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Environmental significance
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Wastewater treatment plants are a significant source of micro and nanoplastic pollution, as
9 conventional treatments are not designed to specifically remove them. Hence, studies focusing
on optimizing the removal of micro and nanoplastics from wastewaters are of great interest.
12 For accurate design and performance of these studies, suitable reference materials are
13 needed. In this work, we explored the production of reference micro and nanoplastics that
resemble those found in wastewater in various characteristics: shape, range of sizes,
16 superficial chemical composition, and the formation of an ‘eco-corona’.
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ABSTRACT

Micro and nanoplastics (MNP) pollution has become an increasingly concerning environmental issue.
Wastewater treatment plants represent a significant source of MNP pollution, as the treatments
involved do not completely remove them. Studies on their removal from water and wastewater are of
current interest. However, suitable reference materials are necessary to conduct these studies
accurately and to calibrate and validate analytical techniques capable of determining their
concentration in water and wastewater. This work provides new insights into developing such materials.
By a simple, straightforward, and cost-effective method, we produced MNP of target commodity
polymers: polyethylene (PE), polypropylene (PP), polystyrene (PS) , polyvinyl chloride (PVC) and
polyethylene terephthalate (PET) in sizes ranging from 20 to 3500 nm through non-solvent precipitation.
The MNP obtained were aged by exposure to UV/O; to simulate natural plastic weathering. We assessed
the dispersibility of the particles in various media and conducted a series of coagulation/flocculation
tests using both aged and non-aged particles in different aqgueous media. The results of these tests
suggest that an eco-corona was formed, which strongly influences the colloidal behavior of MNP. The
MNP obtained in this work proved to be suitable for assessing MNP removal efficiency in
coagulation/flocculation processes, provided that an adequate medium with a chemical composition
resembling that of wastewater is used. This research not only contributes to the development of
representative reference materials but also provides new insights into the colloidal behavior of MNP in
wastewater, which could help optimize removal efficiencies in wastewater treatment processes.

INTRODUCTION

In recent decades, micro and nanoplastic (MNP) pollution has become an
increasingly concerning environmental issue. MNP have been found in practically all
environmental compartments (1-6), and it is becoming clear that they pose a risk to
environmental, animal and human health (7—12). While their full environmental impact
is still under examination, they are known to disrupt cellular functions in organisms
(7,13) and have the propensity to accumulate in marine life. This accumulation raises
concerns about human health risks, mainly through the consumption of seafood, given
the increasing prevalence of these particles in marine environments. They also are
efficient carriers of harmful contaminants like heavy metals and persistent organic
pollutants (14,15).
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The 2023 ISO standard defines microplastics (MP) as plastic particles ranging in size
from 1 um to 1 mm, and categorizes them into several size classes: 1-5 um, 5-10 um,
10-50 pm, 50-100 um, 100-500 um, and 500-1000 um (16). Some studies similarly
classify MP as large, small, and very small, though the boundaries of these categories
differ. The threshold between small and very small microplastics has been identified as
50 um (17), 10 um (18), or even 5 pum (19,20), depending on the author. Although
nanoplastics (NP) are not covered in the ISO standard, they are commonly defined as
plastic particles exhibiting colloidal behavior, typically within the size range of 1 to 1000
nm (21,22).

‘The occurrence of MNP in wastewater treatment plants (WWTP) has been
documented, with these being detected in highly variable concentrations (up to 680
pg/L in influents, and up to 24 ug/L in effluents). There is evidence that in conventional
WWTP, a portion of the MNP is removed. However, the removal is not complete, and
due to the large quantities of effluents discharged worldwide, without specific
treatment to remove MNP or adaptations to existing processes to optimize their
removal, WWTP constitute a significant source of pollution (23-25).

Standardized analytical techniques are essential as fundamental tools for reliably
monitoring MNP in the environment and other matrices, such as wastewater and
drinking water. In recent years, various procedures have been applied to isolate,
identify, quantify and characterize MNP with varying levels of reliability and
reproducibility (3,4,26,27), but a standardized methodology has not yet been proposed.
One reason is the lack of reference materials that mimic the characteristics of MNP
found in environmental samples. Developing such materials is challenging because MNP
are not homogeneous; they exhibit diverse shapes, sizes, chemical compositions, and
degrees of surface degradation.

Most toxicological and environmental studies use polystyrene (PS) micro and
nanospheres (28,29) as they are readily available commercial options. However, it is
well documented that polyethylene (PE) and polypropylene (PP) are the most common
polymers found in MNP in the environment (30). In recent years, efforts have been
made to produce reference MNP of various polymers in different shapes and sizes using
physical and chemical methods. Physical methods include laser ablation (31), cryogenic
milling (32,33) and ultrasonic treatment (20,34). These methods offer the advantage of
producing MNP with characteristics similar to those isolated from environmental
samples, such as irregular shapes, a wide range of sizes (from 100 nm to 200 pm
depending on the method), and degraded surfaces. However, they have the drawbacks
of requiring expensive equipment (as in the case of cryogenic milling and laser ablation)
or producing MNP in limited quantities (as with laser ablation and ultrasonic
treatment).

