP adsorption.
The UV absorbance of NPs was corrected by subtracting the blank UV absorbance measured
at the same time, and the results are presented in Figure S25c and Figure S25d. The results
showed rapid adsorption of pristine NPs within the initial 10 minutes, followed by slower
adsorption over an extended period. This suggested the presence of both instantaneous
equilibrium adsorption and time-dependent kinetic adsorption. UV-weathering obviously
reduced NP adsorption, with the adsorption capacity decreasing as the aging time increased.
In the presence of NOM, the adsorption of both non-weathered and UV-weathered NPs was
negligible due to background interference. The desorption experiment demonstrated that
some adsorbed NPs could be released, but not all were desorbed, indicating the presence of

irreversible and reversible adsorption sites.
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Figure S23. Photograph of the experimental setup used for NP transport experiments.
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Figure S24. The UV289 change of non-weathered and weathered NPs following 48 hours of

agitation (no sand).
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Figure S25. The UV289 change of non-weathered and weathered NPs after adsorption (a and
¢) and desorption (b and d) on sand. The UV289 change in ¢ and d was corrected by
subtracting the blank UV absorbance.
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Text S6. DLVO and XDLVO interaction energy between NPs and sand

The classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory includes van der Waals and
electrostatic double layer interactions [188, 370]. The total interaction energy (Epivo) defined
as the sum of the van der Waals interaction energy (E.aw) and electric double layer interaction
energy (Eep.). In the presence of NOM, the extend DLVO (XDLVO) considering a steric

repulsion was used to investigate interaction energies.

DLVO. The equations of Ep.vo, Evaw and Eep. are given as follows:

Eprvo = Evaw + Egpy (816)
A1z1R
Epay = ——22R 17
vaw 12h(1+%) (S17)
7 .
Egp, = 64meye, Ry (kgT /ze)*tanh (4kBT1/Ze)tanh (4RBTZ/Ze) exp(—kh) (S18)

where A;2s (J) is the Hamaker constant of NP-water-NP system. A1z = ((A1)"? - (A22)"?)?,
where Ay and A, denote the Hamaker constants of NPs and water (A2, = 3.7 x 102 J) in a
vacuum. The Hamaker constants of PSy, PS», PS4, and PSs were estimated to be 5.1x102" J,
1.2x102" J, 5.0x1022 J, and 3.5x10% J based on our previous study [425]. Ro (nm) is the
particle radius. h (nm) is the separation distance. & and ¢, are the permittivity of the vacuum
(8.854x107'2 C/(V-m)) and the relative dielectric constant of the liquid (78.5), receptively. ks is
the Boltzman constant (1.381x1023 J/K). T is absolute temperature (298 K), z is the valence
state of ion. e is the electron charge (1.602x10'° C). ¥; and ¥, are the potential of NPs and

sand, respectively. k is the inverse Debye length.

—1 __  |&r&okgT
K= ’—ZNAIeZ (S19)

where NA is the Avogadro constant (6.02x102% mol '), and / is the ionic strength of the solutions,
1=0.5% ciz?, ciis the molarity of ion. The Debye length or ionic diffuse layer is a measure of the

range of electrostatic interactions. k™ is calculated as 3.04 nm in 10 mM NacCl.

Steric Repulsion. The adsorbed polymer layer on NPs can lead to an increase in osmotic
pressure and elastic repulsion. The repulsive steric interaction energy (Es) is defined as the
sum of osmotic (Eosm) and elastic repulsive energies (Eeiss). Assuming that only the surfaces
of NPs are coated by polymers, the osmotic repulsion energy Eosm could be expressed as
follows [521]:

Eosm —
Epsm  4TR 1
or = 0o (G- 2) - )t h = d (s21)



-E Supplementary Materials

where v, is the volume of one solvent molecule (0.03 nm3), x is the Flory-Huggins solvency
parameter (0.45), d (nm) is the thickness of adsorbed NOM. ¢nom is the effective volume
fraction of the adsorbed NOM layer and can be expressed as follows:

QRo” (S22)

b =3
NoM pnoml(d+Ro)3—Ro®]

where Q (mg/m?) is the maximum adsorbed amount of NOM on NP surface, estimated based
on the adsorption results (Figure S4). pnowmis the density of NOM (assumed to be 1.5 g/cm?)
[502].

