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ABSTRACT: Adsorption is a promising technology to remove perfluoroalkyl substances
(PFAS), including perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid
(PFOA), from contaminated water. Although a large number of materials have been
evaluated for PFAS adsorption, guidelines that can facilitate the rational design and selection
of adsorbents have not been established due to the lack of a mechanistic understanding on
the molecular level. Using a novel interpretation of the Freundlich isotherm, this study
identifies halogen bonding as the main mechanism controlling perfluoroalkyl adsorption by
using a materiomic approach that compares the electrostatic polarities of a variety of carbon,
polymer, and mineral-based materials reported in the literature. Comparisons show that both
PFOS and PFOA are favorably adsorbed by materials containing high densities of #
electrons, lone electron pairs, and negative charges, consistent with the formation of halogen
bonding between the positive o-hole of fluorine as a Lewis acid and a nucleophilic solid as a
Lewis base. The identification of this previously unappreciated noncovalent bonding
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mechanism offers fresh insight into the search of suitable materials for perfluoroalkyl adsorption.

1. INTRODUCTION

Perfluoroalkyl substances (PFAS) commonly refer to amphi-
philic alkyl acids with all the alkyl hydrogen (H) atoms
replaced by fluorine (F).' The increasing detection of PFAS
compounds in the environment™ and concerns about their
adverse effects on health, including cancer risk,* liver damage,5
and immune suppression,® have raised the level of urgency to
identify suitable technologies for PFAS removal from
contaminated water.” Adsorption, one of the most widely
used technologies in water treatment,”” has been extensively
evaluated for PFAS removal using both conventional and novel
materials as adsorbents. Most of the studies reported in the
literature agree that PFAS can be adsorbed, as well as many
other organic contaminants. The studies, however, disagree on
which type of material should be used to maximize the removal
efficiency, particularly at low PFAS concentrations required to
meet the preliminary remediation goal of 70 ppt (ng L™") that
has been recently proposed by the United States Environ-
mental Protection Agency (USEPA) for perfluorooctanesul-
fonic acid (PFOS; C.F;,SO,0H) and perfluorooctanoic acid
(PFOA; C.F,;COOH)."

A mechanistic understanding of PFAS-adsorbent interaction
is critical to making rational design and selection of materials
for PFAS adsorption.'" Because of the high electrone§atiww of
fluorine and the deprotonation of acids in water,'”~"* previous
research has only considered the PFAS as a nucleophilic Lewis
base that can be electrostatically attracted by Lewis acids such
as quaternary amines attached to the adsorbent surface.”'
However, halogens (X) bonded to carbon in organic
compounds, although being electronegative,16 are known to
be electrophilic and favor interactions with nucleophiles
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containing 7 electrons, lone electron pairs, and negative
charges.'”'® The intermolecular donor—acceptor charge trans-
fer'”™*" between halogens and nucleophiles forms halogen
bonding, similar to hydrogen bonding.22 As shown in Figure 1,
the formation of halogen bonding has been rationalized using
the concept of o-hole, which is the outermost region along the
C—X bond that has positive electrostatic potentials.”> The
halogen bonding of perfluoroalkanes with amines in solution
has been experimentally identified.”* Ab initio calculations
further suggest that the formation of halogen bonding can be
promoted by the presence of electron-withdrawing groups such
as sulfonic and carboxylic acids in PFAS.'>?* Nevertheless, the
importance of halogen bonding in perfluoroalkyl adsorption
has not been systematically investigated.