MNP can be chemically synthesized in the micro or nanoscale using the emulsion-
polymerization method, where monomers serve as the starting material, and
polymerization is induced in agueous medium with surfactants (35-37). However, this
process requires high pressures, such as 100 bar for synthesizing PE nanoparticles (35),
and the resulting dispersions need purification to remove residual monomers, initiators
and surfactants. Another chemical alternative for producing MNP involves self-
assembling polymeric materials to create micro or nanoparticles, which two methods
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can achieve. The first method consists of dissolving the desired polymer in an
appropriate organic solvent and then creating an emulsion of the solution in water.
Once the emulsion forms, the organic solvent is evaporated, resulting in an aqueous
dispersion of MNP. The key to success in this method is achieving a high-quality
emulsion, homogenized to an ultra-fine level, typically by high energy mixing
(ultrasound) and adding surfactants to stabilize the emulsion. Solvent evaporation must
be carried out at low temperatures to prevent polymer re-dissolution (29,38). The
second method, known as non-solvent precipitation or nanoprecipitation, primarily
produces NP. It involves precipitating them from the polymer solution by adding a
miscible non-solvent with the initial organic solvent. Non-solvent precipitation has
found widespread applications in pharmaceutical research for nanoencapsulation of
drugs (39,40), as well as in food engineering for producing nanoparticles of natural
polymers like starch (41,42). Only a few studies have applied this method to produce
reference  MINP. Rodriguez-Hernandez et al. (43), dissolved ground polyethylene
terephthalate (PET) in concentrated trifluoroacetic acid (TFA) and precipitated it by
adding a dilute solution of TFA in water without the addition of a surfactant. After
separating the particles from the solvent/non-solvent mixture, they obtained a stable
dispersion of PET nanoparticles with diameters ranging from 50 to 200 nm, using a
surfactant. Tanaka et al. produced nanoparticles of PE, PS, polypropylene (PP) and
polyvinyl chloride (PVC) by dissolving PE and PP in xylene at 120°C, PS in toluene at 50°C
and PVC in cyclohexanone at 60°C. They precipitated the polymers by adding non-
solvents: dimethyl sulfoxide (PE, PP), dimethyl sulfoxide/distilled water (PVC), and
distilled water/ethanol (PS). The resulting NP had spherical shapes with diameters in
the range of 150 to 500 nm(44).

The present work is embedded in a project focused on studying the removal
efficiencies of micro- and nanoplastics in both conventional and emerging wastewater
treatment processes. In this context, and based on the background information
provided earlier, the primary objective was to obtain environmentally relevant MNP
that would allow us to study the removal of these particles from water and wastewater.
We focused on obtaining particles within a size range where suspensions exhibited
colloidal or near-colloidal behavior, since these types of particles are more challenging
to remove by conventional wastewater treatment processes (45). To achieve this goal,
we adopted a bottom-up approach.

First we developed a simple, straightforward, and cost-effective synthesis procedure
based on non-solvent precipitation. This method allowed us to obtain very small
microplastics (considered in this case as those smaller than 5 um) and nanoplastics.
From this point forward, both, very small microplastics and nanoplastics will be referred
to collectively as vMINP. With the aim of obtaining particles in a wide range of sizes, we
investigated the impact of synthesis parameters on the sizes of the produced vMNP.
Previous reports have indicated that key factors governing particle size in non-solvent
precipitation include the choice of non-solvent, the solvent-to-non-solvent ratio, the
incorporation of a surfactant, and the polymer concentration. Among these
parameters, the polymer concentration emerges as a key factor influencing the
resultant particle sizes (41,42).
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Secondly, to better replicate the surface characteristics of MNP found in real-world
samples, we also investigated artificial aging processes. A few previous studies have
explored artificial aging of MNP using various approaches, including UV irradiation (46—
48), advanced oxidation processes involving Fe?*/H,0, and K,S,0g (49), and ozone
treatment (48,50). In all cases, short-term treatments (3-96 h, depending on the
method) increased the presence of polar groups (such as C=0, O-H and C-O) on the
surface of the MNP, comparable to several months or even years of natural
environmental exposure (47,49). In our study, we attempted to produce VMNP with
degraded surfaces through two methods: 1) exposing VMNP synthesized from virgin
polymers to UV/O; and 2) synthesizing VMNP through non-solvent precipitation using
naturally weathered plastic waste as the starting material.

It has been reported that in natural environments, MNP tend to accumulate a layer
of proteins, polysaccharides, and other organic matter, known as an eco-corona. This
coating alters the surface properties of the MNPs, preventing their aggregation and
enhancing stability by promoting steric and electrostatic repulsion (1,13). To assess this
phenomenon, we examined how the formation of an eco-corona impacts the
generation of stable aqueous VMNP dispersions by exposing them to different media.

Finally, to assess the suitability of the produced VMNP as model particles for
evaluating their removal from water and wastewater, we conducted
coagulation/flocculation tests using VMNP dispersions. Coagulation/flocculation was
specifically selected for this phase of our research because it serves as a fundamental
process in water and wastewater treatment plants. Its primary aim is to improve the
separation of particulate matter in subsequent treatment stages like sedimentation and
filtration. By agglomerating colloidal particles and finely divided substances, these
processes create larger particles that can be efficiently removed (51). Given their
extensive use in water and wastewater treatment, it offers a significant potential for
enhancement, particularly in optimizing the removal of MNP.

The findings of this study contribute to the development of more accurate reference
materials and provide valuable insights into VMNP behavior during
coagulation/flocculation, a widely used wastewater treatment process. These results
set the foundation for future evaluations and optimization of removal efficiency in
wastewater treatment plants.

