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The lack of harmonization in the analytical methods to characterize nanoplastics or to evaluate their ecotoxicological effect in realistic conditions is due to the lack of nanoplastic models. Environmentally relevant models are urgently needed for addressing this emerging pollution. The present work proposes a protocol to produce an environmentally relevant model for nanoplastics (e-nanoplastic). The e-nanoplastics are produced by beached plastic debris from the North Atlantic gyre and floating debris from the great Pacific garbage patch. A method was developed to remove the associated organic matter (OM), using a combined H 2 O 2 /UV process. The composition, size, and surface properties of the e-nanoplastics were characterized by Pyrolysis-Gas Chromatography-Mass Spectrometry, dynamic light scattering, electronic microscopy, XPS, BET analysis, and potentiometric titration.

Introduction

Most plastics are engineered to be mechanically, biologically, and chemically resistant, and therefore they persist forever and are accumulating in the environment [1][2][3][4] . The accumulation of mesoplastics (5-25 mm) and microplastics (1-5 mm) in the ocean, resulting from plastic debris degradation, is well documented [5][6][7] . Plastic debris fragmentation leads to nanoscale particles (nanoplastics) as plastic debris continues to degrade [8][9][10][11] . Nanoplastics present specific physical and chemical colloidal properties that micro-scale plastics do not, such as Brownian motion and wavelength interaction 12 . Nanoplastics have only recently been identified in the ocean 13 , coastal areas 14 , and soil 15 , and from degradation experiments of plastics 10,16 . However, there is a lack of knowledge regarding their physicochemical properties, surface reactivity, and ecotoxicological impacts.

Due to their low availability in the environment, nanoplastics cannot be collected sufficiently well to develop standardized characterization methods and ecotoxicology tests in the environment. Since measurement procedures and impact assessments are urgently needed, the main challenge is to find accurate and relevant nanoplastic models. Historically, the ecotoxicology community first used polystyrene latex as a nanoplastic model [17][18][19] . However, recent findings have questioned the efficacy this type of model 12 . Several alternative models were thus proposed. They were mainly produced by polymerization [20][21][22][23] , milling 24 , and other auxiliary methods, such as the laser-based approach 25 . For nanoplastic impact assessments, some of those models are promising regarding the absence of surfactants 21 , their traceability 23 , and their heterogeneity, size, and shape, which are similar to those observed under environmental conditions 24 . These current nanoplastic models demonstrated that the nanosize of nanoplastics allows them to interact with microorganisms or cells 20,22 . However, the justification for using these models for investigating nanoplastic reactivity with contaminants is limited. Their surface functionalization was a priori chosen 21 as no characterization of nanoplastic surface functional groups is available. Finally, recent studies have demonstrated that the size and shape influence nanoplastic retention in porous media and their stability in aqueous systems 26,27 .

All of the methods used similar approaches: a polymer or specific monomer is used to produce nanoplastics that are homogeneous in composition and not naturally oxidized. Recently, Davranche et al. (2019) have opened the door to a new way of relevant nanoplastic preparation from the altered surface of microplastics collected from natural systems 28 . Despite the potential of these nanoplastics from nature, the method was not pushed further, and the resulting nanoplastics were only partially described. Altering the outer layer to produce nanoplastic models seem to be promising since 1) plastics are altered from the outside (surface) to the inside in nature 29 ; 2) their alteration occurs under environmental conditions; and 3) their shape and surface functional groups are expected to be environmentally relevant.

Based on Davranche et al. (2019) 28 , the present work proposes a protocol to produce an environmentally relevant model for nanoplastics (e-NPs). Environmental nanoplastics are produced using beached plastic debris (BD) from the North Atlantic gyre and floating debris (FD) from the great Pacific garbage patch. Environmental nanoplastic composition, size, and surface properties were characterized by Py-GCMS, DLS, TEM, XPS, BET analysis, and potentiometric titration.

Besides the production of an e-NPs model, a method was developed to remove the associated organic matter (OM), using a combined H 2 O 2 /UV process. These e-NPs open new possibilities for investigating ecotoxicological effects and the environmental fate of plastics.

