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ABSTRACT

Molecular dynamics (MD) simulations are used to predict the partitioning of per- and polyfluoroalkyl
substances (PFASs) to smectite clay, a high surface area adsorbent ubiquitous in temperate soils.
Simulated systems model a stack of flexible smectite lamellae in contact with a bulk aqueous reservoir
containing PFAS molecules. Perfluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic acid (PFHxS),
and perfluorooctanesulfonic acid (PFOS) are simulated at various aqueous chemistry conditions to exam-
ine the effect of PFAS size, salinity, and coordinating cation type (I<\ Nat, and Ca2+) on adsorption. The
metadynamics technique is employed to facilitate the exploration of the simulation cell and to recon-
struct the underlying free energy landscape. Adsorption is favorable on the hydrophobic domains of
the external basal surfaces with the fluorinated chain adopting a flat orientation on the surface.
Analysis of the adsorption energetics reveals large favorable entropic contributions to adsorption. The
enthalpy ofadsorption is unfavorable, though much less so in the presence of Ca2+ due to stabilizing 'lat-
eral cation bridging' interactions between divalent cations and PFAS sulfonate head groups. Overall, this
research advances the mechanistic understanding of PFAS-smectite interactions and provides new
insights that could help inform fate and transport models and the development of adsorbents and reme-
diation techniques.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.Org/licenses/by-nc-nd/4.0/).
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1. Introduction

The environmental prevalence of per- and polyfluoroalkyl sub-
stances (PFASs), a group of persistent, bioaccumulative chemicals,
presents an ongoing threat to human health as exposure has been
linked to endocrine disruption [1], carcinogenecity [2,3], immuno-
toxicity [4,5], and developmental impacts [6,7], These chemicals,
first produced in the mid-twentieth century, are widely used in
industrial and household products [8] and detected in the serum
0f 98% of humans tested [9], Multiple bans and regulations have
been placed on the use of certain long-chain PFASs, particularly
over the last few years, due to emerging evidence of widespread
contamination [10], However, the continuous development of
alternative PFASs, many with their own potentially harmful health
effects [11,12], makes the study and remediation of these com-
pounds an ongoing and evolving challenge. Common PFAS expo-
sure pathways include contaminated food, dust, air, and drinking
water [13,14], Contaminated drinking water is of particular con-
cern as conventional water and wastewater treatment approaches
are only partially effective for PFAS removal due to the low volatil-
ity, high solubility, and high mobility of these contaminants and
their moderate affinity for traditional adsorbents [15], Throughout
the United States, drinking water levels of perfluorooctanesulfonic
acid (PFOS) and perfluorooctanoic acid (PFOA), historically two of
the most widely used PFASs, were found to be above the Environ-
mental Protection Agency’s 70 ng/L lifetime health advisory for
combined exposure for 6 million residents [16],

A central process governing the fate and transport of organic
contaminants in the aquatic environment (and, also, their removal
by synthetic adsorbents during water treatment) is their affinity
for solid surfaces as characterized by the partition coefficient
I<d = ¢/C, where q and C are the concentrations of the contaminant
on the adsorbent (mol kg adsorbent'l) and in solution (mol L")
[17,18], Adsorption of organic contaminants in soils and sediments
has historically been modeled as the sum of adsorption by the soil
organic matter (SOM) and clay fractions as these phases account
for the majority of accessible surface area in soils [19]. For PFASs
specifically, results of soil and sediment adsorption studies have
been generally interpreted as indicating that SOM and clay are
roughly equally important adsorbents [20-22], Given the uncer-
tainty in SOM characterization [23,24], attempts to gain further
mechanistic insight have typically focused on characterizing PFAS
adsorption by pure phase adsorbents. These studies have predom-
inately focused on adsorption by minerals, particularly smectite
[25-29], kaolinite [22,25-28,30], and Al- and Fe-oxides
[22,28,31,32], For PFOS, one of the most commonly studied PFASs,
measured partition coefficients for adsorption by smectite clay
minerals (log [<d = 0.7-3.5) [25,28,29] are commensurate with or
greater than those reported for adsorption in soils and sediments
(log Kd = 0.1-1.9) [20-22,33,34], suggesting the potential impor-
tance of mineral contributions.

