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Following the global regulation of legacy PFAS molecules, fluorotelomer molecules have been widely
employed as replacements to PFOS in aqueous film-forming foam (AFFF) and PFOA in other products.
Recent field studies indicate that fluorotelomer molecules are increasingly identified in environmental
settings including groundwater, soil and sediments. Consequently, gaining a comprehensive understanding
of the fate and transport of fluorotelomers in soils and sedimentary environments is vital. In this study, the
behavior of two different fluorotelomers, 6:2 FTS and 6:2 FTC, in three common soil minerals (kaolinite,
montmorillonite and illite) having quite different interfacial properties are reported using molecular
dynamics simulations. The interfacial adsorption and dynamical characteristics of 6:2 FTS and 6:2 FTC
vary substantially between the three minerals. Irrespective of the mineral composition, 6:2 FTS exhibits
surface complexation while 6:2 FTC coordinates only with neutral and low charged clay minerals. In
addition, the fundamental interactions that dictate the adsorption, interfacial structure of 6:2 FTS and 6:2
FTC are completely different for the three minerals. The large, aggregated clusters of 6:2 FTS at the
surface experienced greater stability for longer periods of time and restricted mobility than 6:2 FTC for all
three clay minerals. Importantly, the current study provides cluster size dependent diffusion behavior of
surface adsorbed fluorotelomer molecules in each clay mineral. Such detailed mechanistic insights are
necessary to understand the environmental footprint of fluorotelomers around contaminated sites.

The use of fluorotelomers as replacements for legacy PFAS molecules in fire-fighting foam and other products has resulted in their footprint in the
environment including in soils and sediments. This study provides detailed insights into the influence of three distinct soil minerals that vary significantly
in their interfacial properties in determining the fate and transport of fluorotelomers in nano- and meso-confined pores. The current study identifies

critical interactions that dictate the sorption behavior of fluorotelomers in soils and how these interactions vary with mineralogical structure and
composition. Such fundamental knowledge is vital to address growing concerns about the environmental impact of fluorotelomers and provide insight into
the development of targeted site-specific remediation strategies.

Introduction

The ubiquitous

presence of per-

same time, toxicological studies have provided substantial
evidence correlating PFAS exposure to human health impacts

and  polyfluoroalkyl including cancer, thyroid, renal disease, developmental and

substances (PFAS) in environmental settings results from
their widespread use in commercial, industrial and domestic
applications for more than 50 years. The unique
amalgamation of hydrophilic and hydrophobic character of
most PFAS imparts them with extreme stability towards
degradation (thermal, chemical and biological)."” At the
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reproductive  disorders.”™ Consequently, legacy PFAS
molecules, namely perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS), have been banned in
the United States and in many other countries.”> Meanwhile,
substantial effort has been directed toward understanding
the impact of legacy PFAS molecules on the environment and
human health over the last decade.®™" Following the ban on
legacy PFAS, there has been a sharp increase in the
development of fluorotelomer-based products because of
their ability to exhibit similar amphiphilic properties. For
instance, fluorotelomer (FT) molecules which are a part of

This journal is © The Royal Society of Chemistry 2025
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the polyfluoroalkyl family (hydrophobic carbon backbone
having F and H atoms) have been substituents for PFOS in
aqueous film forming foam (AFFF) for nearly two decades."?
Subsequently, an increasing number of studies report the
presence of n:2 fluorotelomer sulfonates (FTS) in soils,
sediments, and ground and surface waters.">™® But recent
studies on biotoxicity of FTS indicate that their exposure may
impact fetal development, lipid metabolism and
accumulation, and, increase cardiovascular symptoms in
humans and animals'®?? (it should be noted that ‘#’ in n:2
FTS represents the number of carbon atoms saturated with
fluorine while ‘2’ represents the number of non-fluorinated
carbon atoms).

To provide examples of the presence of FTS in the
environment, Dauchy et al.®>* examined 44 soil samples for
PFAS contamination and indicated that the 6:2 FTS is one of
the three molecules that is predominantly present in surface
soils. Similarly, recent studies by Adamson et al.>®> showed
elevated levels of 6:2 FTS in water and soil samples near
contaminated sites. Importantly, in an examination of
contaminated AFFF sites, Liu et al'* identified a higher
concentration of n:2 FTS than perfluoroalkyl sulfonic acids
(PFSA) in both soil and groundwater samples of contaminated
sites. Furthermore, Liu's study emphasized that the sorption
of FTS is very site-specific and is largely observed within 3
meters of the ground surface. In addition, Hubert et al.'®
demonstrated a weaker correlation between the soil organic
matter and the adsorption capacity of 6:2 FTS than with
PFOS in soil samples from AFFF contaminated sites. On the
other hand, Sorengard et al.'* showed that the adsorption of
FT's to the mineral phases are significantly dependent on
their terminal functionalities. Furthermore, in Sorengard's
study, increasing adsorption of FT's with higher clay content
in the soil samples (with higher illite fraction) treated with
colloidal activated carbon was reported. Similarly, Nguyen
et al.">*® showed that the high sorption of 6:2 FTS when
compared to PFOS at the surfaces of soil minerals could be
attributed to the presence of non-fluorinated carbon atoms.
In addition, their studies suggested that the sorption of long
chain FTS occurs at the surfaces of uncharged mineral phases
and further emphasized that the sorption properties of FT's
are substantially influenced by different properties of soils
such as surface charge, clay content and organic matter.
Meanwhile, the Barzen-Hanson et al'® investigation on a
smectite rich soil sample demonstrated that the adsorption of
6:2 FTS potentially could be due to the hydrophobic
interaction with the quasi-hydrophobic sites on the charged
mineral surfaces. In contrast, recent studies indicated that
smectites show higher adsorption capacity than neutral
clays.””

