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ONA with neutral and charged
clay interfaces: molecular insights
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Ether-based per- and polyfluorinated alkyl substances (PFAS) are increasingly used as alternatives to legacy

PFAS due to their higher tendency to break down in natural settings. Among these, ADONA – a carboxylate

ether-PFAS replacement species – is a prominent substitute for PFOA. However, despite its intended

decrease in toxicological behavior, ADONA has been associated with some adverse effects in biological

systems and is considered an emerging contaminant. Subsequent to employing ADONA for nearly two

decades, these molecules are increasingly detected in environmental matrices, particularly near industrial

sites. Consequently, there is an increased risk for human exposure through water sources. At the same

time, soil minerals could play a central role in governing the leaching of ADONA from surface

environments to groundwater. In this study, the influence of soil mineral components on the distribution

and transport of ADONA in terrestrial environments has been investigated using molecular dynamics

(MD) simulations. Three common clay minerals were chosen as models due to their distinct variations in

both charge distribution and magnitude at their basal surfaces. The interfacial adsorption structures and

dynamic properties of ADONA vary substantially between different mineral surfaces, and the adsorption

mechanism strongly depends on the surface charge of the minerals examined.
Environmental signicance

Ether based PFAS are considered as potential alternatives for legacy PFAS molecules and are envisioned to be less bio-accumulative in nature. With increasing
studies showing health impacts following exposure to ether PFAS molecules, it is imperative to understand their different exposure pathways to humans. Soils
and sediments represent important mediums for exposure among others and play a critical role in determining the movement of alternatives to groundwater.
The current study provides a comprehensive knowledge into the interfacial behavior of ADONA, an ether based PFAS molecule at the conned pores of three
different soil minerals. The study reveals key interaction that governs the adsorption and dynamics of ADONA varies between minerals. Such insights could be
useful when assessing their environmental distribution.
Introduction

Per- and polyuoroalkyl substances (PFAS), a group of anthro-
pogenic organic compounds including over ∼14 000 species,
are known for their high persistence and toxicological behavior
within environmental and biological systems.1–4 Though these
molecules were rst developed in the late 1930's, PFAS have only
recently been classied as emerging contaminants and linked
to numerous notable health concerns.5–8 Among the most
widely known PFAS are peruorocarboxylic acids (PFCAs) and
peruorosulfonic acids (PFSAs), which were originally synthe-
sized because of their desirable amphiphilic properties.9,10 The
composition of the molecular backbone includes multiple
carbon-uorine bonds – each with a bond dissociation energy of
∼116 kcal mol−1 – that account for the exceptional stability of
PFAS and their resistance to natural degradation processes such
ter for PFAS Research, Michigan State

SA. E-mail: akwilson@msu.edu

y the Royal Society of Chemistry
as photochemical oxidation and biodegradation.11–14 Conse-
quently, it is these same structural features that also contribute
to the high persistence of PFAS in the environment and their
potential to bioaccumulate, even at trace concentrations.15–18

In response to the growing concerns about the adverse
environmental and human health effects of PFAS, regulatory
measures are now established for legacy PFAS. As well, for some
PFAS, rigorous efforts have been introduced to identify safer
alternatives for PFAS that can exhibit similar amphiphilic
properties. For example, peruoroalkyl ether acids (ether-PFAS)
are a subset of “new age” PFAS alternatives that include at least
one alkyl-ether linkage.19,20 Ether linkages can disrupt the
stability of the compound and decrease potential toxicological
effects compared to their long-chain peruorinated
analogues.21,24 Common alternatives for PFOA are hexa-
uoropropylene oxide dimer acid (HFPO-DA, GenX) and 4,8-
dioxa-3H-peruorononanoic acid (ADONA). While studies have
shown that ADONA may be less toxic than conventional PFAS
compounds such as PFOA, ether-PFAS have recently emerged as
Environ. Sci.: Adv.
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a distinct class of concern due to their environmental persis-
tence and potential for bioaccumulation. Some evidence
suggests that certain ether-PFAS may preferentially accumulate
in specic organs, such as the liver, raising new questions about
their long-term biological impacts.22,23

