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ARTICLE INFO ABSTRACT

Keywords: Polypropylene (PP) is a key component of nanoplastics detected globally in water, which can carry pollutants
PFAS through co-transport. In this regard, the co-transport of perfluoroalkyl substances (PFAS) by nanoplastics
Sensorl (NPs) raises significant concern, as NPs can act as vectors that enhance PFAS uptake and bioaccumulation
Nanoplastic

in organisms during co-exposure. In this context, research has shown interactions between NPs and PFAS,
but the adsorption mechanism remains still unclear. In this work, a powerful synergic approach combining
several computational and experimental techniques has been used to unveil the adsorption mechanism of
perfluorooctanesulfonate (PFOS), which is one of the most widespread contaminants of emerging concerns
(CECs) on PP nanoparticles. According to our DFT results, PFOS adsorbs onto the outer and inner surface of
the nanoparticle, with a maximum adsorption energy of ~ 18 kcal/mol and an adsorption mechanism mainly
governed by dispersion forces between the two fragments. Batch experiments have confirmed that PFOS rapidly
adsorbs on PP nanoparticle, showing that pH can reduce the adsorption capacity thus affecting the co-transport.
Moreover, the dipole moment of the PFOS-nanoparticle complex has been found to be significantly larger as
compared to the bare nanoparticle, resulting in a more pronounced transport in aqueous environment and
making the PFOS-PP nanoparticle complex much more dangerous than the bare PP nanoparticle. Altogether,
our results allowed us to disentangle the adsorption mechanism of PFAS on PP nanoparticles, which is a
fundamental step to understand the co-occurrence of such dangerous pollutants in environmental matrices, as
well as to obtain new information for toxicity and risk-models development.

Drinking water
Adsorption mechanism

1. Introduction consciousness. Each year, 19-23 million metric tonnes of mismanaged
plastic waste are discharged in water basins (Borrelle et al., 2020;
According to statistics, 1 in 4 people in the world still lacks access Bergmann et al., 2022), and thus, despite limitations, plastics waste

to safely managed drinking water (Ritchie et al., 2019). To exacerbate
the situation is the occurrence of contaminants of emerging concerns
(CECs) in soil and aquatic ecosystems, that along with their envi-
ronmental and toxicological impacts, degrade water quality standards
and pose a significant risk to both the environment and population

are often detected in the environment (Koelmans et al., 2019). To give
an idea, while it takes just few milliseconds to decide to throw a small
plastic bottle into the sea, it will take over 450 years to degrade. During
this extremely slow degradation process, due to weathering and biotic

worldwide (Sandoval et al., 2024). CECs encompass several classes of interactions (Bergmann et al., 2022; Enfrin et al., 2019), the bottle
compounds, such as perfluoroalkyl substances (PFAS), pharmaceuticals breaks down into smaller pieces called meso-plastics, i.e. small plastics
and personal care products, pesticides and plastics, which may have fragments with size of 5-40 mm (Peng et al., 2020), which further
an even more detrimental impact on human health than other well- fragments into micro-plastics (MPs, plastic particles in the range of 1-

known common contaminants (Pizzini et al., 2024; M.D. Hernando
et al.,, 2006). Among them, plastics and PFAS stand out due to the
concern they are raising within the scientific community and global

