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e PFNA/PFOS adsorption on hydrophobic CH3- SAM was studied using QCM, AFM, and MD
e Adsorbed PFNA/PFOS molecules lay flat/aggregated on or tail-inserted into SAM

e PFNA is adsorbed more than PFOS but forms fewer aggregates/structures on surface
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Abstract

Hydrophobic interaction is a prevalent sorption mechanism of poly- and perfluoroalkyl substances
(PFAS) in natural and engineered environments. In this study, we combined quartz crystal
microbalance with dissipation (QCM-D), atomic force microscope (AFM) with force mapping,
and molecular dynamics (MD) simulation to probe the molecular behavior of PFAS at the
hydrophobic interface. On a CHs-terminated self-assembled monolayer (SAM), perfluorononanoic
acid (PFNA) showed ~2-fold higher adsorption than perfluorooctane sulfonate (PFOS) that has
the same fluorocarbon tail length but a different head group. Kinetic modeling using the linearized
Avrami model suggests that the PFNA/PFOS-surface interaction mechanisms can evolve over
time. This is confirmed by AFM force-distance measurements, which shows that while the
adsorbed PFNA/PFOS molecules mostly lay flat, a portion of them formed aggregates/hierarchical
structures of 1-10 nm in size after lateral diffusion on surface. PFOS showed a higher affinity to
aggregate than PFNA. Association with air nanobubbles is observed for PFOS but not PFNA. MD
simulations further showed that PFNA has a greater tendency than PFOS to have its tail inserted
into the hydrophobic SAM, which can enhance adsorption but limit lateral diffusion, consistent
with the relative behavior of PFNA/PFOS in QCM and AFM experiments. This integrative QCM-
AFM-MD study reveals that the interfacial behavior of PFAS molecules can be heterogeneous

even on a relatively homogeneous surface.
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1. Introduction

Poly- and perfluoroalkyl substances (PFAS) are a group of synthetic organic compounds
widely used as surfactants in consumer products and firefighting (Buck et al., 2011; Moody and
Field, 2000). These compounds can persist in the environment (Evich et al., 2022) and
bioaccumulate in the food chain (Conder et al., 2008). They have been found in surface water and
groundwater at levels above human and ecological health thresholds (CDC, 2019; Sunderland et
al., 2019). The strong C-F bonds in PFASs (bond dissociation energy of 485 kJ mol! (O'Hagan,
2008)) contribute to their resistance to degradation in both natural and engineered systems

(Mahinroosta and Senevirathna, 2020; McCleaf et al., 2017).

Sorption plays an important role in determining the natural fate of PFAS (Lyu et al., 2022)
as well as for developing sorption-based PFAS removal processes for water treatment, such as
activated carbon sorption (McCleaf et al., 2017) and ion exchange (Boyer et al., 2021). However,
the amphiphilic and oleophobic characteristics of PFASs render it difficult to accurately predict
their sorption based on surface and solution conditions (Deng et al., 2012; Zhang et al., 2019). For
example, when attempting to correlate PFAS sorption with the bulk properties of soil/sediment,
such as organic fraction, protein content, anion or cation exchange capacity, and mineral type, the
co-variation of these properties in the sorbent has been shown to lead to confounding results
(Ebrahimi et al., 2021; Gagliano et al., 2020; Li et al., 2019; Li et al., 2018). Soil/sediment organic
content, a classic parameter to predict the sorption of legacy organic contaminants, was found to
positively correlate with PFAS sorption in some studies (Guelfo and Higgins, 2013; Higgins and
Luthy, 2006; Jeon et al., 2011; Li et al., 2019; Milinovic et al., 2015; Qian et al., 2017; Wei et al.,
2017; You et al., 2010) but not in others (Barzen-Hanson et al., 2017; Lee and Mabury, 2017; Li

et al.,, 2018; Pan and You, 2010). For most engineered sorbents, hydrophobic and electrostatic
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interactions drive PFAS sorption (Gagliano et al., 2020), but other interaction mechanisms such as
van der Waals forces, hydrogen bonding, and ligand exchange can also contribute, especially if
hydrophobic/electrostatic interactions are weak and/or specific sorbent functional groups are
present (Du et al., 2014; Liet al., 2021). Some studies also postulated the formation of hierarchical
structures of PFAS on various sorbent surfaces (Johnson et al., 2007; Yu et al., 2009), but direct

evidence of such structures is largely absent.

