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Polymer type, environmental aging, and DOM
compositions collectively control DOM
fractionation on microplastics
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Revised: 4 March 2026 Interactions between microplastics (MPs) and dissolved organic matter (DOM) are crucial in

controlling MP surface properties, transport, and environmental behavior in aquatic systems.
Although DOM adsorption to MPs is well-documented, it remains unclear how polymer type,
environmental aging, and DOM composition collectively determine both the extent and
selectivity of DOM adsorption on MPs. This study examines DOM adsorption on five common
polymers (polyethylene [PE], polypropylene [PP], polyethylene terephthalate [PET],
polystyrene [PS], and polyvinyl chloride [PVC]), subjected to controlled UV- and Os-aging,
using Suwannee River fulvic acid (SRFA) and humic acid (SRHA) as representative DOM. For
pristine polymers, SRFA exhibited similar distribution coefficients (K), whereas SRHA showed
pronounced polymer-dependent variability in Ky. Oxidative aging altered DOM adsorption in
a strongly polymer- and DOM-specific manner, producing divergent trends in both
adsorption capacity and selectivity. The aging pathways (O3 vs UV) did not monotonically
affect DOM fractionation, with Os-aging inducing a greater increase in the C1 component for
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PET, and a greater decrease in the C1 component for PS. Fluorescence component analysis
and molecular-weight fractionation revealed that aging induced distinct, polymer-specific
shifts in the composition and size distribution of DOM retained on MP surfaces. Machine-
learning-assisted analysis identified specific surface area and surface carbon speciation
(reflecting surface hydrophobicity/hydrophilicity) as the dominant predictors of DOM
adsorption behavior. Together, these results demonstrate that DOM fractionation on MPs
emerges from the coupled effects of polymer type, weathering-induced surface
modification, and DOM characteristics, underscoring the need to account for these factors
jointly when predicting MP behavior in real environments.
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Highlights

+ SRFA exhibited similar K4 values across pristine MPs, whereas SRHA showed pronounced polymer-dependent variability.
+ On PS and PET, SRHA showed higher Kd than SRFA, likely due to SRHA's higher aromaticity.

+ On PE and PP, aging boosted hydrophilic, low-MW SRFA retention, consistent with higher microporosity and hydrophilicity.
+ Machine learning identifies specific surface area and surface carbon speciation as dominant predictors of Ky for DOM.
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Introduction

Microplastics (MPs) are global emerging pollutants because of their
broad distribution and their potential ecological and human-health
risks!' 1. Numerous field surveys have shown that MPs occur in a wide
range of environmental matrices, including rivers, lakes, oceans, sedi-
ments, and engineered water systems*’l, Given their small size and
low density, these particles are readily taken up by aquatic organisms
across different trophic levels and have been associated with adverse
biological responses, such as physical stress and oxidative damage®!.
Beyond direct biological effects, MPs serve as 'carriers' for coexisting
contaminants (e.g.,, hydrophobic organic compounds and heavy
metals) due to their hydrophobic polymeric matrices and the large
specific surface area, thereby potentially altering contaminant trans-
port and bioavailability®®. In natural waters, MPs inevitably interact
with dissolved organic matter (DOM), a chemically heterogeneous
mixture that is ubiquitous in natural waters!'”. Adsorption of DOM
onto MP surfaces forms an interfacial organic coating (often termed an
'eco-corona’), which can alter the physicochemical properties of MPs
and consequently influence MP fate, transport, and biological
impacts!''~"3], Therefore, elucidating the mechanisms governing MP-
DOM interactions is essential for predicting the environmental beha-
vior of MPs.

DOM adsorption onto MPs involves multiple interfacial interac-
tions, such as hydrophobic and aromatic interactions, electrostatic
interactions, and hydrogen bonding, with their relative
contributions mediated by both polymer properties and DOM
composition['4-161, Hydrophobic interactions contribute substan-
tially to DOM adsorption on polymer surfaces and are particularly
important for nonpolar polymers, including polyethylene (PE), and
polypropylene (PP)U'7). In addition, aging can introduce oxygen-
containing groups on nonpolar polymers, thereby increasing
surface hydrophilicity and polarity, and altering polar interactions
(such as hydrogen bonding), which can enhance the adsorption
capacity of these MPs for humic acid!'. For aromatic polymers such
as polystyrene (PS), phenyl rings are inherent repeat-unit structures
and can be present at or near the surface in both pristine and aged
particles; accordingly, n-n stacking interactions between aromatic
moieties in DOM and phenyl rings of the polymer backbone
contribute substantially to DOM adsorption on both pristine and
aged PS microplasticst'>'. Importantly, MP-DOM interactions are

also strongly modulated by DOM heterogeneity (e.g., molecular
weight, functional-group composition, and aromaticity)2021, Stud-
ies have reported that Suwannee River humic acid (SRHA) exhibits
substantially stronger adsorption affinity than Suwannee River fulvic
acid (SRFA) onto PS microplastics!’l. These findings indicate that
understanding MP-DOM interactions requires not only quantifying
bulk adsorption, but also resolving the preferential partitioning and
molecular fractionation of DOM on MP surfaces.