5000 pm), and nano-plastics (NPs, i.e. plastic particles in the range of 1
to 1000 nm) (Gigault et al., 2018; Pelegrini et al., 2023). Nevertheless,
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the toxicological effects of micro- and nano-plastics (MNPs) on the
human health have not been well established (Haldar et al., 2023;
Pelegrini et al., 2023). NPs are thought to be more dangerous than
MPs, due to their smaller size that is associated to a higher reactivity,
stronger interactions with microorganism (Yee et al., 2021) and their
ability to be internalized and penetrate into biological tissues (Llorca
and Farré, 2021). Moreover, they are very abundant, their signifi-
cant burden in the ecosystem being due to the weathering of plastic
litters and fragments. The ability of NPs to work as enhanced adsor-
bers/vectors of other legacy contaminants (Rai et al., 2022; Agboola
and Benson, 2021; Qi and Qin, 2024), pathogens (Sun et al., 2023) and
CECs (Tseng et al., 2022; Liu et al., 2019), such as PFAS (Salawu et al.,
2024), has a huge impact on the planetary public health. The sorption
mechanism of such substances on NPs is regulated by many factors, like
NPs size, shape, and surface chemistry and, due to this mechanism,
the adsorbed contaminants may be released in remote areas, causing
bio-accumulation and magnification in the aquatic environment (Cara
et al., 2022; Jeong et al., 2018; Wang et al., 2019). As well as MNPs,
PFAS are persistent organic pollutants (POPs), so widely dispersed in
water matrices that their contamination represents a planetary bound-
ary that is going to be exceeded (Cousins et al., 2022; Kurwadkar et al.,
2022). Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS) are the most detected PFAS in environmental matrices and they
have been associated with plastic pollution (Wee and Aris, 2023; Joo
et al., 2021) and endocrine dysfunction (Fenton et al., 2021; Wee and
Aris, 2017; Podder et al., 2021; Deep and Ahluwalia, 2001). Adsorption
kinetic and biotoxicity studies investigated the co-occurrence of PFAS
and NPs, finding that PFOS and PFOA are the most adsorbed PFAS
onto environmental MNPs (Cheng et al., 2021; Navarathna et al., 2023;
Chen et al., 2023). A recent study demonstrated that the adsorption of
PFAS onto secondary polyethylene terephthalate (PET) MPs in water
is thermodynamically spontaneous, with equilibrium reached within a
7-9 h timeframe and higher adsorption observed for perfluorosulfonic
acids, primarily due to their high degree of hydrophobicity (Salawu
et al., 2024). In addition, it was demonstrated that the gastrointestinal
fluids in organisms may promote the desorption of PFAS from MPs, thus
augmenting the hazard (Bakir et al., 2014; Liu et al., 2020). Despite the
significant impact that the co-transport of these compounds by NPs may
have on living organisms, most studies have primarily focused on the
experimental investigation of PFAS adsorption onto MPs, with very few
studies examining the adsorption onto NPs, especially from a mecha-
nistic perspective (Christian et al., 2022; Minervino and Belfield, 2024;
Townsend, 2024; Liu et al., 2023a; Cortés-Arriagada, 2021). Even if the
sorption mechanism is believed to be primarily driven by hydrophobic
interactions (Salawu et al., 2024; Zenobio et al., 2022; Ateia et al.,
2020; Wang et al., 2015; Llorca et al., 2018), other forces may play
a role and become important at the nanoscale, highlighting the need to
fully elucidate their co-transport and combined toxicity in ecosystems.
The aim of this paper is to shed light, at an atomistic level, into the co-
transport of PFAS and nanoparticles. In particular, we have investigated
the sorption of PFOS, which is one of the most widespread compounds
in water matrices, onto NPs made of polypropylene (PP), a polymer
widely used during the Cov-19 pandemic for face masks (Zhao et al.,
2024) and that is, along with PET, globally detected (Koelmans et al.,
2019). In a previous work we had shown that PFAS are adsorbed on PP
containers, Mancini et al. (2023) and we expect that such adsorption is
even enhanced in PP nanoparticles, due to their very high adsorption
ability associated with their large surface to volume ratio. To investi-
gate the co-transport mechanism, we have used a powerful approach
which combines theoretical calculations based on density functional
theory (DFT) and experimental data to obtain quantitative information
on the adsorption process. This synergic study aims to contribute to a
better understanding of the interfacial process at molecular scale and
of the role of nanoplastics in the co-transport, bioaccumulation and
bioavailability of PFAS in the ecosystems.
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2. Experimental
2.1. Chemicals and reagents

PP pellets (MW = 12 kDa), xylene and ethanol were purchased at
the highest purity available from Sigma-Aldrich (St. Louis, MO, USA).
Optima LC-MS grade acetonitrile (ACN), ultrapurewater, and methanol
(MeOH) were purchased from Biosolve (Valkenswaard, Netherlands).
LC-MS grade (>99%) ammonium acetate (CH;COONH,) was purchased
from VWR International Srl (Pennsylvania, USA). Vials (Phenomenex,
part.no.AR0-3611-12) were purchased from Phenomenex (Torrance,
USA). Thermo Scientific;,, Nalgene;,, Rapid-Flow;,, sterile Dispos-
able Filter Units with Nylon membranes (0.2 pm pore size, P/N164 —
0020) were purchased from Thermo Fisher Scientific (Waltham, United
States) and tested before the usage to avoid PFAS contamination. Ana-
lytical standards including PFOS technical solution and mass labeled
standard (13C4 PFOS) were purchased from Wellington Laboratories
(1,2 mL, 50 pg/mL in methanol)(Guelph, ON, Canada), kept away from
PFAS packaging and material during storage. Calibration solutions,
with concentrations of 1-1000 ng/L, were prepared by serial dilutions
of the stock solution in 30:70 (v/v) methanol/water.

2.2. Methods

2.2.1. PP nanoparticles synthetic protocol

PP nanoparticles were synthesized through the solvent-antisolvent
precipitation method following a previous established protocol (Lee
et al., 2022), with some modifications. Briefly, 30 mg of PP pellets were
dissolved into 3 g of xylene and heated at 110 °C until no visible traces
of PP remained. Once heating was stopped, 15 mL of hot ethanol was
added to the solution, leading to the formation of a white precipitate.
The suspension was stirred for 2 h until it cooled down, and the
precipitate was collected by vacuum filtration using a pre-tested 0.2 pm
Nylon membrane filter and dried at 80 °C overnight to remove any
residual solvent.

