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ABSTRACT: Per- and polyfluoroalkyl substances (PFASs) occur
in groundwater as mixtures of anionic, cationic, zwitterionic, and
nonionic species, although few remediation technologies have been
evaluated to assess the removal of different types of PFASs. In this
study, we evaluated the performance of three β-cyclodextrin
polymers (CDPs), an anion-exchange (AE) resin, and a cation-
exchange (CE) resin for the removal of anionic, zwitterionic, and
nonionic PFASs from water. We found that a CDP with a negative
surface charge rapidly removes all zwitterionic PFASs with log KD
values ranging between 2.4 and 3.1, and the CE resin rapidly
removes two zwitterionic PFASs with log KD values of 1.8 and 1.9.
The CDPs with a positive surface charge rapidly remove all anionic
PFASs with log KD values between 2.7 and 4.1, and the AE resin
removes all anionic PFASs relatively slowly with log KD values between 2.0 and 2.3. All adsorbents exhibited variable removal of the
nonionic PFASs and some adsorption inhibition at higher pH values and in the presence of groundwater matrix constituents. Our
findings provide insight into how adsorbents can be combined to remediate groundwater contaminated with complex mixtures of
different types of PFASs.

■ INTRODUCTION

There is increasing concern over the occurrence of per- and
polyfluoroalkyl substances (PFASs) in groundwater because of
their persistence and associated health effects.1−4 Although
much attention has focused on the anionic perfluoroalkyl acids,
including perfluorooctanoic acid (PFOA) and perfluoroocta-
nesulfonic acid (PFOS), recent studies demonstrate that
groundwater can contain PFASs from a variety of other
classes, including cationic, zwitterionic, and nonionic
PFASs.5−12 Although significantly less is known about the
environmental behavior and toxicity of these other classes of
PFASs,7 many exhibit similar levels of persistence and may
accumulate in biological tissues in similar ways.2,13 Addition-
ally, some zwitterionic and cationic PFASs can be transformed
into perfluoroalkyl acids in natural and engineered sys-
tems.12,14−16 Therefore, remediation technologies should be
evaluated for their potential to remove a variety of PFAS
classes.
Adsorption technologies have emerged as one of the most

promising techniques for the remediation of PFAS-contami-
nated groundwater.17−20 Granular activated carbon (GAC)
and ion-exchange resins are widely studied adsorbents that are
commonly implemented in full-scale adsorption pro-
cesses.21−23 GAC is a nonselective adsorbent that exhibits
moderate affinity for long-chain perfluoroalkyl acids but

performs poorly for short-chain perfluoroalkyl acids.17,24

Furthermore, GAC exhibits slow, diffusion-limited adsorption
kinetics25,26 and is readily fouled by matrix constituents
including inorganic ions and natural organic matter (NOM).27

These deficiencies have motivated studies focused on anion-
exchange (AE) resins as an alternative adsorbent for the
remediation of PFAS-contaminated groundwater.28,29 AE
resins exhibit higher affinity for short-chain perfluoroalkyl
acids,17,24 higher adsorption capacity,17,24 and faster adsorption
kinetics28 when compared to GAC, although their performance
can likewise be inhibited by the presence of NOM or other
inorganic ions,21,30−32 and AE resins can exhibit preferential
adsorption of perfluorosulfonic acids over perfluorocarboxylic
acids.33 To the best of our knowledge, no published study has
explored the use of cation-exchange (CE) resins for
remediation of PFAS-contaminated groundwater, although
CE resins may exhibit greater affinity for zwitterionic and
cationic PFASs. Although ion exchange is the predominant
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mechanism determining adsorbate uptake on ion-exchange
resins, other known mechanisms (e.g., electrostatic inter-
actions, hydrophobic interactions, and micelle or hemimicelle
formation) may contribute to the removal of nonanionic
PFASs.31−33 To our knowledge, no studies have evaluated the
removal of nonanionic PFASs using ion-exchange resins.
Cyclodextrin polymers (CDPs) are a class of emerging

adsorbents that rapidly remove a variety of chemicals from
water.34−36 Cyclodextrins are macrocycles of glucose that can
bind organic molecules within their interior cavity by means of
hydrophobic interactions.37 The most promising CDPs for
water remediation contain β-cyclodextrin cross-linked with a
rigid aromatic group that is functionalized to impart a surface
charge to enhance their affinity for charged adsorbates.38,39 For
example, a tetrafluoroterephthalonitrile (TFN)-cross-linked
CDP with a negative surface charge exhibits rapid uptake
and high affinity for a variety of nonionic and cationic
micropollutants,35,40,41 whereas a postsynthetically modified
derivative of the TFN-CDP with a positive surface charge
exhibits rapid uptake and high affinity for nonionic and anionic
micropollutants.39 The unique binding mechanism of CDPs
can limit adsorption inhibition by large-molecular-weight
NOM and other matrix constituents, which either cannot
access or do not bind to the interior cavity of the
cyclodextrins,35,42,43 making CDPs promising adsorbents for
environmental remediation. Others have also demonstrated
that the interior cavity of β-cyclodextrin is an excellent receptor
for linear perfluoroalkyl chains.44−47 We recently demonstrated
that CDPs with a positive surface charge exhibit rapid
adsorption kinetics and nearly complete removal of anionic
PFASs from water.39,43 However, no previous study has
explored the use of different types of CDPs for the removal of
cationic, zwitterionic, or nonionic PFASs under variable
environmental conditions.
The primary objective of this study was to evaluate the

