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ENVIRONMENTAL SIGNIFICANCE STATEMENT:

We quantified sorption kinetics, solid-water partitioning (log K4 values) as a function of pH, and
the extent of desorption for a diverse set of dozens of per- and polyfluoroalkyl substances (PFASs)
on two iron oxide minerals (ferrihydrite and goethite) and two silica clay minerals
(montmorillonite and kaolinite). Results demonstrate that pH-dependent changes in the surface
charge of the mineral and speciation of the PFAS play an important role in PFAS sorption, and
that iron oxide minerals exhibit relatively facile desorption when compared to silica clay minerals.
Together, our data make practical contributions to support site characterization and remediation

efforts, while also contributing key insights in the fundamental sorption processes.
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ENVIRONMENTAL SIGNIFICANCE STATEMENT:

We quantified solid-water partitioning (log Ky values) as a function of pH and the extent of
desorption for a diverse set of dozens of per- and polyfluoroalkyl substances (PFASs) on two iron
oxide minerals (ferrihydrite and goethite) and two silica clay minerals (montmorillonite and
kaolinite). Results demonstrate that pH-dependent changes in the surface charge of the mineral
and speciation of the PFAS play an important role in PFAS sorption, and that iron oxide minerals
exhibit relatively facile desorption when compared to silica clay minerals. Together, our data
make practical contributions to support site characterization and remediation efforts, while also

contributing key insights in the fundamental sorption processes.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00847f

Page 3 of 38 Environmental Science: Processes & Impacts

View Article Online
DOI: 10.1039/D5EM00847F

A D w w wOpenAcesssAriisl e Pullisieoon 16 Recronhes 3025 Prwnigaded an 12/242025 5351RM. - 0 oo N v L1 D W N —
- © \0_ i arti ofRisfc&Rsed’ue 3 Creartte Commons Ritfbuiibr3.0-Uriportad Modnce™

ocouvuuUuuuuuuUuuudsdBNIAEDNANDNRN
SVWoONGOOULBDWN_OOVONOULDWN

Abstract

The goals of this study were to measure sorption kinetics, solid-water partitioning (log Ky4
values) as a function of pH, and percent desorption for a diverse set of PFASs on four highly
abundant soil and aquifer minerals. We found that PFAS sorption was relatively fast on all four
minerals, and that overall log Ky values were higher for ferrihydrite and montmorillonite than for
goethite and kaolinite, possibly driven by differences in surface area. We also found that log Ky
values on ferrihydrite and goethite were dependent on pH levels and the length of the
perfluoroalkyl chain. Significant differences in log Ky values between the iron oxide minerals were
explained by differences in their respective point-of-zero-charge, and changes in PFAS speciation
as a function of pH amplified those differences. Despite the relatively high log K4 values on the
iron oxide minerals reflecting relatively high affinity for PFASs, facile desorption from the iron
oxides suggests that PFAS sorption is driven by relatively weak electrostatic interactions. The log
K4 values on montmorillonite and kaolinite were not significantly dependent on pH levels, but
were dependent on the length of the perfluoroalkyl chain. Less facile desorption form the silica
clay minerals suggests that PFAS sorption is driven by relatively strong hydrophobic and
electrostatic interactions. Together, our data make practical contributions to support site
characterization and remediation efforts, while also contributing key insights in the fundamental

sorption processes.
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Introduction

Per- and polyfluoroalkyl substances (PFASs) are a diverse group of persistent
anthropogenic organofluorine-containing chemicals that are detected globally as environmental
contaminants.? The use of PFASs in aqueous film-forming foams (AFFFs)®>= and consumer
products that are deposited in landfills,®” along with their presence in land-applied biosolids from
municipal wastewater treatment plants®® results in their accumulation soils and eventual
transport into the subsurface.l° As a consequence, PFASs have been measured in groundwater
systems around the world at concentrations ranging up to several milligrams per liter at sites
adjacent to source zones.11713

Once PFASs reach groundwater, their ultimate fate is determined by a number of co-
occurring environmental processes. For example, PFASs can sorb to soils and aquifer minerals to
varying extents based on the surface chemistry of the soils and aquifer minerals, the chemical
nature of the individual PFAS, and local biogeochemical conditions including parameters such as
pH, ionic strength, and the presence of other dissolved organic and inorganic substances.14-16
PFASs that sorb under prevailing conditions will be partially sequestered near the source zone
and their transport away from the source zone will be retarded as a function of their solid-water
partition coefficient (K4).1” These types of PFASs can sustain a source zone for many years as they
slowly leach away from the source zone. PFASs that do not sorb under prevailing conditions will
be transported by means of advection, diffusion, and dispersion and will migrate greater
distances over shorter periods of time. These types of PFASs can impact water quality in ground
water resources at distances rather far from the source zone.'® To complicate matters further,

some PFASs that sorb to soils or aquifer minerals can be (bio)transformed into PFASs that do not
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sorb as strongly and those PFASs can slowly leach away from the source zone for durations that
are linked to the (bio)transformation kinetics.*®

Iron oxides and silica clays are highly abundant soil and aquifer minerals that are
increasingly recognized as subsurface features that strongly influence the transport and
retardation of PFASs in the subsurface.?%-22 Ferrihydrite is a poorly crystalline, amorphous iron
oxide mineral.?? It is an effective sorbent due to its large surface area and mesoporous
structure.?*?> Ferrihydrite has a point-of-zero-charge (PZC) that ranges between 7.3 and 8 and is
consequently a particularly effective sorbent for anions in the environment.>>26 Goethite is a
more stable, thermodynamically favorable product of ferrihydrite and other iron oxides.?’
Goethite exhibits a well-ordered crystalline structure and often forms needle-like particles that
can play a significant role in controlling the mobility and retention of contaminants in the
subsurface.?® Goethite is likewise an effective sorbent but has a lower surface area and pore
volume when compared to ferrihydrite. Variable coverage of surface hydroxyl groups on goethite
can result in PZC values ranging between 7.5 - 9.5.2°-31