The objective of this study is to evaluate the importance of
halogen bonding in perfluoroalkyl adsorption. The evaluation
is conducted by taking a materiomic approach,”® frequently
used in bioengineering”’ and crystal design®® to establish
structure—activity relationships through the meta-data analysis.
To understand the preference of material electrostatic polarity
in PFAS adsorption, isotherms reported in the literature are
analyzed for the adsorption of PFOS and PFOA according to
the Freundlich isotherm®”:
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Figure 1. Schematic illustration of o-holes in PFOS (fluorine,
emerald; carbon, gray; oxygen, red) that can form halogen bonding
with 7 electrons in graphitic carbon, lone electron pairs in
polyacrylamide (nitrogen, blue; hydrogen, white; one hydrogen
behind the carbon on the right), and negative charges in
aluminosilicates (aluminum or silicon in the center of tetrahedron
and oxygen at the apexes). See ref 25 for the potential of o-hole
plotted on the van der Waals surface.

q= KFCI/n (1)

where g is the adsorption capacity, ¢ is the perfluoroalkyl
concentration in water, 1/# is the unitless power, and K is the
equilibrium constant (often in mg'™"/" L'" g™!). The Gibbsian
interpretation of n and Kj, which are otherwise considered to
be empirical,”®™>* is used as the theoretical foundation to
facilitate comparisons among carbon-, polymer-, and mineral-
based adsorbents. The preference of PFOS and PFOA to be
adsorbed by nucleophilic adsorbents is taken as an indication
of the formation of halogen bonding.

2. METHOD

The Freundlich model is interpreted by considering the
capillary effect of surface tension on adsorption.*® According to
the Gibbs equation for adsorption™*:

_or
oy (2)

I'=

where I' is the surface density of PFAS, y is the surface
tension, and g is the chemical potential of PFAS. The
reduction of surface tension by PFAS adsorption can be
formulated as:**~’

dy = —Ahdll (3)

where Ah is the change of enthalpy due to the replacement
of water molecules by PFAS at the adsorbent—water interface.
Combining eqs 2 and 3 with integration gives

r

o

u=pu + Ahln —
re (4)

where the Plimsoll symbol in the superscript denotes a
hypothetical reference state of pure PFAS, R is the universal
gas constant, and T is the absolute temperature. According to
Gibbs,””*° PFAS has the same chemical potential at the
interface and in water (w):

= uwe + RTIn C—Vev
Cy (8)

Provided that M is the molecular weight of PFAS, A is the
specific surface area of adsorbent, and thus:

q=MTI'A (6)
combining eqs 4 and 5 gives

q RT c

log == = —log —

q° Ak 7o 7)
Comparison of eq 7 tol reveals that

Ah
n=—

RT (®)
log K = log qe - llog ®

F n )

where log is the 10-based logarithm. A linear correlation is,
therefore, expected between log K and 1/n.**™*
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Figure 2. Adsorption of PFOS by activated carbon (red circles), carbon nanotube (green circles), black carbon (gold circles), fluorographene
(purple circle), biochar (blue circles), and ash (dark blue) compared in terms of (a) the logarithm of equilibrium constant (log Ki:) and the power
parameter (1/n) and (b) the inverse of power (1) and the average pore diameter (d) for activated carbon. Colors in red circles for activated carbon:
white, commercial; pink, lab-made; cyan, attached to magnetite nanoparticles; gray, with high metal content. Colors in gold circles for black carbon:
white, char; brown, ash. Lines in a are least-squares fits of activated carbon (red) and biochar (blue) data to eq 9, respectively. The yellow band in a
is a fit to all data, except those for biochar. In b, the line is a linear fit to eq 8 for low-capacity activated carbon, and the curve is a power fit for high-
capacity activated carbon. The coefficients of determination are R* > 0.96 in a and R* > 0.85 in b.
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3. RESULTS AND DISCUSSION

Figure 2 compares the adsorption of PFOS by carbon-based
materials reported in the literature, including activated carbon
(AC, red circles),”' ™ carbon nanotube (CNT, green
circles),*” fluorographene (cyan circle),”" black carbon (BC,
gold circles),”” and biochar (blue circles).® These materials
differ in the extent of graphitization, as reflected by the two
groups in the Freundlich plots of log K and 1/n (Figure 2a).
The first group includes AC, CNT, fluorographene, and black
carbon with similar degrees of graphitization, thereby
aggregating in the same region (yellow band). Combining
eqs 7 and 8 gives:
q 1 c
log — = —log —
& o » g © (10)

