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ARTICLE INFO ABSTRACT

Keywords: Polypropylene (PP) is a major constituent of nanoplastics (NPs) found worldwide in aquatic environments,

PFAS where it promotes the co-transport of contaminants. Of particular concern is the co-transport of perfluoroalkyl

ComP“tat?OHal procedure substances (PFAS), potentially increasing the uptake and bioaccumulation of PFAS in organisms during

g;‘;‘;{?{l‘asw;ter simultaneous exposure. Since the adsorption mechanism of PFAS molecules on NPs is still only partially

A dsorptim ‘mechanism understood, we have carried out a thorough systematic investigation of how a range of PFAS interact with
PP nanoplastics. To this end, we developed a computational procedure which combines molecular mechanics,
semiempirical methods and density functional theory calculations. We were able to describe quantitatively the
adsorption process, revealing similarities and differences in the adsorption behavior as a function of the PFAS
length, branching and of the nature of the PFAS polar head. Our findings suggest that the nanoplastic possess
a certain degree of local flexibility which allows it to effectively adsorb all the investigated compounds, by
modifying its form to maximize the interactions with PFAS. The adsorption mechanism is mainly driven by
dispersion forces between the PFAS perfluorinated chain and the nanoplastic polymeric chain, with minor
electrostatic contributions. These findings represent a significant step forward in the rationalization of PFAS
adsorption behavior, which is essential not only to clarify their environmental fate but also to help develop
strategies for PFAS removal from contaminated water sources.

1. Introduction through mechanisms involving immune system interference, liver toxic-
ity, disruption of cell membranes, and altered energy metabolism (Wee

Perfluoroalkyl substances (PFAS) represent a large group of man- and Aris, 2023; Joo et al., 2021; Fenton et al., 2021; Wee and Aris,

made chemicals characterized by carbon chains bonded to fluorine
atoms. PFAS contamination is becoming an increasingly serious issue,
now recognized as a global environmental emergency due to their
persistence, widespread presence, and harmful impact on ecosystems
and human health (Cousins et al., 2022; Kurwadkar et al., 2022).
PFAS are widely used in industrial and consumer products due to their
ability to repel oil and water. However, many PFAS are extremely
persistent, remaining in the environment for decades and accumulating
in the human body with elimination half-lives that span several years.
Recent EPA regulations targeting certain PFAS are based on extensive
epidemiological and laboratory research linking them to cancer and
other adverse health outcomes (Wee and Aris, 2023; Joo et al., 2021;
Fenton et al., 2021; Wee and Aris, 2017; Podder et al., 2021; Deep
and Ahluwalia, 2001). These findings have drawn significant media
coverage, highlighting the risks associated with these so-called “for-
ever chemicals”, including their role as endocrine disruptors and their
potential to contribute to a wide array of chronic health conditions,

* Corresponding authors.

2017; Podder et al., 2021; Deep and Ahluwalia, 2001).

The most widespread and concerning form of PFAS contamination
affects water basins, which are increasingly polluted not only by these
persistent chemicals but also by nanoplastics (NPs) (Sandoval et al.,
2024; Pizzini et al., 2024; Hernando et al., 2006). With global plastic
production continuing to rise steadily, reaching around 322 million
tons in 2015, plastic pollution has indeed become one of the most
significant threats to both marine life and human health (Brandts et al.,
2018; Koelmans et al., 2019). NPs are typically formed through the
degradation of older microplastics via sunlight exposure, industrial pro-
duction, or the everyday use of consumer products ((Peng et al., 2020))
and their presence in water has been increasingly investigated due
to their ability to remain highly stable and widely dispersed (Gigault
et al., 2018; Bergmann et al., 2022; Enfrin et al., 2019; Pelegrini et al.,
2023). NPs exhibit distinctive physicochemical characteristics at the
nanoscale, enabling them to penetrate biological barriers, disrupt cellu-
lar functions, and accumulate within organisms (Yee et al., 2021; Llorca
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Fig. 1. Co-transport mechanism of PFAS by adsorption onto nanoplastics in water ecosystems and their biomagnification through the food chain.
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Fig. 2. Structural formulas of the PFAS investigated in this work.