performance of CDPs with different cross-linkers for the
removal of different classes of PFASs from water. We selected
three CDPs that exhibit different surface charges and evaluated
their potential to remove a set of 11 PFASs from water. The
PFASs included four anionic PFASs, three zwitterionic PFASs,
and four nonionic PFASs. We simultaneously evaluated the
performances of an AE resin and a CE resin to evaluate the
breadth of their PFAS removal potential. For each adsorbent,
we measured (i) adsorption kinetics for the 11 PFASs; (ii)
adsorbent affinity for the 11 PFASs; and (iii) adsorption
inhibition across a gradient of pH values in the presence and
absence of groundwater matrix constituents. We found that
each adsorbent exhibits variable adsorption kinetics and
variable adsorption affinity for anionic, zwitterionic, and
nonionic PFASs while also exhibiting some adsorption
inhibition at higher pH values and in the presence of
groundwater matrix constituents.

■ MATERIALS AND METHODS
Chemicals and Reagents. Eleven PFASs were selected to

represent a set of anionic, zwitterionic, and putatively nonionic
PFASs at circumneutral pH; we note that authentic standards
for exclusively cationic PFASs were not commercially available
at the time of the study. Four anionic PFASs including
perfluorobutanoic acid (PFBA), perfluorobutanesulfonic acid
(PFBS), PFOA, and PFOS were selected to benchmark our
data with other studies and to represent varying carbon chain
lengths and anionic head groups. The three zwitterionic PFASs

included N-dimethylammoniopropyl perfluorohexane sulfona-
mide (AmPr-FHxSA), N-trimethylammoniopropyl perfluoro-
hexane sulfonamide (TAmPr-FHxSA), and 6:2 fluorotelomer
sulfonamidopropyl betaine (6:2 FTSA-PrB, previously identi-
fied as 6:2 FTAB in the literature). All three of the zwitterionic
PFASs contain a six-carbon perfluorinated chain, have been
detected in PFAS-contaminated groundwater,6,7,48 and are
expected to be zwitterions at circumneutral pH, although some
fraction of each will be cationic at lower pH values.49−51 The
four putatively nonionic PFASs49,51,52 included perfluoro-1-
butanesulfonamide (FBSA), perfluoro-1-octanesulfonamide
(FOSA), 2-perfluorobutyl ethanol (4:2 FTOH), and 2-
perfluorooctyl ethanol (8:2 FTOH). We note that pKa
estimates for FBSA and FOSA vary greatly and one estimate
suggests that both would be predominantly anionic at
circumneutral pH;49,52 nevertheless, some fraction of each
will be nonionic at lower pH values. Authentic standards of
PFBA (Sigma-Aldrich), PFOA (Sigma-Aldrich), PFBS (TCI
American), and PFOS (Santa Cruz Biotechnology) were
purchased as solids and prepared at a concentration of 1 g L−1

in 100% LCMS-grade methanol (MilliporeSigma). Authentic
standards of 4:2 FTOH, 8:2 FTOH, AmPr-FHxSA, TAmPr-
FHxSA, and 6:2 FTSA-PrB were purchased from Wellington
Laboratories as 50 mg L−1 in 100% methanol and were used as
received. Authentic standards of FBSA and FOSA were
purchased from Wellington Laboratories as 50 mg L−1 in
100% isopropanol and were used as received. A 1 mg L−1 stock
mixture solution containing the 11 PFASs was prepared in
nanopure water with 2% LCMS-grade methanol (MilliPor-
eSigma). PFAS suppliers, structures, and estimated pKa values
of each PFAS are provided in Table S1 of the Supporting
Information.

Adsorbents. Five adsorbents were selected for this study.
DEXSORB and DEXSORB+ (Cyclopure Inc., Encinitas, CA)
are commercially available CDPs that contain cross-linkers that
impart negative and positive surface charges, respectively.
amine-CDP was synthesized as previously described and
contains cross-linkers that impart a positive surface charge at
circumneutral pH values;39 details on the amine-CDP
synthesis procedure are provided in text in the Supporting
Information and a characterization of the pore size distribution
is provided in Figure S1. Purofine PFA694E (Purolite,
Philadelphia, PA) is a commercially available AE resin
functionalized with complex amino groups and marketed for
PFAS removal from water.53 Purofine PFC100E (Purolite,
Philadelphia, PA) is a commercially available CE resin that
contains aryl sulfonic acid groups and is marketed for potable
water softening.54 Further details on the adsorbents including
particle size, surface area, and zeta potential are provided in
Table S2 of the Supporting Information.