Montmorillonite is a smectite phyllosilicate group clay mineral with a structure that
includes two O-Si-O tetrahedral sheets sandwiching a O-Al(Mg)-O octahedral sheet,3? with
cations located in the interlayered space.3® The sheets are linked together by van der Waals and
electrostatic forces and the basal surface of the siloxane tetrahedral sheets are capable of
interacting with nonpolar chemicals by means of hydrophobic interactions.3*3> The average
reported PZC for montmorillonite is 3.4 due to the presence of surface hydroxyl groups and
isomorphic substitution.3® Kaolinite is a clay mineral which features a flat plate-like structure of

two basal planes, a Si-O silica tetrahedral sheet, an Al-OH gibbsite facet sheet, and edge sites that
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contain hydroxyl groups that can be protonated below a pH of 6 — 7.37 The presence of hydroxyl
groups at the basal surface of the Al-OH gibbsite facet sheet results in a hydrophilic character,
while the basal surface of the Si-O silica tetrahedral sheet results in a hydrophobic character.32
Although the positively charged edge sites may allow for some electrostatic interactions with
anions, these sites are limited and kaolinite has an overall PZC of less than 4. In this context,
sorption of anions is likely dominated by hydrophobic interactions.3?

Due to the hydrophilic nature of ferrihydrite and goethite along with their reported PZC
values in the range of 7.3 — 9.5, sorption of PFASs is expected to be driven by electrostatic
interactions and H-bonding in a pH-dependent way.*%*! Previous studies with sets of anionic
perfluoroalkyl acids (PFAAs) have demonstrated that sorption on ferrihydrite and goethite can
be driven by various types of electrostatic interactions including the formation of outer-sphere
and inner-sphere complexes.2%31%42 PFAS sorption on montmorillonite and kaolinite can be more
complex.®* The relatively low PZC for montmorillonite and kaolinite make electrostatic
interactions with anionic PFASs unfavorable, although the positive surface charge on the edge
sites of kaolinite can support point interactions with anionic PFASs. The basal surface of the Si-O
silica tetrahedral sheet of kaolinite can also support hydrophobic interactions with PFASs.

Sorption to aquifer minerals is one of the most important factors for understanding PFAS
fate and transport in subsurface environemnts.?! Although the sorption and desorption of certain
PFASs on specific aquifer minerals including iron oxides, metal carbonates, silica clays, and
organic-rich soils have been previously reported, our current knowledge of PFAS sorption and
desorption on aquifer minerals remains limited in scope (i.e., diverse types of PFASs) and depth

(i.e., integrated studies of sorption and desorption as a function of pH).**4> The goals of this study
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were to measure log Ky values as a function of pH and percent desorption for a diverse set of up
to 40 PFASs on four highly abundant aquifer minerals including ferrihydrite, goethite,
montmorillonite, and kaolinite. The PFASs were selected to represent seven classes that were
defined by their functional groups and their potential to be neutral, anionic, cationic, or
zwitterionic as a function of pH. The model minerals were selected due to their relative
abundance in subsurface environments and to represent sorbents that can participate in a variety
of sorption mechanisms including electrostatic interactions resulting in the formation of outer-
sphere or inner-sphere complexes, general hydrophobic interactions, H-bonding, and ligand
exchange. By investigating the sorption of a broad range of PFASs across four model minerals,
we generated essential data to support fate and transport modelling of PFASs in subsurface
environments while also contributing key insights in the fundamental sorption processes.

Materials and methods

Chemicals and reagents

We selected 40 PFASs from seven broad classes including eleven perfluoroalkyl carboxylic
acids (PFCAs, C4-C14), five perfluoroalkyl sulfonic acids (PFSAs, C4, C6-C8, and C10), six
fluorotelomer carboxylic acids (FTCAs, 3:3, 5:3, 7:3, 6:2, 8:2, 10:2), three unsaturated
fluorotelomer carboxylic acids (FTUCAs, 5:1:2, 7:1:2, 9:1:2), four fluorotelomer sulfonic acids
(FTSs, 4:2, 6:2, 8:2, 10:2), two perfluoroalkyl sulfonamides (FASAs, C4 and C8), four N- or N,N-
substituted perfluoroalkyl sulfonamides including  perfluoro-N-(2-hydroxyethyl)-1-
butanesulfonamide (FBSE), perfluoro-N-(2-methoxyethyl)-1-butanesulfonamide (MeFBSE), N-
methylperfluoro-1-octanesulfonamidoacetic acid (N-MeFOSAA), and N-ethylperfluoro-1-

octanesulfonamidoacetic acid (N-EtFOSAA), and five zwitterionic PFASs including 5:3
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fluorotelomer betaine (FTB), 5:1:2 FTB, 6:2 fluorotelomer sulfonamide alkylbetanine (6:2 FTAB),
N-(3-dimethylaminopropan-1-yl) perfluoro-1-hexane-sulfonamide (AmPr-FHxSA), and N-[3-
perfluoro-1-hexanesulfonamido) propan-1-yl]-N,N,N-trimethylammonium (TAmPr-FHxSA). Each
PFAS was added to one of three PFAS stock solutions (PSSs) consisting of Milli-Q water (96%) and
methanol (4%) to generate a final concentration of 0.5 mg L™ for each PFAS. Chemical structures
of 14 representative PFASs are provided in Figure 1. We used a mixture of nine isotope-labelled
internal standards (ILISs, 13C,-PFBA, 3C,-PFHxA, 13C,-PFOA, 13Cs-PFNA, 13C,-PFDA, 3C,-PFUnNA,
13C,-PFDoA, 80,-PFHxS, 13C,-PFOS) for PFAS quantification. ILISs were diluted in a mixture using
Milli-Q water to yield a final concentration of 250 pg L™ for each ILIS. Details on suppliers, product
numbers, solvents, and stock solution concentrations are provided in Table S1 of the Electronic
Supporting Information (ESI). All stock solutions and mixtures were stored at -20 °C and 4 °C,
respectively, until usage. A summary of all other chemicals and solvents used in this study is

