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ABSTRACT: Despite growing concerns about human ex-
posure to perfluorooctanoate (PFOA) and perfluorooctanesul-
fonate (PFOS), other poly- and perfluoroalkyl substances
(PFASs) derived from aqueous film-forming foams (AFFFs)
have garnered little attention. While these other PFASs may
also be present in AFFF-impacted drinking water, their
removal by conventional drinking-water treatment is poorly
understood. This study compared the removal of 30 PFASs,
including 13 recently discovered PFASs, from an AFFF-
impacted drinking water using carbonaceous sorbents (i.e.,
granular activated carbon, GAC). The approach combined
laboratory batch experiments and modeling: batch sorption
data were used to determine partition coefficients (Kd) and
calibrate a transport model based on intraparticle diffusion-limited sorption kinetics, which was used to make forward predictions
of PFAS breakthrough during GAC adsorption. While strong retention was predicted for PFOS and PFOA, nearly all of the
recently discovered polyfluorinated chemicals and PFOS-like PFASs detected in the AFFF-impacted drinking water were
predicted to break through GAC systems before both PFOS and PFOA. These model breakthrough results were used to evaluate
a simplified approach to predicting PFAS removal by GAC using compound-specific retention times on a C18 column (RTC18).
Overall, this study reveals that GAC systems for the treatment of AFFF-impacted sources of water for PFOA and PFOS likely
achieve poor removal, when operated only for the treatment of PFOS and PFOA, of many unmonitored PFASs of unknown
toxicity.

■ INTRODUCTION

Aqueous film-forming foams (AFFFs) were developed to
quickly extinguish hydrocarbon fuel fires at military bases,
airports, and oil refineries, and have been used for training and
emergency response situations at such locations.1 While the
presence of perfluorinated surfactants in AFFF has been known
for some time,1−3 the relative importance of polyfluorinated
compounds has only recently garnered significant attention.4−7

When released to the environment, these poly- and
perfluoroalkyl substances (PFASs) can lead to soil and
groundwater contamination and subsequent public health
concerns due to their persistent and bioaccumulative
nature.1,8−11 Human exposure to PFASs due to contaminated
drinking water has recently become an area of particular
concern: on May 19th of 2016, the U.S. Environmental
Protection Agency (EPA) issued drinking water health
advisories levels (HALs) for two PFASs, perfluorooctanoate
(PFOA) and perfluorooctanesulfonate (PFOS), of 70 ng/L
(individually or combined).12 These HALs were issued out of
concern that exposure to PFOS or PFOA may result in

development effects, liver effects, impaired immune system
function, or cancer.13 Hu et al. estimated, using the EPA’s
Unregulated Contaminant Monitoring Rule (UCMR) data,14

that 6 million people in the United States may have been
exposed to PFAS levels exceeding these HALs,4 with some
evidence to suggest that AFFF releases are at least partly
responsible for the widespread contamination of drinking water
with PFASs. One study used these same EPA data to correlate
potential for exposure through drinking water to blood serum
levels,15 while others have suggested these HALs are not
conservative enough.16,17 For example, Vermont has issued a
Ground Water Standard for the sum of PFOA and PFOS of 20
ng/L.18

Despite the growing concerns about human exposure to
PFOS and PFOA, there is a lack of information on exposure to
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and toxicity of other PFASs, particularly the polyfluorinated
compounds, which often are composed of perfluoroalkyl tails
and nonfluorinated head groups. It is expected that many of
these polyfluorinated compounds can be transformed, either in
the environment or in humans, to the more-problematic
perfluorocarboxylates (PFCAs) and perfluorosulfonates
(PFSAs).19−22 The full extent of PFASs present in AFFF and
AFFF-impacted groundwater has only recently received

significant attention,7,23−25 although there is increasing
evidence to suggest that perfluoroalkyl sulfonamides (FASAs)
and other polyfluoroalkyl substances (likely chemical precur-
sors to either PFCAs or PFSAs) are commonly present in
AFFF-impacted groundwater.6,25,26 Further, though often
present at high concentrations, PFOA and PFOS are not
always the most abundant PFASs in AFFF-impacted ground-
waters.27 While the toxicity of PFASs other than PFOA and