ADONA was introduced in the late 2000's and is primarily
used as a processing aid in uoropolymer production, but also is
included in applications for the manufacturing of non-stick
coatings and electronic components.24–27 With declining legacy
PFAS concentrations near industrial sites, detectable levels of
ADONA in nearby groundwater have been reported.31However, as
noted in the study, the associated health risks may be relatively
low, due to ADONA's shorter half-life as compared to that of long-
chain PFAS. Nonetheless, ADONA concentrations, particularly in
ground and surface waters near industrial facilities, are on the
rise.28–30 Furthermore, ADONA has been detected in human
plasma and breast milk and may be linked to adverse birth
outcomes.31,32 Understanding ADONA's behavior in environ-
mental media such as water, soil, and sediments is therefore
critical, as these systems serve as both direct and indirect expo-
sure pathways for humans, animals, and plants.33

According to Feng et al., ether-PFAS have the potential for
long-range transport in the atmosphere, aquatic and soil envi-
ronments, much like other well-known PFAS compounds.23

Particularly, ADONA has been detected in agricultural soils in
both Germany and China, with sources linked to paper sludge
and compost application or nearby industrial discharge.34–36

These soils contaminated with ADONA pose a risk of trans-
portation of ADONA to groundwater via leaching.34–36 ADONA
transport is likely to follow similar environmental pathways as
legacy PFAS.16,17 While current research has largely focused on
the aqueous phase transport of ADONA, there is a gap in
knowledge about the role that soil components – particularly
clay minerals (a major soil fraction) – have in inuencing its
retention and mobility.37–39 Clay minerals, which vary in their
surface charge characteristics, play a pivotal role in the inter-
facial properties of PFAS at a molecular level.18,38,40,41 However,
the behavior of ADONA in clay minerals is largely unexamined –

despite its importance for informing regulatory processes and
developing effective remediation strategies.

In the present study, the adsorption mechanisms of ADONA
in three representative clay minerals – kaolinite, montmoril-
lonite, and illite – are investigated. These clays were chosen
because they vary greatly in their charge magnitude and distri-
bution and represent a wide variety of typical clay types in soils.
Kaolinite is a neutral clay exhibiting two unique basal surfaces
exposed to the mesopore region-a hydrophobic siloxane (octa-
hedral) surface and a hydrophilic hydroxyl surface (tetrahedral)
surface. Montmorillonite has a relatively low structural charge
due to a moderate distribution of substituted sites in both
tetrahedral and octahedral layers, while illite has a high struc-
tural charge which is distributed exclusively in the tetrahedral
layers. In this work, classical molecular dynamics simulations
have been used to examine the adsorption behavior, coordina-
tion structure, and diffusion characteristics of ADONA for each
of these clays. To date, the interactions of ADONA with these
clay structures have not been directly examined.
Environ. Sci.: Adv.
Simulation details

The structural composition of kaolinite, Al4Si4O10(OH)8, is
based on the model from Cygan et al.42 The montmorillonite
structural formula, M+(Si7.25Al0.25)(Al3.25Mg0.75)O20(OH)4,
follows the model described by Ngouana and Kalinichev.43

Isomorphic substitutions of Al3+/Si4+ in the tetrahedral sheets
and the Mg2+/Al3+ in the octahedral layer result in a charge of
−0.75jej per unit cell. Hydrated Ca2+ counterions were distrib-
uted in the smectite's swellable interlayer. Illite is represented
by the structural formula of M+(Si6.4Al1.6)(Al4)O20(OH)4 and is
derived from an ideal muscovite structure, with a 20% reduc-
tion in substituted Al3+.44 The Al3+/Si4+ isomorphic substitutions
in the tetrahedral sheets result in a charge of −1.6jej per unit
cell that is balanced by K+ counterions in the non-swellable
interlayer. All isomorphic substitutions for montmorillonite
and illite were made in a quasi-disordered manner obeying
Löwenstein's avoidance rule, which prohibits Mg–O–Mg or Al–
O–Al linkages.45 Each clay model was chosen based on its
capabilities to accurately reproduce the interfacial structure and
dynamical properties of metal ions and organics, consistent
with experimental studies.46–50 The structural differences
between the three minerals are illustrated in Fig. S2.