and Farré, 2021; Hildebrandt and Thiinemann, 2023). Beyond their
own effects, NP large surface area increases the likelihood of environ-
mental contaminants, such as persistent organic pollutants, adsorbing
onto their surfaces (Rai et al., 2022; Agboola and Benson, 2021; Qi and
Qin, 2024; Sun et al., 2023; Tseng et al., 2022; Liu et al., 2019; Salawu
et al., 2024; Cheng et al., 2021; Navarathna et al., 2023; Chen et al.,
2023). This gives rise to co-transport phenomena that are particularly
concerning, as they increase both the exposure of organisms to these
contaminants and the probability that such pollutants reach drinking
water sources (Cara et al.,, 2022; Cortés-Arriagada et al., 2023; Liu
et al., 2023a). Pollutants adsorbed onto NPs can indeed be released
into remote environments through the degradation of the polymer
matrix (Jeong et al., 2018; Wang et al., 2019). This process contributes
to the bioaccumulation of contaminants in aquatic organisms and leads
to significant NP enrichment throughout the food chain, as described by
Fig. 1 (Brandts et al., 2018; Koelmans et al., 2019; Chen et al., 2017a,b).

Due to their simultaneous presence in the aquatic ecosystems, it
is crucial to understand how NPs and PFAS interact with each other,
especially how they can give rise to co-transport phenomena that may
significantly enhance their environmental impact. Despite its impor-
tance, the adsorption mechanism of PFAS onto nano and microplastics
has been investigated in only few studies (Christian et al., 2022; Min-
ervino and Belfield, 2024; Townsend, 2024; Liu et al., 2023b; Cortés-
Arriagada, 2021; Enyoh et al., 2022), and, consequently, a detailed
molecular-level understanding of this process is still lacking. The aim of
this paper is to shed light, at an atomistic level, on the co-transport of
PFAS and nanoparticles. To this end, we have carried out an extensive

Table 1

PFAS compounds and their acronyms.
Acronym PFAS
PFBS Perfluorobutanesulfonic acid
PFOS Perfluoroottansulfonic acid
PFTS Perfluorotetradecanesulfonic acid
PFEiS Perfluoroeicosanesulfonic acid
PFBA Perfluorobutanoic acid
PFOA Perfluoroottanoic acid
PFTeDA Perfluorotetradecanoic acid
PFEIiA Perfluoroeicosanoic acid
3mPFOA 3-methyl-perfluoroottanoic acid
isoPFOA Isomethyl-perfluoroottanoic acid
diisoPFOA Diisomethyl-perfluoroottanoic acid
TFA Trifluoroacetic acid
GenX Hexafluoropropylene oxide dimer acid

systematic computational study of the adsorption mechanism of a wide
range of PFAS onto NPs made of polypropylene (PP), which is the sec-
ond most widely used plastic in the world, along with PET (Koelmans
et al., 2019). The structural formulas of the PFAS investigated in this
work are shown in Fig. 2, while for the abbreviations of PFAS names
refer to Table 1. We have recently demonstrated that PFOS rapidly ad-
sorbs onto both the outer and inner surface of PPNPs, with the driving
force of the adsorption process being the establishment of dispersion
interactions between the adsorbent and the adsorbate (Simonetti et al.,
2025). Here, our aim is to evaluate the influence of several factors
on the adsorption mechanism: (i) the effect of the polar head group
of PFAS, by conducting a comparative study of perfluorocarboxylic
and perfluorosulfonic compounds; (ii) the effect of the perfluoroalkyl
chain length, by varying the number of the chain carbon atoms; and
(iii) the effect of branching, by analyzing three branched isomers of
PFOA. Moreover, we have investigated the adsorption behavior of
TFA and GenX, two PFAS of particular relevance: the former due to
its extremely short perfluoroalkyl chain, and the latter because of its
ether-bridge-containing dimeric structure, which is representative of
next-generation replacement PFAS. To this end we have developed an
ad hoc computational procedure, which consist of a combined approach
that includes molecular mechanics computations based on classical
force fields, semiempirical and electronic structure calculations based
on DFT. By using such integrated approach we were able to describe
quantitatively the adsorption mechanism of PFAS onto PPNPs, estab-
lishing trends in the adsorption behavior across a wide range of PFAS
structural motifs.

2. Methods
2.1. Extended tight binding calculations

A model of PPNPs containing 422 atoms was constructed starting
from a PP polymer chain consisting of 46 units (C;Hg). The PPNP initial
geometry was optimized by means of the GFN2-xTB method (Ban-
nwarth et al., 2019). A conformational search was then performed using
the CREST code (Pracht et al., 2020), in combination with the GFN-FF
polarizable force field (Spicher and Grimme, 2020). The same proce-
dure was repeated for the many PFAS-NP complexes. The most stable
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structures obtained from the conformational sampling were optimized
using the GFN2-xTB method in vacuum and in water by means of
the Analytical Linearized Poisson Boltzmann (ALPB) approach (Ehlert
et al., 2021). All the details of the computational procedure used in this
work can be found in Section 3.1.

