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Per and polyfluoroalkyl substances (PFASs) have raised great concern due to their ubiquity in aquatic
environments, and adsorption technologies are among the most promising treatment solutions. This
study investigated the key factors that influence the adsorption of anionic PFASs on conventional and
emerging adsorbents. Batch adsorption experiments were conducted to evaluate the removal of 20 target
PFASs at environmentally relevant concentrations by three different activated carbon (AC) materials and
two different B-cyclodextrin polymers (CDPs). Experiments were conducted in Milli-Q water and in
Keywords: groundwater. Major physical properties of the adsorbents were measured, along with general water
PFAS chemistry parameters for each groundwater sample. Principal component analysis (PCA) was subse-
quently employed to extract the important associations from the multivariate dataset. The distinct
performances of ACs and CDPs were attributed to their different surface chemistry and the distinct
nature of their adsorption binding sites. Hydrophobic interactions dominated PFAS adsorption onto ACs
while CDPs mostly attracted anionic PFASs via favorable electrostatic interactions. ACs of a smaller
average particle size performed better, with our data pointing to an increased external specific surface
area as the likely reason. pH and the concentration of cations were the primary contributors to adsorption
inhibition in groundwater. Higher pH values limit anionic PFAS adsorption by deprotonating the func-
tional groups on adsorbent surfaces. The elevated levels of cations in some groundwater samples limited
the effects of attractive electrostatic interactions. Knowledge of PFAS adsorption mechanisms gained
from this study can be used to design more efficient adsorbents and to predict their performance under a
range of environmental scenarios.
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care products, and firefighting foams (Guelfo et al., 2018; Schultes
et al., 2019). Most perfluoroalkyl acids are present as anionic spe-

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are anthropogenic
compounds that were first introduced to the global market in the
1940s, and have been used as additives in food packaging, fabrics,
carpets, nonstick cookware, paints, adhesives, electronics, personal

Abbreviations: pHy,c, point of zero charge of an adsorbent; ILIS, isotope-labeled
internal standard; AC, activated carbon; CDP, B-cyclodextrin polymer; SUVA, spe-
cific UV absorbance; TOC, total organic carbon; HPLC, high-performance liquid
chromatography; MS, quadrupole-orbitrap mass spectrometer; QC, quality control;
LOQ, limit of quantification; PCA, principal component analysis.
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cies in the environment, rendering them highly water soluble. One
major pathway for human exposure to PFASs is the consumption of
contaminated drinking water (Domingo and Nadal, 2019; Guelfo
et al., 2018; Hatton et al., 2018; Martin et al., 2019). However,
PFASs have such strong thermal, chemical, and biological stability
that they are recalcitrant to most conventional drinking water
treatment processes (Houtz et al., 2018; Merino et al., 2016).
Adsorption of PFASs has been shown to be an effective removal
technology, especially when applied to address real-world com-
plexities (Arias Espana et al., 2015; Ateia et al., 2019; Klemes et al.,
2019).

Activated carbons (ACs) are currently the most widely applied
conventional adsorbents for PFAS removal from water. Granular
ACs have been used to remove PFAS from water in packed-bed
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filtration systems, though slow adsorption kinetics on granular ACs
can lead to early breakthrough unless systems are designed with a
significant excess of AC (Xiao et al, 2017b; Yu et al., 2009).
Powdered ACs exhibit faster adsorption kinetics, but are more
appropriately used in batch adsorption contactors that have lower
water throughput (Hansen et al., 2010; Yu et al., 2009). In addition,
the efficiency of granular and powdered ACs can be compromised
by water matrix constituents including natural organic matter and
inorganic ions, which leads to frequent regeneration or replace-
ment of ACs (Inyang and Dickenson, 2017; Rahman et al., 2014).
These deficiencies make ACs rather expensive options for remedi-
ation of PFAS-contaminated water.

B-Cyclodextrin polymers (CDPs) are emerging adsorbents that
offer an alternative solution for remediation of PFAS-contaminated
water. Previous research with CDPs has focused on the removal of
perfluorooctanoic acid (PFOA) or perfluorooctane sulfonate (PFOS)
from Milli-Q water (Karoyo and Wilson, 2013; Xiao et al., 2017a),
though the efficacy of CDPs for removing broader groups of PFAS
from groundwater has not been fully explored. More recently, we
demonstrated that a novel CDP crosslinked with a reduced ter-
ephthalonitrile (referred to as amine-CDP, or aCDP, in this manu-
script) exhibits high affinity for a set of ten anionic PFAS, with
reported removal efficiencies of 80—98% in Milli-Q water (Klemes
et al, 2019). However, no CDP has been evaluated for anionic
PFAS removal in a real water matrix, and the effects of water matrix
constituents on the performance of CDPs remain unknown.

