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Section S1. Fluorescence measurements and parallel factor analysis

modeling

The three-dimensional fluorescence spectra of PDOM derived from pristine and
photoaged NPs with different functional groups were obtained by the fluorescence
spectrophotometer, with a total of 18 samples (including three parallel replicates per
group). Scans were performed over an excitation (Ex) wavelength for emission scans
was incrementally increased from 200 and 550 nm at a step size of 5 nm, while the
emission (Em) wavelength range of 220 to 600 nm with a step size of 2 nm. Both
excitation and emission slits were set to 10 nm. All samples were diluted to a consistent
concentration (~6 mg C/L) to eliminate inner filter effect. The fluorescence responses
to the DIW water were subtracted from the measured sample spectra to obtain the final
EEM data of the samples. The fluorescence intensities were normalized to Raman units
(R.U.) using the fluorescence intensity of the integrated Raman peak at 350 nm (Em).
The EEMs of all PDOM samples were modeled using the DOMfluor toolbox in Matlab
R2024a, and the number of independent fluorescent components was determined by
parallel factor analysis (PARAFAC) through split-half analysis. The maximum
fluorescence intensity (F.x) of the peak of the identified components was used to

represent the relative quantities of the individual DOM components.

Section S2. Adsorption experiment
First, the pristine and photoaged PSNPs were subjected to three to five washes

with deionized water until the filtrate exhibited negligible UV absorbance (<0.002 Abs



at 254 nm), confirming complete elution of PDOM. Since the concentration of PSNPs
varied during the washing process, the concentrations of washed pristine and photoaged
PSNPs were quantified using UV-Vis spectrophotometry for subsequent adsorption
experiments. The method referred to previous studies.!

Single point adsorption experiments were conducted to obtain the adsorbed mass
(g, mg/g) of PDOM on various NPs. Prior to mixing, the pH values of both PSNPs
suspensions and PDOM stock solutions was adjusted to 6.0 + 0.3 using 10 mM NaOH
and HCI. In each 40 ml glass vial, PSNP suspension was added into the PDOM
solutions, where the final concentrations of PSNPs and PDOM were 10 mg/L and 2.0
mg C/L, respectively. The vials were shaken at 150 rpm and equilibrated for 48 h.
Subsequently, the mixture was transferred to centrifugal filters with a molecular weight
cutoff (MWCO) of 100 kDa and centrifuged at 5000 g for 2 min. The organic carbon
content in the filtrate was then measured using a total organic carbon analyzer.

The adsorbed mass (g) of PSNPs was calculated using the eq (S1).

_ (Co-C)xV (S1)
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Where, Cy (mg C/L) and C; (mg C/L) are the initial and final PDOM
concentrations, respectively. V (L) is the volume of solution and m (g) is the mass of

the PSNPs.

Section S3. Derjaguin- Landau-Verwey-Overbeek (DLVO) theory and

the XDLVO calculations



The total interaction energy of different PSNPs was calculated with Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory and the extended DLVO (XDLVO) theory
considering the Lewis acid-base interaction or repulsive steric interaction.

In DLVO theory, the total interaction energy is the sum of van der Waals

interaction (Vypw) and the electrostatic double layer interaction (Vgpr) eq (S2):23

Vior =Vvow + VepL (S2)

The Vypw can be calculated by eq (S3-S4):24>
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where A is the Hamaker constant of PSNPs, r is the initial hydrodynamic radius

of PSNPs, h is the separation distance between particles, hy represents the minimum

w
equilibrium distance between particles and is assumed to be 0.157 nm, and Y'P and

Lw
V'w are the Lifshitz-van der Waals interfacial tension parameters for PSNPs and water,

respectively.

The Vgpr can be obtained eq (S5-S6):3

q);)) 2exp( - kh) (S5)

Where ¢ is the permittivity of free space (8.854x10712 C/V/m), ¢, is the dielectric



constant of water (78.5), k is the Boltzmann constant (1.38x10-23 J/K), Pp is the ¢

potential of PSNPs. « is the Debye reciprocal length, and can be given as eq (S6):

(S6)

Where N, is the Avogadro number (6.02 x 102 mol™"), Z is the valence of ions, e
is the electron charge (1.60 x 10 7'° C), C; is the molar concentration of ions in the
solution, T is temperature (298 K).