2.2. Quantum mechanical calculation details

The energies of the PFAS-PPNP complexes have been calculated
using DFT by means of the Orca6 package (Neese, 2018). In particular
both the energies and all of the other properties were computed adopt-
ing the all-electron def2-SVP basis set (Weigend and Ahlrichs, 2005)
and the hybrid B3LYP functional (Becke, 1993). The energies have been
calculated both in vacuum and in water simulating solvent effects by
means of the CPCM formalism (Barone and Cossi, 1998). Dispersion
force corrections were also included with the DFT-D3 method, together
with the Becke-Johnson damping function (Grimme et al., 2011). The
QM step of our multiscale protocol, performed at the B3LYP-D3/Def2-
SVP level, is expected to have a typical accuracy of 1 kcal/mol for
the adsorption energies, that is consistent with the well-established
performance of this method for noncovalent interactions (Fishman
et al., 2025).

The adsorption energies AE, 4 have been calculated as:

AE,4s = Eppas.ppnp — Epras — Eppnp @

where Eppagppnps Epras and Eppyp are the relaxed energies of the
adsorption complex and of the isolated PFAS and PPNP, respectively.

Van der Waals potential (V,qy) analysis was carried out to identify
regions where dispersion interactions favor the stabilization of the
adsorbate. In particular, VvdW is calculated as:

Viaw = repul T Vdisp @

where Viepq and Vg, are the repulsion and dispersion potentials,
respectively.

The nature of the interaction between the adsorbate and the NP
has been evaluated by means of energy decomposition analysis based
on absolutely localized molecular orbitals with implicit solvent (water)
model, ALMO-EDA(solv) (Khaliullin et al., 2007, 2008). The ALMO-
EDA analysis provides the interaction energy evaluated at the frozen
complex geometry, denoted as:

AE; = AEgpz + AEpgr, + AEcT 3)

where AEpq; and AEq; are the stabilizing energies due to polarization
and charge transfer effects, respectively. AEgg; represents the interac-
tion energy between the fragments when their electron densities are
kept frozen as in the isolated monomers and it is given by:

AEgrz = Egipc + Epauwr + Episp ()]

where Epipc, Epayry and Epgp are the stabilizing energies due to
intermolecular electrostatic interactions, Pauli repulsion and dispersion
forces, respectively. To obtain the total adsorption energy, the fragment
preparation energy (Epep) must be included. Accordingly, the adsorp-
tion energy is now related to the interaction energy stemming from
ALMO-EDA as:

AE4s = AEjy + Eprep %)

where Ep.., accounts for the deformation of the isolated fragments
from their equilibrium geometries to those they adopt in the complex.
The ALMO-EDA(solv) calculations were performed with the Q-Chem
code (Shao et al., 2015).

Van der Waals potential (V,qy) analysis was carried out to identify
regions where dispersion interactions favor the stabilization of the

adsorbate (Lu and Chen, 2020). In particular, V,4y is calculated as:

Viaw = repul T Vdisp (6)
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where Viep and Vg, are the repulsion and dispersion potentials,
respectively. The nature of intermolecular interactions was also visu-
alized using the Independent Gradient Model based on Hirshfeld parti-
tioning (IGMH) (Lu and Chen, 2022), by means of Multiwfn 3.8 (Lu and
Chen, 2012). The IGMH analyzes the electron density by partitioning
its gradient into two terms (Rayene et al., 2022):

08 = 68intra + O&inter Q)

where 6g;,,,, and 8g;,., are the intramolecular and intermolecular
contributions, respectively. This method was employed to calculate the
three-dimensional real space function g, Whose color-filled maps
allows one to highlight the different kind of interactions that are formed
among the fragments.

