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S1. Nanoplastic characterization

    A) B) 

   C) D) 

Fig. S1. NP size characterization. A) Log-transformed ACF of the e-NPs and m-NPs superimposed on CMRs 

standards (200, 500 and 900 nm). B) Population size distribution by intensity estimated with an ACF cumulant 

fit. C-D) TEM pictures of the PSLsurfactant and PSLfree, respectively.

S2. Surface properties calculations 

The determination of the protonable groups was performed as described by Spadini et al. (2018). 

Briefly, the proton released from the surface, Hs, was related to the pH of the solution (Eq. S1). The 

total surface site concentration, Hstot, was defined as the released Hs between pH 4 and 8.0 for the 

highest IS. Due to early site deprotonation, there is an initial charge at the surface of the NPs, denoted 

H0. This H0 is dependent on the ionic strength (IS) and was estimated by modelling calculations. This 

calculated H0 was thus added to Hsurf. The CO2 diffusion during the titration was taken in account 

using the Hstot of the ultrapure water (blank).

(S1)[𝐻 + ] = [𝐻𝑖𝑛𝑖𝑡] +  [𝐻𝑏𝑎𝑠𝑒] +  [𝐻𝑠] +  [𝑂𝐻 ‒ ]

Where [H+] = the free proton concentration, (M), [Hinit] = the concentration of acid added to fix the pH below 

pH 4 (M), [Hbase] = the concentration of base added during the titration (M), which is positive when a base is 

used and negative when an acid is used, [Hs] = the concentration of the released H+, the only unknown (M) 

and [OH-], the concentration of the H+ released from the water auto-protolyze, at pH 7 (M).

The surface charge of the NPs was determined by performing a calculation using PHREEQC 

implemented by the SIT thermodynamic database. 



3

The surface charge of the NPs was conceptualized as resulting from the ionizable surface groups (i.e. 

–OH, –COOH, etc.), overall represented as –SOH. Their dissociation was defined as conforming to 

the mass action law:

(2) (S2)–𝑆𝑂𝐻 –𝑆𝑂 ‒  + 𝐻 +
𝑠

𝐾𝐻𝐿 =  
[–𝑆𝑂 ‒ ] [𝐻 +

𝑠 ]

[–𝑆𝑂𝐻]

A permanent charge due to a lattice defect was neglected for PSL, since it is latex, and is not taken 

into consideration for the e-NPs and m-NPs since they are amorphous. As a result, the total net particle 

charge, σP, is restricted to equation 3.

(S3)𝜎𝑃 = 𝜎𝐻 +  𝜎𝐼𝑆

Where σH = the charge involved by the association/dissociation of H+ on the ionizable groups and σIS = the 

charge of inner sphere complex.

The pKa were determined using a combination of geochemical (PHREEQC version 2) and 

extrapolation (PhreePlot) programs (Parkhurst and Appelo 1999, Kinniburgh and Cooper 2011) 

PhreePlot was designed in order to automatically fit experimental datasets using the speciation 

program PHREEQC. The binding parameters are optimized by a modified Marquardt-Levenberg 

procedure (Powell, 1965). The electrostatic energy term (i.e. coulombic interaction) was considered 

using a Diffuse Layer Model (DLM). As demonstrated by Blancho et al. (submitted), the sorption of 

trivalent cations was driven by –COOH for the two PSLs and the e-NPs models. As a result, for all 

NPs, the surface charge is explained and restricted to the presence of –COOH sites (Eq. 5).

(S4) (S5)–𝐶𝑂𝑂𝐻 ‒ + 𝐻 +
𝑠  –𝐶𝑂𝑂𝐻 

𝐾 ‒ 𝐶𝑂𝑂𝐻 =  
 [–𝐶𝑂𝑂𝐻]

[–𝐶𝑂𝑂 ‒ ] ∗  [𝐻 + ]
∗ 𝑒

 
Ψ0
𝑘 𝑇 

Where Ψ0 = the surface potential energy (J), k = Boltzman constant (J K-1) and T = Temperature (K).