Materials and methods

Environmental nanoplastics production and organic matter degradation

Beach plastic debris (BD) was collected on Saint Marie Bay beach (Guadeloupe, France) in September 2018. Only beach plastics that were less than 10 cm in diameter were collected. After sieving with a 1 cm grid, pieces of plastic debris were manually separated from the beach matrix (i.e., sand and algae residues). Floating plastic debris (FD) was collected from the North Pacific Garbage Patch in 2015 by Ocean Clean-Up, a non-profit organization dedicated to plastics debris removal from the water system (riverine and oceans) 30,31 .

We used 100 g BD and 300 g FD as initial material. The plastic debris was mixed with deionized water (DI) at a 1:5 BD/DI and 1:2 FD/DI ratio (wt/wt) in a square bottle and stirred at 250 rpm (Step 1, Figure S1). The ratio of plastic debris to water was optimized in order to obtain the higher quantity of carbon in the final solution. After 48 h, the suspension was sonicated for 1 hour (Step 2, Figure S1). Microplastics were then separated from the suspension with a 40 µm cut-off filter (cellulose acetate, VWR) (Step 3, Figure S1). Organic matter from algae residues (i.e., Sargassum Algae) associated with plastic debris was removed from the suspension using 1% H 2 O 2 /UV for 5 hours.

Finally, the e-NPs were collected with a 1.2 µm cut-off filter (Glass fiber, Prat DUMAS) (Step 4, Figure S1). After the OM oxidation, ultrafiltration (Amicon, Merck Millipore) was used to remove the extra H 2 O 2 and concentrate the e-NPs using an ultrafiltration membrane of 20 kDa molecularweight cut-off (PES, Microdyn NADIR) (Step 5, Figure S1).

Preliminary experiments were done to validate the oxidation step on algae solutions. These solutions were obtained from a deionized water extraction filtered at 1. and without UV exposition (RMR-600, Rayonet) (see S2, Figure S2). As known to be previously effective, the H 2 O 2 oxidation was set to 72 h without UV, and 5 h with UV [32][33][34] . Both reaction times are explained by the slower reaction time of H 2 O 2 without UV, than with UV. Then, a detailed OM oxidation study was performed using an e-NPs suspension. Small micro-plastics (< 1 mm) were retrieved by the 40 µm filter (cellulose acetate, VWR) and called environmental micro-plastics (referred to as e-microplastics from now on). The e-NPs OM and e-MPs OM refer to nanoplastics and microplastics that have not been purified of organic matter.

Particle size, shape, and surface analysis

The hydrodynamic size of the particles is analyzed using Dynamic Light Scattering (DLS) (VASCO-Flex, Cordouan Technologies) (see S3 for supplementary information). The geometric size and shape of nanoparticles were also examined by transmission electronic microscopy (TEM) (JEM 2100 HR, Jeol). Samples were prepared by drying 2.5 µL of solution on a carbon grid (Oxford instruments).

TEM was operated at 200-kV acceleration voltage with LaB 6 as an electron source.

The e-NPs were analyzed by X-ray photoelectron spectroscopy (XPS) using an AXIS Ultra-DLD (Kratos Analytical, JRC, ISPRA) at a pressure of less than 8 x 10 -9 mbar. The specific surface area of the e-NPs was quantified by the BET (Brunnauer Emmet and Teller) method using a Gemini VII instrument (Micromeritics). The proton-reactive site was determined by potentiometric titration using a Titrano unit controlled by the Tiamo software (Metrohm). All solutions were base-titrated under N 2 flux with an NaOH solution of 0.01 M (Honeywell Fluka) (see S4 for supplementary information).

Characterization of e-NPs composition

Total Organic Carbon (TOC) content in grams of carbon per litre was quantified using a TOC-V Shimadzu analyzer (Sugimura and Suzuki 1988). The precision of the TOC measurements was estimated to be ± 5% using a standard potassium hydrogen phthalate solution (Sigma Aldrich).

