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Abstract

Microplastics (MPs) have recently attracted a lot of attention worldwide due to their
abundance and potentially harmful effects on the environment and on human health. One of the
factors of concern is their ability to adsorb and disperse other harmful organic pollutants in the
environment. To properly assess the adsorption capacity of MP for organic pollutants in different
environments, it is pivotal to understand the mechanisms of their interactions in detail at the atomic
level. In this work, we studied interactions between polyethylene terephthalate (PET) MP and
small organic pollutants containing different functional groups within the framework of density
functional theory (DFT). Our computational outcomes show that organic pollutants mainly bind
to the surface of a PET model via weak non-bonding interactions, mostly hydrogen bonds. The
binding strength between pollutant molecules and PET particles strongly depends on the
adsorption site while we have found that the particle size is of lesser importance. Specifically,
carboxylic sites are able to form strong hydrogen bonds with pollutants containing hydrogen bond
donor or acceptor groups. On the other hand, it is found that in such kind of systems n-n

interactions play a minor role in adsorption on PET particles.

Keywords: microplastics, nanoplastics, polyethylene terephthalate, adsorption, DFT
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Introduction

Growing plastic production and the accumulation of plastic waste in the environment have
been well-known global problems for a long time. But recently, the focus was turned to
microplastics (MPs), plastic particles smaller than 5 millimetres in diameter that are formed by
fragmentation of larger plastics. Due to their small size and light weight, MPs can be easily
transported and are now found in every environmental compartment around the world, including
freshwater, seas, oceans, soils, indoor and outdoor air, and even polar ice.l'"*) MPs are highly
persistent, and because of their abundance, the number of their potential sources, and the potential
risk they could pose, they are considered contaminants of emerging concern.®) Most research
involving MP addresses freshwater and marine MPs. MPs in water can easily be ingested by small
organisms and thus enter the food chain, potentially causing toxic effects in organisms. The
accumulation of MPs in freshwater zebrafish Danio rerio showed toxic effects leading to intestinal
and liver damage, reproductive system dysfunction, oxidative stress, and induced mortality.[* In
addition, MPs can adsorb other environmental pollutants on their surface. The adsorption and
desorption of pollutants on the surface of MPs may increase the overall toxicity.!®”! Therefore, to
properly evaluate the potential risk of MPs, it is important to understand the mechanism of
interaction between MPs and other pollutants in the environment.

Due to its large specific surface area and hydrophobicity, MPs have shown the ability to
accumulate organic pollutants on its surface and transport them in the environment.!®! Adsorption
of organic pollutants to MPs is a very complex process that depends on the physicochemical
properties of both MPs and organic pollutants, as well as environmental factors. As a result, several
experimental attempts to study the adsorption of organic pollutants on MPs have led to divergent
results. For instance, in three different studies, the adsorption constants (Kq) of sulfamethoxazole
adsorption on PE MP were 700 dm® kg ',®1 592 dm? kg !,!% and 30 dm? kg '.!'!l High variation
in results and experimental designs make it difficult to draw definite conclusions.

The so far reported experimental studies suggest/claim that the adsorption capacity of MPs
is generally higher for hydrophobic pollutants.”®!?! At the atomic level, it is believed that the ability
of pollutants and MP to interact by n—n interactions, hydrogen bonds, and electrostatic interactions
can affect the adsorption capacity. Li et al.['*] showed that the adsorption of ciprofloxacin and

amoxicillin on polyaniline (PA) MPs is an order of magnitude higher than on polyethylene (PE),
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polystyrene (PS), polypropylene (PP) and polyvinyl chloride (PVC). They attributed theses effects
to the ability of PA to form hydrogen bonds, without though providing complete evidence. In
another work, Munoz et al.'¥ reported that the adsorption of diclofenac on PS and polyethylene
terephthalate (PET) is higher than on PP and PE. Their PS has a higher adsorption capacity for
aromatic pollutants such as diethyl-phthalate and dibutyl-phthalate than PE and PVC possibly due
to additional n—m interactions that may further increase their adsorption capacity.!'> Based on their

12.16] proposed that 7-m interactions should not play an important

experimental results Yang et al.!
role on the adsorption on PET MPs. In same context, Liu et al.l'?l proposed that the weaken n—n
interactions between PET and aromatic pollutants is due to the presence of the electron-
withdrawing ester “fragments” of the backbone of PET chains.

