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ARTICLE INFO ABSTRACT
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Per- and polyfluoroalkyl substances (PFAS) are a class of toxic and bioaccumulative compounds affecting
environmental and human health. Conventional wastewater treatment processes are ineffective at remediating
these persistent chemicals. While functional framework materials have been shown to remove PFAS via
adsorption and catalytic degradation, there is an on-going debate about their practical use in water purification.
Inspired by recent research on typical functional framework materials, including zeolites, metal-organic
frameworks (MOFs), and covalent organic frameworks (COFs), our review summarizes the principles of their
design, properties, and applications with a special emphasis on PFAS removal. The potential of framework
material for catalytic degradation of PFAS is constructively discussed, based on limited studies thus far. Finally,
the challenges of using framework materials to remove and degrade PFAS in wastewater are presented along with
sustainable design prospects to improve the technology. The current review provides new insights in advancing

Zeolites
Metal-organic frameworks
Covalent organic frameworks

framework materials for PFAS elimination from contaminated waters.

1. Introduction
1.1. Background

1.1.1. Per- and polyfluoroalkyl substances

Per- and polyfluoroalkyl substances (PFAS) are a group of anthro-
pogenic compounds comprising over 6,500 individual chemicals [1].
The fluorine atoms stiffen the alkyl chain by forming characteristic
structures called “molecular brush” on the PFAS molecules, yielding its
unique properties [1,2]. PFAS have extreme biological, chemical and
physical stability due to the carbon-fluorine bond, leading to high po-
tential of bioaccumulation [3,4]. PFAS have been broadly utilized in
many industrial and commercial applications (e.g., textile, repellents,
food packaging, shampoos, cookware, cleaners, polishers, and aqueous
firefighting foams) [5,6]. The majority of production and use (80%) has
been released to the environment [7], making PFAS contaminants of
high concern. While 2,610-21,400 tonnes of C4-Cl14 perfluoroalkyl
carboxylic acids (PFCAs) have been emitted from 1951 to 2015,
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excessive emission of 20-6,420 tonnes has been projected between 2016
and 2030 [8]. By now, a large variety of PFAS have been detected
globally, even in remote Arctic regions [9], with concentrations ranging
from pg/L to ug/L levels [10]. In the United States, the number of PFAS-
contaminated sites, including drinking water systems, has reached 620
across 43 different states [1]. It has been discovered that the effluent
concentrations from 3M company’s “test locations” were about 586
+243 ng/L for perfluorooctane sulfonate (PFOS) and 298 +284 ng/L for
perfluorooctanoate (PFOA) [11]. In another study [12], 32 PFAS were
detected in a landfill leachate sample with 8300 ng/L perfluorohexanoic
acid (PFHxA), 6500 ng/L perfluoroheptanoic acid (PFHpA), and 4800
ng/L PFOA among the highest. The concentration of these PFAS will be
diluted to a much lower levels when entering the wastewater treatment
plants (WWTPs), making wastewater effluents and biosolids perennial
sources of PFAS contamination. Kunacheva et al. [13] analyzed surface
water samples from 41 cities in 15 countries and revealed the occurrence
of PFOS and PFOA in all samples, which ranged from non-detect to 70.1
ng/L and 0.2-1630.2 ng/L, respectively.

1385-8947/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Human exposure to the PFAS can occur mainly through: 1) intake of
food contaminated during farming or from food packaging and cook-
ware [14]; 2) consumption of contaminated drinking water [15]; and 3)
inhalation of dust and air containing PFAS [16]. Studies have illustrated
that, in terms of PFOS and PFOA, food intake is probably the main
exposure pathway [17]. Because of their persistence, PFAS can accu-
mulate in biota over a long time [18], e.g., the half-life of PFOA and
PFOS in human blood serum is approximately 3.5 and 4.8 years,
respectively [19]. Epidemiological studies have linked specific PFAS to
different adverse health effects, including reproductive and develop-
mental effects, hepatic and metabolic toxicity, immunotoxicity, tumor
induction, endocrine disruption, neurotoxicity, and obesity [20].