Despite growing interest in DOM-MP interactions and well-docu-
mented bulk adsorption behavior('022], selective association of DOM
fractions with different polymer surfaces remain a critical knowl-
edge gap. Specifically, because DOM is a multicomponent mixture
(e.g., humic-like and fulvic-like substances, carbohydrates, protein-
like components, and other low- and high-molecular-weight con-
stituents), how polymer properties (such as hydrophobicity, polarity,
and aromaticity) govern preferential adsorption of specific DOM
fractions remain poorly constrained. Moreover, environmental aging
of MPs, including UV-driven photooxidation (initiated by direct UV
absorption and/or photosensitizers/chromophoric species) and
ozonation (via direct ozone attack and/or secondary reactive oxygen
species)23-25], can introduce oxidized surface moieties (e.g.,
carbonyl- and hydroxyl-bearing groups), as well as alter surface
morphology, wettability, and surface charge, thereby modifying
DOM adsorption behavior2426l, However, the extent to which
surface alterations induced by aging control fraction-specific DOM
adsorption across common polymers has not been well resolved.

In this work, we assess how polymer chemistry and weathering-
induced surface modification together shape both the extent and
selectivity of DOM adsorption on microplastics. Five representative
polymers (PE, PP, PS, polyvinyl chloride [PVC], and polyethylene
terephthalate [PET]), spanning a broad range of backbone chemis-
tries and surface properties were subjected to controlled UV and
ozone aging to capture key oxidative weathering pathways relevant
to aquatic environments. We used SRFA and SRHA from the Interna-
tional Humic Substance Society (IHSS) as well-characterized DOM
reference materials to ensure cross-study comparability?’l. Using
both DOM standards captures key compositional differences (e.g.,
aromaticity, molecular-weight distribution, and functional-group
density)?”7! that are important for evaluating DOM-dependent
adsorption and fractionation on MPs. By integrating bulk adsorp-
tion measurements with analyses of DOM composition and
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molecular-size distribution at the microplastic-water interface, this
work addresses how environmental aging alters not only overall
DOM affinity, but also the preferential association of distinct DOM
fractions across polymers. Specifically, we aim to: (1) resolve poly-
mer- and DOM-specific shifts in adsorption capacity and fractiona-
tion induced by aging; and (2) identify the surface physicochemical
properties that govern selective DOM partitioning. Together, these
results link measurable surface descriptors to DOM adsorption and
fractionation behavior, providing mechanistic insight into DOM-
microplastic interfacial chemistry and strengthening the basis for
predicting DOM-mediated microplastic behavior in real environ-
mental systems.

Materials and methods

Preparation of aged MPs

Polymer powders of PE, PP, PS, PET, and PVC were supplied by Guanbu
Electromechanical Technology Inc. (Shanghai, China). Information on
the molecular structures of these MPs is provided in Supplementary
Table S1. The average particle size of as-purchased (pristine)
microplastics was 61.2 + 26.4 um (for PE), 131 £ 45.1 um (for PP), 24.7 +
7.2 um (for PET), 108 £ 36 um (for PS), and 0.764 + 0.308 um (for PVC)
(Supplementary Table S2). The pristine MPs were treated by ozone or
UVA following adapted literature protocols®?¢-3%, and are denoted with
the suffixes -O53' and -UV,' respectively. Briefly, for ozone aging, each
type of MP was dispersed at 1 g L™ in a 1-L quartz vessel, and O; was
continuously delivered into the suspension through a ceramic diffuser
at a flow rate of 0.10 L min~' for 5 d at room temperature. Ozone
was produced from high-purity O, (99.99%) using a 35-A15 generator
(Tonglin Technology Co., Beijing, China). For UV aging, suspensions
(3.0 g L") in 5 mM NaNO; were placed in 50 mL quartz tubes and irra-
diated with 365 nm mercury lamps (500 W; Xujiang Electromechanical
Plant, Nanjing, China) for 4 d at room temperature. After aging
treatments, MPs were collected using 0.22 pm fiber membranes,
sequentially rinsed 3 times with deionized water and ethanol, dried at
room temperature in the dark, and stored in amber glass vials. The
particle size of MPs generally decreased after aging, particularly for
polyolefins like PE and PP, due to processes such as embrittlement and
fracture. For other polymers, such as PS and PVC, changes in particle
size varied (Supplementary Table S2).