EXPERIMENTAL SECTION

VMNP synthesis

The synthesis procedure involved dissolving the polymer in the solvent at the
temperatures and concentrations shown in Table 1. Subsequently, the solutions were
cooled down, if necessary, to the synthesis temperature. Under magnetic stirring, the
VMNP were precipitated by rapidly adding the non-solvent (pre-heated to the synthesis
temperature if necessary) to the polymer solution in a 1:1 volume ratio. The synthesis
temperature for PE and PP vMNP was set at 70°C, because, based on experimental
verification, both polymers precipitate from the solution at temperatures between 60-
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65°C. In contrast, for PS, PVC, and PET, this precipitation did not occur; therefore, vMNP
syntheses were conducted at room temperature (20°C).

The reaction mix (solvent + non-solvent + vMNP) was centrifuged at 4000 rpm for 3
minutes to remove the solvent. The supernatant was discarded, and the solids were re-
dispersed in ethanol. This procedure was repeated, and the resulting solids were stored
in ethanol.

Four experiments were carried out for polyethylene (PE) to study the influence of
two synthesis parameters in the obtained particle size distribution: polymer
concentration and the presence of surfactant (Tween 60) in the reaction mix. The
conditions of each experiment are summarised in Table 1.

Polymer

Tween 60

Non-solvent

Starting Solvent T synthesis
Exp. conc. conc. material (T dissolution) (Non-solvent: °0)
(mg/mL) (% w/v) Solvent ratio)
PE1 1.5 0 Virgin PE Toluene (90°C) Ethanol (1:1) 70
PE2 1.5 2 Virgin PE Toluene (90°C) Ethanol (1:1) 70
PE3 15 0 Virgin PE Toluene (90°C) Ethanol (1:1) 70
PE4 15 2 Virgin PE Toluene (90°C) Ethanol (1:1) 70
Naturally R )
wPE1 1.5 0 weathered PE Toluene (90°C) Ethanol (1:1) 70
Naturally o-Xylene )
wPP1 1.5 0 weathered PP (120°C) Ethanol (1:1) 70
. o-Xylene ]
PP1 1.5 0 Virgin PP (120°C) Ethanol (1:1) 70
Ps1 15 0 Virgin PS Tetrahydrofuran o1 (5:1) 20
(60°C)
PVC1 15 0 Virgin PVC Tetra?g’;gf”ra” Ethanol (10:1) 20
- Trifluoroacetic
PET1 1.5 0 Virgin PET acid (50°C) Ethanol (5:1) 20

Table 1 - Conditions of the different vYMNP syntheses. PE - Polyethylene; PP - Polypropylene; PS - Polystyrene; PVC - Polyvinyl
Chloride; PET - Polyethylene Terephtalate

Additionally, to test whether the synthesis applied to other polymers, experiments
were conducted with PP, PS, PVC and PET, under the conditions described in Table 1. In
the PS, PVC and PET experiments, higher non-solvent to solvent ratios were used
because it was observed that at a 1:1 ratio, the particles collapsed after centrifugation
and aggregated, forming macroscopic films and fibres.

PE (pellet, low density, melt index 25 g/10 min), PVC (powder, average Mw 62000,
average Mn 35000), PET (granular), Tween 60 (for synthesis), and Trifluoroacetic Acid
(for synthesis) were purchased from Sigma Aldrich (Merck). PP (pellets, melt index 1.5
g/10 min) was acquired from Braskem S.A., while PS (pellets, melt index 18.16 g/10
min) was obtained from Videolar-Innova S.A. As for the solvents, toluene (ACS) was
sourced from Macron Fine Chemicals, O-Xylene was purchased from Fischer Scientific
(Fischer Scientific UK Limited), ethanol (absolute, ACS, ISO, Reag Ph Eur) from Merck
Millipore (Merck KGaA), and tetrahydrofuran (ACS, I1SO, Reag Ph Eur) from Supelco
(Merck KGaA).
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To determine whether vMNP with oxidized surfaces could be produced, PE and PP
VMNP were synthesized using macroplastic residues weathered by environmental
exposure as the starting material (experiments wPE1l and wPP1). PE and PP were
selected because they are among the two most widely produced polymers globally (52)
and are frequently found among the top three polymers in MNP detected in
wastewater samples (25,53).

Naturally weathered PE and PP waste samples were collected from a local beach in
the Department of Rocha, Uruguay. Various pieces of plastic, mainly fragments of
bottles and caps, were selected based on their brittleness, indicating prolonged
environmental exposure. The plastics were subsequently analyzed by FTIR to confirm
their chemical identity and to detect indicators of surface oxidation, such as -C=0, -C-O,
and -O-H peaks.

Artificial aging process

VMNP obtained in the PE1 and PP1 experiments were dried overnight in an oven at
60°C. In each experiment, 10 mg of vMNP were weighed in a petri dish and exposed to
UV light (15 mW/cm? at 185 nm) and O; in a UV/O; cleaner (L2002A2, Ossila Ltd.). The
tested exposure times were 30, 60, 120 and 180 min.

Immediately after each exposure time, a small sample was analyzed in an FTIR
spectrophotometer (Perkin Elmer Frontier with ATR accessory), and the spectrum
between 750 and 4000 cm™ was recorded. Three replicates were conducted for each
exposure time.

Carbonyl, hydroxyl, and carbon-oxygen indexes were calculated using the following
equations (47,49):

Maximum peak height in C = O band

le=o= Maximum peak height in CH,band

I _ Maximum peak height in C — O band
¢=0™ "Maximum peak height in CH,band

. Maximum peak height in O — H band
0—H =

Maximum peak height in CHyband

where the C=0 band corresponds to 1550-1810 cm™ (C=0 stretching), the C-O band to
1210-1124 cm™ (C-O stretching) and the O-H band to 3200-3550 cm™ (O-H stretching).
The methylene band (3000-2800 cm) was used as the reference for the calculation of
the three indexes (47,49).

