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o Polyamide microplastics present a high
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o The experimental and theoretical results
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e Hydrogen bonds and electrostatic in-
teractions occur in the microplastic
complexes.
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ABSTRACT

Microplastics can act as vectors of a wide class of contaminants in aquatic environments. The sorption behavior
of two hormones known to cause adverse effects in biota even in low concentrations (testosterone-TTR and
progesterone-PGT), and a pesticide with a high environmental persistence known as endocrine disruptor
chemical (atrazine-ATZ) onto polyamide (PA) microplastics is investigated under different aquatic matrices using
kinetic and isotherm experiments. The sorption equilibrium is achieved in 48 h, and the experimental results are
better fitted by pseudo-2nd-order model. Langmuir isotherm better describes the sorption of the contaminants
onto PA microplastics. PGT presents the highest sorption efficiency at around 90%, followed by TTR at 70% and
ATZ at approximately 20%. Moreover, ATZ is the contaminant with the highest desorption efficiency (~65%),
indicating its preference for staying solubilized in water. Combining classical molecular dynamics and density
functional theory calculations, the sorption energies were calculated as 12-15 kcal mol ™%, 13-16 kcal mol %, and
19-22 kecal mol ™! for PGT, TTR, and ATZ, respectively, showing that PGT needs less energy to be transferred
from the solvent network to the PA surface, in agreement with experimental results. The sorption mechanism is
driven by hydrogen bonds onto PA outer surface, while the electrostatic interactions dominate the PA inner
surface sorption. Moreover, the sorption efficiency is statistically different between the investigated matrices,
indicating that physicochemical characteristics of water systems could influence the interactions between PA-
contaminant. In seawater, the phenomena of salting-out/in and competitive sorption with saline ions are
observed for three contaminants. The PA-contaminant complexes are more polar and soluble than the dissociated
ones, which increases the contaminant’s co-transport by PA in water.
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1. Introduction

Microplastics (plastic particles with sizes between 1 pm and 1000
pm) (ISO, 2020), defined as emerging contaminants (Richardson and
Kimura, 2016), have been an environmental concern due to their
occurrence in all compartments, such as air, soil, and aquatic systems
(Montagner et al., 2021). Therefore, microplastics have acted as po-
tential transport vectors of chemicals, both inorganics (e.g., metals) and
organics (e.g., pharmaceuticals, hormones, pesticides, and industrial
chemicals, referred to as contaminants from here) (Caruso, 2019). Some
contaminants could leach from microplastics (Li et al., 2021), especially
additives used in plastic manufacture, or could migrate from the envi-
ronment to the microplastics. Thus, plastic particles are no longer only a
physical problem in the environment but also a chemical issue.

Fibers from synthetic fabrics have been one of the main sources of
microplastics in the environment due to their discharge into water sys-
tems through laundry (Herzke et al., 2021). These fibers are mainly
composed of polar polymers like polyamide (PA) (de Falco et al., 2019).
Once in the environment, textile fibers are subject to degradative pro-
cesses influenced by UV light exposure, biodegradation, hydrolysis, and
mechanical abrasion. Thus, the fibers could break into smaller pieces
and change their morphology, originating fragments. Sait et al. (2021)
showed that PA fibers could degrade, reaching nano-sized particles.

Unlike non-polar polymers, exclusively composed of hydrogen and
carbon atoms, the inclusion of polar groups on the polymer structure,
such as amide, could potentialize the chemical interactions with envi-
ronmental contaminants through hydrogen bonds (Torres et al., 2021).
For instance, Lara et al. (2021) obtained high sorption efficiency,
ranging from 56% to 90%, in laboratory studies involving PA micro-
plastics and hormones under different simulated environmental condi-
tions. In addition, PA also presented higher affinities with
pharmaceuticals than other polymers as reported by Guo et al. (2019a,
2019b) and Li et al. (2018), and it has also exhibited considerable
sorption of petroleum hydrocarbons (Seidensticker et al., 2019; Song
et al., 2021), perfluorooctanoic and perfluorooctanesulphonic acids
(Ateia et al., 2020).

Pesticides including atrazine (ATZ) and hormones, such as proges-
terone (PGT) and testosterone (TTR) have been frequently found in the
aquatic environment and, therefore, are of great concern. ATZ is a pre-
and post-emergent triazine herbicide used in various crops. Thus, ATZ
has been one of the best-selling pesticides around the world. Although its
use has been banned in the European Union since 2003, it continues to
be widely used in other countries, such as the United States, China, and
Brazil. In 2020, ATZ ranked fourth in the Brazilian ranking of pesticide
commercialization, with more than 33,000 tons of active ingredient sold
(IBAMA, 2020), representing almost half of world production (Sadegh-
nia et al., 2021). ATZ is ubiquitous owing to its persistence, especially in
aquatic matrices (Montagner et al., 2018; Stefano et al., 2022) and even
in the atmosphere (Alonso et al., 2018; Dias et al., 2021). Some adverse
effects on aquatic biota have been related to ATZ exposure. In the same
way, in humans, ATZ could disrupt the endocrine system, damage the
cardiovascular, reproductive, and gastric systems, and cause cancer
(Sadeghnia et al., 2021).