Batch Experiments. A fixed volume of the stock mixture
solution (1 mg L−1) containing the eleven PFASs was added to
sacrificial polypropylene centrifuge tubes containing 12 mL of
nanopure water or groundwater to generate the desired initial
PFAS concentration ([PFAS]0 = 1 μg L−1 unless otherwise
noted) and mixed on a tube revolver (Thermo Fisher
Scientific) at 40 rpm at 23 °C overnight. Adsorbents were
then added to the centrifuge tubes to the desired dose
([adsorbent]0 = 10 mg L−1 unless otherwise noted). Prior to
adding CDPs to the centrifuge tube, each CDP was rehydrated
to create a homogeneous, aqueous suspension. To rehydrate
the CDPs, nanopure water was added to a 20 mL amber vial
containing approximately 10 mg of the adsorbent to create a 1
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g L−1 aqueous suspension. The vial was capped, sonicated for 1
min, and stirred on a multiposition stirrer (VWR) for 1 h at
460 rpm at 23 °C.35,38 The ion-exchange resins were massed
and added directly to each centrifuge tube. At selected time
points, 8 mL of the reactor volume was filtered through a 0.45
μm cellulose acetate filter (Restek) into a 10 mL glass LCMS
vial and spiked with a mixture of six isotope-labeled internal
standards (ILISs); we note that limited PFAS losses were
observed in recovery experiments with the 0.45 μm cellulose
acetate filters. For batch experiments targeting adsorption
kinetics, samples were taken at 0.5, 9, and 48 h. For batch
experiments targeting adsorbent affinity, samples were taken at
48 h under the standard initial conditions of [PFAS]0 = 1 μg
L−1 and [adsorbent]0 = 10 mg L−1 and also at [PFAS]0 = 2 μg
L−1 and [adsorbent]0 = 10, 25, and 50 mg L−1 to explore the
linear region of the adsorption isotherm. To evaluate the effect
of pH on PFAS adsorption, samples were taken at 48 h and the
nanopure water was modified with drops of 0.1 M HCl and 0.1
M NaOH to adjust the pH to 5.5, 7, and 8.5. To evaluate the
effect of water matrix constituents on PFAS adsorption,
samples were taken at 48 h and experiments were conducted in
groundwater with pH likewise adjusted to 5.5, 7, and 8.5. All
batch experiments were performed in triplicate alongside
triplicate control experiments conducted under the same
conditions but in the absence of the adsorbent.
Analytical Method. Samples were measured using large-

volume injection by means of HPLC-MS/MS as previously
described (QExactive, Thermo Fisher Scientific).38,39,43,55

Briefly, the mobile phase consisted of (A) LCMS-grade
water amended with 20 mM ammonium acetate and (B)
LCMS-grade methanol. Samples were injected at 5 mL
volumes onto a Hypersil Gold dC18 12 μm 2.1 × 20 mm
trap column (Thermo Fisher Scientific) and eluted onto an
Atlantis dC18 5 μm 2.1 × 150 mm analytical column (Waters).
The mobile phase was delivered starting at 40% B at 300 μL
min−1. The fraction of B in the mobile phase increased linearly
for 24 min until 90% B at 30 min; 90% B was held for 7 min
before returning to 40% B at 37 min. The HPLC-MS was
operated with electrospray ionization in the positive and
negative polarity mode. The neutral mass formula, the neutral
mass, the dominant adduct, the extract mass, the retention
time, and the selected ILISs for each target PFAS are provided
in Table S3. An eleven-point, matrix-matched calibration curve
with concentrations ranging from 0 to 2000 ng L−1 was
prepared for the quantification of PFASs in samples from the
kinetics and affinity experiments for all adsorbents, and the
experiments were designed to address effects of pH and matrix
constituents for the CE resin. A ten-point, matrix-matched
calibration curve with concentrations ranging from 0 to 1500
ng L−1 was prepared for the quantification of PFASs in samples
from the experiments designed to address effects of pH and
matrix constituents for DEXSORB, DEXSORB+, amine-CDP,
and the AE resin. Analytes were quantified from the calibration
standards based on the PFAS target-to-ILIS peak area ratio
responses by linear least-squares regression. Calibration curves
were run at the beginning of the analytical run. Instrument
blanks were run before and after the calibration curve and each
batch of triplicate samples. Limits of quantification (LOQs) for
each PFAS were determined as the lowest point on the
calibration curve with at least five MS scans and a PFAS target-
to-ILIS peak area ratio that could be distinguished from the
blank.43 Concentrations measured below the LOQ were
conservatively redefined as the LOQ when calculating

adsorption density and removal. The coefficient of determi-
nation (R2) and LOQ for each PFAS in each experiment are
provided in Table S4.

Data Analysis. PFAS removal was determined as described
in eq 1

=
−

×
C C

C
% removal 100t0

0 (1)

where C0 [ng L−1] is the average concentration of a given
PFAS in the control samples and Ct [ng L−1] is the
concentration of the PFAS in the sample at time t. Any
incidental PFAS losses were assumed to occur to the same
extent in control and experimental treatments and were
therefore not explicitly considered in eq 1. Adsorption density
was calculated as described in eq 2

=
−

q
C C
Ct

t0

ads (2)

where qt [μg g−1] is the adsorption density at time t, C0 [ng
L−1] is the average concentration of a given PFAS in the
control samples, Ct [ng L

−1] is the concentration of the PFAS
in the sample at time t, and Cads [mg L−1] is the concentration
of the adsorbent used in the experiment. The distribution
coefficient (KD) was calculated as

= ×K
q

C
1000 t

t
D

(3)

where KD is in units of L g−1 and was calculated at t = 48 h.
The R Statistical Software v3.5.2 was used to compute analysis
of variance (ANOVA) and Tukey’s honest significance
difference (Tukey-HSD) to assess differences among exper-
imental groups (p < 0.01).