Table 1. Poly- and Perfluoroalkyll Substances (PFASs) Included in This Study

aMS/MS: LC−MS/MS; Q-ToF: LC−Q-ToF-MS. For those PFASs analyzed by LC−MS/MS, the MS/MS transitions are provided in McKenzie et
al.37 bThe position of the ketone bond appears to be variable. cThe position of the double bond appears to be variable.
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PFOS remains largely unexplored, some polyfluorinated
compounds have exhibited higher toxicity than PFCAs in
aquatic organisms.28 Moreover, PFOS-like chemicals have been
recently detected in AFFF-exposed firefighters,29 raising
questions about the bioaccumulation of PFOS-like PFASs.
When a water supply becomes contaminated with PFASs,

several technologies may be applied to remove the PFASs and
reduce human exposure, including reverse osmosis, nano-
filtration, strong anion-exchange resins, and sorptive removal
via granular activated carbon (GAC).30−35 The latter is
particularly attractive, as GAC has been widely used to treat
contaminated drinking water for many decades.36,37 Some have
evaluated the sorptive removal of PFOA and PFOS using
various carbonaceous sorbents in artificially spiked deionized
water38 or surface water.31 We are not aware of any studies in
which PFAS sorption has been evaluated in systems containing
polyfluorinated compounds relevant to AFFF-impacted
groundwater, though the sorptive removal of perfluoroalkyl
ether carboxylic acids (PFECAs) by powdered AC in a
contaminated surface water was recently evaluated.39 The
polyfluorinated compounds are of interest not only because of
the limited data on their toxicity but also because their
presence, in addition to the source water chemistry,40,41 may
impact GAC efficacy for PFOA and PFOS removal.
The objective of this study was to evaluate the potential for

carbonaceous sorbents to remove a suite of PFASs, including
newly discovered PFASs, from an AFFF-impacted groundwater.
Due to the limited quantities of contaminated water available
for shipping to the laboratory (∼10 L), this was achieved
primarily through batch experiments and modeling. First, the
sorptive removal of PFASs was compared for several types of
carbonaceous sorbents (i.e., two biochars and GAC). Then,
equilibrium and kinetic batch data were used to calibrate a
transport model based on intraparticle diffusion-limited
sorption kinetics to describe sorption of a broad suite of
AFFF-derived PFASs to GAC. Forward simulations were then
evaluated for a full-scale GAC adsorption system to assess the
treatability of the other PFASs relative to the more commonly
monitored PFCAs and PFSAs. Finally, a simple approach for
predicting the breakthrough behavior of AFFF-derived PFASs
in GAC adsorption systems was evaluated by relating predicted
breakthrough times to chromatography retention times. Our
results bring to light the importance of considering a broader
suite of PFASs (including polyfluorinated precursors and
PFOS-like PFASs) during GAC treatment of AFFF-impacted
drinking water.

■ MATERIALS AND METHODS
Sorbents and Groundwater. The initially screened

sorbents were the commercially available GAC Calgon
Filtersorb300 (F300, Calgon Carbon Co., Pittsburgh, PA),
pine needle (PN)-derived biochars produced at a range of
temperatures (150, 250, 350, 500, and 700 °C; Table S1), and
MCG biochar (Mountain Crest Gardens, Gropro Inc., Etna,
CA). The high surface area (SA) materials F300 (997 m2/g SA)
and MCG biochar (351 m2/g SA) were selected due to their
demonstrated effectiveness for removal of stormwater trace
organic contaminants in a previous study.42 F300 (F300-
original, 0.8−1.0 mm effective particle size) was crushed and
sieved into different particle size fractions (<53, 53−124, 124−
180, 180−500, and >500 μm). Details related to the particle
size fractions of F300 as well as the preparation of PN biochars
are provided in the Supporting Information, and additional

properties of F300, MCG biochar, and PN-derived biochars are
reported in Table S1. In this work, F300 refers to the F300-
original unless the particle size is included in the label (i.e.,
F300 < 53 μm).
The AFFF-impacted groundwater was collected from a

groundwater well at an AFFF-impacted site near a former
military facility in the United States and was stored at 4 °C until
use. General water quality parameters measured for filtered
(0.45 μm) subsamples included pH (7.5), dissolved organic
carbon (DOC, 46.0 ± 0.9 mg/L), dissolved metals (Na+, Ca2+,
Mg2+, etc.), and anions (F−, Cl−, NO2

−, Br−, NO3
−, PO4

3−, and
SO4

2−), all of which were measured using standard procedures
(Sievers Total Organic Carbon Analyzer; ion chromatography,
IC; and inductively coupled plasma atomic emission spectros-
copy, ICP-AES, respectively; Table S2).