2.2.2. Characterization of PP nanoparticles

Morphology and shape were investigated using High-Resolution
Field Emission Scanning Electron Microscopy (HR FESEM, Zeiss Auriga
Microscopy). The PP nanoparticles suspension in ethanol was dropped
onto a GaAs wafer and allowed to dry. After drying, a 10 um layer of
chromium was sputter-coated onto the sample. The size distribution of
the PP nanoparticles from the FESEM images was evaluated using the
ImageJ software. The specific surface area (S,) of the PP nanoparticle
has been calculated by using the following equation:
s, = SDS €]
where p is the bulk density and D, is the Sauter mean diameter.
2.3. Instrumental analysis

The UHPLC-MS/MS system employed in this study comprised a
Thermo Scientific UHPLC UltiMate 3000 system fitted with a Thermo
Scientific TSQ Altis triple quadrupole mass spectrometer equipped
with a ESI ionization probe. The chromatographic separation of the
compounds was performed on a Luna Omega PS C18 (Phenomenex,
P/NOOD — 4752 — AN) analytical column (100 x 2.1 mm, 1.6 pm
particles sizes), with a security C18 Luna (Phenomenex, P/NOOA —
4252 — Y0) guard column (5 pm, 100 10\, 30 x 3 mm), while the mass
spectra were recorded in negative ion mode. The total run time was
15 min with a flow rate of 0.3 mL/min and a gradient mode developed
in our study, using water acidified with 5 mM ammonium acetate (A)
and ACN (B) as mobile phases. The time program started with 98%
eluent A for 0.5 min, then eluent A decreased to 70% over 0.1 min.
From 0.6 to 8 min, eluent A was further decreased to 0% and held
constant for 1 min. After that, eluent A was raised to 98% in 0.1 min
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HPLC-MS/MS

Fig. 1. Schematic representation of the PP nanoparticles synthesis and batch adsorption
experiments.

and held at 98% until the end of the gradient (15 min). The column
temperature was 313 K, the internal autosampler temperature was set
at 298 K and the injection volume was 100 pL. The mass spectrometer
parameters in negative ionization mode were as follows: spray voltage
of —2.5 kV, sheath gas flow rate of 50 a.u., auxiliary gas flow rate
of 10 a.u., sweep gas flow rate of 1 a.u., while the ion transfer tube
was at 598 K and the vaporizer at 573 K. MS/MS analysis was run in
the multiple reaction monitoring (MRM) mode. For native and mass-
labeled PFOS quantification, the monitored mass transitions are 499-80
(Collision Energy, CE, of 47 V) and 503-80 (CE of 40 V), respectively.
The adopted protocol is shown in Fig. 1.

2.4. PFOS adsorption studies

The adsorption of PFOS onto PP nanoparticles was studied by a
batch method at room temperature (298 + 2 K) under controlled
settings (Brandani, 2021), by adding known amount of PP nanoparticles
(10 mg) to a 5 mL PFOS solution (500 ng/L) in amber glass vials.
The concentrations of PFOS and PP nanoparticles were selected to
achieve an optimal compromise between environmental background
levels and reaction kinetics. Temperature was continuously monitored
and maintained constant throughout the experiment, and the samples
periodically collected at 0, 45, 90, 150, 240, 300 and 600 min. At the
end of the adsorption experiments, 700 pL aliquots were transferred to
LC glass vials. Then, the aliquots were spiked with 0.1 ng of the mass-
labeled internal standard (50 pg/L) and diluted to 1 cc with methanol
for LC-MS/MS analysis, as described in Section 2.1. Both pH and con-
ductivity were measured before and after the addition of the adsorbent
and adsorbate, as well as at the conclusion of the batch adsorption
experiments. As preliminary tests to assess the effect of aqueous chem-
istry, we investigated the influence of pH and ionic strength based on
literature-reported ranges, typical of engineered and natural aquatic
systems (Zhang et al., 2012; Essien et al., 2008; Satpathy et al., 2010;
Klungness and Byrne, 2000; P. Cervantes-Avilds et al., 2017). The
initial pH was adjusted to the desired values (5, 7, or 9) using 0.1
M NaOH or HCI, while the effect of salinity was assessed by varying
the NaCl concentration (0.1 M). To ensure high confidence in the data,
all experiments were performed in triplicates, with triplicate controls.
These measurements included calibrators, blank samples, quality con-
trol samples, and method validation. Multiple blank samples were run
after each analysis to ensure that there was no contamination from the
LC-MS/MS system or reagents. The kinetics were also conducted in the
absence of PP nanoparticles to assess the potential partitioning of PFOS
onto the container walls. The response of the analyte was recorded as
the ratio between the peak area of the native standard and the peak
area of the mass-labeled internal standard. The adsorption capacity
(ng/g) at specific time t ¢, and at equilibrium ¢,, were calculated using
the equations below:

C-C)*V

G§=——0 @
(€ =C) =V

qeq:—q (3)

M
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where C;, C,, and C,, are the initial concentration and the concentra-
tion of the adsorbate at time t and at equilibrium, respectively. V is the
volume of the solution (L) and M is the mass of the adsorbent (g).

