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Perfluoroalkyl substances (PFAS) are a category of environmental contaminants of increasing global
concern. Common treatments are adsorption, ion exchange and pressure-driven membrane processes, all
of which are non-selective, demonstrate quick breakthrough, unsustainable regeneration, and require
disposal of concentrates with high PFAS concentrations. The challenges presented by modern treatment
practices to sustainably remove PFAS from water have led researchers to investigate alternative,
economically viable PFAS remediation options such as development of novel sorbents. An integral step in
developing novel PFAS removal matrices is material characterization; specifically pertaining to molecular
interactions between adsorbent and adsorbate. To investigate this fundamental relationship, atomic force
microscopy (AFM) was utilized to produce force profiles between two PFAS, perfluorooctanesulfonate
(PFOS) and perfluorobutanesulfonate (PFBS), and surfaces in different conditions. Silicon wafers were
surface modified with three silane molecules: aminopropyltriethoxysilane (APTES), triethoxy(octyl)silane,
and trimethoxy(octdecyl)silane to observe the effect of surface polarity and hydrophobicity on PFAS
adhesion. Force spectroscopy measurements taken with AFM were conducted in deionized water, sodium
chloride, and magnesium chloride to examine the impact of ions on PFAS adhesion. The results of this
study show that the force of PFAS adhesion onto surfaces is lowest in deionized water and increases in
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1. Introduction

Per and polyfluoroalkyl substances (PFAS) are a category of
synthetic chemicals, widely used for commercial and
industrial practices. Their application offers unparalleled
physicochemical properties due to their aliphatic backbone
being comprised of strong, and stable carbon-fluorine (C-F)
bonds rather than conventional hydrocarbon bonds. PFAS
molecules that possess fully fluorinated carbon chains tend
to convey superior mechanical and thermal resistance in
comparison to their alkyl homologs." This renders PFAS
useful for situations where robust chemical properties are
required. In addition to their enduring qualities, PFAS present
with greater hydrophobic and oleophobic behavior, as well as
corrosion resistance, than their alkyl counterparts due to
tighter steric structuring and larger molecular geometry.”> The
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strength with addition of divalent cations.

aforementioned properties render PFAS to be highly
functionable and stable molecules. Conversely, PFAS remain
as one of the biggest environmental challenges in relation to
their widespread contamination and detection in global water
supplies. The increased molar volume and bond strength of
PFAS protect the fluorocarbon backbone from both natural
and biological degradation pathways, allowing them to
accumulate in the environment and transport into water
supplies. The most common group of PFAS utilized are
perfluoroalkyl acids (PFAAs), which structurally resemble
biological fatty acids and have recently been associated
with multiple endocrine disorders and soft tissue
cancers.”™ This has led the United States Environmental
Protection Agency (EPA) to impose strict PFAS treatment
requirements for water municipalities to reduce exposure to
the population. However, modern water and wastewater
treatment practices are unable to adequately treat PFAS,
allowing their bioaccumulation in aquatic ecosystems, plants,
and surrounding populations.

Currently, the state-of-the-art method for removing PFAS
from water is through adsorption onto granular activated
carbon (GAC). GAC is commonly utilized in drinking water
treatment trains to nonspecifically remove organics and
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other odorous molecules. The sorption of PFAS onto GAC is
dominated by both intraparticle diffusion and nonspecific
hydrophobic and electrostatic interactions with the GAC
surface active sites.®® Longer-chained (Cn, n > 6) PFAS pose
a greater potential to form aggregate structures, which can
block GAC pore openings.’ This can substantially reduce the
surface area available for adsorption, and further result in
premature breakthroughs. In addition, shorter-chained (Cn,
n < 6) PFAS have displayed lower adsorption affinities to
GAC due to their increased mobility, which permits rapid
breakthrough of the sorbent bed, in comparison to their
longer chained counterparts.'"® In each case the sorbent
material needs to be replaced or regenerated before
treatment can continue. However, when GAC is completely
saturated with PFAS, it cannot be sustainably regenerated."
When PFAS adhere to GAC, the only effective regeneration is
by subjecting the saturated mediums to temperatures that
range between 800-1000 °C in a dry nitrogen environment."?
The associated energy and operational costs of PFAS
adsorption and regeneration with GAC forces utilities to
landfill their spent sorbent and purchase new material when
it comes time for replacement."® As such, investigating and
understanding the mechanisms of PFAS adhesion to sorbent
interfaces is essential to improving PFAS treatment practices.