PFAS Identification and Quantification. Analysis of
PFASs (Table 1) in the unfiltered groundwater was conducted
via both liquid chromatography tandem mass spectrometry
(LC−MS/MS; ABSciex API 3200) and LC−quadrupole time-
of-flight MS (LC−QToF-MS; ABSciex 5600+). Sample
preparation methods, MS/MS transitions, and calibration
standards employed were similar to those described by
McKenzie et al.,43 with stable-isotope surrogate standards
used whenever possible. For sample preparation, 1.3 mL of
sample was transferred to a microcentrifuge tube and
centrifuged at 16 000 RCF for 15 min. A subsample (0.26
mL) was then transferred to 2 mL autosampler vials containing
0.039 mL of basic water (0.01% NH4OH) and 0.13 mL of
surrogate (in 70% methanol), resulting in a final volume of 1.3
mL (containing 20% (V/V) methanol, and 230 ng/L
surrogates). If necessary, samples were diluted with Milli-Q
water when transferred to autosampler vials. For the LC−MS/
MS analysis, 1 mL samples were directly injected onto a
Gemini 50 × 4.6 mm C18 column 1with 3 μm particle size and
100 Å pore size (Phenomenex). All PFASs were measured by
electrospray ionization (ESI) operated in negative mode. The
five PFCAs and four PFSAs quantified by LC−MS/MS and
their corresponding surrogates are listed in Table S3: all other
PFASs were measured using LC−QToF-MS (described
below). Eluents for the gradient method were 10 mM
ammonium acetate in water and 10 mM ammonium acetate
in methanol, prepared using all LC−MS grade materials.
Additional details on the instruments and methods used for
LC−MS/MS and LC−QToF-MS analysis are shown in Tables
S4 and S5. The calibration curve ranged from 0.77 to ∼7700
ng/L, and peak area data was analyzed by MultiQuant 3.1
software with a 1/x2 weighting and an accuracy tolerance of
30% for calibration curves. Double blanks (without surrogate
nor standards), blanks (with surrogate but not standards), and
quality control (QC) samples (with surrogates and standards)
were included in the analytical sequence every 8−10 samples to
ensure minimal contamination and adequate MS performance.
Only signals (i.e., peak areas) greater than 10 times any
background signals observed in the blanks or double blanks
were considered acceptable and used for subsequent data
analysis.
Samples for LC−QToF-MS analysis were similarly prepared

and directly injected (1 mL) onto a Gemini 100 × 3 mm C18
column with 3 μm particle size and 100 Å pore size,
(Phenomenex) and measured by ESI operated in negative
mode with a collision energy of −60 V. The compounds listed
in Table 1 as analyzed by LC−QToF-MS were identified using
a custom-built library in Masterview 1.1 software with a peak
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intensity threshold of 1000 cps and a minimum signal-to-noise
ratio of 10. After the extraction of candidate peaks using broad
criteria (XIC width of 0.02 Da and retention time width of 0.9
min), compound identification was performed by comparison
to the MS spectral library, with Masterview-generated MS
spectral library scores required to be greater than 85/100 and a
5 ppm mass error tolerance of precursor ion formulae. This
library was the result of previously described PFAS discovery
work.25,29 For PFASs identified using this library for which no
authentic standards were available at the time of analysis (20 of
the 21 PFASs measured via LC−QToF-MS), a (relative)
semiquantitative approach was applied: the calibration curve
was generated by diluting different volumes of the original
groundwater to a final volume of 1.3 mL (containing 20 vol %
methanol and 3 mg/L NH4OH). For the samples themselves,
0.7 mL was added to a final volume of 1.3 mL (containing 20
vol % methanol and 3 mg/L NH4OH) and compared to this
dilution−calibration curve for relative quantification. Addition-
ally, 6:2 fluorotelomer sulfonate (6:2 FtS), for which a standard
was available, was also quantified by LC−QToF-MS (using the
accurate mass of the parent ion), but standard calibration
curves were used for quantification in a manner identical to that
described for the LC−MS/MS analysis.
Batch Experiments for Sorbent Screening and