2.5. Quantum mechanical calculation details

A combination of Quantum Mechanical (QM) methods and theoret-
ical procedures of analysis was employed to investigate the adsorption
of PFOS on PP nanoparticles, along the line of previous studies (Liu
et al., 2023b; Cortés-Arriagada et al., 2023a). A model of PP nanoparti-
cles containing 224 atoms was constructed starting from an PP polymer
chain consisting of 24 units (C3Hg), with a molecular weight of 1.038
kDa, by using the Gabedit program (Allouche, 2011). NPs in nature
have rough and amorphous structures (Hildebrandt and Thiinemann,
2023). Therefore, 500 ps MD simulations at 500 K in the canonical
ensemble were carried out to fold single polymer chains, followed
by a conformational search using the AMBER force field parame-
ters (Allouche, 2011). In this context, the spherical shape was chosen
as the target because several experimental studies have found that a
sphere is the preferred shape of NPs in water (Gigault et al., 2018).
Moreover, it is easily standardized and can be used as a reference
shape for comparison with other studies (Tanaka et al., 2021). The
resulting NP has a surface area of 1331 A? (with a diameter of 2.0 nm),
which is relatively larger than that of the selected compound (591
A?), ensuring good coverage properties and a reasonable compromise
between computational cost and accuracy. QM calculations have been
carried out by means of the Orca4.2.1 package (Neese, 2018), us-
ing DFT. Full geometry optimizations were performed using the PBE
functional (Perdew et al., 1996) and the all-electron def2-SVP basis
set (Weigend and Ahlrichs, 2005). The energies and all of the other
properties have then been calculated using the hybrid B3LYP func-
tional (Becke, 1993). Solvent effects have been implicitly included in
the calculations by using the CPCM formalism, Barone and Cossi (1998)
with water as solvent (¢ = 80.4). Dispersion force corrections were also
included with the DFT-D3 method, together with the Becke-Johnson
damping function (Grimme et al., 2011). Note that solvent effects and
dispersion force corrections have been included in the calculations of
all of the properties described below and in the single point energy
calculations, but not in the geometry optimizations due to the high
computational cost of such calculations.

The stability of the PFOS-PP nanoparticle (PFOS-PPNP) complexes
have then been evaluated by calculating the adsorption energies E,4:

Eags = Epros + Eppne — Epros-ppnp 4

where Eppogppnp iS the energy of the adsorption complex, Eppog is
the isolated PFOS energy and Eppyp is the isolated PP nanoparticle
energy. According to Eq. (4), the more positive the E,;, value, the more
stable the PFOS-PPNP complex. Energy decomposition analysis based
on absolutely localized molecular orbitals with implicit solvent (water)
model, ALMO-EDA(solv) (Khaliullin et al., 2007, 2008) was used to
determine the nature of the interaction between the adsorbate and the
NP. Such approach decomposes the adsorption energy into six physical
contributions:

—E,4s = Eprec + Episp + EpoL + Ecr + Epaurr + Eprep ()

where FEgjgc, Episp, Epor, and Ecqp are the stabilizing energies due
to classical intermolecular electrostatic, dispersion forces, polarization
and charge transfer effects, respectively, while Epay;; is the destabi-
lizing energy due to steric Pauli repulsion. Epggp is the destabilizing
preparation energy due to geometric/electronic distorsion of each frag-
ment. The ALMO-EDA(solv) calculations were carried out using the
Q-Chem software (Shao et al., 2015) at the B3LYP-D3/def2-SVP level
of theory. Wavefunction, fragmental charge population, and molecular
dipole moment analyses were performed by means of Multiwfn 3.8 (Lu
and Chen, 2012). Note that the dipole moments have been calculated
by setting the origin of coordinates to the center of nuclear charges.
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Fig. 2. Electrostatic potential (ESP) map of PP nanoparticles (a) and PFOS (b). Selected maximum and the minimum values of the ESP on the molecular surfaces (p = 0.001 a.u.)

are also shown. (¢) V,qy surface around the PP nanoparticles. Blue and yellow colors represent regions where V, 4 is positive and negative, respectively.

(For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)

In addition to electrostatic potential (ESP) analysis, Van der Waals
potential (V,qy) analysis was also carried out to highlight regions
where dispersion forces allow the formation of stabilizing interactions
with the adsorbate (Lu and Chen, 2020). In such analysis, Vyqy is
written as the sum of two terms:

Viaw = Veepu + Vaisp (6)

where Viep and Vg, are the repulsion and dispersion potentials,
respectively. The nature of intermolecular interactions was visualized
using the Independent Gradient Model based on Hirshfeld partitioning
(IGMH), implemented in the main function 20 (visual study of weak
interaction) of Multiwfn, as described by Lu and Chen (2022). The
IGMH can portray covalent and non-covalent interactions counterparts
in two intra- and intermolecular regions (Rayene et al., 2022) expressed
as follow:

6g = 5gimra + Egimer (7)

where 6g;,,,, and 6g;,., indicate intramolecular and intermolecular
contributions to the gradient of electron density, respectively. This
method was employed to calculate the three-dimensional real space
function gy, and the color-filled maps of 5g,r Was drawn via the
VMD code in order to highlight the different interactions.