Characterization of vIMINP

Size distribution was measured by Dynamic Light Scattering (DLS) using a particle size
analyzer (Zeta-Plus, Brookhaven Instruments Corporation, Holtsville, NY) at 635 nm and
a dispersion angle of 90°. Samples were dispersed in deionized water with 0.05% Tween
60 and ultrasonicated for 10 min at 40 kHz (Branson Ultrasonics). The measurement
cuvette was filled with deionized water (previously filtered with a 0.22 um syringe filter)
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and two drops of the vMNP dispersion were added. The cuvette was homogenised by
shaking it manually.

Morphology of the VMNP was observed in a transmission electron microscope (TEM,
JEOL JEM 2100) at 200 kV voltage acceleration. Size distribution was obtained by image
analysis (FIJI/Image J software (54)) and compared with the DLS size distribution. To
obtain the size distribution, Feret’s diameter—representing the longest distance across
the particle in the image plane— was measured in a selection of between 700 and 1000
particles for each sample. Log-normal distribution functions were fitted, deriving mean
diameters and standard deviations from these fitted functions (55).

Dispersibility of the vMINP

To evaluate the aging process's success in the vMNP's dispersibility, 7 mg of dried PE
or PP vMNP (non-aged and aged) were suspended in 200 mL of deionized water using
an Ultraturrax (for 30 seconds) and an ultrasound bath (30 minutes at 40 kHz, Branson
Ultrasonics). The turbidity of the resulting dispersions was measured with a TB100
turbidimeter (Bante Instruments). Every dispersion experiment was carried out
independently three times, and the final turbidity was measured in triplicate.

We conducted a similar procedure using filtered wastewater as the medium for both
PE and PP VMNP (non-aged and aged). This experiment aimed to evaluate the
dispersion of vMNP in an actual wastewater sample.

Untreated municipal wastewater was collected from a local wastewater treatment
plant (WWTP) in the City of Maldonado, Uruguay, where the treatment process
involves coagulation/flocculation. To be able to measure the turbidity caused by the
dispersion of the vMNP, we eliminated most of the suspended solids. The wastewater
was subsequently filtered using cellulose membrane filters (0.45 um pore size) to serve
as a medium for the coagulation/flocculation tests. After filtering the wastewater the
initial turbidity was 0.75 £ 0.18 NTU, and the pH was 8.10.

Coagulation/flocculation tests

Coagulation tests were conducted using PE and PP vMNP, non-aged and aged, in
deionized water and filtered wastewater. Aluminum sulfate (alum, technical grade,
Drogueria Industrial Uruguaya) was used as both the coagulant and flocculant. To
minimize variables in the tests, we did not use additional polymers to enhance
coagulation.

For each coagulation/flocculation test, 7 mg of non-aged or aged PE VMNP were
dispersed in a 100 mL beaker containing deionized water or filtered wastewater. This
dispersion was achieved using an Ultraturrax for 30 seconds and an ultrasound bath for
30 minutes at 40 kHz (Branson Ultrasonics). The initial turbidity was standardized to an
identical value for all tests by diluting the dispersions with the respective medium.
Turbidity was subsequently measured using a turbidimeter (TB100, Bante Instruments).

The alum dosage, mixing velocities, and settling times were configured to replicate
the typical process conditions of the wastewater treatment plant from which the
wastewater sample was taken. Alum was added at a 120 mg/L dose and the beakers
were stirred in a magnetic stirrer with multiple positions (RT 15, IKA-Werke GmbH &
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CO) at 250 rpm for 15 minutes (fast mixing) and 50 rpm for 1 minute (slow mixing).
After the mixing stage, the content of the beakers was allowed to settle for 30 minutes,
and final turbidity was measured. Each test was repeated three times, with turbidity
and pH measurements taken in triplicate for each repetition. Turbidity-based removal
efficiencies (ng) were calculated as:

Turbidityinitial — Turbidityﬁna]

Turbidityinitial 100

nr(%) =

In a subsequent phase, additional tests were conducted to differentiate the
effects of the eco-corona and ionic strength on flocculation. Non-aged PE and PP were
dispersed in two media: one containing only protein and the other containing protein
with adjusted ionic strength. The media compositions were as follows:

e 10 g/L peptone solution in deionized water
e 10 g/L peptone solution in 0.1 M NaCl

Peptone (Oxoid) was selected as the protein source because it is a key component in
synthetic wastewater formulations (56).

Statistical analyses

To evaluate potential significant differences in the vMNP dispersions in different media
and in the efficiencies obtained in the dispersion and coagulation/flocculation tests,
mean values of three replicates were compared using a paired t-test (a=0.05) via
InfoStat software (57).

RESULTS AND DISCUSSION

Production of vMNP using a bottom-up approach

Both TEM micrographs and DLS measurements depict particles within the low
micrometre and sub-micrometre ranges, exhibiting granular shape in experiments PE1
to PE4 (Figures 1 and Supplementary Material 1, SM1). As indicated in the size
distributions shown in Figure SM1, the observed particle diameters, determined via
TEM analysis, ranged from a minimum of 50 nm to a maximum of 3500 nm. Statistical
parameters derived from the distribution functions fitted to the data are detailed in
Table 2.
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Tween DLS TEM
PE conc. 60 D D
Exp SD SD
(mg/mL) conc. mean (nm) mean (nm)
nm nm
(%) (nm) (nm)
PE1 1.5 2 888 146 599 208
PE2 1.5 0 567 173 316 93
PE3 15 2 1354 268 1132 464
PE4 15 0 982 172 776 360

Table 2 - Mean diameters (by DLS and TEM) and standard deviations (SD) for polyethylene (PE) vMNP obtained under different
synthesis conditions

b)

1000 nm

1000 nm

1000 nm

Figure 1 — TEM micrographs of experiments PE1 (a), PE2 (b), PE3 (c) and PE4 (d)

The difference between the mean diameters obtained by TEM and DLS is attributed
to the fact that DLS measures the hydrodynamic diameter, which includes the layer of
surfactant molecules attached to the particle surface and the electric double layer that
moves along with the particle, wheras TEM measures the actual particle diameter.

