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[bookmark: _Toc228301076]Text S1. Justification and environmental relevance of the PVC aging protocol.  
To realistically simulate environmentally relevant aging processes of polyvinyl chloride (PVC) microplastics (MPs), a modified advanced oxidation protocol based on potassium persulfate (K₂S₂O₈) activation was employed in this study. In natural soil and surface-water environments, PVC MPs are continuously exposed to oxidative stress arising from photooxidation, microbially mediated redox reactions, and metal-catalyzed production of reactive oxygen species (ROS), including sulfate radicals (•SO₄⁻) and hydroxyl radicals (•OH)[1–3]. These oxidants play a dominant role in the long-term chemical weathering of polymer surfaces by inducing gradual oxidation, dehydrochlorination, and the formation of oxygen-containing functional groups, while generally leaving the bulk polymer matrix intact[4,5].
Persulfate-based aging was selected because thermal activation of K₂S₂O₈ generates •SO₄⁻ radicals, which can further transform into •OH in aqueous systems[6,7]. Both radical species are widely recognized as environmentally relevant oxidants and have been shown to effectively mimic the oxidative pathways occurring during natural weathering of plastics[1,8]. Compared with UV-driven photoaging, persulfate oxidation provides a controllable and homogeneous oxidative environment that is independent of light intensity and particle shadowing effects[9]. In contrast to Fenton-type systems, which rely on high concentrations of Fe²⁺ and acidic conditions that are not universally representative of agricultural soils, persulfate activation allows oxidation to proceed under circumneutral conditions without introducing metal catalysts that could alter subsequent sorption behavior[8,10]. Thermal aging alone, while accelerating polymer chain mobility, lacks the chemical reactivity required to reproduce surface oxidation processes observed under environmental conditions[4].
The incubation temperature (70 °C) and reaction duration (14 days) were selected to accelerate surface oxidation kinetics while avoiding excessive degradation of the PVC backbone. Previous studies have demonstrated that persulfate aging under comparable conditions primarily induces surface-limited oxidation, resulting in the formation of hydroxyl (–OH), carbonyl (–C=O), and carboxyl (–COOH) groups, increased surface roughness, and enhanced micro–mesoporosity, without causing extensive chain scission or collapse of the polymer matrix[3,8]. Consistent with this expectation, FTIR and XPS analyses in the present study confirmed substantial enrichment of oxygen-containing functional groups and increased O/C ratios, while the characteristic PVC backbone signals were preserved, indicating that bulk polymer integrity was largely maintained.
Overall, this modified advanced oxidation protocol provides a chemically realistic and experimentally controllable approach to reproduce key features of natural PVC aging relevant to soil environments, including surface oxidation, increased polarity, and enhanced heterogeneity of sorption domains[1,3]. These features are critical for evaluating how environmentally aged PVC MPs interact with fluorinated and non-fluorinated pesticides under realistic conditions. 


[bookmark: _Toc228301077]Text S2. Morphology characteristics, surface elemental composition, surface area, surface charge properties and surface functional groups characterization procedures of adsorbents. 
[bookmark: _Hlk166878821]Morphology characteristics:
The morphological characteristics of the adsorbents were determined using a scanning electron microscope (SEM; FEI Magellan 400 XHR-SEM, USA). The particles were mounted on carbon adhesive and coated with a thin layer of gold and palladium for 2 minutes at 10 mA to prevent charging during electron microscopy. All measurements were conducted with an operating voltage of 1.0 kV. 
[bookmark: _Toc217387857]Surface elemental composition:
The surface elemental composition of the adsorbents was determined using X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA, Japan) with a scanning range of 0 to 1200 eV. The instrument employed the C 1s peak of carbon for electron binding energy calibration. Initially, a full spectrum scan was performed on the adsorbents, followed by individual scans for the required elements, including carbon, oxygen, and chlorine. Advantage software was utilized for peak processing and detailed spectrogram analysis of each element. 
Surface area:
In this study, a specific surface area and pore size distribution analyzer (ASAP2460, Micromeritics, USA) was employed to measure the N2 adsorption-desorption isotherms at 77 K, and to test and analyze the specific surface area of the sorbents. Prior to measurement, the sorbents were degassed at 200 ℃ for 2 hours. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method. 
Surface charge properties:
Two milligrams of pristine and aged PVC (1 μm and 150 μm) were weighed into 15 mL centrifuge tubes, respectively, and 10 mL of background solution with a known pH (ranging from 2.0 to 11.0) was added. After thorough mixing with a Vortex-Genie and sonication for 5 minutes using an ultrasonicator, the ξ-potential (mV) was measured using a phase analysis light scattering (PALS) analyzer (DLS, Brookhaven, USA). The measurement was repeated at least five times. 
Surface functional groups:
The FTIR spectra of the samples were analyzed to identify the surface functional groups of pristine and aged PVC (1 μm and 150 μm) using a Fourier transform infrared spectrometer (FTIR; PerkinElmer Spectrum One FTIR Spectrometer, USA). The sorbents (control, adsorption equilibrium with SP and FL) were dried using freeze dryers (Freeze Dryers, LABCONCO, USA) to ensure complete dryness and to prevent interference from water peaks in the sample spectrum. The measurement range was 4000 to 400 cm−1. Each sample was scanned 20 times, and the spectrograms were processed using OMNIC and Origin software.