Characterization of MPs

Scanning electron microscopy (S-3400N I, Hitachi, Japan) was used to
evaluate the morphology and particle size features of pristine and
aged MPs. Their pore volume and specific surface area (SSA) were
quantified from N, adsorption-desorption isotherms collected at 77 K
on a Micromeritics ASAP 2460 porosimetry instrument (Norcross, GA,
USA). Molecular-weight parameters, including weight-average mole-
cular weight (M,,), number-average molecular weight (M,)), and poly-
dispersity index (PDI = M,,/M,,) were determined using gel permeation
chromatography (PL-GPC 120, Agilent, Waldbronn, Germany). X-ray
photoelectron spectroscopy (PHI 5000 VersaProbe, Tokyo, Japan) was
used to analyze surface elemental composition and carbon functional
groups, while Fourier-transform infrared spectroscopy (Bruker Optics
Inc,, Karlsruhe, Germany) was applied to identify oxidation-related
bands (e.g., C=0, O-H). Wettability was assessed via static water
contact angles on pressed pellets/films using an OCA-20 goniometer
(Dataphysics Instruments GmbH, Germany). Thermal properties were
analyzed by differential scanning calorimetry (Netzsch 204 F1 calori-
meter, Selb, Phoenix, Germany) under N, (50 mL min~") with a heating

ramp from —150 to 200 °C at a rate of 10 °C min~". Melting enthalpies
and glass transition temperatures (where applicable) were obtained
from the thermograms, and the relative crystallinity was estimated
from the mass-normalized enthalpy of fusion referenced to literature
values for a fully crystalline polymer.

Adsorption experiments of DOM on MPs

Batch adsorption experiments were conducted with SRFA (1-
30 mg C L") and SRHA (1-30 mg C L") obtained from IHSS.
Microplastics (0.050 g) were added to 20 mL of 4 mM NaNOjs in amber
EPA vials, achieving a solid loading of 2.5 g L™". The solution pH was set
to 7.0 + 0.1 with 0.1 M HNO; or NaOH, and checked before and after
equilibration. Vials were rotated at 160 rpm and at room temperature
for 5 d, a duration confirmed in preliminary tests to achieve apparent
equilibrium. Each treatment was conducted in triplicate. After equi-
libration, suspensions were passed through prewashed 0.22 um mem-
branes, and dissolved organic carbon (DOC) was determined with a
TOC analyzer (Vario TOC, Elementar, Germany). Adsorbed DOM was
then calculated from the difference in DOC concentration by mass
balance:

ge = (Co—Ce)V/m (D
where, C, and C, represent the DOC concentrations (mg C L) in the
starting and equilibrated solutions, respectively; m refers to the mass of
sorbent (i.e, MPs), and V denotes the solution volume (L). Isotherms
(Supplementary Fig. S1) were fitted by nonlinear regression to the
Freundlich model:

ge = KeCl" @
where, K; represents the Freundlich affinity coefficient, and 1/n is a
dimensionless constant. Distribution coefficient (Ky) is obtained from
g./C.. Note that Ky represents one of the most important parameters
describing the apparent distribution or partitioning equilibrium of
DOM between the solution and the microplastic surface, serving as an
indicator of overall sorption affinity.

Characterization of DOM molecular fractionation
Fluorescence excitation—emission matrix (EEM) combined with
PARAFAC analysis was used to characterize fluorescent DOM fractions
before and after adsorption onto MPs. EEMs were collected on an F-
7100 spectrofluorometer (Hitachi, Japan), with emission collected from
280 to 550 nm at 1 nm resolution and excitation scanned from 220 to
450 nm in 5 nm steps. Excitation and emission slit widths were both
fixed at 5 nm, and spectra were acquired at a rate of 12,000 nm min~".
Raw EEM data were processed by blank correction and adjustment for
inner-filter effects using absorbance at the corresponding excitation
and emission wavelengths. A 290 nm cutoff filter was used to suppress
second-order Rayleigh scattering during data collection. PARAFAC
decomposition was conducted in MATLAB R2015b with the DOMFluor
toolbox®'33, as detailed in Supplementary Text S1. Model dimen-
sionality was guided by core-consistency and residual diagnostics, and
the resulting model was verified using split-half analysis. Relative
abundance of each component was represented by its maximum
fluorescence intensity. In total, 110 EEMs from eight independent
adsorption experiments were analyzed.