■ RESULTS AND DISCUSSION
Adsorption Kinetics.We first characterized the adsorption

kinetics of the 11 target PFASs on each of the five adsorbents.
Data describing adsorption kinetics provide insight on how
long it takes for a particular adsorption process to reach
equilibrium. Adsorption kinetics experiments also enable
evaluation of desorption, which is an important consideration
when evaluating PFAS adsorption on any adsorbent; it is often
reported that short-chain PFASs will desorb after an initial
period of rapid adsorption.22,30 The results of our batch
kinetics experiments are presented in Figure 1 as a time series
detailing the average and standard deviation (%) of the
removal for each of the 11 PFASs by each adsorbent at 0.5, 9,
and 48 h. Although the adsorption kinetics of the four anionic
PFASs have been previously explored for a variety of
adsorbents,33,39,43,56 this is the first known study evaluating
the adsorption kinetics of the three zwitterionic PFASs and the
four nonionic PFASs using CDPs and ion-exchange resins.
DEXSORB exhibits rapid adsorption of the three zwitter-

ionic PFASs (64% average removal for AmPr-FHxSA, 56% for
TAmPr-FHxSA, and 47% for 6:2 FTSA-PrB in 0.5 h) and
adsorption equilibrium is attained within 9 h; the adsorption of
the three zwitterionic PFASs is stable at 9 h and 48 h (p <
0.01) with a removal of approximately 75%. The CE resin
likewise exhibits rapid adsorption of AmPr-FHxSA and
TAmPr-FHxSA (50% average removal for AmPr-FHxSA and
48% for TAmPr-FHxSA in 0.5 h) followed by continued slow
removal to achieve approximately 71% removal at 48 h.
However, relatively slow removal was observed for 6:2 FTSA-
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PrB, with no removal observed at 0.5 h and only 19% average
removal attained at 48 h. None of the other adsorbents exhibit
rapid removal of any zwitterionic PFASs, with amine-CDP
exhibiting only slow removal of 6:2 FTSA-PrB and attaining
only 22% average removal after 48 h. The high and rapid
removal of all three zwitterionic PFASs by DEXSORB suggests
that DEXSORB is better suited to remove zwitterionic PFASs
than the other adsorbents, although the CE resin also shows
promise for removing some zwitterionic PFASs from water.
DEXSORB also exhibits relatively slow removal of FBSA and
FOSA, reaching 14% and 47% average removal by 48 h,
respectively; these observations demonstrate the potential of
DEXSORB to remove nonionic PFASs from water. The CE
resin also exhibits some removal of FOSA but no removal of
FBSA. The remaining anionic PFASs and nonionic PFASs are
not removed to a significant extent by DEXSORB or the CE
resin.
DEXSORB+ and amine-CDP exhibit rapid adsorption of the

four anionic PFASs and the two nonionic perfluorosulfona-
mides (>62% average removal in 0.5 h). The adsorption of all
six PFASs increases significantly at 9 h of contact time with
DEXSORB+, reflecting slower adsorption kinetics for these
PFASs. Equilibrium adsorption is achieved for all six PFASs on
DEXSORB+ at 9 h with no significant desorption observed. In
contrast, all six PFASs achieve complete adsorption uptake on
amine-CDP at 0.5 h. However, some slight but significant
desorption was observed for PFBA (∼10%) and FBSA (∼14%)
after 48 h of contact time; desorption of short-chain anionic
PFASs has been previously reported for activated carbon and
has been attributed to competition with adsorbates with higher
affinity.22,57 In this case, competition with long-chain anionic
PFASs or with 6:2 FTSA-PrB may have contributed to the
noted desorption. Together, these data suggest that
DEXSORB+ and amine-CDP are effective at rapidly removing
anionic PFASs and two nonionic perfluorosulfonamides,
although DEXSORB+ exhibits slower adsorption kinetics and
amine-CDP exhibits some desorption potential.

In contrast to the three CDPs and the CE resin, the AE resin
did not exhibit rapid adsorption of any of the PFASs. Instead,
slowly increasing adsorption was observed for the four anionic
PFASs and FBSA, reaching a maximum of 60% removal of
PFOS and a minimum of 46% removal for PFBA at 48 h. We
note that the relatively slow adsorption kinetics observed for
the AE resins could be the result of the study design that relied
on a fixed concentration of each adsorbent in its as-received
morphology. The relatively large particle size of the AE resins
(Table S2) likely played a role in the results of the kinetics
experiments and improved adsorption kinetics are expected for
higher doses of AE resins58 or with modified (i.e., ground) AE
resin particles.59 Nevertheless, it is interesting to note steady
adsorption of the four anionic PFASs and FBSA (but not
FOSA) without any evidence of desorption; the data from the
perfluorosulfonamides suggest that FBSA exhibits some
anionic properties at circumneutral pH, whereas FOSA
exhibits more nonionic adsorbate behavior.
None of the adsorbents removed the nonionic fluorotelomer