3. Results and discussion
3.1. Development of the computational procedure

In order to describe the adsorption mechanism of PFAS compounds
on PPNPs, we have carried out a comprehensive systematic study
on a wide range of perfluoroalkyl sulfonic acids (PFSA) and perfluo-
roalkyl carboxylic acids (PFCA). It should be noted that the sulfonic
and carboxylic head groups are predominantly dissociated under most
environmental conditions. Accordingly, all calculations were performed
using the deprotonated PFAS form. Simulating a large nanoparticle,
large enough to form stable complexes also with long-chain PFAS, is
essential for a study of this type but, in this way, the systems under
investigation consist of nearly 500 atoms, making them prohibitively
large for a full treatment using DFT methods. For this reason we have
developed an ad hoc efficient, but accurate computational procedure es-
pecially suited for the systems under investigation. Our computational
protocol integrates multiple levels of theory, combining classical force
fields, semiempirical (SE) methods, and DFT calculations, each applied
selectively at different stages of the procedure to balance accuracy and
computational cost. In DFT energy calculations, one of the most com-
putationally demanding steps is the iterative solution of the algebraic
Kohn-Sham SCF problem, particularly for large systems. This compu-
tational cost can be significantly reduced by introducing semiempirical
parameterizations into the matrix elements, thereby simplifying the
underlying quantum mechanical problem. The resulting SE approaches
retain a quantum mechanical framework, while simultaneously offering
a notable computational advantage, delivering speed-ups of approxi-
mately two orders of magnitude compared to standard first-principles
DFT methods (Christensen et al., 2016). Among semiempirical methods,
tight-binding-based techniques, such as the GFNn-xTB family of univer-
sal parameterizations developed by Grimme have gained widespread
adoption (Grimme et al., 2017; Bannwarth et al., 2019), particularly
in high-throughput computational workflows. Despite their improved
efficiency, SE methods still exhibit scaling limitations with respect to
system size, which can restrict the scope of simulations to scales not
vastly exceeding those accessible by full ab initio calculations (Ban-
nwarth et al., 2021). As a result, performing extensive conformational
searches on large systems may become computationally prohibitive
even with SE methods. In such cases, it becomes necessary to resort
to classical force field-based approaches, which allow for efficient ex-
ploration of conformational space at significantly lower computational
cost.

Therefore, the computational procedure we have developed consists
of the following steps:

 An initial reasonable geometry for the bare PPNP and all the
PFAS-NP complexes have been initially optimized by means of
the GFN2-xTB method.
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» A conformational search of the bare PPNP and of the PFAS-NP
systems has been performed through the use of CREST coupled
with GFN-FF. This choice is motivated by the large size of the
systems (~500 atoms), which would make the search process
excessively time-consuming, even with a semiempirical method.
In this case the non-covalent mode of the CREST method was
employed, which enables the treatment of interactions between
non-covalently bound fragments and allows one fragment to move
relative to the other.

All structures belonging to the conformational ensemble, within 6
kcal/mol above the lowest one, have been then screened and op-
timized in vacuum by using the semiempirical GFN2-xTB method,
to overcome any limitation of the GFN-FF approach.

The geometry in vacuum has been re-optimized including the
presence of water as solvent.

Finally, a single point energy calculation was performed on the
lowest-lying PFAS-PPNP structure obtained in the preceding steps
at a full DFT level and the interactions involved in the adsorption
process have been thoroughly characterized.

To assess the reliability of our multiscale protocol, we further tested
the computational workflow for two specific systems (PFOA and PFTS)
by evaluating the DFT energy (B3LYP-D3/Def2-SVP) on ten optimized
candidate structures from the GFN2 ensemble; the resulting energies
at the DFT level showed a standard deviation of only 1.2 kcal mol™,
indicating that the specific final structural choice has a limited impact
on the reported results and that the protocol is solid and efficient in
identifying (at least) one of the lowest lying conformers of the non-
covalent complex. The raw data of the two tests are reported in Table
S1 of the Supplementary Material.

With the exception of the conformational search of the bare PPNP,
the computational procedure have been carried out three times starting
from three different PFAS-PPNP initial structures, so that at the end,
among all of the simulated configurations, for each investigated PFAS
three PFAS-PPNP lowest-energy structures have been obtained.

