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1 Introduction

Research into the sorption of per- and polyfluoroalkyl
substances (PFAS) has increased significantly over the last
decade as the health risks and extent of exposure have grown
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Designing zeolites for the removal of aqueous
PFAS: a perspective
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Zeolites possess unique sieving properties that offer a high selectivity for removing pollutants, such as per-
and polyfluoroalkyl substances (PFAS). However, there are limited studies examining the efficacy of zeolites
as PFAS sorbents. Previous literature explores the effects of certain frameworks and the silica alumina ratio
(SAR), and only one study has shown the effect of silanol defects on the hydrophobicity of the adsorbent.
Since most zeolites are synthesized in hydroxide media, this leads to formation of silanol defects, which
increase hydrophilicity with a greater effect than the inclusion of non-Si T atoms. It is critical that specific
characterizations be performed to demonstrate the specific effects of different properties of the zeolites. In
particular, synthesis, modification, and/or repair in fluoride media can be used to increase the
hydrophobicity of zeolites by reducing silanol defects, and increasing Lewis acidity.
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more evident with improved and more sensitive analytical
techniques." Furthermore, the continued production and
release of PFAS remain a concern with both environmental
and human safety advocates.” Due to the unique properties
of PFAS, the elucidation of the sorption mechanisms is often
a research focus, with the hydrophobic and electrostatic
interactions being the mechanisms most often cited as
responsible for PFAS sorption.”* The fluoroalkyl backbone is
primarily responsible for the hydrophobic interaction, while
the functional group dictates electrostatic interaction. The
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Fig. 1 Possibly enhanced perfluorocarboxylic acid (PFCA) aggregation
through solute-silica and solute-solute H-bonding at low pH (A), and
anion shielding by background electrolytes (B) reprinted from ref. 5.
Copyright 2017 RSC.

most studied systems for PFAS sorption include soils, clays,
and metal oxides*—which provide insight into sorption
mechanisms for long- and short-carbon chain PFAS. Namely,
long-chain PFAS are more hydrophobic and typically have
stronger sorption, compared to short-chain PFAS. Fig. 1
demonstrates an idealized silica surface adsorbing PFAS
molecules under two conditions. While these studies are
invaluable for clarifying environmental accumulation of
PFAS, as the total sorption and capacity are not very high and
the affinity for sorbing PFAS—especially short chain—is fairly
low, these natural materials are not suitable for long term
remediation of PFAS. Furthermore, the range of performance
within these systems is inconsistent due to high variability.
While activated carbon remains a popular option for
adsorbing PFAS and other pollutants,” it often lacks the
specificity for these compounds, and is not easily regenerable
and when landfilled can compound the problem. Ion
exchange resins are also a popular option,® but suffer from
decreased efficiency in aqueous systems with competing
anions, and regenerability is difficult. Adjacent to zeolites,
mesoporous silicas have shown affinity to adsorb PFAS
analytes, but the high silanol content typically needs to be
reduced to increase hydrophobicity.'"”  Additionally,
mesopores don't provide the same sieving effects as
micropores, so silicas are more sensitive to competition.
Table 1 shows some selected capacity values for typical PFOA
adsorbents. Amine groups added by silanes show strong
targeted adsorption of PFAS compounds, but extraction
typically requires acidic solvents that reduce and destroy the
surface, making regeneration difficult.®*'" Although, recently

Table 1 Zeolite and other selected adsorbents PFOA adsorption capacity

Adsorbent Adsorption capacity (mg g™) Ref.
Activated carbon 2.69-426.49 3
Zeolite 16.8-371.4 7
Mesoporous silica 15.1-868 8and 9
Anion-exchange resin 331.25-1436.82 3

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Min et al showed that grafting silane groups onto
mesoporous silica that combine electrostatic interaction
provided by amine groups, and hydrophobic interaction
provided by fluoroalkyl groups can adsorb high amounts of
short-chain PFAS, while being indefinitely regenerated."
Zeolites, on the other hand, may be a more optimal solution
to targeting PFAS analytes, and have a high thermal
resistance that is optimal for regeneration. Zeolites are
crystalline aluminosilicates, and are typically utilized in gas-
phase applications, but can also operate successfully in
aqueous systems. Compared to activated carbon and
mesoporous silicas, zeolites have the benefit of more targeted
removal of specific compounds through sieving effects. The
external surface of zeolites being rich in silanol groups and
can be functionalized by silane grafting while the internal
surface is left for adsorption.