Figure 2 shows the graph of the mean diameter obtained by TEM versus the mean
diameter obtained by DLS. The graph shows a linear relationship with an approximate
slope of 1 and a y-intercept of 284 nm. The slope of approximately 1 indicates that, on
average, the difference between the diameters measured by both techniques is
constant and does not depend on the particle size. The y-intercept (284 nm) represents
the value of this constant difference, which accounts for the combined thickness of
surfactant and electrical double layers. Both DLS and TEM size distributions show a
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tendency for the mean particle diameter to increase with both polymer and surfactant
concentrations.

1400

y =1,049x- 284
R? = 0,995

g2 8 8 ¢

TEM mean diameter (nm)
&
2

3

o

0 500 1000 1500
DLS mean diameter (nm)

Figure 2 - TEM mean diameter vs. DLS mean diameter

There are contradicting reports on the influence of these factors in the resulting particle
sizes. Lebouille et al. developed a theoretical model for the precipitation of polymer
nanoparticles with a non-solvent (39), and found that for fast mixing times, particle diameter is
independent of the polymer concentration, but when mixing times are slow, it is proportional
to polymer concentration to the 1/3 power. Others found that particle diameters decrease
when polymer concentration increases within certain ranges (41). When a non-solvent is
introduced into a solution, it induces supersaturation and initiates nucleation. The rate
of nucleation increases under higher supersaturation conditions caused by elevated
solute concentrations. This implies that more nuclei are generated, resulting in smaller
particles, as the same amount of solute is distributed among a greater number of
nuclei. Once the solute concentration is reduced below the critical supersaturation
concentration, the formation of nuclei stops, and the formed particles start growing
through the addition of solute molecules to the particle surface, and the adhesion of
two or more particles. Particle growth rates depend on the diffusion speed of the solute
and the collision frequency between particles. These last two factors increase at higher
polymer concentrations (42). In summary, increasing polymer concentration has two opposing
effects: it increases both, nucleation (favouring the formation of more and smaller particles)
and growth rates (favouring the formation of larger particles). In the concentration ranges
used in this study (1.5-15 mg/mL), the increase in growth rates prevails, resulting in larger
particles at higher polymer concentrations.

The effects of adding surfactant in the type of synthesis used in our work are
unclear. Some authors report that adding them results in smaller particle sizes (58) and
attribute it to the presence of surfactant micelles compartmentalizing the system and
inhibiting particle coalescence (39). Others observe the opposite and attribute the size
increase to the formation of complexes with the polymer (41). In our study, syntheses
with the addition of 2% Tween 60 resulted in significantly larger particles compared to
experiments conducted under the same conditions but without the surfactant. One
possible explanation for this observation is that the applied surfactant concentrations
were too high. According to Joye and McClements, the presence of surfactants should
increase the nucleation rate, primarily due to the reduction of surface tension, resulting
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in the formation of smaller particles. However, when surfactants are present in high
concentrations, they can promote particle growth and coalescence, leading to the
opposite effect (42).

The findings from this stage of the research highlight the potential for adjusting the
final size of vYMINP by manipulating polymer and surfactant concentrations. This strategy
allows for covering a wide range of sizes within the categories of very-small
microplastics and nanoplastics.

Applying the same synthesis procedure under the conditions described in Table 1 for
experiments PP1, PVC1, PS1 and PET1, granular-shaped vMNP were obtained in all
cases (Figure 3). Figure SM2 illustrates the size distributions obtained by TEM for each
experiment, while the statistical parameters derived from the fitted log-normal
distributions are shown in Table 3. DLS measurements were not conducted for these
experiments because our previous work with PE demonstrated that DLS diameters are
proportional to TEM diameters, with the latter providing a more accurate reflection of
the actual particle size. These results demonstrate that the synthesis procedure is also
applicable to other polymers, as long as the appropriate solvent and non-solvent are
chosen.

| —
| 1000 nm

c)

I
500 nm

Figure 3 - TEM micrographs of PP (a), PVC (b), PS (c) and PET (d) vMNP

The considerable differences between the mean diameters obtained with the
different polymers can be attributed to other factors that were not constant through all
the experiments, such as the synthesis temperature, the difference in polarity between
solvent and non-solvent and the chemical structure of the polymer itself.
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TEM
E Polymer conc. Tween 60
X "
p (mg/mL) conc. (%) Mean diameter SD
(nm) (nm)
PP1 1.5 0 790 337
PS1 1.5 0 231 136
PVC1 1.5 0 53 12
PET1 1.5 0 82 26

Table 3 - Mean diameter and standard deviation (SD) for vMNP of other polymers. PP —
Polypropylene, PS — Polystyrene, PVC — Polyvinyl Chloride, PET — Polyethylene Terephtalate

Development of environmentally relevant vMNP: artificial surface weathering

When exposed PE and PP vMINP to UV/Os, their FTIR spectrum showed a band at
approximately 1715 cm™. This band is associated with the stretching vibration of
carbonyl groups (v-C=0) (47,48,50), and its intensity increased with exposure time
(Figures 4 and 5).

o
-8
Absorbance (a.u.)

