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ABSTRACT: An improved quantitative and qualitative under-
standing of the interaction of per- and polyfluoroalkyl substances
(PFASs) and short-range ordered Fe (hydr)oxides is crucial for
environmental risk assessment in environments low in natural
organic matter. Here, we present data on the pH-dependent
sorption behavior of 12 PFASs onto ferrihydrite. The nature of the
binding mechanisms was investigated by sulfur K-edge X-ray
absorption near-edge structure (XANES) spectroscopy and by
phosphate competition experiments. Sulfur K-edge XANES spec-
troscopy showed that the sulfur atom of the head group of the
sulfonated PFASs retained an oxidation state of +V after
adsorption. Furthermore, the XANES spectra did not indicate
any involvement of inner-sphere surface complexes in the sorption
process. Adsorption was inversely related to pH (p < 0.05) for all PFASs (i.e., C;—C and C,—C, perfluorocarboxylates, C,, C, and
Cg perfluorosulfonates, perfluorooctane sulfonamide, and 6:2 and 8:2 fluorotelomer sulfonates). This was attributed to the pH-
dependent charge of the ferrihydrite surface, as reflected in the decrease of surface {-potential with increasing pH. The importance of
surface charge for PFAS adsorption was further corroborated by the observation that the adsorption of PFASs decreased upon
phosphate adsorption in a way that was consistent with the decrease in ferrihydrite {-potential. The results show that ferrihydrite can
be an important sorbent for PFASs with six or more perfluorinated carbons in acid environments (pH < §), particularly when
phosphate and other competitors are present in relatively low concentrations.

B INTRODUCTION behavior to subsoil materials, especially as regards sorption to
poorly crystalline Fe (hydr)oxides like ferrihydrite.

Up to date, studies on PFAS binding to mineral surfaces
have mostly focused on the sorption properties of crystalline
minerals such as alumina (ALOj), silica (SiO,),"””"° hematite
(a-Fe,0;),"”"” boehmite (y-AIOOH),"®'” and goethite (a-
FeOOH),'****" and of minerals that are typical of aquatic
sediments such as, for example, the silicates kaolinite and
montmorillonite.®**** Besides, many studies up to date have
been limited to include one single PFAS, i.e., PEOS. As regards
binding mechanisms responsible for adsorption onto mineral
surfaces, previous works have often emphasized the outer-
sphere or electrostatic contributions'>***' over those of
hydrophobic interactions or specific (inner-sphere) complexes.
However, using attenuated total reflection infrared spectros-

Accurate prediction of the binding of per- and polyfluoroalkyl
substances (PFASs) in soil is essential for environmental risk
assessment. However, information on PFAS binding to poorly
crystalline iron (hydr)oxides such as ferrihydrite is scarce up to
date, despite that these phases are known to be important for
contaminant and trace element soil retention' > due to their
large surface area™ and high reactivity.” The poorly crystalline
Fe (hydr)oxide ferrihydrite has a high abundance in many
young soils, particularly in cool or temperate climates with high
moisture and occurrence of Si and/or organic matter.” For
example, ferrihydrite is present in concentrations up to 2% in
the B horizon of Swedish Podzols.”” Because of its high
reactivity and high surface area, ranging from 250 to 1260 m*
g~!, ferrihydrite is an important adsorbent in many soils,
particularly for anions.” Subsoils are conceptually interesting

environments as they delay the transport of solutes between Received:  March 16, 2020
the soil surface horizon and ground- and surface waters. As Revised:  October 30, 2020
PFASs such as perfluorooctane sulfonate (PFOS) and Accepted:  November 8, 2020
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water contaminants, it is of importance for environmental
risk assessment to gain more knowledge on PFAS sorption
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copy, specific binding of PFOA has been reported to take place
on hematite'” and on ferrihydrite** under acidic conditions,
although the results of Zhang et al.”> suggest outer-sphere
complexes on oxidized zero-valent iron. For PFOS, inner-
sphere complexes on Fe oxides have not been reported. Instead
outer-sphere complexes and/or electrostatic attractions may
predominate.'”** The ferrihydrite surface is positively charged
at pH values below its point of zero charge (PZC), which is pH
~8.1 for pure ferrihydrite.”*® Hence, it may be expected that
the adsorption of anionic PFASs by ferrihydrite is stronger at
low pH. Furthermore, it may be hypothesized that PFAS
adsorption onto ferrihydrite decreases in the presence of other
adsorbed anions at the ferrihydrite surface, as specific binding
of such species lowers the positive surface charge. For example,
phosphate (PO,*”) is a common oxyanion in the environment,
which forms strong surface complexes; hence, phosphate may
affect PFAS binding both by direct competition for sites and by
modifying the surface charge.”’

