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Per- and polyfluoroalkyl substances (PFAS) are persistent,
bioaccumulative, and ubiquitous contaminants that are harmful to both humans
and ecosystem health. To remove PFAS effectively and efficiently from the
aqueous environment, a clay-based adsorbent was synthesized via the
modification of montmorillonite by a cationic surfactant cetyltrimethylammo-
nium chloride (CTAC). Through the coexposure adsorption tests with organic
dyes and PFAS mixtures, the optimal ratio of CTAC to cation exchange capacity
(CEC) was identified. The optimal modified clay exhibited drastically improved
adsorption performance, achieving 100% removal efficiency of the PFAS mixture
consisting of nine short- and long-chain PFAAs, GenX, and three precursors at
initial concentrations of the parts per billion (ppb) level. Additionally, the
modified clay outperformed other commercial adsorbents with respect to
adsorption performance. The adsorption kinetic data of all PFAS, which were well
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described by the pseudo-second-order model, suggested an expeditious adsorption process and an adsorption behavior dependent on
the initial concentration and carbon chain length. Among the three examined adsorption isotherms, the Sips model combining
Langmuir and Freundlich models showed the best fitting correlation, indicating that multiple interactions might be involved in the
adsorption process. This hypothesis was supported by characterizations showing that the modified clay possessed physicochemical

properties favorable for electrostatic interactions and hydrophobic interactions.
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Per- and polyfluoroalkyl substances (PFAS) are a group of
synthetic organic compounds in which the hydrogen atoms
bound to the carbon backbones are fully or partially
substituted with fluorine." The unique properties of PFAS
have enabled their widespread use in numerous industrial
processes and commercial products.” The wide usage of PFAS
results in their broad distribution and possible adverse effects
in the environment.’> Lately, the U.S. EPA dramatically
lowered the lifetime health advisory levels in drinking water for
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS), from the previous 70 parts per trillion (ppt) to
0.004 ppt for PEOA and 0.02 ppt for PFOS.® Additionally, for
the first time, the EPA issued final health advisories for two
PFOA and PFOS alternatives, namely undecafluoro-2-methyl-
3-oxahexanoic acid (GenX) and perfluorobutanesulfonic acid
(PFBS), in drinking water.” Therefore, it is critical and urgent
to remove PFAS from the environment. However, due to the
remarkably high energy of the carbon—fluorine bonds, PFAS
are resistant to thermal, chemical, and biological decom-
position, leading to their extreme stability and persistence.”
Thus, the destruction of PFAS is extraordinarily difficult. Even
an intensive energy input may still be ineffective for the
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destruction of PFAS.*® Moreover, conventional water and
wastewater treatment processes such as coagulation, floccu-
lation, sedimentation, and filtration have been demonstrated to
be ineffective for PFAS removal from aqueous sources.’
Adsorption, on the other hand, is an effective way to tackle
PFAS contamination from water, '’ sludge,11 and soil."?
Adsorbents for PFAS mainly include carbon-based materi-
als,""*? ion exchange resins," "> biosorbents,'® and clay-based
materials.'”'® Activated carbons (ACs), including granular and
powdered AC (GAC and PAC), carbon nanotubes (CNTs),
and biochar, are the main carbon-based materials for PFAS
adsorption,'” of which powdered AC and CNTs showed high
adsorption capacities.'”*” The nonpolar functional groups of
carbon-based adsorbents contribute to hydrophobic PFAS
adsorption.21 Carbon-based materials, however, have encoun-
tered two critical issues that are well-recognized: namely, slow
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Table 1. Physicochemical Properties of PFAS Investigated in This Study”

category compound abbreviation  chemical formula mol wt (g/mol) S, (25 °C) pK, (25 °C)

short-chain PFCA  perfluorohexanoic acid PFHxA C¢HF,,0, 314 15.7%¢ —0.16"7
short-chain PECA  perfluoroheptanoic acid PFHpA C,HF,;0, 364 3.65 x 1073% -229%
long-chain PECA  perfluorooctanoic acid PFOA CgHF 50, 414 3.4% —-0.2%7
long-chain PFCA  perfluorononanoic acid PENA CyHF;,0, 464 6.25 x 107 -0.21%
long-chain PFCA  perfluorodecanoic acid PFDA C,oHF 40, 514 9.5% —5.2%
long-chain PFCA perfluoroundecanoic acid PFUnA C,,HF,,0, 564 4 x 107 —5.2%
short-chain PESA  potassium perfluorobutanesulfonate PEBS C,Fy038K 338 462" 0.14%
long-chain PESA perfluorohexanesulfonic acid potassium salt PFHxS C¢F3KO38K 438 2.3 0.14%
long-chain PFSA heptadecafluorooctanesulfonic acid potassium salt ~ PFOS CgHF;KO;SK 538 0.57° -3.27%
PFOA alternative undecafluoro-2-methyl-3-oxahexanoic acid GenX C¢HF 04 330 N/A 2.84%
precursor 6:2 fluorotelomer sulfonic acid 6:2 FTSA CgHF ;058 428 1.3% 1.31%
precursor 2-N-ethyl perfluorooctane sulfonamido acetic acid ~ N-EtFOSAA  C,,HgiF;NO,S 58S N/A N/A
precursor 8:2 fluorotelomer phosphate diester 8:2 diPAP C,oHgF3,0,P 990 N/A N/A

“Definitions: S, solubility in water, g/L; pK,, dissociation constant; N/A, data not available.

adsorption kinetics and much lower efficiency in removing
short-chain PFAS than long-chain ones.”” Additionally, it is
unclear at this stage whether these materials are able to retain
PFAS precursors that have attracted increasing concerns in
recent years® in aqueous solutions. Furthermore, the process of
producing carbon-based materials is highly energy intensive
and has drawn scrutiny and attention recently in terms of
greenhouse gas emissions.”> Compared to carbon-based
materials, ion exchange resins have been reported to be less
cost-effective™ and biosorbents exhibited lower adsorption
capacity.13