This study was designed to help bridge these knowledge gaps and
to specifically fulfill the following objectives: (1) evaluate the per-
formance of conventional ACs and emerging CDPs to remove a wide
range of PFASs from pure water and groundwater; (2) explore the
physical properties of ACs that contribute to variable performance;
and (3) explore the constituents of groundwater that influence the
adsorption of anionic PFASs on each adsorbent. To meet the objec-
tives, we first conducted batch adsorption experiments to evaluate
the removal of 20 anionic PFASs at environmentally relevant con-
centrations by three conventional AC materials and two novel CDPs in
Milli-Q water. The three best-performing adsorbents were subse-
quently selected to evaluate the removal of the target PFASs in spiked
groundwater and in PFAS-contaminated groundwater. Various pa-
rameters describing the adsorbent characteristics and groundwater
matrices were measured. Principal component analysis (PCA) was
then employed to extract the important relationships from the
multivariate dataset. The results of this study provide new insights on
the factors that influence the adsorption of anionic PFAS on conven-
tional and emerging adsorbents in aquatic matrices.

2. Materials and methods
2.1. PFAS stock solutions and reagents

We selected 20 PFASs as adsorbates for this study. These PFASs
were selected to represent a set of anionic PFASs with varying hy-
drophobicity and types of hydrophilic head groups. Specifically, we
selected nine perfluorocarboxylic acids (PFCAs), seven per-
fluorosulfonic acids (PFSAs), three fluorotelomer sulfonic acids
(FTSs), and perfluoro-2-methyl-3-oxahexanoic acid (GenX). Stock
solutions of each PFAS were prepared in appropriate solvents at a
concentration of 1 g L~ or 50 mg L™, depending on the solubility of
the PFAS. The stock solutions were then used to prepare an
analytical mixture containing all 20 target PFASs, and an internal
standard mixture containing 7 isotope-labeled internal standards
(ILISs), both in Milli-Q water and at a concentration of 100 pug L~
The stock solutions and mixtures were stored at —20 °C and 4 °C,
respectively, until usage. Details regarding the 20 PFASs, the 7 ILISs,
and the solvents and reagents used in this study are provided in

Tables S1 and S2 of the Supplementary Data (SD).
2.2. Adsorbent materials

We selected three activated carbon materials (ACs) and two B-
cyclodextrin polymers (CDPs) as adsorbents for this study. These
include the commercially available CCAC AquaCarb® (1230C,
Westates Carbon, Siemens, Roseville, MN), AWAC Filtrasorb® (400-
M, Calgon Carbon Co., Pittsburgh, PA), and CDP+ (DEXSORB + ™,
CycloPure, Encinitas, CA); we note that the performance of CDP+ is
reported here for the first time. We also acquired HFAC (granular
activated carbon used at a local drinking water treatment facility to
process PFAS-contaminated groundwater) and synthesized aCDP
(amine-CDP) according to a previously described method (Klemes
et al., 2019). Each AC was pulverized with a mortar and pestle
and sieved into different particle size bins (10—75, 125-212,
425—-850, and 1000—1700 pm); the two smaller size bins are
representative of PAC and the two larger size bins are representa-
tive of GAC. All sieved ACs were stored in amber vials at room
temperature until use in experiments. A detailed material charac-
terization of the adsorbents, including measurements of the par-
ticle size, total pore volume, micropore volume, and zeta-potential, is
provided in Table S3. The particle diameters were determined using
U.S. standard sieves; the total pore and micropore volumes were
measured with N, adsorption isotherms generated using a Micro-
meritics ASAP 2420; the zeta-potential values were measured at pH
7—8, using a Malvern Zetasizer Nano instrument with a He—Ne
laser (633 nm, max 5 mW).

2.3. Groundwater sources and characterizations

We collected groundwater from two wells near military training
sites in Pennsylvania, which we note as WA and AA in this study.
Based on their background concentrations of PFCAs and PFSAs
(Fig. S1), these groundwater samples were representative of PFAS-
contaminated groundwater. Groundwater from a private well in
New York (GW) was selected as the representative sample for un-
contaminated groundwater and was used for spiked groundwater
experiments. All groundwater samples were collected in 1L HDPE
sampling bottles to minimize potential PFAS adsorption onto any
surface, then sealed with parafilm and transported to our labora-
tory in Styrofoam coolers packed with frozen ice packs. Trizma base
was used as a buffer and PFAS preservative during the collection of
some of the samples. Specifically, groundwater samples WA-A, AA-
A, GW-A were amended with Trizma to a final concentration of
5 g L' (as instructed in EPA method 537.1) and groundwater
sample WA-D was collected with no Trizma added. All samples
were stored at 4 °C upon receipt, until usage. The groundwater
samples were handled with polypropylene syringes and filtered
through 0.22 pm PVDF filters (Restek) prior to any experiment or
analysis. General water chemistry parameters were measured for
all filtered groundwater samples, including: pH, conductivity, total
organic carbon (TOC), specific UV absorbance (SUVA), and the
concentrations of a variety of cations and anions (K*, Ca**, Na™,
Mg?*, F~, CI~, NO3, SOZ~, PO3"). All parameters were measured
using standard methods; further details and the resulting data are
provided in Tables S4 and S5. All water chemistry analyses were
conducted within 4 weeks of receiving a groundwater sample.