PFASs such as PFOS and perfluorooctane sulfonamide
(FOSA) contain a sulfur (S) atom as part of their head group.
The chemistry and speciation of sulfur-containing compounds
may be investigated using spectroscopic methods such as, e.g.,
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopy.zg_33
The absorption edge, corresponding to the excitation of an
inner-shell electron, exhibits several identifiable features that
change depending on the chemical environment of the sulfur
atom. For example, inner-sphere complexes involving Fe give
rise to a so-called pre-edge due to orbital hybridization, as, for
example, observed for the inner-sphere complexes of sulfate on
ferrihydrite.”>*® Hence, in the present study, we employed S
K-edge XANES spectroscopy to investigate the bonding
characteristics of sulfonated PFASs onto ferrihydrite.

To our knowledge, this is the first study to investigate the
adsorption behavior of a range of different PFASs onto
ferrihydrite (Fh). The specific objectives were to (1)
investigate the pH-dependent Fh binding of PFASs in the
absence and presence of phosphate (PO,’”) as a competing
anion and (2) reveal the adsorption mechanism of selected
sulfonated PFASs onto Fh using S K-edge XANES spectros-
copy in combination with (-potential measurements and
results from batch experiments.

B MATERIALS AND METHODS

Target PFASs. Twelve PFASs (standards purchased from
Sigma-Aldrich) were analyzed, ie, C;—C; and C,—C,
perfluoroalkyl carboxylates (PFCAs), C,, C4 and Cg
perfluoroalkyl sulfonates (PFSAs), perfluorooctane sulfona-
mide (FOSA), and 6:2 and 8:2 fluorotelomer sulfonates (6:2
and 8:2 FTSA). For quantification as well as for quality
assurance and control (QA/QC), eight mass-labeled internal
standards (ISs) (i.e., '*C,-PFBA, '3C,-PFHxA, 3C,-PFOA,
BC-PFNA, *C,-PFDA, '0,-PFHxS, *C,-PFOS, *C,-FOSA,
purities > 99%, Wellington Laboratories, Guelph, ON) were
also included. For details on the included PFASs and their
internal standards, see Table S1 in the Supporting Information.

Ferrihydrite and Al Hydroxide Preparation. 2-Line
ferrihydrite was synthesized using the method of Swedlund and
Webster’* and Schwertmann and Cornell”> with minor
modifications. In short, a solution containing 36 mmol
Fe(NO;); L' was brought to pH 8.0 through dropwise
addition of freshly prepared sodium hydroxide (4 mol NaOH
L") under magnetic stirring. The resulting suspension was left

to settle and age for about 16 h at 20 °C in a tightly capped
high-density polyethylene (HDPE) bottle (500 mL, Nalgene).
Iron (hydr)oxide particles from such a suspension have
previously been studied by Fe K-edge EXAFS spectroscopy >
and were confirmed to be poorly crystalline 2-line ferrihydrite.
After synthesis, the Fh suspension was back-titrated to pH 4.6
with dropwise addition of 0.1 mol nitric acid (HNO,) L™
under magnetic stirring and stirred for some additional 30 min
before the start of the batch experiments to remove CO,. For
the preparation of Fh subjected to S K-edge XANES
spectroscopy, high-purity HNO; (purchased from Sigma-
Aldrich) was used to minimize trace element (in particular
S) contamination. The properties of the Fh synthesized in this
way (e.g, surface area, aggregation state, etc.) have been
described by Hiemstra.”*® For example, the surface area for the
Fh produced in our laboratory has been estimated at 650 or
611 m* g~', depending on the assumption made on the molar
weight of ferrihydrite.”® Furthermore, for use in the
spectroscopic measurements, poorly crystalline aluminum
hydroxide (Alhox) was synthesized with the same method as
was used for the preparation of ferrihydrite, with the only
modifications being that Fe(NO,;); was substituted for
AI(NOy);, and that the suspension was titrated to pH 7.0
before aging and back-titrated to pH 5.0 after aging.