Clay-based materials are another category of PFAS
adsorbent. A variety of natural clays have been studied for
PFAS adsorption, such as montmorillonite,”*** kaolinite,”***
boehmite,”® hematite,”> and alumina.’” However, the hydra-
tion of inorganic cations at the exchange sites in natural clays
leads to their negative charge and hydrophilic surface and thus
low effectiveness for adsorption of hydrophobic and anionic
PFAS.”' Consequently, conversion of the hydrophilic surface
to a lipophilic surface by modifying natural clays with
surfactants is a strategy for enhancing PFAS adsorption.'”
After modification, the hydrophobic alkyl chains of surfactants
would enhance PFAS adsorption via hydrophobic partition-
ing.”' Moreover, the positively charged surfaces generated
from modification by cationic surfactants have an affinity to
anionic PFAS through electrostatic interactions.”® Several
commercial clay-based PFAS adsorbents have been available
on the market, such as FLUORO-SORB and matCARE.

As a member of the smectite group, montmorillonite (Mt)
has a structure composed of two tetrahedral silicate layers
sandwichin% an aluminum oxide/hydroxide layer (2/1 layered
structure).”” This structure enables a high cation exchange
capacity (CEC) and specific surface area.’® To modify its
intrinsically hydrophilic surface for enhancing PFAS adsorp-
tion, Mt has been amended with quaternary ammonium
compounds in previous studies. For example, Zhou et al.'’
modified Mt with the cationic surfactant hexadecyltrimethy-
lammonium bromide (HDTMAB) to improve PFOS
adsorption in aqueous solutions and achieved an adsorption
capacity of approximately 339 mg/g for the modified clay with
a HDTMAB/CEC ratio of 0.5. Wang et al.’' amended Mt with
the quaternary ammonium compounds L-carnitine and choline,
and the adsorption of PFOA, PFOS, GenX, and PFBS was
largely enhanced compared to the original Mt. These two
studies both focused on a very limited number of PFAS. Given

the fact that PFAS oftentimes exist in the environment as a
mixture of multiple compounds,“’11 adsorbents that are robust
and versatile toward adsorbing all types of PFAS (e.g., short-
and long-chain perfluoroalkyl acids (PFAAs) as well as PEAA
precursors) are highly desired. Such adsorbents have not been
reported in the literature.

In this study, we synthesized a Mt-based adsorbent through
modification of Mt K10, which is extensively used as an
environmentally benign catalyst for organic reactions,” by the
cationic quaternary ammonium compound cetyltrimethylam-
monium chloride (CTAC). The adsorbent was then
characterized by analytical instruments. The PFAS mixture
for adsorption experiments consisted of GenX and nine PFAAs
with high occurrence in the environment,>’ including six
perfluorocarboxylic acids (PFCAs) with carbon chain lengths
from 6 to 11 (i.e, perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic
acid (PFNA), perfluorodecanoic acid (PFDA), and perfluor-
oundecanoic acid (PFUnA)), and three perfluorosulfonic acids
(PFSAs) with carbon chain lengths from 4 to 8 (ie,
perfluorobutanesulfonate (PFBS), perfluorohexanesulfonate
(PFHxS), PFOS). Three frequently detected PFAA precursors
in the environment,** i.e., 6:2 fluorotelomer sulfonic acid (6:2
FTSA), 2-N-ethyl perfluorooctane sulfonamido acetic acid (N-
EtFOSAA), and 8:2 fluorotelomer phosphate diester (8:2
diPAP), were also included in the PFAS mixture for adsorption
tests. Moreover, two organic dyes, namely methylene blue
(MB) and rose bengal (RB), were added to the PFAS mixture
in the initial adsorption experiments to facilitate selection of
the optimal CTAC/CEC ratio and to examine the impacts of
the potential presence of other organic pollutants on PFAS
adsorption. The adsorption performance, including removal
efficiency and adsorption kinetics and isotherms, for short- and
long-chain PFAAs, GenX, and precursors was evaluated.
Finally, the modified clay was compared with other commonly
used adsorbents with respect to adsorption performance.

The information for chemical reagents used in this study can be found
in Table S1. The physicochemical properties of PFAS investigated in
this study are shown in Table 1. Prior to quantification, samples
collected in the adsorption experiments were subject to centrifugation
at 14000g for 10 min. The supernatant was then spiked with '*C,-
PFOS and '*C,-PFOA as internal standards according to EPA
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Table 2. Initial pH and Concentration of each PFAS (C,, ppb) at Each Level of Mixtures in Adsorption Kinetic and Isotherm

Experiments
concentration (ppb)

PFHxA PFHpA PFOA PENA PFDA PFUnA PFBS PFHxS PFOS GenX 6:2 FTSA  N-EtFOSAA pH
level 1 49.1 40.5 30.7 41.3 342 12.3 9.9 6.7 5.7 8.2 6.3 0.4 5.06
level 2 101.8 88.5 66.5 87.9 74.7 33.6 20.1 14.0 12.0 16.8 11.7 1.8 4.60
level 3 260.9 226.1 171.2 222.6 179.1 70.1 50.9 35.5 30.7 40.5 30.6 3.0 5.10
level 4 1088.1 987.2 729.8 910.9 558.1 268.8 209.1 153.5 138.4 158.6 127.1 16.8 4.90
level § 2699.3 2495.9 1820.4 1885.4 1121.2 960.2 516.8 382.4 357.8 3724 357.5 259.3 5.08

Method 537.1 Revision 2.0. Target PFAS in the prepared samples
were quantified by a 1290 Infinity II LC system coupled with a 6470
Triple Quad Mass Spectrometer (LC-MS/MS, Agilent Technologies,
Santa Clara, CA, USA). Two Agilent Eclipse Plus C18 columns,
including a ZORBAX analytical column (3 X S0mm, 1.8 ym) and a
delay column (4.6 X 50 mm, 3.5 um), were employed with a working
temperature of 50 °C. A binary mobile phase with solvents A and B of
S mM ammonium acetate in water and 95% methanol, respectively,
was used at a flow rate of 0.5 mL/min. The content of solvent A in the
mobile phase gradient profile began at 70%, decreased to 0% at 8 min,
was held at 0% for 4 min, and reverted back to the initial value over
the course of 12 min. More information on LC-MS/MS measurement
conditions can be found in our previous studies”'** and Table S2.