2.4. Rotator batch experiments

For spiked experiments, 10 mL of the water sample (Milli-Q or
GW-A) was transferred into 15 mL polypropylene centrifuge tubes
(Corning) and spiked with the 20 PFAS analytical mixture to a target
concentration of 500 ng L™! (adsorbate concentration selected to
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represent an environmentally relevant level). For unspiked exper-
iments, 10 mL of the groundwater sample (WA-A, WA-D, or AA-A)
was transferred into 15 mL centrifuge tubes with no spiking of any
PFAS. The centrifuge tubes were then loaded onto a rotary tube
revolver (Thermo Scientific) and rotated at 40 revolutions per
minute (rpm) for over 20 h to provide a homogeneous solution.
Adsorbents (ACs or CDPs) were then added into the centrifuge
tubes at a dose of approximately 10—60 mg L~! (representing the
economically feasible dose for drinking water treatment). The
centrifuge tubes were then reloaded onto the tube revolver and
rotated at 40 rpm for 48 h of treatment. Triplicate experiments with
each adsorbent were conducted at 23 °C. The centrifuge tubes were
sacrificed at predetermined time points (0.5, 4, 8, 24, 48 h), filtered
with a 0.45 pm cellulose acetate filter (Restek), transferred into
18 mm screw top headspace vials (Fisher Scientific), spiked with
the mixture of 7 ILISs, and stored at 4 °C until HPLC-MS analysis; we
note that only limited PFAS adsorption was observed in recovery
experiments with the 0.45 pm cellulose acetate filters. Control
experiments were performed under the same conditions with no
addition of adsorbents. We note that the pH of the groundwater
experiments was sufficiently buffered to remain constant
throughout the batch experiments; the pH of experiments in Milli-
Q water was assumed to remain stable at around 6.7, as has been
experimentally confirmed in similar types of batch adsorption ex-
periments (Ling et al., 2020).

2.5. PFAS quantification

Quantification of 20 target PFASs in all prepared samples (spiked
with ILISs) was conducted by means of high-performance liquid
chromatography (HPLC) coupled with quadrupole-orbitrap mass
spectrometery (MS, QExactive, ThermoFisher Scientific). Analytical
information for all PFASs and their ILISs is provided in Table S6.
Briefly, the mobile phase consisted of (A) LC-MS grade water
amended with 20 mM ammonium acetate and (B) LC-MS grade
methanol. Samples were injected at 5 mL volumes onto a Hypersil
Gold dC18 12 pm 2.1 x 20 mm trap column (ThermoFisher Scien-
tific) and were eluted onto an Atlantis® dC18 5 pum 2.1 x 150 mm
analytical column (Waters) with a pump delivering 300 uL min—' of
amobile phase gradient starting at 40% B; the gradient composition
followed that described in EPA method 537.1. The column tem-
perature was held constant at 25 °C. The HPLC-MS was operated
with electrospray ionization in negative polarity mode. Calibration
standards (n = 8) were prepared in Milli-Q water with concentra-
tions ranging between 0 ng L~ to 750 ng L' for external calibra-
tion. Analytes were quantified from calibration standards (spiked
with the same amount of ILIS) 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 sequence. In-
strument blanks were run before and after the calibration curve
and each batch of triplicate samples. One quality control (QC)
sample was placed halfway through every analytical sequence to
ensure minimal contamination and adequate MS performance (QC
tolerance set at +30%). Quality control and limits of quantification
(LOQs) are provided in Tables S7 and S8.

2.6. Data analysis

The removal of each PFAS in each sample was calculated as
described in Equation (1):

Equation 1

C..
RMul; repj= (1 C”;) x 100%
1,

where i is any of the 20 target PFASs; j is the number of the repli-
cate,j = 1,2,3; t is the time point at which the sample was taken,
t =0.5,4,8,24,48 hr; ¢; ; is the concentration of i in replicate j
taken at t hr; and ¢; ¢ is the concentration of i in the “0 h” control
sample. Then, the removal of each PFAS was calculated as the
arithmetic average of three replicates.