X-ray Absorption Spectroscopy. For the S K-edge
XANES measurements, PFASs adsorbed to Fh and Alhox
were sampled in their wet paste state from sorption batch
experiments. The purpose of including Alhox in these
experiments was that a pre-edge peak, resulting from inner-
sphere complexation of S0,*, would be expected on Fh, but
not on Alhox.’”>® Hence, the existence of a pre-edge peak
resulting from orbital hybridization on Fh could more easily be
separated from other features in the S K-edge XANES
spectrum. Spectra for adsorbed sulfate (SO,>”) were also
collected for comparison, as were those of pure PFAS
standards and potassium sulfate (K,SO,) salt in their solid
states. The batch experiments were performed immediately
before the spectroscopic measurements. In brief, concen-
trations of 200 pmol L™ of selected sulfonated PFASs (i.e.,
PFHxS (counterion K), PFOS(K), FOSA, or sulfate (added as
K,S0,)) were equilibrated for 24 h with either Fh or Alhox (1
mmol L' Fe or Al, respectively) before phase separation.
Supernatant residual sulfate and PFASs were quantified to
determine adsorbed concentrations (Table S13 in the
Supporting Information). Sulfate was determined with ion
chromatography according to ISO 10 304-1:2009 (accredited).
The S K-edge XANES spectra were collected in fluorescence
mode over the energy range of 2400—2550 eV at beamline
BL8 at the Synchrotron Light Research Institute (SLRI),
Nakhon Ratchasima, Thailand,”” in May 2017. Details on
beamline equipment are given in Section S1.1 in the
Supportin% Information, and instrument settings are provided
elsewhere.”' Samples were diluted with boron nitride (BN),
placed into Al frames, and sealed with X-ray film using sulfur-
free Kapton tape (Lanmar, Inc.). Energy calibration was done
using the sulfate white-line of FeSO, at 2482.5 eV.’' All
XANES spectra were corrected for energy shift and normalized
using the Athena software® (version 0.9.26). Multiple scans
were merged and subsequently normalized to yield a K-edge
intensity step of unity. This was done by subtracting linear and
quadratic baseline functions over the pre-edge and normal-
ization (post-edge) range, respectively. Relative to the white-
line position, the employed pre-edge ranges were from —70 to
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Figure 1. Stacked normalized S K-edge XANES spectra for sulfonated PFASs adsorbed to ferrihydrite (Fh) and poorly crystalline aluminum
hydroxide (Alhox). Dashed white-line positions are, from lower to higher energies, those of PFOS onto Fh and Alhox, of dissolved dilute sodium
methylsulfonate (NaCH,SO;), and of sulfate onto Fh and Alhox. Spectra for sodium sulfate (Na,SO,) (aq) and sodium methylsulfonate were
provided by Almkvist et al,*” and their intensities were set to unity at 2490 €V for the purpose of comparison.

—25 eV for PFASs and from —65 to —25 eV for sulfate,
whereas the normalization range was from +40 to +60 eV.

B BATCH EXPERIMENTS

pH-Dependent Binding in the Absence and Presence
of Phosphate. A ferrihydrite stock suspension was mixed
with Milli-Q water and NaNO; solution in 50 mL reactors
(polypropylene centrifuge tubes) to obtain final concentrations
of 3.2 mmol Fe L' as ferrihydrite and 10 mmol nitrate L™".
Various amounts of acid (HNO;) or base (NaOH, prepared
the same day) were then added to reach pH values between 4.0
and 7.6 after equilibration. Subsequently, 0 or 200 ymol L™
phosphate (as NaH,PO,) was added. For details, see Table S2
in the Supporting Information. Finally, triplicate sets of
centrifuge tubes were spiked with 20 uL of a stock mixture
of 12 PFASs dissolved in methanol (analytical grade, Merck)
so that the initial aqueous concentrations of individual PFASs