The molecular interactions that generate PFAS adhesion at
the solid-liquid interface are dynamic and complex. The
specific makeup of the aqueous environment and surface
composition directly impact the kinetics and extent of PFAS
adsorption and adhesion.'” The structure of the specific PFAS
molecules in question also determine how they behave in the
aqueous environment, as PFAS exist in multitudinous
combinations of chain lengths and functional terminations."®
The most common environmentally relevant PFAS molecules
are aliphatic, with fluorocarbon chain lengths ranging
between three to ten carbons and a charged terminal group
of either carboxylate or sulfonate. The hydrophobic chain
and hydrophilic functional group provide opportunities for
PFAS to adsorb onto various matrices.'® Therefore, it is
widely accepted that PFAS adsorption will occur through
hydrophobic and/or electrostatic attraction when a non-
polar or polar adsorbent surface is present.”” The
development of optimized PFAS sorbents that have a
selective affinity for PFAS compared to other co-solutes is
predicated on tailoring molecular interactions for individual
PFAS molecules.

Exploiting the properties of PFAS molecules to enhance
their adsorption necessitates an understanding of molecular
interactions that occur between PFAS and a sorbent in
solution. The three primary interactions that drive PFAS
adsorption and adhesion are electrostatic interactions,
hydrophobic interactions, and Van der Waals forces that
occur upon surface contact.'® Each of these fundamental
interactions can be manipulated by changing specific
parameters in solution. Electrostatic forces in aqueous media
are highly dependent on the ionic composition and strength,
as introduction of charged species in solution will cause
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particles to either attract or repel.’® The hydrophobic effect is
believed to be the result of excluded volume entropy change
between non-polar molecules and water.>°>> The magnitude
of a molecule's hydrophobicity is dependent on its non-polar
molar volume. There is currently no unified explanation of
the origin of force exerted by hydrophobic interactions, but it
is believed that it is not impacted by ionic strength alone,
but rather by ionic species and solute size.”>>* The degree of
entropy or “order” of water has become a topic of interest in
the study of hydrophobic interactions, as it can be affected
by specific co-solutes. Specific ions and molecules have
previously been labeled as kosmotropic, structure-making, or
chaotropic, structure breaking.>® Each has an opposite effect
on neighboring water molecules and can be exploited for
certain applications such as manipulating solubility,
controlling ice nucleation, regulating micelle formation, and
protein separation.’*° In the early 1940s, certain cations
and anions were ranked according to their effect on water
structure creating the Hofmeister scale.®’ It has been
documented that specific ions in solution will have either a
kosmotropic or chaotropic effect within a certain ion
concentration range.”> Outside this range however, their
Hofmeister effect can be neutralized or reversed depending
on the ionic species in question.* In addition to Hofmeister
effects, Van der Waals interactions, particularly dipole-dipole
interactions, can be affected by ionic strength and speciation.
The fluorinated chains in PFAS molecules are conventionally
described as non-polar because they demonstrate
hydrophobic behavior due to their molecular geometry, but
the possible impact of the polarity of the fluorocarbon
backbone on Van der Waals interactions are seldom
discussed. Only recently studies have begun to describe
interactions with fluorocarbon molecules as polar-
hydrophobic interactions.**™*® The interplay of these dynamic
forces arising from the combined surface, solute, and solvent
chemistries determines the range and magnitude of adhesion
a molecule experiences at an interface. This adhesion force
can be measured using high resolution analytical techniques.