provided in Table S2.
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Figure 1. Chemical structures of representative PFASs included in this study. Chemical structures are drawn as
the neutral molecule unless there is a cationic quaternary amine group in the structure.
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Sorbent materials

We selected four minerals for our sorption experiments. We acquired representative
samples of montmorillonite K10 (Thermo Scientific), kaolinite (Sigma-Aldrich), and goethite (98%
purity, Santa Cruz Biotechnology) from commercial suppliers. We also synthesized ferrihydrite
according to published procedures.?* To prepare the minerals for sorption experiments, each of
the four minerals was sieved to a particle size of 10-38 um using brass sieves (Dual Manufacturing
Co.). All crushed and sieved sorbent particles were stored in glass vials at room temperature.
Details on the chemical composition and physical morphology of each of the four minerals is
provided in Table S$3. Gas sorption measurements were conducted using nitrogen at 77 K on a
Micromeritics ASAP 2460 instrument, with pressures up to 1 bar. High-purity nitrogen (99.999%)
was used throughout the experiments. Prior to analysis, all samples were degassed at 100 °C for
8 h under vacuum to remove residual water and oxygen from the pores. The Brunauer, Emmett,
and Teller (BET) surface area was determined following the Rouquerol consistency criteria as
described in the literature.**=%8 The pore size distribution was obtained using the Barrett—Joyner—
Halenda (BJH) method with the Kruk—Jaroniec—Sayari correction.*® The zeta-potential of each
mineral was measured using a Malvern Nano ZS Zetasizer with a DTS1070 Folded Capillary Data
Cell. All measurements were carried out at target pH levels of 4, 5, 6.3, and 8.3 (adjusted using
NaOH or HNOs) at concentrations of 4.8 g L for goethite, kaolinite, and montmorillonite, and
238 mg L for ferrihydrite in a 10 mmol NaNOs solution. Mineral suspensions were placed on a

rotator overnight at 40 rpom and the final pH was measured prior to zeta-potential analysis.
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Batch experiments

Three types of batch experiments were conducted in this study. First, batch kinetics
experiments were performed to determine the time required for PFAS sorption to reach
equilibrium for each of the 40 PFASs on each of the four minerals. Second, batch isotherm
experiments were performed at four pH levels (4, 5, 6.3, and 8.3) to determine the equilibrium
sorption distribution coefficient (Ky) of each of the 40 PFASs on each of the four minerals as a
function of pH. Third, batch desorption experiments were performed at pH 4 to determine the
extent of desorption of each of the 40 PFASs from each of the four minerals. All batch
experiments were performed in triplicate using 15 mL polypropylene (PP) centrifuge tubes
(Corning) in a 10 mmol NaNO3; matrix at 23 °C. The general procedure for all batch experiments
has been previously described.”®>3 Briefly, stock solutions of each of the four minerals were
prepared in 20 mL amber glass vials at concentrations of 5 g L for ferrihydrite and 500 g L for
goethite, kaolinite, and montmorillonite, mixed for 30 minutes on a magnetic stirrer, ultra-
sonicated for 10 minutes, and spiked into a 15 mL PP centrifuge tube containing 10 mL of 10
mmol NaNOs to achieve a desired concentration. Next, 20 plL of at least one of the PFAS stock
solutions (PSSs) was spiked into each reactor tube to generate an initial concentration of 1 ug L
for each PFAS. Kinetics experiments and isotherm experiments with ferrihydrite were performed
with PSS#1, PSS#2, and PSS#3 in separate reactor tubes; isotherm experiments with goethite,
montmorillonite, and kaolinite and all desorption experiments were performed with PSS#1 and
PSS#2 in one reactor tube and PSS#3 in a separate reactor tube. The spiked reactor tubes were
loaded onto a tube revolver (ThermoFisher Scientific), rotated at 40 rpm, and destructively

sampled at predetermined time points depending on the experiment type. After removal, 8 mL
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of the experimental solution was transferred from the reactor tubes to a syringe and filtered into
a new 15 mL PP centrifuge tube. Then, 8 mL of the filtrate was transferred to a 10 mL glass LC-
MS vial (ThermoFisher Scientific) and spiked with 12 pL of the ILIS mixture (250 pg L) to yield a
target ILIS concentration (375 ng L). The samples were stored at 4 °C until analysis. Control
samples were prepared following the same procedure without the addition of a mineral. More
details on the three types of batch experiments and subsequent data analyses are provided in
text in the ESI.
Analytical method

Samples from all batch experiments were measured by means of large-volume injection
and high-performance liquid chromatography (HPLC) coupled with high-resolution mass
spectrometry (HRMS, quadrupole-orbitrap, ThermoFisher Scientific) using a parallel reaction
monitoring (PRM) method optimized for targeted PFAS quantification that has been previously
described.”®>! Details on chromatographic conditions, electrospray ionization (ESI) polarity
modes, and other mass spectral (MS) acquisition parameters are provided in text in the ESI and
in Tables S4 and S5.