ranged from 1.6 nmol L' (PFDA) to 5.5 nmol L™' (PFBS)
(Table S3 in the Supporting Information). The additions were
sufficiently low to ensure that sorption occurred in the linear
range (cf. below). Duplicate negative controls were included
for quality assurance and control. Suspensions were end-over-
end shaken (45 rpm, 21 °C) for 24 h prior to centrifugation at
~2000g for about 30 min. The pH was measured in the
supernatant of subsamples using a Red Rod Ag/AgCl electrode
(Radiometer Analytical SAS). The ferrihydrite {-potential was
measured at 21 °C (Zetasizer Nano-ZS, Malvern) on
nonspiked suspensions (pH 3.9—9.5) having the same solution
chemistry and phosphate additions as samples in the sorption
experiment (Table S10 in the Supporting Information).
Aqueous phosphate and Fe (045 um filtration, Sartorius
Minisart hydrophilic regenerated cellulose, @ 25 mm) were
analyzed using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (Table S4 in the Supporting
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Information). Iron was quantified (LoQ = 40 ug L™') to
ensure efficient filter retention of ferrihydrite particles and to
check that no iron dissolution of significance occurred in the
investigated pH range.

Sorption Isotherms. Varying volumes of either PFOA,
PFOS, or FOSA dissolved in methanol (20 mmol L™') were
added to Fh suspensions (10 mmol Fe L™') prior to
equilibration for 24 h using end-over-end shaking. Initial
additions of the individual PFASs were chosen so that aqueous
concentrations after equilibration spanned approximately 3
orders of magnitude (i.e., ca. 1—700 nmol PFOS L™, 1-2000
nmol PFOA L7}, 0.3—1000 nmol FOSA L7!). After
centrifugation, pH was measured in supernatants of sample
aliquots, and was confirmed to be 4.5 + 0.1.

PFAS Analysis. For quantification of aqueous PFAS
concentrations, 5 ng of each of the mass-labeled ISs was
added to sample aliquots prior to gentle filtration (0.4S pm,
Sartorius Minisart hydrophilic regenerated cellulose®”*’). The
PFAS concentrations were measured by the means of IS
isotope dilution using direct injection in a Dionex UltiMate
3000 ultrahigh-performance liquid chromatography (UPLC)
system (Thermo Fisher Scientific, Massachusetts) coupled to a
triple-quadrupole tandem mass spectrometer (MS/MS) (TSQ
Quantiva, Thermo Fisher Scientific, Massachusetts). Sorption
to ferrihydrite was calculated as the difference between added
and dissolved PFASs, with the exception of that of substances
that showed recoveries below 90% in the positive controls, for
which losses to reactor walls were also taken into account (see
below).

Quality Assurance and Control. All experiments used
Milli-Q water, which was filtered through a cartridge
containing powdered activated carbon (PAC) (Milli-Q LC-
Pak, Merck) to minimize contamination. For the same
purpose, no fluorinated materials (e.g., tetrafluoroethylene,
Teflon) were used in the experiments. All PFASs in the
negative controls (n = 2) were below the limit of quantification
(LoQ), as defined as the lowest quantifiable calibration point
(ie, the lowest calibration point having a response factor
within +30% of the average response factor of the calibration
curve). The method recovery was calculated from the losses of
ISs due to sample preparation and matrix effects, as determined
by comparison with the calibration curve, and was, for
individual PFASs, on average 86 + 3%. The percent standard
deviation of individual aqueous PFAS concentrations was, on
average, 7% in the pH-dependent sorption experiment (n = 3),
and 5% as regards the sorption isotherms (n = 2). The fraction
of spiked co-solvent methanol in the isotherm and the pH-
dependent sorption experiments was <0.3% (v/v), and thus
the effect of methanol on PFAS partitioning could be
considered negligible."'

Aqueous recoveries in positive controls without ferrihydrite
(n = 4, 10 mM NaNO;, pH 5.8, equilibration 24 h) were
typically higher than 90% of the total added amount of PFASs
(sum of amounts in the solution phase and in MeOH extract of
the empty control reactor). For substances that showed control
recoveries below 90%, i.e., PENA (86%), PFDA (87%), and
FOSA (80%), the calculated pH-dependent sorption to
terrihydrite was corrected for losses to the reactor walls
using a three-compartment equilibrium-based approach
(Section S1.3 and Figure S1 in the Supporting Information).
However, as reactor losses of organic chemicals (including
PFOA) %enerally decrease with increasing aqueous concen-
trations,””*>*’ the sorption isotherm of FOSA was not

recalculated according to the above method, as we in this
experiment employed significantly higher concentrations
compared to those used in the pH-dependent sorption test
and in the positive controls (ie, most nominal isotherm
additions were 50—2500 times larger).