Many questions remain regarding the fundamental mecha-
nisms of PFAS adsorption by mineral surfaces as numerous factors
have been shown to affect the magnitude of adsorption. These
include changes in aqueous chemistry (e.g. salinity, the ratio of
divalent to monovalent cations, pH) and structural differences
between PFAS molecules (e.g. chain length, hydrophobicity, and
head group identity) [22,25,28-32], Studies of PFAS adsorption in
soils have often postulated that interactions with soil organic mat-
ter are predominantly hydrophobic in nature, whereas interactions
with minerals are predominantly electrostatic [20,22,25,35], How-
ever, this interpretation conflicts with the studies of adsorption on
pure mineral phases, according to which PFAS adsorption by min-
erals is sensitive to both electrostatic and hydrophobic interactions
[21,36], In the case of PFAS interactions with smectite clay miner-
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als specifically, repulsive electrostatic interactions are expected
between the anionic PFAS molecules and the negatively charged
clay surface as well as between individual adsorbed PFAS mole-
cules [30], while favorable electrostatic interactions are expected
between the PFAS molecules and the exchangeable cations coordi-
nating the clay surface [37], In addition, the siloxane surface of
smectite is known to carry uncharged patches (due to the random
distribution of isomorphic substitutions) that are capable of form-
ing hydrophobic interactions with non polar contaminant moieties
[38,39] such as the fluoroalkyl tail of PFASs. Although several con-
ceptual models have been proposed to understand the energetics
of PFAS adsorption [30,31], there remains a strong need for more
mechanistic insight into these energetics, in particular to help
enable the development of improved treatment technologies
[40,41],

Previous studies of PFAS adsorption have relied largely on a
variety of experimental techniques including batch adsorption
experiments, X-ray diffraction (XRD), and Fourier transform infra-
red (FTIR) spectroscopy. While these techniques provide valuable
information about the extent of adsorption and molecular confor-
mation when adsorbed, they inherently cannot quantify the influ-
ence of different interatomic interactions on the overall free energy
of adsorption. Molecular dynamics (MD) simulations have the
potential to help deconvolute the energetics of adsorption and
thereby promote deeper fundamental wunderstanding of
contaminant-mineral interactions. To date, most MD simulations
of organic contaminant adsorption have probed relatively short
time scales (-0.1-2 ns) that enable characterizing selected molec-
ular configurations and quantifying the associated potential ener-
gies of adsorbed molecules, but that do not enable predicting the
free energy of adsorption [19,35,42-49], A handful of simulation
studies have used longer simulation times and methodologies
adapted to quantify the free energy of organic adsorption, but
these studies relied on relatively simplified systems that enabled
analyzing adsorption along a single reaction coordinate such as
the distance from an infinite clay lamella or location within a nano-
pore [50-52], Finally, very few ofthe studies outlined above exam-
ined the adsorption of PFASs on any solid [35],

Here, we build upon advances in high-performance computing,
the development of techniques capable of reconstructing complex
free energy landscapes [53-56], and the validation of interatomic
potential models for the structure and dynamics of water-salt-
clay systems [57-61], the combination of which allows for larger
and longer simulations capable of quantifying the free energy of
adsorption of organic contaminants on more complex surfaces
with a variety of coordination environments. Specifically, we use
a metadynamics-based MD simulation methodology designed to
evaluate the partitioning of organic contaminants from a bulk
aqueous reservoir to a stack of flexible smectite clay lamellae
[39], We recently developed and validated this methodology in
the case of the adsorption of phthalate esters on smectite clay sur-
faces at a single aqueous chemistry condition. We now apply it to
gain insight into the adsorption of three PFASs of increasing chain
length—perfluorobutanesulfonic acid (PFBS), perfluorohexanesul-
fonic acid (PFHxS), and PFOS—by Ca-, K-, and Na- smectites at dif-
ferent salinities to determine how perfluoroalkyl chain length and
aqueous chemistry affect PFAS adsorption. For each system, we
quantify the energetics of adsorption, evaluate the role of clay sur-
face charge density, and analyze the observed molecular adsorp-
tion conformations.