Steroid hormones (PGT and TTR) are also classified as emerging
contaminants (Richardson and Ternes, 2022) and have been reported in
aquatic compartments around the world. Their input into the environ-
ment originates from untreated sewage discharge in water bodies or
inefficient water treatment. It has been shown that very low concen-
trations of these hormones, in the order of few ng L™}, can cause adverse
effects on biota due to their acting as endocrine disrupting chemicals
(EDC) (Adeel et al., 2017; Siri et al., 2021; Sousa et al., 2018). Thus, the
biota can be exposed to these EDCs either via contaminants solubilized
in water or via contaminants sorbed to microplastics. For instance,
Guedes-Alonso et al. (2021) quantified PGT and TTR sorbed to micro-
plastics collected on beaches of the Canary Islands at concentrations
from 9.1 ng g ! to 26.1 ng g~ and 15.0 ng g~ ! to 37.3 ng g},
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respectively.

Therefore, as aforementioned ATZ and hormones (see Table S1 for
more information) require special attention due to their occurrence in
the aquatic matrices allowing interactions with microplastics. None-
theless, up to date, we have found no studies dedicated to the sorption of
these contaminants onto PA-Nylon 6 (referred to as PA from here)
microplastics, which is a commonly used textile polymer. The main goal
of this study is to address this issue through sorption experiments and
employing classical molecular dynamics (MD) and density functional
theory (DFT) calculations. Additionally, the behavior of the three con-
taminants is assessed under different aquatic matrices, ultrapure water
(UW), groundwater (GW), surface water (SFW), and seawater (SW).
Finally, the sorption energy and the main PA-contaminant interactions
are obtained and discussed in the molecular approach.

2. Materials and methods
2.1. Materials

High purity standards of ATZ (99.11%, CAS #1912-24-9), TTR (99%,
CAS #58-22-0), and PGT (98%, CAS #57-83-0) were purchased from
Merck (Darmstadt, Germany). Stock solutions of each contaminant were
prepared in methanol at concentrations of approximately 300-500 mg
L7}, and the working solutions were prepared by diluting the stock so-
lution in water. HPLC-grade methanol and formic acid were obtained
from Merck. Ultrapure water was obtained from a Synergy Water Puri-
fication System from Millipore (Burlington, USA). PA pellets (Nylon 6 —
Domamid H24) were acquired from DOMO Chemicals (Ghent, Belgium)
and milled in an analytical mill (Marconi MA 580, Brazil) obtaining
microplastics with particle size smaller than 106 pm.

2.2. Polyamide microplastic characterization

The morphologies of the samples were examined with a Quanta 250
field emission scanning electron microscope (SEM) (FEI Co., USA). The
functional groups of PA microplastics were characterized using Fourier
transform infrared spectroscopy (FTIR, Agilent, Cary 630) with the
attenuated total reflection (ATR) technique.

2.3. Sampling and physicochemical characterization of water samples

The sorption studies were performed using ultrapure water (UW) and
three real environmental water samples. Groundwater (GW) was
sampled at the source of Ribeirao das Pedras creek (22°51'43.9”S
47°03'24.8"W, Campinas, Sao Paulo, Brazil), surface water (SFW) was
collected at the Atibaia River (22°52'41.7"S 46°57'56.5"W, Campinas,
Sao Paulo, Brazil), and seawater (SW) was obtained from Guaruja beach
(23°59'10.8"S 46°13'13.6"W, Guaruja, Sao Paulo, Brazil). All samples
were collected in 1-L amber glass bottles, previously decontaminated
with ultrapure water, ethanol, and acetone, followed by calcination at
400 °C for 4 h.

Conductivity (Digimed DM-32, Brazil) and pH (Digimed DM-22)
parameters were measured immediately after sampling. Water samples
were vacuum-filtered using a glass microfiber membrane (47 mm
diameter, grade 13,400) from Sartorius (Gottingen, Germany). ATZ,
PGT, and TTR concentrations in water samples were determined using
solid-phase extraction followed by liquid chromatography coupled to
mass spectrometry in tandem (LC-MS/MS) analysis, according to a
method previously validated by our research group (Montagner et al.,
2014). Instrumental limits of detection (LOD) and quantification (LOQ)
were obtained using 3-fold and 10-fold signal-to-noise ratios, respec-
tively. These values are shown in Table S3.