Clay surfaces were constructed by cleaving the center of each
interlayer along the crystallographic (001) plane and adding
a ∼130 Å mesopore to effectively minimize any interactions of
one surface with another from neighboring cells. The clay
structures were expanded into a (12 × 8 × 2) supercell, with
a large basal surface. Each simulation system included two clay
layers (∼62 × ∼72 Å laterally) and the initial dimensions are
described in Table S1. The interparticle mesopores were
hydrated with ∼20 000 H2O molecules under ambient condi-
tions (P = 1 atm and T = 300 K). The initial models included 16
ADONA molecules randomly distributed within the mesopore
into four regions with each region separated by ∼20 Å, as rep-
resented in Fig. S3. In addition, ADONA molecules within
a given region were placed ∼15–20 Å from one another. To
model neutral pH conditions, all terminal carboxyl groups on
ADONA were deprotonated, resulting in C7HF12O4

− anions. The
number of ADONA molecules per simulation was chosen to
mimic concentrations at soil sites reported to have high levels of
contamination in the range of ppm, similar to concentrations
for both legacy and other emerging PFAS alternatives.51,52 To
maintain charge neutrality, Ca2+ counterions were randomly
distributed throughout the interparticle mesopore, balancing
the charges of the clays and the ADONA anions. The initial
placements of ADONA and Ca2+ in the mesopore region were
chosen to avoid biased aggregation or preferential adsorption
onto basal surfaces.

Classical molecular dynamics (MD) simulations were carried
out for 55 ns using Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS), as depicted in (Fig. 1).53 Simula-
tions were performed for 15 ns in the isobaric-isothermal
ensemble (NPT: constant atom number, pressure, and
temperature) at ambient thermodynamic conditions (P = 1 atm
and T = 300 K). The rst 10 ns of the NPT simulation were for
equilibration followed by 5 ns of a production run for data
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Timeline for the simulation run.
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collection. Subsequently, NVT (constant number of atoms,
volume, and temperature) simulations were performed for an
additional 40 ns, encompassing another equilibration and data
production. The cell dimensions for the NVT simulations were
obtained by averaging the results from ten independent 500 ps
time blocks (from the NPT data production run – see Table S1).
The velocity Verlet integrator was used to calculate the equa-
tions of motion with a timestep of 1 fs, with data collected at 10
fs time intervals. Data analysis was based on the nal 5 ns of the
NVT production run. Three-dimensional periodic boundary
conditions were employed to simulate innite clay particle
surfaces. The temperature and pressure were maintained using
a Nosé-Hoover barostat (controlled anisotropically) and
thermostat.54,55

Fully exible all-atom force elds were used to model the
interactions between clay particles, ADONA, and water. Clay and
cation interatomic interactions were modelled using revised
ClayFF, a generalized amber forceeld (GAFF2), for ADONA and
by the single point charge (SPC) interaction potential for
water.42,56,57 The ADONA partial atomic charges were calculated
using the AM1-BCC charging method via the Antechamber
module.58,59 The selected interaction potentials were chosen for
the demonstrated ability to accurately reproduce experimental
observations and is widely applied in simulations involving clay
surface interactions with both organic or inorganic species.4,60–64

The short-range, non-electrostatic interactions were calculated
using a cutoff of 10 Å, while long-range electrostatic interactions
were calculated using particle–particle particle-mesh (PPPM)
summation with an accuracy of 1 × 10−6.65
Results and discussion
Atomic density proles

Atomic density proles (ADP) were calculated for each clay
model to provide insight into how the density of different
atomic species change with respect to distance along the clay
surface normal (001 plane), shown in Fig. 2. In general, all clay
models include ADONA-surface interactions and show varying
density distributions for ADONA within the bulk mesopore
regions. Descriptions of the density proles of ADONA, water,
and Ca2+ for each clay are discussed below, while more specic
details about the clay particles are discussed in the SI.
Kaolinite