Montmorillonite K10 (granules with >80% ranging from 0.5 to 1.25
mm; Alfa Aesar, Haverhill, MA, USA) with a cation exchange capacity
(CEC) of 59 mmol/100 g42 was used for the synthesis of
cetyltrimethylammonium chloride (CTAC) modified clay. A two-
step procedure similar to what was described in previous
publications'”*® was employed in the synthesis process. Briefly, 100
g of K10 Mt was added to a Na,COj; solution in a flask, and the
mixture was stirred at 800 rpm at room temperature for 3 h. Then a
few drops of concentrated hydrochloric acid were added to the
solution, followed by rinsing with deionized (DI) water three times
until no CI” was detectable. The pellet was dried at 108 °C overnight,
which generated the solid of sodium montmorillonite (Na-Mt). The
obtained Na-Mt is termed as unmodified clay in the following
sections. The unmodified clay was then added to a 10, 25, or 100
mmol/L solution of CTAC, and the mixtures were stirred at 800 rpm
at 80 °C for 2 h, followed by rinsing with DI water three times and
drying at 108 °C for 10 h. Consequently, the process generated three
types of modified clays with different CTAC/CEC ratios, i.e., 0.34,
0.85, and 3.39, which are referred to as Mt-CTAC 34, Mt-CTAC g5,
and Mt-CTAC; 3, respectively.

The morphological and compositional analyses of the unmodified
(Na-Mt) and CTAC-modified clays were performed with a scanning
electron microscope equipped with energy dispersive X-ray spectros-
copy (SEM-EDS, Zeiss LEO 1550, Oberkochen, Germany; Bruker
Quantax XFlash 6, Billerica, MA, USA). A Rigaku MiniFlex 6G
benchtop powder X-ray diffractometer (XRD, Rigaku Corporation,
Tokyo, Japan) was used to examine the crystal structure of clays using
Cu Ka radiation. The surface area and pore volume of the adsorbents
were determined by the Brunauer—Emmett—Teller (BET) method*
using a 3Flex gas adsorption analyzer (Micromeritics, Norcross, GA,
USA). Three activation temperatures, i.e,, room temperature (ca. 23
°C), 100 °C, and 200 °C, were employed to activate the samples at
reduced pressure (ca. 0.1 mbar) for 24 h before N, gas adsorption
analysis.

The { potentials of Na-Mt and Mt-CTACg; at the original pH and
adjusted pH in the range of 0—12 were measured to quantify the
adsorbent surface charge using a Malvern Zetasizer Nano-ZS$ analyzer
(Malvern Panalytical Ltd., Malvern, UK). The pH at the point of zero
charge (pHp;c) was determined as the pH at which the ¢ potential
was equal to 0. The infrared spectra of samples were obtained using a
PerkinElmer Spectrum 100 Fourier transform infrared (FTIR)

spectrometer (Waltham, MA, USA). Four samples were evaluated,
including Na-Mt, pristine Mt-CTAC s, and two spent Mt-CTAC g
samples generated from the kinetic experiments after exposure to
PFAS mixtures for 24 h. More experimental details about the
adsorbent characterization can be found in Text S1 in the Supporting
Information.

All adsorption experiments were performed in a batch mode and in
triplicate. A coexposure adsorption test with a mixture of the 10 PFAS
(Table 1) and one of two organic dyes, either MB or RB (Figure S1),
was used to evaluate the adsorption performance of Na-Mt, Mt-
CTAC)34 Mt-CTAC;g;, and Mt-CTAC;5,. Each adsorbent was
added at 2500 mg/L. The initial concentrations were 10 mg/L for
MB, 30 mg/L for RB, and 10 parts per billion (ppb) for each PFAS.
Subsamples were collected and analyzed for PFAS and dye
concentrations at five time points: ie., 0, 4, 8, 12, and 24 h. The
modified Mt with the optimal CTAC/CEC ratio was selected and
tested in the subsequent adsorption experiments.

The adsorption kinetics and isotherms of the optimal modified clay
were assessed using mixtures consisting of the nine PFAAs, GenX, and
two precursors (6:2 FTSA and N-EtFOSAA). Five concentration
levels for each PFAS from the lowest level 1 to the highest level S
were prepared in DI water without pH adjustment. The initial pH and
concentration of each PFAS (C,) at each level of the mixture were
quantified at the beginning, as shown in Table 2. The dose of the
tested adsorbent was 100 mg/L. Subsamples were collected at 1, 2, 4,
8, 12, and 24 h. Additionally, the adsorption performance of the
unmodified and optimal modified clays was compared to that of three
widely applied and commercially available adsorbents, i.e.,, FILTRA-
SORB 400 GAC, a PAC (Calgon Carbon, Pittsburgh, PA, USA), as
well as an adsorbent mainly consisting of AC, aluminum hydroxide,
and kaolinite (AC/Al/clay-based). More experimental details are
provided in Text S2 in the Supporting Information.