Although many studies have addressed the adsorption capacity of MP for various organic
pollutants, the interaction mechanism is still not well understood. Density functional theory
methods (DFT) can be used to calculate adsorption energies to further elucidate the interactions
between MPs and organic pollutants. Mo et al.l'”! calculated the adsorption of carbendazim and
carbofuran on PE and PP chain and showed that adsorption is mainly controlled by weak van der
Waals interactions. Yu et al.['® calculated the interactions between naphthalene and four of its
derivatives (-NHz , —CHj3, -COOH, —OH) and a short five member PS chain. Their results pointed
out that different functional groups incorporated on naphthalene may decrease their adsorption
capacity.

The studies mentioned above used single oligomeric chains as MP models. However,
Cortés-Arriagada argued that such an approach is expected to underestimate the contribution of
dispersion forces and that a folded (nano)particle model should be used instead.!'>?°! The
adsorption of pollutants on MPs is controlled by several interactions, all of which contribute to the
total adsorption energy.!?! It is suggested that the interactions with organic pollutants and model
MP are consistent for realistic microplastics and nanoplastics.?? However, the contribution of
each interaction and the effects of the structure and functional groups of the pollutants remain
unclear. A molecular dynamics study by Liu et al.”*) shows that even small PE and PS
nanoparticles can load many aromatic hydrocarbons in water. Since the structure of MPs is not
uniform, the adsorption interaction could be different at different parts of the MP surface.

Additionally, the ageing of MPs in the environment can lead to chain breaking and the formation
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of new functional groups on the surface. Therefore, the interactions between mPET and other
pollutants should be studied considering various adsorption sites.

In this work, we computationally investigate and compare the effects of different functional
groups commonly found in water pollutants such as pesticides, pharmaceuticals, and personal care
products on adsorption interactions. We chose a neutral model for the PET model as an opening
step to isolate specific interaction mechanisms like hydrogen bonding and van der Waals forces.
This choice serves as a baseline for future studies that may incorporate charged models to capture
a broader range of interactions. PET microplastics (MPs) were selected for this study due to their
widespread environmental presence and significant impact on both ecological systems and human
health.[>*?3] Adsorption interactions were examined at multiple sites on the PET nanoplastic
surface to mimic the complexity of real-world. To ensure the robustness of our findings, we
employed multiple DFT methods, serving as both a validation and a sensitivity test for our
computational approach. This comparative analysis allows for a more reliable interpretation of
interaction energies, thereby contributing to a deeper understanding of the role of PET MPs in

contaminant transport and bioaccumulation.
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Computational details

All calculations were performed with Gaussian 16 software for solving the electronic
structure equations.!*! Geometry optimizations and interaction energy computations have been
performed with the M06-L combined with the def2-SVP basis set. Vibrational frequencies were
calculated to ensure that the studied systems are true minima of the corresponding potential energy
surfaces. Grimme’s 3D empirical dispersion and density fitting were used in all computations.
MO6-L is a non-hybrid density functional developed by the Truhlar group, and it is part of the
Minnesota family of DFT functionals. It has been developed to treat non-covalent interactions,
thermochemistry, and thermochemical kinetics more accurately. One of the notable strengths of
MO6-L is its robust performance across a diverse range of molecular systems and properties, apart
of the fact that is considerably less computationally expensive than conventional hybrid
functionals. A detailed assessment of its performance with respect to more computationally
demanding methods is given in supporting materials and the results are shown in Figure S1-S5
and Table S1-S5. Specifically, we tested the performance of M06-L with respect to second order
Moller—Plesset (MP2) perturbation approximation and the widely applied hybrid functionals
B3LYP,"*”3% which combines Hartree-Fock exchange with gradient-corrected correlation. Also
we considered M05,*!! known for its accurate treatment of non-covalent interactions, M05-2X,3?]
the range-separated hybrid exchange-correlation functional and M06!*! functional optimized for
main-group thermochemistry, thermochemical kinetics, and non-covalent interactions. Finally we
considered M06-2X,1*) a global hybrid with increased Hartree-Fock exchange and M06-HF.4

The construction of the polyethylene terephthalate (PET) model was initiated by
optimizing a starting configuration consisting of two dimers of terephthalic acid. Following each
optimization cycle, a monomeric unit was appended to each of the existing chains. The iterative
optimization led to a final model built from 138 atoms (CsoHs2026), hereafter referred to as mPET.
The Cartesian coordinates of the optimized final geometry are listed in Table S6 of the supporting
materials. mPET features two interacting chains, each composed of three monomeric units. This
configuration was chosen as the representative model particle since additional extensions in the
chain length were found to have negligible impact on the adsorption interactions under
investigation.