The kaolinite density proles show that ADONA molecules
(dashed lines) are adsorbed near to the hydroxyl surface (Fig. 2b).
The rst carboxyl oxygen (O1 and O2) peaks are well-structured,
© 2025 The Author(s). Published by the Royal Society of Chemistry
and are located ∼2.7 Å from the hydroxyl surface oxygens (oh),
and are followed by a carboxyl carbon (CCOO–) peak located at ∼3
Å. The rst density peak for the uorine (F) atoms begins at∼3 Å
from the basal surface, thoughmore structured peaks are located
at ∼5.8 Å. The F peaks are aligned with peaks from the carbon
backbone (Cback) beginning at ∼4 Å. All other atoms of ADONA
are observed beyond 5 Å, including both the ether oxygens and
hydrogen (Oeth1, Oeth2 and H), where peaks appear at distances
∼5.5, 6.5, and 6.3 Å away from the surface, respectively. The
presence of carboxyl groups closest to the surface indicate that
the adsorption of ADONA on kaolinite is driven by the hydrogen
bonding of carboxyl oxygen (O1 and O2) atoms with hydroxyl
hydrogens (ho) of the aluminol surface. Notably, there are no
interactions of ether oxygens or the uorinated backbone with
the kaolinite basal surface. Additionally, the ADP shows all atoms
of ADONA molecules exist within 25 Å of the hydroxyl surface,
while demonstrating a complete lack of ADONA interactions with
the siloxane surface (Fig. 2c). Water exhibits different density
distribution near either basal (aluminol/siloxane) that extends
∼10 Å from the basal surfaces and can be attributed to the
difference in hydrophilic/hydrophobic character inherent to the
unique kaolinite basal surfaces. For example, Fig. 2b shows three
peaks for oxygens of water (OH2O) located at ∼2.5, 4.2 and 6.3 Å
from the hydroxyl surface while the OH2O peaks near the siloxane
surface are centered at ∼2.6 Å followed by a broader peak
distribution at∼6.4 Å. Lastly, Ca2+ are exclusively located near the
siloxane surface between 129 and 132 Å, starting at∼4.5 Å (outer-
sphere) from the basal surface oxygens (ob). The reported density
distributions of water, Ca2+ and ADONA are consistent with our
previous studies of carboxylate PFAS and kaolinite surfaces, thus
indicating that the environmental distribution of ADONAmay be
similar to that of legacy and related ether-PFAS molecules.18,41,66
Montmorillonite

The ADONA molecules in the montmorillonite system show
entirely different adsorption proles, by including both surface
adsorbed and solution phase cluster molecules. Fig. 2f shows the
signicant presence of F atoms at∼127.6 Å, or∼3 Å from the basal
surface oxygen (ob) atoms. The H and F atoms on the ADONA
backbone show the closest interaction with the surface which
implies that the hydrophobic backbone plays a pivotal role in the
surface complexation with montmorillonite. Both Oeth1 and Oeth2