B RESULTS AND DISCUSSION

X-ray Absorption Spectroscopy. As shown in Figure 1,
the sulfur K-edge white-line positions for adsorbed sulfonated
PFASs (e.g, that of PFOS; 2480.7 eV) were close to that of
dissolved dilute methylsulfonate (2481.1 eV), in which the
sulfur atom has a formal and electronic oxidation state of +V.
All of these white-line positions were also similar to those of
the pure, solid PFAS standards (i.e., 2480.4—2480.9 eV; Table
S13 in the Supporting Information). As the electronic
oxidation state of S increases linearly with the white-line
position relative to that of elemental (0) sulfur,”**~* it can
be concluded that the sulfur atom in all measured PFASs (i.e.,
PFOS, FOSA, PFHxS) retained an oxidation state of +V after
the adsorption of these PFASs onto both ferrihydrite and
poorly crystalline Al hydroxide. In agreement with previous
studies, sulfate onto Fh showed a pre-edge (Figure S6 in the
Supporting Information), which reflects the involvement of
inner-sphere complexes.””*>*”>" A similar pre-edge was not
observed for any of the three S-containing PFASs onto
ferrihydrite, as no clear feature could be identified on the low-
energy side of the main absorption peak, and as the spectra for
the S-containing PFASs onto the Al hydroxide were identical
in shape (Figures S7—S13 in the Supporting Information).
Therefore, these results rule out a significant role of inner-
sphere complexes for S-containing PFASs on ferrihydrite, in
agreement with previous infrared evidence for PFOS on Fe
oxides.'”* Still, it is possible, or even likely, that the head
group can form an outer-sphere complex.'"” However, such an
interaction is normally weak and would imply a strong role of
electrostatic interactions in the PFAS binding process.

pH-Dependent Adsorption onto Ferrihydrite. The
adsorption of all 12 investigated PFASs (i.e., PFBA, PFPeA,
PFHxA, PFOA, PENA, PFDA, PEBS, PEHxS, PEOS, FOSA,
6:2 FTSA, 8:2 FTSA) was inversely related to pH (p < 0.05)
(Figure 2 and Tables S4—S8 in the Supporting Information).
This was attributed to the pH-dependent charge of the
terrihydrite surface, i.e., the lower the pH value, the larger the
positive surface net charge (Figure 3) and thus the larger the
attraction between the ferrihydrite surface and the negatively
charged PFAS anions. At pH values between 4 and S, the (-
potential was >27 mV, which decreased to nearly zero at pH
7.7, in agreement with the PZC of pH ~ 8.1 reported for 2-line
ferrihydrite.”® At pH values <5, there was a stronger
adsorption of long-chained PFASs (i.e, PFOA, PFNA,
PFDA, PFHxS, PFOS, FOSA, 6:2 FTSA, 8:2 FTSA) compared
to that of the short-chained PFASs (i.e, PFBA, PFPeA,
PFHxA, PFBS) (Figures 2 and S2—S4 and Table S7 in the
Supporting Information). For example, at pH 4, the sorption
percentage of the long-chained PFASs was between 60%
(PFOA) and 100% (PFDA), whereas it ranged from 31%
(PFPeA) to 43% (PFHxA) for the short-chained PFASs.
However, at pH values higher than S, the overall sorption was
low, and there was no evident difference in the degree of
adsorption between long-chained and short-chained PFASs
(Figures 2 and S2—S4 and Table S7 in the Supporting
Information). This indicates that to achieve > 50% sorption to
ferrihydrite, a strongly positively charged surface is required (¢-
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Figure 2. Effect of pH on PFAS adsorption onto ferrihydrite in the
absence and presence of phosphate. PFAS additions ranged from 1.6
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Figure 3. Ferrihydrite {-potential as a function of pH and added
phosphate. The error bars represent the standard deviation within
each measurement.

potential > +20 to 25 mV, Figure 3), and in addition, the PFAS
molecule needs to be of sufficient chain length in terms of its
number of perfluorinated carbons (i.e., C4 or longer).