The equation of Eess could be expressed as follows [503, 521]:

Bees 0,0 < (823)
b oo 20 - () - Q@) an 2

where My (Da) is the molecular weight of NOM [501]. The MWs of bulk NOM and its fractions
were estimated as follows: bulk NOM at 12,000 Da, NOM (> 30 kDa) at 50,000 Da, NOM
(10-30 kDa) at 20,000 Da, NOM (3-10 kDa) at 6,500 Da, and NOM (< 3 kDa) at 1,500 Da.
The adsorption thickness (d, nm) of NOM was negligible in some cases (Figure S13 and
Figure S14), leading to an underestimation of steric repulsion. In this study, d was assumed
to correspond to the molecular size of NOM, considering that the interplay distance of steric
repulsion is related to NOM size. By assuming spherical geometry, the molecular sizes of
NOM were calculated using the Molecular Weight to Size Calculator
(https://nanocomposix.com/pages/molecular-weight-to-size-calculator). The estimated sizes
were 2.938 nm for bulk NOM, 4.728 nm for NOM (> 30 kDa), 3.484 nm for NOM (10-30 kDa),
2.395 nm for NOM (3-10 kDa), and 1.469 nm for NOM (< 3 kDa), which were used to refine

the XDLVO interaction calculations.

Influence of surface roughness. Based on previous studies [433, 434], surface roughness was
modeled as hemispherical asperities on flat surfaces to account for nanoscale irregularities.
Two cases were considered to account for surface roughness effects: (1) NPs deposited on
convex asperities and (2) NPs deposited in concave valleys between asperities (Figure S26).
The total interaction energy in both cases was estimated as the sum of the NP-surface
interaction (particle—plate) and the NP—-asperity interaction (particle—particle), which can be

expressed as follows [434]:

Epa=Epp(h) + Eps (h+1) (S25)

Epv1 =NEpp(h) + Eps (\/(h + T+ R)2 — (r + D)2 —R) (S26)
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Epv2=NEpp(y(H+R)2+ (r+ D)2 —71—R) + Eps (H) (S27)

Where E,-5 is the total interaction energy between NPs and a convex asperity on the sand,
while E,-,-1 and E,--2 represent the interaction energy between NPs and a concave valley on
the sand. E,-, and Ep-s denote the particle-particle interaction energy between an NP and an
asperity and the particle-surface interaction between NPs and the sand, respectively. h and H
are the surface-to-surface separation distance between NP-asperity and NP-surface,
respectively. R and r represent the radii of the NPs and the asperities, respectively. For the
particle-particle interaction energy calculation, the Ry in equation (2), (3), (6) and (9), is
calculated as rR/(r+R). The choice between Equations (2) and (3) depends on the surface-to-
surface distance (D) between asperities. When D is large enough such that H < h, Equation
(3) is applied. Conversely, when h £ H, Equation (2) is used. In this study, D was selected to
ensure h is approximately equal to H. n represents the estimated maximum number of

asperities that can be arranged in a circle and is expressed as:

n= ———— (S28)

Arcsin(HLD)

. nanoplastics
£
convex asperity

concave valleys
between the asperities

Figure S26. Schematic of interactions between NPs with a convex asperity and a concave

valley between the asperities.
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Figure S27. The BTC of tracer (10 mM NaCl) in porous media (vidaXL sand).
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Figure S28. Fitting results of the BTCs for non-weathered and weathered NPs using different
models.



-Eﬂ Supplementary Materials

250 0.0
(a1) —— smooth surface (a2)
50 nm asperity
——— 20 nm asperity
R 200+ —— 10 nm asperity | _
= v
< <
8 150 S
c c -0.14
2 9
g 1004 8
g I3
£ £
50
0 T T = T -0.2 T T T T
0 5 10 15 20 0 10 20 30 40 50
Seperation distance (nm) Seperation distance (nm)
1200 0.0
(b1) smooth surface (b2)
valley between 50 nm asperitys
1000 valley between 20 nm asperitys
. [\ valley between 10 nm asperitys | __
'_ !’\ '_ '0.2'
< \\ <
> >
= >
(0] o
] &
c c -0.44
Re] o
° ©
o o
2 2
£ £
-0.6
0 T T T -0.8 T T T T
0 5 10 15 20 0 10 20 30 40 50
Seperation distance (nm) Seperation distance (nm)
250 0,0
(c1) —— smooth surface (c2)
10 nm positively charged area
200 ——— 20 nm positively charged area
— T —— 50 nm positively charged area —~
= ~
[+2] o
= < -0,14
3 150 =)
[] [9]
c =
[0 (]
S N S
g 1004 \ 8
g E -0,2 4
0 T — T -0,3 T T T T
0 5 10 15 20 0 10 20 30 40 50