The complexity of PFAS-surface interaction warrants the use of advanced characterization
and computational tools to reveal molecular-scale behaviors. For example, Fourier-transform
infrared spectroscopy (FTIR) was employed to characterize the surface complexation (Gao and
Chorover, 2012; Zhao et al., 2014), ligand exchange (Gao and Chorover, 2012), and hydrophobic
interactions (Wei et al., 2017; Zhang et al., 2014) of perfluorooctane sulfonate (PFOS) with various
clay minerals. Quartz crystal microbalance with dissipation (QCM-D) is a surface-sensitive mass
balance that quantifies the accumulated mass at the surface with a sensitivity of 10 ng/cm?. QCM-
D has been employed to study the adsorption and conformational changes of proteins on polymers
(Nagasawa et al., 2015; Siow et al., 2019) foulants/scalants on membrane functional groups
(Huang et al., 2020; Wu et al., 2014), and surfactants on various surfaces (Kou and Xu, 2016;
Nalam et al., 2019). To date, only one study has applied QCM-D to investigate PFAS-surface
interaction, which showed that PFAS was incorporated into model phospholipid bilayers followed
a passive partitioning pathway, and gradually fluidized the bilayer (Fitzgerald et al., 2018).
Molecular dynamics (MD) simulations have been used to investigate the interaction of PFAS with
clay minerals (Loganathan and Wilson, 2022; Wang et al., 2021; Willemsen and Bourg, 2021; Yan
et al., 2020; Yan et al., 2021), polymers (Choudhary et al., 2022; Kancharla et al., 2022), and

graphene materials (Jiang et al., 2021). A few studies combined MD simulation with batch sorption
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experiments (Wang et al., 2021; Yan et al., 2020; Yan et al., 2021). In these studies, the MD
simulations for PFAS sorption on clays corroborated the mechanisms suggested by the
experimental results and assisted in identifying the PFAS binding sites.

Hydrophobic interaction is a universal mechanism contributing to the sorption of different
PFAS on a wide range of sorbents. Therefore, in this study, we employed an integrated approach
utilizing QCM-D, atomic force microscope (AFM), and MD simulations to elucidate the
hydrophobic interaction between PFAS and surface at the molecular scale. Two model PFASs
were employed: perfluorononanoic acid (PFNA) and PFOS, featuring identical lengths of the
fluorinated alkyl chain but different head groups (i.e., carboxylate vs. sulfonate). The model
hydrophobic surface is a highly ordered, methyl group terminated self-assembled monolayer (CHs-
terminated SAM). QCM-D adsorption measurements of PFAS were first conducted to determine
the PFNA/PFOS sorption isotherms and kinetics. The PFAS-adsorbed QCM sensors were then
analyzed by AFM imaging and force spectroscopy, which identified the state of the adsorbed
PFNA/PFOS molecules on the SAM. Lastly, fully atomistic MD simulations were performed to
provide insight into the origins of the PFNA/PFOS molecular behavior at the interface. In our
study, we observed higher adsorption of PFNA than PFOS, but the formation of aggregated
structures at the hydrophobic surfaces is more predominant for PFOS than for PENA. This study
is among the first to provide a comprehensive mechanistic view of PFAS molecules at the

hydrophobic interface.

2. Materials and Methods

2.1 Materials and solution preparation

Details on the materials as well as the protocols for preparing solutions and CH3z-terminated

SAM are provided in Supplementary Information (SI) 1. In this study, CHs-terminated SAM was
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selected as a model hydrophobic surface. Compared with other hydrophobic SAM (e.g., (CsHs)n-
SAM), CHs-terminated SAMs have fewer gauche defects (Vericat et al., 2005) and thus minimize

any confounding effects on the adsorption of PFAS.

2.2 QCM-D experiments

PFNA/PFOS adsorption experiments were conducted using QCM-D (E4 model, Q-Sense,
Biolin Scientific) on CHs-terminated SAM-coated sensors at 25 °C with a flow rate of 25 pL min
I, The changes in frequency (Af) and dissipation (AD) were recorded across multiple overtones of
the sensor's fundamental frequency (5 MHz). Two types of adsorption experiments were
conducted: “stepwise” experiments, where the surface was exposed sequentially to a series of
PFNA or PFOS solutions (50, 100, 200, 350, and 500 mg/L), were used to determine adsorption
isotherm; '"single-concentration" experiments, where the sensor was exposed to a single
PFNA/PFOS solution, were used to prepare samples for kinetic modeling and AFM analyses.
Details are shown in SI 2. The highest PFNA and PFOS concentration used in the experiments
(500 mg/L) was below their respective critical micelle concentrations (1299 and 1500 mg/L,
respectively (Kunieda and Shinoda, 1976; Reth et al., 2011)). The PFAS solution concentration
range was selected to (1) observe measurable mass sorption on the CHs-terminated SAM using
QCM and (2) mimic the ppm level PFAS concentrations often found near contaminated source
sites (Brusseau et al., 2020; Vu and Wu, 2022). The adsorbed masses from the single-concentration
experiments were comparable with those from the stepwise experiments (further discussed below).
The adsorbed PFNA/PFOS masses were estimated by Sauerbrey's equation and the Kelvin-Voigt

model (SI 2). Origin Pro (2022) was used in isotherm and kinetic model fitting.

2.2.1 Adsorption isotherm models
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The following isotherm models were evaluated. It should be noted that PFNA/PFOS
adsorption did not achieve equilibrium in QCM experiments, even after prolonged exposure
(further discussed below). However, this is typical for surfactant adsorption at the interface below
CMC (Zeng et al., 2020), and isotherm modeling can still provide mechanistic insight into the

molecular behavior at the interface.