Molecular-weight classes of DOM were obtained by membrane-
based size separation. Regenerated-cellulose centrifugal units (Milli-
pore Ultra-15; nominal MWCOs 30 and 3 kDa) were thoroughly rin-
sed with ultrapure water before use. DOM solutions collected before
and after adsorption onto MPs were loaded into 30 kDa centrifugal
filters and centrifuged (7,369 rpm, 30 min); the permeate was then
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transferred to 3 kDa filters and centrifuged (9,458 rpm, 30 min). The
material retained on the 30 and 3 kDa membranes was recovered by
back-rinsing with ultrapure water, and these retentates were
assigned to the > 30 kDa and 3-30 kDa fractions, respectively. The
permeate from the 3 kDa step constituted the < 3 kDa fraction. Frac-
tion masses were quantified by DOC to determine the distribution
of DOM among size classes.

Analysis of key factors controlling DOM
distribution coefficients using machine learning
The relationship between MP physicochemical descriptors and the
DOM distribution coefficient (Ky) was evaluated using an established
neural-network-based workflow®*. The full dataset was divided once
into a training subset and a held-out validation subset. Because the
original dataset is limited in size (15 MP surface states and 2 DOM
types; Supplementary Tables S2-S4), the training split was used to fit a
Wasserstein generative adversarial network (WGAN), which generated
~5,000 synthetic samples to expand coverage of the multivariate
descriptor space and support model training/generalization, while
approximately preserving the joint feature distribution. The augmen-
ted training set (original plus WGAN-generated samples) was used for
model development, and the untouched validation set was reserved
for performance assessment to avoid information leakage. Continuous
predictors (e.g., specific surface area, contact angle, O/C by XPS, rough-
ness, and aging indicators) were standardized, and log,,Ky was
modeled to stabilize variance. We benchmarked four regressors—
random forest, k-Nearest Neighbors, support vector regression, and a
multi-layer perceptron—using cross-validation on the training data.
Model performance was assessed on the held-out validation set using
the coefficient of determination (R?), root-mean-squared error, and
mean absolute error. Model fidelity was further evaluated by

comparing measured and predicted Ky values using parity plots and by
inspecting residual error distributions (Supplementary Fig. S2), con-
firming the reliability of the trained models. To identify controlling
factors, we computed permutation feature importance on the best-
performing model (primary analysis with Random Forest) and
examined response shapes using partial-dependence/accumulated-
local-effects profiles, providing interpretable estimates of how surface
oxidation, hydrophobicity, charge, and roughness influence Kj.

Results and discussion

Physicochemical characteristics of pristine and
aged MPs

The pristine PE, PP, PS, and PET generally displayed irregular shapes
and smooth surfaces with varying particle sizes, whereas the pristine
PVC was uniquely provided as spherical particles (Fig. 1; Supplemen-
tary Table S2). The number-average molecular weights of pristine MPs
ranged from 2.28 x 10* to 7.84 x 10* Da (Supplementary Table S2).
Among the MPs, PVC possessed the highest specific surface area (SSA,
471 + 0.05 1 m? g7"), whereas the SSA of other polymers did not
exceed 1 m? g7\, The pristine MPs exhibited a hydrophobic surface,
and their water contact angle followed the order PE > PP > PS =PVC >
PET (Fig. 19). This trend is consistent with differences in polymer
backbone chemistry, with nonpolar polyolefins (PE and PP) exhibiting
the highest hydrophobicity, while the presence of ester functional
groups in PET confers increased surface polarity and lower contact
angles3>39,

O5- or UV-aging substantially modified the physicochemical
characteristics of all MPs, as evidenced by morphological, structural,
and surface-chemical changes (Fig. 1; Supplementary Table S2).
SEM images showed that O; or UV exposure caused clear surface
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Fig. 1 Physicochemical properties of pristine, Os-aged, and UV-aged MPs. (a)-(e) Scanning electron microscopy (SEM) images, (f) specific surface area
(SSA), and (g) water contact angle for pristine and aged MPs. Suffixes '-O;' and '-UV' denote ozone- and UV-aged samples, respectively. Error bars indicate
+1 standard deviation from triplicate measurements. In panels (f) and (g), lowercase letters indicate significant differences among pristine MPs (one-way
ANOVA, p < 0.05), whereas asterisks denote significant differences between aged samples and their pristine counterparts (two-sample t-test, p < 0.05).
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weathering features on MPs, including cracks, pits, and rough
textures. These alterations were especially pronounced for PE and
PP (Fig. 1a, b), where aged samples showed extensive surface
fissures, cross-cracking, and fragmentation. In contrast, the mor-
phology of PVC remained nearly unchanged (Fig. 1e), which is
consistent with its relatively rigid and glassy polymer matrix37..
Quantitative analyses confirmed significant SSA increases after both
05 and UV aging (Fig. 1f), especially for PE and PP, which rose by
70%-160% (p < 0.05). PET and PS exhibited smaller increases, indi-
cating moderate oxidation. The increased SSA and micropore
volume among aged MPs (Supplementary Table S2) suggest that
oxidative and photo-degradative processes led to polymer chain
breakage or cross-linking(3839], with the extent of these changes
depending strongly on polymer types.