Due to these environmental and health concerns, the production and
use of PFOA and PFOS are prohibited by the Stockholm Convention on
Persistent Organic Pollutants. These regulations led to a change of
production from long-chain PFAS to short-chain PFAS, which has been
conducted by major manufacturers since the early 2000s. Several short-
chain PFAS such as perfluorobutanoate (PFBA), perfluorobutane sulfo-
nate (PFBS), and hexafluoropropylene oxide dimer acid (Gen X) are
produced as substitutes for typical PFOA and PFOS [21]. Therefore,
these shorter-chain analogues are widely detected in the environment.
In addition, the long-chain PFAS precursors can generate short-chain
PFAS through their environmental degradation [2]. These short-chain
PFAS are more persistent, less adsorbable, and more mobile in soil
and groundwater, leading to longer-distance transport and a wider
range of adverse environmental impacts for decades to come [22].
However, the relationship between eco-toxicity and carbon chain length
remains unclear [23]. Although some studies reported lower bio-
accumulation potential, short-chain PFAS still showed enrichment
properties in edible plants, while its accumulation in the food chain
remains unknown [24]. So far, regulations for short-chain PFAS are still
nascent.

Given the high exposure risk of PFAS, many water treatment tech-
nologies have been developed to remove them [22]. The conventional
activated sludge treatment processes [25] or membrane bioreactor
treatments [26] are ineffective in treating PFAS, since the mass flow of
PFOA/PFOS stay the same or even increase in the effluent. Percursor
compounds in the influent appear to undergo biodegradation during
activated sludge treatment, thus, becoming a source of additional
PFOA/PFOS in the secondary effluent [27]. Therefore, tertiary treat-
ment is required for PFAS removal, e.g., adsorption, advanced oxida-
tion/reduction, ion-exchange, membrane filtration, or sonolysis [25].
Despite some success, these treatment technologies are criticized for
either high energy consumption or generation of pollutant-laden waste.
Although photocatalytic degradation is a technique with low-energy
consumption and mild operating conditions [25,28-30], it relies on
the surface interactions with contaminants and is determined by the
activity, selectivity, and stability of the catalyst [31]. Further research is
therefore required to defluorinate PFAS sustainably and economically.

Several reviews have described materials for efficient PFAS removal
from aqueous environment. Ateia et al. [32] provided a summary of
amine-functionalized sorbents. Zhang et al. [33] summarized the cur-
rent adsorbent materials and their adsorption isotherms, kinetics, and
mechanisms. However, the role of framework materials to concentrate
(as adsorbents) and then destroy PFAS (as active catalysts) has not been
systemically reviewed yet. Framework materials have extraordinary
adsorption capacities and selective reactivities. Hence, they merit re-
searchers’ attention when seeking effective methods for the removal and
degradation of PFAS.

1.1.2. Framework materials

Framework materials are tailored, crystalline, and well-defined pe-
riodic structures. Their physiochemical properties are closely correlated
with their chemical composition as well as structural and geometrical
features. This review includes zeolite, metal-organic frameworks
(MOFs), and covalent organic frameworks (COFs) in the category of
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“framework materials”.

In 1756, Axel Cronstedt from Sweden first described zeolites, using
the Greek zeo (boil) and lithos (stone) [40,41]. Currently, there are more
than 200 known zeolite structures, including [SiO4]3 and [AlO4]5 tet-
rahedron. Zeolite held the record of the most porous material until the
end of 20th century, when researchers proved that MOF-5 has three
times higher internal surface area than most porous zeolite [42]. MOFs
consists of a combination of organic and inorganic molecules which are
connected by strong bonds; the strength of these linkages and the
composition of the metal containing entity can be controlled. Re-
searchers have created more than 20,000 MOFs [43].

In 2005, Yaghi’s group demonstrated the principle for the prepara-
tions of organic frameworks bridged by covalent bonds, considered to be
the first example of COFs synthesis [44]. Unlike MOFs, low-density COFs
exhibited superior stability in various and extreme conditions [45],
which is attributed to the strong covalent bonds in their framework
structures. The higher porosity of COFs allows boosted diffusion,
adsorption, and desorption of compounds.

In the last few decades, the framework materials have gained
widespread use in gas storage [34], separation [35], absorption [36],
catalysis [37], sensing, and as substrates for mechanistic studies
[38,39]. The abundant active sites coupled with controllable pore
structure, surface charge, and functional groups of framework materials
are huge advantages toward selective PFAS adsorption. Moreover,
framework materials have achieved excellent performance for PFAS
catalytic degradation in several advanced oxidation systems [46,47].
Thus, framework materials, acting as both adsorbents and catalysts,
have a high potential for removing PFAS from aquatic environment,
validating the effort to seek new insights into these tunable materials.