The calculation of adsorbed PFAS per unit mass of an adsorbent and
removal efficiencies (%) of compounds are detailed in Text S3 in the
Supporting Information. The adsorption data of PFAS were evaluated
by three widely applied kinetic models, i.e., pseudo-first-order (PFO),
pseudo-second-order (PSO), and intraparticle diffusion (IPD)
models, the equations of which are shown as

PFO: g, =q(1— ") (1)
_ 2

PSO: g, = kyq; t/(1 + kzqet) (2)

IPD: g, = kgt'* + (3)

where t (h) is the contact time, q, (mg/g) and g, (mg/g) are the
amounts of adsorbate in the solid phase at time ¢ and equilibrium,
respectively, k; (h™") and k, (g/(mg-h)) represent the rate constants
for the pseudo-first- and pseudo-second-order reactions, respectively,
ky (mg/(g h'/2)) is the intraparticle diffusion coefficient, and C, (mg/
g) is the constant related to boundary layer thickness. The values of
constants and coefficient can be generated from the slopes and
intercepts of the linearized equations.
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The adsorption data were fitted by three isotherm models, i.e.,
Langmuir, Freundlich, and Sips, given by eqs 4—6, respectively

Langmuir: q, = quLCe/(l + KLCe) @
Freundlich: q,= KFCel/m ©
SiPS: qe = qm(KSCe)l/n/(l + (I<Sce)1/n) (6)

where q,, (mg/g) is the theoretical adsorption capacity, C. (ug/L;
ppb) is the concentration of adsorbate in the aqueous phase at
equilibrium, K; (L/ug) is the Langmuir constant, K (mg LYm/ (g
ug'’™)) is the Freundlich constant related to adsorption capacity and
energy, m is the dimensionless heterogeneity coefficient indicating the
favorability of the adsorption process, Kg (L/ug) is the Sips constant
associated with adsorption affinity, and # is a dimensionless parameter
qualitatively accounting for the heterogeneity of the adsorbate—
adsorbent system.

The amount of surfactant loading in the modified clays may
affect the distribution of surfactant cations/molecules within
the Mt interlayer space and surfactant—Mt interactions,™* thus
leading to different adsorption performance. Three CTAC
loadings were investigated, i.e., low, medium, and high CTAC/
CEC molar ratios of 0.34, 0.85, and 3.39, respectively, and an
optimal ratio was expected to be selected based on the
adsorption performance. To facilitate the screening process, we
employed a coexposure adsorption method by mixing the
cationic dye MB or the anionic dye RB with PFAS in the
aqueous solution, since the dye colors can be easily monitored
and serve as an indicator for adsorption performance."
Moreover, with the presence of organic dyes, the adsorption
performance of modified clays for organic pollutants and their
effects on PFAS adsorption can be evaluated, which thus might
broaden the applications of the modified clays. To quantify the
concentrations of dyes simply by UV—visible spectroscopy,
calibration curves between the concentrations and absorbances
at 662 and 564 nm were developed for MB and RB,
respectively, as shown in Figure S2. The initial concentrations
of MB at 10 mg/L and RB at 30 mg/L fell in the linear ranges
of the calibration curves.

The removal of MB and RB in the presence of PFAS by Na-
Mt and the three modified clays, i.e., Mt-CTAC;;,, Mt-
CTAC g5, and Mt-CTAC; 35, over contact times of 4, 8, 12,
and 24 h, are shown in Figure 1. These results showed that the
adsorption of MB by all four examined clays reached
equilibrium within 4 h. The CTAC loading exhibited a
negative effect on the adsorption of MB, with Na-Mt and Mt-
CTAC, 3, showing the highest MB removal efficiency of nearly
100%, followed by Mt-CTAC,gs and Mt-CTAC; 3 exhibiting
approximately 97% and 87% removal efficiency, respectively.
These findings are attributed to the fact that MB is a cationic
dye (pK, = 3.8), and the major mechanism of its adsorption by
Na-Mt and Mt-CTAC,, is the cation exchange of MB* with
Na*.*> For Mt-CTAC, s and Mt-CTAC; 5, in which Na* had
been largely or fully exchanged, hydrophobic interactions
mainly contributed to adsorption of the hydrophobic MB.* In
contrast, CTAC/CEC ratios affected RB adsorption positively
in the range of 0—0.85, showing that Mt-CTACgs adsorbed
nearly 100% of RB within 4 h while Na-Mt had almost no
adsorption. The positive effect of CTAC loadings, however,
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Figure 1. Adsorption (removal efficiency) of methylene blue (A) and
rose bengal (B) by the unmodified (Na-Mt) and three modified clays
(Mt-CTAC 34, Mt-CTAC, g5, and Mt-CTAC, ;,) with the coexistence
of PFAS. The initial concentrations of each PFAS, MB, and RB were
10 ppb, 10 mg/L, and 30 mg/L, respectively. Error bars represent the
standard deviations of triplicate measurements.

was not applicable to Mt-CTAC;, 3o, which adsorbed RB weakly
with a removal efficiency of <10%. The extremely low
adsorption of RB by Na-Mt might be due to electrostatic
repulsion between the negatively charged clay surface and RB
molecules. With increasing CTAC loading, hydrophobic
interactions start to play a role in adsorption of the
hydrophobic RB.* However, the large molecular dimensions
of RB with benzene and xanthene moieties (Figure S1B), as
well as the severe blocking of the Mt interlamellar space caused
by the large intercalated CTA" cations at a CTAC/CEC
loading of 3.39,° might inhibit the intrusion of RB molecules
into the interlayer space of Mt.