2 PFAS adsorption using zeolites
2.1 Properties of zeolites leading hydrophobicity

13,14 increased PFAS-zeolite

Previous literature attributes
sorption to the hydrophobicity of high silica-alumina ratios
(SAR). Although this ratio and the hydrophobicity are
correlated, there are other zeolite characteristics to be
considered when trying to understand the sorption
mechanism. Specifically, the presence of silanol groups can
have a much more detrimental effect on the hydrophobicity
than a decrease in the SAR."® While SAR is often seen as one
of the most important factors in controlling catalytic activity
and hydrophobicity of the zeolite, the synthesis method must
also be considered. Notably, the medium in which the zeolite
is produced has a large effect on the crystallinity and silanol
defect content, which oftentimes far outweighs the SAR in
determining the properties of the zeolite. Zeolites produced
in fluoride (F) media have far fewer silanol defects,
compared to those made in hydroxide (OH") media.'® This,
in turn, leads to higher hydrophobicity in the fluoride media
zeolite, even if it was created with the same SAR as the
hydroxide-made zeolite. Aside from the safety concerns from
synthesizing in fluoride media such as hydrogen fluoride
(HF), synthesizing in (F') media typically leads to larger
crystallite size,"”” which can decrease diffusion by lowering
external surface area. Crystallite size can be decreased by
milling, which can lead to defects and silanol formation that
can be repaired with post-synthesis treatment.'® Clark et al.
proposed a modification to this procedure to make it more
applicable to low silica zeolites."®

2.2 Super hydrophobic zeolites' enhanced sorption of PFOA

A zeolite adsorbent that stands out as unique is an all silica
beta zeolite synthesized in fluoride media.*" Van den Bergh
compared three different beta zeolites, two synthesized in
hydroxide media and one synthesized in fluoride media,
providing evidence that increased SAR does not necessarily
result in higher perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS) sorption. The beta-22
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Table 2 Reported sizes of some PFAS molecules
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Molecule Length (A) width (A) Height (A) radius (A) Ref.
Perfluorooctanoic acid (PFOA) 11.1 3.6 3.5 — 20
Perfluorooctanoic acid (PFOA) 13.0 6.5 6.5 — 21
Perfluorooctanoic acid (PFOA) 11.0 3.6 3.6 — 22
Perfluorooctanoic acid (PFOA) — — — 4.73 23
Perfluorooctane sulfonic acid (PFOS) 13.6 2.3 3.6 — 24
Potassium perfluorooctane sulfonate (K-PFOS) 10.88 — — — 25

and beta-300 that were tested showed nearly identical
sorption behavior and the synthesis method seemed to have
a much larger effect on the hydrophobicity. The author
provides evidence that in the case of the all silica beta
synthesized in fluoride media, PFOA molecules enter the
zeolite pores as protonated dimers, which is unexpected as
the pK, of PFOA is -0.2.>° The possibility of fluorinated
carboxylic acid dimers forming in aqueous solutions is low,
but there is some evidence for this occurring with non-
fluorinated compounds.>” > In a separate publication, Bergh
tried sorbing PFOA with silicalite-1 (MFI) made in hydroxide
media and showed little to no sorption. It was proposed that
the sorption was sterically hindered due to the critical
diameter of PFOA (6.5 A) being too large to fit into the pore
of MFI (5.3 A x 5.6 A). It is noted in Table 2 that there is
some discrepancy in reported PFOA dimensions between
various authors. Additionally, the reported size of zeolite pore
openings are often not clarified by authors whether they are
assuming ionic or covalent oxygen, as shown in Table 3.%°
For aqueous systems there is the added complication that
estimations of molecule and pore dimensions, typically made
in the absence of water, are not necessarily accurate. A path
forward to fully explore silicalite-1's potential would be to
synthesize it in fluoride media, try smaller crystallite sizes
(nano), or introduce mesoporosity through fluoride etching®'
to reduce diffusion limitations.