Oxidative and photochemical aging also modified the surface
functionalities of MPs. XPS results revealed elevated O/C ratios and
higher percentages of hydrophilic carbon species following aging
(Supplementary Fig. S3; Supplementary Table S2). These changes
are commonly attributed to oxidation-induced formation of oxygen-
containing surface functional groups?¥, including carbonyl (C=0)
and hydroxyl (-OH) moieties, as evidenced by XPS and FTIR (Supple-
mentary Figs S3, S4). Consequently, the relative abundance of
hydrophobic carbon decreased, in line with the reduced contact
angles observed for most polymers. For instance, the contact angle
of PE decreased from 129° + 4° to 91° + 6° (Os-aged) and 84° + 5°
(UV-aged) (Fig. 1g). Overall, O5- and UV-induced aging increased the
surface roughness, oxygen content, and hydrophilicity of MPs, with
the magnitude of change depending on polymer chemistries. Flexi-
ble polyolefins (PE and PP) were more vulnerable to oxidation than
rigid aromatic polymers (PS and PET).

Overall distribution coefficients for DOM
adsorption depends on polymer type
The overall adsorption affinity of DOM on MPs reflected the combined
result of polymer types, aging treatments, and DOM compositions
(Fig. 2). For all five types of MPs, the isotherm data was well fitted by
the Freundlich model, with coefficients of determination (R?) ranging
from 0.806 to 0.995 (Supplementary Table S3), indicating adsorption
occurring on heterogeneous surfaces with non-uniform energy dis-
tributions. The relative adsorption affinities of SRFA and SRHA onto
different MPs were compared based on the apparent distribution
coefficient (Ky). In general, for SRFA, Ky values did not exhibit a
significant difference among the polymer types (Fig. 2a), whereas for
SRHA, K values varied largely among different polymer types, with the
lowest Ky value for PP (Fig. 2b). Besides, for pristine aromatic polymers
(PS, PET) and the polar PVC, SRHA exhibited higher Ky values (0.15-0.3)
than SRFA (around 0.13) (Fig. 2). This difference is consistent with the
higher aromaticity of SRHAY, which can enhance n—r stacking inte-
ractions with the aromatic backbones of PS and PET (Supplementary
Table S4)I">#1), For PET specifically, ester (carbonyl/ether) groups pro-
vide polar sites that can form hydrogen bonds with oxygen-containing
functionalities in both SRHA and SRFA, thereby contributing to the
PET-DOM association. However, hydrogen bonding alone is unlikely
to explain the higher K values observed for SRHA relative to SRFA,
because SRFA often contains a higher density of oxygenated acidic
functional groups (e.g., carboxyl groups) than SRHAR), For PVC, the
preferential adsorption of SRHA relative to SRFA is likely governed by
hydrophobic interactions, with additional contributions from hydro-
gen bonding and interactions involving C-Cl moieties that have been
proposed to contribute to SRHA retention on PVC surfaces!'l.

Aging treatments significantly altered DOM adsorption behavior
on MPs, with effects that depended on both polymer type and DOM
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Fig. 2 Distribution coefficient (Ky) of (a) SRFA, and (b) SRHA obtained from the sorption experiments. Error bars indicate £1 standard deviation from three
replicate measurements. Suffixes '-O3' and '-UV' denote ozone- and UV-aged MPs, respectively. Lowercase letters denote significant differences among
pristine MPs (one-way ANOVA, p < 0.05). Significant differences between aged and corresponding pristine samples are denoted by asterisks (two-sample