alcohols to a significant extent. We note that these two PFASs
were not reliably measured and had relatively high LOQs
(Table S4). This may be due to the formation of poorly
ionized acetate adducts in the mass spectrometer or other
analytical challenges.60 Regardless, it is worth noting that these
nonionic PFASs with four- and eight-carbon perfluorinated
chains are not well-removed by CDPs with either positive or
negative surface charges or by ion-exchange resins. Other
nonionic molecules have exhibited varying extents of affinity
for CDPs but that variability has been positively associated
with molecular size.35,40 The noted adsorption of PFOA,
PFOS, and FOSA among the CDPs suggests that 8:2 FTOH
should be of sufficient size to interact with the interior cavity of
the cyclodextrin monomer. We therefore suspect that the
fluorotelomer alcohols may aggregate or accumulate at air−
water interfaces (as has been demonstrated for other types of
PFASs)61 and may not be uniformly dissolved in the aquatic
matrix which may limit their transport to the binding sites in
the interior cavity of the cyclodextrin monomer.

Figure 1. Average and standard deviation (%) of triplicate measurements of removal of each PFAS on each adsorbent after 0.5, 9, and 48 h of
contact time. The kinetics experiments were conducted at [PFAS]0 = 1 μg L−1 and [adsorbent]0 = 10 mg L−1.
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Adsorbent Affinity for Different PFASs. We next
characterized the affinity of each adsorbent for each of the
11 target PFASs. Although the affinity of adsorbents for any
adsorbate is typically characterized by adsorption iso-
therms,62,63 PFASs are present at low concentrations in
groundwater so complete isotherms do not provide relevant
data for this study.64 Here, we use distribution coefficients
(KD) calculated from data in the linear region of the adsorption
isotherm to provide a better description of adsorption affinity
at low concentrations.40,65 We used data from our adsorption
affinity experiments to calculate KD values for each PFAS on
each adsorbent. We used the experimental conditions of
[PFAS]0 = 2 μg L−1 and [adsorbent]0 = 25 mg L−1 to first
define the KD value and then incorporated data from other
experimental scenarios for which the calculated KD value was
not statistically different from the defined KD value. This
conservative approach was implemented as a quality control
measure to ensure that we were estimating constant KD values
that represent the linear range of the nonlinear isotherm.40,66

In Figure 2, we plot the average log KD values and the relative
error for each PFAS on each adsorbent. The log KD values used
to generate Figure 2 are provided in Table S5.

DEXSORB exhibits moderate (average log KD > 2 for
TAmPr-FHxSA and 6:2 FTSA-PrB) to high (average log KD >
3) affinity for the three zwitterionic PFASs. This is notable
because none of the other adsorbents exhibit such affinity for
the three zwitterionic PFASs; the CE resins have average log
KD values of 1.8 and 1.9 for AmPr-FHxSA and TAmPr-FHxSA,
respectively, but an average log KD value of −1.1 for 6:2 FTSA-

PrB. This suggests that the cationic functional groups on the
zwitterionic PFASs likely play an important role in determining
their affinity for CDP adsorbents. Zwitterionic PFASs
containing betaine or quaternary ammonium functional groups
have been found to bind strongly to negatively charged soil
particles67−70 providing further evidence for the role that
cationic functional groups play in the fate of zwitterionic
PFASs. DEXSORB exhibits poor affinity for all four anionic
PFASs (average log KD < 0.5). This is expected, as we
previously reported that a similar CDP with a negative surface
charge exhibits poor removal of PFBA and PFOA.35,41

Interestingly, DEXSORB has average log KD values of 1.1
and 2.3 for the nonionic perfluorosulfonamides FBSA and
FOSA, respectively, but poor affinity for the fluorotelomer
alcohols (4:2 FTOH and 8:2 FTOH). The variable affinity of
DEXSORB for nonionic PFASs agrees with our previous
observations of variable removal of nonionic micropollutants
by CDPs;35,39−41 furthermore, the moderate affinity for the
perfluorosulfonamides suggests either that some significant
fraction of these PFASs is indeed nonionic at circumneutral
pH or that the negative charge of the deprotonated
sulfonamide group is insufficient to limit their affinity for
DEXORB.
DEXSORB+ and amine-CDP exhibit high affinity (average

log KD > 3) for the four anionic PFASs, with the exception
being an average log KD value of 2.7 for PFBA on amine-CDP.
This high affinity is expected, as we previously reported that
DEXSORB+ and amine-CDP exhibit generally good removal
of anionic PFASs.39,43 DEXSORB+ and amine-CDP also
exhibit moderate affinity for FBSA and high affinity for FOSA,
with a notable improvement of affinity for FBSA relative to
DEXSORB. The improved affinity of the sulfonamides for the
CDPs with a positive surface charge suggests that electrostatic
interactions are important to some degree and that some
fraction of the sulfonamides may be anionic as suggested by
their estimated pKa values (Table S1). Finally, DEXSORB+
and amine-CDP exhibit poor affinity (average log KD < 0.5) for
the zwitterionic PFASs and the fluorotelomer alcohols.
The AE resin exhibits moderate affinity (average log KD > 2)