2.4. Batch sorption experiments

In the sorption experiments, 20 mg of PA microplastics and 2.0 mL of
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contaminant solution (ATZ, PGT, and TTR) were added to glass tubes
(10 mL) capped with polytetrafluoroethylene (PTFE) caps and placed on
a roto torque shaker (Marconi MA161/ROTO) at room temperature
(20 °C) and 80 rpm. Kinetic experiments were conducted with a fixed
initial contaminant concentration of 1.0 mg L™!. The contaminants
concentrations in the liquid phase were assessed at 0.5, 1, 2, 3, 6, 12, 24,
48, 72, 96, and 108 h. Sorption isotherm experiments were performed
with initial contaminant concentrations set as 0.01, 0.05, 0.1, 0.2, 0.5,
1.0, and 2.0 mg L7l Al experiments were performed in triplicate.
Before analyses, the samples were kept at rest for approximately 5 min to
allow the microplastics to settle. The supernatant was filtered through
0.22 pm PTFE syringe filters and diluted for LC-MS/MS analysis. The
sample preparation and chemical analysis were performed according to
the procedures described in the Supporting Information - section S1.
Control samples (samples with only contaminants and samples with only
PA) were analyzed, and neither losses nor leaching of contaminants from
microplastics was observed.

2.5. Desorption assessment

The contaminant-sorbed microplastics from the equilibrium point of
the sorption experiments were used in the desorption assessment. For
this, 1.5 mL of the contaminant solution were replaced by 1.5 mL of
ultrapure water in the same tubes used in the sorption kinetics experi-
ment. Then, these tubes were kept for 48 h (equilibrium time) on a roto
torque shaker at 20 °C. All experiments were performed in triplicate.
The sample preparation and chemical analysis were performed accord-
ing to the procedures described in the previous section.

2.6. Sorption kinetic and isotherm models

The amount of contaminant sorbed at time t (q) in mg g~' was
calculated by eq. (1), where Cy is the contaminant initial concentration
in solution (mg L‘l), C; is the contaminant concentration in solution at
time t (mg L’l), Vis the volume of contaminant solution (L), and m is the
mass of PA microplastics (g).

(Co—C)V

G = (€8]
m

The sorption efficiency (%) was obtained from the ratio between the
amount of contaminant sorbed at time t and the contaminant initial
concentration. The pseudo-1st-order (PFO) and pseudo-2nd-order (PSO)
kinetic models were used in this study to evaluate the sorption mecha-
nism of contaminants on PA microplastics.

The relationship between the amount of contaminant sorbed at
equilibrium and the contaminant concentration in solution could be
determined by sorption isotherms. The Langmuir and Freundlich
isotherm models were used to explain the interaction between con-
taminants and microplastics. The mathematical expressions for the ki-
netic and isotherm models are shown in Table S5.

2.7. Statistical analysis

All statistical tests were performed in Action Stat Version 3.7. Two-
way analysis of variance (ANOVA) was used to evaluate significant
differences in sorption efficiencies between four aquatic matrices for
each contaminant. Tukey’s test was used to assess significant differences
among different groups. Probability levels (p < 0.05) were considered
statistically significant.

2.8. Molecular dynamics and density functional theory (DFT)
calculations

Classical molecular dynamics (MD) simulations were carried out to
deeper investigate the sorption process of the three contaminants (ATZ,
PGT, and TTR) onto PA (Nylon 6) microplastic surface. All simulations
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were performed with the GROMACS 5.1.5 package (Abraham et al.,
2015, van der Spoel et al., 2005) to address the molecular conforma-
tions. The technical details are given in the Supporting Information -
section S2. The simulations start with a system energy minimization
step in the NVE ensemble, where number of particles (N), volume (V)
and energy (E) are kept constants. The second step consists of the pro-
duction by 30 ns in the NVT ensemble, where N, V and the set tem-
perature (T) of 300 K are kept constant. The production step yields a
trajectory with 30,000 configurations of the system. From MD produc-
tion trajectory, 32 statistically uncorrelated configurations, evenly
spaced i.e., one for every 938 configurations, were selected to calculate
the solvation and sorption average energies through quantum single
point calculations.

3. Results and discussion
3.1. Polyamide microplastic characterization

Fig. Sla shows the SEM image of PA microplastics. Irregular shapes
and heterogeneous surfaces were observed in the microplastic particles,
probably due to the milling process. The ATR-FTIR spectrum of micro-
plastics (Fig. S1b) shows the fingerprint functional groups of PA with
Pearson’s r equal to 0.96 according to Open Specy (Cowger et al., 2021;
Primpke et al., 2018).