3.2. The adsorption mechanism

Before studying the adsorption mechanism in detail, it is interest-
ing to examine the surface characteristics of PPNPs. Fig. S1 of the
Supplementary Material shows the electrostatic potential (ESP) map of
the PPNP. In these map, red areas correspond to electron-rich regions
with negative potential, whereas blue areas denote electron-deficient,
positively charged zones. Since PP is a nonpolar material made up
only of carbon and hydrogen, its charge distribution shows only lim-
ited polarity. The relatively low ESP range (—3.7 to 13.4 kcal/mol)
reflects a weak surface charge overall. Conversely, in general PFAS are
characterized by a hydrophobic perfluorinated tail and a hydrophilic
head group, enabling them to function effectively as surfactants. The
highly fluorinated alkyl chain promotes hydrophobic interactions and
resists mixing with water, thus favoring adsorption onto nonpolar
materials. Moreover, the anionic head group can form electrostatic
interactions with oppositely charged particles. Fig. S2 of the Supple-
mentary Material shows the electrostatic potential (ESP) map of PFOA
and PFOS, as an example. The maps obtained for the two compounds
are very similar to each other: the negatively charged domains shown in
peach highlights their propensity for electrostatic interactions with the
slightly positively charged regions of the PP nanoparticles. However,
since the nanoplastic carries only a very weak positive charge, the
electrostatic contribution to the interactions between the adsorbate and
the adsorbent plays a minor role, while dispersive forces represent the
dominant interactions (vide infra).

PFOS is an eight-carbon molecule characterized by an oleophobic
perfluorinated tail and a hydrophilic head group, enabling it to function
effectively as a surfactant. Its sulfonic acid moiety remains largely dis-
sociated under most environmental and biological conditions (pKa < 1).

Environmental Pollution 389 (2026) 127434

The highly fluorinated alkyl chain promotes hydrophobic interactions
and resists mixing with water, thus favoring adsorption onto nonpolar
materials (Rayne and Forest, 2009; Pontius, 2019; He et al. 2024).
Moreover, the anionic head group can form electrostatic associations
with oppositely charged particles. The electrostatic potential (ESP)
maps of PFOS highlights these negatively charged domains in red,
revealing its propensity for non-covalent interactions with positively
charged regions on PP nanoparticles.

Moreover, we calculated the solvent accessible surface area (SASA)
of the nanoparticle using VMD, obtaining a value of 1817 A2, This pa-
rameter represents the total surface area accessible to solvent molecules
and provides an estimate of the available surface that can interact with
the adsorbates. In order to identify the regions of the nanoparticle
prone to contaminant physisorption, it is useful to analyze the Vi gy,
which is shown in Fig. S3 of the Supplementary Material. V, 4,y negative
zones are colored orange, showing the regions around the PPNP where
attractive dispersion forces will surpass exchange repulsion effects.
Therefore, in such regions adsorbate molecules can be adsorbed via
dispersion forces.

The three PFAS-PPNP structures (labeled as C1, C2 and C3), cor-
responding to the three lowest-energy configurations, are reported in
Fig. 3 for the PFAS listed in Fig. 2. To better visualize the interactions
formed between the two fragments in the complex, the nanoparticle has
been represented by using the VMD QuickSurf algorithm. The geometry
of the optimized structures in water were very similar to those in
vacuum. We have therefore decided to show only the final structures
obtained from the in water calculations. A detailed comparison of the
adsorption energies obtained in vacuum and in water is provided in
the Supplementary Material. An important finding which emerges from
visual inspection of the obtained structures is that the geometry of the
NP varies depending on the positioning and binding orientation of the
PFAS molecule. The PPNP shows indeed a very large flexibility that
allows it to change in shape and to adapt in such a way to accommodate
the adsorbate molecule. It rearranges itself in a different way in each
configuration in order to maximize the specific interactions with the
PFAS molecule. The ability of the PPNP to be so adaptable to the
local environment, in this case the specific adsorbate, allows it to form
interactions with the entire PFAS molecule even when it possesses a
very long perfluorinated chain. A striking example of this behavior is
given by the PFEiA compound, that is able to fully extend itself on the
nanoparticle surface.