for the four anionic PFASs and FBSA. FBSA exhibits identical
affinity for the AE resin as PFBA, providing further evidence
that FBSA is at least partially anionic at circumneutral pH and
relies on electrostatic interactions to be removed by the
adsorbents. Interestingly, FOSA has an average log KD value of
1.4 on the AE resin providing additional evidence that FOSA is
more nonionic at circumneutral pH and relies more on
hydrophobic interactions with the CDP adsorbents. The AE
resin exhibits poor affinity for the fluorotelomer alcohols and
zwitterionic PFASs. We note that our experimental design
limits our ability to compare the absolute values of affinity for
the AE resin with the values reported for the CDPs. The CDPs
have a greater external surface area and may result in more
rapid equilibration than the AE resins (Table S2); previous
studies evaluating AE resins ground the resins into smaller
particles,59 used greater concentrations of the resins,29,31 or
relied on contact times up to 10 days to evaluate their
performance.29

Effects of pH on PFAS Adsorption.We next explored the
effects of pH and water matrix constituents on the adsorption
of PFASs on each of the five adsorbents. We performed batch
equilibrium experiments across a gradient of environmentally
relevant pH values (5.5, 7, and 8.5) to measure the removal of
each PFAS at 48 h in nanopure and groundwater. We exclude

Figure 2. Plots of the average and relative error of the log-transformed
distribution coefficients (log KD) for 11 PFASs and five adsorbents.
PFASs that are plotted in the lowest part of the panel have KD values
of 0 g L−1 (i.e., no affinity for the adsorbent). The PFAS-adsorbent
concentrations that were tested were [PFAS]0 = 1 μg L−1 and
[adsorbent]0 = 10 mg L−1; [PFAS]0 = 2 μg L−1 and [adsorbent]0 = 10
mg L−1; [PFAS]0 = 2 μg L−1 and [adsorbent]0 = 25 mg L−1; and
[PFAS]0 = 2 μg L−1 and [adsorbent]0 = 50 mg L−1. 8:2 FTOH was
undetected in the control samples for the CE experiments and is not
shown in the figure. When no error bars are visible, the error was
smaller than the size of the data point.
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4:2 FTOH and 8:2 FTOH from our data analysis because the
analytical data did not meet our quality control criteria (Table
S4). The data presented in Figure 3 show the removal of each
of the remaining nine PFASs at each pH value in a nanopure
matrix (blue) and in a groundwater matrix (yellow); data for
PFASs that were not removed on certain adsorbents are not
shown in Figure 3.
pH influences the surface chemistry and surface charge of

adsorbents and also influences the speciation of adsorbates.
According to estimated pKa values for each of the nine PFASs
included in this part of our study (Table S1), the four anionic

PFASs should remain anionic over the pH range studied, but
the other PFASs may experience some changes in speci-
ation.49,50,52 The predicted pKa values for the perfluorosulfo-
namides range between 3.3 and 6.6.49,52 Our data from the
affinity and kinetics experiments show that the perfluorosulfo-
namides exhibit behavior that resembles both anionic PFASs
(particularly for FBSA) and nonionic micropollutants (partic-
ularly, for FOSA). Therefore, the pKa of FOSA is likely closer
to 6.6 and the pKa for FBSA is likely somewhat lower.
Nevertheless, we expect that both FBSA and FOSA will be
more nonionic at lower pH values and more anionic at higher

Figure 3. Average removal of PFASs by adsorbents that had nonnegligible removal. Effects of pH and matrix constituents were evaluated at pH 5.5,
7, and 8.5. Blue = nanopure water, yellow = groundwater. Samples were collected after a contact time of 48 h, with [PFAS]0 = 1 μg L−1 and
[adsorbent]0 = 10 mg L−1.
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pH values. The three zwitterionic PFASs are all expected to be
zwitterionic at circumneutral pH. However, all three could
become cations at lower pH values; AmPr-FHxSA is an anion
at higher pH values, and 6:2 FTSA-PrB has a second acidic
group that can deprotonate at higher pH values (see Table S6
for structures and speciation estimates for the zwitterionic
PFASs). As for the adsorbents, DEXSORB incorporates weakly
acidic functional groups in the cross-linker and can therefore
become deprotonated (i.e., more negative) with increasing
pH;71 our measurements of zeta potential demonstrate that the
surface charge of DEXSORB is significantly more negative at
pH 8.5 (Table S2). amine-CDP incorporates weakly basic
functional groups in the cross-linker and can likewise become
deprotonated (i.e., less positive) with increasing pH.39

However, no significant change in zeta potential was noted
for amine-CDP at the different pH values (Table S2)
suggesting that the pKa value of the weakly basic amine
groups is greater than 8.5. The AE resin contains complex
amino groups that can likewise deprotonate with increasing pH
and adsorption on the AE resin may consequently be
influenced by pH changes.72 DEXSORB+ and the CE resin
do not contain weakly acidic or basic functional groups, so the
surface charge is not influenced by changes in pH (Table S2).
The top-left region of Figure 3 shows the average removal of