The aggregation of materials in the first group indicates that

they have similar values of qeand ¢®; therefore, their
adsorption capacities are solely determined by 1/n at any

given value of c. Since ¢ < ¢, q increases with the decrease of
1/n. According to eq 8, materials with low values of 1/n have
high values of Ah, suggesting that the best materials to be used
in the PFOS adsorption should induce substantial changes in
interfacial enthalpy. )

In comparison, biochar™® prepared by the pyrolysis of corn
straw in nitrogen gas at 250, 400, 550, and 700 °C, together
with ash,*” has a Freundlich linearity shifted to greater values

of 1/n, giving a value of qegreater than that obtained for the
first-group adsorbents. However, the exponential term 1/n in
the equation has a dominant impact on g when the equilibrium

concentration is several orders of magnitude smaller than c®.
Hence, the right shift in the plot indicates that biochar and
ash,”® with reduced graphitization, are less preferred for PFOS
adsorption than activated carbon and other graphitic materials.
The significant reduction in the adsorption capacity of ash also
corresponds to its significantly smaller carbon elemental
composition (11.2 vs >60%).

The preference of PFOS adsorption with highly graphitized
carbon materials is further supported by two other
observations in Figure 2a. First, for the corn straw-based
biochar, 1/n decreases and thus g increases with the increase of
pyrolysis temperature,” consistent with the adsorption of
organic compounds observed with other types of biochar
materials.”* ™" Analyses of biochar structures have shown that
the increase of pyrolysis temperature improves graphitization
by transforming amorphous carbon to aromatic clusters and
then turbostratic crystallites (i.e, small graphitic crystals
misaligned at their basal planes).””*’ Second, one AC material
is made by the pyrolysis of bamboo in nitrogen gas at 500 °C
(pink-filled red circle)** that thus should have shown similar
behaviors in PFOS adsorption as the corn straw-based biochar
made at a similar temperature (e.g,, 550 °C) if it were used
directly after pyrolysis. The material, however, becomes highly
graphitized after being chemically activated in the presence of
potassium hydroxide at 900 °C,* which is known to improve
graphitization along with porosity in biochar.’!

The positive correlation of PFOS adsorption and material
graphitization supports the hypothesis that halogen bonding
controls perfluoroalkyl adsorption. Graphitic carbon atoms
bond with one another through three ¢ bonds established in
three sp>hybridized orbitals, forming a graphene sheet.”” The
remaining p, orbital from each carbon atom is oriented

perpendicular to the graphene sheet and overlaps with the p,
orbitals of other carbon atoms bonded in the sheet into a
conjugated 7 system. The 7 electrons are strong nucleophiles
that can form halogen bonds with the electrophilic o-hole of
fluorine in PFOS. The strength of halogen bonding is expected
to be proportional to the number of electrons involved in the 7
system, which increases with the elimination of sp® C
associated with surface functionalization through graphitiza-
tion. The importance of eliminating sp> C to maximize PFOS
adsorption is supported by the increase of 1/n and thus the
deterioration of adsorption performance for fluorographene
(purple circle).”" In fluorographene, fluorine is bonded to
carbon in graphene,®® transforming sp> C back to sp® C and
thus reducing the nucleophilicity required for PFOS
adsorption.

Compared to activated carbon, only a limited number of
experimental isotherms have been reported for carbon
nanotube®® and black carbon®® materials. CNTs are highly
graphitized because they are formed by the crystal growth over
metal catalysts through the chemical vapor deposition of
carbon atoms.”* The degree of graphitization can be reduced
in CNTs by the formation of defects, whose density in general
increases with the increase of CNT diameter.”” This is
consistent with the decrease of 1/n and thus the increase of
PFOS adsorption with the decrease of CNT diameter (green
circles in Figure 2a, diameter from left to right: 1-2, 10—20,
and >50 nm).”’