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 4 - FTIR spectum over exposure time for PE VMNP aged with UV/O;
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In the FTIR spectrum for PE vMINP (Figure 4), the band at 1300-850 cm™* also showed
an increase in absorbance with exposure time. This band displays three main peaks,
with maxima at 1177 cm?, 1063 cm™?, and 942 cm. In particular, the peak at 1177 cm™
is associated with the stretching vibration of the C-O bond (v-C-O) characteristic of the
ester group (47,59), and it was selected for the calculation of the C-O index. The same
behavior is observed in PP VMNP spectra (Figure 5). Still, the spectrum for non-aged PP
shows a peak at 1167 cm™ (one of the characteristic peaks of isotactic PP folding in
helical structures (60)), which interferes with the C-O peak at 1177 cm™. To correct this
interference, in calculating the C-O index in PP VMNP, the absorbance at 1177 cm™ at
t=0 (non-aged PP) was subtracted for each exposure time.

The evolution of the C=0, O-H, and C-O indices with exposure time for PE and PP
VMNP is presented in Figure 6. In all cases, an increase in all three indices is observed
with exposure time, tending to stabilize after approximately 180 minutes. Aging by
UV/O; results in an FTIR spectrum similar to those of naturally weathered macroplastics
(Figure 7). This aligns with findings reported in other studies (47,61).
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Figure 6 - Evolution of C=0, C-O and O-H indices over exposure time
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Regarding the synthesis of VMNP from naturally weathered PE and PP macroplastics,
as seen in Figures 7 and 8, the FTIR spectra of the obtained vMNP are similar to those of
non-aged VMNP. The oxidation of macroplastics occurs on the surface, forming a layer
of oxidized polymer, beneath which the virgin polymer remains intact. This observation
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could be explained by the polymer chains forming the oxidized layer exhibiting a
stronger affinity for the non-solvent, likely due to the presence of polar functional
groups within them. As a result, these chains stay dissolved in the solvent/non-solvent
mixture, while the inner chains lacking these polar functional groups precipitate as
VMNP.
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25 Figure 7 - FTIR spectra of naturally weathered PE waste (NWW, upper), vMINP synthesized from naturally weathered PE waste as starting
26 material (VMNP from NWW, middle) and vMNP synthesized from virgin polymers (vMNP from VP, lower).
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48 The effects of aging in the colloidal behaviour of VMNP were assessed in the
49 dispersibility studies. The resulting turbidity of dispersing both PE and PP VMNP in
deionized water (DW) and filtered wastewater (FWW) are shown in Table 4.
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Turbidity (NTU)
VMNP from
Medium  Non-aged Aged VMNP naturally
vMNP (180 min) weathered
plastics
PE DW 9.0 (2.3)° 53.9 (4.1)b 8.1(1.2)°
FWW 62.2 (3.9)° 60.5 (2.2)° -
op DW 13.9 (1.9)¢ 151.3 (1.7)¢ 15.9 (2.6)°
FWW  148.8 (10.3) 149.5 (7.5) -

Table 4 - Turbidity of dispersions of the different vMNP (mean and SD (n=3)).
Means with the same letter are not statistically different.
DW = Deionized Water, FWW = Filtered Wastewater, PE = Polyethylene, PP = Polypropylene.

Few particles were dispersed when both non-aged vMNP and vMNP from naturally
weathered plastics were exposed to deionized water and ultrasound. As a result, the
vMNP powder remained agglomerated at the water surface, leading to lower turbidity
measurements. This was due to only a small portion of the particles achieving
dispersion. This observation is consistent with the spectra presented in Figures 8 and 9,
which show identical peak profiles for both non-aged vMNP and vMNP from naturally
weathered plastics, for both PE and PP.

On the other hand, successful dispersion was achieved for aged VMNP in deionized
water (DW), and for both non-aged and aged vMNP in filtered wastewater (FWW).
Visually, the dispersions appeared homogeneous, with no agglomerated particles
visible to the naked eye. The resulting turbidities for these three dispersions of the
same polymer were not statistically different (see means with the same letter in Table
4).

The higher turbidity observed when dispersing aged VMNP in DW compared to non-
aged VMNP suggest that UV/O; aging enhances the affinity of the VMNP for the
aqueous phase. When dry non-aged vMNP, consisting for both PE and PP on —C-H-
chains, are brought into contact with deionized water, they fail to form polar
interactions with water molecules, which are crucial for breaking the Van der Waals
interactions holding the particle agglomerates together (62). Consequently, only a small
amount of the particles disperses, leading to a lower turbidity.

On the other hand, aged vMNP develop polar groups on their surface (-C=0, -O-H,
and —C-O-), enabling the formation of hydrogen bonds and polar Van der Waals
interactions between water and polymer molecules on the VMNP surface. These
interactions aid in disrupting the forces between the particles when they come into
contact with water, enabling the particles to disperse in water without the need for
surfactants.