Kinetics. Similar to the sorbent screening approach employed
by Ulrich et al.,42 5 day batch sorption experiments were carried
out to screen the eight carbonaceous sorbents for PFAS
sorptive affinity using unfiltered AFFF-impacted groundwater.
Though equilibrium was not expected in 5 days; the intent was
merely to compare the relative sorptive affinity of the different
sorbents. As described in the Supporting Information,
preliminary studies were conducted to identify an appropriate
solid to water ratio to obtain an adequate removal percentage of
targeted compounds (>10%) without falling below the limits of
quantification (LOQs), which were analyte-dependent but
typically 0.77 to 38.5 ng/L (Table S3). For subsequent studies,
batch experiments were prepared by first adding 5 mg of each
sorbent to 50 mL polypropylene centrifuge tubes. Preliminary
results (Figure S1) suggested that a solid-to-liquid ratio of 5 mg
to 50 mL was sufficient to remove weakly sorbing PFASs (i.e.,
PFBS) while still allowing sufficient quantities of the strongly
sorbing PFASs (i.e., PFOS). After purging with CO2 to
minimize bubbles,44 50 mL of groundwater with 0.5 mL of 20
g/L sodium azide (final NaN3 concentration in mixture: 200
mg/L) was added to inactivate microbial activity (concen-
tration chosen to minimize effects on sorption according to
previous studies).42,45,46 All experimental conditions (time
points, carbon doses, etc.) were prepared in triplicate. After 5
days of vigorous shaking on 1 at ambient temperature (∼22
°C), subsamples were taken for LC−MS/MS and LC−QToF-
MS analysis.
For the sorbent F300, the sorbent-groundwater mixture

(with NaN3) was shaken and subsampled (after settling for 15
min) at various time points for kinetic tests (2 h and 0.5, 1, 2, 3,
5, 10, 20, and 30 days). To compare the effectiveness of F300
for sorption of the different PFASs under closer-to-equilibrium
conditions, a 20 day partition coefficient (20d-Kd) was
calculated by dividing the sorbed concentration (qt, determined
by the aqueous loss method, Equation S2) by the aqueous
concentration (ct) for each PFAS. For PFASs for which
quantitation was not possible (due to lack of authentic
standards), the relative peak area, as opposed to the relative

concentration, was instead used to calculate the Kd values
(Table S6).

Model Calibration. The intraparticle diffusion kinetic
model was applied to describe the sorption kinetics observed
for F300. The kinetic model input included the molecular
weight (MW) of each compound as well as the effective particle
radius (0.045 cm), intraparticle porosity (0.59), and solid
density (2.0 g/cm2) for F300 (measured or estimated
previously).42 The kinetic model was then calibrated to the
kinetic data (day 30 data, which was not available for several
compounds, was not included to avoid potential biases among
PFASs) for all PFASs that exhibited consistent kinetic profiles
that could be fit by the intraparticle diffusion model, according
to the method described by Ulrich et al. (calibrated for all
compounds except PFBA, 6:2 FtS, N-SPAmP−FBSA, and N-
SHOPAmP−FBSA; details in the Supporting Information).42,47

This was carried out by (1) estimating equilibrium Kd values
(described below) and then (2) using Matlab to fit the
nonlinear intraparticle diffusion kinetic model (with the
equilibrium Kd as an input) by adjusting the “apparent
tortuosity” to minimize the sum of squared residuals (SSR).
While the actual tortuosity is a physical property of the sorbent
(describing its pore-interconnectivity), this apparent tortuosity
was used to account for observed differences among PFASs
(discussed later). For PFASs that did not appear to approach
equilibrium in the kinetic experiments, an equilibrium Kd was
estimated with the linearized pseudo second-order kinetic
model (normalized to fit peak area data; eq S4)47−49 to avoid
ambiguity from fitting multiple parameters simultaneously. It is
important to note that this linearized model is known to
underestimate equilibrium Kd, particularly for systems that are
far from equilibrium;50 thus, results should be interpreted with
this potential bias in mind.