(a) The Zhu and Gu adsorption isotherm: This model, initially developed to understand the
sorption of sodium dodecyl sulfate (SDS) on polystyrene latex (Zhu and Gu, 1991), involves a
two-step process: first, the surfactant molecules are adsorbed individually by interacting with
the solid surface; second, enhanced mass accumulation occurs as aggregates (micellar or
hemimicellar) form at the interface resulting via interactions with either the free or adsorbed-

species. The general form of the model is:

<mmaxch (% + K, C”g‘1>>

1+ K,C(1+ K,C"o™ 1)

mg., =

where m, (ng/cm?) is the amount of adsorbate on the surface at equilibrium when the
surfactant concentration is C (mg/L); Myq, (ng/cm?) is the theoretical maximum adsorption
capacity; K; (L/mg) and K, (L/mg)"s~* are the equilibrium constants of the reaction between
the surface and the surfactant molecules (first step) and that between the adsorbed surfactants
from the first step and incoming surfactant molecules (second step); and ng is the aggregation

number. In this study, two limiting cases of Equation (1) are considered:

(i) When K; — 0 and n; — 1, Equation (1) reduces to the Langmuir isotherm equation

(Langmuir, 1918), which describes the monolayer surface coverage of the adsorbate on a



166 homogeneous adsorbent and assumes no interactions among the molecules in the solution

167 or after adsorption on the surface:
(mmax L KL C)

1 =— . 2

o8 Me =11 K, C @
169 where and K; (L/mg) is the Langmuir adsorption constant.
170 (ii) When K,C™"1 > 1 or K;C < 1, Equation (1) reduces to
171 _ Mmax,c KG (e 3

m, = 1+ (K,Cta) 3)

172 where K; (L/mg)"¢ is the product of K; and K,. This form, henceforth called “Zhu and
173 Gu aggregate-type isotherm”, has been used in the literature to describe the sorption and
174 subsequent aggregation of surfactants SDS on Moringa oleifera seed extract (Beltran-
175 Heredia and Sanchez-Martin, 2009), pentacthylene glycol monodecyl ether on silica
176 (Thibaut et al., 2000), and Marolophen NP5 on ultrafiltration membranes (Nguyen et al.,
177 2015).

178  (b) Freundlich isotherm: This model describes the sorption behavior for a heterogeneous surface

179 and/or multilayer adsorption of the adsorbate (Freundlich, 1907).

1
180 m, =K * C" ... 4)
181 where Kp(ng cm™2 LY" mg~=1/f) is the Freundlich distribution constant; and 1/nf
182 (dimensionless) is the degree of heterogeneity. In this equation, 1/ny > 1 represents
183 cooperative sorbate-sorbate interactions.

184  2.2.2 Adsorption kinetic model

10
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The time profiles of Am for PENA/PFOS adsorption were fit to the Avrami kinetic model
(Avrami, 1939; 1940; 1941). Originally developed to model the kinetics of phase change during
crystallization, this sigmoidal model has later been used to describe the sorption of heavy metals
(Lopes et al., 2003; Zheng et al., 2021), dyes (Cestari et al., 2005; Royer et al., 2009; Vargas et al.,

2011), and organic micropollutants (Djilani et al., 2012).

T exp(—kgy * ") .. (5)
Mpax — My

where m, (ng/cm?) is the initial amount of adsorbate on the surface; kg, (min~"av) is the
Avrami kinetic constant; ng, is a constant related to the adsorption order, and t (min) the time.

The linearized form of this equation is presented as:
In{—In(1 —a)} =ng,Int +Inkgy, ... .. (6)

where « is the left-hand side of Equation (6). This form of the Avrami kinetic model enables the
identification of different rates of physicochemical processes occurring during the sorption process

(Cestari et al., 2004; Vieira et al., 2007).
2.3 AFM imaging and force mapping

AFM imaging and force mapping (Biolnfinity, Oxford Instrument, USA) were employed
to characterize the bare gold QCM sensors, CHs-terminated SAM, and PFNA/PFOS-adsorbed
surfaces. AFM measurements were performed within 72 h after QCM experiments. The samples

were equilibrated in DI water for at least 30 min prior to data acquisition to minimize thermal drift.

Topographical images of the CHs-terminated SAM with adsorbed PFNA/PFOS were

obtained using tapping (silicon cantilever, k, ~ 42 N/m) and/or contact (silicon cantilever, k, ~ 0.2

11
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N/m) imaging modes. The average root-mean-square roughness (R,) for the samples was obtained

from measuring on at least three locations, each with a scan area of 500 nm x 500 nm.