However, much of the current understanding of 6:2 FTS
is limited - gained from obtaining macroscopic distribution
coefficients in soil samples. Although, the aforementioned
studies imply the adsorption of 6:2 FTS at the surfaces of
soil minerals with varying structural composition and surface
charge characteristics, the critical factors that dictate their
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sorption properties such as interfacial structure, coordinated
environments and dynamics of 6:2 FTS at those mineral
surfaces are poorly understood. For instance, 6:2 FTS
adsorption in soil minerals are typically attributed to many
types of interactions such as electrostatics, hydrophobic,
surface complexation, and cation bridging mechanism.'”*®
However, due to the distinct structural characteristics of
minerals, the contribution of these interactions varies
drastically between minerals as shown in previous
experimental studies."'® Even studies that have addressed
such insights have centered on legacy and new age PFAS
molecules."®***®  To our knowledge, such adequate
information is not available for 6:2 FTS and other
fluorotelomers in different soil minerals, which is a
prerequisite to understand their increasing distribution in
soils and sediments.

At the same time, although 6:2 fluorotelomer carboxylates
(FTC) are not dominantly present in soil samples, they
represent some of the important transformation products
during the biotransformation of amide-based PFAS and
fluorotelomer alcohols (FTOH) in soils.**® For instance,
Ruan et al.*®* showed that 6:2 FTC is one of the transient
acids during the transformation of 6:2 fluorotelomer iodide.
Similarly, experimental studies by Zhao et al>* have shown
that 6:2 FTC is one of the biodegradation products of 6:2
FTOH in sedimentary samples. Importantly, Zhang et al.*'
indicated that the concentration of 6:2 FTC is higher in
plants than in soils. Most recently, in an examination of the
photochemical transformation of FT based esters, Bugsel
et al.*® demonstrated the large formation of 6:2 FTC at
different soil mineral surfaces. Because of the transient
characteristics of 6:2 FTC, it is very difficult to assess the
behavior of 6:2 FTC in soils. Thus, a critical evaluation of 6:
2 FTC with common soil mineral interfaces would enable a
much better comprehension of their short-lived nature at
relevant environmental conditions.

The current study is one of the first investigations to
critically evaluate the adsorption behavior of 6:2 FTS and 6:
2 FTC in three different soil minerals, namely kaolinite, illite
and montmorillonite (smectite) at relevant thermodynamic
conditions. The choice of these minerals was based on
experimental studies of 6:2 FTS which suggested its
adsorption on neutral, illitic and smectitic surfaces at
different contaminated sites.">'®*® Moreover, in prior
studies, these three clay minerals exhibited distinct structural
and layer charge distributions which resulted in completely
different interfacial adsorption properties with organic and
inorganic species.?*?” ™43

The main objective of the study is to provide
comprehensive fundamental insight into the underlying
interactions and structural factors that dictate the adsorption
and dynamic characteristics of sulfonated and carboxylated
fluorotelomers in three geologically relevant clay minerals on
a fundamental molecular level scale. Such information's are
critical to elucidate the adsorption characteristics of
fluorotelomers in near- and sub-surface regions.
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Simulation methods

The three minerals (namely, kaolinite, montmorillonite and
illite) investigated in this study represent important
mineralogical components in near-surface environments.
Kaolinite belongs to 1:1 layered minerals where a layer of Si
tetrahedra (T) is associated with Al octahedra (O). Due to the
absence of isomorphic substitutions of structural atoms,
kaolinite represents a neutral mineral but has both
hydrophobic and hydrophilic (presence of hydroxyl groups at
the ‘O’ side) sides exposed to bulk solutions. On the other
hand, both montmorillonite and illite represent 2:1 layered
minerals, where a layer of ‘O’ is sandwiched between two ‘T’
layers. Unlike kaolinite, these two minerals develop negative
layer charges due to the isomorphic substitution of Mg>*/Al**
in the ‘O’ layer and AI**/Si"" in the “T" layer. The isomorphic
substitutions in montmorillonite are located both in the ‘O’
(predominant) and ‘T’ layers and possess low structural
charge. In contrast, illite, a highly charged clay mineral has
all of the isomorphic substitutions exclusively in the I’
layers. The structural composition of kaolinite used in this
study is Al,Si;O,0(OH)s and is based on the optimized
structure from Cygan et al** The montmorillonite model
used in this study possesses a layer charge of —0.75|e| per
unit cell and follows the structural composition of
Mo.75(S17.75A1 25) (Al 5sMgo.5)020(0OH), and has been widely
employed in the examination of organic and inorganic
species under natural conditions.*>** The illitic model has a
structural formulae of M ¢(Sig 4Al; 6)Al;0,0(OH), with a layer
charge of —1.6|e| per unit cell.’ It should be emphasized that
the distribution of isomorphic  substitutions in
montmorillonite and illite were carried out in accordance
with Loewenstein's rule.*® The net negative layer charges
were neutralized by the presence of the metal cations at the
basal surfaces of both montmorillonite and illite. Further
details about these three clay mineral models are provided in
a prior study.'® Importantly, all these three clay mineral
models have been examined extensively and have shown
good agreement with experimental data on the adsorption of
organic and inorganic species in both nano- and meso-
confined pores.*” 37750