Force measurements taken with atomic force microscopy
(AFM) have been utilized to approximate Van der Waals and
hydrophobic interactions.”” They can be conducted in
solution, under dynamic conditions, and have been utilized
for innumerable biological, material, and chemical
experiments.***° Only recently have studies begun to include
force spectroscopy for measuring the adhesion forces of
fluorinated contaminants for PFAS remediation applications.
Mohona et al. probed the adhesion of bare AFM tips on self-
assembled monolayers (SAMs) contaminated with PFOS and
perfluorononanoic acid (PFNA), where they observed higher
adhesion forces on PFAS contaminated surfaces compared to
the control SAM.*" Jin et al measured the adhesion force
between amyloid fibers in sampled lake water using PFOA
and PFOS functionalized AFM tips and determined that
adhesion was enhanced compared to unmodified tips.**
While these pioneering experiments elucidate the
fundamental behavior of PFAS at the solid-liquid interface,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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AFM experiments can be used specifically to investigate the
conditions for increasing and weakening PFAS adhesion.

In this study, the tunability of PFAS adhesion was
examined by conducting adhesion force measurements with
AFM using PFAS functionalized AFM tips on model surfaces
representing classes of surface properties. Three silane
molecules, aminopropyltriethoxysilane (APTES),
triethoxy(octyl)silane (C8), and trimethoxy(octadecyl)silane
(C18) were utilized to generate uniform siloxane thin films
on silicon wafers. Surface modification of silicon wafers with
different silanes allowed for polar and nonpolar interfaces to
be obtained bearing specific physicochemical properties.
These surfaces were then probed with a short and long chain
PFAS - eg, perfluorobutanesulfonic acid (PFBS) and
perfluorooctanesulfonate (PFOS) - to further characterize
their adhesion force with the manufactured interfaces. All
measurements were then repeated in electrolyte solutions -
e.g., 75 mM NaCl and 75 mM MgCl,. The impact of salt
species and surface composition on adhesion was
investigated for PFAS molecules, PFOS and PFBS, on three
siloxane films.

2. Materials and methods

Mechanical grade silicon wafers with a diameter of 25.4 mm
were purchased from University Wafer (South Boston,
Massachusetts, U.S.). Silane molecules
aminopropyltriethoxysilane (APTES), triethoxyoctylsilane (C8),
and trimethoxyoctadecylsilane (C18) shown in Fig. 1, and
(99%) magnesium chloride, and sodium chloride were
purchased from Sigma Millipore (Burlington, Massachusetts,
U.S.). (PFOA), 99% perfluorooctanesulfonic acid (PFOS), and
95% perfluorobutanesulfonic acid (PFBS) also
purchased from Sigma. Isotopically labeled standards for
each mentioned PFAS molecule were purchased from
Wellington Labs (Guelph, Ontario, Canada). HPLC grade
(99%) methanol, ethanol, and hexane were purchased from
VWR International (Randor, Pennsylvania, U.S.).

were
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Fig. 1 Silane molecules aminopropyltriethoxysilane  (APTES),

triethoxy(octyl)silane (C8), and trimethoxy(octadecyl)silane (C18).
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2.1. Surface preparation

All silicon wafers were cleaned and pretreated for five
minutes with oxygen plasma using an Optiglow ACE plasma
treatment unit (Tempe, AZ, U.S.). A plasma treated silicon
wafer was prepared as a control sample. Each sample was
subsequently submerged in a 1% solution of either polar
(APTES) or nonpolar silane (C8 or C18) in ethanol or hexane
respectively. Samples were allowed to react on a shaker plate
at 60 rpm for 24 hours. Samples were subsequently rinsed
and sonicated in their respective solvents for 15 minutes
and dried gently with nitrogen. Samples were dried and
cured in a vacuum oven at 100 °C for 1 hour prior to
characterization.

2.2. Physical/chemical characterization

Contact angle measurements were taken with a Kruss
Scientific DSA25E drop shape analyzer (Hamburg, Germany).
Deionized water droplets of a 2 uL volume were placed onto
each sample and the mean contact angles were measured
within five seconds. Ten replicates of each surface
modification were used to generate an average value.

Streaming zeta potential of each siloxane film was
determined with an Anton Paar Surpass 3 Streaming Zeta
Potential (Graz, Austria). Silicon wafer samples were cut into
20 mm x 10 mm rectangles and affixed to the testing planes
of the supplied gap cell. DI water was adjusted to the initial
conductivity value of 15 millisiemens per centimeter (1 mM)
required for operation with potassium chloride. Five zeta
potential measurements were taken at each pH value ranging
from 2 to 10 to create a pH dependence plot.