[bookmark: _Toc228301078][bookmark: OLE_LINK28][bookmark: OLE_LINK27][bookmark: _Hlk189878026]Text S3. Experimental procedures and HPLC analysis for FL.  
Batch sorption experiments were conducted to investigate the sorption behavior of FL on pristine and aged PVC MPs with particle sizes of 1 m and 150 m. All experiments were performed in 10 mL glass centrifuge tubes at 25 °C with continuous shaking (180 rpm). For kinetic experiments, FL solutions (48 mg·L−1, pH 4.8) were sampled at predetermined time intervals (0.3–48 h). Following equilibration, suspensions were centrifuged at 3000 rpm for 20 min, and the supernatant was filtered through 0.22 m membrane filters prior to analysis. Desorption experiments were initiated by replacing 50% of the supernatant with fresh background solution (ultrapure water, pH 4.8), followed by re-equilibration for 48 h; this procedure was repeated for three cycles to evaluate desorption behavior.
FL concentrations were quantified using high-performance liquid chromatography (HPLC; Shimadzu LC-2010 CHT) equipped with a photodiode array detector and a Phenomenex C18 column (250 × 4.6 mm). The mobile phase consisted of acetonitrile and water (containing 5% phosphoric acid) at a ratio of 40:60 (v/v), with a flow rate of 1.0 mL·min⁻¹, injection volume of 50 L, and detection wavelength of 197 nm. 
For environmental factor experiments, solution chemistry was systematically varied. Ionic strength and ion-specific effects were evaluated by adding NaCl and CaCl₂ at concentrations of 0, 0.001, 0.01, 0.05, and 0.1 mol·L⁻1, while anion effects were examined using NaCl and NaNO3 under equivalent ionic strength conditions. The pH of the solutions was adjusted to 4, 6, 8, 10, and 12 using dilute HCl or NaOH solutions and maintained throughout the experiments. Dissolved organic matter effects were investigated by adding humic acid at concentrations of 0, 1, 5, 10, and 20 mg·L⁻1. Co-adsorption experiments were conducted by introducing SP at concentrations of 0.6 or 4.8 mg·L⁻¹ into FL-containing systems under otherwise identical experimental conditions. 
The soil used in this study was collected from the UMass Research Farm located in Deerfield, Massachusetts (42°29'02.5"N, 72°34'26.8"W). The soil is classified as a clay loam, with a particle size distribution comprising 33.6% sand, 38.0% silt, and 28.4% clay. It has an organic matter content of 4.38%, a pH of 4.73, and a cation exchange capacity (CEC) of 2.68 meq·100 g⁻¹ soil. These properties reflect a moderately acidic soil with relatively low CEC, characteristic of fine-textured agricultural soils in the region.