Results and Discussion

Quality Control for PFAS Data

All experiments were spiked with one or more of the three PFAS stock solutions (PSSs)
that contained a total of 40 PFASs. However, the number of PFASs for which we report data for
each type of experiment varies depending on our quality control (QC) criteria. Details on the QC
criteria for each type of experiment are provided in text in the ESI and a summary of the PFASs

for which we report data for each type of batch experiment is provided in Table S6. We note that

10
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four long-chain PFASs (C>8) never passed our QC criteria for any experiment (PFTrDA, PFTA, 9:1:2
FTUCA, and FOSA), and some other long-chain PFASs passed our QC criteria only rarely (fewer
than 8 times across the 24 experiments) including PFDoA, PFDS, 10:2 FTCA, 10:2 FTS, and N-
EtFOSAA. These PFASs likely sorb to our experimental materials®>* or partition to the air-water
interface resulting in control concentrations outside the QC threshold. Meanwhile, 27 of the 40
PFASs passed our QC criteria all or most of the time (at least 16 times across the 24 experiments)
including the C4-C10 PFCAs, the C6-C8 PFSAs, the 6:2, 8:2, 3:3, 5:3, and 7:3 FTCAs, the 5:1:2 and
7:1:2 FTUCAs, the 6:2 and 8:2 FTSs, FBSA, FBSE, and MeFBSE, and all five zwitterions. The overall
result is a somewhat fragmented but high-quality dataset, and one that can provide insight on
the sorption (and desorption) of a variety of PFASs on each of the four minerals.
Mineral characterization

PFAS sorption kinetics and equilibrium sorption of PFASs on the four minerals are
expected to be influenced by the particle size of the mineral, the morphology and surface area
of the mineral, and the surface charge of the mineral.*3>® To control differences in PFAS sorption
kinetics and equilibrium sorption of PFASs on the four minerals related to particle size, all
minerals were crushed and sieved to a particle size range of 10 — 38 um. We used gas sorption
measurements to measure the BET surface area, pore volume, and pore diameter of each mineral
(Table S3). We note that ferrihydrite and montmorillonite have relatively high surface area and
pore volume and relatively low average pore diameter when compared to goethite and kaolinite.
To assess the surface charge of each mineral, we measured zeta-potential as a function of pH and
compared the measured values to those reported in the literature. Our experimental data are

summarized in Table S7 and presented visually in Figure S1. Our measured point-of-zero-charge
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(PZC) values were approximately 7.3 for ferrihydrite, 5.8 for goethite, and less than 4 for
montmorillonite and kaolinite. These values generally agree with published values in the
literature,20:36:39.57.58 3lthough our measured PZC for goethite is somewhat lower than the
typically reported range of 7.5 —9.5.2%-31

Kinetics experiments

The goal of the kinetics experiments was to identify the time required for equilibrium
sorption to be complete under the conditions of our experiments. Our criterion to determine
when a PFAS reached equilibrium was defined as the time point (t) when the % adsorption at
time t was not significantly different than the % adsorption at time t — 1 (Student’s t-test, p <
0.05). We conducted kinetics experiments at 238 mg L™ for ferrihydrite and 23.8 g L' for goethite,
kaolinite, and montmorillonite as detailed in the ESI; the 100-fold difference in mineral
concentrations is driven from preliminary data that demonstrate greater extents of PFAS sorption
on ferrihydrite at lower concentrations. We report data on sorption kinetics for 29 PFASs on
ferrihydrite, 27 PFASs on goethite, 31 PFASs on kaolinite, and 32 PFASs on montmorillonite in
Table S8 (based on QC requirements and data summarized in Table S6).

We selected equilibrium times of two days for ferrihydrite, four days for goethite, seven
days for kaolinite, and seven days for montmorillonite (Table S8). Most PFASs exhibit
significantly similar extents of sorption from day 1 to day 2, indicating that sorption
equilibrium is reached within 48 hours for many PFASs on all four minerals (23 out of 29 for
ferrihydrite, 24 out of 27 for goethite, 20 out of 31 for kaolinite, and 19 out of 32 for
montmorillonite). However, some PFASs exhibit distinct rate-limiting behaviors that result in

continued sorption over seven days. This phenomenon was observed for 6:2 FTCA and 6:2 FTS
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on goethite, 6:2 FTCA, 4:3 FTS, and 8:3 FTS on montmorillonite, and PFUnA and N-EtFOSAA on
kaolinite (Table S8). It is notable that this phenomenon was not restricted to either iron oxide or
silica clay minerals, and was primarily observed for polyfluoroalkyl substances. We interpret
these data as evidence of multiple sorption mechanisms that exhibit different rate-limiting
behaviors.>0 Despite the value of these bulk observations on sorption kinetics, we note that the
kinetics experiments were not designed with sufficient temporal resolution to enable estimates
of rate constants or more mechanistic interpretations of rate-limiting behaviors.
Isotherm experiments