3. Results and discussion
3.1. Surface properties and adsorption energies

To gain insight into the adsorption mechanism, the nature of the
interactions between PFOS and the PP nanoparticle was thoroughly
investigated. The ESP maps of PFOS and PP nanoparticle are shown
in Fig. 2a and b, where red and blue zones represent the negative
(electron-rich) and positive (electron-deficient) charged regions, re-
spectively. The ESP maps can predict nucleophilic and electrophilic
sites, providing insights into the interaction behavior of a molecular
system. PP is a non-polar molecule, constituted by C and H atoms.
The slight difference in electronegativity between H and C [2.20 (H)
and 2.55 (C) in the Pauling scale] causes partial charges that account
for the positive and negative sites observed in the map. The small
ESP values (#—4 to +12 kcal/mol) in Fig. 2a indicate the presence
of a weak surface charge, which is predominantly positive (80%), and
corresponds to a very weak surface polarity of ~ 0.4 Debye (vide infra).
On the opposite site, PFOS is an eight-carbon compound featuring an
oleophobic perfluorinated alkyl chain and a hydrophilic head, which
allows it to act as a surfactant. The acidic sulfonic head group is
predominantly dissociated in most environmental and biological com-
partments (pKa < 1), while the fluoro-substituted chain contributes

Fig. 3. Molecular structures of the PFOS-PPNPs complexes C1, C2 and C3. Representa-
tive intermolecular distances between the PFOS F atoms and the nanoparticle H atoms
(A) are indicated with black numbers. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

to hydrophobic interactions and is unfavorable for interactions with
water, facilitating sorption onto hydrophobic sorbent materials (Rayne
and Forest, 2009; Pontius, 2019; He et al., 2024). Additionally, the
negatively charged head group may engage electrostatic interactions
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Fig. 4. Distribution of the HOMO and LUMO of the PFOS and the PP nanoparticle fragments before the adsorption process and of their complexes C1, C2 and C3. The energies

of each orbital and the HOMO-LUMO energy gap (4E,) are also shown.

with particles with opposite charge. The ESP map of PFOS clearly
highlights these regions in red, indicating its potential for non-covalent
electrostatic interactions with the positively charged regions of the PP
nanoparticle. Therefore, PP nanoparticles can adsorb PFAS through
Coulombic attractions.

Besides such electrostatic interactions, dispersion forces are ex-
pected to play a crucial role in the interaction mechanism. In order
to investigate the surface properties of PP nanoparticles and visualize
the regions susceptible to contaminant physisorption, the V 4y was
analyzed and mapped (see Fig. 2c). The large yellow regions stands for
the negative part of V4 and represent the regions where attractive
dispersion effects will surpass exchange repulsion effects. Therefore,
in such PP nanoparticle regions adsorbate molecules can be adsorbed
via dispersion forces. In order to shed light on the mechanism for
PFOS sorption on PP nanoparticles, we have carried out ab initio
optimizations of PFOS-PPNP complexes, as described in the Methods
section. Among all of the simulated configurations, the three PFOS-
PPNP most representative structures are shown in the insets of Fig. 3,
labeled as C1, C2 and C3. In all the configurations, non-covalent
interactions are formed, with bond lengths ranging between 2.33 and
3.50 A. Fig. 3 shows the intermolecular distances that are found in the
three complexes. In particular, all the shortest distances between the
F atoms of the PFOS anion and the H atoms of the nanoparticle have
been reported, within a cutoff distance value of 3.50 A.

Several studies suggest that co-transport of contaminants can occur
on both the outer and inner surfaces of polymeric nanoparticles. Due
to its highly polar head group, PFOS is likely to adsorb on the surface
of PP nanoparticles (Liu et al., 2018a). On the other hand, it has
been observed experimentally that small PFAS molecules can partially
diffuse into the material’s pores (Salawu et al., 2024). In our three
most representative structures, PFOS exhibits both inner and outer
adsorption on PP nanoparticles. The most stable configuration is C1,
corresponding to an inner adsorption, with an adsorption energy of
18.3 kcal/mol and shorter bond distances, as compared to the other
structures, that can be compatible with the formation of polar in-
teractions, as observed in other PFAS systems (Leung et al., 2023).

The C2 configuration exhibits an outer adsorption, while C3 a partial
inner adsorption, with adsorption energies of 10.5 and 14.0 kcal/mol,
respectively. The positive adsorption energy values obtained in all
cases indicate the formation of stable complexes in water environment.
Moreover, they are comparable with the energies previously found for
other adsorbates on several NPs (see Table 1). Our results show that in
the adsorption process of PFOS on PP nanoparticles an inner adsorption
is the preferred mechanism, suggesting that the formation of stabilizing
interactions in this case dominates the repulsion effects.