At low pH, the binding of the long-chained PFASs was
significant despite the fact that the sulfonate and carboxylate
head groups are weakly charged and likely not able to compete
strongly with the electrolyte anions (0.01 M NO;~) in the
studied systems, if only electrostatic interactions of the head

group were involved. Hence, such a mechanism is not
sufficient to explain PFAS binding. Further, the observation
that long-chained PFASs are sorbed more strongly than short-
chained PFASs to ferrihydrite strongly suggests that the role of
specific interactions (i.e., as inner-sphere or outer-sphere
complexes), although they may exist, is rather small, despite
earlier research showing surface complex formation between
the head group of a PFAS (PFOS and PFOA) and Fe
Odee'l7,24,2

Instead, the stronger adsorption of the long-chained PFASs
is consistent with a substantial additional contribution of the
weakly negatively charged fluorine moieties to the overall
electrostatic interaction, as suggested by Johnson et al.*' and
Xiao et al.”’ Although the charge excess for dissolved PFOS
has been reported to be only around —0.1 to —0.2 per fluorine
atom,””>” the electron density should be sufficient to induce
hydrogen bonding between the fluorine moieties and positively
charged —OH,"** or —O;H'** groups of ferrihydrite, which
may act as proton donors. The probable significance of a
strong involvement of the tail in the sorption process is
underlined also by the strong sorption of FOSA at low pH, as
the head group of FOSA (i.e., SO,NH,) is not charged under
low-pH conditions (pK, = 6.24,* 6.52°°). The differences
between different PFASs may be explained by multiple F~HO
sorptive contacts for long-chained PFASs, which would
stabilize sorption. A related mechanism has earlier been
suggested for PAH sorption on goethite, based on DFT
calculations.*® For a short-chained PFAS such as PEBS, there
are fewer fluorine atoms available for binding, which makes
sorption rather inefficient also at low pH.

Effects of Phosphate and Surface Charge. In general,
the adsorption of PFASs onto ferrihydrite decreased with the
addition of phosphate (Figure 2). The decreased PFAS
binding can be related to the {-potential, which also decreased
with increasing pH at pH > 5 (Figure 3). With the exception of
PFBA, the decrease in adsorption of all investigated PFASs
upon the addition of phosphate anions was significantly (p <
0.05) related to the decrease in positive charge on the
ferrihydrite surface ({-potential) due to the presence of
adsorbed phosphate (Figures 4 and SS, linear regression
given in Table S9 in the Supporting Information). The strong
relationship with the {-potential for the sorption of individual
PFASs in both phosphate-containing and phosphate-free
systems provides further support to the idea forwarded in
the previous section, i.e., that electrostatic interactions are
important for PFAS sorption. However, for two of the weakest
binding PFASs, i.e., PFBS and PFBA, the relationship with the
{-potential was less convincing (Figure 4), and in the case of
PFBA statistically nonsignificant (Table S9 in the Supporting
Information). Whether this is due to uncertainties in the
analytical measurements or reflects the presence of an
additional weak sorption mechanism (e.g., oleophobic) cannot
be determined from the current data.

Sorption Isotherms. As evident from Figure S, the
sorption isotherms of PFOS and PFOA onto ferrihydrite
were both nonlinear (Tables S11 and S12 in the Supporting
Information), and for both isotherms, the Langmuir equation
provided a better fit compared to the Freundlich equation
(Table S12 in the Supporting Information). Hence, the
isotherms may be interpreted as being consistent with
adsorption in the form of a monolayer, as also suggested by
Tang et al."* and Johnson et al.”' for nonlinear adsorption of
PFOS onto goethite. In this study, the Langmuir maximum
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Figure 4. PFAS adsorption onto ferrihydrite as a function of (-
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terrihydrite surface coverage Q.. was calculated to be 180 and
160 pmol mol ™" Fe, equivalent to 1.6 and 1.4 ug m™* for PFOS
and PFOA, respectively, when a surface area of 650 m* g~ for
terrihydrite is used. These values are low in comparison to the
calculated net positive charge of the ferrihydrite of ~10 mmol
mol™! Fe, as calculated by the model of Tiberg et al.” for the
experimental conditions given in Figure 5, but for PFOS, they
are reasonably close to the Langmuir maxima previously lgiven
for goethite, ie., 1.2 and 2.4 ug m™ by Johnson et al.*" and
Tang et al,'* respectively. The Ky value (ie., the solid—
solution distribution coefficient) for adsorption of PFOS onto
ferrihydrite at pH 4.5 is about 3300 L kg™' Fe at an aqueous
equilibrium concentration of 0.75 pmol PFOS L~'. This is
essentially the same value as that obtained for “nanosized

Fe,05” (K; recalculated from the work of Lu et al.”’), despite
the higher pH (7.0) of the Fe,O; system. Still, the estimated
Qmax Vvalues obtained in our work are surprisingly low
compared to what would be expected for inorganic ions.
This suggests that not all of the charged sites were readily
accessible to the PFASs, for steric reasons or because of the
aggregated and microporous structure of our ferrihydrite,
which may have prevented the PFASs from binding to a large
part of the charged ferrihydrite structure.