Each of the three clay minerals were cleaved along the
crystallographic (001) plane at the middle of the interlayer
region to construct the external basal surface. More details
about the cleavage and the resulting structural details have
been discussed in our prior studies and hence provided in
the ESL{'>*° The cleaved surfaces were kept far from each
other with a total distance of ~130-135 A between the
surfaces, irrespective of the clay mineral. Such large
separation between the layers effectively eliminates any
influence of one surface over the other. In order to maintain
a similar surface area, all three mineral surfaces were
constructed with a lateral dimension of ~4500 A% Notably,
both the interlayer region and the external surface have Ca**
ions to compensate for the layer charge in montmorillonite.
In addition, the Ca** ions in the nanoconfined interlayer
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regions were hydrated with H,O molecules; this extent of
hydration is primarily based on experimental studies which
show at least a partial to full monolayer of H,O in such regions
even at ambient conditions.”® Due to non-expandable
capabilities of illite, all the interlayer cations were K' ions while
the external basal surface were exchanged for Ca®" ions. All of
the PFAS molecules and Ca*" ions were placed ~20 A from each
other and also from the basal surface of all clay models.
Importantly, the terminal functional groups of 6:2 FTS and 6:2
FTC molecules were deprotonated to mimic near-neutral pH
conditions and the resulting net-negative charges were balanced
by the addition of eight more Ca*" ions in the water-saturated
pore regions. The concentration of FT's used in this study are in
ppm range which are similar to the concentrations observed
near contaminated military bases and landfill sites.”> A
schematic representation of the 6:2 FTS, 6:2 FTC and
simulation setup is given in the ESI} (Fig. Sla—c).

Molecular dynamics simulations were performed in the
NPT ensemble [number of atoms (N), pressure (P) and
temperature (7) constant] and NVT [number of atoms (N),
volume (V) and temperature (7) constant] ensemble using the
LAMMPS simulation package.’® For all clay models, three-
dimensional periodic boundary conditions were employed
with a cutoff of 10 A for short-range non-electrostatic
interactions. The particle-particle-particle-mesh (PPPM)
summation method was used to calculate the long-range
electrostatics with an accuracy of 1e™®.>* Three different
interaction potentials, namely CLAYFF, SPC and GAFF2, were
used to compute the interatomic interactions of -clay
minerals, H,O and PFAS molecules.’>>” Meanwhile it should
be emphasized that previous studies have demonstrated that
the combination of these potentials has provided good
agreement with experimental studies on clay minerals.*®**8
A Nose-Hoover thermostat and barostat were used to control
the temperature and pressure during the simulation run.**°
The AM1-BCC charging method in the antechamber module
was used to compute the partial charges for 6:2 FTS and 6:2
FTC molecules.®’ A timestep of 1 fs was used to integrate the
equations of motion. All of the simulations were performed
at T- 300 K and P - 1 bar for 50 ns which includes 15 ns (10
ns - equilibration and 5 ns data production) in the NPT
ensemble and subsequently 35 ns (10 ns - equilibration; 25
ns - data production) in the NVT ensemble. The last 5 ns of
the production run were used for further structural and
dynamical analysis with the data recorded at every 10 fs.
Further details about the simulation methods and analysis
can be found in our previous papers.'*>°

Results and discussion

Atomic density profiles

The ADP's of 6:2 FTS and 6:2 FTC as functions of distance
normal to the basal surfaces of three clay minerals are
shown in Fig. 1-3. It is evident that the interfacial
adsorption behavior is distinctly different between the three
clay minerals and between the PFAS molecules. For

