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Supplementary Method 1. Detailed photo-ageing setup
Suspensions were stirred at 400 rpm using acid-cleaned magnetic stir bars. The lamp-to-sample distance was 10–15 cm, and the illuminated area at the reactor plane was approximately 20 cm2. Incident irradiance was measured before irradiation and every 24 h during exposure using a calibrated radiometer-photometer and was maintained at 2.0 ± 0.2 mW cm-2. Reactor positions were rotated every 12 h, and temperature was controlled using a recirculating thermostatic water bath.
Dark controls were wrapped in aluminium foil and incubated under otherwise identical conditions. Matrix blanks without microplastics were irradiated or incubated in parallel, and filter blanks consisted of matrix-only solutions passed through the filtration procedure.


Supplementary Method 2. PPL extraction, FT-ICR-MS acquisition and formula assignment
MP-DOM samples were acidified to pH 2 with HCl and extracted using Agilent Bond Elut PPL solid-phase extraction cartridges (1 g, 6 mL). Each cartridge was conditioned sequentially with methanol and acidified ultrapure water before sample loading. After loading, the cartridge was rinsed with acidified ultrapure water and dried under a gentle gas stream, after which retained DOM was eluted with methanol to a final extract volume of 5 mL. Ultrapure-water and ionic-matrix blanks were carried through the same extraction sequence.
The resulting methanolic extracts were analysed using a Bruker SolariX 12 T Fourier-transform ion cyclotron resonance mass spectrometer equipped with a negative-mode electrospray-ionization source. For analysis, samples were introduced in methanol: water (1:1, v/v) at 120 μL h-1, and spectra were acquired over m/z 150-1000. The capillary voltage was 4.0 kV, the end-plate offset was -500 V, the nebulizer-gas pressure was 1.0 bar, the drying-gas temperature was 200 ℃ and the drying-gas flow was 4.0 L min-1. An ion-accumulation time of 0.1 s and a transient length of 4 megawords were used, with 200 scans co-added for each spectrum.
The acquired spectra were externally calibrated with sodium trifluoroacetate clusters and then internally recalibrated using a homologous series of native DOM peaks. Following calibration, peaks with signal-to-noise ratios ≥6 were retained, whereas a peak was removed if its intensity in an SPE procedural blank exceeded 10% of that in the corresponding sample. The remaining peaks were assigned molecular formulae with mass errors <1 ppm.
Formula assignment was restricted to C, H, O, N and S within C1-50H1-100O1-40N0-4S0-2, H/C = 0.3–2.2 and O/C = 0–1.2. Candidate formulae were evaluated using the nitrogen rule, elemental plausibility, mass error and isotopic consistency where applicable. When several candidates satisfied these criteria, the formula with fewer heteroatoms was prioritized. The accepted formulae were subsequently grouped into CHO, CHNO and CHOS classes and treated as putative elemental compositions rather than structural identifications. 


Supplementary Method 3. Density mapping and formula-difference networks
Two-dimensional mass–intensity distributions were estimated from blank-corrected FT-ICR-MS peak lists containing assigned molecular formulae and their corresponding intensities. For each sample, the relative intensity of an assigned formula was calculated by dividing its peak intensity by the sum of the intensities of all assigned peaks. Molecular mass and relative intensity were subsequently used as input variables for two-dimensional kernel-density estimation.
Blank-corrected formula lists were also used to construct formula-difference networks through rule-based pair matching. Candidate parent–product formula pairs were identified separately for each polymer and treatment and were restricted to adjacent sampling intervals (7→14 d and 14→28 d). Formula differences were grouped into the following operational categories: loss of one to three carbon atoms (−C, −C2 or −C3) or a methylene unit (−CH2), decarboxylation-like change (−CO2), oxygen gain (+O or +O2), dehydrogenation-like change (−H2), and loss of a small neutral or heteroatom-containing unit (−H2O or −NH3). These categories represent elemental differences between matched formulae and do not establish unique elementary reactions or molecular structures.
The matched formula pairs were subsequently aggregated according to their operational formula classes to construct Sankey diagrams. Nodes represented formula classes at the corresponding sampling times, and the weight of a transition from class (i) to class (j) was calculated as:

where Li→j is the set of matched formula pairs assigned to the transition from class (i) to class (j), and (Ik) is the signal-intensity contribution assigned to matched pair (k). Class fidelity was calculated as:

where the numerator is the summed weight of transitions retained within the same formula class and the denominator is the summed weight of all class transitions. The resulting networks were interpreted as ensemble-level formula-difference associations rather than direct evidence of bond-level reaction mechanisms.


Supplementary Method 4. EPR acquisition and ROS quantification
Photo-induced ROS production was quantified using a Bruker EMXmicro X-band EPR spectrometer at approximately 9.8 GHz. MP-DOM solutions were adjusted to 10 mg-C L-1 at pH 7.0, loaded into 50 μL quartz capillaries and irradiated in situ using a 200-W Hg-Xe lamp.
Hydroxyl radicals were trapped with 50 mM 5,5-dimethyl-1-pyrroline N-oxide, and singlet oxygen was detected with 50 mM 2,2,6,6-tetramethylpiperidine. Superoxide-derived radicals were measured in water: methanol (1:1, v/v). Quenching controls contained 100 mM tert-butanol, 100 U mL-1 superoxide dismutase or 10 mM furfuryl alcohol.
Instrument settings were: microwave power, 20 mW; modulation frequency, 100 kHz; modulation amplitude, 1.0 G; centre field, 3500 G; sweep width, 100 G; conversion time, 10.24 ms; time constant, 10.24 ms; receiver gain, 30 dB; and 10 co-added scans. Integrated spin-adduct signal intensities were calculated using Bruker Xenon software and reported as fold changes relative to blank controls processed and irradiated under identical conditions.


Supplementary Method 5. Electronic-structure calculations and Cr(VI) probe assay
Representative electronic-structure calculations were performed for oxygenated DOM-like structures using Gaussian 16. Geometry optimization and frequency calculations used the M06-2X/6-311+G(d,p) level of theory with the SMD implicit-water model. The absence of imaginary frequencies was used to confirm that optimized structures represented local minima. Electrostatic-potential maps and highest-occupied-molecular-orbital distributions were generated using Multiwfn and visualized with VMD. These calculations were not used to assign unique structures to FT-ICR-MS formulae.
For the Cr(VI) probe assay, K₂CrO₄ was used to obtain an initial Cr(VI) concentration of 10 μM. MP-DOM was added at 10 mg-C L⁻¹, and the reaction pH was adjusted to 7.0. Reactions were conducted under continuous irradiation for 120 min, with aliquots collected every 15 min. Cr(VI) was quantified using the 1,5-diphenylcarbazide colorimetric method after acidification for colour development, and absorbance was measured at 540 nm. Cr(VI)-only, MP-DOM-only and matrix controls were processed in parallel.
The assay was interpreted as a probe of redox-mediation potential rather than as a quantitative Cr(VI) remediation experiment. Possible stabilization of reduced Cr(III) by oxygen-containing DOM ligands was treated as a proposed pathway and not as confirmed coordination geometry.
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