The sorption isotherm of FOSA onto ferrihydrite was
relatively linear up to an approximate aqueous equilibrium
concentration of 0.65 ymol L™" (Figure S). In the isotherm
experiments, the overall order of sorption affinity to
ferrihydrite was PFOS > FOSA = PFOA. Thus, the presence
of a negatively charged head group (SO;~ in PFOS) was
generally observed to favor sorption compared to the presence
of an uncharged functional group (SO,NH, (FOSA)),
suggesting that for PFOS, both the charged head group and
the fluorine moieties were important for sorption. However, at
the highest aqueous concentration of the respective isotherm,
the adsorption of FOSA was significantly larger compared to
that of PFOS and PFOA. A possible explanation for the higher
adsorption of FOSA at high aqueous concentration may be
that the FOSA molecules self-aggregated, i.e., formed hemi-
micelles,””® at the ferrihydrite—solution interface. For
amphiphilic compounds, it has been estimated that hemi-
micelles may be formed at mineral surfaces when the aqueous
concentration exceeds between 0.1 and 1% of the critical
micelle concentration (CMC).*' While no values for the CMC
of FOSA were found in the literature, the CMC of PFOS has
been reported to lie in the range of 6.3—9 mmol L™1°7%
However, given the stronger hydrophobic character of the
neutral FOSA molecule compared to that of the charged PFOS
anion, one may assume that FOSA would exhibit a somewhat
lower CMC in relation to PFOS. If so, this could make FOSA
hemimicelle formation on ferrihydrite possible at aqueous
concentrations of approximately 1 gmol L™}, consistent with
the observed isothermal sorption of the substance.

Environmental Implications. The results presented here
indicate that at low pH, ferrihydrite and other poorly
crystalline Fe and Al (hydr)oxides could contribute signifi-
cantly to binding of PFASs in soils. For example, log Ky values
(/L kg™' Fe) for PFOS and PFOA at pH S were approximately
4.1 and 3.5, respectively, in the absence of phosphate. Hence,
partitioning onto pure ferrihydrite was 1.4 + 0.1 log units
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Figure 5. Sorption isotherms for (A) PFOS and PFOA, and (B) FOSA, onto ferrihydrite (10 mmol Fe L™') at pH 4.4—4.6. The dashed lines

represent the fitted Langmuir isotherms.
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larger than the corresponding organic carbon—normalized
sorption (log Koc (/L kg™ C)) commonly found for midrange
soil and sediment concentrations, i.e., ~2.8 and ~2.0 log units
for PFOS and PFOA, respectively.®> %

However, it needs to be acknowledged that the properties of
pure ferrihydrite systems will differ from those found in the
field. Perhaps most crucially, the net positive surface charge of
Fe and Al (hydr)oxides in soils and sediments is expected to be
lower than for the pure minerals, due to the presence of
adsorbed phosphate and organic matter. For example, the PZC
of naturally occurring ferrihydrite has been reported to be
between pH 5.3 to 7.5 with emphasis on the lower values,”””’
i.e., significantly lower than that of laboratory-derived
ferrihydrite. Consequently, under field conditions, the
contribution of Fe and Al (hydr)oxides to PFAS binding is
likely to be smaller than under laboratory conditions with
isolated, pure mineral phases. The surface charge of natural
ferrihydrite is critical not least because PFAS sorption is
predominantly electrostatic in nature, and that surface
complexes with the head group, if they are formed, are weak:
if stronger inner-sphere complexes had formed, the PFAS
binding would have been stronger and less sensitive to the
surface charge. Although some studies do indicate a role of Fe
and Al (hydr)oxides for PFAS sorption, for example, in tropical
soils,”" additional research is needed to more accurately
determine the relative roles of organic matter and (hydr)oxide
surfaces.

In summary, the above findings allow us to conclude that Fe
oxides such as ferrihydrite could be important for PFAS
sorption in acidic environments (pH S or lower), especially if
the content of organic matter and phosphate (that decrease the
surface charge) is low, and if the PFAS in question is of
sufficient chain length, C4 or longer.
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