2. Methods

Most of the methodological details of the present study are
described in Willemsen et al. (2019) and are only briefly restated
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below. In short, periodically replicated MD simulation cells were
constructed to examine PFAS partitioning to Ca-, K-, and Na- smec-
tite (Fig. 1). All simulations contained a stack of'two flexible smec-
tite clay lamellae each 9.4 A thick, 45.7 A wide, and 63.4 A deep
(essentially infinite given the periodic boundary), corresponding
to 60 smectite unit cells. Octahedral Al3+ to Mg2!' isomorphic sub-
stitutions were randomly distributed in the two clay sheets in
accordance with Lowenstein’s avoidance rule. This resulted in the
upper and lower clay lamellae having surface charge densities of
0.60 and 0.55 structural charges per unit cell respectively, near
the lower end of the range of reported values [62]. The system
was hydrated with 6114 water molecules and the interlayer spac-
ing between the two lamellae was initially set to 6 A, consistent
with a two-water hydrate. Ion pairs were added to the aqueous
phase to examine the influence of salinity and cation type on
adsorption. Specifically, five distinct aqueous chemistry conditions
were simulated: 0.1 M KCl, 0.1 M CaCl2, and 0.009 M, 0.1 M, and
1.0 M NaCl. Three PFAS molecules and charge balancing cations
were added to each system. Adsorption of PFBS was simulated at
all five aqueous chemistry conditions described above, while
PFHxS and PFOS were studied only at 0.1 M CaCl2.

Metadynamics-based simulations were performed to obtain
two-dimensional maps of adsorption free energy in our simulated
system in order to calculate the partition coefficients ofthe organic
solutes. Additional unbiased simulations were carried out to eval-
uate the enthalpy of adsorption and analyze adsorption mecha-
nisms. Simulations were run using the LAMMPS program [63]
with the Colvars package [64] on the Cori supercomputer at the
National Energy Research Scientific Computing Center (NERSC).
Interatomic interactions were modeled using the CLAYFF model
for clay atoms [65], CLAYFF-compatible parameters for the cleaved
smectite edges [66], the OPLS-AA model for PFAS molecules
[67,68], the SPC/E model for water molecules [69], and established
models for Ca2*, K+, Na*, and CI' ions [70-72], All force field param-
eters are reported in the Supporting Information. Short range Van
der Waals (VdW) and Coulomb interactions were solved up to
12 A; Coulomb interactions beyond this cutoff were solved using
the particle-particle/particle-mesh (PPPM) Ewald summation
method with 99.9% accuracy [73]. Water molecules were kept rigid
using the SHAKE algorithm [74]. To prevent the clay particles from
drifting, one clay lamella was tethered in place with its rotational
and translational velocity set to zero at each time step. The second
lamella was similarly constrained with the exception oftranslation
in the z-direction ofthe simulation cell, thus allowing the interpar-
ticle distance to vary. Beyond the constraints noted above, the clay
particles were modeled as fully flexible.

Fig. 1. Simulation snapshot containing two clay lamellae, three PFBS molecules
(purple, light blue, yellow and red spheres), calcium ions (dark blue spheres),
chloride ions (green spheres), and water molecules (small blue spheres). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Simulations were equilibrated for 445 ps, including 200 ps in
the NPyT ensemble (P = 1.0 bar) yielding an average simulation cell
size 0f 63.36 A x 81.18 A x 46.80 A with small variations in the y
dimension (up to 1.2 A from the average) between systems due to
differences in aqueous chemistry. Following equilibration, produc-
tion runs were performed at 298 K in the NVT ensemble for up to
95 ns in the case of the unbiased simulations and up to 390 ns for
the metadynamics simulations. Metadynamics was performed
independently on each of the three PFAS molecules in the simula-
tion cell (allowing for statistical error calculations) using two reac-
tion coordinates: the y- and z-coordinates of'the center of mass of
the PFAS molecule. A full compilation of the metadynamics simu-
lation parameters for each system can be found in the Supporting
Information. Metadynamics simulations were considered complete
upon convergence of the three molecular replicates to similar free
energy landscapes and stabilization of the free energy difference
between the bulk water and clay regions.

Metadynamics simulation results were output for each PFAS
molecule every 5 ns. To calculate overall water-clay partition coef-
ficients, data from the last 50 ns of each run were temporally and
spatially averaged over a 10 A x 46.8 A bulk water region and a
30 A x 46.8 A clay region (corresponding to the middle section
ofthe clay lamellae, to avoid edge effects). Region-specific adsorp-
tion coefficients were calculated for the interlayer region (6 A x
46.8 A) and regions within 6 A of the upper and lower external
basal surface. The equations used to convert the two-dimensional
free energy map into a single value of the free energy of adsorption
on the entire clay stack or in different regions of the clay stack are
described in the Supporting Information and in Willemsen et al.
(2019). Since the simulations were performed in the NVT ensem-
ble, reported free energy values represent Helmholtz free energies.
They are essentially equivalent to Gibbs free energies, as the inclu-
sion of the NPyT equilibration step at Py = | bar makes the pres-
sure-volume term relating the Helmholtz and Gibbs free
energies negligible.