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Computed atomic density profiles (ADPs) of PFAS and H,O molecules in Ca-kaolinite as a function of the distance normal to the basal
hydroxyl surface. (a—c) 6:2 FTS (d-f) 6:2 FTC. Hoy (solid yellow) and Ogy (solid blue) represent the ‘H’ and ‘O’ atoms of the hydroxyl groups in
kaolinite, respectively. The Oy,0 and Hy,0 are shown as solid red and cyan. Dashed lines represent the atoms of the 6:2 FTS/6:2 FTC molecules.
The Oso, and Sso, represent oxygen and sulfur atoms in 6:2 FTS and the Ocoo and Ccoo represent oxygen and carboxyl carbon atoms in 6:2 FTS.
The Cpack, F and H. corresponds to carbon backbone, fluorine and hydrogens in each FT's. Labels - ao, st, and ob represent surface atoms in
kaolinite following the notation used in clayff.>> The origin (z = 0) is the mean position of the basal ‘O’ atoms at the hydroxyl surface of kaolinite.
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Fig. 2 Computed atomic density profiles (ADPs) of 6:2 FTS and 6:2 FTC and H,O molecules as a function of the distance normal to the basal
surface of montmorillonite. (a—c) 6:2 FTS (d-f) 6:2 FTC. The Oy,0 and Hy,o are shown as solid red and cyan. Dashed lines represent the atoms of
6:2FTS/6:2FTC molecules. The Oso, and Sso, represent oxygen and sulfur atoms in 6:2 FTS and the Ocoo and Ccoo represent oxygen and
carboxyl carbon atoms in 6:2 FTS. The Cp,c, F and Hc corresponds to carbon backbone, fluorine and hydrogens in each FT's. Labels - ao, at, st,
ob, obts, obos and ohs represent surface atoms in montmorillonite following the notation used in clayff.>> The origin (z = 0) is the mean position
of the basal surface ‘O’ atoms of montmorillonite.

instance, irrespective of the terminal functionalities, the 6:2  interactions between the terminal functional group (SOz;/
FT's are exclusively adsorbed at the hydrophilic surfaces of = COO") and the basal surface hydroxyl atoms. However, the
kaolinite (Fig. 1a-f and S2a-ft) primarily due to H-bonding  near-surface adsorption environment varies substantially
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Fig. 3 Computed atomic density profiles (ADPs) of 6:2 FTS and 6:2 FTC and H,O molecules as a function of the distance normal to the basal
surface of illite. (a-c) 6:2 FTS (d-f) 6:2 FTC. The Oy,0 and Hy,0 are shown as solid red and cyan. Dashed lines represent the atoms of 6:2 FTS/6:
2FTC molecules. The Ose, and Sso, represent oxygen and sulfur atoms in 6:2 FTS and the Ocoo and Ccoo represent oxygen and carboxyl carbon
atoms in 6:2 FTS. The Cp,ck, F and Hc corresponds to carbon backbone, fluorine and hydrogen in each FT's. Labels - ao, at, st, ob, and obts
represent surface atoms in montmorillonite following the notation used in clayff.>®> The origin (z = 0) is the mean position of the basal surface ‘O’

atoms of illite.

between 6:2 FTS and 6:2 FTC. For instance, Fig. 1b and
S2at clearly demonstrates that only one ‘O’ atom of SO;™ in
6:2 FTS exhibits dominant H-bonding interactions with the
hydroxyl surface (~1.9 A). In contrast, the remaining two
‘O’ atoms of SO; in 6:2 FTS are predominantly located at
z - ~3.9 A but tend to approach the hydroxyl surface
intermittently which is evident by the presence of minor
peaks at z - ~1.9 A (Fig. S2at).

These minor peaks illustrate that those two ‘O’ atoms
of SO; groups in 6:2 FTS are capable of exhibiting
multiple coordination with surface but such coordination
does not persist for longer periods of time due to
flexible substrate surface atoms which results in constant
motion towards and away from the hydroxyl surface of
kaolinite similar to our prior studies on PF0S.*° The
computed orientation of SO;  groups with respect to the
surface normal of kaolinite corroborates the interfacial
adsorption environment herein with a dominant non-
perpendicular orientation (fso, - ~111°) along with a
small distribution at 6so, - ~152° (Fig. S5af). In
contrast, both the ‘O’ atoms of COO groups in 6:2
FTC exhibit coordination with the hydroxyl surface of
kaolinite which is evident by similar peak intensities at
z - ~2.6 A. Consequently, the computed orientation of
surface adsorbed COO™ groups in 6:2 FTC exhibits two
peaks at 6fcoo - ~117° and ~163°. The broad
distribution of COO™ groups is primarily due to the
rocking motion towards and away from the hydroxyl
surface of kaolinite (Fig. S5bf). Notably, the interfacial

854 | Environ. Sci.: Nano, 2025, 12, 850-862

adsorption structure of 6:2 FTC is very similar to earlier
studies on PFOA in kaolinite.*