To quantify the overall performance of each adsorbent, the
weighted average removal of all 20 target PFASs was calculated at
each time point based on Equations 2 and 3:

. Cio .
weight; = = Equation 2

& 2 Cip d
weighted avg Rmvl = " (weight ; x Rmul ;) Equation 3

where weight; is the weight that i carries in the calculation (based
on its share of initial concentration in the matrix); and
weighted avg Rmwl is the overall removal of all PFASs in the matrix
(after considering the distinctions among initial concentrations).

To quantify the extent of adsorption inhibition for each adsor-
bent in the different groundwater matrices, we defined the
parameter:

weighted avg Rmvl in GW

Matrix Effect = weighted avg Rmvl in Milli_Q

Equation 4

which quantifies how the adsorbent performs in a groundwater
sample relative to Milli-Q water. The Inhibition% then provides a
quantitative metric on how much the performance of an adsorbent
is inhibited in a specific groundwater matrix relative to Milli-Q
water.

Inhibition% = (1 — Matrix Effect) x 100% Equation 5

Principal component analysis (PCA) is a statistical method that
reduces the dimensionality of a multivariate dataset, and helps
visualize the connections among observations and inter-correlated
quantitative variables (Mostert et al.,, 2010; Pérez-Arribas et al.,
2017). We used the FactoMineR and factoextra packages in the R
Statistical Software to construct PCA-biplots that describe the re-
lationships between adsorbent performance and the major physical
properties of the adsorbents or the basic chemical parameters of
the groundwater samples.

3. Results and discussion
3.1. PFAS removal by each adsorbent in Milli-Q water

The data provided in Fig. 1 show PFAS removal in Milli-Q water
after 4 h of contact time on each of the five adsorbents (Fig. S2
shows removal at other contact times and Table S9 provides the
average and standard deviation of the removal at each time point
for all experiments). The three ACs are grouped into four particle
size bins (10—75 pum, 125—212 pm, 425—850 pm, 1000—1700 um)
and the CDPs were evaluated in their as-synthesized particle sizes
(212—425 pum for aCDP and <63 um for CDP+). There is a clear
difference in the performance of the ACs as a function of their
particle size; ACs from the two larger size bins remove PFAS from
Milli-Q water to a lower extent after 4 h of contact time than the
ACs from the two smaller size bins, though greater extents of
removal were observed after longer contact times (Fig. S2 and
Table S9). This is consistent with previous studies that report
slower and lower extents of PFAS adsorption on larger-sized ACs
(Chen et al., 2017; Yu et al., 2009). It is widely known that the ki-
netics of adsorption on AC is controlled by relatively slow intra-
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Fig. 1. Heatmap of 20 PFASs adsorption onto 5 adsorbents in Milli-Q water at 4h. The PFAS compounds were grouped by their corresponding classes and listed with increasing chain
length within each group along the x-axis. The adsorbents were grouped by their corresponding types and listed with increasing particle size within each group along the y-axis.
The tiles were colored according to the arithmetic average removal (calculated from Equation (1)) for each pair of the coordinates.

particle diffusion, which requires adsorbates to diffuse into mi-
cropores to access free surfaces. Micropores can also be blocked by
larger adsorbates which may limit the capacity of AC adsorbents
(Punyapalakul et al., 2013; Wang et al., 2019; Zhao et al., 2011). We
attribute the relatively slow adsorption of anionic PFAS on larger-
sized ACs to intra-particle diffusion limitations that become less
important for smaller-sized ACs that have greater specific external
surface area. It is also interesting to note that shorter-chain PFASs
are removed from Milli-Q water to greater extents than longer-
chain PFASs by larger-sized ACs, whereas longer-chain PFASs are
removed to greater extents than shorter-chain PFASs by smaller-
sized ACs. We also attribute this finding to the greater impor-
tance of intra-particle diffusion for larger-sized ACs and the more
rapid diffusion of smaller PFAS.

ACs from the two smaller size bins (10—75 um, 125—212 um)
remove nearly all of the PFAS from Milli-Q water after 4 h of contact
time with the exception of the shorter-chain PFCAs (i.e., PFBA,
PFPeA); similar results on the removal of anionic PFAS on powdered
ACs have been previously reported (Hansen et al, 2010;
Punyapalakul et al., 2013; Wang et al., 2019). The enhanced per-
formance of powdered ACs has previously been attributed to either
the generation of more internal active binding sites during pul-
verization and the consequent shorter diffusion distances required
to access them (Yu et al., 2009), or the increased specific external
surface area of smaller-sized AC particles which can provide access
to more binding sites even in the presence of larger adsorbates that
block access to internal micropores (Ando et al., 2010; Partlan et al.,

2016). Therefore, the smaller-sized ACs in this study exhibit more
rapid PFAS adsorption kinetics and greater extents of adsorption
than the larger-sized ACs.