As noted above, in addition to our metadynamics simulations,
we carried out standard (‘unbiased’) MD simulations of the same
systems. Enthalpies of adsorption were calculated from the aver-
age VAW and Coulomb interactions between PFAS molecules and
all other atoms in the system over the last 90 ns of these simula-
tions. Finally, entropic contributions to adsorption were estimated
from the difference between the free energies and enthalpies of
adsorption calculated using the metadynamics and unbiased sim-
ulations, respectively. Simulation results were analyzed using in-
house Matlab routines and visualized using the VMD program [75].

3. Results and discussion
3.1. Metadynamics results and partition coefficient calculations

The two-dimensional (yz) free energy maps revealed by the
metadynamics simulations are shown in Fig. 2 for PFBS adsorption
under all five aqueous chemistry conditions. Relative to the bulk
aqueous region, the results indicate the existence of free energy
minima on the lower clay basal surface and little to no affinity
for the interlayer nanopore, edge surfaces, and upper basal surface.

Calculated partition coefficients for adsorption on the entire
clay stack and in individual sub-domains (upper and lower basal
surfaces and interlayer nanopore) are shown in Table 1. Predicted
log /<d values were influenced by cation type and increased in the
order Na* < K* < Ca2* The strong enhancement in the presence of
calcium is consistent with previous experimental observations on
the adsorption of organic anions on smectite [76-78] and is gener-
ally interpreted as reflecting the importance ofthe so-called cation
bridging’ phenomenon, whereby a divalent cation forms a bridge
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Fig. 2. Metadynamics predictions of the two-dimensional (yz) free energy maps for PFBS adsorption on the stack of two smectite lamellae in 0.1 M KCl, 0.1 M CaCl2, 0.009 M
NaCl, 0.1 M NaCl, and 1.0 M NaCl electrolyte solutions. Reported free energies are normalized to the average value in the bulk aqueous region. Darker blue regions indicate
free energy minima. The lower left panel shows the average free energy profiles as a function ofy for all systems. The regions outlined in dashed black lines were used to
calculate Kd values as described in the Supporting Information and in Willemsen et al. (2019). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 1

Predicted log Kd values (L kg-1) for PFBS adsorption in 0. M KOI 0.1 M CaCl2, 0.009 M NaCl, 0.1 M NaCl and 1.0 M NaCl. Results reported as ‘NA’ indicate that the free energy of

adsorption was unfavorable (i.e., the solute is negatively adsorbed relative to water).

Salinity log Kd (predicted)
Overall Lower Surface Interlayer Upper Surface
0.1 M KCI 1.3+£03 1.9+05 NA NA
0.1 M CaCl, 29+04 35+04 0J £ 02 NA
0.009 M NaCl NA -0.1 +0.04 NA NA
0.1 M NaCl 0.5+04 1.1 £04 NA NA
1.0 M NaCl 0.6 £0.6 1.2+0.6 NA NA

between two negatively charged functional groups (e.g., a
negatively-charged surface site and a carboxylate or sulfonate
group) [79-82], The stronger adsorption in the presence of I<+ than
Nat likely reflects the lower hydration energy of I<+, which is
thought to lessen the obstruction of potential hydrophobic adsorp-
tion domains by adsorbed It [48,83,84], Finally, our results at the
three tested sodium salinities show evidence of increasing PFBS
adsorption with increasing salinity (0.009 M < 0,1 M K 1.0 M) as
expected from previous experimental studies of PFOS adsorption
on negatively charged surfaces [25,28], The lack of'a strong inter-
layer adsorption does limit the number of favorable adsorption
domains, but given the nanomolar range of reported PFAS concen-
trations in the environment [85] and the very high specific surface
area of smectite, the exterior surfaces should be sufficient to
accommodate contaminant molecules.
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3.2. Effects of surface charge density