The entire set of adsorption energies for all of the optimized struc-
tures in water are listed in Table S2 of the Supplementary Material
and they are shown in Fig. 4. The negative adsorption energy values
obtained for all the PFAS compounds indicate the formation of stable
complexes. They are comparable with the energies previously found
for other adsorbents on polymer micro- and nanoparticles (Cortés-
Arriagada, 2021; Cortés-Arriagada et al.,, 2023; Enyoh et al., 2022).
Our computational results are in good qualitative agreement with the
experimental observations reported by Ateia et al. (2020). Both the
observations reported in that study and the present computational
evidence clearly indicate that PFSAs exhibit a stronger affinity for
polymeric surfaces than their PFCA counterparts of comparable chain
length. This trend can be attributed to the combination of larger dis-
persion contribution to the binding energies (closely related to a higher
hydrophobicity in the experiments) and to the stronger electrostatic
forces arising from the sulfonate group, as shown by EDA. Also, we
can observe that the adsorption strength systematically increases with
the length of the perfluoroalkyl chain, in line with the experimental
observations that long-chain PFAS display greater sorption capacities
than short-chain analogues. Again, it is evident how the increase of
dispersion interactions between the fluorocarbon chain and the poly-
mer matrix acts as the main drive of hydrophobicity. Our results point
to the plasticity of the polymer substrate surface and to dispersion
interactions as the main stabilizing contributions, with secondary but
non-negligible electrostatic effects that are particularly pronounced for
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Fig. 3. Molecular structures of the PFAS-PPNPs complexes C1 (left panels), C2 (middle panels) and C3 (right panels) obtained from the geometry optimization

procedure for all of the PFAS compound investigated in this work.

sulfonates. This agrees with the experimental interpretation of Ateia
et al. who ascribed the enhanced sorption of real microplastics to,
among other, surface roughness, and local charges, all of which can be
rationalized in molecular terms as a combination of steric, dispersion
and auxiliary electrostatic interactions (Ateia et al., 2020). There is
another additional point of contact between our model and the obser-
vations that is worth underlining: our calculations show a significantly
lower adsorption energy for highly branched, long-chain sulfonates
such as PFEiS, while Ateia et al. also noted that sorption trends are
not strictly linear with chain length (Ateia et al., 2020). This overall
consistency between theory and experiment strengthens the reliability
of our description of the mechanistic understanding of PFAS adsorption
on polymeric substrates.

First of all, it is useful to compare the behavior of the adsorption
energies computed for the same PFAS adsorbate. There is a certain
variability of the energies associated to the three structures C1, C2
and C3. In particular, the largest differences are found for long-chain
PFAS, showing also the largest energy values, such as PFTS and PFEiA
whose difference between C1 and C3 adsorption energies are 18.3
and 22.7 kcal/mol, respectively. However, in some cases very similar
interaction energies are obtained for the different structures, even if
from a structural point of view the corresponding configurations are
very different from each other, as it can be observed, as an example,
for configurations C1 and C2 of PFBS or PFBA, and configurations C2
and C3 of PFTeDA.

Several studies suggest that the co-transport of contaminants can
occur on both the outer and inner surfaces of polymeric nanopar-
ticles (Cortés-Arriagada, 2021). Moreover, it has been observed ex-
perimentally that small PFAS molecules can partially diffuse into the
material’s pores (Salawu et al., 2024). It is therefore interesting, for
each adsorbed PFAS, to determine if there is a preference for either
inner or outer adsorption on PPNPs. It is important to stress that here
the definition of inner and outer adsorption is not a strict definition,
since it descends from a visual inspection of the obtained structures. As
a general trend, all of the investigated compounds exhibits both inner
(or partially inner) and outer adsorption on PPNP. The only exception

to this behavior is represented by TFA, which is adsorbed only on the
inner surface of the PPNP, and in one of the three configurations (C3)
it is even incorporated into the nanoparticle. In this respect, TFA thus
shows a very different behavior as compared to the other PFAS systems,
as a consequence of its very little molecular volume. In most cases, the
most stable configuration C1 corresponds to an inner adsorption. On
the other hand, PFTS, PFOA, 3mPFOA, diisoPFOA and GenX prefer to
adsorb on the outer surface of the PPNP nanoparticle. It is not simple
to bring to light a general behavior for the different PFAS to form
either an inner or outer adsorption complex. As an example, taking
into account the same chain composed of eight carbon atoms, PFOS
and PFOA prefer to be adsorbed on the inner and outer surface of the
nanoparticle, respectively.