The goal of the isotherm experiments was to determine the equilibrium sorption
distribution coefficient (Ky) of each of the 40 PFASs on each of the four minerals as a function of
pH. We conducted isotherm experiments at three mineral doses (10, 48, and 238 mg L for
ferrihydrite and 1.0, 4.8, and 23.8 g L'! for goethite, kaolinite, and montmorillonite as detailed in
the ESI) to ensure that we were estimating Ky values in the linear range of the otherwise nonlinear
isotherm.>2%1 We note that 71.1% of the three-point isotherms exhibited linearity across all three
points, while the remaining isotherms deviate from the expected linearity. In these latter cases,
the log Ky value was estimated from the fraction of the data within the linear range as detailed
in the ESI. We report the average equilibrium sorption distribution coefficient (as log Ky values)
from the triplicate experiments at each pH value as a function of pH for 34 PFASs on ferrihydrite,
32 PFASs on goethite, 32 PFASs on montmorillonite, and 31 PFASs on kaolinite in Tables S9
through S12, respectively. We note that the pH levels were fixed at the beginning of each
experiment and were adjusted periodically throughout the equilibration period to maintain the

target pH.
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Overall dataset. Box plots displaying the range of log Ky values for each PFAS at all pH levels on
each of the four minerals are provided as Figure 2. The data demonstrate that PFASs exhibit
higher log K4 values on ferrihydrite versus goethite among the iron oxide minerals, and higher log
Kq values on montmorillonite versus kaolinite among the silica clay minerals. This distribution
may be linked to the relative surface area and pore volume of each of the mineral types, with
ferrihydrite and montmorillonite exhibiting relatively higher values (Table S3). The distributions
of log K4 values among all four minerals are also significantly different from each other, with the
most similar distributions found between goethite and montmorillonite (Student’s t-test, p =
0.02). The data also demonstrate that the average log Ky values among the PFASs range over at
least three orders of magnitude for each of the four minerals, reflecting important differences in

the potential of different PFASs to sorb to each of the four minerals.

3.0

2.0 =f=

1.0

0.0

log K4

-1.0

-2.0

-3.0

Ferr. Goet. Mont. Kaol.

Figure 2. Box plot of all average log K4 values (units as L g prior to log transformation) measured across all pH
levels for ferrihydrite (n=124), goethite (n=106), kaolinite (n=111), and montmorillonite (n=117). The box
represents the interquartile range of values, the horizontal line inside the box represents the median, the X inside
the box represents the mean, and the whiskers represent the range of the data outside the interquartile range.
Outliers for ferrihydrite are for N-MeFOSAA (2.66 @ pH5) and N-EtFOSAA (2.47 @ pH5). Outliers for goethite are
for AmPr-FHxSA (-3.48 @ pH8.3), 10:2 FTS (-3.18 @ pH5 and -3.09 @ pH6.3), and FBSE (-3.09 @ pH8.3). Outliers
for kaolinite are 10:2 FTCA (0.85 @ pH5) and 6:2 FTCA (0.83 @ pH5).
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Comparison among the minerals. Due to the similarities in surface chemistry, we reasoned that
the dominant sorption mechanisms on the two iron oxide minerals and the two silica clay
minerals should be similar, and that differences in the magnitudes of the log K4 values reflect the
relative affinity of the dominant sorption mechanisms for each PFAS on the different minerals. If
this expectation holds true, then we would expect that plotting the log K values of the iron oxide
and silica clay minerals against each other would produce a monotonic relationship that favors
ferrihydrite and montmorillonite (based on data in Figure 2), and that any outliers from this
relationship reflect PFASs that participate in sorption mechanisms that are stronger than one
would predict from the monotonic relationship on one of the minerals.

In Figure 3a, we plot the log K, values of goethite versus ferrihydrite along with the overall
trend line and the +0.5 log unit offsets. The trend line exhibits the expected significant positive
slope and intercept and 68% of the observations fall within the #0.5 log unit offsets
demonstrating that the trend in the magnitudes of the average log K, values between the two
iron oxide minerals is monotonic and linear (Pearson’s R =0.5721, p < 0.00001). The log Ky values
that fall below the -0.5 log unit offset represent PFASs that exhibit stronger affinity for
ferrihydrite than one would predict from the linear relationship relative to the affinity for
goethite at a particular pH value. Twenty percent of the data fall in this category and represent
the log Ky values of PFBA and PFPeA at all pH values, PFHxA, PFHpA, and PFOA at a pH of 8.3
(these are the C4-C8 PFCAs, blue diamonds), PFHxS and PFHpS at a pH of 8.3 (C7-C8 PFSAs, blue
triangles), 4:2 FTS (red circle) and FBSA (red diamond) at all pH values, and 7:3 FTCA (blue square)
at a pH of 8.3 among a few other sporadic observations. These data demonstrate that ferrihydrite

has higher affinity than what would be predicted for short-chain PFASs (C4-C5) at all pH values
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and mid-chain PFASs (C6-C8) at a pH of 8.3. The former observation could be linked to the greater
pore volume and higher surface area of ferrihydrite which may enable relatively short-chain
PFASs to diffuse into the mineral particle and access sites that are inaccessible to mid- or long-
chain PFASs, in addition to providing greater numbers of sorption sites that may also limit
sorption competition.®962 The latter observation suggests that the phenomenon extends to
include mid-chain PFASs at a pH of 8.3 when goethite (PZC = 5.8) has a more strongly net negative
surface charge than ferrihydrite (PZC = 7.3). Conversely, the log K, values that fall above the +0.5
log unit offset represent PFASs that exhibit stronger affinity for goethite than one would predict
from the linear relationship and twelve percent of the data fall in this category. The PFASs in this
category include the zwitterionic PFASs 5:3 FTB and 5:1:2 FTB at pH 6.3 or 8.3, and AmPr-FHxSA
and TAmPr-FHxSA at pH 4 and 5 (red squares). At pH values of 6.3 and 8.3, goethite is expected

to have a more strongly net negative surface charge than ferrihydrite, which may promote