Fluorescence spectroscopy was performed with an FL6500 system (Perkin Elmer). Pyrolysis (Pyrolyzer PY-3030 Frontier Lab) coupled to Gas Chromatography-Mass Spectrometry (Py-GC-MS) (5977B, Agilent Technologies) was used for plastic identification. Before Py-GC-MS analysis, a known volume of samples was evaporated at 45°C in an 80µL pyrolysis cup (Frontier Lab). Pyrolysis was performed at 600°C, and the gas chromatography temperatures were similar to the literature (Dehaut et al. 2016). Pyrolyzates were separated on a C18 capillary column (DB5, 30m, Agilent Technologies), with helium as the carrier gas. The mass spectra of pyrolyzates were then compared to the NIST/EPA/NIH library (NIST 14) values, and to our own laboratory library values, including specific polymer pyrolyzates' mass spectra (see S5). The quantification of spectrum similarity (SS) was performed using the MSD Chemstation algorithm (Agilent Technologies). The polymer identification was based on non-interferent pyrolyzates (there were no homolog pyrolyzates from OM). Thus, the procedure used to validate the identification of a polymer pyrolyzate was to have a similar Kovats retention index already found from polymer pyrolysis and an SS for at least one specific pyrolyzate > 0.80. Besides the polymer identification, Py-GC-MS is used to monitor the removal of OM. For this purpose, three OM pyrolyzates were selected after being identified on algae samples with the NIST library (SS>0.80): 2C-Phenol, 2C-2-Cyclopentenone, and Indole (see S6).

The 2C-phenol has many OM precursors (i.e., non-specific) among peptides, proteins, and lignins.

The 2C-2-cyclopentenone has only one precursor: polysaccharides. Molecules that contain N, such as proteins, can be precursors of indole. Combining these pyrolyzates permits us to follow OM degradation across different components.

Results&Discussion

Water extraction and purification of e-NPs

Plastic debris offers an easily extracted altered layer, as shown in Figure 1A. After water extraction, it showed a polished surface (Figure 1B), as confirmed by TEM observations (Figure 1C and1D).

The resultant suspension of beach plastics is highly turbid, suggesting numerous small particles (see turbidity difference between Figure 1E and1F). After filtration, the organic carbon (OC) content was 71±4.1 and 759±61 mg L -1 for beach plastics and floating plastics, respectively. This organic carbon includes both e-NPs and natural organic matter from algae residues (Figure 1G and1H). To remove OM from the plastic suspension, several protocols using basic, acidic, or oxidizing reagents could be used [36][37][38] . H 2 O 2 was shown to be the most efficient for plant matter 38 , notably coupled to a catalyzer such as UV light, TiO This protocol was applied on both suspensions. After OM degradation, the OC content of the e-NPs suspensions reached 5.4±0.1 mg L -1 and 331±3.1 mg L -1 , respectively, for beach and floating debris.