In all cases, adsorption was dominated by partitioning to the
lower basal surface, which only differs from the upper one in the
number and distribution of isomorphic substitutions (0.094 C/m2
vs. 0.103 C/m2). This suggests that PFBS adsorption on smectite is
highly sensitive to charge density, as previously observed in stud-
ies of uncharged polar compounds on smectite clay [39,86], To fur-
ther investigate this effect, we calculated two-dimensional (xy)
maps of PFBS density within 6 A of'the basal surfaces in our unbi-
ased simulations. Results for the lower basal surface at our five
aqueous chemistry conditions are shown in Fig. 3 along with the
location of the isomorphic substitutions in the underlying clay
lamella. For solutions containing monovalent cations, PFBS density
is almost exclusively concentrated on the largest uncharged (i.e.,
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PFBS Density 0.009 M NaCl
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W
B wn
=OoR

Y-Axis (83 A)

Fig. 3. PFBS density maps in the xy plane within 6 A ofthe lower basal surface (left side of each map) and in the corresponding bulk-liquid-like water region (right side of each
map) in our unbiased simulations. White diamonds represent the location of the isomorphic substitutions in the underlying clay lamella. In each map, PFBS density was
scaled to its average value in the region above the lower basal surface (i.e., densities > represent portions of the surface with higher than average affinity for PFBS at each
aqueous chemistry condition). The lower left panel shows calcium ion density within 6 A ofthe lower clay lamella. Density was scaled to its average value in the region above
the lower basal surface and as expected, greater Cal+ density is observed in the vicinity of the isomorphic substitutions.

isomorphic substitution free) region ofthe surface, where the den-
sity of adsorbed surface cations is lowest. Previous research has
long hypothesized [38,87] and recently confirmed [39,88] the
inherent hydrophobicity of the smectite basal surface in the
absence of cations and the existence of a strong hydrophobic par-
titioning of uncharged organic solutes on uncharged portions of
this surface. The results presented in Fig. 3 demonstrate that this
hydrophobic partitioning on uncharged surface patches also drives
the adsorption of PFBS. Our results further reveal that the details of
this partitioning are strongly modulated by aqueous chemistry,
likely because of the anionic nature of PFBS. Notably, the density
maps show that the presence of Ca (and, to a smaller extent, K or
a high concentration of Na) enables non-negligible adsorption
not only on the largest uncharged patch, but also on smaller
uncharged patches closer in proximity to charged regions. The abil-
ity of these smaller patches to accommodate PFBS molecules in the
presence of CaCl2 suggests the importance of favorable ‘lateral
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Coulomb interactions between the SO3 group of the adsorbed PFBS
molecule and the charge balancing Cal+ ions located above charged
isomorphic substitutions.

3.3. Coordination of adsorbed PFBS molecules

Atomic density profiles for PFBS, water, and ions near the clay
surface are shown in Fig. 4A for the unbiased simulation ofthe sys-
tem at 0.1 M CaCl2. On the external basal surfaces, there are sharp
carbon density peaks -2.5 A from the surface and alternating fluo-
rine peaks -1.5 A and -3.5 A from the surface. These results indi-
cate that the CF chain displaces water molecules from the first
clay hydration layer and lies flat on the mineral surface, an orien-
tation that minimizes interactions between the hydrophobic CF
chain and water molecules. The more hydrophilic SO3 group has
density peaks -4.5 A from surface, indicating that it is oriented
away from the clay surface. For PFBS in the CaCl2 system,
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Fig. 4. (A) Atomic density profiles of PFBS, water, calcium, and chloride in the clay region (defined in Fig. 2) as a function ofz in the unbiased simulation at 0.1 M CaCl2. (B-C)
Two perspectives ofa representative snapshot of an adsorbed PFBS molecule in the same system lying parallel to the lower basal surface. The CF chain (light blue and purple
spheres) lies flat on the surface while the SO3 group (yellow and red spheres) orients towards a calcium ion (dark blue sphere). Water molecules are not shown. (D-E) Two
perspectives of the locations of PFBS oxygen atoms (light, medium, and dark red spheres) relative to the location of a Cal+ ion (blue sphere) on the exterior smectite basal
surface. Different shades of red represent the location of sulfonate O atoms sampled at | ps intervals during 2 ns of the unbiased simulation. One of the sulfonate O atoms
(medium red spheres) was consistently located ~2.3 A from the Ca+ ion during the sampled trajectory, while the other two sulfonate O atoms (dark and light red spheres)
were located -4.5 A from Ca2+. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