2.3 Mesoporosity and silanization

The introduction of mesoporosity, while giving potential
benefits to sorption, also introduces silanol on the external
surface of the zeolite. Since silanol defects have a large effect
on the hydrophobicity of the zeolite, modeling efforts should
reflect actual crystalline structure for the zeolites of interest.*”

Table 3 Idealized pore opening dimensions for selected zeolite frameworks®°

Similarly, to mesoporous silica, silanol defects can also be
targeted as sites to graft silanes onto zeolites. Elimination of
silanol will increase hydrophobicity of the zeolite, while also
providing functionality from amine, fluorine, or other
chemical groups. Silanes are relatively simple to graft to
zeolites, but require a dry environment as the hydrolysable
groups can react with free water. Different hydrolysable
groups also affect the ease of reaction with the zeolite surface,
with chloro groups being more reactive than methyl groups,
but are more susceptible to self-polymerization by free water.
A number of authors have shown that grafting silanes to
zeolites is possible, and can utilize the external surface of the
zeolite for adsorption.**® Additionally, silanization can
control the adsorption kinetics into the internal surface of the
zeolite, so specific effort is needed to select silanes that won't
enter the pores so grafting is restricted to the external surface
of the zeolites. The amount of silanes should be tuned as to
not cause pore blockage. Ideal silane groups to increase PFAS
adsorption should carry cationic charge as well as being
hydrophobic. The addition of polar amine groups coupled
with fluoroalkyl chains enabled rapid sorption of
perfluorobutanoic acid (PFBA) onto a modified mesoporous
silica."® Fig. 2 shows this adsorption scheme extended to an
external zeolite surface. The addition of fluorine on an alkyl
chain has the dual effect of making the surface more
hydrophobic, as well as providing a potential for fluorophilic
interaction.>® This type of adsorption could be extended to
zeolite structures, with the internal siloxane surface providing
additional hydrophobic surface for adsorption of fluoroalkyl
chains, while cations and or T-atoms provide electrostatic
charge for the head groups of PFAS molecules. Adjacent to
silane grafting, surfactant modified zeolites have already
shown the ability to adsorb negatively charged organic
anionic pollutants.®”

Framework Number of T atoms Largest pore opening Largest pore opening

code in largest pore opening assuming ionic oxygen (A) assuming covalent oxygen (A)
CHA 8 5.0

LTA 8 5.3

MFI 10 5.3 %x5.6 6.3 X 6.8

FAU 12 8.6

BEA 12 7.6 X6.4 8.8 % 7.6

MOR 12 6.5 x7.0 7.7 X 8.2
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Fig. 2 Possible adsorption scheme of anion form of PFAS at zeolite
surface with grafted fluoroalkyl and amino alkyl silane.
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2.4 Ion exchange of zeolites