However, for montmorillonite, it is evident from Fig. 2a—f
and S3a-ft that the adsorption of 6:2 FTS and 6:2 FTC is
primarily due to the hydrophobic interactions between the
PFAS molecules and the hydrophobic regions on the basal
surfaces of montmorillonite. The presence of ‘F’ peaks and
lack of peaks for ‘O’ atoms of SO; /COO™ near the basal
surface corroborates the proposed surface complexation of
both fluorotelomers. Furthermore, the computed orientation
of Oscrerm — ~86° for 6:2 FTS indicates that the surface
adsorbed molecules are nearly parallel to the basal surface of
montmorillonite (Fig. S5ct). Similarly, the 6:2 FTC molecules
are oriented predominantly at ~90° which indicates that the
surface adsorbed 6:2 FTC are parallel to the basal surface
(Fig. S5df). Importantly, unlike kaolinite, the ADP's show
both surface adsorbed PFAS and solution phase PFAS
molecules in montmorillonite, irrespective of the terminal
functionalities. However, Fig. 2a illustrates that the 6:2 FTS
molecules are adsorbed in distinct regions of the solution
phase while the 6:2 FTC molecules are largely dispersed
across the whole solution region (Fig. 2d). Apparently, the
peak distances of ‘F’ atoms of 6:2 FTC near the surface is
similar to the distances reported in previous studies on
GenX in montmorillonite.’® At the same time, the APDs of
illite (Fig. 3a-c and S4a-f}) clearly demonstrated that the
6:2 FTS are predominantly adsorbed near the basal
surfaces, in complete contrast to 6:2 FTC which is
exclusively present in the solution phase (Fig. 3d-f).

This journal is © The Royal Society of Chemistry 2025
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It is evident from Fig. 3b and c, that the adsorption of 6:2
FTS is dominated by two ‘O’ atoms of SO;  at the basal
surface (z - ~2.8 A) of illite. The surface complexation of 6: 2
FTS is further validated by computing their orientation (s,
- ~162°) with respect to surface normal (Fig. S5ef). In
contrast, no surface complexation of 6:2 FTC was observed
at any simulated times. At the same time, it should be noted
that the reported density profiles of Ca®" ions and H,O are
not influenced by the presence of surface coordination and
are very similar to the interfacial properties reported in
previous studies on PFAS with minerals and hence discussed
in the ESL{'"*

Interfacial structure and coordination

The interfacial adsorption structure and coordination
environment of both FT's at the basal surfaces of three
minerals are substantially different (Fig. 4-6). For instance,
there are two significant differences between 6:2 FTS and 6:
2 FTC at the kaolinite surfaces:

(i) The running coordination number (RCN) of ~1.0
between the ‘O’ atoms of 6:2 FTS and the ‘H’ atoms of
surface hydroxyl's (Hy,,) demonstrates that only the ‘O’
atoms of the SO;  group are responsible for surface
adsorption (Fig. 4a). In contrast, due to the librational
motion of the ‘O’ atoms in the COO™ groups towards and
away from the surface, the RCN between ‘Ocoo-’ and Hy,er 1S
~0.5 (Fig. 4d)

(ii) It is evident from Fig. 4b that nearly 94% of the 6:2
FTS molecules exhibit direct coordination with the basal
surface. In contrast, despite being near the surface, only
~40% of the 6:2 FTC molecules show direct coordination
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with the surface atoms, while the rest are associated with the
surface adsorbed FTC molecules through hydrophobic
interactions (Fig. 4e).

Moreover, both FT molecules demonstrate aggregated
clusters at the hydroxyl surface of kaolinite, however, the size
of the aggregated clusters varies depending upon their
terminal functionalities. Four different stable aggregated
clusters are observed for 6:2 FTS which includes a hexamer
(6), a tetramer (3), two dimers (2) and two monomers (1) and
the values in the parentheses represent the average number
of molecules directly coordinated to the surface from each
cluster (Fig. 4c and S7af). On the other hand, 6:2 FTC
aggregated clusters at the basal surface of kaolinite includes
an octamer (3), a pentamer (2) and three monomers (2) as
shown in Fig. 4f. However, based on the direct coordination's
with the surface it is evident that the aggregated clusters of
6:2 FTS are highly stable than 6:2 FTC at the basal surface
of kaolinite during the whole production run which is
primarily due to their direct coordination (Fig. S7a and bt).

In montmorillonite, Fig. 5a clearly indicates a significant
coordination between Ca®>" ions and surface adsorbed 6:2
FTS molecules with an RCN of ~0.3. Fig. 5b depicts that only
25% of the FTS molecules exhibit direct coordination with
the basal surface of montmorillonite while the rest are
predominantly in solution phase forming different clusters
(more details about solution phase clusters will be discussed
in the following section). It is evident from Fig. 5c that the
surface adsorption is characterized by a dimer and a
monomer (1). The surface adsorbed 6:2 FTS molecules in
montmorillonite are stabilized by two different types of
complexations: (i) interactions of carbon backbone with the
hydrophobic regions of montmorillonite; (ii) electrostatic
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Fig. 4 Radial distribution functions (solid lines) and corresponding running coordination numbers (RCNs-dashed lines) between (a) 6:2 FTS and
(d) 6:2 FTC with the basal surface hydroxyl groups in kaolinite. Pictorial representations of (b and c) surface adsorbed 6:2 FTS and (e and f) 6:2

FTC and their clusters at the basal hydroxyl surface of kaolinite.
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6:2 FTS and (e and f) 6:2 FTC and their clusters at the basal surface of montmorillonite.
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(d) 6:2 FTC with the basal surface adsorbed Ca®* ions and ‘O’ atoms of illite. Pictorial representations of (b and c) surface adsorbed 6:2 FTS and