examination of MD simulation snapshots reveals that the SO3
group tends to coordinate with Ca2+ (Fig. 4B-E). This observed ‘lat-
eral cation bridging' is predominantly mono-dentate (Fig. 4D-E)
with the oxygen atoms occupying the same plane as the calcium
ions (relative to the clay basal surface), while the hydrophobic CF
chain remains on the mineral surface. Chloride ions are strongly
excluded from the vicinity of the clay surface, in agreement with
previous studies [89,90], indicating that the presence of the sul-
fonate group near the clay surface is generally unfavorable (from
a mean field electrostatic perspective) despite its association with
adsorbed Ca2+. Similar density profiles were observed at other
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aqueous chemistry conditions as shown in Fig. SI. Overall, our
results support the hypothesis that Cal+ significantly enhances
the affinity of smectite for anionic organic compounds—which is
thought to play an important role, for example, in the dynamics
of soil organic matter [79-82] but the details of the interaction
observed here differ from the canonical view: first, the Ca2+ ions
in our study do not physically ‘bridge’ the mineral surface and
the organic compounds and, second, favorable Ca-organic Coulomb
interactions do not drive the adsorption phenomenon; instead,
they minimize the overall Coulomb repulsion and, therefore, facil-
itate the expression ofthe entropy-driven hydrophobic adsorption.
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3.4. Energetics of PFBS adsorption

The average potential energies of adsorbed and non-adsorbed
PFBS molecules in the unbiased simulations were calculated from
the pairwise interaction energies of PFBS molecules with all other
species in the simulation cell. Results are presented in Fig. 5 as the
VdW and Coulomb contributions to the potential energy of PFBS in
the bulk-liquid-like water region and on the lower basal surface. In
all cases, VAW interactions are small and almost identical in the
bulk liquid and surface regions. Based on the difference between
these interactions in the bulk liquid and surface regions, their con-
tribution to the overall enthalpy of adsorption is <0.02 eV. Cou-
lomb interactions constitute the majority of the total pairwise
interactions, as expected given the charged nature of PFBS. The dif-
ference between the Coulomb interactions in bulk water and on
the lower basal surface is consistently unfavorable to adsorption,
as expected due to the anionic nature of PFBS. The magnitude of
this unfavorable contribution was greater (by -0.1 eV) in the sys-
tems containing monovalent cations (0.18 £ 0.02 eV) than in the
system containing calcium (0.07 £ 0.03 eV). A decomposition of
the combined VdW and Coulomb pairwise interactions near the
lower clay surface indicates that the vast majority of the contribu-
tion comes from favorable PFBS-water (58.3-83.5%) and PFBS-
cation (13.0-37.2%) interactions with small unfavorable contribu-
tions from PFBS-clay (3.4-3.9%), PFBS-chloride (<0.1-2.8%), and
PFBS-PFBS interactions (<0.1-0.2%). In short, the potential energy
of adsorbed PFBS is dominated by interactions with surface water
and cations, rather than with the clay structure. The very small
PFBS-PFBS interaction term along with a visual inspection of sim-
ulation trajectories indicates that at the simulated concentration
(1.66 mM), aggregation is not an important adsorption mechanism.
At significantly higher concentrations, aggregation may become
important as accessible adsorption domains become occupied.

The enthalpy of adsorption, AHads, can be closely approximated
as the difference between the potential energies of interaction of
the solute with its surroundings in the clay region vs. the bulk lig-
uid water if the small difference in intramolecular interactions in
these two regions are neglected. Enthalpies of adsorption esti-
mated in this manner are shown in Fig. 5 for PFBS on the lower clay
basal surface at all five aqueous chemistry conditions examined in
this study. The results indicate that the enthalpic contribution to
adsorption is unfavorable in all cases. The enthalpy of adsorption
is less unfavorable in the case of CaCl2 (0.09 + 0.04 eV) relative
to the other conditions (0.16 + 0.02 eV on average) due to
enhanced favorability of interactions with calcium ions near the