are observed only at ∼4.6 Å from the surface and hence are likely
not responsible for adsorption. In contrast to the surface
complexation observed in kaolinite, the presence of ADP peaks for
the carboxyl group atoms at∼5.6 Å for CCOO– and∼6.3 Å for O1 and
O2 demonstrate that the hydrophilic headgroups do not partici-
pate in the surface complexation. In addition to surface adsorbed
ADONA molecules, Fig. 2d shows that the ADONA molecules are
distributed throughout the entire interparticle pore with peak
densities at ∼60 Å and ∼111 Å. Such distribution indicates the
potential for their aggregation within the bulk mesopore solution.
Near surface interactions for OH2O are similar on either basal
surface as shown in Fig. 2e and f, with three distinct peaks located
at ∼2.7, 4.5, and 6.3 Å from each basal surface, reaching bulk
density beyond∼9 Å. Ca2+ shows two types of coordination (inner-
Environ. Sci.: Adv.
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Fig. 2 ADPs of PFAS, cations and H2O, computed for kaolinite (a–c), montmorillonite (d–f), and illite (g–i) with respect to the clay surface normal.
For kaolinite, z = 0 represents the peak maximum of basal hydroxyl surface oxygen (oh) atoms and z = 0 is defined as the peak maximum of the
basal surface tetrahedral oxygen (ob) atoms for montmorillonite and illite. The ADP's for the complete simulated systems (a, d and g), left surface
interactions within ∼12 Å (b, e and h), and right surface interactions within ∼12 Å (c, f and i) are plotted. Color codes are shown at the bottom of
the figure, where clay, water, and Ca2+ atom types are represented with solid lines, and ADONA atom types are representedwith dashed lines. (All
ADONA density peaks were increased ×20 to improve visibility).
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sphere and outer-sphere) at∼2.1 Å and∼4.4 Å away from the basal
surface of montmorillonite. Importantly, Ca2+ ions do not play
a bridging role for the adsorption of ADONA at the montmoril-
lonite surface and is similar to our previous Ca2+-montmorillonite
structures.41 Thus, it is evident that the adsorption of carboxylate
PFASmolecules with themontmorillonite surface are driven by the
hydrophobic interaction between the basal surface atoms and the
uorinated backbone.18,41
Illite

Lastly, the illite system also shows an entirely unique inuence
on the density distribution of ADONA. Here, ADONA molecules
Environ. Sci.: Adv.
are present exclusively in the bulk solution phase, as illustrated
in Fig. 2g, and similar to the montmorillonite system. Unlike
montmorillonite, there are particularly broad peaks for the F and
Cback centered at ∼10 Å within the interparticle pore, observed in
Fig. 2g and h. This suggests that a larger aggregate may exist near
the basal surface of illite. Evidently, there are more distinct water
layers due to the charge distribution along the tetrahedral surface
of illite. The rst water layer is characterized by the small
shoulder of water oxygens at∼2 Å, and is followed by ve distinct
peaks at∼2.6, 4.6, 5.4, 6.4, and 8.8 Å. Additionally, the Ca2+ shows
two types of inner-sphere coordination with a small peak at ∼0.8
Å (centered within the ditrigonal cavity) and a more intense peak
at ∼2.2 Å (located above a substituted Al3+ tetrahedra).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Angle distribution of adsorbed ADONA

The orientation of all surface adsorbed ADONA species in
kaolinite and montmorillonite were calculated relative to the
basal surface normal of each clay model investigated. Note, the
orientation of ADONA with the basal surfaces were determined
only for surface adsorbed molecules corresponding to the rst
ADP peaks. Fig. 3a shows that the computed angle distributions
of the carboxyl group are centered at ∼130° with respect to the
surface and corroborates that the carboxyl oxygen atoms of
ADONA are oriented closest to hydroxyl surface of kaolinite. The
broad peak extending from ∼75° to ∼180° demonstrates that
the orientation of the carboxyl group can have either a single
interacting oxygen, or both oxygens (O1 and O2) interacting
simultaneously with hydroxyl hydrogen (ho) atoms. In tandem
with the previous kaolinite-ADP discussion, the carboxyl groups
of ADONA are oriented towards the surface while the backbone
extends further into the solution phase, forming an interfacial
structure that is similar to other PFAS that include carboxyl
functionality, such as GenX, PFOA and PFBA.41,66

Since the ADPs for surface coordinated ADONA molecules in
montmorillonite show that near surface interactions are
dominated by the uorinated backbone, the orientations were
computed by considering the carbons on either end of the
backbone (C2–C7) in ADONA, excluding the carboxyl group. The
two distinct peaks shown in Fig. 3b indicate that the adsorbed
ADONA molecules predominantly exist at along the surface,
responsible for a well-dened peak at∼90° along with a broader
peak at ∼110° with respect to the basal surface of montmoril-
lonite. Such distribution depicts that the uorinated backbone
lies parallel, or near parallel, relative to the surface and is
primarily due to the hydrophobic interactions dominate the
adsorption between ADONA and montmorillonite. Further-
more, the broad peak in Fig. 3b extending to ∼150° shows that
the vector pointing towards C7 on the backbone is oriented
towards the surface. As a result, it follows that the functional
groups bonded to C2 (carboxyl's) of ADONA are located farthest
away from the basal surface of montmorillonite, consistent with
the reported ADP discussions.
Fig. 3 Angle density distributions for adsorbed ADONAmolecules to the
For the kaolinite system, qCOO– corresponds to the bisecting angle of th
oxygen atoms (O1 andO2) with respect to the surface normal. Themontm
with respect to the surface normal.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Adsorption and coordination environments of ADONA