PFAS adsorption on the four clays in the presence of MB or
RB was also evaluated (Figure 2). The results showed that
CTAC loadings had a positive effect on PFAS adsorption, with
Mt-CTACyg; and Mt-CTAC;3y adsorbing nearly 100% of
PFAS and Na-Mt showing extremely low adsorption.
Specifically, Mt-CTAC;g; displayed the best adsorption
performance among the four clays, removing 100% of almost
all PFAS in the presence of either MB or RB. The adsorption
reached equilibrium within 4 h, and no desorption was
observed during longer contact times. Interestingly, although
the examined PFAS were also anionic because of the low pK,
(Table 1), Mt-CTAC;;, exhibited a adsorption capacity
comparable with that of Mt-CTACg; for almost all PFAS,
in contrast to the low adsorption observed for RB. This might
be due to the linear structures and smaller molecular
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Figure 2. Adsorption of PFAS by the unmodified (Na-Mt) and three modified (Mt-CTAC3, Mt-CTAC,g;, and Mt-CTAC;3,) clays with
coexposure of the organic dye (methylene blue or rose bengal). The initial concentrations of each PFAS, MB, and RB were 10 ppb, 10 mg/L, and
30 mg/L, respectively. Error bars represent the standard deviations of triplicate measurements.
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Figure 3. Kinetics of adsorption of PFAS at different initial concentration levels by Mt-CTACgs. The colored circle points indicate experimental
data at each initial concentration level. The colored solid lines indicate fitting lines of the pseudo-second-order model for experimental data points
with the same colors. Error bars represent the standard deviations of triplicate measurements.

dimensions of PFAS than of RB, which facilitated the entering
of PFAS into the Mt interlayer space. Similarly to RB,
negligible PFAS were adsorbed by Na-Mt, probably due to the
electrostatic repulsion. In comparison, the amounts of
adsorbed PFAS by Mt-CTAC,;, were dependent on carbon
chain length with higher PFAS adsorption for longer-chain
PFCAs and PFSAs. The increasing adsorption of PFAS with
longer chain length indicated that hydrophobic interactions
may play a critical role in the adsorption. Moreover, PFSAs
were more easily adsorbed by Mt-CTAC 3, than PFCAs with
the same chain length, which might be attributed to the lower
water solubility (Table 1) and thus higher hydrophobicity of
the former than the latter. This also highlights the important
role of hydrophobic interactions between PFAS carbon chains
and CTA" alkyl chains in the PFAS adsorption process. It can
also be observed that MB, compared to RB, seemed to lead to
enhanced adsorption of PFAS, which might be due to
electrostatic attractions between cationic MB and anionic
PFAS. From the findings related to the adsorption of organic
dyes and PFAS, Mt-CTAC,g; was chosen as the optimal
modified clay and evaluated further in this study.

The selected optimal modified clay, Mt-CTAC, g5, was exposed
to aqueous mixtures of 12 PFAS with a series of S initial

concentration levels. To evaluate the adsorption performance
of Mt-CTACgs and to comparatively investigate the
adsorption kinetics of different PFAS, three kinetic models—
PFO, PSO, and IPD—were applied to fit the adsorption data.
The fitting correlations were evaluated using the linear forms
of the models. As displayed in Figures S3 and S4, the squared
correlation coefficients R* for all 12 PFAS fitted by the
linearized PFO and IPD models were quite low, ranging from
0.317 to 0.734 and from 0.358 to 0.594, respectively. In
contrast, the linearized PSO model showed excellent fitting
correlations, with R*> values of 0.996—1 for the 12 PFAS
(Figure SS), indicating that the adsorption kinetics of all
examined PFAS are well described by the PSO model. Thus,
we applied the PSO model to fit all the adsorption kinetic data
of the 12 PFAS, as shown in Figure 3.

It can be seen from the results that a fast adsorption process
occurs within the first 1 h of contact time (Figure 3). At the
lower initial concentrations of levels 1—3, adsorption reached a
maximum within 1 h for all PFAS, and all removal efficiencies
were 100% (Figure 4), indicative of the expeditious kinetics
and high adsorption capacity of Mt-CTACgs. Regarding the
higher initial concentrations of levels 4 and S, an adsorption
manner dependent on carbon chain length was observed, with
higher removal efficiency for PFAS with the longer chain
length, which is consistent with the findings in section 3.1. In
detail, at the initial concentration of level 4, for long-chain
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Figure 4. Removal efficiency of PFAS at different initial concentration levels
Error bars represent the standard deviations of triplicate measurements.

PECAs and PFSAs (ie, PFOA, PENA, PFDA, PFUnA,
PFHxS, and PFHxS), as well as the two long-chain precursors
(ie., 6:2 FTSA and N-EtFOSAA), saturated adsorption with
100% removal efficiency was achieved within 1 h and no
desorption was detected. However, within the same contact
time, short-chain PFCAs and PFSAs (i.e., PFHxA, PFHpA, and
PFBS), as well as GenX, were not fully adsorbed, with removal
efficiencies ranging from 84% to 96%. For these PFAS, the
adsorption process continued to occur with increasing contact
time and reached equilibrium within 2 h. Consequently, the
whole adsorption process can be divided into three phases. In
the first phase, PFAS are mainly adsorbed into the interlayers
of the modified clay. In the second phase, the electrostatic
repulsion between PFAS anions slows continued PFAS
adsorption. Equilibrium is reached in the third phase. This
multiple-phase adsorption process was similarly observed in
the adsorption of 4-nitrophenol by the modified clay.”® At the
initial concentration of level S, similar adsorption behavior
with three phases was observed for short-chain PFAS, but with
lower removal efficiency and a longer second phase than those
at level 4. PFOA, PFHxS, and 6:2 FTSA, which possess shorter
chain lengths compared to other long-chain PFAS, also
exhibited unsaturated adsorption within 1 h. Thus, as shown
in Figure S6, the PFAS chain length and concentration
significantly affected the performance of the adsorbent.