0.1 M 0.1M  0.009M 0.1 M 1L.OM
KCI CaCl NaCl NaCl NaCl
6 A 6 6 a
S
§$>"LS5
u] o u] u}
o B u} m] u]
25 A Adsorbed VdW A Bulk Liquid VdW
m Adsorbed Coul o Bulk Liquid Coul
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clay surface. The identical enthalpies of adsorption in 0.1 M KClI
vs. NaCl solutions confirm that the enhanced adsorption in the
presence of K+ is an entropic effect, as hypothesized in previous
studies [48,83,84] and in agreement with measurements showing
similar adsorption of DNA on the basal surface of K- vs. Na-
exchanged mica (a surface isostructural to that of smectite but
with much smaller uncharged surface patches) [91]. In all cases,
the unfavorable enthalpy of adsorption derives predominately
from differences in electrostatic interactions between PFBS and
water molecules in the two regions. Specifically, PFBS-water Cou-
lomb interactions are less favorable in the vicinity of the clay sur-
face than in bulk liquid water (Fig. 6), in agreement with previous
research on anion exclusion [92]. This is particularly evident
within the interlayer region as unfavorable interactions with
water, and to a lesser extent the clay surfaces, relative to the bulk
region result in the unfavorable enthalpy of adsorption that makes
intercalation only slightly favorable (in the case of CaCl2) or unfa-
vorable (in the case of NaCl or KC1) (Fig. S2).

The entropic contribution to adsorption, -TASads,
can be estimated from AFlads and the free energy of
partitioning to the water within the defined adsorption region,
AFads = -RTIn(I(d x ™Mday/Vwateun_ciay + 1), where the I(d values
are those reported in Table | and Mclay and vwater in day represent
the mass of clay and volume of water in the region defined as
the adsorption domain [39]. This calculation assumes that the
small term relating the Helmholtz and Gibbs free energies is neg-
ligible due to the inclusion of an NPT equilibration step at
P =1 bar. The results, shown in Fig. 5, indicate that PFBS adsorption
is driven by favorable entropic contributions to the free energy of
adsorption in all aqueous chemistry conditions tested. This corrob-
orates our observation that PFBS adsorption occurs predominantly
on uncharged hydrophobic patches ofthe smectite surface (Fig. 3).

3.5. Effects of PFAS chain length

A similar analysis was performed to compare PFBS, PFHxS, and
PFOS adsorption in CaCl2. Metadynamics results, shown in Fig. S3,
once again show significant adsorption on the lower basal surface
with calculated log Kd values of3.5 £ 0.4, 3.4 + 0.8, and 5.8 + 1.1 for
PFBS, PFHxS and PFOS respectively. PFHxS adsorption predomi-
nately occurred on the largest uncharged patch and PFOS adsorp-
tion was exclusively on this domain (Fig. S4). As expected, the
component of PFAS potential energy associated with VAW interac-
tions increases slightly with increasing molecular size, while the
difference between VdW interactions in bulk water and on the clay

0.1M 0.1 M 0.009 M 0.1 M 1.0M
KCI CaCl2 NaCl NaCl NaCl
0.2 "
> f * 0
l
1 N n?
0 -0l * i
e-0j . %
5 .
03 l l'
04

O Enthalpy o Entropy A Free Energy

Fig. 5. Left: Average VAW (triangles) and Coulomb (squares) interactions between PFBS and all other species in the simulated system for organic molecules located on the
lower basal surface (red) or in the bulk-liquid-like region (blue). The 95% confidence intervals range from <0.01 to 0.04 eV. Right: Enthalpic (blue circles) and entropic (red
squares) contributions to the free energy of adsorption (yellow triangles) on the lower basal surface. Error bars represent 95% confidence intervals. The reported entropy
refers to the -TAS contribution to the free energy ofadsorption. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Y-Axis (81 A)

Fig. 6. Map of the average PFBS-water Coulomb interaction energy averaged over
85 ns of an unbiased simulation in the system with 0.1 M CaCl2. Results are
averaged over all PFBS atoms, then multiplied by 17 so that their scale is
comparable to that of the per-molecule energies shown in previous figures. The
white region in the interlayer was not explored by PFBS molecules during the
unbiased simulation.

surface (i.e., the contribution of VAW interactions to adsorption)
remains small (Fig. 7). Interestingly, the contribution of Coulomb
interactions to adsorption was significantly less unfavorable (by
-0.1 eV) for PFBS than for PFHxS or PFOS, contrary to the expecta-
tion that Coulomb interactions would be unchanged with the addi-
tion of CF2 groups. We hypothesize that this difference manifests
from the ability of the PFBS molecule to occupy the smaller
uncharged patches on the clay surface (as shown in Fig. 3). In other
words, the smaller size of PFBS may allow it to access additional
hydrophobic sites, including sites where it interacts more favor-
ably with adsorbed Ca2+ ions.