Streaming zeta potential measurements taken in sodium
chloride and magnesium chloride solutions were conducted
at different concentrations. Initial measurements were taken
in deionized water prior to the addition of magnesium
chloride. Magnesium chloride was added in 5 mL, 0.001 M
increments until a final concentration of 0.1 M was
reached. Streaming zeta potential measurements taken
above 0.1 M salt concentrations became unreliable due to
operational limitations of the instrument and were excluded
from the analysis.*?

The surface composition of the modified silicon wafers
was analyzed via X-ray photoelectron spectroscopy analysis
(XPS) using a Kratos Axis Ultra 165 Hybrid Photoelectron
Spectrometer (Wharfside, Manchester, U.K.). Topographical
information about the modified silicon surfaces was taken
with atomic force microscopy (AFM) using the Nanosurf
Cypher Atomic Force Microscope (Liestal, Switzerland).
Modified silicon wafers were equilibrated in deionized
water and scanned from ten points over a 1-micron area
in contact mode with Aspire CT130 silicon nitride tips
(Nanoscience Instruments, Tempe, AZ). The resulting data
was processed with Gwyddion and zero-flattened to reduce
image angling. The relative mean squared roughness and
surface area of each surface were determined from the
resulting topography.

RSC Appl. Interfaces, 2024,1,1265-1275 | 1267
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2.3. Adhesion force measurement

Sulfonate PFAS terminated AFM tips were functionalized by
first depositing a ~5 nm thick gold layer on the tip surface
with a Ladd-Hummer 6.2 sputter coater (Ladd Research,
Williston, VT) and then immersing in 5 ppm solutions of
their respective molecules for 1 minute. All tips were gently
dried with nitrogen following any submersion events. The
success and stability of PFAS functionalization was confirmed
by scanning for F 1s peaks (687-689 eV) via XPS, shown in
Fig. S1,f before and after AFM experiments. Force
measurements were collected with an Asylum Research
Cypher Atomic Force Microscope (Oxfordshire, United
Kingdom) operating in contact mode. Force curves were
analyzed with Asylum Research 15 software by integrating the
area under the force-distance curves. Three replicates of each
siloxane film were analyzed with one hundred force
measurements collected over a 1 square micron area per
sample. Measurements for each PFAS-surface combination
were conducted in 500 pL volumes of DI water and solutions
of 75 mM sodium chloride and 75 mM magnesium chloride.

3. Results and discussion
3.1. Characterization of model surfaces

Silicon wafers were modified with siloxane films to create
model surfaces for PFAS adsorption. The surface properties
of the deposited films were used to elucidate the impact of
interfacial composition on PFAS adhesion. APTES
represented a polar surface to investigate the impact of
electrostatic interactions, while the eight carbon (C8) and 18
carbon (C18) silanes were chosen to examine the influence of
hydrocarbon chain length and magnitude of hydrophobicity
on PFAS adsorption.”*** A plasma treated sample containing
no siloxane film was used as an unmodified reference for
comparison of characterization results. The general reaction
mechanism for the modification of silicon surfaces with
silanes is shown in Fig. 2. Hydroxyl groups generated during
plasma treatment act as nucleophiles and react with the
suspended silane molecules, creating covalent bonds on the
silicon surface and between other silane molecules. Fig. 3
depicts the measured water contact angles of the deposited
siloxane films. The C8 and C18 samples were determined to
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Fig. 2 APTES modification of a silicon.
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Fig. 3 Static contact angle measurements of modified silicon wafers
taken with a 5 uL water droplet immediately after contact.

be hydrophobic, having contact angles of 104.52 (+1.98) and
109.87 (+2.44), respectively. The amine terminated and
plasma treated samples were considered hydrophilic with
contact angles significantly less than ninety degrees.

The topographical AFM scans shown in Fig. 4 and
roughness data in Table S1f exhibited similar film
morphologies and only slight variations in roughness
between samples. The lower surface roughness of the C18
film surface compared to the more rigid C8 silane molecules
suggests that the longer carbon chains fold over onto
themselves in solution to minimize their contact with water
molecules. XPS scans also shown in Fig. 5 indicated that the
carbon content of each wafer increased; corresponding with
the hydrocarbon chain lengths of each film. The nitrogen
content of the APTES surface was approximately 2% and was
not detected on the hydrophobic or plasma treated surfaces.