t-test, p < 0.05).
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composition. For SRFA, Ky decreased significantly after aging on PVC
(65.0% for Os-aging; 59.6% for UV-aging) and PET (29.3% for Os-
aging; 61.8% for UV-aging), whereas PS showed a large decrease
under Os-aging (35.2%), but only a minor change under UV-aging
(Fig. 2a; Supplementary Fig. S5). The reduced SRFA adsorption on
aged PET, PS, and PVC is consistent with oxidation-induced surface
oxygenation, reflected by higher O/C ratios or increased hydrophilic
carbon fractions (Supplementary Table S2), as well as enhanced
surface hydrophilicity indicated by reduced contact angles (Fig. 1g).
Together, these changes can weaken hydrophobic and n—x interac-
tions between MPs and SRFAl'>24, |n contrast, Os-aging increased Ky
on PE by 38.0% relative to pristine PE, consistent with the introduc-
tion of oxygen-containing functional groups that create new polar
interaction sites, including potential hydrogen bonding, with oxy-
genated moieties in SRFA'6.25], For SRHA, Ky decreased significantly
after aging on PVC (19.2% for Os-aging; 23.4% for UV-aging) and on
PS (40.4% for Os-aging; 19.4% for UV-aging) relative to the corre-
sponding pristine MPs, (Fig. 2a; Supplementary Fig. S5), consistent
with the trends observed for SRFA. In contrast to SRFA, however, K
on PE decreased significantly after both Oz-aging (27.9%) and UV-
aging (45.7%) relative to pristine PE, indicating that oxidative aging
suppressed SRHA adsorption on PE. These results highlight that
aging effects on DOM adsorption are polymer- and DOM-specific
rather than universal.

Fluorescent components and molecular-weight
fractions of adsorbed DOM vary across polymer
type

To further elucidate how the polymer matrix and aging-induced
physicochemical modification of MPs affect DOM adsorption, we
analyzed the fluorescent components and molecular-weight fractions
of adsorbed DOM (Figs 3, 4). EEM-PARAFAC resolved three main com-
ponents for both SRFA and SRHA. The C1 component (Ex/Em =
270(334)/464 nm) represents aromatic- or quinone-like substances
with high hydrophobicity and large molecular weight*?. The C2
component (254/412 nm) corresponds to oxidized anthraquinone-like
materials formed through microbial processing, and is moderately
hydrophobic®. The C3 component (230/428 nm) is commonly
associated with low molecular-weight and relatively hydrophilic
compounds®3. The overall hydrophobicity follows the order C1 > C2 >
C344,

Because oxidative aging simultaneously alters MP physical struc-
ture (e.g., SSA/microporosity) and surface chemistry (e.g., hydro-
philicity), the net changes in C1-C3 enrichment and MW selectivity
are not necessarily monotonic but depend on polymer types and
the aging pathways (O5 vs UV). For SRFA (Fig. 3a), both O;- and UV-
aged PE exhibited increased intensities for all three PARAFAC
components (C1-C3), indicating enhanced overall adsorption of
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Fig. 3 Aging-induced changes in fluorescent components of (a) SRFA, and (b) SRHA adsorbed on MPs. Differences in PARAFAC component intensities
between aged and pristine MPs are shown for each polymer and aging mode. Red markers indicate positive changes (greater adsorption after aging);
blue markers indicate negative changes. Marker size is proportional to the absolute change in PARAFAC component intensity between aged and pristine

MPs. Suffixes '-O3' and '-UV' denote ozone- and UV-aged MPs, respectively.
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Fig. 4 Aging-induced changes in molecular-weight components of (a) SRFA, and (b) SRHA adsorbed on MPs. Differences in the adsorbed amounts of

each molecular-weight fraction (< 3, 3-30, and > 30 kDa) between aged

and pristine MPs are shown. Red markers indicate increased adsorption after

aging, while blue markers indicate decreased adsorption. Marker size is proportional to the absolute change in adsorbed amount of each molecular-
weight fraction between aged and pristine MPs. Suffixes -O3' and '-UV' denote ozone- and UV-aged MPs, respectively.

fluorescent SRFA fractions after aging, with Os-aging showing a
greater increase overall than UV-aging. In contrast, both Os- and UV-
aged PVC showed decreases in the intensities of all three compo-
nents, with both aging pathways inducing a similar magnitude of
reduction, consistent with the reduced adsorption reflected by the
corresponding Ky values in Fig. 2a. Aging induced more heteroge-
neous and component-specific responses for PP and PS, with the
direction and magnitude of changes depending on both polymer
chemistry and aging pathway. In particular, Os- and UV-aged PET
exhibited pronounced decreases in the C3 component, despite
concurrent increases in the C1 and C2 components, suggesting that
the overall reduction in SRFA adsorption on aged PET (as reflected
by Ky in Fig. 2a) was primarily driven by diminished association of
the more hydrophilic C3 fraction. Notably, oxidative aging generally
promoted enrichment of the more hydrophilic C3 component on
polyolefins (PE and PP), while suppressing C3 enrichment on
aromatic polymers (PET and PS) and on polar PVC, with UV-aging
showing a greater decrease than Os-aging for PET and PVC. These
contrasting C3 trends are consistent with oxidation-induced
increases in surface hydrophilicity (Supplementary Table S2; Fig. 19g),
which may favor interactions with relatively hydrophilic, low-
aromatic SRFA fractions on polyolefins while weakening hydropho-
bic interactions on aromatic or polar polymers. In addition, the
development of microporosity on aged polyolefins (Supplementary