For force mapping, an AFM cantilever with a sharp silicon nitride tip (k, ~0.02 N/m and
tip radius ~20-30 nm) was employed. The stiffness of the cantilever was calibrated using the
thermal noise method (Butt and Jaschke, 1995); the deflection sensitivity of the cantilever was
measured by obtaining a force-distance profile on freshly cleaned silicon dioxide surfaces in DI
water. For each sample, six force maps (144 force-distance (FD) curves per map) were obtained
at random locations, each with a scan area of 500 nm x 500 nm and a trigger force of 5 nN. The
approach velocity of the cantilever was held at 250 nm/s to minimize the effects of hydrodynamic
forces on the force measurements. This approach velocity was kept constant across all

experiments.
2.4  Molecular dynamics simulations

Fully atomistic MD simulations were performed. A gold substrate of a dimension of 40 x
40 x 10 A® with the top surface orientation as (111) was fixed as a rigid body. The surface of the
gold substrate was passivated with a layer of SAM molecules. Initially, 24 identical PENA/PFOS
molecules were vertically suspended above the SAM layer, corresponding to a surface coverage
of 1.5 molecules/nm? of the adsorbed PFNA/PFOS masses (142421 ng/cm?, equivalent to 1.7—
5.4 molecules/nm?) obtained from QCM-D experiments (500 mg/L PFNA/PFOS, 2h). The
timestep in our simulations is 0.1 femtosecond; 20 million timesteps were calculated for each
simulation. Separate simulations were conducted to evaluate the effects of the initial orientation of
the PFNA/PFOS molecules: tail-up (i.e., C-F tail pointing away from the SAM interface) or tail-
down. An equilibration is held until the molecules fully interact with the surface and the total

energy of the system and the position of molecules have reached to a stabilized condition. Since

12



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

we focus on the near-surface interaction between PFNA/PFOS and CH;s-terminated SAM, no water
molecules were considered in the simulation. The simulations have periodic boundary conditions
in both the x- and y-axis. A Langevin thermostat was applied to the free atoms to maintain a
temperature equilibrium of 300 K. The inter-atomic interactions among the SAM molecules and
PFNA/PFOS were described via the optimized potentials for the liquid simulations (OPLS) force
field. The simulations (Jorgensen et al., 1996; Jorgensen and Tirado-Rives, 1988) were performed
using LAMMPS software (Plimpton, 1995; Thompson et al., 2022). The density of atoms in the z-

axis is calculated as the total number of atoms per bin in the z-direction.

3. Results and Discussion

3.1 Adsorption of PFNA and PFOS in QCM-D experiments

The synthesized CHs-terminated SAM has similar characteristics as those reported in the
literature (Huang et al., 2020; Zhang et al., 2017) (SI 3). The sorption of PFNA/PFOS on SAM in
QCM experiments is shown in Figure 1 (stepwise experiments). The frequency drops indicate
added PFNA/PFOS mass on the CHs-terminated SAM (Nalam et al., 2019). As solution
concentration increased, the frequency drop became greater. There was negligible change in
dissipation at low PFNA/PFOS concentrations, but dissipation increased when PFNA/PFOS
concentrations increased above 100 mg/L. A preliminary experiment using PFNA suggests that
the adsorption process did not achieve equilibrium even after exposure up to 20 h (Figure S2);
however, a rapid frequency drop occurred within the first 30 min after the PFAS solution was
introduced to the surface, followed by a significantly slower mass change with time. Therefore, a
2 h interval was employed in all stepwise experiments as the adsorption period at each solution
concentration to capture the initial interactions between PFNA/PFOS and the CHj3-terminated
SAM. At the same solution concentration, the frequency drop was greater in PFNA experiments

13
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than in PFOS experiments, suggesting higher PFNA adsorption at the hydrophobic surface
(assuming either insignificant or comparable trapped solvent by both PFAS). For example, Af at
the end of the 2h adsorption was -4.1 + 2 Hz (three replicates) and -2.2 + 2 Hz for 50 mg/L PFNA
and PFOS, respectively. After solvent rinse, the magnitude of Af decreased by 2-10 Hz (Figure
S3), indicating that a fraction of the adsorbed PFNA/PFOS molecules were weakly associated with

the surface and were rinsed away.

The adsorbed masses for PFNA and PFOS were calculated using Sauerbrey's equation (<
100 mg/L) and Kelvin-Voigt's model (200-500 mg/L), respectively, because when PFNA/PFOS
solution concentrations exceeded 100 mg/L, Af values varied with overtone and AD exceeded
1x107, indicating a viscoelastic nature of the adsorbed layers. The accumulated adsorbed mass
(before rinse) at each solution concentration is shown in Table S1. More PFNA mass/molecules
are adsorbed than PFOS. For example, after 2 h exposure to 200 mg/L solution, the adsorbed PFNA
mass (226 + 19 ng/cm?; 486 + 41 pmol/cm?) is greater than that of PFOS (127 £ 30 ng/cm?; 254 +

60 pmol/cm?).

A comparison of the adsorbed PFNA/PFOS mass between stepwise and single-
concentration experiments at the same adsorption time (2 h) did not show a significant difference
(Figure S4), suggesting that the adsorption history did not substantially impact the adsorption
behavior (Nalam et al., 2019). Correspondingly, the adsorbed masses from the stepwise

experiments were used for isotherm modeling.

Three isotherm models were evaluated. The Freundlich model showed the most inferior fit,
while the Langmuir (Equation 2) and Zhu and Gu aggregate-type (Equation 3) isotherms were
comparable (Figure 2 and Table 1). However, true Langmuir adsorption is unlikely for

PFNA/PFOS at the interface, given the absence of an equilibrated mass even after 20 hours (Figure

14
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S2b) and based on the AFM characterization results below. On the other hand, the n, values in the
Zhu and Gu aggregate-type model were greater than 1 for both PFNA and PFOS, indicating a

possible association among the adsorbed molecules on the surface.