The two CDPs also remove nearly all of the PFASs from Milli-Q
water after 4 h of contact time. Both of the CDPs evaluated in this
study consist of B-cyclodextrin monomers crosslinked with rigid
aromatics containing weakly basic (aCDP) or permanently cationic
(CDP+) functional groups. The interior cavity of the B-cyclodextrin
monomer is the most likely active site for adsorption on CDPs, and
the B-cyclodextrin monomer is known to encapsulate anionic
PFASs to form well-defined host-guest complexes via hydrophobic
interactions (Karoyo et al., 2011; Tang et al., 2019; Weiss-Errico and
O’Shea, 2017; Xiao et al., 2017a). Additionally, the protonated
crosslinkers of both CDPs may facilitate the transport of anionic
PFASs to the f-cyclodextrin monomers or provide alternate
adsorption sites through complementary electrostatic interactions
(Nassi et al., 2014; Zhang et al., 2011b).

3.2. Physical properties that control PFAS adsorption on activated
carbon

To further explore the adsorption behavior of anionic PFASs on
ACs, we constructed a PCA-biplot that describes the relationships
between PFAS removal performance and the major physical prop-
erties of the ACs in each of the twelve experiments (i.e., three ACs,
four size bins) conducted in Milli-Q water. The four physical
properties considered in the PCA analysis were particle size, total
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Fig. 2. PCA biplot demonstrating the correlations among four adsorbent properties of
activated carbons and the weighted average removal of PFASs (calculated by Equation
(3)) at 4h in Milli-Q water. The PCA was established based on a multi-dimensional
dataset with 5 variables and 12 observations (four size bins by three types of acti-
vated carbon). The biplot was plotted against the first two primary components (i.e.
PC1 and PC2), which combined to have explained more than 91% of the total variance
in the original dataset. The observations were plotted as scattered points and were
colored and grouped by their corresponding adsorbent types, and a 95% confidence
ellipse was added for each group of adsorbent. The variables were plotted as straight
arrows, and each variable was colored by its quality of representation (labeled as
“cos2” in the legend) on the selected primary components (a lighter color indicates
that the variable contributed less to the primary components). The correlations be-
tween variables were manifested by the angles in between the arrows. The magnitude
an observation had for a certain variable was revealed by the point’s position relative
to the direction of the arrow (if the point locates in the same direction that an arrow is
pointing at, the observation has a higher magnitude of this chosen variable). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

pore volume, micropore volume, and zeta-potential. The results of the
PCA analysis are provided as Fig. 2.

It is evident that, when considering PFAS adsorption on ACs in
general, particle size is the leading factor to be considered. The
particle size was determined as the average particle diameter of
each size bin and a strong negative association was discovered
between particle size and the weighted average PFAS removal at 4 h.
This outcome is consistent with the qualitative findings described
in Fig. 1; removal of anionic PFAS is enhanced with decreasing
particle size. The total pore volume is the weight specific total pore
volume of an adsorbent and is estimated from the N, adsorption
isotherm. The micropore volume is the distribution of micropores in
the adsorbent and is likewise calculated based on the N, adsorption
measurements. As demonstrated in Fig. 2, neither of these prop-
erties associate with particle size or with the weighted average PFAS
removal at 4 h (Rmvl_4h). This important finding excludes the
likelihood that the improved performance of smaller-sized ACs is
related to enlarged intra-particle pores, as proposed by a previous
study (Piai et al., 2019). On the contrary, this finding corroborates
several other studies that report that the BET surface area and pore
volume distributions of ACs are not altered significantly during
pulverization (Ando et al., 2010; Partlan et al., 2016). Therefore, the
enhanced performance of smaller-sized ACs must be attributed to
other mechanisms, such as an increased specific external surface
area (Ando et al., 2010; Murray et al., 2019; Yu et al., 2009) or the
generation of more active binding sites that were originally inac-
cessible (Ando et al., 2010). The zeta potential is used to represent
the surface charge of each AC in the pH range of 7—8. This property
also exhibited little association with the weighted average PFAS

removal at 4 h, indicating that hydrophobic interactions dominate
the adsorption of anionic PFAS on ACs.