Different from CNT, black carbon (ak.a., carbon black) is
the residue of incomplete combustion.’® As aggregates of
particles consisting of graphene layers, black carbon gains a
high degree of graphitization from the elimination of hydrogen
and oxygen originally present in the biomass precursor through
combustion.”” The nucleophilicity of black carbon can be
reduced by the presence of metal cations, which draw away 7
electrons in graphene from halogen bonding.

A corollary of the theory that halogen bonding controls
perfluoroalkyl adsorption by carbon-based materials is that
activated carbon with smaller pores should adsorb PFOS better
because more fluorine atoms from the same PFAS anion can
be involved in bonding with 7z electrons in smaller pores if
PFAS can fit into the pores. Figure 2b compares n and the
average pore diameter of activated carbon, d, computed from
the total pore volume and the specific surface area by assuming
that the pores are cylinders with a uniform diameter. The AC
materials are separated into two groups and within each group,
n increases and thus 1/n decreases with the decrease of d, as
expected. The low-capacity group consists of 4 commercial AC
materials (gray-filled circles),*"** a lab-made activated carbon
(pink-filled circle),” and a composite of AC and magnetite
(cyan-filled circle)** while the high-capacity group consists of 9
commercial AC materials.”~* The presence of the AC-
magnetite composite in the low-capacity group suggests that
the poor performance of the group may be caused by the
detrimental effect of metal cations on halogen bonding. The
high metal content in AC materials can be inherited from the
precursor material®® or result from the addition of potassium
hydroxide for chemical activation.*> In comparison, a
commercial AC material known to be activated using steam
and thus without the addition of a metal activator is found in
the high-capacity group (white-filled circle on the far right).*’
In the high-capacity group, the increase of pore diameter
induces a sharp decrease of n at d < 2.5 nm, which then levels
off at d > 3 nm. This is consistent with the transition from the
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Figure 3. Adsorption of PFOS by anion-exchange resins (red circles), MOF (green circles), aluminosilicates (gold circles), and polymers other
than anion-exchange resins (blue circles), together with activated carbon shown in Figure 2a (gray), compared in terms of (a) the logarithm of
equilibrium constant (log Ki) and the power parameter (1/n) and (b) the logarithms of adsorption capacity and PFOS concentration at the

reference state (log g°and log ¢©) obtained from fitting log K and 1/n to eq 9. Colors used are as follows: green, macroreticular polystyrene

divinylbenzene; blue, polyacrylamide gel. Colors in gold circles: white, montmorillonite; orange, zeolite. Colors in green circles: white, UiO-66
MOF; emerald, SCU-8 MOF. Lines in a are least-squares fits to eq 9: green-red, all green circles and green-filled red circles for the group of
materials having 7 electrons; blue, all blue circles and the blue-filled red circle for the group having lone electron pairs; gold, all gold circles for the
group with negative charges, with coefficients of determination of R* = 0.94, 0.96, and 0.84. The line in b is a linear fit of all data to eq 11 with R* =

0.87.

positioning of PFOS in the middle of a pore to its attachment
on one side of the pore as d increases.

Figure 3a compares PFOS adsorption by polymer and
mineral-based materials, including anion-exchange resins (red
circles),™**%*~7" metal—organic frameworks (MOF; green
circles),*®”>”* aluminosilicates (gold circles),*"**’* and
polymers other than anion-exchange resins (blue circles).”
These materials can be regrouped according to their molecular
structures associated with nucleophilic electrons. First, macro-
reticular’® resins containing divinylbenzene’” (green-filled red
circles) are grouped with MOFs because they both have
aromatic rings with 7 electrons. Second, the resin based on the
polyacrylic matrix (bluefilled red circle) is grouped with
polyacrylamide”® and polysaccharide polymers that contain
oxygen and nitrogen with lone electron pairs. Last, mineral-
based materials such as montmorillonite and zeolite are
categorized as one group since their aluminosilicate frame-
works, which gain negative charges from the isomorphic
substitution of silicon (Si*") by aluminum (AI**) in the oxygen
tetrahedron.”” Because the balancing cations are either
intercalated between aluminosilicate sheets® or confined in
aluminosilicate micropores®’ with complete separation, these
frameworks can form nucleophilic interactions with PFOS
adsorbed between sheets or inside pores.