[bookmark: _Toc228301079]Text S4. Analytical procedures. 
Four different models were used to fit the sorption kinetics. They could be expressed as follows:
Pseudo-first-order model:
	(1)
Pseudo-second-order model: 
	(2)
Elovich model:
	(3)
Intra-particle diffusion model:
	(4)
where qe (μg·g⁻1), qt (μg·g⁻1), and qe' (μg·g⁻1) are the sorption capacity at equilibrium time and at time t, respectively, k1 (h−1) is the pseudo-first-order rate constant, k2 (g·μg⁻1·h) is the pseudo-second-order rate constant, kid (μg·g⁻1·h1/2) is the intraparticle diffusion rate constant. α is initial sorption rate in the Elovich model (μg·g−1s−1) and β constant related to the extent of surface coverage and activation energy for chemisorption in the Elovich model (g·mg−1). C is the intercept. 
Adsorption isotherms were fitted by the Langmuir model (LM), Freundlich model (FM) and Dubinin-Radushkevich (DRM) isotherm model, respectively. They could be expressed as follows:
LM: 
	(5)
	(6)
FM: 
	(7)
[bookmark: _Hlk166926394]DRM: 
	(8)
	(9)
	(10)
where Ce (mg·L⁻1) is the equilibrium concentration, q0 (μg·g⁻1) is the maximum sorption capacity, b (mL·mg⁻1) is the Langmuir affinity constant related to the energy of sorption, RL is the Langmuir dimensionless separation factor, C0 (mg·L⁻1) is the highest initial concentration of adsorbent, Kf (mg1−n·Ln·g⁻1) is referred to the sorption affinity, and n is an indicator related to the heterogeneity of the adsorbent surface. qs is the DRM constant (mol·g⁻1) and  gives the mean sorption free energy E (kJ·mol⁻1) per molecule of sorbate at the moment of its transfer to the solid surface from the bulk solution and can be computed using Equation (10).
The distribution coefficient was used to describe pesticide partitioning between the solid and aqueous phases:
	(11)
where Kd (L·kg⁻¹) is the distribution coefficient, qe (μg·g⁻¹) is the equilibrium sorption capacity, and Ce (mg·L⁻¹) is the equilibrium aqueous concentration.
The change in sorption capacity (ΔQe) was used to quantify sorption variation induced by environmental factors or coexisting contaminants and was defined as:
	(12)
where Qe treatment is the equilibrium sorption capacity in the treatment system (e.g., ionic strength adjustment, pH variation, humic acid addition, or competitive sorption), while Qe control is the equilibrium sorption capacity in the corresponding control system. 
The release ratio (Rr) was used to describe the extent of desorption and sorption reversibility:
	(13)
where Qe (mg·g⁻1) is the equilibrium sorption concentration, and Qd (mg·g⁻1) is the equilibrium sorption concentration after the third desorption process.
The hysteresis index (HI) was applied to quantify sorption–desorption irreversibility and was calculated based on the Freundlich isotherm parameters:
 	(14)
where Qed (mg·g⁻1) is solid-phase solute concentration observed in the desorption experiment that is in equilibrium with an aqueous-phase concentration Ce (mg·L⁻1), and Qes (mg·g⁻1) is the solid-phase solute concentration calculated from Ce assuming that desorption is reversible.


[bookmark: _Hlk163340933][bookmark: _Toc228301080][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Table S1 Selected properties of pesticides
	Compound
	Structure
	Molecular formula
	Molecular weight 
(g·mol⁻1)
	LogKow
	pKa
	Sw (20 ℃)  
(mg·L⁻1)

	Fluensulfone (FL)
	[image: ]
	C7H5ClF3NO2S2
	291.7
	1.96
	13.47
	545.3

	[image: ]Spirotetramat (SP)
	
	C21H27NO5
	373.45
	2.51(pH 4)
2.51 (pH 7)
2.50 (pH 9)
	1.57 (pKa1)
10.70 (pKa2)
	29.90





[bookmark: _Toc228301081]Table S2 Selected properties of pristine and aged PVC.
	Sorbent
	Particle size
(µm)
	Specific surface area
(m2·g⁻1)
	Average pore size
nm
	Pore volume
cm3·g⁻1
	Zero-point charge

	PVC
	size
	
	
	
	
	