the zwitterionic PFASs as a function of pH on DEXSORB and
the CE resin in nanopure water (blue); the other three
adsorbents are not included in the analysis because removal of
zwitterionic PFASs on DEXSORB+, amine-CDP, and the AE
resin was negligible. We expect lower pH values to change the
speciation of the zwitterionic PFAS to be more cationic,
whereas higher pH values will change the speciation of AmPr-
FHxSA and 6:2 FTSA-PrB making them more anionic while
strengthening the negative surface charge of DEXSORB. Our
results suggest that these changes in speciation resulting from
changes in pH have no significant effect on the adsorption of
zwitterionic PFASs on DEXSORB and the CE resin in
nanopure water, as no significant changes in removal of the
zwitterionic PFASs on DEXSORB and the CE resin were
observed across the tested pH range (p < 0.01).
The top-right region of Figure 3 shows the average removal

of the anionic PFASs as a function of pH on DEXSORB+,
amine-CDP, and the AE resin in nanopure water (blue);
DEXSORB and the CE resin are not included in the analysis
because removal of anionic PFASs on DEXSORB and the CE
resin was negligible. The data here demonstrate that
adsorption of anionic PFASs on the AE resin is not
significantly dependent on the pH (p < 0.01), although a
previous study reported adsorption inhibition of anionic
PFASs for AE resins (functionalized with tertiary amine
groups) because of the decreased adsorption sites at higher
pH.72 Conversely, the adsorption of some anionic PFASs on
DEXSORB+ and amine-CDP is pH-dependent; this pH
dependency is determined by the chain length and head
group of the PFAS. For DEXSORB+, only the adsorption of
PFBA is significantly influenced by pH with 70% removal
observed at pH of 5.5 and 30% removal observed at pH 8.5. A
more dramatic influence of pH is noted for amine-CDP, with
the adsorption of PFBA, PFOA, and PFBS all significantly
inhibited with increasing pH. Although no statistically
significant change in zeta potential was observed for amine-
CDP across the gradient of pH values investigated, the
adsorption inhibition on amine-CDP may still be linked to
some deprotonation of surface functional groups at increasing

pH values. The adsorption inhibition on DEXSORB+ is not
attributable to deprotonation of surface functional groups and
is therefore attributed to competition of cationic surface sites
with an increased abundance of hydroxide anions at higher pH
values.
The bottom region of Figure 3 shows the average removal of

the nonionic perfluorosulfonamides as a function of pH on all
five adsorbents in nanopure water (blue). We expect that these
perfluorosulfonamides will be mostly neutral at a pH of 5.5 and
at least partly anionic at pH 8.5. The data here demonstrate
again that the adsorption of perfluorosulfonamides on ion-
exchange resins is not pH-dependent (p < 0.01). However,
some interesting trends emerge among the CDPs. DEXSORB
does not remove FBSA to a significant extent at any pH, but
DEXSORB removes FOSA better at pH 5.5 and 7, when
FOSA is expected to be more nonionic. At pH 8.5, FOSA is
expected to be more anionic and the surface charge of
DEXSORB is more negative. Therefore, the adsorption
inhibition observed here is likely due to the emergence of
repulsive electrostatic interactions. The adsorption of FOSA on
DEXSORB+ and amine-CDP is not significantly influenced by
pH, suggesting that the increasingly anionic FOSA (at
increasing pH) maintains a high affinity for the permanently
positively charged DEXSORB+ and amine-CDP. On the other
hand, the adsorption of FBSA on amine-CDP is significantly
inhibited at increasing pH values, suggesting that some
deprotonation of amine-CDP may contribute to the significant
adsorption inhibition of FBSA.

Effects of Matrix Constituents on PFAS Adsorption.
We also evaluated the performance of each adsorbent in a real
groundwater matrix. The groundwater selected for these
experiments contained no background levels of any of the
PFASs included in the study and had an in situ pH of 8.4. We
adjusted the pH of the groundwater in the same way we
adjusted the pH of the nanopure, and therefore, the results
presented in Figure 3 (groundwater = yellow) describe
differences that can be attributed to the presence of inorganic
anions, inorganic cations, and NOM. Data on the abundance
of these constituents in the groundwater are provided in Table
S7.
The data presented in Figure 3 show that the presence of

matrix constituents significantly inhibited the adsorption of
most of the PFASs on each of the adsorbents. The adsorption
inhibition noted for the AE resin was most likely resulting from
the presence of inorganic anions31,32 and NOM21,30 that
compete with PFASs for adsorption sites on the resin; sulfate
(18.7 mg L−1) and chloride (8.9 mg L−1) were the most
abundant anions measured in the groundwater, and the NOM
concentration was 1.1 mg L−1. On the other hand, the
adsorption inhibition noted for the CE resin, particularly, for
AmPr-FHxSA and TAmPr-FHxSA, is attributed to the
presence of inorganic cations including calcium (26.8 mg
L−1) and sodium (23.2 mg L−1). DEXSORB was the least
inhibited adsorbent in the groundwater matrix and the
adsorption of 6:2 FTSA-PrB was not inhibited at any pH
value. Interestingly, the adsorption of AmPr-FHxSA and
TAmPr-FHxSA was inhibited at higher pH values in
groundwater but not in nanopure water, suggesting that
speciation of matrix constituents was responsible for the
adsorption inhibition; it is possible that anionic NOM could
interact with the positive charge on the zwitterionic PFAS to
contribute to adsorption inhibition. Finally, adsorption of most
of the anionic and neutral PFAS on DEXSORB+ and amine-
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CDP was significantly inhibited in the groundwater; only the
adsorption of PFOS and FOSA on DEXSORB+ was not
significantly inhibited in groundwater. We expect that
interferences caused by the presence of inorganic ions and
low-molecular-weight NOM may be driving adsorption
inhibition in groundwater.42,43