3.2. PFAS adhesion to siloxane films

To understand the electrostatic contribution to PFAS
adhesion force, streaming zeta potential measurements were
taken of each functionalized surface. The electrical double
layer (EDL) is a combination of the region defined as the
layer of adsorbed water molecules and ions on a surface
called the stern layer, and the diffuse regime above the stern
layer expanding to the electrostatic boundary of a surface
deemed the slipping plane.*®* The zeta potential, the
electrostatic potential measured at the outer boundary of the
slipping plane, is widely utilized to estimate the general
attraction or repulsion of molecules to a surface. The zeta
potential exists due to acid-base reactions occurring on the
material surface and adsorption of ions to the interface in
solution.*” Modulating or designing a surface to carry a
specific zeta potential is a modern technique used for many
applications including enhancing oil recovery from carbonate
rock, rendering biomaterials inert to evade immune
response, and separation and elution of polar molecules.**~>°
The isoelectric point (IEP), the pH at which a surface's zeta
potential is equal to zero, is often used to obtain information
about the functional behavior of the interface.”'>® Fig. 6a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AFM topographical scans of each siloxane film. a) Plasma treated, b) APTES, c) C8, d) C18.
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shows the effect of pH titration on the zeta potential of each
wafer sample from pH 2-10 in 1 mM potassium chloride.
The APTES sample expectedly showed a basic surface
functionality compared to acidic C8, and amphoteric C18.
The high isoelectric point (pH 8) of APTES is in close
agreement with pKa values and IEP data reported by Bhat
et al. who modulated the sorption of nanoparticles by pH
titration of an APTES modified silicon wafer.>® The plasma
treated control sample had an IEP of 5 and demonstrated
amphoteric behavior, consistent with known pKa values and
properties of silanols.>® Examination of individual zeta
potential values revealed that the APTES sample carried a
positive electrostatic potential, the C8 surface was negative,
and the C18 surface was at its isoelectric point at
environmentally relevant pH of 6.8. Hydrophobic surfaces are
expected to carry a negative zeta potential. At neutral pH
values as water molecules are repelled from the interface,
hydroxide ions are attracted to the positive dipoles on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C-H chains that predominantly exist on the surface,
generating a net negative electrostatic potential.”® The lower
magnitude of zeta potential and difference in isoelectric
point of the C18 sample compared to C8 can be attributed to
the longer carbon chain length. The folding over and charge
condensation of the C18’s longer carbon chains allows for
the reduction in the net dipole moment of the molecule,
reducing VdW interactions with hydroxide and thus resulting
in a more positive surface potential and higher isoelectric
point.***”  Though the C18 film is of comparable
hydrophobicity to C8, the longer chains convey lower surface
roughness and amphoteric behavior compared to the shorter
chain modification.

Next, AFM was used to generate force curve profiles of
PFOS and PFBS on the siloxane films in DI water. The
baseline adhesion behavior of the polar-hydrophobic
fluorocarbon chains in DI water is presented in Fig. 6b. PFAS
molecules comprised of either four or eight carbons, and

RSC Appl. Interfaces, 2024, 1,1265-1275 | 1269


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00228h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2567. Downloaded on 12/6/2569 9:36:43.

(cc)

View Article Online

Paper RSC Applied Interfaces
8
a) b) PFOS PFBS
404 —e— Plasma Treatment 2
% P éI;TES 64 * +
:, 20 —— C18 g
= =4
= ' =l Te
£ T g
[ 3 4 = 24 +
HECIE
E
0 1 1 1 1 I I 1 1
-40-

g&‘b&& CJ% o\% S &‘)&Q% o% o\%
DN DN

Fig. 6 a) Plots of zeta potential versus pH for modified surfaces in 1 mM potassium chloride. b) Adhesion force measurements taken on modified

surfaces in deionized water.