(e and f) 6:2 FTC and their clusters at the basal surface of illite.

interactions between the 6:2 FTS with basal surface adsorbed
Ca*" ions. For instance, Fig. S8f clearly illustrates the
coordination between the ‘O’ atoms of SO;  groups (surface
adsorbed) and two different Ca®>" ions near the basal surface
of montmorillonite. Notably, the ‘O’ atoms are coordinated
to the Ca®>" ions that are adsorbed directly on top of the
substituted Al tetrahedra while the other Ca®>" is in the
diffuse region. Importantly, the presence of Ca®>" ion bridges

856 | Environ. Sci.: Nano, 2025, 12, 850-862

between the surface adsorbed 6:2 FTS molecules in
montmorillonite makes them highly localized and stable for
longer periods of time (Fig. S8t). In contrast, it is apparent
from Fig. 5d that the Ca*" ions do not play a role in the
coordination of 6:2 FTC at the basal surface of
montmorillonite. The adsorption is characterized exclusively
by the hydrophobic interaction between the 6:2 FTC
molecules and the hydrophobic regions of montmorillonite

This journal is © The Royal Society of Chemistry 2025
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(Fig. 5e). Furthermore, the surface bound 6:2 FTC clusters
include a monomer and a dimer, while the rest are
predominantly in the solution region of montmorillonite
(Fig. 5f).

The presence of well-defined peaks between the Ca®" ions
and the ‘O’ atoms of SO;™ groups in Fig. 6a strongly suggests
that the adsorption of 6:2 FTS with the basal surface of illite
is mediated by the surface adsorbed Ca®>' ions. Unlike
montmorillonite, it should be emphasized that nearly 75% of
6:2 FTS molecules are coordinated with the basal surfaces of
illite (Fig. 6b). The remaining molecules exist in the bulk
solution region. Furthermore, despite being adsorbed at the
basal surface, it is evident from Fig. 6b that not all FTS
molecules in illite exhibit coordination with the basal surface
through Ca** ions. Instead, a few are coordinated to the basal
surface of illite while the others are associated with the
surface adsorbed 6:2 FTS molecules through hydrophobic
interactions  between the carbon backbone-forming
aggregates. Unlike montmorillonite, the 6:2 FTS molecules
are not adsorbed parallel to the basal surface but are oriented
nearly perpendicular to the basal surfaces (Fig. S9a and bf¥).
Such orientation is most likely due to the presence of a large
number of Ca®" ions at the basal surface (compensating for
the structural charge) which substantially reduces any
volumetric/accessible region for carbon backbone of 6:2 FTS
to approach the surface.

The nature of surface adsorbed 6:2 FTS aggregated
clusters in Fig. 6¢ and S7ct is composed of a tetramer (1),
two trimers (1-2), four monomers (1). It should be noted that
the value in the parentheses represents the average number
of 6:2 FTS molecules exhibiting coordination with the
surface through Ca®" ions that are located at the top of the
substituted Al tetrahedra (Fig. 6c). Furthermore, no Ca** ion
bridges between the 6:2 FTS are observed in the simulations
either at the surface or in the solution regions. The molecules
in the solution region largely exist as monomers. It should be
noted that the coordination environment for 6:2 FTC with
Ca®>" ions were not observed since these molecules were
completely dispersed in the solution phase and
predominantly exist as monomers (Fig. 6d). Our simulations
identified only one dimer near the diffuse region of the basal
surface of illite that associates and disassociates at different
time intervals (Fig. S9ct). Notably, the interfacial structure of
Ca*" and H,0 molecules at three clay surfaces is given in the
ESLY

Thus, it is evident from Fig. 4-6 that the formation of
aggreated clusters strongly depends on the clay mineral
composition and the nature of functionalities in the PFAS
molecules. For charged mineral surfaces, the surface
adsorbed FTS clusters are stablized by the both the presence
of Ca*" ions and hydrophobic interactions among themselves
while the clusters of FTC are stable only due to hydrophobic
interactions with the clay surfaces with no influence from
surface adsorbed Ca®" ions. However, the aggregated clusters
in neutral kaolinite is largely stabilized by the strong
H-bonding interactions with the surface and hydrophobic

This journal is © The Royal Society of Chemistry 2025
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interactions between PFAS molecules, irrespective of the
functional groups.

6:2 FTS - micellar type structure

It is important to emphasize that a large, aggregated cluster
of 6:2 FTS molecules was observed in the bulk solution
region of montmorillonite. The cluster encompasses eight 6:
2 FTS molecules in a micellar-like structural arrangement
(Fig. 7a). The molecules in the clusters are predominantly
adsorbed with the hydrophobic carbon backbone forming the
core and all of the terminal SO;” groups pointing towards the
solution and are coordinated to the three Ca®" ions.
Importantly, the Ca®" ions associated with the clusters act as
bridges between the 6:2 FTS molecules in two different
environments, namely the bidentate and tridentate
configurations. A bidentate Ca>" interacts with only one ‘O’
atom of SO;  groups from two different 6:2 FTS (orange
circle), while the tridentate Ca>" is coordinated to only one
‘O’ atom of SO; groups from three different 6:2 FTS
molecules (green circle). Furthermore, the RCN value of ~2.4
between the Ca®" ions and the ‘O’ atoms of the SO;~ groups
belonging to the micelle clearly validates that there is a stable
and sustained coordination between them for longer periods
of time (Fig. 7b).