Seperation distance (nm)

Seperation distance (nm)

Figure S29. Effects of a convex asperity (a), a concave valley (b) and a positively charged

area (+ 20 mV) on the DLVO energy barrier (1) and the secondary energy minimum (2).
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Figure S30. Microscopic images of vidaXL sand and Sigma-1 and Sigma-2 sand.
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Figure S31. SEM-EDS results of vidaXL, Sigma-1 and Sigma-2 sand.
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Figure S32. Zeta potential of vidaXL sand and Sigma-1 and Sigma-2 sand.



Table S13. The DLVO and XDLVO energy barrier (Emax, ksT) and the secondary minimum (|Ex.
min|, ksT) for NP-asperity, NP-valley, and NP-positively charged area on heterogeneous

surface and NP-plate on homogeneous surface.

Heterogeneous Surface Horgogeneous
urface
NP-Sand NP-asperity NP-valley ?hz-%%%tggg NP-plate
Emax | E2—min | Emax | E2—min| Emax | E2—min| Emax | E2—min|
PSo 33.5 0.135 774 0.507 341 0.217 220 0.145
PSo + bulk 177 0.131 3900 0.487 1216 0.206 1480 0.140

PSo+>30kDa 348 0.129 7761 0483 2737 0.203 3013 0.138

Egg * 1030 470 0430 3759 0485 1145 0205 1414  0.139
PS,+3-10kDa 617 0.130 1381 0486 197 0206 450 0.140
PS,+<3kDa 474 0129 1078 0482 66.8 0.203 320 0.138
PS, 461 0053 1063 0196 542 0079 300 0.056
PS, + bulk 984 0054 2186 0199 508 0.081 762 0.057
PS,+>30kDa 201  0.053 4461 0197 1392 0.080 1659  0.056
Egg * 1030 403 0054 2301 0198 546 0.080 804 0.056
PS,+3-10kDa 624 0053 1403 0197 186 0.080 443 0.056
PS,+<3kDa 469 0054 1063 0200 813 0082 316 0.057
PS. 490 0031 1120 0113 573 0045 315 0.032
PS. + bulk 580 0.032 1296 0.117 189 0.047 411 0.033
PS.+>30kDa 712 0032 1592 0.116 286 0.047 520 0.033
Egg * 1030 519 0032 1386 0417 211 0.047 441 0.033
PS,+3-10kDa 467 0032 939 0118 962 0047 314 0.033
PS,+<3kDa 429 0032 976 0117 564 0.047 279 0.033
PSs 524 0024 1195 0090 606 0035 335 0.025
PSs + bulk 575 0026 1281 0095 189 0038 405 0.027
PSs+>30kDa 624 0025 1394 0.094 218 0.037 443 0.027
Egg * 1030 589 0026 1316 0094 189 0037 414 0.027
PSs+3-10kDa 431 0025 947 0.096 613 0037 279 0.027

PSg+ <3 kDa 42.1 0.025 922 0.095 48.6 0.037 269 0.026
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Figure S33. Photograph and column design of the simulated RBF experimental setup.
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Table S14. Water quality parameters of river water collected from a RBF site and synthetic

water prepared to simulate the ion composition of the river water. The synthetic water was
formulated using CaSO4-2H,0, CaCl,-2H-0, CaCOs, MgCl,-6H.0, NaNOs; NaHCOQOs and

KHCOs, and freshly prepared prior to the transport experiments. lon concentrations were

measured using ion chromatography (IC).

Parameter Ca? Mg?* Na* K* SO04* (ol NOs pH (o))
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
river 66.5 107  26.4 3.7 494 451 9.6 8.1 75
water-1
river 69.1 131 234 4.6 525 432 7.3 8.2 7.2
water-2
synthetic  go s 103 261 35 490 446 93 80 8.1

water
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Figure S34. (a) Size evolution of NPs in synthetic water and river water (< 100 kDa) over time;
(b) detailed size change of NPs in river water (< 100 kDa) monitored over 8 hours after 2 days

of incubation.
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Text S7. The adsorption of DOM by NPs

30 mg/L PS NPs were added to 50 mL of river water (<100 kDa) and incubated for 2 days.
After incubation, the suspension was filtered through a 0.1 ym PES membrane (pre-washed
with 100 mL of ultrapure water) to separate the NPs from the dissolved organic matter (DOM).
For each sample, the first 5 mL of filtrate was discarded to minimize contamination, and the
remaining filtrate was collected for DOM analysis. The TOC, TN, UV270, and UV254 values
of the DOM before and after adsorption were measured. Duplicates were conducted. The

results are presented in Table S15.