Due to the excellent adsorption capacity of Mt-CTACgs, the
PFAS concentrations in the aqueous phase were either close to
or lower than the limit of detection (LOD) in the case of lower
concentration levels and long-chain PFAS. Therefore, it was
not feasible to obtain C, values for fitting isotherm models for
individual compounds. Moreover, a similar adsorption
mechanism might be shared by all the examined PFAS due
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and different contact times (1, 2, 4, 8, 12, and 24 h) for Mt-CTAC g.

to their comparable and shared physicochemical properties.
Thus, the total g, and C, values of all PFAS tested in this study
were calculated and employed to establish isotherm models.
Three common isotherm models, namely Langmuir, Freund-
lich, and Sips, were used to fit experimental adsorption data.
The Langmuir isotherm considers the dynamic equilibrium of
adsorption and desorption, while the Freundlich isotherm
predicts adsorption processes occurring on heterogeneous
surfaces. In comparison, the Sips model combines the
Langmuir and Freundlich isotherms, aiming to predict
adsorption in heterogeneous systems."’

As evidenced in Figure 5, the Langmuir model fit the
experimental adsorption data very well in the high-concen-
tration range and the Freundlich isotherm exhibited excellent
fits in the low range, while the Sips isotherm satisfactorily fit
the whole range of data (Table 3). The Sips isotherm has been
shown to overcome the limitations of the increasing adsorbate
concentration related to the Freundlich model.*® It is
essentially a Freundlich model at low adsorbate concentrations
and predicts the monolayer adsorption similarly to the
Langmuir model at high adsorbate concentrations. It was
reported that there was a preference for the formation of a
monolayer on the aqueous clay surface for PFAS molecules at
high concentrations.” The adsorption of PFOS and PFOA
onto ferrihydrite’® and PFOS onto goethite also exhibited
As shown in Table S3, at low
concentrations, the g, values determined by the Sips isotherm
were closer to those predicted by the Freundlich isotherm,
while at high concentrations, the g, values predicted by the
Sips model were closer to those generated from the Langmuir
model, indicating the successful application of the Sips
isotherm to model the adsorption process. The adsorption
capacity of Mt-CTAC,g; was predicted by the Sips model to
be 255.27 mg/g (Table 3).

3
monolayer formation.’
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Figure S. Adsorption isotherms of total PFAS for Mt-CTACg;,
plotted with the Langmuir, Freundlich, and Sips models. Experimental
data represent the mean values of triplicate measurements.

Table 3. Parameters and Values Derived from Adsorption
Isotherm Models of Langmuir, Freundlich, and Sips in the
Adsorption Process of Mt-CTAC ¢

model parameter value
Langmuir R? 0.9850
Ky (L/ug) 5.709 x 1073
4 (mg/g) 12522
Freundlich R? 0.9966
Kz (mg LY"/(g-ug'/™)) 10.028
m 3.070
Sips R? 0.9998
K (L/ug) 3427 x 107*
qm(mg/g) 25527
n 2.302

The modified clay Mt-CTAC, ¢ and unmodified Na-Mt were
compared in parallel with three commercially available
adsorbents that are widely used in practice. The commercial
adsorbents were FILTRASORB 400 GAC and a PAC product
from Calgon Carbon, as well as an AC/Al/clay-based
adsorbent. Due to confidentiality, the name of the third AC-
based composite adsorbent cannot be disclosed here. As shown
in Figure 6, compared to the three commercial adsorbents, the
unmodified Na-Mt exhibited the lowest removal efliciency
overall, while the modified clay Mt-CTACg4; demonstrated
the highest removal of the 13 PFAS, including 3 precursors.
PAC exhibited the second-best adsorption performance among
the five adsorbents. As evidenced by the adsorption kinetic
results and those in Figure 6 and previous research,”” the
removal of PFAS by Mt-CTAC,gs was significantly faster and
higher than those by PAC. Within 4 h, the concentrations of all
PFAS approached zero in the tested systems for Mt-CTAC ;.
For those with PAC, however, PFAS at the low end of ppt
were still detectable. Additionally, the modified clay was highly

efficient for adsorbing one PFAS precursor, 8:2 diPAP, for
which PAC was not highly effective. The GAC and the AC/Al/
clay-based adsorbent showed quite similar removal profiles for
all PFAS, with notably low removal at t = 4 h and gradually
increasing removal with longer contact times, indicating the
slow adsorption kinetics for both adsorbents.

A commercial adsorbent, FLUORO-SORB, a patented
modified clay, has been shown to have high efficiency in
removing PFAS in contaminated groundwater.”” Batch
adsorption experiments were carried out with various
adsorbents, including FLUORO-SORB 200, ion-exchange
resin, GAC (reagglomerated bituminous type), and hard-
wood-based biochar. The adsorbent dose was 12.5, 50, or 100
mg/L with an adsorption time of 168 h (7 days). The
adsorption of 10 PFAAs and S precursors by FLUORO-SORB
200 was rapid in the initial 12 h and then slowed until
equilibrium was reached within 168 h.*” Our modified clay
showed that, at t = 48 h, all PFAS in the liquid phase were
undetectable except PFHxA with a final concentration of less
than 100 ppt. For FILTRASORB 200, most PFAS in the
aqueous phase at t = 48 h were still at a relatively high levels.*’
For example, at 48 h both PFOA and PFOS were at a level of
~2 ppb with initial concentrations of 6 and 15 ppb,
respectively. It is worth noting that the adsorption performance
of the adsorbent in real groundwater may be affected by
various environmental factors, which needs to be considered in
future investigations on their more comprehensive compar-
isons.

The modified clay Mt-CTAC;4; also exhibited an
adsorption capacity superior or comparable to those in
literature data of conventional or emerging adsorbents
(Table 4). For instance, Zhi and Liu®’ investigated the same
FILTRASORB 400 GAC as we did and Calgon Carbon’s BPL
PAC, both of which showed an adsorption capacity of around
2.5 mg/g for both PFOA and PFOS (Table 4), much lower
than those of our modified clay with coexposure to a PFAS
mixture. A commercial clay-based adsorbent, matCARE,
displayed a S0 mg PFOS/g adsorption capacity with high
adsorbent dose and initial PFOS concentrations (Table 4).
Additionally, in comparison with documented data of other
modified clays in lab-scale tests (Table 4), Mt-CTACg;
showed a comparable adsorption performance for total PFAS.