Full-Scale System Simulations. Forward predictions were
carried out to simulate a GAC adsorption system treating
AFFF-impacted water identical in size and operation to a
system that was monitored for PFAS breakthrough in a
previous study30 to confirm that the predicted bed volumes to
breakthrough (BVBT) were on the same order of magnitude as
previously observed values. The simulated system consisted of a
pair of 28.5 m3 vessels operating in series at 1.5 m3/min, each
containing 2.7 m of GAC (the model was calibrated for F300,
but Calgon F600 was used in the actual system) with an empty-
bed contact time (EBCT) of 13 min (26 min EBCT overall).
The calibrated transport model describing sorption-retarded,
intraparticle diffusion-limited transport of the PFASs in a GAC
bed was applied as described by Ulrich et al. 2015 (adapted
from a model originally described by Werner et al. 2012; see
the Supporting Information for additional details).42,51 To
assess the importance of intraparticle diffusion limitations,
breakthrough predictions were compared to those from the
transport model when it was simplified to assume localized
sorption equilibrium. Furthermore, a dimensionless number
representing the ratio between advective travel time and
diffusion time was calculated for each PFAS (i.e., diffusion
limitations are expected if the “Peclet number” calculated by eq
S8 is greater than 1).51,52

■ RESULTS AND DISCUSSION
Sorbent Screening. For initial screening experiments to

assess the relative removal performance among all evaluated
sorbents and particle sizes, aqueous PFAS concentrations after
5 days of equilibration were measured and compared. Example
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results for PFOA and PFOS are reported in Figure 1, as these
PFASs were present at the highest concentrations among their

respective structural classes in this AFFF-impacted water supply
(∼11 000 and ∼33 000 ng/L, respectively; Table S2). As
depicted in Figure 1, the sorptive removal of PFOA and PFOS
after 5 days of equilibration was quite variable among the
sorbents. Despite the higher initial concentration of PFOS as
compared to PFOA, lower PFOS concentrations were observed
after 5 days of equilibration for most cases in which adsorptive
removal was observed. This indicates a higher sorptive affinity
for PFOS, as has been observed previously for carbonaceous
sorbents.9,30,40 A particle size effect was also evident for F300:
finer particle sizes demonstrated greater removal of PFOS and
PFOA after 5 days of equilibration. This potentially indicates
intraparticle sorption limitations, particularly for larger particle
sizes.53 Overall, these results indicated that F300 and MCG-
biochar were much more effective for removal of PFOA and
PFOS from groundwater than PN-derived biochars. This was
likely due to the materials’ higher SA (Table S1) as well as the
superior ability of their more aromatic surfaces to sorb the
PFASs via hydrophobic interactions.42,54 The good perform-
ance of MCG-biochar is notable, as it indicates that high-SA
biochars could potentially serve as alternatives to GAC.
However, as biochar properties are more widely variable than
those of commercially available GACs, subsequent kinetic
modeling efforts focused on F300.
20 Day Kd Values for Sorption to F300. Figure 2 shows a

comparison of the 20 day log Kd values for sorption of the
analyzed PFASs onto F300. PFHpS and PFOS showed the
highest Kd values among the analyzed PFASs, with all of the
newly discovered PFASs demonstrating lower Kd values. As has
been observed previously for the PFCAs and PFSAs,3,40 an
increase in perfluoroalkyl chain length generally resulted in
increases in the 20 day log Kd values for PFAS classes with
simple head groups (i.e., PFCAs, PFSAs, FTSs, and FASAs;
Figures 2 and S2). However, this trend is less clear for PFAS
classes with more-complex head groups. For example, longer-
chained homologues among the N-sulfopropyl dimethylammo-
niopropyl perfluoroalkanesulfonamides (N-SPAmP−FASAs)
and the N-sulfohydroxypropyl dimethylammoniopropyl per-

fluoroalkanesulfonamides (N-SHOPAmP−FASAs) are more
strongly sorbed than their shorter-chained counterparts,
whereas an increase in perfluoroalkyl chain length for the
homologues among the N-sulfopropyl perfluoroalkanesulfona-
mides (N-SP−FASAs) did not lead to increased sorption
(Figures 2 and S2). Somewhat surprisingly, if PFASs with a
perfluorohexyl moiety are compared, 6:2 FtS demonstrated the
highest 20 day log Kd value, despite the fact that many of the
other C6-based PFASs have much larger head groups. The
calculated Kd values for these polyfluorinated compounds
suggests that for a given perfluoroalkyl tail length, there is not a
high degree of variability among the PFASs examined here with
respect to their sorptive affinity for F300, at least over 20 days.
This is likely a result of the competing effects of higher MW
head groups that also contain polar or charged functional
groups.
A pair of PFOS-like PFASs were also observed in the AFFF-

impacted groundwater and were removed, to some extent, by
F300. Both unsaturated PFOS (U-PFOS) and a ketone
derivative (7K-PFOS; structures shown in Table 1) have
been detected in AFFF or AFFF-impacted groundwater,
presumably as impurities in the AFFF production process.25