Our studies revealed that higher turbidities were obtained for PP vMNP compared to
PE vMNP. Given that the mass concentration is constant for both polymers and that PP
VMNP particles are larger (790 nm mean diameter for PP vs. 316 nm for PE), the particle
concentration (number of particles per liter) is expected to be higher for PE vMNP than
for PP VMNP, which would typically suggest lower turbidity for PP. However, Melik and
Fogler (63) conducted studies on turbidity at the nanoscale and found that while
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turbidity generally decreases with particle size, within a certain range, the trend
reverses, and an increase in turbidity is observed as particle size increases. This
behavior is depicted in Figure 9, where the turbidity (t) of a monodisperse system is
theoretically modeled. Considering the particle diameters shown in Tables 2 and 3 and
using a turbidimeter wavelength of A = 860 nm, and refractive indices of 1.50 for PE,
1.47 for PP and 1.33 for water, the corresponding points for estimating dimensionless
turbidities for our PE and PP vMNP dispersions are marked in Figure 9 in red and green,
respectively. These findings confirm that significantly higher turbidities are indeed
expected for PP vMNP dispersions.
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Figure 9 — Dimensionless turbidity of a monodisperse system (extracted from Melik and Fogler (63)).
T.A/® - dimensionless turbidity, A - turbidimeter wavelength, ¢ - particle concentration expressed as
volumetric fraction (mass concentration/polymer density), a=2mr/A - dimensionless particle radius, r -
particle radius, m - ratio between particle and medium refraction indexes

The estimated coordinates for our vMNP are o = 1.154 and m = 1.125 (PE), and a = 2.886 and m = 1.103
(PP). The negligible difference in ¢ between PE and PP vMNP dispersions, due to similar densities, does
not account for the significant disparity in dimensionless turbidity.

An important characteristic that likely significantly affects colloidal behavior is
surface morphology (roughness). Veclin et al. found that surface morphology influences
the zeta potential of nanoplastics and consequently, their colloidal behavior. However,
the same study concluded that surface morphology is not the determining factor in
homoaggregation, with particle shape having the greatest influence. Spherical particles
tend to be more stable in high ionic strength media, while anisotropic particles—more
representative of MNP found in environmental samples—are prone to aggregate more
easily (64). Furthermore, the study does not account for the influence of the eco-
corona, which is likely to form around vMNP in environmental conditions. The presence
of this organic coating could mask the particle's surface roughness, diminishing its
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effect on colloidal behavior. This masking could play a significant role in modifying how
anisotropic particles aggregate and disperse in real-world environments.

The VMNP synthesized in our study exhibit anisotropic characteristics, which can
complicate their dispersion in water, particularly in the absence of organic matter. A
more detailed study on the effects of different shapes and surface morphologies on
dispersibility would be of great interest, though it exceeds the scope of this current
work.

Production of environmentally relevant vMINP: Eco-corona

The results from the dispersibility assays show that both aged and non-aged vMNP
fully disperse in a medium containing organic matter (FWW). However, in a medium
without organic matter (DW), only aged vMNP achieve full dispersion. Additionally, we
found no significant difference in turbidity between non-aged and aged vMNP
dispersions in FWW (see Table 4). These findings provide the first evidence that particle
surface chemistry may not be the primary factor influencing the colloidal behavior of
VMNP in this medium. A possible explanation is the formation of an eco-corona, a layer
of macromolecules that adhere to the particle surface. The eco-corona might function
similarly to a surfactant, obscuring the particle surface, and the polar groups within
these macromolecules could enhance the interaction between the particles and the
surrounding water molecules.

Coagulation and flocculation tests provide further insight into this subject. The
results of these tests are detailed in Table SM2 and illustrated in Figure 10a and 10b.
Tests conducted with non-aged VMNP in DW were excluded from the results, as
dispersion was minimal and the target initial turbidity (50-60 NTU) could not be
reached. We observed that, regardless of the polymer and aging, using filtered FWW as
the medium enhances agglomeration, and higher removal efficiencies are achieved.
Within each polymer, the efficiencies obtained in the FWW tests were not statistically
different for both aged and non-aged vMINP.

Agglomeration also occurs when aged VMNP are used with DW as the medium,
following the addition of the coagulant (see Figure 10a). However, in this case, the flocs
do not group together and settle. Instead, vMNP form larger agglomerates that remain
suspended and are visible to the naked eye. The removal efficiencies observed in these
tests are significantly lower compared to those achieved with the same polymer and
aging, but using FWW as the medium.

These observations could be explained by two hypotheses:

1) An eco-corona was formed, in both cases (aged and non-aged vMNP) when using
FWW as the medium. As the particle is covered by the eco-corona, its surface
chemical composition would not affect the interactions with water molecules.

2) The higher ionic strength in FWW in comparison to DW. Wastewaters contain
dissolved salts, which increase the ionic strength of the solution. lonic strength
affects the repulsion distance between charged particles by compressing the
electrical double layer surrounding each particle. Increasing ionic strength
decreases the Debye length—the distance over which electrostatic interactions
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1
2
3 are significant—thereby reducing the interaction distance between particles and
g promoting agglomeration (65). The higher ionic strength of FWW, combined with
6 the addition of a coagulant (which also increases ionic strength), could explain
7 the increased agglomeration observed in FWW during coagulation/flocculation
g tests, leading to higher removal efficiencies.
10
11
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36 Figure 10 - Turbidity-based removal efficiencies (ng) from coagulation/flocculation tests of PE and PP vMNP (non-aged and aged) in different media.
37 DW = Deionized water, FWW = Filtered wastewater, PE = Polyethylene, PP = Polypropylene
38
39
2(1) However, the ionic strength hypothesis seems to contradict the results of our
42 dispersibility assays, which consistently showed greater stability of dispersions in a
43 medium with higher ionic strength (FWW). To address this discrepancy, we conducted
44 additional coagulation/flocculation tests using non-aged and aged PE and PP vMNP
45 . . . . . .
46 dispersed in a medium containing only protein (10 g/L peptone in DW), as well as the
47 same medium with adjusted ionic strength (10 g/L peptone in 0.1 M NaCl). The results,
48 shown in Table SM2 and Figure 10c and 10d, suggest that both eco-corona formation
gg and ionic strength effects are at play.
Both non-aged PE and PP were successfully dispersed in both media, supporting the
51
52 eco-corona hypothesis. The successful dispersion of vMNP from both polymers in the
gi peptone in DW medium and FWW, but not in DW alone, suggests that peptone, along
55 with proteins and other macromolecules present in FWW, likely attaches to the VMNP
56 surface enabling the particles to remain suspended.
57 Another observation that suggests the formation of an eco-corona is the lack of
gg significant differences in removal efficiencies when organic matter was present (FWW,