The surface of mPET was analysed based on its molecular electrostatic surface potentials

(MEP) to locate potential adsorption sites representing different parts of PET molecule. The
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selected adsorption sites include part of the PET near the terminal carboxyl group, near the benzene
ring of PET, and part of mPET surface that is not near the terminal groups of the polymer chains.
MP showed the ability to accumulate a large concentration of pollutants. To understand the effects
of adsorption at one site on adsorption at another adsorption site, the interactions of phenol with
mPET were also calculated in the presence of other adsorbed phenols.

The interaction energies (Ej,;) were calculated as:

Eint = EmPET/pollutant - EmPET - Epollutant

Where Epet/pollutant 18 the total energy of mPET—pollutant complex, Eppgr the energy of mPET
unit, and Epqjyeane the energy of a pollutant unit. The stronger the interaction, the more negative

the Eint becomes. Using a rich basis set to calculate the energy of the complex compared to the
energy of single units leads to the overestimation of interaction energies due to the basis set
superposition error (BSSE). To rectify BSSE, the classical counterpoise correction (CP) method

33361 The CP method determines the energy of each unit of the complex using the basis

was used.!
set of a whole complex by representing the atoms of the other unit as "ghost atoms" characterized
by the absence of nuclear charges and electrons. The geometry of the individual units remains the
same as it was in the complex. IEFPCM model®”! was used to calculate interactions in the implicit
water solvent.

Analysis of intermolecular weak interactions was performed in IGMPlot-3.08 program!*®!
using Independent gradient model based on Hirshfeld partition of molecular density (IGMH).[**4!
In IGMH method, the function of interfragmentary interaction region (5g™™*") is defined as
follows:

Sginter(r) = gl@Minter () _ ginter(y)
where g'®™ Intr js the sum of density gradient magnitude of all fragments and g™ is the
magnitude of superposition of density gradient of all fragments. To visualize weak interactions,
the product of the electron density function (p) and the sign of the second largest eigenvalue of
Hessian matrix of electron density (sign(4,)) is mapped on the isosurface of §g™*". sign(1,) is
the sign of the second largest eigenvalue of Hessian matrix of electron density. A negative
sign(4,) is attributed to attractive interactions, while a positive sign is attributed to non-bonding

interactions. The electron density (p) indicates the strength of the interactions in such a way that

the electron density is greater in regions where attractive or repulsive forces are stronger. Visual
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Molecular Dynamics (VMD) program*!! is used alongside IGMPlot to generate colour-filled

isosurface and gnuplot 5.4 program!**! to generate colour mapped scatter plot.
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Modeling organic pollutants

In Figure 1 we show the molecular structure of some common pharmaceuticals, pesticides
and personal care products. This group of potential water pollutants includes those containing
aromatic rings with different functional groups. The hydroxyl functional group is found in
pollutants such as 17B-estradiol and amoxicillin, nonylphenol, benzylparaben and butylparaben,
and bisphenol A. Common pollutants with carboxyl groups are diclofenac and ibuprofen.
Naproxen and oxybenzone contain a methoxy group, among others. The amide functional group
is a component of oxytetracycline and carbamazepine, the amine group of trimethoprim and
procainamide. Chlorine is contained in diuron, triclosan and triclocarban. Dicamba is a pesticide
containing a benzene ring with carboxyl and methoxy groups and two chlorines. In this group we
also include atrazine and simazine, common pesticides that have triazine in their structure.

A careful examination of their molecular structures points out that all systems considered
feature some mutual functional groups, which are expected to play an important role in their
interaction with the surface of a given microplastic particle, especially those having in their pristine
or aged forms oxygen containing groups, such as hydroxyls, carbonyls and carboxyls. These
functional groups are represented by the simple molecules illustrated in Figure 2. For the sake of
computational efficiency, while still capturing essential chemical interactions, we considered these

reference molecular entities as model water pollutants.
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Results and discussion

PET models adsorption sites and size effects

Polyethylene terephthalate is composed by elongated polymer chains that are held together
through noncovalent intermolecular forces. The predominant types of noncovalent interactions in
PET are van der Waals forces, particularly dispersion forces, leading to induced dipole moments
that cause attraction between neighboring chains. To obtain an estimation of the strength of these
forces we computed first the interaction energies of two chains in PET as a function of “the number
of PET units”. The results depicted in Figure 3 suggest that the interaction energies converge to a
value of about —9 kcal mol ™! per unit at the M06-L level of theory.