The ranking of material preference in PFOS adsorption is
correlated with the material electron density, as supported by
several observations in Figure 3a within a material group. In
the m-electron group (green and green-filled red circles), the
anion-exchange resin,” with styrene and divinylbenzene as the
framework, shows the best PFOS adsorption. UiO-66 MOF
(white-filled green circles)* shows better PFOS adsorption
than SCU-8 MOF (emerald-filled green circles),”” which can
be explained by the pore size effect of electron density (0.6 nm
vs 2.2 nm),*®’* When UiO-66 is synthesized with perfluor-
oterephthalic acid (C4F,(COOH),) in place of terephthalic
acid (C¢H,(COOH),; white-filled green circles),”” log K and
1/n are estimated to be 0.37 (K in mg™* L'? ¢g7') and 1.2,
representing a poor performance of PFOS adsorption that falls
off the scales of Figure 3a. The sharp reduction in performance

26053

is caused by the formation of a positive z-hole around the
aromatic ring by fluorination,®* which converts the nucleo-
philic terephthalic acid to the electrophilic perfluorotereph-
thalic acid.

In the group having lone electron pairs, similar to the 7-
electron group, the anion-exchange resins made of polyacrylic
framework (blue-filled red circle)’””" also significantly out-
perform both poly glycidyl methacrylate (first white-filled blue
circle on the left)*” and chitosan (remaining white-filled blue
circles).”

In the aluminosilicate group, intercalating hexadecyltrime-
thylammonium in montmorillonite (white-filled gold circles
except one on the very right for montmorillonite), which
increases the electron density between aluminosilicate sheets as
the singly charged surfactant cation pushes out many sodium
cations, is shown to enhance PFOS adsorption.”” The high
charge density also allows modified montmorillonites to
outperform zeolites (orange-filled gold circles). The NaY
zeolite with a pore diameter of 0.6 nm performs better than the
13X zeolite with a pore diameter of 1.3 nm, likely due to the
pore size effect of electron density that has been discussed for
activated carbon (cf. Figure 2b).

Figure 3b compares log ¢®and log ¢®obtained from least-
squares fits of log Ky and 1/n to eq 9 for all three material
groups, together with log q®and log c®for activated carbon.
The linear correlation of the four sets of log g®and log ®
supports that the wide range of materials tested for PFOS

adsorption share the same mechanism of electrostatic
attraction through halogen bonding. Provided that 1/n, and

log qoe are used to represent the slope and intercept of the

linearity:

log q© = ilog ¢ + log qoe
Mo (11)

Combining eq 11 with eq 10 gives
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Figure 4. Adsorption of PFOA (colored circles) by (a) carbon-based and (b) polymer/mineral-based materials, together with the adsorption of
PFOS (gray circles) adsorption by (a) activated carbon and (b) polymers containing lone electron pairs, compared in terms of the logarithm of
equilibrium constant (log Ki) and the power parameter (1/n). Symbols other than gray circles in a: white-filled red circles, commercial activated
carbon; purple circle, activated carbon attached on magnetite nanoparticles; cyan-filled red circle, fluorographene. Symbols other than gray circles
in b: red circle, resin; blue circles, oxygen/nitrogen-containing polymers; green circles, metal—organic framework. Red lines are linear fits of PFOA

adsorption to eq 9 with coefficients of determination of R* > 0.78.