60 peptone in DW, and peptone in 0.1 M NacCl), regardless of the aging state of the vMNP
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surface (see Table SM2). This is consistent with findings by Farraj et al., who observed
that for PS nanoplastics incubated in synthetic wastewater, removal efficiency during
coagulation/flocculation correlated with the removal of total suspended solids,
irrespective of the nanoplastics’ size, concentration, or surface chemistry. This was
attributed to the eco-corona, which masked the nanoplastic surface due to dissolved
organic substances in the wastewater matrix (66,67).

The ionic strength hypothesis is supported by the higher removal efficiencies
observed in experiments using peptone in 0.1 M NaCl compared to peptone in DW. This
suggests that increased initial ionic strength promotes flocculation, aids particle
sedimentation, and results in better removal efficiencies. To further confirm this, we
tested flocculation at higher alum doses in the peptone in DW experiments. Initially,
almost no turbidity removal was observed, but as we increased the alum dose to 360
mg/L, flocculation occurred (see Table SM2). This confirms that the initial ionic strength
of the medium has an important influence on the coagulant dose required to achieve
effective flocculation.

In summary, both the eco-corona and ionic strength hypotheses appear to be
correct, with their effects being oppositional: the eco-corona facilitates dispersion,
while increased ionic strength promotes agglomeration. In the tested media, prior to
the addition of the coagulant, the stabilization provided by the eco-corona likely
outweighs the agglomeration tendency caused by ionic strength, allowing the particles
to remain suspended. When alum is added, the ionic strength increases significantly
due to the high charge of the AI** cations. It is hypothesized that in media with existing
ionic strength (like FWW and peptone in 0.1 M NaCl medium), this further increase
destabilizes the dispersion, leading to flocculation. In contrast, when no initial ionic
strength is present (as in the peptone in DW medium), the ionic strength from alum is
insufficient to cause destabilization, preventing flocculation, as suggested by the limited
removal efficiency in these experiments.

The effect of organic matter on VMNP removal efficiencies in
coagulation/flocculation processes has been explored in a limited number of studies. It
has been observed that incubating PE and PS microplastics (45-53 um) in real
wastewater, where an initial ionic strength is present, enhances removal efficiency
during coagulation/flocculation (68). Conversely, when PS nanoplastics are treated in
deionized water with added humic acid (but without initial ionic strength), removal
efficiency has been found to decrease. This reduction is likely due to steric stabilization
and electrostatic repulsion caused by the adsorption of humic acid onto the nanoplastic
surface (69). These findings are in line with our observations, suggesting that both ionic
strength and the nature of organic matter play a critical role in determining the
effectiveness of MNP removal during coagulation/flocculation.

CONCLUSIONS
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This study developed a cost-effective procedure for synthesizing vMNP from five
major polymers (PE, PP, PVC, PS, and PET) using a non-solvent precipitation method.
The obtained vMNP exhibit granular shapes and sizes within the low micrometric and
nanometric ranges, with controllable particle size based on polymer and surfactant
concentrations during synthesis. Aging the vMNP with UV/O; exposure modifies their
surface chemistry, introducing polar functional groups that enable suspension in water,
which is critical for wastewater removal studies.

Evidence suggests the formation of an eco-corona in the presence of organic
matter, which masks the surface chemistry of the particles. This masking effect enables
dispersion when the VMNP surface is not oxidized and equalizes
coagulation/flocculation performance, regardless of whether the surface is aged or not.

The results also emphasize the importance of ionic strength in
coagulation/flocculation processes. The significantly lower removal efficiencies
observed in deionized water (compared to filtered wastewater), and in peptone in
deionized water (compared with peptone in 0.1 M NacCl), highlight the necessity of
initial ionic strength for achieving effective flocculation at coagulant doses similar to
those used in wastewater treatment plants. These findings suggest that tests
performed in deionized or low-strength media may underestimate VMNP removal
efficiency or require higher non-representative coagulant doses.

This study highlights the necessity of considering both particle synthesis and
medium composition when developing reference materials for wastewater treatment
tests. Media that mimic environmental conditions, such as filtered wastewater or
synthetic wastewater, are expected to provide more accurate results. Additionally, the
synthesis procedure’s applicability to other polymers like PS, PVC, and PET, and further
exploration of aging and dispersibility, will be addressed in future research.

Overall, the feasibility of producing environmentally relevant PE and PP vMNP
has been demonstrated, showing promise as reference materials for wastewater
treatment, especially in coagulation/flocculation assays. The suitability of these
materials as reference standards will be confirmed after evaluating their removal
efficiencies under real wastewater treatment plant conditions in the later stages of the
research.
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