Fluorescence spectroscopy and Pyr-GC-MS were used to validate the OM degradation. 80% of the OM's initial fluorescent C-peak disappears after 5 h of exposure to H 2 O 2 /UV (Figure 2A) 40,41 . Py-GCMS analysis of the suspension also provided evidence about the disappearance of the OM pyrolyzates (Figure 2B). Note that Figure 2B showed a different efficiency to degrade OM. This may be explained by the order of difference of the initial OC amount. After the concentration step, the concentration reached was 37±1.0 mg L -1 and 2038 ±12 mg L -1 , for beach and floating plastics, respectively. Note that the concentration chosen for floating debris was primarily targeted to make the potentiometric titration work. S3) 42 . For the e-NPs produced from beach debris, none of these PE markers were identified. By contrast, such markers were found for the e-NPs from the floating debris extraction. Three succeeding peaks were identified as alkadienes, as they have similar Kovats retention indices as found in the library, and their spectrum similarities were superior to 0.80 (see S8, Table S4, and m/z 81 pyrogram, Figure S3A). Moreover, these markers were followed closely by alkene (m/z 97 Figure S3A) as observed during PE pyrolysis (i.e., Figure S3). As a consequence, PE polymer is present in the e-NPs from floating debris. The identification of polypropylene (PP) succeeds for both suspensions. As already demonstrated for nanoplastics, PP can be identified by the presence of four singular PP pyrolyzates. These 4 PP markers (i.e., C9, C12, C15i, and C15s) were identified in our studies. Indeed, peaks with similar Kovats retention indices showed spectrum similarities > 0.80 (Figure 3, Table S2). Whether for e-NPs suspension of beach or floating debris, PP-identified markers have a dominant height on the total ion pyrogram (TIP). These "fingerprints" suggest that PP is a dominant component of e-NPs. Both fractions that were less than 1.2 µm were characterized by DLS and TEM (Figure 4). Figures 4A and4D displayed the log-transformed time-correlation function of the intensity of light scattered (ACF) obtained by DLS. Compared to spherical size-standardized nanoparticles (polystyrene latex), e-NPs from beach debris present monomodal suspension (i.e., a straight line), with a hydrodynamic diameter ranging from 200 to 500 nm and centered at 250 nm (Sparse Bayesian learning-based modelling). The e-NPs from floating debris are polymodal with an additional colloidal population at a larger size (>500 nm). As shown by the SBL modelling, the first population has a hydrodynamic diameter centered at 150 nm, whereas the second is centered around 500 nm. Note that the SBL predicts particle size >1000 µm; this is modelling bias as the ACF does not cross the ACF from the 900 nm microsphere standard. Transmission electronic microscopic observations displayed anisotropic nanoparticles with sizes <1 µm (Figure 4C and4F). The carbon intensity of their EDX signal was significantly higher than the grid, suggesting a polymer composition (see S9, Figure S7, and S8). Black cubic particles embedded in the nanoparticle, < 250nm, were also observed. Based on EDX (see S9, Table S6), this cubic particle is composed of Ti and O, suggesting TiO 2 . These nanoparticles are a well-known additive of plastics 43 and were already identified as associated with microplastics 44 .

Environmental nanoplastics polymer identification

Size characterization of e-NPs

Surface characterization of e-NPs and e-MPs

Overall, the C-C bond is predominant for all samples (> 70%) except for e-NPs OM, where bonds to oxygen are prevalent (~60%) (Figure 5). Dominant C-O bonds for e-NPs OM can be attributed to the algae residue 45,46 . Algae are characterized by considerable water-extractable polysaccharides (> 50%), mainly composed of alginate, laminarin, and mannitol [46][47][48][49] During the H 2 O 2 /UV oxidation, HO• is formed by UV irradiation at 254 nm 51,52 . These radicals can initiate numerous oxidation reactions, which are otherwise limited to photo-reactive impurities (i.e., chromophores). These impurities are included in the polymers during its early production process 53,[START_REF] Rabek | Polymer Photodegradation[END_REF] . transparent to >300 nm but absorbed the UV radiation at 254 nm, e-NPs were mainly irradiated at =315 nm wavelength, as H 2 O 2 was in excess (> 0.5% v/v, Figure S11, and Table S8) 51 . Since the backbone bond of PP, PS, PVC, and PE polymers do not absorb at 315 nm [START_REF] Rånby | Comprehensive Polymer Science and Supplements[END_REF] , the direct UV effect on the e-NPs surface is therefore limited to UVB, as observed in the environment. The surface site on floating e-NPs between pH 4 and 8 was quantified to 0.225 ± 8.5e -3 mmol g -1 .

High concentrations of HO• and HO

Among colloids, the e-NPs have proton-reactive sites similar to that of clays, 0.250 mmol g -1 , but one order of magnitude lower than ferrihydrite and soil OM, 7.77 and 14.5 mmol g -1 , respectively (Table 1). The specific surface is determined to equal 12.3 ± 2.4 m² g -1, and the resulting surface site density is calculated to 11.0 ± 0.4 sites m -2 . Such density is close to montmorillonite and ferrihydrite, 6.63 and 10.32 sites nm -2 , respectively. To summarize, the e-NPs surface has carbon-oxygen functions (C-O, C=O, and O-C=O) estimated at 32 ±6%. Among these oxidized functional groups, 0.225 ± 8.5e-3 mmol g -1 were proton-reactive, leading to a surface site density of 13.3±2 sites m -2 . Such protonreactive sites and site density are similar to the reactive colloidal in the environment pictured by clays and ferrihydrite.