Figure 3a shows the initial adsorption kinetics of PFNA and PFOS (at 50 mg/L and 500
mg/L) on CHs-terminated SAM, all exhibiting an "S-shaped" profile. The pseudo first- or second-
order kinetic models previously used in PFAS batch sorption studies (Askeland et al., 2020; Wei
et al., 2017) did not fit our data. Because the first 20 min adsorption accounted for > 90% of the
total mass adsorbed (Figure S5), the corresponding data were used for fitting to the linearized
Avrami kinetic model (Figure 3b). For all four fittings, two distinct segments were observed,
suggesting that there were different dominant interaction mechanisms as the adsorption progresses
over time (Cestari et al., 2004; Vieira et al., 2007). The kinetic fitting parameters for the two
segments are presented in Table 2. For the first segment, the n4,; values for PFNA and PFOS are
similar and exhibit similar concentration dependence. This allows kav; values between PFNA and
PFOS to be compared (given the similar units min™"). The similar 7., and ka,; values suggest that
PFNA and PFOS behaved similarly at this initial adsorption stage; the PFNA/PFOS molecules
mostly likely interacted with the SAM surface directly. The transition into the second segment
occurred at ~11 min (In ¢ = 2.4). The difference in n.> values between PFNA and PFOS suggests
that their adsorption mechanisms started to diverge, possibly involving different degrees of lateral
diffusion and aggregation after the surface became more “crowded” with the adsorbed PFAS as

suggested by AFM and MD analyses below.

In summary, the QCM experiments show that PEFNA shows higher adsorption capacity on
CHs-terminated SAM than PFOS. The adsorption isotherm and kinetic modeling suggest that there

is likely a range of PFNA and PFOS behaviors at the interface.
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3.2 AFM characterization of surface-adsorbed PFNA and PFOS

Figure 4 shows that, after PFNA/PFOS adsorption, the underlying SAM features were
retained, but a few globular structures of 15-35 nm in width were also observed. The section
profiles show that these structures are 5-8 nm in height. Considering that these structures have
dimensions more than double the length of PENA/PFOS molecules (~1.14 nm) (Torres et al., 2009;
Wang et al., 2015), they should be aggregates or hierarchical structures of PENA/PFOS molecules.
The globular structures were predominantly found near the grain boundaries, indicating that
surface roughness as low as 1.26 = 0.10 nm can possibly assist the initiation of PFAS molecule

aggregation.

Although visually distinct on the AFM images, the globular structures do not account for
the majority of the adsorbed PFNA/PFOS mass based on this estimate: using the molar volume of
PFNA 264.7 cm®/mol and assuming the globular features in Figure 4b are spherical PFNA micelles
with an average diameter of 10 nm and the highest possible packing density (i.e., the same density
as a pure PFNA phase), the 9 micelles on the 0.25 um? surface captured by the image contributes
to only 3.3 ng/cm?> PFNA, less than 1% of the total PFNA mass adsorbed (494 ng/cm?). In other
words, most PENA/PFOS molecules adsorbed as thin molecular layer(s) not resolved via AFM

images, possibly lying parallel on the surface due to dominating hydrophobic interactions.

AFM force mapping was conducted to further characterize the structural organization of
PFNA/PFOS on CHs-terminated SAM surfaces. First, pull-off forces from the retract FD curves
were determined from three force maps collected at random locations on the sample (Figure 5).
The pull-off forces for the PFNA- and PFOS-adsorbed surfaces (0.75 = 0.34 and 1.0 = 0.20 nN,

respectively) are 3-4 times higher than that for CHs-terminated SAM (0.23 + 0.03 nN). The higher
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adhesion forces can be attributed to the greater hydrophobic interaction of the silica tip with the
CF; groups in PFNA/PFOS than that with the CHj3 terminal groups on the SAM surface.
Additionally, the PFNA/PFOS-adsorbed SAMs showed a greater spread in the pull-off forces than
the fresh SAM surface, suggesting different orientations, densities, and/or structures of

PFNA/PFOS molecules at the hydrophobic interface.

Second, the approach FD curves from six force maps were examined for PFNA/PFOS-
adsorbed surfaces. A portion of these approach curves showed one or more discontinuities ("force
steps"), i.e., a drop in the force as the separation distance between the approaching tip and the
surface is decreased. The characteristic features of force steps are as defined in Figure 6a. A force
step arises when the AFM tip initially compresses a stiff hierarchical structure or an aggregate
adsorbed at the interface during approach and, upon reaching a contact force higher than the
stiffness of the structure, ruptures the structure and squeezes out of the confinement between the
tip and substrate. Because the interface in our measurements is a compressible SAM layer (instead
of a hard silica substrate), the zero separation between the structure/aggregate and the SAM
interface is set at the base of the slope closest to the infinite wall (the grey portion in Figure 6a is
dominated by the compression of the SAM layer). A higher percentage of the approach curves for
the PFOS-adsorbed surface (39%) displayed force steps in comparison with those for the PFNA -
adsorbed surface (6%), indicating that PFOS molecules are more likely to form
aggregates/structures despite fewer adsorbed molecules. A consistent trend was observed in

triplicate samples.