In Figure 4 we have plotted the electrostatic potential map (MEP) of a PET model built
from 2 chains of 3 monomers. As seen, there are some distinct areas of excess negative and positive
charges which are expected to act as adsorption sites of a given pollutant through electrostatic
interactions. Specifically for the PET model considered, we found four potential sites of interest.
The adsorption site I is the carboxyl group at the end of the PET chain. This adsorption site is not
so common in real polymers given the limited number of terminal units relative to the overall
surface area. However, the ageing of microplastic in nature may lead to chain breakage and the
formation of new oxygen-containing functional groups, increasing the number of sites similar to
adsorption site I, which could alter the adsorption capacity of pollutants. The adsorption site II is
a benzene ring fused in a PET chain chosen to study the importance of n-m interactions. Finally,
adsorption sites III and IV represent the surface of PET, far from terminal units. We assume that
those four adsorption sites are the most common ones on the surface of micro-sized particles and

could determine the adsorption.
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Figure 3. Interaction energies per monomer of two PET chains optimized in gas phase at M06-L level

of theory and def2-SVP basis set.

ﬁ"“ﬁ;\ |

—-0.06

Figure 4. Structure and molecular electrostatic potential (MEP) of mPET. Red parts represent the excess
of negative charge on the surface, and blue excess of positive charge. Adsorption sites I, I, III and IV are
circled with orange lines.

To test the effect of PET model size on the interactions of pollutants, we compared the
interaction energies of phenol, one of the representatives of our model pollutants, with the PET
models of two different sizes. The first model consisting of two chains with three monomers has a
total of 138 atoms and 620 electrons, and is about 1 nm long. The second model is twice as large,
so it consists of 2 chains with 6 monomers and is about 2 nm long. The interaction energies
between phenol and the two models were calculated for adsorption sites I and II. The results shown
in Figure 5 indicate that increasing the size of PET does not significantly affect the adsorption
energy. Therefore, for the sake of computational efficiency, in this work we considered a model

representing a PET microparticle composed of two chains of 3 units, hereafter referred to as mPET.
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Figure 5. The effect of model PET size on the interaction energy of phenol and adsorption sites I and II of
mPET calculated by M06-L/def2-SVP method.

Molecular Interactions.

In Figure 6. we show the results of the interaction energies of our model organic pollutants
and mPET at the four adsorption sites we selected. We also compare these interaction energies
with those of the water molecule for the obvious reasons. Upon a careful analysis of the data
referring to the adsorption site I (Figure 6a) which refers to the terminal carboxyl group, it
becomes evident that one could classify the considered model-pollutants into three groups based
on their interaction energies with adsorption site 1. The first group consists of phenylacetic acid,
benzoic acid, and benzamide, which can form two strong hydrogen bonds with the terminal
carboxyl group. Their interaction energy with adsorption site I is about =31 kcal mol™!, which is
much stronger than the interactions between adsorption site I and the water molecule. Therefore,
it is reasonable to speculate that these model pollutants could, to a certain extent, adsorb onto PET
in an aqueous environment. Aniline, phenol, anisole, triazine, and chlorotriazine can be placed in
the second group because their interaction energies with adsorption site I are about —20 kcal mol™
!, which is comparable to the interaction energies of the water molecule and adsorption site I.
Benzene and chlorobenzene are in the last group, since their interaction energies with adsorption

site I are only about —11 kcal mol™!, which is about two times weaker than the interaction of the
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water molecule. Compared with the interaction energies calculated in vacuum, those calculated in
PCM are found on average 5 kcal mol™! weaker for the first group of model pollutants, 2 kcal mol”
! weaker for the second, and about 1.5 kcal mol™! weaker for the third group, and the interaction
energy of water did not change. Nevertheless, the observed trend remains the same. Energy
decomposition analysis (EDA) using the sobEDA method introduced by Lu and Chen,*’
performed with terephthalic acid instead of mPET and some of the considered model pollutants
(see Figure S6) suggests that the stability of these species on absorption site I arises from a balance
between electrostatic/orbital attractive forces and exchange-repulsion. The specific trend varies
from one model pollutant to another, leading to differences in the overall stability of their
adsorption complexes. For instance, the obtained sobEDA data indicates that the type of functional
groups in the adsorbate pollutants might have a significant impact on electrostatic interactions.
Specifically, species with electron-withdrawing groups (like nitro, carbonyl, or cyano groups)
might exhibit stronger electrostatic attractions due to increased polarity, whereas electron-donating
groups (like methyl or methoxy) could result in weaker electrostatic attractions. Furthermore, it is
confirmed that compounds able to form hydrogen bonds can bind stronger on mPET via hydrogen
bonding interactions with the carboxyl groups on mPET.