1.2. Scope of the review

Given their large specific surface area, porous structure, tunable
physiochemical properties and functionalities, framework materials are
recognized for use in environmental remediation. Our review presents a
comprehensive picture of the principles for framework materials such as
zeolites, MOFs, and COFs for their superior removal of PFAS. All refer-
ences were searched from mainstream sci-tech journal databases. We
examined multiple studies on PFAS source, occurrence, effects, and
especially removal by framework materials. However, research in this
field is still in its early stage, with most literature focusing on adsorptive
removal. Our discussion includes fundamental knowledge, and high-
lights of important results from 24 references over the last 14 years
related to framework materials. Target PFAS chemicals are limited to
PFOA, PFOS, Gen-X, etc. in this review, simply due to the early-stage
research. Following this introduction in Section 1, Sections 2, 3, and 4
discuss the unique structure and synthesis of zeolite, MOFs, and COFs,
respectively, as summarized in Table 1. The details of their synthesis
methods are presented in the supplementary materials. Each section also
presents of the adsorption and degradation mechanisms involved for
PFAS removal. Section 5 is devoted to the impacts of initial concentra-
tion, solution pH, coexisting ions, and dissolved organic matter (DOM)
on PFAS removal. Current and future research challenges are discussed
in the last section.

The objective of the current review is to critically assess the feasi-
bility of using framework materials to remove PFAS. It provides a road
map to understand the current research status and fundamental princi-
ples of the adsorption and degradation processes. The PFAS classifica-
tion, occurrence, and treatment technologies, which have been the focus
in previously published review papers [48-51], are explicitly excluded
from this review.
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Table 1
Summary of synthesis methods of framework materials.
Method Sample Precursors Solvent Conditions Ref
Diffusion ZIF-67 C02+, HmIm H,O/DMF RT, 48 h [61]
Hydro /solvo- Zeolite Silica and alumina source, NaOH, organic template H,0 >100 °C [62]
thermal MOF-5 Zn?" , HoBDC DMF 120°C,24 h [42]
CF3-COF Tb, Tf 1,4-dioxane/ n-butanol 25°C,12h [63]
Microwave Cr-MIL- Cr3’, H,BDC H,0/EtOH 600 W, 210 °C, 40 min [64]
101
TF-COF 2,3,5,6-tetrafluoro-4-pyridinecarbonitrile, 2,3,6,7,10,11-hexahydroxy 4-dioxane/ 70 °C, 30 min [65]
triphenylene triethylamine
Electrochemical Al-MIL-53 AI**, H,BDC H>O/DMF Electrolyte: KCI, 90 °C, 10 [66]
mA
Mechanochemical HKUST-1 Cu2+, H3BTC No solvent 25 Hz, 15 min [67]
Sonochemical Mg-MOF- Mg”, H,DHTP DMEF/EtOH/H,0 500 W, 1h [68]
74

HmIm: 2-Methyl imidazole; DMF: N,N-dimethylformamide; RT: Room temperature; H,BDC: Terephthalic acid; EtOH: Ethanol; H3BTC: Trimesic acid; H4DHTP: 2,5-
dihydroxybenzene carboxylic acid; Tb: 1,3,5-triformylbenzene; Tf: 3,3 -bis(trifluoromethyl)benzidine.

2. Zeolites
2.1. Structure of zeolites

Zeolites are hydrated aluminosilicates of alkali with porous and
crystalline structure. Their frameworks are consisted of corner-shared
[SiO4]* and [AlO4]% tetrahedrons connected by pore openings, form-
ing different cage structures (Fig. 1). The pore sizes are determined by
the structural type and usually range from 0.3 to 1 nm. It has been
verified that the positively charged cations (univalent or bivalent
metals) located within the pores neutralize the negative charge on the
lattice [54]. According to the crystallographic unit cell zeolite structure,
their structural formula can be written as: My/n[(AlO2)x(SiO2),JWH>0.
Here, the (M) represents an alkaline cation, (n) represents its valence, x
and y are tetrahedrons numbers in each unit, and (w) means the amount
of water molecules. Normally, the ratio of y/x can range from 1 to 100
[40]. Moreover, transforming the topological structure of synthesized
zeolites is another strategy, which has been applied in transforming two-
dimension to three-dimension and three-dimension to three-dimension
structures [55].