3.3. PFAS removal by each adsorbent in groundwater

To examine how PFAS removal changes in natural groundwater
matrices, further experiments were conducted with three of the
adsorbents in groundwater: CDP+, aCDP, and AWAC (the adsor-
bents were selected based on their performance in Milli-Q water).
We used AWAC from the 125—212 pm size bin to increase the
validity and reliability of the comparison among different types of
adsorbents with minimum impact from their particle size. The data
provided in Fig. 3 show PFAS removal in groundwater matrices after
4 h of contact time on each of the three adsorbents (Fig. S3 shows
removal at other contact times and Table S10 provides the average
and standard deviation of the removal at each time point for all
experiments). Note that GW-A was a pristine groundwater sample
that was spiked with 500 ng L~! of PFAS and that the remaining
groundwater samples were not spiked with PFAS and evaluated for
removal of the native PFASs that were present in those samples;
gray squares in Fig. 3 indicate that a PFAS was not present in a
particular groundwater sample above the LOQ.

Overall, the extent of PFAS removal on all three adsorbents in
groundwater was less than what was observed in Milli-Q water
(Fig. 1), which can be attributed to matrix interferences caused by
the chemical properties of each groundwater. Unlike the perfor-
mance of larger-sized ACs in Milli-Q water, longer-chain PFAS were
always removed to greater extents than shorter-chain PFAS by all
adsorbents in the groundwater experiments. This is because
adsorption of PFAS on CDPs and smaller-sized ACs is not controlled
by intra-particle diffusion limitations that can favor the adsorption
of smaller-sized adsorbates. Rather, the affinity of PFAS for the
binding sites on each of the adsorbents is driven in part by hy-
drophobic interactions that are not diffusion-limited (Ahrens et al.,
2010; Eschauzier et al., 2012; Inyang and Dickenson, 2017; Zhang
et al,, 2016). Therefore, longer-chain PFASs have a higher ten-
dency to partition from the bulk solution to a solid surface.

The data in Fig. 3 also demonstrate that, for most PFASs and in
most groundwater samples, the extent of PFAS removal is the
greatest on CDP+. This suggests that the matrix interferes with
adsorption on AWAC and aCDP more than it does for CDP+. To more
accurately quantify the differences in performance of each adsor-
bent in each groundwater, we calculated the Inhibition% for each
adsorbent in each groundwater as described in Equation (5). These
data are presented in Fig. 4. The height of each bar in Fig. 4 rep-
resents the total extent to which PFAS removal was inhibited in
each groundwater sample relative to Milli-Q water. These data
demonstrate that the extent of PFAS adsorption on CDP+ was al-
ways inhibited the least compared to the other adsorbents, except
in groundwater AA-A (Fig. 4b), implying that a particular constit-
uent of groundwater AA-A might selectively inhibit the adsorption
of anionic PFAS on CDP+ Further, the extent of PFAS adsorption on
aCDP was always inhibited the most compared to the other ad-
sorbents, except in groundwater WA-D (Fig. 4d), implying that a
particular constituent of groundwater WA-D might enhance
adsorption of anionic PFAS on aCDP.

The colors of the bars in Fig. 4 refer to the specific groups of PFAS
included in this study (i.e., PFCAs, PFSAs, FTSs, and GenX). Although
the FTSs and GenX were not always present at quantifiable levels in
the groundwater samples (Fig. 3 and Fig. S1), PFCAs and PFSAs were
measured in every groundwater sample. Larger bars for a specific
group of PFASs in Fig. 4 suggests that the extent of adsorption in-
hibition was greater for that group of PFASs in a particular
groundwater sample. From these data, we can conclude that the
extent of adsorption inhibition was significantly less for PFSAs than
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Fig. 3. Heatmap of 20 PFASs adsorption onto 5 adsorbents in groundwater matrices at 4 h. The PFAS compounds were grouped by their corresponding classes, and listed with
increasing chain length within each group along the x-axis. The adsorbents were grouped by their corresponding types, and listed with increasing particle size within each group
along the y-axis. The tiles were colored according to the arithmetic average removal (calculated from Equation (1)) for each pair of the coordinates (a gray tile represents that the
corresponding PFAS compound had a level below our limit of quantification in the specific groundwater sample).

it was for PFCAs for all adsorbents; this is especially obvious in
Fig. 4c and d where the removal of PFSAs was not inhibited at all.
This observation is consistent with previous studies illustrating the
relatively high adsorption affinity of PFSAs on a variety of adsor-
bents (McCleaf et al., 2017; Xiao et al., 2017b; Zhang et al., 2016).