3.2. Aquatic matrices characterization

All aquatic matrices used in the sorption experiments were charac-
terized in terms of target contaminant concentrations, pH, and con-
ductivity, as shown in Table S6. TTR and PGT were not found in any
water sample. On the other hand, ATZ has been considered ubiquitous in
the environment. Thus, ATZ concentrations ranged from 2.5 ng L™ to
42 ng L!in GW, SFW, and SW. However, these concentrations are
insignificant, approximately 20 thousand times lower than those used in
the sorption experiments. The pH values ranged from 6.9 to 8.4, where
the most neutral pH was observed in UW. The pH of the aquatic matrices
could interfere with the sorption efficiency, especially for ATZ because
this contaminant is a base herbicide, i.e., when the system pH is lower
than its pka (1.7), the ATZ could form ions with a positive charge. So,
this charge could affect the electrostatic interactions with PA. However,
in the environment, the water systems’ pH always is above the ATZ pka.
The conductivity ranged from 0.06 pS cm™! to 11.64 mS cm 1. UW
presented a conductivity approximately 100-fold lower than GW and
SFW, and both were around 100 times lower than SW. Like pH, con-
ductivity could affect the interactions between microplastics and con-
taminants, as will be discussed later in section 3.5.

3.3. Sorption kinetic

The amount of ATZ, TTR, and PGT sorbed by PA microplastics (q;) as
a function of their contact times are shown in Fig. 1. The kinetic studies
demonstrated that the sorption occurs in the first hours of contact and a
notable increase in q; was observed until 12 h in the different aquatic
matrices. The equilibrium was reached after 48 h since there were no
significant changes in g, for both contaminants until the final contact
time (108 h). Therefore, for subsequent isotherm experiments, the
equilibrium time was set as 48 h.

PFO and PSO models were fitted to experimental data, and their
respective curves are shown in Fig. 1. The theoretical parameters of each
kinetic model are presented in Table S7. The highest experimental g,
was observed for PGT (0.0833-0.0913 mg g~ 1), followed by TTR
(0.0535-0.0795 mg g 1) and ATZ (0.0156-0.0256 mg g 1) in all aquatic
matrices. The sorption kinetics for the three contaminants were better
fitted by the PSO model (R2 > 0.86). In addition, this model presented
lower g, relative errors in GW, SFW, and SW matrices, ranging from
1.9% to —3.9% for ATZ, —1.0% to —5.8% for TTR, and 0.0% to —1.0%
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Fig. 1. Kinetic models for (a) Atrazine UW, (b) Progesterone UW, (c) Testosterone UW, (d) Atrazine GW, (e) Progesterone GW, (f) Testosterone GW, (g) Atrazine
SFW, (h) Progesterone SFW, (i) Testosterone SFW, (j) Atrazine SW, (k) Progesterone SW, and (1) Testosterone SW. Experimental conditions: temperature = 20 °C;
polyamide concentration = 10 g L™1; contaminant concentration = 1 mg L™!. UW = ultrapure water, GW = groundwater, SFW = surface water, SW = seawater.

for PGT.

PSO model has been used to describe the sorption of some hormones
by microplastics, e.g., 17a-ethynylestradiol, 17p-estradiol, and estriol
onto PA (Lara et al., 2021) and PGT onto polyethylene (PE), polystyrene
(PS), and polypropylene (PP) (Siri et al., 2021). PSO model suggests that
some events may be involved in the sorption process, such as surface
sorption, mass transfer, and intraparticle diffusion. In addition, the
model has been used to indicate chemisorption as a rate-limiting step;
however, this is only an approximation because many other mechanisms
are involved in sorption (Ma et al., 2019; Siri et al., 2021).