The results for adsorption site II are shown in the Figure 6b. This site is a benzene ring
with a hydroxyl terminal group in its vicinity. The average energy of phenylacetic acid, benzoic
acid and benzamide is —20 kcal mol™!, which is only 3 kcal mol™! stronger than the average
interaction energies of aniline, phenol, and anisole. In contrast, triazine and chlorotriazine exhibit
even weaker interaction energies averaging around —I12kcal/mol which is comparable to the
interaction energy of the water molecule. For benzene and chlorobenzene, the average interaction
energies with adsorption site II are around —10 kcal mol ™.

Let us now turn our attention to adsorption sites III and IV which are located on two
separate parts of the mPET surface “far” from the terminal groups. Hydrogen bonding at these
sites can occur exclusively between the proton donor groups present in our model pollutants and
the oxygen atoms of ester groups in the mPET structure. The interaction energies of the water
molecule and the latter adsorption sites are found about —9 kcal mol ™! for III and —11 kcal mol™!
for IV as illustrated in Figures 6¢ and 6d. A consistent trend is evident across both sites. That is,
model pollutants carrying proton donor groups, such as phenylacetic acid, benzoic acid,

benzamide, aniline and phenol, demonstrate an average binding energy that is 6 kcal mol™! and 4
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kcal mol™! stronger than that of the water molecule at the adsorption site III and IV, respectively.
On the other hand, model pollutants lacking a proton donor group, exhibit interaction energies that
either similar to or weaker than the interactions between the water molecule and these adsorption

sites. In PCM, interaction energies change for 1.6 kcal mol™! in average, the overall trend remains

unaltered.
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Figure 6. Interaction energies of the model pollutants and mPET on a) adsorption site I, b) adsorption site
I, ¢) adsorption site III, and d) adsorption site IV calculated in vacuo and in implicit water as a solvent
using IEFPCM model at M0O6-L level of theory and def2-SVP basis set. Dashed lines represent the
interaction energies of water molecules.
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IGMH analysis

The interaction energies of model pollutants and mPET did not show the same trend for all
four adsorption sites. In general, the energies were consistent with the strength and number of
hydrogen-bonds the model pollutants could form. Accordingly, the interaction energies of
benzamide, phenylacetic acid and benzene depended the most on the adsorption site, while the
interaction energies of benzene and chlorobenzene did not. To illustrate this, in Figure 7 we show
the scatter plots of weak interactions from IGMH analysis of benzamide and benzene interactions
with the four adsorption sites of mPET. The scatter plot of benzamide interactions with the
adsorption site I show the large contribution of hydrogen bonding. However, that contribution is
reduced on the adsorption sites I, I1I, and IV. This is consistent with the numerical results as the
difference between the interaction energies of benzamide with adsorption site I, where the
interactions were strongest, and adsorption site III, where the interactions were weakest, was about
16 kcal mol. In the case of benzene, however, the scatter plots are similar for all adsorption sites,
because only the van der Waals interaction plays a role. This also suggests that m—m interactions,
which could possibly form between the benzene ring of adsorption site II and the model pollutant,
do not play an important role for the adsorption on mPET, as proposed by some experimental

(14,44

studies.!"**! The scatter plots of weak interactions between all the model pollutants and water

molecule, and all four adsorption sites can be seen in supporting materials in Figure S7-S9.
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Figure 7. Scatter plots of IGMH analysis of weak interactions between benzamide and benzene, and all
four adsorption sites of mPET. In the usual colouring scheme, the blue colour represents attractive
interactions, the green colour represents van der Waals interactions, and the red colour represents non-
bonding interactions.
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Figure 8. (top) Interaction energies of mPET and phenylacetic acid compared to interaction energies of
mPET and diclofenac calculated by M06-L/def2-SVP method. Yellow/blue columns correspond to
interaction energies between mPET and (phenylacetic acid)/(diclofenac). (bottom) Independent gradient
model (IGMH) analysis scatter plots of weak interactions between diclofenac and mPET at all four
adsorption sites. In the usual colouring scheme, the blue colour represents attractive interactions, the green
colour represents van der Waals interactions, and the red colour represents non-bonding interactions.