The energetic breakdown into enthalpic and entropic compo-
nents is shown in Fig. 7. The enthalpic contribution to adsorption
is unfavorable in all cases, but significantly less so in the case of
PFBS due to the aforementioned enhanced interactions with Ca2+
in the clay region in comparison to PFHxS and PFOS. The entropic
contribution increases linearly (R2 = 0.82) with increasing chain
length, with a favorable entropic change of -0.06 + 0.02 eV for
each additional CF2 group. Previous estimates of the entropy of sol-
vation associated with the addition of a CH2 group to an organic
compound (-0.04 ¢V) and the entropy associated with the transfor-
mation of a CH2 group to CF2 (-0.04 eV) can be combined to
approximate the entropy of solvation associated with the addition
of'a CF2 group to an organic compound in bulk liquid water [93,94],
This estimate (-0.08 V) is consistent with our results and suggests
that the increased adsorption of longer chained PFAS molecules
stems from their decreased solubility in bulk liquid water.
Additionally, our reported trend is of similar magnitude to

PFBS PFHS PFOS
A
A A
D 0 0
2.5 A Adsorbed VdW ABulk Liquid VdW
m Adsorbed Coul o Bulk Liquid Coul
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experimental observations that the free energy of adsorption of
PFASs on sediments and kaolinite varies by —0.03 eV per CF2
group for compounds with 6 to 10 perfluorinated carbon atoms
[21,30], Combined, these results indicate that the adsorption of
long-chain PFASs is driven by favorable entropic contributions to
the adsorption free energy that increase linearly with compound
size. However, our results also suggest a qualitative change in
behavior in the case of short-chain PFASs (such as PFBS) whereby
the enthalpic contribution to adsorption becomes less unfavorable,
with the result that the short-chain compounds adsorb more
strongly than expected.

4. Conclusions

MD simulations were used to elucidate the fundamental mech-
anisms and thermodynamics of PFBS, PFHxS, and PFOS adsorption
by smectite clay minerals. Adsorption was observed in all simu-
lated systems and was most favorable in the presence of Ca2+. Clay
surface charge density was a major factor governing the extent of
adsorption as PFAS density was concentrated on the less charged
smectite lamella. Hydrophobic patches spatially distant from the
smectite isomorphic substitutions were identified as the primary
adsorption domains, confirming a hypothesis formulated from pre-
vious experimental results [38,87], On these patches, the
hydrophobic CF tail was able to displace the first layer of water
molecules forming an inner-sphere complex with the surface.
The longer PFHxS and PFOS molecules were sterically limited to
the larger adsorption domains.

Metadynamics simulations were used to calculate the free
energy of adsorption and complementary unbiased simulations
were used to determine the enthalpy of adsorption. The enthalpy
of adsorption was unfavorable in all systems due primarily to less
favorable PFAS-water interactions in the adsorbed region relative
to the bulk aqueous region. For PFBS, the enthalpy of adsorption
was less unfavorable in the presence of Cal+ due to stabilizing lat-
eral cation bridging interactions between the negatively charged
sulfonate head group and divalent cations. The entropy of adsorp-
tion was estimated as the difference of the enthalpy and free
energy of adsorption. The entropic contribution to adsorption
increased linearly with increasing CF chain length and was found
to be the driving force for PFAS adsorption, in agreement with
the observation that adsorption occurs on the hydrophobic patches
of the smectite surface.

The results presented in this paper highlight several exciting
paths for future study. In particular, the discovery of the impor-
tance of hydrophobic partitioning for PFAS adsorption on clay min-
erals points to kaolinite, low-charge smectite, and organoclays as

PFBS PFHS PFOS
§
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Fig. 7. Same as Fig. 5 in the case of the adsorption of PFBS, PFHxS, and PFOS on the lower basal surface in 0.1 M CaCl2. The 95% confidence intervals range from <0.01 to

0.09 eV.
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promising candidates for adsorbent studies. In addition, the
demonstration that surface charge density strongly influences
adsorption suggests a need for systematic study of adsorption on
smectite and other minerals with differing layer charges and iso-
morphic substitution patterns. Furthermore, the demonstration
of different PFAS affinities for internal vs. external basal surfaces
suggests that the impact of clay aggregation on adsorption repre-
sents an opportunity for future research.
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