	Pristine PVC
	1  µm
	0.65
	4.10
	0.751
	0.013
	2.10

	
	150  µm
	150.1
	0.11
	0.627
	0.011
	3.60

	Aged PVC
	1  µm
	0.52
	4.50
	0.822
	0.014
	3.50

	
	150  µm
	149.6
	0.75
	0.479
	0.012
	1.20



[bookmark: _Toc228301082]Table S3 Kinetic parameters of the Pseudo-first order, Pseudo-second order, Elovich model and Intra-particle diffusion model for FL sorption on pristine 1 µm and 150 µm, aged 1 µm and 150 µm PVC 
	[bookmark: OLE_LINK21][bookmark: OLE_LINK20]MPs
	Pristine 1 µm
	Aged 1 µm
	Pristine 150 µm
	Aged 150 µm

	Pseudo-first order
	k1
	0.20
	0.26
	0.46
	0.10

	
	Qe,cal
	203.17
	209.16
	27.10
	42.03

	
	radj2
	0.9173
	0.7099
	0.8980
	0.9334

	Pseudo-second order
	k2e
	0.00
	0.00
	0.02
	0.00

	
	Qe,cal
	222.18
	228.64
	29.81
	45.60

	
	radj2
	0.9615
	0.8984
	0.9384
	0.9751

	Elovich model
	α
	151.97
	707.11
	18.99
	23.87

	
	β
	0.02
	0.03
	0.17
	0.12

	
	radj2
	0.9778
	0.9577
	0.9831
	0.9972

	Intra-particle diffusion (Ⅰ)
	kid
	52.92
	77.72
	6.73
	13.17

	
	C (mg·g−1)
	5.09
	15.07
	0.97
	-2.30

	
	radj2
	0.9257
	0.9437
	0.7992
	0.9255

	Intra-particle diffusion  (Ⅱ)
	kid
	32.24
	18.79
	3.62
	5.31

	
	C (mg·g−1)
	62.91
	124.95
	5.36
	10.78

	
	radj2
	0.9805
	0.9613
	0.9325
	0.9654

	Intra-particle diffusion  (Ⅲ)
	kid
	-3.20
	-0.55
	1.10
	2.41

	
	C (mg·g−1)
	234.17
	238.67
	24.58
	24.70

	
	radj2
	0.94
	0.67429
	0.97946
	0.9989






[bookmark: _Toc228301083]Table S4 Fitting results of sorption of FL sorption on different PVC MPs by FM, LM and DRM 
	MPs
	FM fitting parameters
	radj2
	LM fitting
	radj2
	DRM fitting parameters
	radj2

	
	
	
	parameters
	
	Qs
	β
	E
	

	
	Kf
	n
	
	q0
	1/b
	
	（μmol·g−1）
	（mol2·kJ−2）
	（kJ·mol−1）
	

	Pristine 1 µm
	43.47
	0.77
	0.9615
	291.55
	7.56
	0.9831
	172.19
	6.22E-07
	8.96
	0.9867

	Aged 1 µm
	66.35
	0.60
	0.9018
	344.25
	3.91
	0.7626
	211.63
	6.07E-07
	9.08
	0.9759

	Pristine 150 µm
	11.04
	0.57
	0.9481
	26.37
	1.19
	0.8134
	35.31
	5.52E-07
	9.52
	0.9620

	Aged 150 µm
	14.50
	0.57
	0.9679
	34.00
	1.20
	0.8440
	39.09
	4.50E-07
	10.54
	0.8552





[bookmark: _Toc228301084]Table S5 Release ratio and hysteresis index of FL on various PVC MPs after the third desorption
	Absorbate
	Adsorbent
	Sorption
	Desorption 3
	Release ratioa
(Rr, %)
	[bookmark: _Hlk193271524]Hysteresis indexb
(HI)

	
	
	
	
	
	
	

	
	
	Kf
	n
	radj2
	Kf
	n
	radj2
	0.96 mg·L−1
	9.6
mg·L−1
	0.96
mg·L−1
	9.6
mg·L−1
	

	FL
	Pristine 1 µm
	46.10
	0.74
	0.9631
	128.73
	0.53
	0.9972
	0.1411
	0.2898
	0.1067
	0.2828
	