In general, ATZ sorption was faster than hormone sorption due to the

high values of k; (between 66 g mg™! h™! and 583 g mg™* h™'). For
example, in UW, ATZ presented a kj value around 4-fold higher than
PGT and almost 10-fold higher than TTR, indicating that the equilibrium
was reached more quickly. The same behavior was observed in GW and
SW, with ATZ k, values higher than the other compounds. Only in SFW
we observed that PGT presented higher k; (140 g mg™* h™!) than the
other two contaminants (ATZ = 92 g mg ' h™! and TTR = 52 g mg~?
h™1). Itis worth mentioning that a comparing kinetic parameter, such as
q. and kz between different experiments becomes challenging due to the
lack of standard protocol for experiments. Sorption studies with
microplastics involve numerous aspects which are dependent on the
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polymer (particle size, degradation stage, additives, concentration, = 0.485 mg g~ 1) using an ATZ solution (5.0 mg L) containing CaCl,
molecular structure), the contaminant (concentration, physicochemical (0.01 mol L™ 1) and microplastics (10 g LY with particle size between
properties), and the environment (pH, ionic strength, organic matter 150 and 200 pm. Also, Sun et al. (2022) using ATZ solution at 20 mg L™
content), among others. So, qualitatively, our results showed that the containing CaCl, (1.1 mg L™) and NaNO3 (200 mg L™1) noted that the
ATZ and PGT sorption on PA was faster when compared to other studies faster sorption (kz = 15.392 g mg~! h™!) takes place on polyvinyl
also fitted by PSO models. For instance, Zhao et al. (2020) verified that chloride-PVC at 200 g L™ with particle size of 22.4 pm, but the sorption
ATZ sorption was faster in polyurethane-PU (ky = 2.16 g mg~* h™1), but was higher on 15 pm PE microplastics (g, = 0.028 mg g™1). Finally,
the highest sorbed amount was found in polybutylene succinate-PBS (g, Wang et al. (2022) found faster sorption on PS (ks = 2.730 g mg > h™})
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Fig. 2. Sorption isotherms for (a) Atrazine UW, (b) Progesterone UW, (c) Testosterone UW, (d) Atrazine GW, (e) Progesterone GW, (f) Testosterone GW, (g) Atrazine
SFW, (h) Progesterone SFW, (i) Testosterone SFW, (j) Atrazine SW, (k) Progesterone SW, and (1) Testosterone SW. Experimental conditions: temperature = 20 °C;
polyamide concentration = 10 g L™, UW = ultrapure water, GW = groundwater, SFW = surface water, SW = seawater.
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than on same size PE and PP microplastics (178 pm) for a microplastics
concentrations of 0.4 g L™} and an ATZ concentration of 5.0 mg L1,
Nonetheless, the interaction was more efficient between ATZ and PS (g,
= 0.644 mg g 1). For PGT, only one work reported that the sorption was
faster on PP (k; = 16.0 g mg~! h™1) and higher on both PE and PS (g, =
0.3571 mg g’l) (Siri et al., 2021). On the other hand, no comparison
could be made for TTR sorption because, to the best of our knowledge,
this is the first report of TTR sorption on microplastics.

3.4. Sorption isotherms

The Langmuir, Freundlich, and linear sorption isotherms were used
to evaluate the concentration effect on the sorption efficiency at equi-
librium. These isotherms are shown in Fig. 2 and their fitting parameters
were summarized in Table S8. Langmuir (0.9576 < R? < 0.9992) and
Freundlich (0.9396 < R? < 0.9989) models were better fitted than the
linear model (0.7164 < R% < 0.9931). The K}, values ranged from 0.168
Lmg ! to1.054 L mg ™! for ATZ, 0.355 L mg ! to 2.045 L mg ! for TTR,
and 1.392 L mg ™! to 3.999 L. mg ! for PGT. The highest ATZ g, (0.185
mg g~ }) was observed in SFW and maximum g, values for TTR (0.380
mg g~ 1) and PGT (0.675 mg g~ ') were obtained in SW.

The Langmuir isotherm showed a slight improvement in the R?
values, indicating that the monolayer coverage could be a dominant
process in the sorption of the three contaminants. Thus, Langmuir’s
model describes the physisorption process governed by electrostatic and
hydrophobic interactions between the contaminants and PA particles,
leading to the production of a monolayer coverage on the heterogeneous
surface of the microplastics (Agboola and Benson, 2021; Al-Ghouti and
Da’ana, 2020). Moreover, the sorption was a favorable process in all
water matrices, according to the separation factor (Ry) values (0 < R <
1) obtained from Langmuir parameters (Al-Ghouti and Da’ana, 2020).

The partition coefficients (K;) between the liquid phase (aquatic
matrices) and the solid phase (PA microplastic) for each contaminant
were obtained based on the linear model. The low sorption efficiency of
ATZ on PA microplastics was reflected in the lowest K; values, ranging
from 0.010 L mg ™" to 0.026 L. mg ™. These values were higher than those
found for other microplastics, such as PBS, polycaprolactone, and PU
(Zhao et al., 2020), indicating that ATZ could interact with PA micro-
plastics more efficiently. TTR and PGT presented Ky values between
0.050-0.104 L mg~! and 0.119-0.733 L mg ™}, respectively. Thus, the
average Ky values were positively correlated (R? > 0.99, see Fig. 52)
with the octanol-water partition coefficients (log Kow), since the last
also increase in the following order: ATZ < TTR < PGT.

3.5. Sorption efficiency

Sorption efficiencies in four different aquatic matrices at equilibrium
(48 h) are shown in Fig. 3. PA microplastics presented the highest effi-
ciency for PGT, followed by TTR and ATZ, in all matrices. The sorption
efficiencies for ATZ were around 20% in all matrices. For TTR and PGT,
the efficiencies were approximately 55-80% and 90%, respectively. ATZ
sorption was investigated in other microplastics by Ateia et al. (2020),
who observed sorptions higher than those found here, e.g., Nylon
1-70%, Nylon 66-90%, PE — 90%. As previously commented, it is
evident that the experimental conditions could influence the contami-
nant sorbed amount.