It should be emphasized here that, to our knowledge, this
is one the first studies to report micellar-like aggregation for
6:2 FTS molecules with prevalent metal cations in saturated
mesopores of soil minerals. However, it should be
emphasized that although the formation of a micelle is
reported earlier, such studies are limited to carboxylate PFAS
(GenX) molecules in bulk solution.”” In addition, the
molecular level insights into detailed coordination
environment of Ca®" ions that acts as bridges between 6:2
FTS molecules in the bulk solution phase is reported for the
first time. In contrast, the GenX micelle structure is formed
due to only hydrophobic interactions with no metal cation
bridges even at concentrations well above their critical

Fig. 7 Pictorial representations of the micellar type of structure of (a)
6:2 FTS in the solution phase of montmorillonite. b) Radial distribution
functions (solid lines) and corresponding running coordination
numbers (RCNs-dashed lines) between the solution cluster associated
Ca?* ions and the ‘O’ atoms of the 6:2 FTS belonging to the micellar
type of structure in montmorillonite.
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micelle concentration (CMC).®> Notably, no such micellar
type of aggregation of 6:2 FTC were observed in
montmorillonite. The 6:2 FTC formed two clusters (tetramer
and dimer) in the solution phase were driven by hydrophobic
interactions.

Dynamical characteristics

The computed mean diffusion coefficients of both 6:2 FTS
and 6:2 FTC at the mesopore regions of clay minerals
demonstrate substantially different behavior between the
three substrate surfaces examined. In addition, the mean
diffusion varies greatly with the nature of the terminal
functionalities (Table 1). For instance, irrespective of the clay
mineral substrate, the mean diffusion coefficients of 6:2 FTS
are substantially smaller than those of the 6:2 FTC
molecules. Importantly, the diffusion coefficients of 6:2 FTS
are orders of magnitude smaller than the H,O molecules for
all three clay minerals with the following sequence: kaolinite
< illite < montmorillonite.

The extremely restricted mean diffusion of 6:2 FTS in
kaolinite originates from the direct H-bond interactions of
almost all 6:2 FTS molecules with the basal surface, despite
forming large, aggregated clusters. Similarly, due to the large
number of 6:2 FTS molecules interacting with the basal
surface of illite (through Ca®>' ions), their mean diffusion is
low, when compared to montmorillonite where the majority
(~75%) of 6:2 FTS molecules are present in the solution
phase. On the other hand, with the exception of kaolinite,
the mean diffusion coefficients of 6:2 FTC are ~3-4 times
smaller than for H,O molecules in montmorillonite and illite.
In contrast, the low mean diffusion coefficient of 6:2 FTC in
kaolinite could be attributed to the H-bond interactions with
the basal surface and the formation of large surface-bound
aggregates. Nevertheless, the mean diffusion of 6:2 FTS is an
order of magnitude smaller than 6:2 FTC in kaolinite which
could be primarily attributed to direct interaction between
the 6:2 FTS molecules with the basal surface of kaolinite.
Interestingly, similar diffusion behaviors were observed for
the legacy PFOS and PFOA molecules.>

The cluster-size dependent diffusion coefficients of
surface adsorbed 6:2 FTS and 6:2 FTC is reported in Table
S27 depict substantially different behavior depending upon
the clay minerals. It is evident from Table S2f that the
diffusion coefficients of 6:2 FTS molecules in kaolinite are
very similar, irrespective of cluster size. Such diffusion
characteristics are primarily attributed to their interfacial
adsorption structure where nearly all 6:2 FTS molecules

Table 1 Calculated diffusion coefficients (10™° m? s™) of 6:2 FTS, 6:2
FTC and H,O molecules in each of the three clay minerals

System 6:2 FTS 6:2 FTC H,0
Kaolinite 0.27 2.46 31.2
Montmorillonite 3.38 6.72 31.0
Illite 2.20 9.50 30.5