	
	Aged 1 µm
	54.96
	0.74
	0.9573
	163.01
	0.49
	0.9583
	0.1298
	0.2674
	0.2487
	0.3944
	

	
	Pristine 150 µm
	54.96
	0.57
	0.9728
	22.82
	0.28
	0.9126
	0.0670
	0.2636
	0.1055
	0.3593
	

	
	Aged 150 µm
	13.96
	0.70
	0.9974
	32.75
	0.45
	0.9002
	0.0454
	0.2286
	0.0818
	0.3605
	


a release ratio (Rr):  
where Qe (mg·g−1) is the equilibrium sorption concentration, and Qd (mg·g−1) is the equilibrium sorption concentration after the third desorption process.
b hysteresis index (HI): 
where Qed (mg·g−1) is solid-phase solute concentration observed in the desorption experiment that is in equilibrium with an aqueous-phase concentration Ce (mg·L−1), and Qes (mg·g−1) is the solid-phase solute concentration calculated from Ce assuming that desorption is reversible. 



[bookmark: _Toc228301085][image: ]Fig. S1 Species distribution of the FL at different pH in the range of 0–14.0. FL predominantly exists in its charge-neutrality form, whereas the negatively charged form of FL becomes dominant at pH values greater than 13.47. 


[bookmark: _Toc228301086][image: ]Fig. S2 Sorption equilibrium time of FL sorption on PVC MPs - 1 µm (a) and 150 µm (b). For all size PVCs, 48 h was enough for FL sorption equilibrium on different sorbents. 


[bookmark: _Toc228301087][bookmark: _GoBack][image: ]Fig. S3 Standard curves of FL at the concentrations range of 0.048–96 mg·L−1 determined by HPLC. 

[bookmark: _Toc228301088][image: ]Fig. S4 Site description of the soil.
[bookmark: _Toc228301090]
[image: ]Fig. S5 XPS high-resolution spectra for 1 µm PVC Cl 2p (a), 150 µm PVC Cl 2p (b), 1 µm PVC C 1s (c), 150 µm PVC C 1s (d), 1 µm PVC O 1s (e), and 150 µm PVC O 1s (f).



[bookmark: _Toc228301089][image: ]Fig. S6 BET surface area analysis results: N₂ adsorption–desorption isotherm plots of pristine 1 and 150 µm, aged 1 and 150 µm PVC, and the pore size distribution results calculated from the BJH desorption pore volume data for pristine 1 and 150 µm, aged 1 and 150 µm PVC. 
[bookmark: _Toc228301091]
[image: ]Fig. S7 Langmuir models for FL on PVC MPs - 1 µm (a) and 150 µm (b), Dubinin-Radushkevich model plots of FL on PVC MPs - 1 µm and 150 µm (c).


[bookmark: _Toc228301092][image: ]Fig. S8 Sorption inhibition (a, b, c and d) of cosorption FL and SP on pristine/aged 1 and 150 µm. QSP are sorption capacity of SP. ΔQFL are sorption capacity difference of FL before and after adding SP (ΔQe = Qe before − Qeafter ). 


[bookmark: _Toc228301093][image: ]Fig. S9 Under different MPs sizes, sorption comparison of FL onto soil with 1% and 3% pristine PVC MPs (a and c), and 1% and 3% aged PVC MPs (b and d). Before and after aging, sorption comparison of FL onto soil with 1% and 3% 1 µm PVC MPs (e and g), and 1% and 3% 150 µm PVC MPs (f and h). 

[bookmark: _Toc228301094][image: ]Fig. S10 In soil and 1% aged 1 and 150 µm PVC, FL Sorption without SP and with 0.6 and 4.8 mg·L-1 SP (a and b), FL Sorption without SP and with 0.6 and 4.8 mg·L-1 SP in soil inhibition (c and d) and inhibition degree (P test, e and f), ΔQe are sorption capacity difference of FL before and after adding PVC (ΔQe = Qe before − Qeafter). P < 0.05 indicates significant level, and P < 0.01 indicates extremely significant level. 
.
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