Additional insights into the adsorption process has been gained by
calculating the frontier molecular orbitals of the system. In the fron-
tier molecular orbital theory, the highest occupied molecular orbital
(HOMO) is referred to the occupied orbital with the highest energy, the
lowest unoccupied molecular orbital (LUMO) is referred to the empty
orbital with the lowest energy, and HOMO and LUMO orbitals are
generally called frontier orbitals. According to such theory, the closer
the energy of HOMO and LUMO orbitals of two interacting fragments,
the stronger the interaction and the greater the degree of stability of the
system. The distribution of the HOMO and LUMO of the PFOS and the
PP nanoparticle fragments before the adsorption process and of their
complexes is shown in Fig. 4. The LUMO of PFOS is broadly distributed
from the sulfonic head group to the fluorine atoms near the carbon
chain, while the HOMO is more localized around the sulfonic head. On
the other hand, the HOMO and LUMO of the PP nanoparticle are widely
spread across its surface, even if the LUMO tend to be less widespread.
After the adsorption process, in all the configurations C1, C2 and C3 the
HOMO orbitals of the complexes are predominantly distributed around
the sulfonic head group of PFOS, resembling the distribution found in
the HOMO of PFOS, but the orbital spreads to some extent also to the
atoms of the nanoparticle that are located near the adsorbate polar
head. On the contrary, the LUMO orbital of the three complexes spread
across the entire PFOS anions, as well as on the nearest nanoparticle
atoms. By calculating the HOMO-LUMO energy gap (4E,) of the three
configurations, that are reported in Fig. 4, it is interesting to observe
that the trend obtained resembles the trend of the adsorption energies
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Table 1

Comparison of adsorption energies E,4; (kcal/mol) for several molecules and adsorbents.
Molecule Adsorbent Method E,; (kcal/mol) Ref.
Bisphenol A PETNPs DFT/B3LYP 19.3 Cortés-Arriagada (2021)
Diclofenac PSNPs DFT/B3LYP 14.9 Cortés-Arriagada et al. (2023a)
Caffeine PSNPs DFT/B3LYP 141 Cortés-Arriagada et al. (2023a)
PFOS PEMPs MD 102.3 Enyoh et al. (2022)
PFOS PP DFT 5.5 Zenobio et al. (2022)
PFOS PPNPs DFT/B3LYP 18.3 This work

(C1 > C3 > C2). This result indicates that the configurations that are
more stable in terms of interaction energies, are also more stable from
an electronic point of view.

3.2. Adsorption mechanism

In order to explore the specific role of the stabilizing effects involved
in the interactions formed between PFOS and the PP nanoparticle, we
have decomposed the adsorption energy of each configuration C1, C2
and C3 (shown for reference in Fig. 5a) by using the ALMO-EDA(solv)
approach. Destabilizing effects in the complexes are mainly due to
Pauli repulsion, while the geometric preparation contribution due to
adsorption is negligible in all cases. Such destabilization is overcompen-
sated by the stabilizing driving forces, especially the dispersion ones,
resulting in a favorable adsorption process and positive adsorption
energies in all the complexes. In particular, dispersion forces account