a} 10 ® PFCAs b} Lo 5]
0.5 A PFSAs 0.5
BFTCAs (= I
0.0 | ®FTUCAs 0.0 & A ,/
o O FTSs i ¢ g E«
2 -05 | erasas £ -05 7 J_anl
b @ Zwitterions = . & ?‘ o
Q -10 S -1.0 ® 991":' .Adm_-
60 - o® .§ By - ¥
v =15 ¢ -1.5 = o
3 . T A ’gﬂg -
Qo -2.0 bo -2.0 v %, Q, B
= ’ = 5 > °
-2.5 -2.5 - /, P58 < s
4 I’,
-3.0 30 | -0 0 o =}
-3.5 -3.5
-4.0 -4.0
-4.0 -2.0 0.0 2.0 -4.0 -2.0 0.0 2.0

log K, - ferrihydrite

log K, - montmorillonite

Figure 3. Comparison of average log Ky values (units as L g™ prior to log transformation) among the (a) iron oxide
minerals (ferrihydrite and goethite) and (b) silica clay minerals (montmorillonite and kaolinite). The center
dashed line represents the trend line through all of the data, and the upper and lower lines represent +05 log
unit of deviation from the trend line.
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favorable electrostatic interactions with the internal quaternary ammonium (cationic functional
group) on 5:3 FTB and 5:1:2 FTB.%3 At pH values of 4 and 5, goethite is expected to have a weaker
net positive surface charge than ferrihydrite, which may enable relatively weak yet favorable
electrostatic interactions with the terminal amine (cationic functional group) on AmPr-FHxSA and
TAmPr-FHxSA and residual negatively charged surface sites.%3

In Figure 3b, we plot the log Ky values of kaolinite versus montmorillonite along with the
overall trend line and the £0.5 log unit offsets. The trend line exhibits the expected significant
positive slope and intercept, and 57% of the observations fall within the £0.5 log unit offsets
(Pearson’s R = 0.4789, p < 0.00001). Despite meeting our expectation, the data for the silica clay
minerals are more scattered and exhibit fewer clear relationships than what we observed for the
iron oxide minerals. This is likely due to the more pronounced differences in the morphology of
montmorillonite versus kaolinite when compared to the iron oxide minerals. Nevertheless, one
clear trend is higher average log Ky values than one would predict from the linear relationship for
relatively short-chain PFASs at all pH levels for montmorillonite. This includes data for PFBA,
PFHxA, PFHpA, 3:3 FTCA, 5:3 FTCA, FBSA, FBSE, and MeFBSE. This observation could again be
linked to the greater pore volume and higher surface area of montmorillonite which enables
relatively short-chain PFASs to diffuse into the mineral particle and access sites that are
inaccessible to mid- or long-chain PFASs, in addition to providing greater numbers of sorption
sites that may also limit sorption competition.6%62 Another trend is the stronger sorption than
one would predict from the linear relationship of mid- and long-chain PFCAs (PFOA, PFNA, PFDA),
PFSAs (PFHpS, PFOS), FTCAs, (6:2 FTCA, 8:2 FTCA), and the FTSs at varying pH levels on kaolinite.

This could be explained by the more hydrophobic character of kaolinite, which is favorable for
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sorption of mid- and long-chain PFASs.3843 A final trend worth mentioning is the stronger sorption
of AmPr-FHxSA and TAmPr-FHxSA than one would predict from this linear relationship on
kaolinite at all pH levels. This could be linked to the potential of the internal anionic sulfonamide
group to interact favorably with the positively charged edge sites of kaolinite, although more
mechanistic studies would need to be conducted to provide insights on the specific mechanism.%3
Comparison among the PFASs - effect of pH levels. The PFASs selected for this study exhibit a wide
range of pK, values (Table S4). All the PFCAs, PFSAs, FTUCAs, FTSs, and N-MeFOSAA and N-
EtFOSAA have pK, values that are lower than 3, which indicates that these PFASs will all be
primarily anionic at all of the pH levels studied. However, the FTCAs have pK, values that range
between 2.6 — 4.2, indicating that some fraction of the FTCAs will be neutral at pH 4. Likewise,
the FASAs have pK, values in the range of 6.1 — 8.1, which indicates that they will likely be mostly
neutral at pH 4, 5, and 6.3, but more anionic at pH 8.3. Finally, the zwitterions have two ionizable
functional groups that might be protonated or deprotonated within the pH range of the
experiments. We expect 5:3 FTB, 5:1:2 FTB, and 6:2 FTAB to be zwitterionic at all pH levels, and
AmPr-FHxSA and TAmPr-FHxSA to be at least partially cationic at pH 4 and 5. As such, we can
classify the seven classes of PFASs included in this study as those that are always anionic (PFCAs,
PFSAs, FTUCAs, and FTSs), those that are neutral at low pH and anionic at high pH (FTCAs and
FASAs), and those that are zwitterionic or cationic at low pH (zwitterions). We present log Ky
values as a function of pH for eight representative PFASs including four always anionic PFASs, two
neutral or anionic PFASs, and two zwitterionic PFASs on all four minerals in Figure 4.

Figure 4a and 4b demonstrate the pH-dependency of the log K4 values for eight

representative PFASs on ferrihydrite and goethite. The data reveal the clear negative association
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between log Ky values and pH for the four representative always anionic PFASs and the two
representative neutral and anionic PFASs on these iron oxide minerals. It is interesting to note
that the average log Ky values for PFHpS increases from a pH level of 6.3 to a pH level of 8.3 on
ferrihydrite. This is an unexpected behavior, but one that is consistent and repeatable for PFHpS
across all of our experiments with ferrihydrite and is also observed for several other always
anionic PFASs in the dataset (Table S9). The zwitterionic PFASs exhibit distinct behavior on the
two iron oxide minerals that highlight the relative roles of their two ionizable functional groups.
The log Ky values of 5:3 FTB decrease with increasing pH on ferrihydrite and increase with
increasing pH on goethite. These trends suggest that the terminal carboxylic acid (anionic
functional group) may play a role in the sorption of 5:3 FTB on ferrihydrite whereas the internal
guaternary ammonium (cationic functional group) may play a role in the sorption of 5:3 FTB on
goethite. The log Ky values of AmPr-FHxSA exhibit relatively low values at pH 4 and 8.3 on
ferrihydrite. This trend suggests electrostatic repulsion of the cationic AmPr-FHxSA at pH 4 and
electrostatic repulsion of driven by the anionic internal sulfonamide nitrogen at pH 8.3. In
contrast, log Ky values of AmPr-FHxSA exhibit relatively low values only at 8.3 on goethite. This
suggests that residual negatively charged surface sites on goethite (PZC = 5.8) may enable
favorable electrostatic interactions with the cationic terminal amine on AmPr-FHxSA.