sulfonate head groups (PFOS and PFBS) were utilized to
determine if fluorocarbon chain length or surface
composition was the dominant contributor to the adhesion
force. Unmodified AFM tips were not used as a control
comparison in this study as previous experimentation yielded
significant adhesion between the silicon nitride tip and
amine terminated APTES functionalization. It is important to
note that because the sulfonate groups were used to
functionalize the molecules to the AFM tip, we hypothesize
that the resulting force values would mostly correspond to
the interaction between the exposed fluorocarbon tails and
the substrates. Adhesion of both PFOS and PFBS was the
weakest on the plasma treated surface. The high energy,
hydrophilic surface of the plasma treated silicon wafer has
little affinity for the hydrophobic PFAS tails. Of the surface
modified samples, adhesion was lowest on the APTES film
likely due to the excluded or inaccessible sulfonate groups,
which minimize electrostatic attraction with the amine
terminated surface. The negative dipoles of the fluorocarbon
backbone, however, can interact with the amine groups,
resulting in a Van der Waals adhesion force. The
hydrophilicity of the APTES sample would also result in a
lower hydrophobic interaction between the geometrically
hydrophobic PFAS tails compared to the C8 and C18 surfaces.
The PFBS functionalized tip had slightly higher adhesion on
all surfaces (APTES: 129.21%, C8: 138.75%, C18: 161.52%)
compared to PFOS. It is possible that the smaller molar
volume and thus lower hydrophobicity of the fluorocarbon
tail allows PFBS molecules to penetrate the adsorbed water
layer more effectively on the sample surfaces.

Next, electrolyte solutions were introduced to examine
how the presence of ions influence PFAS behavior at the
interface. The specific behavior and magnitude of
electrostatic interactions in the bulk solution and at the
solid-liquid interface are impacted by the concentration of
ions in solution.***® This behavior was interpreted through
additional zeta potential and force measurements in 75 mM
NaCl, and 75 mM MgCl, solutions. Magnesium and sodium
chloride were chosen as they are simple, low cost monovalent
and divalent salts. Magnesium was selected over calcium
chloride due to its smaller Van der Waals radius and ability

1270 | RSC Appl. Interfaces, 2024, 1, 1265-1275

to impart a kosmotropic ordering effect with its tightly
coordinated water molecules. A concentration of 75 mM was
chosen as it is believed that ion concentrations greater than
10 mM are capable of generating Hofmeister effects.’ Fig. 7
shows the zeta potential values at pH 6.8 + 0.3 of each
siloxane film and AFM tip functionalization in 1 mM KCI or
75 mM MgCl,. The AFM tip functionalizations carry positive
zeta potentials in 1 mM KCI likely due to the attraction of
hydronium ions to the negative dipoles on the fluorine atoms
of the fluorocarbon tail. The shift towards negative zeta
potential values in the presence of 75 mM magnesium
chloride has been reported previously and is believed to be
the result of the attraction of chloride and hydroxide ions to
surface adsorbed magnesium ions.*

AFM adhesion force data are compiled for each surface-
PFAS-solution combination in Fig. 8. Overall, the adhesion
force of all PFAS molecules on each surface remained the
lowest in deionized water. In deionized water, adsorbed water
molecules on the film surface are at a maximum, potentially
restricting access or lowering surface affinity to hydrophobic
molecules.®” Without ions in solution to adsorb to the film
surface, the formation of a stable zeta potential and thus
surface charge is not possible. The absence of ions also

2 1mM KCl 75mM MgCl,
%‘ 10— I
; 0 [-I -j
e N
=
D
E -10-
s
3 20
-30 1 1 1 1 1 1 1 1 1 1 1 1
PO DD DS DO DD SO
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Fig. 7 Zeta potential measurements modified surfaces and AFM tip
functionalizations taken in 1 mM potassium chloride and 75 mM
magnesium chloride at pH 6.8.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Adhesion force boxplots of each modified surface-PFAS
combination in 75 mM sodium chloride, 75 mM magnesium chloride.

prevents bridging of dipoles on the C-F backbones to the
functionalized surfaces. In DI water there is no significant
driving force for PFAS adhesion.