It is interesting to compare the lowest energy values, corresponding
to the most representative configuration of each PFAS systems (C1), ob-
tained for the two classes of PFAS compounds investigated in this work,
namely PFSA and PFCA, as a function of the PFAS perfluorinated chain
length (see Fig. 5). As a general trend, for a given number of carbon
atoms of the perfluorinated chain, PFSA always show larger adsorption
energies ad compared to the corresponding PFCA. This behavior is in
line with the results of Zenobio et al. that found stronger adsorption of
PFAS sulfonates than analogous carboxylates to PP containers (Zenobio
et al., 2022). Such a peculiar behavior has been ascribed by the authors
to their greater hydrophobicity (Zenobio et al., 2022). By looking at the
trend obtained for PFCA, we can see that the adsorption energies in-
crease as the PFAS perfluorinated chain length increases. This increase
can be explained by the increase of the number of possible interactions
among the PFAS and the PPNP interactions sites. We have indeed
shown that the PPNP is able to adapt and rearrange itself to maximize
the interactions with the adsorbate. As a consequence, we can expect
that the more the possible interaction sites, the more the adsorption
energy. This result is in line with the fact that the driving force of the
adsorption process is the formation of dispersion forces between the
PFAS perfluorinated chain and the NP alkyl chain (vide infra). The PFSA
adsorption energies show the same regular trend observed for PFCA as
a function of the number of perfluorinated chain carbon atoms up to a
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Fig. 4. Absolute value of the adsorption energies, shown as bar plots, calcu-
lated in water for all the investigated PFAS-PPNP complexes.
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Fig. 5. Absolute value of the adsorption energies corresponding to the C1
configuration of each PFAS-PPNP complex, obtained for the two classes of
PFAS compounds investigated in this work, namely PFSA and PFCA, as a
function of the number of carbon atoms of the PFAS perfluorinated chain.

number of carbon atoms of 14, corresponding to the PFTS system, while
decreasing for the last member of the series (PFEiS). Therefore, even
if the PPNP adjusts itself to maximize the interactions with the PFAS
molecule, such interactions in PFEiS are not as strong as those formed
by the shorter chain counterparts. Note that among PFSA containing
systems, PFTS has the largest adsorption energies of all the compounds
investigated in this work (94.5 kcal/mol).
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Fig. 6. Percentage contributions of ALMO-EDA terms in the C1 configura-
tion of selected PFAS-PPNP complexes. ELEC, DISP, POL and CT refer to
the stabilizing energies due to intermolecular electrostatic, dispersion forces,
polarization and charge transfer effects, respectively.

Finally, if we look at the adsorption energies of the C1 configuration
of the three isomers of PFAS obtained by varying the branching of the
perfluorinated chain (3mPFOA, isoPFOA and diisoPFOA), we can see
that in all cases they are larger than to the linear isomer. This is a
very peculiar result which is in contrast with the findings reported by
Kleiner et al. for PFAS adsorbed on high-density polyethylene (HDPE)
surfaces (Kleiner et al., 2021). However, this is not surprising since in
the study the adsorption occurs on a surface which, although poten-
tially porous, remains static and lacks the flexibility and adaptability
exhibited by the NPs investigated in the present work. Owing to their
properties, NPs are indeed capable of forming strong interactions even
in presence of a large steric hindrance caused by the branching of the
polymer chain.

3.3. The nature of the interactions

At this point it is interesting to shed light on the driving forces
governing the adsorption process. To this end, it is useful to investi-
gate the specific contribution of the stabilizing interactions involved
in the binding between PFAS and PPNP, by decomposing the inter-
action energy of the configuration C1 of selected PFAS using the
ALMO-EDA(solv) method. The results are shown in Fig. 6. The main
destabilizing contribution within the complexes arises from Pauli re-
pulsion. These destabilizing effects are more than offset by stabilizing
interactions, with dispersion forces playing the dominant role, leading
to an overall favorable adsorption process and positive net adsorption
energies for all complexes. The driving force of the adsorption process
is thus in all cases the formation of dispersion interactions between
the adsorbent and the adsorbate. In addition to dispersion interactions
(DISP in Fig. 6), PFAS and NPs also interact through electrostatic forces
(ELEC in Fig. 6), even if to a much lesser extent. The electrostatic con-
tribution is generally more pronounced in PFSA as compared to PFCA.
Of particular interest is the remarkably high electrostatic contribution
(20%) observed in the PFTS complex, which also exhibits the highest
adsorption energy value among all of the studied systems. Interestingly,
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Fig. 7. Independent gradient model based on Hirshfeld partitioning (IGMH) analysis of non-covalent intermolecular interactions taking place in the TFA- and
PFOA-PPNP complexes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

TFA exhibits a higher polarization contribution as compared to the
other compounds, which can be attributed to its higher charge density.
This is likely due to its low molecular weight, which results in a
more localized charge density, and therefore a higher polarizing power
relative to the other members of the carboxylate series.