Table S15. The parameter changes of DOM and NPs after adsorption.

DOM NPs
TOC TN hydrodynamic  zeta potential  Water contact
uv254 UV270 )

(mg/L) (mg/L) size (nm) (mV) angle (°)

Before
) 2.0 0.080 0.067 118.2 -29.0 101.6
adsorption
After
1.9 0.080 0.067 233.2 -20.0 47.8

adsorption
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Text S8. XDLVO interaction energy between NPs and sand/biofilm

The classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory accounts for van der
Waals and electrostatic double layer interactions [188, 370]. To incorporate the influence of
hydrophobic interactions, the extended DLVO (XDLVO) framework was applied by including

Lewis acid—base interactions.

XDLVO. The equations of Exprvo, Evaw and Eep. and Eag are given as follows:

ExpLvo = Evaw + Egpr + Eap (S29)

Eyaw = —ﬁ (S30)

Egp, = 64meye,R(kgT /ze)*tanh (4k:’T1/Z€)tanh (4k:’;/ze) exp(—kh) (S31)
Ejp = 2mRAppPpeXp (%) (S32)

where A;2s (J) is the Hamaker constant of NP-water-NP system. A1z = ((A1)"? - (A22)"?)?,
where Ay and Az, denote the Hamaker constants of NPs and water (A2 = 3.7 x 102° J) in a
vacuum. The Hamaker constants of PS were estimated to be 5.1x102' J based on our
previous study [425]. The Hamaker constants of eco-corona-coated PS NPs was estimated to
be 1.2x10%' J. The Hamaker constants of silica surface and biofilm were estimated to be
6.0x102" J and 1.0x10?° J, respectively [522, 523]. R (nm) is the particle radius. h (nm) is the
separation distance. & and &, are the permittivity of the vacuum (8.854x10'2 C/(V-m)) and the
relative dielectric constant of the liquid (78.5), receptively. ks is the Boltzman constant
(1.381x10 J/K). T is absolute temperature (298 K), z is the valence state of ion. e is the
electron charge (1.602x10"° C). ¥; and ¥; are the potential of NPs and sand, respectively.
The inverse Debye length (k') is estimated as 3.92 nm in synthetic water. A4z is the
characteristic decay length of AB interactions in water (0.6 nm) [524]. hy is the distance of the

closet approach (0.158 nm) [472]. ®pg is calculated as follows [472]:

K123

®yp = T 2nhoias (S33)
where K23 is the hydrophobic force constant, which is determined as follows:
Ky = —7 (“E22) 18 (S34)

where 1 and B2 are the water contact angle of NPs and collector surface, respectively.

In river water, the formation of a thick eco-corona layer importantly altered the surface

characteristics of NPs, thereby modifying their interaction energy profiles. In our modeling, we
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focused on the pre-contact interactions between eco-corona-coated NPs and the collector
surface. It is important to note that steric repulsion, which is a post-contact interaction, was
not included in this analysis. Ohshima's electrophoretic theory proposes that the outer surface
potential (of the adsorbed layer) is the appropriate electrical potential for predicting
electrostatic interactions between "soft" particles coated by polymers [506, 507]. The outer
surface potential (Wsor) is estimated as follows [506]:

_1 1 (1-kR)(1+KRsoft) _2ks
Psore = 3 P11 =7 + (A+KR)KRsope © ) (S35)

where Rsor is the radius of eco-corona-coated NPs, 0 is the thickness of eco-corona.