In the extended DLVO theory considering Lewis acid-base interaction, the total

interaction energy (Vror) is expressed as eq (S7):7

Viot =Vvow t Vepr Vg (S7)

Where V3 is the Lewis acid-base interaction energy, which can be calculated by

eq (S8):>78
_hy=h
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Where A, is the water decay length for acid-base interactions (1 nm),> and 0
is the free energy adhesion at hy, which is given as eq (S9):°
AB _ +. - +. - +. - +.,-
AGY ——4(\/)/pr +\/YWYW—\/YPYW—\/YWYP) (89)

Where the subscript p represents PSNPs, w represents water, subscript “+” and “-”

denote the electron-acceptor and electron-donor parameters of surface, respectively.



Tot + -
The values of w’ ¥ pand Vp for PSNPs can be calculated from measuring the air-

liquid-PSNPs contact angles (0) using three different polarity probe liquids (water,
glycerol, and diiodomethane) with known surface tension parameters and by solving

Young-Dupré equation eq (S10):6

YT+ cosO) =20 YTV + vy + rivD) (S10)

where the subscript i represents water, glycerol, and diiodomethane, respectively.
The surface tension parameters of three probe liquids were shown in Table S4.
With the leaching of PDOM, the total interaction energy (Vror) considering steric

repulsion can be calculated by XDLVO theory, shown as eq (S11): %10
Viot =Vvow + Viepr + Vsre (S11)

Assuming the adsorbed layer was uniform, the steric force (Vsrg) can be calculated
by eq (S12-S14). These equations determined the entropy loss and osmotic pressure
upon overlap or mixing of the adsorbed layers (Vs,mix) and the elastic repulsion when
the layers are compressed between the NPs (Vs,el).
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where V1 is the molar volume of the solvent (2.99 x 102 m3/ water molecule); X
is the Flory-Huggins solvency parameter (0.4); s (nm) is the thickness of adsorbed
PDOM, which is determined by subtracting the hydrodynamic radius of PSNPs before
and after adsorption. According to DLS measurements, the S for PS- Bare, PS-COOH,

PS-NH,, APS- Bare, APS-COOH, and APS-NH, was 2.9 0.5, 4.3, 5.4 2.0 and 3.9,

a
respectively; p is the dry density of PDOM, which is 1.5 g/cm?; M3 is the molecular

Fa
weight of PDOM (3066 Da), which is derived from the previous study;!! P represents

the effective volume fraction of the adsorbed PDOM layer and can be expressed as

follows:

e i

2 3pr[(8 +7)° - 1] (513)

where Q (kg/particle) is the adsorbed mass. It can be obtained from the adsorption

experiment.



Fig. S1 TEM image of (a-c) APS-Bare, (e-g) APS-COOH, and (h-i) APS-NH, in

deionized water.
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Fig. S2 ATR-FTIR spectrum for pristine and photoaged PSNPs: (a) PS-Bare, (b) PS-

COOH, and (c) PS-NH,.
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Fig. S3 High-resolution Cls XPS spectra of pristine and photoaged PSNPs: (a) PS-

Bare, (b) PS-COOH, (c) PS-NH,.
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Fig.S4 Attachment efficiencies of pristine and photoaged PS-NH, in CaCl, solution at

pH 6.
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Fig. S5 Influence of photoaging on the { potentials of different functionalized PSNPs

in (a-c) monovalent and (d-f) bivalent electrolyte solutions at pH 6: (a, d) PS-Bare and

(b, ) PS-COOH in NaCl and CacCl, solution before and after photoaging, and PS-NH,

in (c) NaCl and (f) Na,SO, solution before and after photoaging.
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Fig. S6 Water contact angle of different functionalized PSNPs before and after
photoaging: (a) PS-Bare, (b) PS-COOH, (c¢) PS-NH,, (d) APS-Bare, (¢) APS-COOH,

(f) APS-NH,.
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Fig. S7 Total interaction energy (Grorar) profiles calculated with the classical DLVO
theory for different functionalized PSNPs before and after photoaging in various NaCl
solutions: (a) PS-Bare, (b) PS-COOH, (¢) PS-NH,, (d) APS-Bare, (¢) APS-COOH, (f)

APS-NH,.