3.4. Chemical parameters of groundwater that contribute to
adsorption inhibition

To further explore the role that groundwater chemistry plays in
PFAS adsorption inhibition and to develop a mechanistic interpre-
tation of the data, we constructed a PCA-biplot that describes the
relationships between Inhibition% (i.e., the height of the bars in
Fig. 4) and the major chemical parameters of each groundwater
sample in each of the twelve experiments (i.e., three adsorbents,
four groundwater samples). The six chemical parameters consid-
ered in the PCA analysis were pH, conductivity, TOC, SUVA, and the
molar concentrations of a variety of cations and anions. The results
of the PCA analysis are provided as Fig. 5.

pH exhibited a strong positive correlation with adsorption in-
hibition (i.e., greater pH values resulted in a greater extent of
adsorption inhibition among the anionic PFAS). The anionic PFASs
selected for this study have very low pK, values and are therefore
present only as anions within the pH range of the groundwater
samples selected for this study. Therefore, the noted pH depen-
dence of Inhibition% is more readily explained by changes to the
surface charge of the adsorbents rather than to protonation or
deprotonation of the adsorbates. AWAC has a negative surface
charge in the pH range of 7—8 (Table S4), and the surface charge of

AWAC will become increasingly negative at higher pH values. This
will lead to greater repulsive electrostatic forces for anionic PFAS at
higher pH values, and result in more adsorption inhibition (Deng
et al., 2012; Higgins and Luthy, 2006). Both of the CDPs selected
for this study have a positive surface charge in the pH range 7—8
(Table S3). However, aCDP contains weakly basic functional groups
that will be deprotonated at higher pH values whereas CDP + does
not undergo acid-base reactions under these conditions and re-
mains cationic over the studied pH range. The deprotonation of
aCDP at higher pH values can weaken (Tang et al., 2010; Zhang et al.,
2011a) or eliminate (Yu et al., 2009) the attractive electrostatic
interactions between aCDP and anionic PFAS at neutral pH. Our
experimental adsorption data suggest that aCDP has a positive
surface charge in WA-D but a negative surface charge at the higher
pH values measured for GW-A, AA-A, and WA-A; the elimination of
the attractive electrostatic interactions between aCDP and anionic
PFAS at higher pH values can explain the higher extent of adsorp-
tion inhibition in those groundwater samples, and, particularly, the
limited Inhibition¥ in WA-D (Fig. 4). The permanently positive
charge of CDP + explains the resilience of CDP + to adsorption
inhibition in groundwater samples of varying pH, and the relatively
low extent of adsorption inhibition observed across all ground-
water samples.

The total molar concentration of measured cations (i.e., Ca’*
Mg?*, K*, Na*) also exhibited a strong positive correlation with
adsorption inhibition (i.e., greater concentrations of cations resulted
in a greater extent of adsorption inhibition among the anionic
PFAS). A similar effect has been observed in other studies investi-
gating the adsorption of anionic surfactants on a variety of
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adsorbents (Kwadijk et al., 2013; Wang and Shih, 2011). Previous
studies have concluded that divalent cations like Mg and Ca®*
can bind with the anionic head groups of PFAS to form weak,
neutral complexes which can decrease the extent of adsorption by
weakening potential electrostatic interactions (Jeon et al., 2011;
Wang and Shih, 2011). As is revealed in the PCA-biplot (Fig. 5) and
in the raw data (Table S4), groundwater AA-A had the highest
concentrations of cations, including divalent cations, among all
groundwater samples, which resulted in the greatest extent of
adsorption inhibition among all of the adsorbents. This phenome-
non also explains the anomalous behavior of CDP+ and AWAC in
AA-A noted in the preceding (Fig. 4b). The permanently positive
surface charge of CDP+ enhances the removal of anionic PFAS
through attractive electrostatic interactions that are diminished in
the presence of divalent cations. AWAC has a permanently negative
surface charge and relies exclusively on hydrophobic interactions
for the adsorption of anionic PFAS and exhibits lower extents of
adsorption inhibition in groundwater samples with higher con-
centrations of divalent cations.

In contrast to the concentration of cations, neither conductivity
nor the concentration of anions (ie, F-, CI~, NO3, SOF~, PO3")
exhibited a significant association with adsorption inhibition,
indicating that these parameters do not contribute much to the
observed adsorption inhibition in this study. Because we have ad-
sorbents that have positive and negative surface charges and ad-
sorbates that are always anionic, this is further evidence that the
effect from cations is likely due to interactions with the PFAS and

not the adsorbent; if cations were affecting one type of adsorbent,
then we would expect anions to affect the adsorbent of the opposite
surface charge in an analogous way. Likewise, neither TOC nor SUVA
exhibited a significant association with adsorption inhibition. This
finding is notable because dissolved organic matter of a certain size
has been previously shown to inhibit adsorption on other types of
CDPs (Ling et al., 2020), particularly those that carry a negative
surface charge. The lack of an association between TOC and SUVA
and CDP adsorption inhibition in this study suggests that anionic
dissolved organic matter may only influence adsorption on nega-
tively charged CDPs.