Both PFOS-like compounds exhibit lower 20 day log Kd values
as compared to PFOS (Figure 2), indicating a weaker sorption
onto the F300. This is particularly important, as the
bioaccumulation potential and toxicity of these PFOS-like
compounds is unknown; their mere presence in AFFF-
impacted groundwater suggests they exhibit some persistence
once released to the environment.

Kinetics for Sorption to F300. Aqueous concentrations of
PFASs generally decreased over 30 days of contact with F300
(representative results in Figure 3; complete results in Figures
S3 and S4). Figure 3a compares the kinetics of perfluorobutyl-
based (i.e., F−(CF2)4−R) and perfluorohexyl-based PFCAs,
PFSAs, and FASAs. PFPeA and N-SHOPAmP−FBSA were the
most obvious exceptions to the trend of decreasing
concentrations over time, with significant concentration
increases being observed after 20 and 5 days, respectively

Figure 1. Logarithmic aqueous PFOA and PFOS concentrations (log
cw) after 5 days of equilibration with F300 GAC (at varying particle
size fractions), MCG-biochar, and PN-biochar (produced at various
temperatures).

Figure 2. 20 day log Kd for sorption of the analyzed PFASs onto F300-
original. The stars denote PFASs with a six-carbon perfluoroalkyl
moiety (i.e., F−(CF2)6−R). See Table S7 for tabulated data. Note:
The 10 day log Kd is displayed for 6:2 FHxSO2PA−MePS because its
peak area was not discernible from background after 20 days of
equilibration.
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(Figure S4). It is unclear whether this behavior was caused by
competition-induced desorption, formation from a precursor

due to reaction with NaN3, or a combination of both processes.
Importantly, the kinetic profiles observed for many of the

Figure 3. Kinetics of sorption of (a) perfluorobutyl-based and perfluorohexyl-based PFCAs, PFSAs, and FASAs, (b) perfluorohexyl-based precursors,
and (c) PFOS on F300-original. Panel c also displays the effect of different sizes of F300 particles on PFOS sorption kinetics. Panel d shows example
fits of the intraparticle diffusion model to the kinetic data for the sulfonamides.

Figure 4. (A) Batch kinetic model calibration results for equilibrium log Kd (log [Kd,eq], Table S6) and (B) results for case-study simulations with the
diffusion-limited transport model (reported as predicted bed volumes to breakthrough, BVBreakthrough, defined as when C/C0 > 0.05). Shaded areas in
panel B indicate compounds predicted to breakthrough before PFOS (lighter shading) and PFOA (darker shading). Perfluorinated compounds are
indicated with darker markers, and polyfluorinated compounds and PFOS-like PFASs are indicated with lighter markers.
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perfluorohexyl-based precursors were very similar (Figure 3B),
with the notably faster kinetics observed for 6:2 FHxSO2PA−
MePS. Though it is one of the larger PFASs (Table 1), 6:2
FHxSO2PA−MePS is similar in size (and general structure) to
N-SHOPAmP−FHxSA, which followed the kinetic profile of
the other perfluorohexyl-based PFASs. However, the 3 dayKd
value (6.5 ± 0.5 × 104 L/kg) of 6:2 FHxSO2PA−MePS is much
higher than even that of PFOS (2.4 ± 0.2 × 104 L/kg). It is
possible that the highly polarizable amide group unique to 6:2
FHxSO2PA−MePS brought about its superior sorptive affinity.5