The characteristics of the force steps indicate the type and nature of the aggregate/structure.
For example, FD curves with two consecutive force steps may represent an ordered structure with

two layers, usually observed for micelles or bilayers. The distribution of step size, slope, and
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distance from the interface for all FD curves with force steps is shown as histograms in Figures
6b—d. Figures 6e and 6f explore the relationship between the stiffness, the distance from the SAM
interface, and the size of the aggregates/structures. There is no correlation between the stiffness
and the distance of the PFNA/PFOS aggregates/structures from the SAM interface, but most
aggregate/structures are 1-5 nm in size. The majority of the PFNA aggregates/structures were soft
(slope < 0.2 N/m), formed at the vicinity of the SAM interface (x; = 0), and their FD curves
presented only one force step. In comparison, most PFOS aggregates/structures were also soft, but
a much higher number of their FD curves displayed multiple force steps, with some features
considerably far away from the SAM interface. FD curves with 1-3 force steps within 10 nm from
the interface likely correspond to hierarchically layered or micellar structures of PFOS molecules,
but the those with force steps more than 10 nm away are unlikely to originate from multi-layered,
densely-packed structures. Further inspection of these FD curves showed that they exhibit a
distinct plateau in force between the force steps (example shown in the inset of Figure 6d), a unique
feature previously reported for the FD curves resulting from the presence of air bubbles on graphite
(Wang et al., 2017). This plateau corresponds to a process where the AFM tip presses onto the air
bubble (Walczyk and Schonherr, 2014; Wang et al., 2017). Indeed, careful topographic and phase
imaging (soft-tapping) of PFOS-adsorbed surfaces showed spherical structures with dimensions
larger than 20 nm, indicating the formation of stabilized air bubbles at the hydrophobic interface
(SI 10). PFASSs are known to partition at the air-water interface (Liu et al., 2022; Lyu et al., 2018;
Meng et al., 2014). Notably, air bubble-assisted sorption was found to contribute to more than 70%
of PFOS sorption on carbon nanotubes and graphene (Meng et al., 2014). Given the absence of
nanobubbles on PFNA-adsorbed SAM surfaces, the nanobubbles on the PFOS-adsorbed surfaces

likely originated from the solution where PFOS molecules stabilized the trapped air.
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Collectively, the AFM imaging and force mapping revealed the state of the PFNA/PFOS
molecules adsorbed on the CH3-terminated SAM: while a small fraction of molecules formed large
aggregates, others lay flat or formed small aggregates or hierarchical structures. This indicates a
non-negligible heterogeneity in the PFNA/PFOS adsorption behavior despite the relatively

homogeneous hydrophobic surface.
3.3  Molecular dynamics simulations

MD simulations were employed to further elucidate the molecular interactions of PFAS at
the hydrophobic SAM interface. The CHs-terminated SAM constructed on the gold substrate (40
x 40 A%) was brought in contact with 24 molecules of either PENA or PFOS to match the range of
the surface coverage of the adsorbed molecules obtained from the QCM adsorption experiments.
Two initial orientations of the PFNA/PFOS molecules were evaluated, i.e., all the molecules were
brought towards the surface with either tail-up (fluorocarbon chain away from SAM surface) or
tail-down configurations. All simulations reached equilibrium by the end of the simulation, as
shown by the total energy (Figure S8) and radial distribution function at different times (Figure
S9). The system achieved equilibrium faster when PFNA/PFOS molecules were initially in the
tail-down orientation, as expected from the greater affinity of the fluorocarbon chain than the polar

head group towards the hydrophobic SAM.

Figures 7a-d show the top-view molecular snapshots and the corresponding 2D (xy plane)
density maps of PFNA and PFOS molecules adsorbed on the CHjs-terminated SAM (with tail-
down initial orientation). The top-view snapshots show that PFOS molecules on the surface are
more likely to have their head groups pointing away from the surface and avoiding the hydrophobic
SAM interface (Figure 7b), while the PFNA molecules largely lay flat (Figure 7a), maximizing

the interactions between the fluorocarbon chain and the SAM interface. Moreover, the 2D density
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profile of PFNA molecules (Figure 7¢) displayed a greater uniformity in atomic density than PFOS
(Figure 7d), suggesting that PFNA molecules resulted in a more homogenous coverage, while
PFOS molecules tend to form aggregates, consistent with the results from the AFM force
measurements. The greater degree of aggregation of PFOS than PFNA at the SAM interface was
also observed when the initial PFNA/PFOS orientation was tail-up (SI video V1 tail-up). The 1D
density profiles (figure 7f) for adsorbed PFNA or PFOS showed that the maximum density (peak
position) for PFOS was farther away than that for PFNA from the SAM interface. The preferential
interactions of PFOS molecules with each other rather than with SAM suggests the higher
probability for PFOS molecules to form aggregated structures. In comparison, PFNA's preferential
interaction with the CH3s-terminated SAM can explain the greater PFNA adsorption, consistent

with QCM results.