3.5. Implications for practice

Our study sought to explore the potential of conventional and
emerging adsorbents to remove anionic PFAS from water, and to
identify the factors that lead to adsorption inhibition in ground-
water matrices. In WA-D (the un-amended PFAS-contaminated
groundwater sample), only CDP + removed PFOA and PFOS to
concentrations below the US EPA Health Advisory threshold of
70 ng L~ in our experiments after 4 h of contact time (23 and
24 ng L™, respectively). All three adsorbents (CDP+, aCDP, and
AWAC) exhibited limited removal of the shorter-chain carboxylates
and sulfonates in WA-D, but CDP + again exhibited the greatest
removal of these PFAS in our experiments after 4 h of contact time.
In comparing the performance of all adsorbents across experiments
conducted in Milli-Q and groundwater, we found that pH and the
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Fig. 5. PCA biplot demonstrating the correlations among six groundwater properties
and adsorption inhibition (calculated by Equation (5)) at 4h in groundwater matrices.
The PCA was established based on a multi-dimensional dataset with 7 variables and 12
observations (three adsorbents by four groundwater matrices). The biplot was plotted
against the first two primary components (i.e. PC1 and PC2), which combined to have
explained more than 91% of the total variance in the original dataset. The observations
were plotted as scattered points and were colored by the groundwater matrix with
which they belonged. The variables were plotted as straight arrows, and each variable
was colored by its quality of representation (labeled as “cos2” in the legend) on the
selected primary components (a lighter color indicates that the variable contributed
less to the primary components). The correlations between variables were manifested
by the angles in between the arrows. The magnitude an observation had for a certain
variable was revealed by the point’s position relative to the direction of the arrow (if
the point locates in the same direction that an arrow is pointing at, the observation has
a higher magnitude of this chosen variable). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

presence of inorganic cations contribute to adsorption inhibition to
varying extents, depending on the adsorbent. These data could be
used to help guide the selection of remediation technologies based
on local environmental conditions. Together, the new insights
developed in our analyses improve our understanding of PFAS-
adsorbent interactions and will lead to the continued develop-
ment of novel adsorbents targeting a broad family of PFASs and the
design of more effective water treatment processes for PFAS-
contaminated systems.

4. Conclusions

e The adsorption behaviors of 20 target PFASs (including 4 classes
containing members with varying chain lengths) onto 5 types of
adsorbents (including 3 ACs and 2 CDPs) were studied in Milli-Q
water. ACs of larger particle size exhibited slower removal ki-
netics, likely due to intra-particle diffusion limitations. Addi-
tionally, PFASs of shorter chain length were observed to have
faster initial adsorption onto the larger-sized ACs, further indi-
cating the probable steric-related resistance that larger PFAS
molecules may experience when transporting within the mi-
cropores of ACs. In comparison, all smaller-sized ACs and the
two CDPs exhibited nearly complete removal of the target PFASs
and seemed to be unaffected by intra-particle diffusion
limitations.

There was a clear trend that PFAS removal can be greatly
improved in kinetics, if not in capacity, with a decrease in the AC
particle size. A PCA-biplot was constructed to further explore the
effect of particle size, and the results suggested that, although
there were differences in surface charge and pore volume dis-
tributions among different types of ACs, none of these variables

exhibited a significant association with the PFAS removal per-

formance. Consequently, the particle size exhibited a significant

association and we attribute that finding to an increased specific
external surface area or the generation of more active binding
sites that were originally inaccessible.

Based on the adsorption performance in Milli-Q water, three

adsorbents (AWAC, aCDP, CDP+) were selected for further

experimentation in groundwater. Although all three adsorbents
demonstrated nearly ideal performance in Milli-Q water, their

PFAS uptake in the groundwater experiments were all inhibited,

and were inhibited to different degrees, implying that every

adsorbent had its own unique mechanism in removing the
target PFASs and in interacting with the groundwater matrices.

Regardless of the adsorbent type, the uptake of PFSAs were

impacted the least compared to all other PFASs, indicating a

higher adsorption affinity for this group of PFAS molecules.

e An approach to quantify the extent of adsorption inhibition was
introduced and PCA-biplots were constructed to investigate the
role that certain groundwater matrix constituents play in
adsorption inhibition. pH and the concentration of cations
exhibited positive associations to adsorption inhibition. Given
that the varying pH should have a limited effect on the strongly
acidic PFAS anions, adsorption inhibition by means of alterations
of the adsorbent surface chemistry was proposed. The influence
of cations was particularly prominent in the AA-A groundwater
for CDP+, indicating that the increased concentration of divalent
cations in AA-A might have weakened the electrostatic attrac-
tions between the PFAS anions and the positively charged CDP+.
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