Figure 4c and 4d demonstrate the weaker pH-dependency of the log Ky values for eight
representative PFASs on montmorillonite and kaolinite. The data reveal that there is no
significant trend between the log K, values and pH for the four representative always anionic
PFASs and the two representative neutral and anionic PFASs on montmorillonite and kaolinite

(Student’s T-test, p > 0.05). There is likewise no significant trend between the log K4 values and
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pH for the two representative zwitterions (Student’s T-test, p > 0.05). One exception is the clearly
decreasing log Ky values for 5:3 FTB and 5:1:2 FTB (Table S11) with increasing pH on
montmorillonite. This is an unexpected trend that demonstrates that the increasing speciation
of the terminal carboxylic acid (anionic functional group) must exhibit unfavorable interactions
with the increasing negative surface charge of montmorillonite.

Although the detailed evaluation of log Ky values as a function of pH for representative
PFASs is important (Figure 4), our relatively large dataset presented in Tables $9 and S12 provides
opportunities to examine significant associations more broadly across the seven PFAS classes.
For example, we identified significant negative associations between the average log Ky values
for six of the PFAS classes (all except the zwitterionic PFASs) and the pH level of the experiment
for both of the iron oxide minerals. The significance of this association is greater for those PFASs
that are neutral at low pH and anionic at high pH (Student’s T-test, p = 0.0005 for ferrihydrite, p
= 0.004 for goethite) than for those PFASs that are always anionic (Student’s T-test, p = 0.001 for
ferrihydrite, p = 0.02 for goethite). These observations demonstrate the importance of the
surface charge of the mineral (PZC for ferrihydrite = 7.3; PZC for goethite = 5.8) and the speciation
of the PFAS on sorption. At higher pH levels, both the sorbent and the sorbate are more likely to
be anionic and the average log K4 values decrease due to electrostatic repulsion.26:2842 20 \We
identified no significant relationship between the average log Ky values for any of the seven
classes of PFASs and the pH level of the experiment for the silica clay minerals. In this case, the
lack of a pH dependence is more likely linked to the consistently negative surface charge of the

silica clay minerals over all of the studied pH levels. Together, our data indicate that changes in
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the surface charge of the mineral is important for the sorption of some PFASs on iron oxide
mineral surfaces, and that changes in the speciation of the PFASs can amplify this effect.
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Figure 4. Comparison of average log Ky values (units as L g prior to log transformation) for 8 PFASs as a function

of pH for (a) ferrihydrite, (b) goethite, (c) montmorillonite, and (d) kaolinite. aa

PFASs that are always anionic.

48
49
50
51

n/a = PFASs that are neutral at low pH and anionic at high pH. z = zwitterions. Error bars represent standard

deviation of triplicate experiments.

Comparison among the PFASs - effect of perfluoroalkyl chain length. We have already discussed

52
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the higher average log K, values for relatively short-chain PFASs for the minerals with higher pore
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volumes and surface area. We now aim to explore the effect of perfluoroalkyl chain length on
average log Ky values more comprehensively across the PFASs. Increases in the perfluoroalkyl
chain length of a PFAS can influence sorption in several ways including increasing the
hydrophobicity of the PFAS and increasing the density of electrons in the perfluoroalkyl chain
resulting in a stronger partial negative charge.’*?0 To explore the effect of perfluoroalkyl chain
length on the sorption of PFASs on each mineral, we present the relationship between average
log K4 values and the number of fluorinated carbon atoms in each PFAS in Figure 5. We do not
include zwitterions in this analysis because they all have five or six fluorinated carbon atoms,
yielding insufficient data to observe a relationship with perfluoroalkyl chain length.

The data demonstrate positive and significant associations between the average log Ky
values for all PFASs and their respective perfluoroalkyl chain length for all four minerals

(Student’s T-test, p < 0.00001 for all minerals). Hydrophobic interactions are unlikely to explain
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52 Figure 5. Relationship between average log Ky values (units as L g'* prior to log transformation) and the number
53 of fluorinated carbon atoms in each PFAS for (a) the iron oxide minerals ferrihydrite (blue circles) and goethite
54 (red triangles) and (b) silica clay minerals kaolinite (blue circles) and montmorillonite (red triangles). Zwitterions
55 are not included in this plot because they all have five or six fluorinated carbon atoms, yielding insufficient data
56 to observe a relationship.
57
58 22
59

(o))
o


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00847f

w_wOpen ceessArigle.Pullishedan 46 Receonhes 3025 Dawnigadad on 12/240025 L5351 PML = 0 co N v U1 & W N =

k\s _ IS aTﬁ c@is‘ﬁc&seﬁ'uﬁaerué d?ea&fve%oﬁm&s‘ﬂttﬁ%uﬁbn%.dﬁnﬁorf‘é’d |ce|_”|'ce<.3