S3. Pb(II) Speciation relative to pH and saturation index calculation to predict precipitation

The Pb(II) speciation was simulated from pH 2 to 10 in order to define the predominant Pb(II) species 

over the geochemical conditions tested with PHREEQC (Parkhurst and Appelo, 1999) for a ionic 

strength set to 5 x 10-3 mol L-1.
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Fig. S2. Pb(II) speciation. Pb(II) hydrolysis species relative to pH.
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Fig. S3. Saturation indices of Pb-based solid phases. Saturation indices of the main Pb-based solid phases 

calculated at experimental conditions used for isotherm (left) and pH edge (right) adsorptions using PhreeQC 

with the MINTEQA2 database. Note that a solid phases saturation index < 0 indicates unsuitable conditions 

for precipitation.



6

0.001

0.01

0.1

1

10

0.001 0.01 0.1 1 10

Pb
ad

s (
µM

)

Pb free (µM)

Exp.
Langmuir model

0.01

0.1

1

10

0.001 0.01 0.1 1 10
Pb

ad
s (

µM
)

Pb free (µM)

Exp.
Double Langmuir model
Strong complex
Weak complex

S4. Classical Langmuir isotherm against double Langmuir isotherm for e-NPs

Figure SI 3 compares the classical and double Langmuir isotherm models for e-NPS adsorption 

isotherm dataset. The classical Langmuir model failed to reproduce the adsorbed Pb concentrations 

at low Pbfree concentrations (Figure SI 3) by contrast with the double-Langmuir model. This result 

provided evidence of the formation of two complexes between Pb and the -COOH binding sites 

developed at the e-NPS surface. 

A) B)

Fig. S4. Classical and double Langmuir model comparison. Comparison between A) the classical and B) 

the double Langmuir isotherm models for the Pb(II)-e-NPS adsorption isotherm.

Table S1. Langmuir and double-Langmuir parameters calculated for the adsorption of Pb(II) onto e-NPs.

Parameters Classical Langmuir 
isotherm

Double Langmuir 
isotherm

Q (µM) 3.3
log K -0.83
RMSElangmuir 0.04
Qweak (µM) 7.06
log Kweak -1.5
Qstrong (µM) 0.408
log Kstrong 0.922
RMSEdouble-Langmuir 0.0009

S5. Mechanistic model: mono- against bi-ligand hypothesis

In the Figure SI-3 are compared the calculated and experimental adsorption isotherms of Pb(II)-

PSLsurfactant and  Pb(II)-m-NPs. The best fitting was chosen regarding the lowest RMSE value, the 

empirical modelling and the binding hypotheses suggested by Blancho et al. (2022) For the m-NPS, 

the calculated log K for the m-NPS-COO-Pb+ (mono-ligand binding hypotheses) was largely 

overestimated regarding the log K of the CH3-COO-Pb+ from (Smith and Martell, 1989) avoiding its 

validation. By contrast, the log K calculated for the bi-ligand model, (m-NPS-COO)2-Pb was in the 

range of that provided by (Smith and Martell, 1989), 4.95 against 4.77, respectively, allowing this 

binding hypothesis to be validated.
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Mono-ligand (        ) 4.64 2.27 0.265
Bi-ligand      (        ) 4.64 3.76 0.203

B)                                                        m-NPs
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Mono-ligand   (       ) 4.76 4.01 ± 0.07 0.018
Bi-ligand        (       ) 4.76 4.94 ± 0.06 0.019

Fig. S5. Mono and bi-ligand Surface complex model comparison. A) Comparison between the mono-

ligand and bi-ligands mechanistic models for the Pb(II)-PSLsurfactant adsorption isotherm. B) Comparison 

between the mono-ligand and bi-ligands mechanistic models for the Pb(II)-m-NPs adsorption isotherm.
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