The addition of sodium chloride in solution provided a
negligible impact on PFAS adhesion on the plasma treated,
APTES, and C8 surfaces which corresponds to similar
findings discussed in literature.®>®* Sodium, compared to
magnesium, has a lower charge density conveying a lower
affinity for surfaces and molecules than magnesium. The C18
surface, however, showed a minor increase in adhesion force
for both PFOS and PFBS in the 75 mM sodium chloride
solution. In the presence of 75 mM MgCl, the adhesion of
PFOS and PFBS increased substantially on all surfaces. The
increase in adhesion can be explained by several phenomena.
The larger charge density and the water structuring effects of
the magnesium ions compared to sodium creates a
kosmotropic ordering effect.®® Magnesium interacting with
both tip and interfacial surface carry between 6 and 32
strongly coordinated water molecules in their hydration
shells depending on ionic strength.*®®>®® The increased
structuring of the water hydrogen bonding network generated
by magnesium ions creates a more pronounced Hofmeister
effect resulting in greater expulsion of hydrophobic
molecules from the bulk solution. This could also be
responsible for enhancing PFAS sorption at the solid-liquid
interface by structuring a hydrogen bonding network between
tip and surface.®”

Ion-dipole or cation bridging interactions arising from
the addition of divalent magnesium ions may also
contribute to the adhesion of PFAS chains at the interface.
While the fluorocarbon backbone is geometrically non-polar,
individual carbon-fluorine bonds have strong permanent
dipoles (-1.43 Debyes) that can interact with the
magnesium ions and potentially bridge the C-F tails to the
interface.®*7® A recent study by Huang et al has
demonstrated that introducing sites for ion-dipole
interactions on hydrophobic fluorocarbon polymers can
increase their adhesion strength by 62%.”" Divalent cations
are also known for enhancing the partitioning of PFAS to
solid-liquid and air-liquid interfaces."*’*”> The suggested
mechanisms for which are charge suppression of anionic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PFAS headgroups that would be electrostatically repelled
from negatively charged surfaces and cation bridging
between PFAS and surfaces. Because only the PFAS tails are
believed to be exposed in this study, cation bridging is the
more likely explanation for the observed change in adhesion
in this work.

The PFAS adhesion trends seen in Fig. 8 can also be
described in terms of the polarizability of each film. The
zeta potential data shown in Fig. 7 is in agreement with
previous research that has concluded that the polarizability
of alkyl molecules increases with carbon chain length.”®”” It
is also well understood that the strength of induced dipole
interactions increases with increasing magnitude of zeta
potential.”®>”® The PFAS adhesion patterns in Fig. 8 show
that with increasing polarizability of probe-surface
combination, a stronger adhesion force is generated. The
C18 film, however, is an exception to this explanation as it
has the highest zeta potential, and thus polarizability, but
low adhesion force compared to other sample combinations.
Because AFM measurements are physical in nature, the
surface mechanical properties play a significant role. It is
likely that because the C18 film is soft compared to the C8
and APTES films, during contact with the AFM tip, a
mechanically stable interaction does not form. In addition,
the C18 film had a roughness value lower than C8 and
comparable to the plasma treated silicon wafer indicating
again that possibly a layering or folding phenomenon may
be at play. Further investigation into the influence of film
viscoelastic properties is required to fully understand PFAS
adhesion to complex film surfaces.

4. Conclusion

This study demonstrates the potential of utilizing cation
solutions to manipulate PFAS adhesion. Examination of
model surfaces composed of siloxane films yielded that
adhesion of the PFAS fluorocarbon backbone can be
enhanced with the addition of magnesium chloride. AFM
force spectroscopy and zeta potential measurements revealed
that the addition of 75 mM magnesium chloride provided
the greatest enhancement to adhesion for both four and
eight carbon PFAS on all sample surfaces. The proposed
mechanism for the augmentation of PFAS adhesion is
threefold. First, magnesium ions bind to the film surfaces
and interact with the dipoles on the PFAS fluorocarbon tails,
bridging the PFAS to the surface upon contact. Second, the
addition of magnesium ions induces a kosmotropic ordering
effect in the bulk solution, creating a higher energy water
structure that enhances the hydrophobic effect. Lastly, the
impact of magnesium on the zeta potential and thus
polarizability of the film-tip interface increases the
magnitude of induced dipole strength, enhancing Van der
Waals forces upon contact. Additional research is necessary
on the relationship between PFAS adhesion and adsorption
with different co-solutes to gain a deeper understanding of
how the sorption process can be further modulated.
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