Faster sorption rates were observed with smaller particle sizes
(Figure 3C shows example behavior for PFOS), potentially
indicating intraparticle diffusion limitations, as compounds
must diffuse further into larger particles to access intraparticle
sorption sites.
Kinetic Model Calibration. The intraparticle diffusion

kinetic model was in good agreement with the kinetic data, as
the root-mean-square error (RMSE) between observed and
predicted C/C0 was less than 0.03 for all compounds (Table
S6). Examples of model fits for the FASAs are shown in Figure
3D. Better fits (lower RMSE values) were obtained for the
shorter chain compounds (e.g., better fits to FPrSA and FBSA
than FPeSA and FHxSA in Figure 3D). This may have been
due to more-pronounced nonlinear sorption effects for larger
compounds, causing the outermost GAC sorption sites to
become more relevant as the outer aqueous PFAS concen-
trations decreased over time.55 As expected, the calibrated
equilibrium Kd values generally increased with MW (Figure
4A). Interestingly, the polyfluorinated compounds did not
show as strong of a dependence on MW as did the PFCAs,
PFSAs, and FASAs, potentially because their bulkier head
groups contained polar moieties or caused increased steric
effects.56 Apparent tortuosity for most PFASs ranged between 1
and 14 and was generally more variable for larger compounds
(Table S6). This could potentially be due to several
phenomena, including experimental error, molecular sieving
effects (i.e., differences in pore accessibility), or nonlinear
sorption causing PFAS uptake rates to change over time. 7K-
PFOS and 6:2 FHxSO2PA−MePS showed exceptionally fast
kinetics, with apparent tortuosity values less than 0.5. As
tortuosity values less than 1 conflict with classical diffusion
theory, these compounds may have not fully diffused into the
innermost sorption sites, potentially due to the existence of a
branched network of micropores and macropores. Further-
more, as these compounds contain polarizable amide (6:2
FHxSO2PA−MePS) or ketone (7K-PFOS) groups that
enhance their sorptive affinity for carbonaceous surfaces, they
may have outcompeted other PFASs or DOC molecules for the
outermost sorption sites.
Full-Scale System Simulations. The results of the

intraparticle diffusion-limited transport model simulations for
the predicted BVBT for each PFAS in a GAC adsorption system
are shown in Figure 4B (BVBT predicted by localized
equilibrium model is shown in Table S6, and breakthrough
curves are shown in Figures S5 and S6). Considering that a
previous study observed PFOS breakthrough in an actual full-
scale GAC filtration system at approximately 60 000 BVs (from
which the dimensions and conditions were selected for the
simulations in this study),30 the BVBT values predicted by the
intraparticle diffusion-limited transport model (PFOS BVBT of
approximately 80 000), were considerably closer to observed
values than those predicted by the localized equilibrium
transport model (PFOS BVBT of approximately 400 000).

While the model predicted earlier BVBT values than observed in
the same study for less strongly sorbed PFASs (i.e.,
approximately 15 000 BVBT and 3600 BVBT predicted for
PFOA and PFHxA, respectively, versus approximately 30 000
BVBT in the full-scale system), the predictions being within an
order of magnitude of the field-measured values is notable, as
the actual system contained a different GAC and was treating
different water (with different levels of PFASs, different DOC,
etc.). In particular, higher DOC levels may result in slower
sorption kinetics and lower equilibrium Kd values,

42 making a
comparison of results obtained from different waters difficult.
Nevertheless, the similarity between the actual breakthrough in
a full-scale system and the breakthrough simulated with
intraparticle diffusion-limited transport model suggests the
model may accurately capture kinetic and sorptive behavior of
PFASs in GAC systems.
Despite the apparently strong kinetic sorption effects under

the simulated operating conditions, both the intraparticle
diffusion-limited model and the local equilibrium model
predicted very similar PFAS breakthrough orders. 7K-PFOS
and 6:2 FHxSO2PA−MePS were exceptions, as the diffusion-
limited model predicted these compounds to be later in the
breakthrough order than the equilibrium model. This is likely
because diffusion limitations were less significant for these
PFASs for the simulated operating conditions, as they were the
only compounds with Peclet numbers above 1 (3.5 and 7.6 for
7K-PFOS and 6:2 FHxSO2PA−MePS, respectively; Table S6).
As both models predicted similar breakthrough orders despite
strong kinetic limitations, the relative affinity of the various
PFASs for GAC may adequately indicate breakthrough order
when kinetic tests or column tests are not possible.
It is important to note that competition for sorption sites

(between PFASs, as well as PFASs and DOC) may affect
breakthrough behavior differently in actual systems than is
predicted by the model. For example, a previous study using the
same model found that batch calibration experiments at higher
DOC levels provided better predictions for observed break-
through behavior in column verification experiments,1 suggest-
ing that continuous loading with DOC may lead to greater
fouling effects that are not described in the model.
Furthermore, smaller compounds may initially appear to be
more strongly retained because they reach portions of virgin
carbon before DOC or larger PFASs, making them susceptible
to remobilization over time. Therefore, while the forward-
modeling approach used here provides useful qualitative
insight, pilot-scale column verification experiments should be
conducted if sufficient water quantities are available.