for the 79%-88% of stabilization, followed by electrostatic interactions
(6%-15%), charge transfer (4%-5%) and polarization effects (1%-2%),
in minor contributions (see Fig. 5b). The contribution of Epq; is very
low for all the configurations, and this can be in part due to the fact
that polarization is diminished by solvent screening effects. Note that
both Ecr and Epqp contributions are short-range terms, that decay
approximately exponentially along with the intermolecular distances.
In general, adsorption processes can be accompanied by electron trans-
fer, bonds formation/disruption and geometry rearrangements, in such
a way that chemical and physical adsorption are sometimes inter-
twined (Liu et al., 2018b). In our case, even if PFOS adsorption on
the PP nanoparticle is mainly driven by non-covalent interactions, a
weak amount of intermolecular electron transfer takes place, giving
rise to a charge rearrangement in the complexes and to a change of
polarity. In order to evaluate the charge transfer that takes places in the
complexes, the PFOS fragmental charge has been calculated as index
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Fig. 6. Independent gradient model based on Hirshfeld partitioning (IGMH) analysis of non-covalent intermolecular interactions taking place in the PFOS-PP complexes C1, C2
and C3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of electron transfer. Four different population analysis were considered
for comparison and the results of this analysis are shown in the left
panel of Fig. 5c. Taking the average value calculated using the different
analysis for each complexes, a charge transfer of 0.23, 0.11 and 0.18
|e| was observed between PFOS and the PP nanoparticle for the C1, C2
and C3 clusters, respectively. The electron transfer is in the direction of
the PP nanoparticle, due to the electrophilic nature of the nanoparticle
surface. Interestingly, in agreement with the frontier molecular orbital
analysis, the highest value of electron transfer obtained is related
to the C1 complex which is the more stable one. Moreover, it is
important to stress that such charge transfer may activate the C-H
groups of PP, favoring C-H-O and C-H-F interactions (Enyoh et al.,
2022; Cortés-Arriagada et al., 2023b; Dalvit et al., 2014). We have
then calculated the dipole moment of each complex, isolated fragments
and the fragmental dipoles of the PFOS and nanoparticle fragments
in the complex (see Fig. 5c). The pollutant dipole moment remains
high even after complexation, favoring an high dipole moment of the
entire complex. It is clearly observable that the dipole moment of
the PP nanoparticle, which is almost zero in the isolated molecule,
significantly increases after complexation, due to the alignment of
dipole moments post-complexation. To provide a visual insight, Fig. 5d
shows the fragmental and complex dipoles in the C1 configuration as
arrows. Since the dipole moment vectors of the fragments favorably
align along the x and z axes, the dipole moment of the complex is larger
compared to the fragmental dipoles. It is noteworthy that the complex
dipole moment is much larger than that of the free nanoparticle which
is almost zero, contributing to a more pronounced transport in aque-
ous environments. This behavior make the PP nanoparticle with the
adsorbed PFOS much more dangerous than the bare nanoparticle: the
increased transport in aqueous media indeed increases the exposition
and hence the probability to end up in drinking water. Finally, the
intermolecular interactions were explored by the Independent Gradient
Model based on Hirshfeld partition IGMH) (Lu and Chen, 2022). Fig. 6
shows the isosurface of the ég;,,,, function. The blue and green colors
highlight the regions where polar interactions and dispersion forces
occur. The dispersion interactions are the dominant forces that take
place in all the complexes, in agreement with the ALMO-EDA(solv)
results, with additional contributions from polar interactions between
the oxygen atoms of the polar head and the fluorine atoms of the PFOS
hydrophobic chain and the hydrogen atoms of the nanoparticle moiety.
The polar interactions are shown by small blue elliptic ég;,,,, spots that
are particularly visible in the C1 complex.

The red isosurfaces represent regions where steric destabilization
takes place due to repulsive interactions between PFOS and the PP
nanoparticle. As it can be seen, only in the C2 configuration there is a
small repulsive region, showing that the complex experiences a certain
amount of steric hindrance. Altogether these results show that the
stability of the PFOS-PPNP complexes is governed by the formations of
favorable dispersive interactions between PFOS and the PP nanoparti-
cle, with additional contributions of electrostatic interactions and polar
interactions. Therefore, our findings allowed us to shed light on the
relative contributions of driving forces in the process of adsorption of
PFOS on PP nanoparticles, in order to establish a consensus on the
interaction mechanisms between these pollutants.

3.3. Adsorption experiments

To support quantum mechanical calculations, batch adsorptions
experiments have been carried out, as detailed in Methods section. To
this end, PP nanoparticles have been synthesized using a modified non-
solvent induced protocol (Lee et al., 2022). This methodology allowed
for the rapid, surfactant-free production of uniform-distributed sphere-
like PP nanoparticles with a high yield (80%), as shown in Fig. 7a. The
average diameter of the PP nanoparticles was of 619 + 191 nm (n =
200), as obtained from their size distribution shown in Fig. 7b. The
morphological analysis revealed that the surface of PPNP is rough with
pores with a mean size of 3 + 2 nm, which may allow contaminants
inner adsorption. Note that the pore size distribution has been analyzed
starting from the SEM measurements by means of the ImageJ code.
Moreover, we have calculated the specific surface area by using Eq. (1)
and we have obtained a S, value of 6.79 m?/g. Such value is of the same
order of magnitude but larger than that recently obtained by means of
the Brunauer-Emmett-Teller (BET) measurements for secondary PET
microplastics (Salawu et al., 2024). It is important to stress that the S,
value obtained has to be considered an estimate, since it does not take
into account the porosity of the nanoparticles.

The PP nanoparticles are well dispersible in aqueous matrices,
being suitable for adsorption experiments. The colloidal stability of
the nanoparticle dispersion is demonstrated by their low ¢ potential
(—58.53 + 1.76 mV) in deionized water (Lee et al., 2022), mainly due
to the adsorbed hydroxide ions (Hildebrandt and Thiinemann, 2023;
Cassano et al., 2021). In the single-analyte solution, PFOS was rapidly
adsorbed and the equilibrium was reached in 240 min (see Fig. 7c),
significantly earlier than the microplastics (420 min, Salawu et al.
(2024)). Moreover, as it can be seen in the figure, the partitioning of
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Fig. 7. Batch adsorption results. (a and b) SEM image of PP nanoparticles and their size distribution; (c) Percentage of mass signal decrease in the absence and presence of 2
g/L of PP nanoparticles (pH = 7, deionized water, [PFOS] = 500 ng/L); (d) Non-linear kinetic fitting results (Pseudo-Second Order - PSO, Elovich, and Weber-Morris models); (e)
Adsorption isotherm curves (Langmuir and Freundlich non-linear fitting) performed in deionized water at room temperature (298 + 2 K) using the equilibrium time determined
for PFOS in the presence of 2 g/L of PP nanoparticles. The range of PFOS initial concentrations tested was between 450 and 600 ng/L; (f) Equilibrium sorption percentage at

different pH (5,7,9) and ionic strength (100 mM).