The simulation also revealed an additional interaction between PFNA/PFOS molecules and
the CHs-termianted SAM. As shown in the side-view snapshots (Figure 7e), some fluorocarbon
chains of the PFNA and PFOS molecules insert into the SAM layer. The z-direction density
profiles of atoms (Figure 7f) showed there exists a more significant overlap in the density profiles
between PFNA and SAM than between PFOS and SAM, indicating more PFNA molecules
inserted into SAM. The insertion behavior of PFNA molecules into SAM may impact their lateral

diffusion and reduce the tendency to form aggregated structures at the interface.

34 Comparing molecular-scale and macro-scale PFAS sorption studies

Our study used a model hydrophobic surface, CHsz-terminated SAM, to isolate the
hydrophobic interaction as a PFAS sorption mechanism. The molecular-level characterization of

PFAS adsorption in this study revealed some different phenomena compared with those obtained
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from batch experiments. For example, in contrast to the greater PFNA adsorption in our
experiments, PFOS is adsorbed more than PFNA in soil (log Ks of PFOS ~1.5-1.8 times greater)
(Nguyen et al., 2020; Pereira et al., 2018), attributable to a combination of different mechanisms
other than hydrophobic interaction (e.g., electrostatic interactions) (Cai et al., 2022). The S-shaped
Avrami adsorption kinetics observed in our experiments is distinct from previous studies, which
used the biexponential model indicative of two (or more) types of sorption sites (e.g., PFOS
sorption on natural soil (Li et al., 2019), sediment (Higgins and Luthy, 2006), chitosan (Zhang et
al., 2011), and sewage sludge (Zhang et al., 2013)) or used the pseudo-second-order model
reflective of PFAS-sorbent chemical interaction (e.g., PFOS sorption on soils (Askeland et al.,
2020; Wei et al., 2017), montmorillonite clay (Zhou et al., 2010), and activated carbon and anion
exchange resin (Deng et al., 2015; Yu et al., 2009)). By directly measuring adsorbed mass using
QCM with high temporal resolution and nanogram-level sensitivity, we were able to capture the
S-shaped Avrami kinetics revealing the evolution of adsorption mechanisms over time. Although
Langmuir and Zhu and Gu aggregate-type models fit the adsorption data comparably, the AFM
and MD analyses clearly showed the presence of hierarchical structure and/or aggregates of
PFNA/PFOS molecules on SAM surface and the possible insertion of their fluorocarbon tail into
the hydrophobic layer, both violating the Langmuir isotherm assumption of homogeneous
adsorption. The diverse PFAS molecular behavior at the interface, despite the homogeneity of

SAM, suggests that systematic evaluation is needed to establish the fate of these molecules.

4. Conclusion

This study integrated QCM-D, AFM (imaging and force spectroscopy), and MD
simulations to probe the fundamental mechanisms of PFAS sorption at the hydrophobic interface.
On CH3-terminated SAM, a relatively homogeneous model hydrophobic surface, a range of PFAS
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molecular behavior was observed. Adsorbed PFNA/PFOS molecules generally lie flat or form
small aggregate/hierarchical structures on the surface, while a small fraction of them forms large
aggregates or, in the case of PFOS, associate with nanosized air bubbles at the interface. A
comparison of PFNA and PFOS revealed the impacts of the head group polarity. PFNA with the
carboxylate head group is adsorbed more than PFOS with the sulfonate head group; however, a
greater percentage of adsorbed PFOS molecules forms aggregates/hierarchical structures. Both
PFNA and PFOS showed multistage adsorption kinetics, consistent with a sorption process
involving an initial interaction between SAM and the PFNA/PFOS molecules and the subsequent
lateral diffusion of adsorbed PFNA/PFOS molecules to form aggregates. PFNA and, to a lesser
extent, PFOS can insert into the CHs-terminated SAM layer, which is consistent with the greater
tendency of PFNA to be adsorbed and its more uniform distribution at the interface. Considering
that hydrophobic interaction is a universal sorption mechanism for a wide range of PFAS and
surfaces, our results contribute to the understanding of PFAS sorption by natural and engineered
sorbents (e.g., through interaction with the organic fraction of soil/sediment and the polymer
backbone of resins), especially regarding to the molecular behavior near sorption sites where PFAS

molecules are enriched.
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Figure 1. Changes in frequency (Af) (left axis) and dissipation (AD) (right axis) at the 7, 9% and
11% overtones for (a) PENA and (b) PFOS adsorption on CH;-terminated SAM. The baseline and
rinse solutions before and after each adsorption have the same solvent composition as the