(@)30 _ () ()6
= | PS-Bare Ge |& 39 PS-COOH Geo. |
20 = Gypw ) = Gypw 5 45
] = =
%ﬂ 10 F Gas %ﬂ 10 Gp %‘3 2
5 Grora| § Grorar| § |
E o e et L] S
- - - L
2 2 2
g £ g
o = =
=20 1 1 1 1 1 1 1 -4
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Separation distance (nm Separation distance (nm Separation distance (nm
@30 p i (nm) @ parati (nm) 6 paration di (nm)
:ﬁ APS-Bare Gep, | 20 |APS-COOH Gonp :,.: |_A]’S—NHZ —Ggpr
= 201 _Gvnw Ef _GVI)W i 4 _Gvnw
= P =t
o Gup ond ! Gup 2 G
Q “] b Io > 2 L
5 GTOTAL 5 GTOTAL E - GTOTAL
5 0 e——————] L S 5 oP————— — —]
P g E
£ -10 g 5
2 £ 0 =
= = =
=20 1 L 1 L L 1 1 N 1 . 1 a 1 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Separation distance (nm) Separation distance (nm) Separation distance (nm)

Fig. S8 The interaction energy of electrostatic force (Ggpr), Van der Waals force
(Gvpw), Lewis acid-base interactions (Gag), and the total interaction energy (Grorar)
for different functionalized PSNPs before and after photoaging in 200 mM NaCl
solution: (a) PS-Bare, (b) PS-COOH, (c) PS-NH,, (d) APS-Bare, (¢) APS-COOH, (f)

APS-NH,.
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Fig. S9 The spectral characteristics (a-d) of four fluorescent components and the
corresponding excitation/emission loadings (e-h) extracted from the EEM data sets of

PDOM leached from pristine and photoaged PSNPs using PARAFAC modeling.



Table S1. Experimental conditions for aggregation kinetics of pristine and

photoaged PSNPs
electrolyte

PSNPs type - pH

Type Concentration (mM)

NaCl 200, 300, 350 400, 450, 500, 600, 700, 800

PS-Bare

CaCl, 10, 15, 20, 25, 30, 35, 40, 50, 60

NaCl 300, 400, 500, 550, 600, 700, 800, 900, 1000
APS-Bare

CaCl, 8,10, 12,15, 18, 20, 25, 30, 40

NaCl 150, 200, 300, 350, 400, 500, 600, 700, 800
PS-COOH

CaCl, 5, 10, 15, 20, 25, 30, 40, 60, 80

NaCl 350, 400, 500, 600, 650, 700, 800, 900, 1000

APS-COOH 6.0+0.3
CaCl, 8, 10,12, 14, 16, 18, 20, 25, 30
NaCl 50, 100, 200, 300, 350, 400, 500
PS-NH, CaCl, 160, 250, 300, 350, 450, 500, 600
Na,SO, 10, 20, 30, 40, 50, 60, 70, 80

NaCl 20, 50, 80, 100, 120, 150, 180, 200, 250

APS-NH, CaCl, 100, 200, 250, 300, 350, 400, 450

NaySOy4

5,7,8,10, 15, 20, 30, 40, 50




Table S2. The surface tension parameter and adhesion free energy for different PSNPs calculated based on the contact angles of probe

liquids.

Surface tension

AB
Contact angle (degrees) (mJ m?2) AGhO Hamaker constant
Sample
Lw + (mJ m?) (1021
Ow 0g Op 14 14 Y
PS-Bare 154.1 61.2 6.6 50.46 9.85 80.69 -107.27 11.02
APS-Bare 68.9 48.8 11.2 49.83 0.94 5.32 -44.78 10.62
PS-COOH 144.0 49.0 11.2 49.84 15.49 82.57 -62.97 10.62
APS-COOH 65.3 42.7 14.1 49.28 1.65 5.97 -39.24 10.27
PS-NH, 38.2 62.4 19.4 47.96 1.29 57.87 63.29 9.46
APS-NH, 42.7 58.9 40.9 39.15 0.05 48.24 40.00 4.69

W, G, and D subscripts represent water, glycerol, and diiodomethane, respectively.



Table S3 The surface tension of the three probe liquids (mJ/m?) 2

Liquid yT‘zt ny/ -~ ye
Water 72.8 21.8 25.5 25.5
Glycerol 25.5 34.0 3.92 57.4

Diiodomethane 50.8 50.8 ~0 ~0
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