PFOS onto the glass container (blank sample) is not competitive within
the adsorption timeframe, in agreement with the results reported in
our previous work (Mancini et al., 2023). As observable in Fig. 7d, the
kinetic of PFOS adsorption onto PP nanoparticles is best described by
the second-order model (PSO) (qeq = 31299 + 29.04, K, = 30.18 +
10.84 g mg™! min~!, R? = 0.96), while also the Elovich and Weber
and Morris models are suitable (Vareda, 2023). These models were
chosen because they are widely used to describe adsorption processes
in liquid media (Salawu et al., 2024; Liu et al.,, 2019). The fitting
results confirm that the adsorption mechanism is primarily driven by
dispersion interactions, while diffusion into particle pores or surfactant
self-aggregation may represent the rate-limiting steps (Plazinski et al.,
2013). However, the latter plays a minor role considering the low
working concentration range with respect to the CMC. To gain further
insight into the adsorption mechanism, we also conducted adsorption
isotherm experiments (Fig. 7e). In such experiments, we have consid-
ered the equilibrium time determined from the kinetic study. Both the
Langmuir and Freundlich models fit the data well: the best fit of the
Langmuir model (g,,,, = 316.6 + 5.9 (ng/g), K; =1.25 + 0.15 (L/ng),
R? = 0.996) suggests that PFOS adsorption is monolayer and that there
are no interactions between PFOS anions. Moreover, the calculated
equilibrium parameter (R; = 0.6) suggests that the adsorption is fa-
vorable. The good fit of the Freundlich model (R?> = 0.960), on the
other hand, is not surprising given the system’s heterogeneity. Alto-
gether these experimental results are in line with our computational
findings and confirm that PFOS rapidly adsorbs on PP nanoparticles
and that dispersion forces are the main interaction forces driving the
adsorption mechanism. In addition, the equilibrium sorption capacity
was evaluated as percentage at different pH (5, 7, and 9) and ionic
strength conditions (100 mM). pH could play a role in the adsorption
mechanism by either reducing or enhancing the adsorption capacity of
the PP nanoparticles. As shown in Fig. 7f, a pH > 9 could decrease
the adsorption capacity, likely due to the adsorption of hydroxide ions
onto the PP nanoparticles surface through electrostatic interactions. On
the other hand, the effect of a ionic strength of 100 mM (and pH =

7), which corresponds to the salts concentration in seawater, has been
evaluated (Fig. 7f). The obtained result shows that the ionic strength
does not affect the adsorption process under the specific conditions we
used. However, it is important to stress that it could have an effect in
different conditions.

4. Conclusions

In this work, for the first time the adsorption mechanism of PFOS
on PP nanoparticles has been elucidated using a powerful synergic
approach which combines several computational and experimental
techniques. DFT calculations have shown that PFOS adsorbs onto the
outer and inner surface of PP nanoparticles, with a maximum adsorp-
tion energy of ~ 18 kcal/mol. The adsorption mechanism is mainly
driven by the establishment of dispersion forces between the two
fragments, with electrostatic and H-bonds interactions giving a mi-
nor contribution to the complex stabilization. Batch experiments have
confirmed that PFOS rapidly absorbs onto the PP nanoparticles, demon-
strating that pH can reduce the adsorption capacity by affecting the co-
transport. Besides the concerning adsorption properties of PP nanopar-
ticles with respect to the investigated pollutant, an additional alarming
aspect that emerges from this study is that when PFOS adsorbs on
the nanoparticles, the dipole moment of the aggregate increases sig-
nificantly compared to the bare nanoparticle, resulting in a more
pronounced transport in aqueous environment and making the PFOS-
PPNP complex much more dangerous than the bare PP nanoparticle.
Altogether our results allowed us to disentangle the adsorption mech-
anism of PFAS on PP nanoparticles, which is fundamental to design
efficient water treatment methods to eliminate such dangerous pollu-
tants, as well as to obtain new information for toxicity studies and
risk-models development. This study represents a first step towards a
profound understanding of the complex mechanisms taking place in
real aquatic systems. The theoretical calculations and the experiments
carried out in this work have been performed on an ideal system con-
sisting solely of water and the adsorption complex. Future work should
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focus on investigating, both theoretically and experimentally, real en-
vironmental conditions present in aqueous basins to better capture the
complexities and variability of actual systems. In this framework, from
a theoretical point of view, a powerful tool to proceed further would
be carrying out molecular dynamics simulations of systems that mimic
environmental conditions, such as the presence of natural organic
matter or the possibility to have a multicomponent scenario instead of
a single PFAS adsorbed on the nanoplastic.
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