Table S2; Fig. 1a, b) suggests that size-selective accessibility (size
exclusion) may also contribute, as newly formed micro-/nano-pores
can create internal sorption domains that are preferentially accessi-
ble to C3-associated relatively small DOM moieties4546],

For SRHA, the effects of aging on the enrichment of components
(C1-C3) were likewise polymer-dependent and component-specific
(Fig. 3b), but the overall response patterns differed from those
observed for SRFA. Both Os3- and UV-aged PE showed decreases in
the intensities of all three components (C1-C3), with the most
pronounced decline observed for the aromatic, hydrophobic C1
component. Both aging pathways exhibited a similar magnitude of
decrease in the C1 component for PE. Similarly, oxidative aging led
to reduced enrichment of all three components on PVC. These
decreases in C1-C3 enrichment on PE and PVC are consistent with
the corresponding reductions in Ky values for SRHA (Fig. 2b). In
contrast, both Os- and UV-aged PET exhibited increases in all three
components (C1-C3), with the strongest enhancement observed for
the aromatic, hydrophobic C1 fraction, consistent with the overall
increase in SRHA adsorption on aged PET as reflected by Ky (Fig. 2b);
0O3-aging induced a slightly greater increase in the C1 component
than UV-aging for PET. For PS, Os- and UV-aged samples showed
pronounced decreases in the C1 component despite concurrent
increases in the C2 and C3 components, suggesting that the overall
reduction in SRHA adsorption on aged PS (Fig. 2b) was primarily
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driven by diminished association of the more hydrophobic C1 frac-
tion; Oz-aging induced a slightly greater decrease in the C1 compo-
nent than UV-aging for PS. Aging induced heterogeneous and
component-specific responses for PP, with both the direction and
magnitude of changes depending on polymer chemistry and aging
pathway.

The molecular-weight distribution of adsorbed DOM further
supports that aging modified sorption selectivity in a polymer-
specific manner (Fig. 4). For SRFA (Fig. 4a), both Os- and UV-aging
enhanced the adsorption of low-molecular-weight fractions
(< 3 kDa) on polyolefins (PE and PP), but reduced or only slightly
affected the adsorption of higher-molecular-weight range fractions.
This enrichment of low-molecular-weight fractions (< 3 kDa) is
consistent with the increased hydrophilicity and microporosity
(introducing size-selective pore accessibility) of aged PE and PP
(Fig. 1a, b, g; Supplementary Table S2). Particularly, UV-aging indu-
ced a greater increase in low-molecular-weight fractions (< 3 kDa)
than Os-aging for PP. In contrast, oxidatively aged PET displayed
enrichment of > 30 kDa fractions and heterogenous responses for
low molecular fractions (< 3 and 3-30 kDa). Similarly, for PS, oxida-
tive aging induced heterogeneous and fraction-specific responses in
amount changes. Both Os- and UV-aged PVC exhibited reduced
adsorption of all three molecular weight fractions, (especially for the
< 3 kDa fraction), which is consistent with changes in Ky (Fig. 2a),
and in fluorescent components (Fig. 3a).

For SRHA, molecular-weight fractionation revealed polymer-
dependent aging effects on DOM enrichment (Fig. 4b), with
response patterns distinct from those observed for SRFA (Fig. 4b).
Notably, both O;- and UV-aged PET exhibited pronounced enrich-
ment of the higher-molecular-weight fractions (3-30 and 30 kDa),
which likely contributed to the increased Ky values observed for
SRHA on aged PET (Fig. 2b). Particularly, Os-aging induced a greater
increase in the higher-molecular-weight fractions (> 30 kDa) than
UV-aging for PET. In contrast, for PE, PS, and PVC, both Os- and UV-
aging led to a clear reduction in the enrichment of the > 30 kDa
fraction, accompanied by heterogeneous and fraction-dependent
changes in the lower-molecular-weight ranges (< 3 and 3-30 kDa).
These trends suggest that the overall decrease in SRHA adsorption
on aged PE, PS, and PVC (Fig. 2b) was primarily driven by dimin-
ished retention of high-molecular-weight SRHA components
(> 30 kDa). Collectively, these results indicate that oxidative aging
alters not only the extent but also the molecular-weight selectivity
of SRHA adsorption on MPs in a polymer-specific manner.