As previously discussed, PGT has the highest log Kow, so, the PA
sorption efficiencies are positively correlated to the contaminant hy-
drophobicity. This observation has been extensively discussed in the
literature (Rai et al., 2022), so it is expected that contaminants with high
Kow tend to be more sorbed by microplastics. However, this is not a rule,
and the opposite could be observed sometimes. For instance, Sleight
et al. (2017) observed that phenanthrene does not have a stronger as-
sociation with PVC microplastics than the 17a-ethinylestradiol hor-
mone, even though the first had the highest log Koy. The same behavior
was observed by Fatema and Farenhorst (2022), who identified that
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Fig. 3. Sorption efficiency for atrazine, progesterone, and testosterone in
polyamide microplastics on ultrapure water (UW), surface water (SFW),
groundwater (GW), and seawater (SW) at equilibrium time (48 h). Experi-
mental conditions: temperature = 20 °C; polyamide concentration = 10 g L™%;
contaminant concentration = 1 mg L™,

glyphosate (log Kow = —3.20) was more sorbed on PVC than the ATZ.
This trend was also reported in polar PA microplastics in a study with
three different hormones (estrone - log Kow = 3.43, 17a-ethynylestra-
diol - log Kow = 4.21, and norethisterone - log Kow = 2.99). The estrone
sorption was lower than the other two compounds, and this was
attributed due to their different interactions, mainly the hydrogen bonds
with PA microplastics (Hummel et al., 2021).

Significant differences (p-value <0.05) were observed between
sorption efficiencies for the three contaminants, showing that physico-
chemical properties of the system could interfere with their interaction
with PA microplastic. PGT presented the highest interaction with PA
microplastics (sorption efficiencies of at least 80%). Post-hoc analysis
proved that sorption efficiencies for PGT were statistically different
between SFW-SW and SFW-UW matrices. The lowest sorption effi-
ciencies for PGT and TTR were observed in SW, which could be related
to the higher concentration of salt ions when compared to the other
matrices. Salt ions can occupy the sorption sites on the microplastic
surface, promoting competitive sorption with contaminants. The Na™
addition could affect the surface charge of the microplastics, decreasing
the electrostatic interactions with the hormones (G. Liu et al., 2019;
Upadhyay et al., 2022). Also, NaCl addition could promotes an increase
in the density and viscosity of the solution, which inhibits the mass
transfer from the aqueous phase to the microplastic surface (salting-in
effect) (G. Liu et al., 2019; Zhang et al., 2020). These phenomena have
been shown in some studies with different microplastics, although it is
highlighted that this could not be related only to the ionic strength but
also to other variables, such as sorbent, sorbate, and electrolyte (Atu-
goda et al., 2020; Fu et al., 2021).

The opposite was observed for the ATZ sorption efficiencies due to
the highest interaction occurring in SW. In this case, the increase in the
sorption efficiency could be explained by the salting-out effect. Organic
compounds may have their solubilities decreased in solution due to salt
ions’ presence, allowing for more interactions with the microplastic
surface and contaminant. This agrees with the results reported by Wang
et al. (2022), who observed a significant increase in ATZ sorption on PS,
PP, and PE microplastics when the NaCl concentration was 1%.

The lowest sorption efficiency for ATZ was found in UW, and Tukey-
test showed that ATZ sorption was statistically different between GW-
SW, GW-UW, UW-SFW, and UW-SW matrices. No significant
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differences in ATZ sorbed fractions on PE and PS microplastics were
observed at three pH values (4, 7, and 10), according to Seidensticker
et al. (2018). Recently, Wang et al. (2022) showed opposite results,
concluding that the pH is a determining factor in the sorption process.
They evaluated the ATZ sorption on PS, PE, and PP at eight pH values,
and a higher sorption efficiency at neutral pH was observed. In the
present study, all the pH values of the matrices were above ATZ pKa
value. Thus, ATZ was mainly in its neutral form suggesting that sorption
on microplastics could originate from interactions between the -NH
groups of PA and the N-heteroaromatic ring or -NH groups of ATZ (Ateia
et al.,, 2020; Zhao et al., 2020). Post-hoc analysis showed that TTR
sorption was significantly different in all groups, meaning that any
factors, such as polymer and contaminants properties and the environ-
ment characteristics, can affect sorption efficiency.