The impact of the clay surfaces on the complexation of ADONA
at the interfacial regions are represented in Fig. 4a–f and S4–S6.
Fig. 4a, b, and S4 show that all ADONA molecules are adsorbed
at or near the hydroxyl surface of kaolinite. Consistent with
other long-chain PFAS, ADONA tends to form large clusters (>5
molecules) at the surface.66 Importantly, two large aggregates
exist coordinated to the kaolinite surface through H-bonding:
a hexamer (highlighted in orange) and a nonamer (high-
lighted in pink). Both clusters are (formed during the equili-
bration run of NVT ensemble) stable throughout the entire
production run via the hydrophobic interaction between adja-
cent uorinated backbones. On average, the nonamer exhibits
one (but can have up to three) directly coordinated ADONA
molecule that forms hydrogen bonds to the kaolinite surface.
Similarly, the hexamer is coordinated to the surface via only one
or two ADONA molecules at any given time. Both clusters are
localized on the surface of kaolinite and hence do not show
substantial lateral movement. The ADONA molecules in both
clusters that are not directly in contact with the hydroxyl surface
of kaolinite are highly dynamic within their aggregates. Notably,
a single monomer exhibits transient coordination (association
and dissociation with the surface at random time intervals)
behavior with the hydroxyl surface during the data production
run. The time averaged surface adsorbed aggregates of ADONA
in kaolinite and montmorillonite are shown in Fig. S9.

As discussed in the ADP and angular distribution sections,
the carboxyl groups are oriented towards the basal surface and
interact directly with the octahedral hydroxyl hydrogen (ho)
atoms of kaolinite. Fig. 5 highlights the two coordination
environments of ADONA at the hydroxyl surface of kaolinite. For
instance, Fig. 5a shows that one of the OCOO– atoms of the
carboxyl group of ADONA interacts with three surface hydroxyl
groups at the center of a cavity. Fig. 5b demonstrates an inter-
action where both carboxyl oxygens are ∼equidistant from the
surface, and each oxygen interacts with separate hydroxyl
groups on either end of an aluminol ring. Since the most
prominent orientation is at∼130° (Fig. 3a), the conguration in
basal (001) for the (a) kaolinite hydroxyl surface and (b) montmorillonite.
e vector of the carboxyl carbon (CCOO–) to the center of the carboxyl
orillonite qback angles correspond to the vector fromC2 to C7 (terminal)

Environ. Sci.: Adv.
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Fig. 4 Representative pictures of the external basal surface (001) adsorption and coordination environments of kaolinite (a and b), montmo-
rillonite (c and d) and illite (e and f). Color codes: red sticks-surface O atoms; yellow sticks-Si; pink sticks-Al; pink spheres-substituted Al; blue
spheres-substituted Mg; green spheres-Ca2+ ions; cyan spheres-C; purple spheres-F; red spheres-O; shaded red and white lines-H2O; cyan
highlight-dimer; green highlight-trimer; orange highlight-hexamer; pink highlight-nonamer.

Fig. 5 Above planar and lateral view representation of the coordination environments of a single oxygen of a carboxyl group (a) and two oxygens
of a carboxyl group (b) with the ditrigonal cavities of kaolinite on the hydroxyl surface. Montmorillonite surface (c) dimer interaction at the planar
surface and a lateral view. Color codes: red sticks-O surface; pink sticks-Al octahedra; yellow sticks-Si; white spheres-H; red spheres-OCOO–/eth;
blue spheres-C; purple spheres-F. Note-carbon backbone is not shown to examine the carboxyl group interaction alone (a and b).
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Fig. 5a is preferred rather than Fig. 5b and is the most prevalent
coordination environment for the interaction of ADONA mole-
cules with kaolinite.