2.2. PFAS removal by zeolite

Owing to their porous structure and favorable chemical properties,
zeolites can act as molecular sieves and catalysts for gas separation [56],
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adsorption process [57], and catalytic conversion of biomass [58].
Recently, zeolite and zeolite-based materials have attracted large
attention for PFAS adsorption and catalytic degradation [46,47,59,60].

2.2.1. Adsorptive removal of PFAS

Three faujasites were chosen to evaluate their capacity for PFOS
adsorption. Their Si/Al ratios varied from 2.8 (13X) to 80 (NaY80) [59].
As shown in Fig. 2a, the PFOS adsorbed to the NaY80 zeolite, but hardly
adsorbed to the 13X and NaY zeolites (Si/Al = 5.5 for NaY). The high
silica content endows NaY80 with most hydrophobic surface among
these zeolites. Thus, hydrophobic interactions were inferred to dominate
the adsorption process of PFOS.

Bergh et al. [60] proposed an all-silica beta type zeolite with strong
hydrophobicity; it exhibited high efficiency and selectiveness for typical
PFAS removal, i.e., PFOA and PFOS. Fig. 2b displays its high adsorption
capacities for PFOA and PFOS uptake, which is better than more widely
used activated carbon (AC). The author proposed that the PFOA mole-
cules are located in the a- and b-channels in zeolite inner structure, while
the carboxylic heads interacted with hydrophobic chains to form a
hydrogen bond (Fig. 2c¢), resulting in a very favorable adsorption
enthalpy.

2.2.2. Advanced oxidative removal of PFAS
Qian et al. [46] utilized Fe-loaded zeolites (Fe-BEA35) as a PFOA
sorbent, then combined it with photochemical defluorination. Under
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Fig. 1. Structure of secondary building units (SBUs), zeolite frameworks and their micropore systems and dimensions. Replotted from ref [52,53]. Copyright

2000 Elsevier.
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Fig. 2. (a) Adsorption isotherms of PFOS on NaY80 (), NaY (@), and 13X (a) (Replotted from ref [59]. Copyright 2008 Elsevier). (b) PFOA and PFOS adsorption
isotherms (293 K) on all-silica Beta (B) and activated carbon (AC). (c) Diagrammatic sketch of all-silica zeolite Beta adsorbing PFOA molecules. Replotted from ref

[60]. Copyright 2020 Wiley.

UV-A irradiation, the Fe-zeolite efficiently degraded the adsorbed PFOA
(i.e., 99 % removal in 24 h, pH = 5.5) (Fig. 3a). The Fe-BEA35 showed
different catalytic performance under oxygen and nitrogen conditions
and the defluorination efficiency was detected to be 22 % and 2.1 %,
respectively. These results indicated the contribution of molecular ox-
ygen as the source of reactive species that promote the oxidation and
mineralization of PFOA intermediates. Molecular oxygen is a direct
participant in the radical chemistry of PFOA decomposition. It also
served as the oxidizing agent in the ferrous iron’s re-oxidation to ferric
iron.
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&= e 3+
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As depicted in Fig. 3b, the ferric ions on zeolite complexed with
PFOA and adsorbed it non-specifically. As a result, the carboxylic group
is close to Fe>*, making it possible for the charge to transfer from
carboxylate to metal under irradiation. At the same time, the charge
transfer is unlikely for the non-specifically adsorbed PFOA. Hence, the
defluorination pathway often occurs with the decarboxylation as the
first step yielding perfluorinated alkyl radicals (CgFj7e). Then, the
formed CgF17e can combine with either H,O, OH™, or hydroxyl radicals
(*OH) to yield unstable perfluorinated alcohol, CgF170H, that undergoes
stepwise elimination of — CFy groups, until completely defluorinated.

(b)

Complexed PFOA |

bC @0 @F @re

Non-specifically adsorbed PFOA

Fig. 3. (a) PFOA degradation under UV-A irradiation. (b) Different configurations of PFOA adsorbed onto the zeolite. Replotted from Ref [40]. Copyright

2020 Elsevier.
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Fig. 4 presents the proposed defluorination pathways for perfluoroalkyl
carboxylic acids (PFCA) and perfluoroalkyl sulfonates (PFSA) by radical-
based reactions.