Surface area and hydrophobicity govern DOM
adsorption on MPs
To quantify the relative importance of MP physicochemical properties
in DOM adsorption, we computed permutation feature importance
using a trained random forest model, an established approach for
evaluating the contributions of multiple input variables in complex
environmental systemsB4, The results showed that, for SRFA, specific
surface area (SSA) was the dominant predictor (65.2%), followed by
hydrophilic carbon (15.3%), average particle size (9.7%), and micropore
volume (5.2%), whereas hydrophobic carbon contributed less (4.6%)
(Fig. 5a). This pattern highlights that SRFA adsorption is primarily
governed by accessible sorption capacity (SSA/porosity) and surface
polarity that can promote polar interactions (e.g., hydrogen bonding)
with oxygen-containing functionalities in SRFA (Supplementary Table
S4). For SRHA, the controlling factors were more distributed, with SSA
(30.5%) and hydrophobic carbon (27.1%) as the two largest contri-
butors, followed by micropore volume (18.2%), hydrophilic carbon
(15.9%), and average particle size (8.2%) (Fig. 5b). The important role of
hydrophobic carbon is consistent with a stronger role of hydrophobic
and n—m-associated interactions for the more aromatic SRHA.
Collectively, these results indicate that oxidative aging modifies
DOM adsorption on MPs through two competing effects: (1) oxida-
tion-induced surface roughening and increased porosity enhance
the number of physical sorption sites, while (2) increased surface
oxygenation reduces hydrophobicity and weakens nonpolar inter-
action pathways. The net impact of aging on DOM adsorption there-
fore reflects the balance between these opposing mechanisms and
depends on both polymer chemistry and DOM composition.

Conclusions

This study shows that DOM fractionation on microplastics is shaped by
the coupled influences of polymer type, environmental aging, and
DOM characteristics, rather than by any single controlling factor. (1) For
polyolefins (PE and PP), oxidative aging promoted association with
low-molecular-weight and hydrophilic SRFA fractions, consistent with
increased surface oxidation and porosity. In contrast, for aromatic
polymers (PET), aging enhanced pathways favoring enrichment of
larger, more aromatic SRHA components. (2) Environmental aging
further modified DOM adsorption in a polymer- and DOM-dependent
manner, producing divergent effects on both adsorption capacity and
fractionation. Aging pathways (O; vs UV) did not show a monotonic
effect on DOM fractionation, with Os-aging inducing a greater increase

(@) srea

65.2%

(b) SRHA

8.2%

15.9%@\

e

27.1%

30.5%

SSA Micropore volume

Average particle size

[

Hydrophilic C (%)

Hydrophobic C (%)

Fig. 5 Factors controlling the distribution coefficient (Ky) of (a) SRFA, and (b) SRHA on pristine and aged MPs. Pie charts show the contribution of each
physicochemical property of pristine and aged MPs to the distribution coefficient derived from a neural-network model. Factors contributing less than 3%

were omitted for clarity.
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in the C1 component for PET, and a greater decrease in the C1 com-
ponent for PS. (3) Regarding DOM characteristics, adsorption of SRFA
showed similar Ky values across pristine polymers, while adsorption of
SRHA varied significantly by polymer type, highlighting the role of
DOM composition in mediating polymer-specific interactions. In addi
tion, machine-learning analysis identified specific surface area (SSA)
and surface carbon speciation as the dominant factors explaining
variation in DOM distribution coefficients, with SSA accounting for
65.2% and 30.5% of the variance for SRFA and SRHA, respectively.
These results emphasize that DOM adsorption behavior is influenced
by both physical sorption capacity and interfacial chemistry.

Taken together, these findings demonstrate that DOM-microplas-
tic interactions cannot be generalized across polymers or aging
states. Instead, DOM fractionation reflects polymer-specific surface
properties that evolve during environmental weathering. By linking
measurable surface descriptors to DOM adsorption and selectivity,
this work provides a mechanistic basis for incorporating DOM
effects into predictions of microplastic transport, transformation,
and contaminant interactions in natural aquatic systems. In particu-
lar, the quantity and composition of DOM adsorbed onto different
types of microplastics can be used to assess the colloidal stability
and mobility of MPs in aqueous environments. Moreover, the
adsorbed ecological corona influences the interactions between
microplastics and coexisting contaminants, affecting their bioavail-
ability and fate in the environment.
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