corresponding PFAS solution (see SI 1 and 2 for details).
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Figure 2. Adsorbed mass of PFNA and PFOS (before rinse) from stepwise QCM adsorption
experiments and the fitting to three isotherm models. Symbols of different shapes represent the
data obtained from replicate experiments. The QCM experimental conditions are as described in
Figure 1 caption and in section 2.2. Isotherm fitting parameters are shown in Table 1. The mass
data are shown in Table S1.
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Figure 3. (a) Representative mass accumulation profiles of PFNA and PFOS during the first 20
min of adsorption for solution concentrations at 50 mg/L and 500 mg/L. (b) Fitting to the linearized
Avrami model. Example fitting lines are shown for the PFNA adsorption data at 50 mg/L solution
concentration. The fitting parameters are shown in Table 2. Data are from single-concentration
experiments. Error bars in (b) are from the average of triplicate experiments.
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Figure 4. Representative AFM images of CHs-terminated SAM (a) as freshly prepared and after
adsorption of (b) PFNA or (¢) PFOS in QCM-D experiments. The insets in (b) and (c) show the
section profile of the hierarchical structures. Samples for (b) and (c) were from QCM single-
concentration experiments (500 mg/L, 12 h exposure and no rinse); the final adsorbed PFNA and
PFOS masses were 494 and 354 ng/cm?, respectively.
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Figure 5. Box-whisker plots of the pull-off forces between the AFM silica tip and CHs-terminated,
PFNA-adsorbed and PFOS-adsorbed SAMs are presented. PENA/PFOS-adsorbed samples were
obtained from single-concentration QCM experiment with 500 mg/L solution concentration, 12 h
exposure, no rinse. The different shades represent the FD measurements at three different locations
on each sample (432 FD curves per sample). The force measurements were taken in DI water. The
histograms of the pull-off forces are shown in Figure S6.
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Figure 6. (a) A representative approach curve in the FD curve resolving the hierarchical structures/aggregates of PFNA/PFOS adsorbed
on CHs-terminated SAM. Zero separation (interface) is set at the base of the step closest to the infinite wall as the top interface of the
CHs-terminated SAM. The grey-shaded region in (a) represents the compression of the CHs-terminated SAM. The following force step
characteristics are as defined in (a): step size (horizontal distance of the force step), step number (i=1 is the step closest to the SAM
surface), the distance of each force step from the SAM interface (x;), breakthrough force (maximum force before the rupture of the
aggregate), and the corresponding slope (stiffness of the structure). The histograms show the distribution of (b) step size, (¢) slope, and
(d) distance from interface for the force steps obtained from approaching FD curves. Inset in (d) shows a representative FD curve for
PFOS-adsorbed surface featuring steps at large distance from interface (> 10 nm), indicative of interaction between the AFM tip and
PFOS molecules adsorbed on a nanosized air bubble. The relationship between the stiffness of the aggregates vs. their distance from the
interface is explored in (e) and (f) for PFNA- and PFOS-adsorbed surfaces, respectively. The diameter of the circle symbols is
proportional to the step size. For each sample, 864 FD curves were obtained from the force maps measured at 6 random locations.
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Figure 7. Molecular dynamics simulation of PENA/PFOS interactions with CHs-terminated SAM.
Top-view snapshots for (a) PFNA and (b) PFOS and the corresponding 2D density plots for (c)
PFNA and (d) PFOS. Side-view snapshot for (¢) PFNA molecules at the SAM interface showing
the insertion of the fluorocarbon tail into the SAM. (f) Z-direction density profiles of atoms of
SAM and adsorbed PFNA/PFOS molecules at the end of the simulation (additional profiles shown
in ST 11). All images are obtained after equilibrating the system when approached with initial tail-
down PFNA/PFOS orientation. Additional videos on the adsorption process of PFNA/PFOS
molecules are presented in the ST 12.

31



509 Table 1. Isotherm model fitting parameters for PFNA or PFOS adsorption on CH3-terminated
510 SAM. Equations (2), (3), and (4) represent the Langmuir, Zhu and Gu aggregate-type, and
511  Freundlich isotherms, respectively.
Eqn. (2) Eqn. (3) Eqn. (4)
Mppayx,L * KL *C Mmax,G * KGCng -
= = 2 — n
Mc 1+K,*C mc 1+ KgC' m¢ = Kg * C0r
Mupmax, L K Xz Muyax, G K¢ ng xz Kr ny Xz
1 1
(ngecm~2) (Lmg™) (ngecm~2)  (Lmg 1)" (ngcm™? L™ mg ™)
1.30
PFNA 428248 OB 5D naa | seses GOE3SLos 1305 17.5+7.0 21E 5y
0 x10 0.3
(5.2+2.0) (0.78+£2.0) 1.5+ 2.0+
PFOS 244 +£38 %102 642 191 + 36 10 06 654 8.3+44 0.4 772
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512  Table 2. Kinetic model fitting parameters for PFNA or PFOS adsorption on CH3-terminated

513  SAM using the linearized Avrami model.

Concentration  ng,, kay, R? Ngy, Koy, R?
(mgL™) (min"av) (min ")
PFNA 50 1.64 0.034 0.94 0.67 0.31 0.87
500 2 0.025 0.99 0.86 0.29 0.98
PFOS 50 1.62 0.044 0.99 0.30 1.13 0.63
500 1.97 0.024 0.99 0.67 0.49 0.82
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