Finally, intermolecular interactions were analyzed using the IGMH
approach (Lu and Chen, 2022). Fig. S5, S6 and S7 of the Supplementary
Material displays the &g;,,,, isosurfaces calculated for the three con-
figurations of all the PFAS-PPNP complexes investigated in this work,
namely PFSA, PFCA and the branched isomers of PFOA (together with
GenX and TFA), respectively. Fig. 7 shows selected configurations of the
TFA and PFOA compounds. Blue and green regions highlight regions
where polar interactions and dispersion forces occur, respectively. Dis-
persion interactions are confirmed to be the predominant stabilizing
forces across all complexes, in agreement with the ALMO-EDA(solv)
analysis. Such dispersion interactions are formed at the interface be-
tween the NP and the contaminant, all along the perfluorinated chain
of the PFAS compound.

An interesting point to note is that, although short-chain PFAS
exhibit higher polarity compared to long-chain PFAS, physical inner
adsorption can still occur (Liu et al., 2018). As shown in Fig. 7, in
the specific case of TFA, the shortest-chain PFAS, the compound in
the C3 configuration is completely adsorbed within the NP, in con-
trast to longer-chain PFAS such as PFOA, also depicted in the same
figure. As previously observed by Cortés-Arriagada for BPA adsorption
on nanoPET (Cortés-Arriagada, 2021), this result demonstrates that
physical entrapment of TFA molecules is possible within the inner
surface of PPNPs. This behavior is primarily attributed to dispersion
forces, which stabilize the complex and dominate the inner adsorption
process. Our results suggest that the preferential adsorption of TFA
onto the inner surfaces of microplastics may significantly influence
its toxicokinetic behavior, potentially increasing its bioavailability and
altering its overall toxicological profile.

4. Conclusions

In this paper a thorough systematic investigation of the adsorp-
tion mechanism of a variety of PFAS onto PPNPs has been carried
out. To this end, we developed a computational procedure that inte-
grates molecular mechanics using classical force fields, SE methods,
and electronic structure calculations based on DFT. This comprehensive
approach enabled us to shed light on the driving force governing the ad-
sorption process, revealing for the first time similarities and differences
in the adsorption behavior as a function of the PFAS structural features,
in particular the length and branching of the perfluoroalkyl chain, as

well as the variation of the head group from carboxylate to sulfonate.
All of the investigated PFAS are able to adsorb onto the PPNP, as
evidenced by their positive adsorption energies. This ability to adsorb
onto PPNP has serious environmental implications, as it facilitates
transport phenomena that can enhance PFAS exposure and promote
their dispersion over long distances. Such processes are particularly
concerning due to the potential for biomagnification through the food
chain, posing risks to ecosystems and human health. Our findings
suggest that the local flexibility of the NP is the key factor enabling an
effective adsorption of all the investigated PFAS compounds. Indeed,
the PPNP structure undergoes different rearrangements in each PFAS
complex to maximize the intermolecular interactions. The adsorption
mechanism is mainly driven by the establishment of dispersion forces
between the PFAS perfluorinated chain and the NP alkyl chain, with
electrostatic interactions giving a minor contribution to the complex
stabilization. Almost all of the studied compounds exhibit both inter-
nal and external adsorption, with internal adsorption generally being
the more favorable one. As a general trend, perfluorosulfonic acids
exhibit larger adsorption energies as compared to their carboxylic
acids counterpart, and the PFAS-PPNP interaction becomes stronger
with increasing the length of the perfluoroalkyl chain, as more and
more dispersion forces can be established between the two fragments.
Increasing the branching of the PFAS chain leads to higher adsorption
energies. This peculiar behavior can be attributed to the remarkable
adaptability of the NP, which allows it to interact effectively with
the PFAS molecule even in the presence of increased steric hindrance
caused by chain branching. This work constitutes a first step toward a
comprehensive understanding of the complex mechanisms taking place
in real aquatic environments. The theoretical calculations reported
herein were performed on an ideal model system consisting exclusively
of water continuum model and the adsorption complex with a single
PFAS. Future investigations should aim to address multi-molecule ad-
sorption using larger-scale simulations. In this way, it will be possible to
better describe the real environmental conditions of aqueous basins and
thus capture more effectively the inherent complexity and variability of
the real systems.

These findings can be of great help in the rationalization of PFAS
adsorption behavior, which represents a crucial step toward addressing
this major environmental and public health emergency. A molecular-
level understanding of the co-transport of PFAS and NPs not only helps
clarifying their environmental fate and transport but it also provides
valuable insights for the development of effective strategies for PFAS
removal from contaminated water sources.
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