1 1
logg = —log ¢ — [1 - —]log ®+ log qoe
n ny (12)
Regression Figure 3b gives 1/n, = 0.28 > 0; therefore, g and
thus the effectiveness of halogen bonding increases with the

decrease of ¢© according to eq 12. However, when 1/n is very
small with an extremely high electron density, q is
predominately controlled by the first term of eq 12 with a
negligible contribution from the second term, suggesting that
the type of material used in PFOS adsorption no longer affects
the adsorption capacity.

Figure 4 shows the adsorption of PFOA (red circles) by (a)
carbon-based and (b) polymer/mineral-based materials in
comparison to the adsorption of PFOS (gray circles) by (a)
activated carbon and (b) polymers containing lone electron
pairs. In comparison to the large number of materials tested for
PFOS adsorption, only a limited number of materials have
been studied for PFOA adsorption with the same rigor. As
shown in Figure 4a, most of the carbon-based materials used
for PFOA adsorption are commercial activated carbon samples
(white-filled red circles)*' ~*¥*>*772%% except for two samples
being AC attached to magnetite nanoparticles (purple circle)**
and fluorographene (cyan-filled red circle).”' Regression of log
Kp and 1/n for these samples to eq 9 shows good linearity (red

line), with estimates of close c®and smaller qethan those for
PFOS adsorption by activated carbon (gray line). According to

eq 10, q is predominantly determined by ¢© when 1/n < 1,
indicating that carbon-based materials prefer the adsorption
PFOS over PFOA. A similar conclusion can be made for
polymer/mineral materials,***%*737%%5757 35 shown in Figure
4b. The preference of PFOS over PFOA in adsorption is
consistent with the ability of PFOS to form stronger halogen
bonding than PFOA. Since sulfonate is more electron-
withdrawing than carboxylate, fluorine is expected to have a
greater ¢-hole in PFOS to promote adsorption.*>*’

In summary, the formation of halogen bonding as the
molecular mechanism controlling perfluoroalkyl adsorption is
supported by the preference for PFOS and PFOA to be
adsorbed by electrophilic Lewis-base solids containing high
densities of 7 electrons, lone electron pairs, and negative
charges. In addition to water treatment, understanding the
importance of halogen bonding in the adsorption of

perfluorinated compounds may also help elucidate the
reductive defluorination of PFAS by microorganisms,”’ given
the high density of 7 electrons and lone electron pairs in
enzymes.”' As for PFAS adsorption, the best material reported
in the literature is polyacrylic resins, which has 1/n = 0.072 and
log Ki = 3.26 for PFOS adsorption”' (blue-filled red circle in
Figure 3a) and 1/n = 0.13 and log Kz = 2.80 for PFOA
adsorption (red circle in Figure 4b).” According to eq 9, the
adsorption capacity becomes insensitive to the change of
solution concentration, with these extremely low values of 1/n.
At 70 ng L7, the remediation goal proposed by USEPA,"’
each gram of the resin can adsorb up to 913 mg of PFOS and
183 mg of PFOA. In comparison to the polyacrylamide resin,
the best-activated carbon has 1/n = 0.1S and log K = 2.53 for
PFOS adsorption (the very left white-filled red circle in Figure
2a) and 1/n = 0.11 and log K = 2.05 for PFOA adsorption
(red circle in Figure 4b),"” giving an adsorption capacity of q =
80 and 39 mg g~!, respectively. Whether these ultrahigh
capacities can materialize in practice awaits experimental
evaluation.

PFASs are a large family of compounds. According to the
Organization for Economic Co-operation and Development
(OECD), the PFAS family includes all compounds containing
at least one saturated CF, or CF; moiety with more than 7
million members.”” Among them, neutral PFAS compounds
such as perfluoroalkyl iodides possess completely different
molecular characteristics compared to common target acids
such as PFOS and PFOA and thus may require further
research to determine their adsorption mechanisms. In
addition, functional groups other than fluorine can also
influence PFAS adsorption through interactions, such as
hydrogen bonding. The competition and cooperation of
these factors with halogen bonding remain to be explored in
future studies.
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