Environmental Implications. This study offers the first
systematic exploration on the performance of emerging
adsorbent technologies, including CDPs and ion-exchange
resins, for the removal of different classes of PFASs from water.
We found that DEXSORB (a CDP with a negative surface
charge) exhibits the best performance for removing zwitter-
ionic PFASs from groundwater. Our findings show that
zwitterionic PFASs behave more similarly to cations than
anions, which can have important implications in evaluating
other remediation technologies, including adsorption with CE
resins. We also demonstrated that nonionic PFASs (perfluor-
osulfonamides and fluorotelomer alcohols) are removed to
varying degrees by CDPs but are generally not removed well
by ion-exchange resins. Although the latter observation was
expected, it was not expected that neutral PFASs of the
appropriate size would not be removed by CDPs. These data
suggest that electrostatic interactions play an important role in
determining the affinity of CDPs for PFASs. Although all
adsorbents exhibited some level of inhibition in real ground-
water, a combination of adsorbents could be used to remove
complex mixtures of PFASs from contaminated groundwater.
Finally, we note that previous studies with CDPs have also
demonstrated facile regeneration and reuse potential in proof-
of-concept experiments.34,36 These observations, coupled with
the findings of the present study, support the continued
investigation of CDPs as alternative adsorbents for remediation
of PFAS-contaminated groundwater.
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Railway Accident. Environ. Sci. Technol. 2017, 51, 8313−8323.
(9) Munoz, G.; Duy, S. V.; Labadie, P.; Botta, F.; Budzinski, H.;
Lestremau, F.; Liu, J.; Sauve,́ S. Analysis of Zwitterionic, Cationic, and
Anionic Poly- and Perfluoroalkyl Surfactants in Sediments by Liquid
Chromatography Polarity-Switching Electrospray Ionization Coupled
to High Resolution Mass Spectrometry. Talanta 2016, 152, 447−456.
(10) Moe, M. K.; Huber, S.; Svenson, J.; Hagenaars, A.; Pabon, M.;
Trümper, M.; Berger, U.; Knapen, D.; Herzke, D. The Structure of the
Fire Fighting Foam Surfactant Forafac1157 and Its Biological and
Photolytic Transformation Products. Chemosphere 2012, 89, 869−
875.
(11) D’Agostino, L. A.; Mabury, S. A. Identification of Novel
Fluorinated Surfactants in Aqueous Film Forming Foams and

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c04028
Environ. Sci. Technol. 2020, 54, 12693−12702

12700

https://pubs.acs.org/doi/10.1021/acs.est.0c04028?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04028/suppl_file/es0c04028_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+R.+Dichtel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3635-6119
http://orcid.org/0000-0002-3635-6119
mailto:wdichtel@northwestern.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Damian+E.+Helbling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2588-145X
mailto:damian.helbling@cornell.edu
mailto:damian.helbling@cornell.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Casey+Ching"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+J.+Klemes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4481-890X
http://orcid.org/0000-0002-4481-890X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brittany+Trang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04028?ref=pdf
https://dx.doi.org/10.1002/ieam.258
https://dx.doi.org/10.1002/ieam.258
https://dx.doi.org/10.1021/acs.est.6b04806
https://dx.doi.org/10.1021/acs.est.6b04806
https://dx.doi.org/10.1021/acs.estlett.6b00260
https://dx.doi.org/10.1021/acs.estlett.6b00260
https://dx.doi.org/10.1021/acs.estlett.6b00260
https://dx.doi.org/10.1021/acs.estlett.6b00260
https://dx.doi.org/10.1021/es3034999
https://dx.doi.org/10.1021/es3034999
https://dx.doi.org/10.1021/es3034999
https://dx.doi.org/10.1021/es3034999
https://dx.doi.org/10.1021/acs.est.6b05843
https://dx.doi.org/10.1021/acs.est.6b05843
https://dx.doi.org/10.1021/acs.est.6b05843
https://dx.doi.org/10.1021/acs.est.7b02028
https://dx.doi.org/10.1021/acs.est.7b02028
https://dx.doi.org/10.1021/acs.est.7b02028
https://dx.doi.org/10.1016/j.talanta.2016.02.021
https://dx.doi.org/10.1016/j.talanta.2016.02.021
https://dx.doi.org/10.1016/j.talanta.2016.02.021
https://dx.doi.org/10.1016/j.talanta.2016.02.021
https://dx.doi.org/10.1016/j.chemosphere.2012.05.012
https://dx.doi.org/10.1016/j.chemosphere.2012.05.012
https://dx.doi.org/10.1016/j.chemosphere.2012.05.012
https://dx.doi.org/10.1021/es403729e
https://dx.doi.org/10.1021/es403729e
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c04028?ref=pdf


Commercial Surfactant Concentrates. Environ. Sci. Technol. 2014, 48,
121−129.
(12) Dauchy, X.; Boiteux, V.; Colin, A.; Heḿard, J.; Bach, C.; Rosin,
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