Implication for environmental nanoplastics and protocol advantages

Nanoplastic characteristics are poorly understood and studied due to the difficulties of sampling enough material under environmental conditions. The production of environmentally relevant nanoplastic models in large quantities is needed to study their environmental fate, behaviour, and impact. The production of e-NPs with the proposed protocol allows reached concentration of around 400 mg L -1 . These concentrations were enough to characterize their composition and surface properties (Table 1). Among the functional group present at the surface of e-NPs, ~10% were identified as carboxylic functional groups (i.e., C-O=O bounds) (Figure 5). These groups explained the proton-reactive sites observed and quantified by potentiometric titration. These results are in accordance with the pH-dependent Pb sorption followed by Davranche et al. 2019. Moreover, as PE and PP carbon skeletons do not include the aromatic cycle, the C-O hydrolyzed bond may be restricted to alcohol functional groups, not known to complex metals [START_REF] Martell | Other Organic Ligands[END_REF] . Thus, the sorption capacity of e-NPs may be only due to carboxylic functional groups. However, although one main functional group may drive metal complexation on the e-NPs, these COOH groups may have diverse pKa values due to the presence and proximity of electron-withdrawing groups (carboxylic, acid, ketone, ester, ether, hydroxyl, etc.) on the aliphatic skeleton of PP and PE [START_REF] Martell | Other Organic Ligands[END_REF][START_REF] Leenheer | [END_REF] .

PP and PE were identified as polymers found in the environmental nanoplastics. This is in accordance with the polymer composition of plastic pieces found in the sea surface and coastal region 9,13,72 .

Nevertheless, the PE presence seemed limited as it was not detected for the e-NPs from the beached plastic debris. Moreover, the TIP e-NPs pyrograms show the PP fingerprints with a higher proportion (Figure 3). The higher photooxidation of PP debris certainly explains the observation. cracks may enhance the removal of the PP altered layer and produce more PP e-NPs than the further application of the present protocol may give an interesting response about the polymer sensitivity to form nanoplastics.

The surface site density of e-NPs was close to that of inorganic colloids, known to be a strong environmental' adsorbent of micropollutants. Therefore, the produced e-NPs are significant sorbents, able to compete with clays and Fe oxyhydroxides. However, about physicochemical properties, two critical differences can be distinguished between these environmental colloids and e-NPs. First, e-NPs do not bear amphoteric hydroxyl sites as observed on Fe oxyhydroxides. These sites can develop negative and positive charges in response to the pH variations [START_REF] Stumm | Aquatic surface chemistry: chemical processes at the particle-water interface[END_REF] . By contrast, e-NPs proton-reactive sites are driven by oxidized carbon functional groups (Figure 5). The e-NPs usually had a charge of zero at acidic pH, and were negatively charged at basic pH values. By contrast, clays and Fe oxyhydroxides always bear negative, and negative or positive charges, respectively 62,68,[START_REF] Stumm | Aquatic surface chemistry: chemical processes at the particle-water interface[END_REF] . From a colloidal perspective, these properties explain why e-NPs may be stable or unstable, depending on the environmental conditions. As a consequence, in favourable conditions, nanoplastics may accumulate.

However, the presence of additives or adsorbed elements may affect the net surface charge of the e-NPs, and it is therefore essential to evaluate this surface potential by direct measurement. Also, these surface functionalities are imperative to mimic the metal reactivity of nanoplastics in the environment. Therefore, this first determination of the e-NPs site density could be integrated to produce free soap nanoplastics with realistic site density at their surface 21 .