The comparison of adsorbent adsorption performance,
however, is relative. The adsorption performance can be
affected by numerous factors: for example the target PFAS and
their concentrations, solution pH and ionic strength, adsorbent
dose and structure, etc. As shown in Table 4, almost all
reported adsorption studies focused on either PFOA or PFOS
or both. Since these two long-chain PFAS can be removed well
by most adsorbents, including our modified clay, the
adsorption capacity of the adsorbents in Table 4 theoretically
should have lower capacity for short-chain PFAS. In this study,
the use of a mixed PFAS including PFAAs, GenX, and
precursors considered the fact that PFAS in most contami-
nated environments exist in mixtures. Environments contami-
nated by an industrial process that only uses a specific PFAS
may be an exception. As competition between different PFAS
during adsorption is likely, this competition might be revealed
by comparing the adsorption behavior of an adsorbent exposed
to one or two PFAS. However, given the large number of
combinations to be tested for this purpose, we chose to test a
mixture representing different types of PFAS. This time-saving
approach allowed us to narrow down the list of adsorbents and
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Figure 6. Adsorption performance comparison among Na-Mt, Mt-CTAC, g5, and commercially available FILTRASORB 400 GAC, PAC, and an
AC/Al/clay-based adsorbent for a PFAS mixture at different contact times (4, 8, and 48 h). The initial concentration of each PFAS in the mixture
was 10 ppb. Error bars represent the standard deviations of triplicate measurements.

Table 4. Adsorption Performance of Carbon- and Clay-
Based Adsorbents in the Literature

dosage Co capacil
adsorbent (mg/L) PFAS  (ppm) (mg/g
FILTRASORB 400 200 PFOA 0.5 2.52
GAC™
PFOS 0.5 2.59
BPL PAC*? 200 PFOA 0.5 2.49
PFOS 0.5 2.48
matCARE** 10000 PFOS 215 50
modified clay’’ 50 PFOA 5 2074
PFOS 5 403°
modified clay'” N/A PFOA 95 ~62°
PFOS 124 ~339°

“The highest values obtained by isotherm models. bEstimation from
the figure in the reference for the modified clay with a HDTMAB/
CEC ratio of 0.5. The mass of PFAS was calculated using the
molecular weight in Table 1.

gave us time and resources to engage in detailed studies of the
best-performing adsorbents.

3.5. Adsorption Mechanism Interpretation with Insights
from Physicochemical Characterizations

A physicochemical characterization of Na-Mt and Mt-
CTAC, 45 was conducted to examine their differences and to
better understand the adsorption mechanisms of the modified
clay. As shown in SEM images (Figure 7A,B), both Na-Mt and

Mt-CTAC,g; displayed large agglomerated particles with
irregular shapes, which were formed by numerous tiny
particles. The void spaces of interparticle cavities among
those small particles led to the macroporous structures of the
larger aggregated clay particles, which could play a significant
role in PFAS adsorption by facilitating diffusion of the
adsorbate through cavities.”> Na-Mt presented a coarse and
rough surface containing many interparticle cavities, while Mt-
CTAC4s exhibited a smoother surface resulting from the
modification process. An EDS analysis (Figure 7C,D) of Na-
Mt indicated that O, Si, Al, and Fe were the major elements,
accounting for >90% of the total elemental compositions,
which is consistent with previous findings related to the
structural formula of Mt.*”°® After modification, the contents
of the major elements showed slight variations because of the
replacement of Na® by CTA" cations, which resulted in a
significant decrease of Na content in Mt-CTACg;. It is worth
noting that electrically conductive carbon tapes were applied in
the preparation of SEM-EDS samples, and therefore the
element C was not included in the EDS measurement and
analysis. This might result in elemental compositions varying
from the true values that can be obtained by more accurate
elemental analysis methods, such as inductively coupled
plasma optical emission spectroscopy (ICP-OES).

The specific surface area and pore volume of Mt-CTAC, 45
compared to those of Na-Mt were evaluated by a BET
measurement. To obtain the original values, the samples were
first activated at room temperature, at which the adsorbents are
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Figure 7. Morphological (A, B) and compositional (C, D) analyses of Na-Mt (A, C) and Mt-CTAC;gs (B, D) by SEM-EDS. Elemental
compositions are shown with normalized concentrations (wt %) and standard deviations (SD). The elements not shown were undetectable, which

were lower than the detection limit of 0.01 wt %.

normally used in practice. As shown in Figure 8A, Mt-
CTAC, 4 possessed a BET surface area of 10.58 m’/g and a
pore volume of 0.0145 cm®/ g 30% and 20% lower than those
of Na-Mt, respectively. This finding may be attributed to the
clogging of interlayer spaces by the CTAC molecules after
modification. After activation at 100 and 200 °C, the pore
volume of Na-Mt rose, presumably due to the removal of
adsorbed species at these higher temperatures. Regarding Mt-
CTAC,gs, the surface area and pore volume were slightly
elevated after activation at 100 °C and increased dramatically
to 45.34 m*/g and 0.0317 cm®/g, respectively, after activation
at 200 °C. Previous findings suggested that the chemical
structures of quaternary ammonium cations in the modified
clay could affect the basal spacing of the clay backbone,"” since
the surfactant molecules might enlarge the interlayer spaces.
After activation at high temperature for a long time, these
surfactants may evaporate from the material, leaving behind
expanded interlayer void space detectable by gas adsorption
measurements. These findings give valuable insights into the
potential regeneration of spent modified clays.