3.6. Desorption assessment

The desorption behavior in UW was evaluated to investigate the
preference of three contaminants between the aquatic matrices and PA
microplastic surface. Based on the previously equilibrium time (48 h)
determined in the sorption kinetic analysis, the same contaminated
microplastic samples were used to analyze the desorption. The sorption
and desorption data are shown in Fig. 4. Only for ATZ, the desorption
efficiency (~65%) was higher than sorption efficiency (~16%), showing
its preference for being solubilized in water. However, the opposite was
noted for TTR and PGT, which presented desorption efficiencies around
25% and 11%, respectively. Similar results for PGT desorption from PE
(~30%) and PP (~30%) microplastics were obtained by Siri et al.
(2021), who investigated the desorption in SFW and biological fluids.
Also, the lower desorption rates for TTR and PGT could be attributed to
the higher number of hydrogen bonds with the PA microplastics than
ATZ, as will be shown in the next section. A similar observation was
reported by Liu et al. (2019), who investigated the desorption rate of
bisphenol A in 12 types of microplastics. They highlighted that no
bisphenol A desorption was noted in PA due to the irreversible sorption
process with strong hydrogen bonds.

The bioavailability of contaminants can be influenced by sorption/
desorption mechanism onto microplastics. For instance, Sleight et al.
(2017) demonstrated that the bioavailability of phenanthrene and
17a-ethinylestradiol was reduced by 33% and 48%, respectively when
these compounds were sorbed to PVC microplastics. On the other hand,
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Fig. 4. Sorption and desorption efficiency for atrazine, progesterone, and
testosterone on/from polyamide microplastics in ultrapure water at equilibrium
(48 h). Experimental conditions: temperature = 20 °C; polyamide concentra-
tion =10 g L1
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desorption of contaminants from microplastics under different physi-
cochemical conditions within the gastrointestinal tract can increase the
bioavailability causing severe damage to the biota, even in low con-
centrations (ng L’l) (Guedes-Alonso et al., 2021).

3.7. Sorption energies and intermolecular interactions

Through simulations it was possible to sample different conforma-
tions of the system and probe the interactions between contaminants
and the surface of PA particles. As defined in eq. S1, the E*" represents
the transfer energy of the contaminant from the solvent network to the
microplastic surface, i.e., the lower the energy, the more easily the
contaminant sorbs into the microplastic. The calculated average en-
ergies are given in Table S4. The sorption energy results indicated that
PGT (12-15 kcal mol™) is the contaminant that sorbs the most on the
surface of the polymer, followed by TTR (13-16 kcal mol 1), whereas
ATZ (19-22 kcal mol ') is the one that sorbs the least, in excellent
agreement with the experiment of sorption efficiency. In addition, the
calculated AE*" values predict the higher experimental solubility of
ATZ (33 mg L™Y) in water compared to PGT (8.8 mg L™!) and TTR (23.4
mg L) (NCBI, 2022).

The MD simulations revealed the specific interactions between
contaminants and PA, which comprise mainly noncovalent interactions
as hydrogen bonds (HB) and van der Waals (vdW) forces, as also
reported by Xu et al. (2018) and Zhang et al. (2020) for sorption of
sulfamethoxazole by PE microplastics and fluoroquinolones by
PS nanoplastics. Some representative structures of simulated
PA-contaminant complexes are displayed in Figs. 5 and 6 with inter-
molecular distances in the range of ~1.7-2.1 A. The contaminant
sorption seems to occur on the inner and outer surfaces of PA. Thus,
Fig. 5a shows the ATZ inner sorption through vdW interactions between
the —CH groups. Fig. 5b shows the ATZ both as N-H---N HB donor and
acceptor, also via inner sorption. Meanwhile, Fig. 5¢ and Fig. 5d shows
outer sorption through N-H---O HBs.

For TTR (49 atoms and a surface area of 338.683 Io\z) and PGT (53
atoms and a surface area of 392.720 AZ), the sorption interaction takes
place mostly at the outer surface of PA as shown in Fig. 6. It was
observed that the interactions on the inner surface occur mainly by the
nonpolar moieties through the vdW forces as shown in Fig. 6d and
Fig. 6f. This may be related to the larger size of these molecules
compared with ATZ (28 atoms and a surface area of 285.090 /0\2), which
leads to difficulty in penetration and stabilization onto inner surface.

The sorption mechanism occurs mainly via HBs between contami-
nant and PA surface. Then, to investigate the differences of the amount
of sorption of the three investigated compounds, the number of HB-
interacting configurations during the simulations was probed. In
Fig. S3 we can observe that the sampled configurations of PA-
contaminant complex mostly present only one HB, and that the ATZ
interacts less with PA particles compared to the other contaminants.
Otherwise, the PGT is the most interacting compound and as expected,
only as an HB acceptor. It is interesting to note in Fig. S3 that although
the TTR presents a hydroxyl group, it interacts mostly as an HB acceptor.
Therefore, these results show that the higher sorption of PGT is driven by
its stabilization via N-H---O HBs on the polymer surface. Furthermore,
this corroborates to explain the experimental results which indicated a
physisorption mechanism given by Langmuir’s isotherm.