Among the different protocols to produce nanoplastics 21,[23][24][25] , using the altered layer from weathered plastics provides numerous advantages, including the realistic presence of random additives, an accurate representative shape and surface morphology, and the presence of oxidized functional groups. Among these groups, a non-negligible part was proton-reactive. The first step of the protocol used in this study is non-degradative, and thus, the extracted e-NPs are the closest model for nanoplastics produced by environmental photooxidation. Another advantage is the possibility to form nanoparticles that are environmentally representative of the plastic made in a specific place under specific conditions. Such properties may be essential for ecotoxicological studies. Moreover, the protocol described here provided quantity of e-NPs to further study their physicochemical properties with consumptive techniques and instruments in this study (XPS, MEB, ATR-FTIR, etc.). The yield reached ~80 to 90% depending on the initial concentration of the e-NPs suspension. Purified e-NPs were further characterized in terms of size, shape, composition, and surface properties. The e-NPs produced in this way had a colloidal behaviour in solution, were <1 µm, and had polymorphic shapes as expected for nanoplastics. The e-NPs were composed mainly of polypropylene, but polyethylene was also present. Concerning physicochemical properties, e-NPs were found to contain less than 30% oxidized functional groups (i.e., C=O, C-O, and C-O=O), and a non-negligible proportion were proton-reactive. The density of binding sites on e-NPs was comparable to mineral colloids like clays, which means they are a competing sorbent. The e-NPs are expected to be more stable at high pH values and unstable at low pH, according to the quantity of (de)protonated sites at its surface. Overall, the proposed protocol was successful in producing environmentally relevant nanoplastics. For the first time, we produced a suspension concentration that was sufficient to study nanoplastics' physicochemical properties. These achievements represent substantial progress in nanoplastic model research, and some direct consequences are the further characterizations of the nanoplastics' physicochemical properties, as a better understanding of nanoplastic behaviour and their impacts in the environment. Finally, our protocol offers the opportunity to the scientific community interested to the nanoplastics contamination by using this protocol for specific plastic composition that will be pre-selected. 
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Figure 1 :Figure 2 :

 12 Figure 1: Microplastics and extraction solution before and after applying the extraction protocol on beach plastics. (A), (B) are photography of the same MPs, in detail (A) is the MPs scratched before applying the protocol revealing the weathered layer at its surface and (B), the MPs after using the protocol; (C) and (D) are TEM observations of MPs, before and after using the protocol, respectively; and (E) and (F) showed the extraction solution before and after applying the protocol; (G) and (H) show a microplastic covered by organic materials, before and after using the protocol.

  Published on 28 September 2021. Downloaded by Bibliotheque de L'Universite de Rennes I on 10/4/2021 8:54:22 AM. View Article Online DOI: 10.1039/D1EN00395J

Figure 3 :

 3 Figure 3: Total Ion, m/z 70 and 69 e-NPs pyrograms from (A) beach debris and (B) floating debris. C9 for 2,4-dimehtyl-1heptene, C12 for 2, 4, 6-trimethyl-1-nonene (meso form), C15 Isotactic for 2, 4, 6, 8-tetramethyl-1-undecene, C15 Syndiotactic for 2, 4, 6, 8-tetramethyl-1-undecene.
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Figure 4 :

 4 Figure 4: Size characterization of e-NPs from beach and floating debris types. Log-transformed autocorrelation function (blue) and size nominated spherical nanoparticles of polystyrene (black) (A) and (D) for e-NPs from BD and FD, respectively. SBL modelling (red) from the autocorrelation function (B) and I for e-NPs from BD and FD, respectively. TEM images (C) and (F) from BD and FD, respectively. EDX spectrum and atomic composition of e-NPs 1, Ti oxide and the grid are available in SI 9.
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  . Therefore, the difference in the carbon bond distribution between e-NPs and the e-NPs OM surface is explained by the molecules' release during the e-NPs extraction. More oxidized carbon bonds characterize the e-NPs than for emicroplastics. Moreover, they share similar C=O on their surfaces, whereas O-C=O and C-O bonds are more present on e-NPs. O-C=O (the carboxyl functional group) is interesting as they are known to form complexes with metals 50 .

Figure 5 :

 5 Figure 5: Atomic bonding distribution from C1S. High-resolution spectra from the e-NPs FDs.
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  Alnaizy and Akgerman (2000) also demonstrated that temperature inhibits OM degradation from 90% to 30% if the temperature is decreased from 45°C to 20°C. Therefore, the temperature was set to 37°C (regulated in the UV reactor), pH 7 and 1% H 2 O 2 .

2, or ionic Fe(III)/Fe(II) (Vilhunen et al. 2010; Prata et al. 2019). Using H 2 O 2 avoids nanoparticle aggregation, compared to basic or acidic reagents. A preliminary investigation demonstrated that photooxidation at 254 nm with 1% H 2 O 2 is mandatory to reach more than 95% degradation (see S2).
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