Predicting Removal for Newly Discovered PFASs.
While the results discussed above indicate that some
polyfluorinated compounds and PFOS-like PFASs may be
removed less effectively than PFOS and PFOA during GAC
adsorption, efforts to characterize their removal are (currently)
limited. This is largely due to the absence of commercial
standards, although the detection and identification of these
compounds requires sophisticated instrumentation that is not
(yet) widely available. For these reasons, it would be useful to
relate predicted PFAS removal to more readily observable
properties, particularly as it appears that MW is not a good
indicator of breakthrough behavior. Thus, in an effort to enable
simplified predictions for removal of all PFASs present, we
examined the ability of retention time on our analytical C18
column (RTC18) to predict a compound’s breakthrough
behavior (similar to using relative chromatographic retention
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to predict a partition coefficient57), as we expect RTC18 to
mimic, to some extent, the van der Waals interactions between
the solute and sorbent (C18 versus F300) as well as kinetic
effects experienced during transport.
To this end, linear regressions were evaluated for RTC18

versus the calibrated equilibrium Kd values (Figure 5A) as well
as BVBT values predicted by the diffusion-limited transport
model (Figure 5B). RTC18 appeared to be a much-better
indicator of equilibrium Kd and BVBT than MW, potentially
because the steric effects of the bulky head groups on the
polyfluorinated compounds could be better taken into account.
Moreover, the linear relationship with RTC18 appeared to be
better for BVBT than for equilibrium Kd, suggesting that RTC18
may also account for kinetic transport effects, at least to some
degree. Importantly, however, improved regressions for
equilibrium Kd and BVBT versus MW (rather than RTC18)
may be obtained among the PFCAs, PFSAs, and FASAs (i.e.,
Figures 4, S7, and S8). Overall, these results suggest that linear
relationships with RTC18 may provide an acceptable and
relatively simple method to predict relative GAC sorption
affinity and breakthrough behavior for the broader suite of
AFFF-derived PFASs.

■ ENVIRONMENTAL IMPLICATIONS

Trends in model predictions among the different PFASs bring
to light some interesting, although not entirely unexpected,
implications. An especially important observation is that many
shorter-chain but also polyfluorinated compounds were
predicted to break through GAC sorption systems before
PFOA and PFOS by thousands of bed volumes for some
compounds. While the earlier breakthrough of shorter-chain
PFCAs and PFSAs has been well-documented,30 very little data
are available for polyfluorinated compounds and PFOS-like
compounds. This is generally more of a concern for the
polyfluorinated compounds and the PFOS-like PFASs (U-
PFOS and 7K-PFOS) than the shorter-chain PFCAs and
PFSAs, as the shorter-chain PFCAs and PFSAs tend to be less
bioaccumulative, though toxicity data are still very much lacking
for all of these chemicals.58 These findings may only scratch the
surface of the potential risks associated with these newly
discovered polyfluorinated precursors and PFOS-like PFASs: it
is quite possible that some of these chemicals are widely

present in AFFF-impacted groundwater intended for human
consumption, yet their toxicity, actual concentration, and
potential for bioaccumulation remains largely unknown.
Fortunately, the data presented here suggest that there may
be appropriate control measures to reduce the potential
exposure of populations consuming AFFF-impacted drinking
water. GAC is a commonly employed and, when employed
correctly, effective treatment technology for communities
impacted by PFAS-contaminated drinking water, although
alternative drinking water treatment technologies such as
membranes may be more effective for the broader suite of
PFASs.30 In the cases in which GAC treatment is advantageous
from a cost or operational perspective, the shorter-chain and
easily measurable PFASs such as PFBA, rather than PFOS or
PFOA, could be monitored to inform the potential for
breakthrough of these shorter-chain PFASs as well as
polyfluorinated and PFOS-like PFASs. Though not without
significant additional cost, the change-out of GAC based on
shorter-chain PFASs could ensure greater protection from
potential exposure to PFASs as a whole, including the newly
discovered polyfluorinated precursors and PFOS-like PFASs of
unknown concentration, bioaccumulation potential, and
toxicity.
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