858 | Environ. Sci.: Nano, 2025, 12, 850-862
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exhibit direct H-bonding interaction with the basal surface.
In contrast, the diffusion of 6:2 FTC in kaolinite is lower for
monomeric units than for clusters which is due to the ability
of monomeric units to exhibit direct interaction with the
basal surface of kaolinite. One of the main reasons for the
clusters to show relatively high diffusion coefficients is
because only a few 6:2 FTC molecules (from the cluster)
exhibit direct coordination with the basal surface, while the
other molecules in the clusters are coordinated through
hydrophobic interactions (Fig. 4f). Similarly, with
montmorillonite the surface adsorbed monomers of 6:2 FTS
exhibit slower diffusion characteristics than dimers. The
interfacial structure demonstrates that the surface adsorbed
6:2 FTS monomers in montmorillonite are stabilized by the
1-2 surface bound Ca** ions (located above substituted Al
tetrahedra) and thus experience slow diffusion (Fig. S11af).
In contrast, the higher diffusion of 6:2 FTS dimers in
contrast to that of monomers could be due to the fact that
the dimers are adsorbed exclusively through hydrophobic
interactions and are stabilized by Ca®" ions located farther
from the surface (Fig. S11bt). A similar diffusion behavior is
observed for the surface adsorbed 6:2 FTC molecules with
the monomer being more restricted than the dimer. However,
the Ca®>" ions do not play a role in stabilizing the surface
adsorption of 6:2 FTC (Fig. S12t). Consequently, it is evident
from Table S2t that the diffusion characteristics of surface
adsorbed 6:2 FTC are significantly higher than 6:2 FTS in
montmorillonite.

In general, the diffusion coefficients of surface adsorbed
6:2 FTS in illite decrease with respect to increases in the
cluster size. The very low diffusion characteristics of trimer
may be attributed to the doubly coordinated 6:2 FTS with
the surface bound Ca®" ions (Fig. $13%). Due to the lack of
surface adsorption of 6:2 FTC in illite, the diffusion
coefficients of surface adsorbed 6:2 FTC in illite was not
evaluated. Furthermore, the computed diffusion coefficient
of the solution phase micellar-type structure of 6:2 FTS (4.25
x 107"° m? s7') in montmorillonite is substantially slower
than that of H,O molecules which could be attributed to both
the size of the micellar-type structures and the stabilization
of micellar structure by Ca®* ion bridges.

Conclusions

The current study is one of the first studies to provide a
comprehensive understanding of the behavior of two
fluorotelomers (6:2 FTS and 6:2 FTC) in three common soil
minerals, namely kaolinite, montmorillonite and illite.
Importantly, the critical interactions that govern the fate and
transport of 6:2 FTS (which is one of the current alternatives
used for PFOS in AFFF and is prevalent in natural settings)
were determined, as well, an understanding has been gained
about how these interactions vary between the neutral and
charged mineral interfaces. For instance, almost all 6:2 FTS
molecules are exclusively adsorbed at the basal hydroxyl
surface of kaolinite through direct H-bond interactions. In

This journal is © The Royal Society of Chemistry 2025
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contrast, the adsorption of 6:2 FTS in montmorillonite is
characterized by hydrophobic interactions between the
carbon backbone and the hydrophobic region of the basal
surface. Importantly, the mobility of surface adsorbed 6:2
FTS is substantially restricted by the coordination with
surface adsorbed Ca®" ions. Despite having high layer charge
in illite, nearly ~75% of the 6:2 FTS molecules are adsorbed
near the basal surface. The interfacial adsorption
complexations are facilitated by the surface adsorbed Ca*"
ions and hydrophobic interactions between the 6:2 FTS
molecules. This study also demonstrated that the surface
adsorbed clusters of 6:2 FTS vary substantially between the
three clay minerals. The formation of large and stable
aggregated clusters in kaolinite could be responsible for their
extremely low diffusion behavior.

The diffusion of 6:2 FTS in illite is relatively slower
than montmorillonite which could be attributed to the
greater number of molecules exhibiting  surface
coordination through Ca®" ions. In contrast, the 6:2 FTC
are dominantly present in the solution region of both
charged mineral surfaces as monomers. Although, the 6:2
FTC molecules form clusters at the basal surface of
kaolinite, the computed diffusion coefficients depicts that
these molecules can move orders to magnitude faster than
the 6:2 FTS molecules. Such interfacial adsorption and
diffusion characteristics of 6:2 FTC in different minerals
corroborates their transient behavior in soil environments
and may elucidate why the 6:2 FTC molecules are largely
found in plants than in soil.>’ Our study clearly suggest
that the completely different interfacial properties of 6:2
FTS and 6:2 FTC molecules with soil minerals could be
one of the reasons for FI's distribution in surface soils to
be more site-specific in field studies.'> The findings
reported in this study clearly validates that the
contaminated sites with high clay fraction could
significantly impact the fate of PFAS depending on the site-
specific mineralogical components. Since the FT's
adsorption properties are significantly influenced by the
common clay minerals, it is imperative to have a detailed
knowledge of various constituents involved in a
contaminated site and their impact on FT's when designing
effective remediation strategies. However, it should be
noted additional factors such as particle size, reactive edge
sites and soil organic content could influence the behavior
at mineral interfaces. For instance, the presence of soil
organic matter at the mineral surfaces could potentially
influence the formation of stable aggregates, especially
when the soil organic matter is largely associated with the
clay surface as shown in previous studies.*®***** Based on
insights, it is evident that surface specific
experiments and reactive computational methods should be
employed to probe the transformation behavior of FT's at
the surfaces of minerals especially near the reactive edge
sites. Overall, our studies clearly show the need to have
more site-specific remediation methods to address the
growing concerns about fluorotelomers.
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