Influence of surface roughness. Based on previous studies [433, 434], surface roughness was
modeled as hemispherical asperities on flat surfaces to account for nanoscale irregularities.
Two cases were considered to account for surface roughness effects: (1) NPs deposited on
convex asperities and (2) NPs deposited in concave valleys between asperities. The total
interaction energy in both cases was estimated as the sum of the NP-surface interaction
(particle—plate) and the NP—-asperity interaction (particle—particle), which can be expressed as
follows [434]:

Epa=Epp(h) + Eps(h+1) (S36)
Epv-1 =nEpp(h) + Eps (f(h + T+ R)2— (r+ D)2 —R) (S37)
Ep-v-2 = nEp.p (\/(H + R)Z + (T' + D)Z -r—- R) + Ep-s (H) (838)

Where E,-5 is the total interaction energy between NPs and a convex asperity on the sand,
while E,-,-1 and E,--2 represent the interaction energy between NPs and a concave valley on
the sand. E,-, and Ep-s denote the particle-particle interaction energy between an NP and an
asperity and the particle-surface interaction between NPs and the sand, respectively. h and H
are the surface-to-surface separation distance between NP-asperity and NP-surface,
respectively. R and r represent the radii of the NPs and the asperities, respectively. For the
particle-particle interaction energy calculation, the R in equations is calculated as rR/(r+R).
The choice between Equations (9) and (10) depends on the surface-to-surface distance (D)
between asperities. When D is large enough such that H < h, Equation (9) is applied.
Conversely, when h < H, Equation (10) is used. In this study, D was selected to ensure h is
approximately equal to H. n represents the estimated maximum number of asperities that can

be arranged in a circle and is expressed as:

n= —=% (SS39)

Arcsin(HLD)
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Here is schematic of interactions between NPs with a convex asperity and a concave valley

between the asperities.

Influence of surface charge or hydrophobicity heterogeneity. We assume the presence of a
positively charged or hydrophobic area (i.e., a heterogeneous patch) on an otherwise
homogeneous flat surface. The interaction between NPs and these heterogeneous regions is
approximated as the interaction between the NP and a positively charged particle or a
hydrophobic particle, respectively. The total interaction energy between the NP and the

heterogeneous surface, denoted as follows:
Epc = Eps (h) = Epp1(h) + Epp2(h) (S40)

Where E,-c is the total interaction energy between NPs and a charge heterogeneity on a
homogeneous surface. Ep-s is the particle-surface interaction energy between NPs and the
original homogeneous surface. E,p1 is interaction energy between the NP and the original
surface region that has been replaced (homogeneous, patch 1), and E,.,2 denote interaction
energy between the NP and the heterogeneous patch (positively charged or hydrophobic,
patch 2).
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Figure S35. DLVO and XDLVO interaction energy of NP-sand and NP-biofilm.
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Figure S36. Effects of surface roughness on the energy barrier (1) and secondary energy
minimum (2) (a and b) and NP-biofilm (c and d).
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Figure S38. Representative logistic model fittings of BTCs of NPs in column C1 (0-9 cm) using

synthetic water and river water after 6 months biofilm formation.
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Figure S39. The BTCs of NPs in clean sand and in clean sand and in biofilm-coated sand

segments after 1, 3, and 6 months of cultivation at different depths.
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Figure S40. Water contact angles of NPs in synthetic water and river water (filtered onto 0.1 um
membranes), and of biofilm microorganisms (sonicated and filtered onto 0.1 um membranes).
For comparison, the water contact angle of a silica surface (13.7°) was obtained from literature
[525].
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Figure S42. Effect of hydrophobicity heterogeneity (50 nm) on the energy barrier (1) and

secondary energy minimum (2) of NP-sand (a) and NP-biofilm (b).



Supplementary Materials m

40 0.1 ‘
al XDLVO (NP-homogeneous area) a2 “\‘
—— NP-sand

_ 30+ —— NP (eco-corona)-sand -

e —— NP-biofilm o

= ——— NP (eco-corona)-biofilm < 0.0

je)) D

o 201 @

c c

[0] o

c c

2 S

s 101 &

ko) 8 0.1

£ £

0 ‘ —
J
1
'1 O T T T '02 T T T T
0 10 20 30 0 10 20 30 40 50
Seperation distance (nm) Seperation distance (nm)

Figure S43. Effect of eco-corona on the XDLVO interaction energy profiles illustrating the
energy barriers and secondary minima for NP deposition on homogeneous surfaces of sand
and biofilm surfaces.
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Figure S45. Effect of eco-corona on the XDLVO interaction energy profiles illustrating the

energy barriers and secondary minima for NP deposition on an 50 nm positively charged area
(10 mV).
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Figure S46. Effect of eco-corona on the XDLVO interaction energy profiles illustrating the

energy barriers and secondary minima for NP deposition on an 50 nm hydrophobic area with
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