To verify the qualitative validity of the above results based on selected fractions of the organic
pollutants we studied the interaction of a common organic pollutant with mPET, namely,
diclofenac and we compared the obtained results to those obtained for PAA. The results presented
in Figure 8 point out that for site I, the interaction energy for mPET with diclofenac is comparable
to that of PAA. In contrast, at adsorption site II, the binding affinity of diclofenac with mPET

markedly surpasses that of PAA, suggesting a notably stronger interaction at this particular site.
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This pronounced affinity is consistently observed across sites III and IV. The IGMH analysis,
shown in the same figure, further substantiates these findings by revealing a complex interplay of
attractive forces, van der Waals interactions, and steric repulsions at these sites. Specifically, sites
IL, III, and IV demonstrate a convergence of multiple non-covalent interactions that are integral to
the stabilization of the mPET-diclofenac complexes. The results of the IGMH analysis, paired with
the interaction energy profiles, indicate that the strength of the binding should be linked to the
structural attributes of the pollutants, namely, the size and flexibility of the molecules. Diclofenac,
with its larger and more flexible molecular structure, appears to establish a more extensive network
of interactions compared to its PAA fragment. This comprehensive network is likely facilitated by
diclofenac's ability to adapt to the topography of the adsorption sites on mPET, forming multiple
non-covalent bonds that reinforce the stability of the complex.

Finally, it is meaningful to demonstrate at this point the difference between folded mPET
models and oligomeric chains. To do so, we compared the interaction energies of the model
pollutants with terephthalic acid (TA) in two configurations represented in Figure S1 which
correspond to the adsorption sites I and II. All the details of those interactions are shown in Figure
S4 and Figure S5 of the supporting materials. As seen in the results depicted in Figure 9, the
difference between the interaction energies of the model pollutants with mPET and TA was
negative for all model pollutants, suggesting that they bind strongly on the surface of mPET than
on TA. This can be easily understood from the visual representations of the intermolecular
interactions illustrated in Figure 10. As it is observed, the model pollutants can form multiple non-
covalent interactions or hydrogen bonds with the neighbouring parts of mPET. This suggests that
the adsorption mechanism of pollutants on micro and nano PET is different from the interaction
with PET chains, which is consistent with other studies!!®?”) and should be considered in future
studies. The same trend is observed for the rest systems considered in this work (see Figure S10-

S14 of the supporting materials).
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Figure 9. Difference between interaction energies of pollutants with mPET and terephthalic acid on
adsorption sites [ and II calculated by M06-L/def2-SVP method.
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Figure 10. Schematic representations of the interactions between adsorption site I of mPET and a) benzoic
acid; b) benzamide; c) aniline; d) benzene, and between phenol and mPET on e) adsorption site I; f)
adsorption site II; g) adsorption site III; h) adsorption site IV analysed by independent gradient model
(IGMH) and visualised on 0.01 a.u. isosurface. In the usual colouring scheme, the blue colour represents
attractive interactions, the green colour represents van der Waals interactions, and the red colour represents

non-bonding interactions.
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Synergistic and ageing effects

To assess the significance of synergistic effects on the interaction of mPET with organic
pollutants, we worked as follows. First, we optimized the structure of mPET with four phenols
adsorbed on distant adsorption sites of mPET. Then, we gradually removed the phenols and re-
optimized the structure at each step to obtain a series of optimized structures containing mPET and
phenols. Finally, we calculated the interaction energies between each phenol and mPET without
other phenols and with one, two, and three additional phenols adsorbed on the surface of mPET.
The results are shown in Figure 11. Upon analyzing the obtained data, it becomes evident that the
local interactions play a dominant role. Specifically, we see that the interaction energy for a
particular phenol remains largely unchanged, even when additional phenols are introduced onto
the mPET surface. This suggests that each phenol's interaction with mPET is primarily determined
by its immediate surroundings on the mPET, rather than distant phenol molecules. From a quantum
chemistry standpoint, this observation indicates that the forces acting at the individual adsorption
sites, such as localized electron density shifts via polarization and specific orbital interactions, are

crucial in dictating the interaction energy.