From the molecular point of view, the sorption efficiency and the co-
transport across the aqueous solution can be rationalized in terms of
polarity and basicity of contaminants and polymer molecules. For
instance, the dipole moment of the PGT, ATZ, TTR, and PA is approxi-
mately 2.56 D, 4.34 D, 4.78 D, and 4.20 D, respectively, which is much
higher compared with the dipole of water (~1.85 D) (Lide, 2004). Then,
both the contaminants and polymer can easily solubilize and disperse in
water. Although it has a smaller dipole, the solubility of the ATZ (33 mg
L71) is higher than TTR (23.4 mg L™1) because of the basicity of its
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Inner sorption

Inner sorption

Fig. 5. Molecular dynamics configurations showing the main sorption mechanism interactions of ATZ onto PA microplastic surface: (a) electrostatic interactions
between —CH groups, (b) ATZ both as N-H-:--N hydrogen bond donor and acceptor, (¢, d) ATZ as N-H---O hydrogen bond donor. The values in the figures are the
hydrogen bond lengths in A. Oxygen, nitrogen, carbon, hydrogen, and chlorine atoms are represented by red, blue, gray, white, and green colors, respectively.

QOuter sorption

Inner sorption

Fig. 6. Molecular dynamics configurations showing the main sorption mechanism interactions of the (a-c) TTR and (d-f) PGT onto PA microplastic surface: (a, d)
electrostatic interactions between ~CH groups, (b) TTR as O-H---O hydrogen bond donor, (c) TTR and (e, f) PGT as N-H---O hydrogen bond acceptor. The values in
the figures are the hydrogen bond lengths in A. Oxygen, nitrogen, carbon, and hydrogen atoms are represented by red, blue, gray, and white colors, respectively.
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amino groups, that make it more efficiently stabilized by HBs in aqueous
solution (Hall, 1957). On the other hand, PGT should have a similar
solubility to TTR when comparing their solvation energy (AE*Y).
However, the dipole moment of PGT is much smaller (~2.56 D),
resulting in a lower solubility (8.8 mg L™!) and consequently higher
sorption. Furthermore, the averaged dipole moment of PA-contaminant
complex shows an increase compared to dissociated PA-contaminant:
13.52 D for PA-ATZ; 11.57 D for PA-PGT; 11.32 D for PA-TTR, which
increases the contaminant’s mobility in water by co-transport (Barbosa
et al., 2020; Sleight et al., 2017), as also showed for BPA sorbed onto
nanoplastics (Cortés-Arriagada, 2021) and pharmaceuticals/personal
care products onto PS microplastics (Cortés-Arriagada et al., 2022).

4. Conclusions

For the first time, the sorption of a pesticide (ATZ) and two hormones
(TTR and PGT) on PA microplastic was evaluated using theoretical and
experimental design. It was evident that the water matrix in which
sorption occurs is crucial to predict the behavior of contaminants in
solution since significant differences (p < 0.05) were observed using four
different aquatic matrices, UW, SW, SFW, and GW. PA microplastics
presented the highest sorption efficiency for PGT (~90%), followed by
TTR (~70%) and ATZ (~20%). In addition, desorption experiments in
UW showed that ATZ displays higher affinity for water due to its high
desorption efficiency. Kinetic studies showed that the PSO model fitted
the experimental data best for all experiments, while Langmuir’s model
was the best isotherm to explain the concentration effect on sorption
using an equilibrium time of 48 h. The experimental results were sup-
ported by theoretical calculations that showed high sorption energy for
PGT. The calculations also suggest that the sorption mechanism is driven
by HBs interactions and vdW forces, which characterized the phys-
isorption. We evaluate sorption/desorption rate of these three contam-
inants in a specific type of PA (Nylon 6 —- Domamid H24). However, we
understand that in the environment there are much more types of PA.
The variations are related specially to the presence of chemical additives
and morphology, which could influence in the microplastic sorption
efficiency. Nevertheless, the amide group is common in all PA allowing
the chemical interactions with ATZ, PGT and TTR be the same.

Microplastics are a real-worldwide issue, considering the actual
plastic pollution scenario, especially in marine- and freshwater. Micro-
scale studies are helpful to elucidate the transport of several species by
microplastics in these environments. This work reveals that the differ-
ences in the chemical composition of aquatic matrices are crucial in the
sorption capacity of microplastics. It is also observed that some species
establish strong interactions with microplastics becoming a concern
when these particles are ingested by biota and even humans. In this
sense, considering the amount of plastic waste already spread in aquatic
compartments and that around 12,000 Mt of plastic waste will be dis-
charged into the environment by 2050 (Geyer et al., 2017), the
contamination by microplastics themselves and with species-sorbed is
enormous and could be made even worse. Thus, bioavailability and
lixiviation studies coupled to chemical studies of the species associated
with microplastics and their impacts mainly on aquatic organisms are
essential.
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