In montmorillonite, two different surface adsorbed
complexations of ADONA are observed: a single monomer
interacting with the surface; and a dimer (blue highlight) that
interacts with the hydrophobic areas on the basal surfaces of
montmorillonite, as demonstrated in Fig. 4c, d and S5. For the
adsorbed dimer species shown in Fig. 5c, the interaction
between the hydrophobic backbone of ADONA and the hydro-
phobic regions between charged sites at the basal surface of
montmorillonite is the dominating factor stabilizing the
surface complexation, similar to other ether-PFAS like GenX
with montmorillonite.41 Notably, the dimer exists in antiparallel
alignment between uorinated backbones, where the terminal
carboxyl groups are pointed in opposite directions (see Fig. 5c).
The aliphatic H atoms for all surface adsorbed ADONA
Environ. Sci.: Adv.
molecules are oriented towards the silicon tetrahedra. Fig. 5c
further demonstrates that the ADONA ‘H’ atoms in the dimer
are located directly above opposing silicon corners of the same
ditrigonal cavity but also show some lateral movement along
the surface. The reported interfacial structure of ADONA (H
atoms closer to the basal surface) shows a key difference when
compared to uorotelomer FTC, that do not have H atoms
oriented towards the surface.18
Non-surface bound clusters

Fig. 6 demonstrates that the ADONA molecules in the solution
phase predominantly exist as monomeric units, along with
highly stable aggregates varying in sizes for both montmoril-
lonite and illite. The mesopore region in montmorillonite
(Fig. 6a) shows that ∼50% of the ADONA molecules exist as
monomers, while the rest exist in two trimeric forms (green
highlight). In illite, no surface adsorbed ADONA molecules are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Snapshots of the interparticle pore region for montmorillonite (a) and illite (b). Color codes: red sticks-surface O atoms; yellow sticks-Si;
pink sticks-Al; pink spheres-substituted Al; blue spheres-substituted Mg; green spheres-Ca2+ ions; cyan spheres-C; purple spheres-F; red
spheres-O; shaded red and white lines-H2O; cyan highlight-dimer; green highlight-trimers; orange highlight-hexamer.
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observed during the entire simulation run. For illite, ∼60% of
the ADONA molecules exist as monomers, while the rest exist in
a hexameric unit (orange highlight) near the surface (Fig. 6b).

Radial distribution function

Radial distribution functions (RDF) were plotted to further
validate the different coordination environments between
ADONA molecules and the basal surface regions of each clay.
RDFs were calculated to evaluate the mean interaction
distances between key atomic pairs of ADONA atom types (F, H,
ether oxygens: Oeth, carboxyl oxygens: OCOO–) and the relevant
basal surface atoms (Hkaol, Omont, Oillite) described in the
previous sections. Fig. 7 conrms that the adsorption of ADONA
is entirely dependent on the clay surface.

Fig. 7a shows only one structured and well-dened peak that
exists at ∼1.8 Å for OCOO––Hkaol interaction with a running
coordination number (RCN) of ∼0.25. The remaining atom
types of ADONA with Hkaol show diffuse peaks at distances >4 Å,
Fig. 7 Radial distribution function (solid lines) analysis and running coo
kaolinite (a), montmorillonite (b) and illite (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
and hence are not responsible for the coordination environ-
ments specic to the kaolinite surface. On the other hand, the
presence of broad peaks for both F and H atoms of ADONA in
montmorillonite justies that the ADONA molecules are
predominantly interacting with hydrophobic regions on the
montmorillonite external surface via the uorinated backbone
and have the H atom factoring in atop silicon tetrahedra. Lastly,
while the ADONA molecules displayed some proximity to the
illite surface, Fig. 7c demonstrates that the absence of any stable
or long-lasting coordination environments involving ADONA.