To further interpret the adsorption mechanism of the
modified clay, a critical parameter influencing the adsorption
process, the { potential, was determined and analyzed. In
general, Mt-CTAC g exhibited a positive charge while Na-Mt
had a negative charge over the wide range of pH values tested

(Figure 8B). The original pH and { potential without any
adjustments of Mt-CTAC;g; were 7.46 and 46 mV,
respectively, in contrast with 11.38 and —31.6 mV,
respectively, for Na-Mt. The pHp;c value was 10.05 for Mt-
CTAC,gs and 0.34 for Na-Mt. Such a neutral original pH and
high pHy,c of Mt-CTAC, ¢ are favorable for its application in
the environmental matrices, in which PFAS are typically
negatively charged. Prior studies have also demonstrated that
more positively charged adsorbents possessed a higher
tendency to adsorb PFAS.*>*”

The effect of clay modification on PFAS adsorption was
further investigated by FTIR through the comparative
examination of Na-Mt, pristine Mt-CTACg4;, and two spent
Mt-CTAC, g adsorbed PFAS mixtures at levels 4 and S. As
displayed in Figure 8C, the FTIR spectra of all samples
exhibited bands at 3697 and 3620 cm ™}, which were attributed
to the O—H stretching vibration of the structural hydroxyl
groups of the clay.”” All four samples also displayed an
intense band at ca. 1000 cm™" corresponding to the Si—O—Si
stretching and a band at 692 cm™' matching the bending mode
of the same group.’”*® Similarly, the bands at 912 and 798
cm™!, which were ascribed to Al-OH—AI bending and Si—O
symmetric stretching, respectively,””" were also present for all
samples. All spectra also presented the typical O—H bending at
1636 cm™! due to the residue of adsorbed water.””®* These
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Figure 9. Proposed mechanisms for the CTAC modification process and adsorption of PFAS on the modified clay.

observations, combined with the above SEM-
suggested that CTAC modification and PFAS adsorption

EDS results, exerted a limited effect on the clay backbone structure. The

modification seemed to only affect the surface, while the main
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structure and the relative content of each element of the clay
backbone remained similar. This was also verified by XRD,
showing indistinguishable crystal structures between Na-Mt
and Mt-CTAC,g; (Figure S7). Similar findings were also
observed for matCARE™ and in previous literature.*®>**

Interestingly, only the pristine and spent Mt-CTAC4s
samples exhibited bands at 2926, 2854, and 1469 cm™'. The
bands at 2926 and 2854 cm™' were attributed to the
asymmetric and symmetric stretching vibrations of C—C in
the alkyl chain, respectively,”” while the band at 1469 cm™
corresponded to the C—H bending in the same chain.®® This
indicated the presence of CTAC in the pristine and spent
modified clays. Moreover, a band at 1688 cm™, which was
ascribed to the C=0 st1'etching,66’67 was only exhibited in the
spectra of the two spent modified clays, while it was absent in
the spectra of Na-Mt and pristine Mt-CTACg4s. The weak
bands at 1230 and 1200 cm™" appearing in the spectra of spent
Mt-CTAC g5 with exposure to PFAS at level 5 matched up
with CF, and CF, groups.”® These findings demonstrated the
adsorption of PFAS on the spent modified clays. The
characteristic band of the sulfonic groups (1048 cm™') was
not found in the spectra of the spent Mt-CTAC,g;, probably
due to the relatively lower amounts of PESAs than PFCAs in
the mixtures and the overlaGpping effect of the broad and strong
Si—O=Si stretching band.”’

In summary, considering all of the findings above, we
proposed an adsorption mechanism of PFAS to Mt-CTAC 4
involving electrostatic interactions between the positively
charged CTA" cations and the negatively charged PFAS
anions, as well as hydrophobic interactions between PFAS
carbon chains and CTA" alkyl chains (Figure 9). It has been
demonstrated that the Langmuir isotherm is greatly affected by
electrostatic interactions’® and that the Freundlich isotherm is
strongly associated with hydrophobic interactions.”* The better
fitting of our adsorption isotherm data to Langmuir and
Freundlich isotherms at high and low concentrations,
respectively, supported this proposition that electrostatic
interactions were dominant at a high concentration and that
hydrophobic interactions became increasingly governing as the
concentration decreased. A prior study combining experimen-
tal and molecular simulation also indicated that multiple
interactions accounted for PFAS adsorption on modified
clay.*” Further investigations, both experimental and modeling,
are necessary to verify the proposed PFAS adsorption
mechanism. The verified mechanism will be beneficial for
redesigning and synthesizing better adsorbents for PFAS
removal. While it is beyond the scope of this study, future
research should also be devoted to the regeneration, as well as
the effects of environmental factors, such as pH, ionic strength,
and natural organic matter, on the adsorption performance of
the modified clay for its practical application in a real aqueous
environment.

Our CTAC-modified clays with medium and high CTAC/
CEC ratios exhibited remarkably enhanced capabilities to
adsorb PFAS mixtures compared to the unmodified clay. The
optimal modified clay with the medium CTAC/CEC ratio, Mt-
CTAC, s, displayed fast adsorption kinetics that were perfectly
fitted by the PSO model. The adsorption behavior was
significantly dependent on the initial concentration and carbon
chain length of PFAS. The Sips isotherm model precisely
predicted the adsorption process of the total PFAS with a

calculated adsorption capacity of 25527 mg/g for Mt-
CTACgs. In comparison with other commercial adsorbents,
Mt-CTAC, g5 showed superior adsorption performance for all
PFAS, including precursors. A comparative physicochemical
characterization of the clays studied herein facilitated an
interpretation of the excellent adsorption performance of Mt-
CTAC;gs and elucidation of the mechanism by which it
adsorbs PFAS. In light of all findings in this study, an
adsorption mechanism associated with electrostatic interac-
tions and hydrophobic interactions was proposed.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.2c00096.
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