A bp DD
w N = O

cuvuuuuuuuuubddddDDdNiN
SLVONOOULNWN=OOVOONO U N

Environmental Science: Processes & Impacts

Page 24 of 38

View Article Online
DOI: 10.1039/D5EM00847F

the higher sorption of long-chain PFASs compared to short-chain PFASs on the hydrophilic iron
oxides.13:14.20,56,64 Therefore, we hypothesize that this phenomenon is linked to the weak negative
charge of each additional fluorine atom which induces H-bonding between the partially positively
charged surface functional groups on the iron oxide minerals.}*2° In contrast, hydrophobic
interactions may play an important role in the sorption of PFASs on the silica clays.1>#>6> This
could be due to hydrophobic interactions between PFASs and hydrophobic patches on siloaxane
surface of the clay minerals.3® The hydrophobic patch surface area of montmorillonite as a means
for PFAS sorption may be relatively limited and as a result the sorption of long-chain PFASs may
likewise be limited.%®
Desorption experiments

The goal of the desorption experiments was to determine the reversibility of PFAS
sorption on each of the four minerals. We performed all desorption experiments at a pH of 4
because most PFASs exhibited the highest log Ky values for each of the four minerals at this pH
value and we reasoned that desorption would be best quantified after the greatest extent of
sorption. We performed desorption experiments at 48 mg L for ferrihydrite and 4.8 g L! for
goethite, kaolinite, and montmorillonite over three desorption cycles as detailed in the ESI, and
calculated the percent desorption of each PFAS after each desorption cycle using Equation S7
and Equation S8. Following application of stringent QC criteria and the added criterion that some
significant fraction of PFASs had to be sorbed to observe desorption, we report the percent
desorption for 11 PFASs for ferrihydrite, 7 PFASs for goethite, 7 PFASs for montmorillonite, and

5 PFASs for kaolinite in Figure 6.
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Despite the limited data available to evaluate desorption, our data reveal several
important phenomena. First, all PFASs for which percent desorption could be calculated
exhibited nearly complete desorption after only two desorption cycles. We attribute the
incomplete recovery of some PFASs on some minerals to analytical uncertainties because no
additional desorption was observed for those PFASs in subsequent desorption cycles. Complete
desorption after one or two desorption cycles is unexpected as we anticipated desorption that
adheres to our log Ky values with perhaps some extent of sorption hysteresis. Nevertheless, this
observation demonstrates that the sorption in our experiments is reversible, which indicates that
sorption on these minerals would only retard the transport of PFASs in groundwater as opposed
to fully capture and sequester them. This is important in the context of bioavailability and
biotransformation; it is possible that some PFASs that are sorbed to aquifer minerals will have
limited bioavailability, but those PFASs that desorb will be susceptible to biotransformation and
are likely to be biotransformed to more mobile PFAAs.? In other words, as PFASs in the aqueous
phase are transformed, surface-bound compounds will then readily desorb to maintain a
dynamic equilibrium, so even compounds with relatively high log Ky values can be subject to
biotransformation. Second, desorption from iron oxide minerals is more facile than desorption
from silica clay minerals. For example, 5:1:2 FTUCA exhibits nearly complete desorption from the
iron oxide minerals after one desorption cycle, whereas only 66% and 73% of 5:1:2 FTUCA is
desorbed after the first desorption cycle for montmorillonite and kaolinite, respectively. This
observation supports the hypothesis that PFAS sorption on the iron oxide minerals is driven by
relatively weak electrostatic interactions and H-bonding.'® In contrast, PFAS sorption on the silica

clay minerals may be driven by more hydrophobic interactions and relatively strong and less
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reversible types of electrostatic interactions.>>®” Third, we observe less desorption for FTCAs,
FTUCAs, and FASAs after the first desorption cycle on the silica clay minerals. We attribute this
observation to the potential for these classes of PFASs to act as both an H-donor and H-acceptor
at pH 4, enhancing their potential to interact with clay edge sites.>®%* Finally, some PFASs exhibit
complete desorption from kaolinite after one desorption cycle, but there is incomplete
desorption across all PFASs after one desorption cycle for montmorillonite. One explanation lies
in the interlayer spaces of montmorillonite that can accommodate PFAS intercalation, suggesting

a mechanism of entrapment for sorption on montmorillonite.16.68
Conclusions

To the best of our knowledge, this study provides the most comprehensive set of log Ky
values for a diverse set of PFASs on ubiquitous and highly abundant aquifer materials. To
generate such a comprehensive dataset, we performed all of our experiments with mixtures of

diverse sets of PFASs. Although this was essential to meet our objectives, we acknowledge that
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Figure 6. Percent desorption of all PFASs that met our stringent QC criteria on each of the four minerals after
one desorption cycle (blue) and two desorption cycles (red).
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sorption competition among the PFASs was not explicitly addressed. Nevertheless, the data
provided in Tables S9 through S12 can be used in fate and transport models to simulate the
transport of diverse types of PFASs from source zones and other impacted environments where
they will likewise be present in mixtures. These data will be of great value to remediation project
managers, hydrogeologists, and environmental engineers who need to make important decisions
on how to address impacted sites based on the best available data. In particular, the inclusion of
less studied PFASs in this study (e.g., FTCAs, FTUCAs, FASAs, and zwitterions) not only provides
previously unreported log Ky values for these classes of PFAS, but also enables new insights on
the potential mechanisms driving their sorption and desorption from aquifer materials. Our
relatively large dataset can also be used to support future studies that rely on machine learning
to make predictions of log Ky values of unstudied PFASs or to simulate the sorption of the selected
PFASs on unstudied aquifer materials. Together, our data make practical contributions to support
site characterization and remediation efforts, while also contributing key insights in the

fundamental sorption processes.
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