Diffusion of ADONA

Mean diffusion coefficients (D) were calculated for ADONA and
water molecules in each clay system and are summarized in
Fig. 8. Regardless of the mineral structure, the average diffusion
of water is ∼3.0 × 10−9 m2 s−1 (see SI). All of the simulations
show a signicant decrease in mobility of ADONA by a factor of
∼10 to 100 relative to water diffusion. The ADONA in the
rdination numbers (dashed lines) plots for ADONA interactions with

Environ. Sci.: Adv.
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Fig. 8 Calculated average diffusion coefficients for ADONAmolecules
for each clay system. The uncertainties in the reported diffusion values
are below 1%.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
4:

29
:1

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
kaolinite external pore shows more restricted mobility with
a diffusion value of ∼0.23 × 10−9 m2 s−1. This can be attributed
to the formation of larger aggregates that have minimal contact
points associated directly to the kaolinite hydroxyl surface while
the remaining ADONA molecules exist in a more mobile state.
The ADONA molecules are dynamic within their respective
aggregates, likely due to the reduced hydrophobicity resulting
from the presence of additional ether linkages in the uori-
nated backbone – an effect observed in other ether-PFAS and
short-chain uorocarbons.41,66 Notably, the mean diffusion
coefficients of ADONA in montmorillonite shows the highest
diffusion of ∼1.14 × 10−9 m2 s−1, which is attributed to the
ADONAmolecules largely existing as monomers in solution and
also to only the small number of associated monomers and
dimers at the surface. Finally, the diffusion of ADONA mole-
cules in the illite system is greater than in kaolinite but lower
than in montmorillonite and is most likely due to the formation
of a large aggregate near the illitic surface. However, it is
important to highlight that the diffusion of the surface adsor-
bed ADONAmolecules with montmorillonite, irrespective of the
complexation size, are substantially slower than the mean
diffusion in illite (Table S2). The differences between the
diffusion coefficients emphasizes the importance of mineral
surfaces in dictating the mobility of ADONA molecules.
Conclusions

The interactions between ADONA, a replacement PFAS
compound, and three distinct clay minerals were investigated
using MD simulations under ambient thermodynamic condi-
tions. The results reveal a strong dependence of ADONA's
adsorption behavior on the structure and extent of the clay's
structural charge, underscoring the critical role of mineralog-
ical composition on PFAS transport in soil systems. Among the
clays examined, ADONA exhibited the highest extent of
adsorption to kaolinite, forming large, stable clusters that
adhered to the surface through contact involving one to three
molecules. The surface adsorption mechanism of ADONA on
montmorillonite was similar to the observed for GenX, another
Environ. Sci.: Adv.
ether-based PFAS.41 In contrast, no direct adsorption of ADONA
was observed at the illite basal surface. In general, the low or
negligible direct adsorption of ADONA at the surfaces of
minerals clearly indicates that the ether-based PFAS molecules
prefer to be in the solution phase than at the surface, consistent
with the sampling studies by Nguyen et al.37

Interestingly, the overall diffusion coefficients of ADONA in
kaolinite and illite are relatively similar, though the three
models show diffusion ranging from ∼0.23–1.14 × 10−9 m2 s−1,
several orders of magnitude lower than that of bulk water in the
mesopores. These diffusion characteristics are indicative of
hindered mobility which can attributed to a combination of
factors, including coordination with the clay and the formation
of ADONA aggregates of varying sizes within the pore space,
which cause steric hindrance and restrict molecular motion.

These molecular-level observations carry signicant impli-
cations for environmental systems. Soils dominated by neutral
clays like kaolinite and montmorillonite may limit ADONA
mobility through prolonged surface interactions, whereas illitic
soils, which do not promote surface adsorption, may instead
drive the ADONA molecules to aggregate within mesopores –

ultimately lowering overall diffusion through self-assembly.
Overall, this study emphasizes the importance of character-
izing key soil mineral components to better predict the envi-
ronment fate and mobility of emerging PFAS, informing more
effective risk assessments andmanagement practices. However,
it is important to note that the interfacial adsorption charac-
teristics are strongly inuenced by pH, composition of PFAS
matrices, nature of soil organic matter and should be carefully
examined in future.
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