1

./ kecal mol’
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Figure 11. Interaction energies of phenol and mPET with no other phenols adsorbed and with multiple
phenols adsorbed on different parts of mPET surface calculated at M06-L level of theory using def2-SVP
basis set.. Highlighted phenol molecules correspond to ones whose interaction energies are calculated.
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Microplastics in the environment are susceptible to photooxidative ageing. Ageing of MP
can lead to morphological changes on the surface of MP and the formation of new oxygen
containing functional groups such as hydroxyls, carboxyls, and ketones, which consequently can
affect adsorption capacity. Experimental studies from the literature have shown that the aged PET
MP generally has a higher adsorption capacity for organic pollutants than the pristine PET MP.*’]

Here, we present the aged PET as a modified pristine mPET with additional oxygen-
containing groups on each monomer. The molecular structures of the modified monomers are
shown in Figure 12. mPET-OH has two additional hydroxyl groups on each benzene ring of

mPET. mPET—COOH has an additional carboxyl group on the carbon atom of the ethylene group,
and mPET=0 has an additional oxygen bonded through a double bond on this carbon atom.

Pristine

o) o]

o C o]

n
mPET
Aged
OH

o) 0 (e} (o] (e} o]
o o) o] : o] o] C o]
HO COOH o]
mPET—OH n mPET-COOH n mPET=0 n

Figure 12. Molecular structure of pristine and aged model PET monomers.

To understand the effects of ageing on the adsorption interactions, we calculated the
interaction energies of phenol with the pristine and aged mPETs at all four adsorption sites. The
results are shown in Figure 13. Some minor variations in the interaction energies of phenol with
pristine and aged mPETs are observed, which we attribute to the structural changes and
repositioning of PET chains and phenol during the optimization process. However, there is no
significant difference in the interaction energies. Therefore, we assume that the formation of
oxygen-containing functional groups has no effect on the interactions between organic pollutants
and PET MP. Ageing of PET MP could affect the adsorption capacity by providing more
adsorption sites, since the aged particles generally have a larger specific surface area. Additionally,

surface oxidation could lead to the formation of more adsorption sites able to form stronger
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interactions with organic pollutants through hydrogen bonding. As seen from our model,

adsorption site I that contains —COOH terminal group showed the strongest adsorption interactions

with pollutants containing hydrogen bond donor and acceptor groups compared to other model

adsorption sites.
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Figure 13. Interaction energies of phenol with pristine (mPET) and aged (mPET—OH, mPET—COOH, and
mPET=0) PET models calculated at M06-L level of theory using def2-SVP basis set.
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Finally, we calculated the interaction energies of twelve phenols adsorbed on the surface
of mPET-COOH. The structure is shown in Figure 14. The interaction energies of all twelve
phenols ranged from —11.7 to —22.7 kcal mol™!, with an average interaction energy of —17.2 kcal
mol.”! This range of energies signifies a stable interaction across all twelve phenolic species with
the mPET-COOH surface, suggesting that even small nanoparticles of aged mPET possess the

capacity to adsorb a considerable number organic pollutants effectively.

Figure 14. The structure of mPET-COOH with twelve phenols adsorbed optimized in gas phase at M06-
L level of theory and def2-SVP basis set

Conclusion

In this work, we investigated the adsorption interactions of 10 small organic pollutants at
different adsorption sites of the mPET surface. Our results show that the adsorption interactions
between organic pollutants and mPET are weak, local interactions. The strongest interactions were
between phenylacetic acid, benzoic acid, and benzamide and mPET at adsorption site I near the
end of the chain containing the carboxyl group. The difference in the interaction energies of the

pollutants was mainly related to the number of hydrogen bonds they could form with mPET. The
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interactions of all the pollutants, except benzene and chlorobenzene, were dependent on the
adsorption site. Benzene and chlorobenzene showed the weakest interaction energies with mPET
at all adsorption sites. This is due to the fact that they cannot form hydrogen bonds and their
interactions with mPET. The size of the mPET particles does not affect the interaction energies.
Organic pollutants interact with the adjacent parts of the PET surface. For this reason, the
interactions with a particle model PET were stronger than with the unfolded oligomeric chain
model PET. The obtained results underscore the significance of understanding local molecular
interactions when investigating adsorbate-adsorbent systems. Finally, from a computational point
of view, our results suggest that particle model of MP should be used instead of unfolded
oligomeric chains or other prototype models in the study and elucidation of interactions between

organic pollutants and nano or micro-plastics.
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