Ion exchange of zeolites is a common method of changing
the properties of the zeolite. Mancinelli showed that a change
in cation improved sorption of PFAS." H* forms of zeolites
have the least chance for steric hindrance and pore blockage,
but make the zeolite more acidic and hydrophilic so having a
non-acidic, positively charged cation might increase sorption
by hydrophobic and/or electrostatic effects, but could lead to
decreased sorption and/or kinetics due to a decrease in
diffusion. Punyapalakul et al.® showed sorption of PFOA and
PFOS on HY and NaY, and in contrast to the more recent
publication' the addition of a cation decreased total
sorption and kinetics. This could be due to larger diameter
of Na" compared to Ag" and/or the location of the cation in
the zeolite Y structure. The placement of cations is specific to
cation-framework structures pairs and conditions of
exchange.*® Fig. 3 shows an idealized PFOA adsorption in a
straight 12 ring pore, where cations bound to aluminum in
the framework balances not only the negative framework, but
also to the negatively charged headgroups on PFOA. The

Deprotonated PFOA

Cation

®

View Article Online
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illustration also assumes that the framework has no silanol
defects, so the siloxane bridges provide hydrophobic
interaction which attracts the hydrophobic fluoroalkyl chain.

2.5 T-atom substitution

While zeolites are typically aluminosilicates, there are often
substitutions of the silicon and aluminum, known as T
atoms, for other atoms.*® Titanium and tin are options in
trying to increase PFAS sorption. Titanium in particular
displays less hydrophilicity than aluminum per atom®® and
has a +4 charge when tetrahedrally coordinated*’ making the
framework neutral. A neutral framework should reduce the
electrostatic repulsion from anions compared to an anionic
framework. Additionally, the low electronegativity of Ti
increases Lewis acid strength, making it more likely to have
attractive interactions with negatively charged head groups of
PFAS analytes. Iron containing beta zeolites have already
been shown to be able to destroy some PFAS molecules.***?
Given the photo-catalytic activity of Ti (ref. 44) and its
resilience in harsh conditions (H,0,)*® makes Ti-based
zeolites, such as beta, promising in sorption and catalytic
decomposition of PFAS analytes. There is also PFAS sorption
potential for zeolite-like materials such as
aluminophosphates (AlPOs), but the instability in many
aqueous systems may make them unsuitable for use in water
sorption.”* Other metal silicates with zeolite frameworks such
as CIT-6 (zinco silicate) should be considered, but lack of
commercial availability makes these harder to obtain for
testing.

2.6 Characterization considerations

When using custom synthesized materials or materials with no
available relevant property data, researchers can measure
hydrophobicity by relative humidity water sorption experiments.
Attributing hydrophobicity to specific characteristics of the
zeolite is more complicated.® Si-29 NMR can quantify silanol
content, but can be prohibitively expensive. FTIR is a low cost
alternative to measure SAR and to check relative amounts of
silanol content.*® Standard XRF gives higher accuracy of SAR
but will need lithium tetraborate fusion when SAR gets very
high.*” NMR, FTIR, XRD, XPS, and XRF can provide information
about the changes when performing zeolite modifications.

Framework Aluminum

O]

Fig. 3 Possible adsorption scheme of deprotonated PFOA in a 1D, 12-ring pore, ion exchanged zeolite.
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3 Conclusions

e While SAR has been the most explored aspect of PFAS-
zeolite sorption, it is vital that researchers broaden their
scope to include other unique properties of zeolites.

e Further research regarding synthesis media, SAR,
T-atom identity, and repair and/or replacement of silanol
with fluoride is recommended.

e Quantification of silanol,
sorption, and composition measurement to verify successful
grafting of silanes.

o Effects of sorption beyond SAR and framework-type need
to be taken into account. Specifically, quantification of
silanol and/or hydrophobicity of zeolites seem to be much
more important than previously thought.

e Experimental evidence showing the hydrogen bond
enabled dimer adsorption mechanism for PFOA described by
van den Bergh should be validated and/or replicated for
PFOA and other PFAS molecules.

e Tuning hydrophobicity through SAR could be a precise
way to target specific analytes as short chain PFAS might
benefit from some electrostatic interaction, but would also
benefit from a hydrophobic environment for their fluoroalkyl
tails. Post synthesis modifications such as ion exchange and
ammonium fluoride treatments should be explored and
synergized to increase adsorption.

measurement of water
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