Prior to degradation, the key step is adsorption, influenced by the
electrostatic attractions between negative R — COO — and positive Fe>*
along with the hydrophobic effect of perfluoroalkyl tail of R—[46,59].
When the hydrophobic interactions dominate the PFAS adsorption
process, PFAS with longer chain lengths was more readily adsorbed, due
to their higher hydrophobicity [69]. Accordingly, the adsorbed fraction
of perfluoroalkyl carboxylates (PFCAs) decreased with decreasing chain
lengths. Thus, it is demonstrated that hydrophobic effect dominates the
PFCA adsorption on Fe-zeolites.

Furthermore, it was reported that the microscale Fe-BEA35 can
degrade PFOS under UV-C irradiation (Fig. 5a) [47]. When quantifying
PFOS desulfurization ratio in UV/persulfate system, the quantification
of sulfate ions should be carefully carried out to exclude the interference
of persulfate-converted sulfate ions. PFOS adsorption onto Fe-BEA35
occurred both nonspecifically and complexed at ferric ions, as shown
in Fig. 5b. Under UV irradiation, the complex, CgF17S03-Fe, was excited
to produce CgF17S03 that desulfurized to CgF{7. Further decomposition
involving H,O, OH™, or *OH followed the same pathway as PFOA
defluorination (as presented in Fig. 4). The effective mineralization of
PFOS and its intermediates was realized by regenerating the catalyst via
UV irradiation with the addition of sodium persulfate. Although the
residual PFOS and byproducts extracted from zeolite were analyzed, the
fluoride ion adsorption on zeolite is also recommended as a control test
to properly measure fluoride ions when determining defluorination
rates. The PFOS degradation in the contaminated groundwater was as
efficient as that in the synthetic solution, establishing the potential of
this photochemical process in real water matrices.

These examples provide new insights into the interactions between
iron species and PFAS and the degradation mechanisms involved.
Further efforts are needed to develop other zeolite-based materials and
improve photocatalytic defluorination rates. Meanwhile, it is important
to figure out the defluorination chemistry of PFAS complexed on Fe-
zeolites, including the evolution of reactive species and degradation
pathways.

3. Metal organic frameworks (MOFs)
3.1. Structure of MOFs

MOFs are a class of crystalline, porous functional materials
comprised of metal ions and organic linkers. The positively charged

metal ions act as nodes that connect with the linkers to build a periodic
structure. The different combination of metal species and organic linkers

Chemical Engineering Journal 452 (2023) 139202

modulates the crystalline structure and physiochemical properties. The
various metal centers have different coordination modes: Divalent
transition metals ions (e.g., Zn(II), Cu(I), Cd(I), and Co(II)) tend to
adopt an octahedral, six-coordination mode, while the rare earth metals
(e.g., Ln(1Il)) generally have an eight or nine-coordination mode [70].
Meanwhile, the coordination groups and geometric shapes of different
organic ligands also vary. Linear carboxylic acid ligands (e.g., tereph-
thalic acid) tend to bridge metals or metal clusters in a straight line,
whereas V-shaped carboxylic acid ligands (e.g., 1,3,5-benzene tri-
carboxylate) tend to form a cage-like, porous structure with the metal
nodes [71-73]. Herein, some typical Secondary Building Units (SBU) of
MOFs structures are described.

(].) ZH4O(02CR)6

In the year of 1999, Yaghi’s group first synthesized the well-known
MOF-5 (ZnO4(BDC)3(DMF)gCgHsCl) with a three-dimensional porous
structure (Fig. 6a) [42]. The SBU of MOF-5 is the octahedral configu-
ration of ZngO(O2CR). Its Langmuir specific surface area and pore
volume reached 2900 m?/g and 0.61 cm®/g, respectively. Its thermal
stability reaches 400 °C. Building upon MOF-5, Yaghi’s team prepared a
group of isoreticular MOFs (IRMOFs) with different pore sizes through
functional group modification of the bridged terephthalic acid and
extension of the linear ligand length. As a result, they obtained MOFs
with ideal pore size for high capacity methane storage [88].

(2) Cuz(02CR)4

The copper, paddlewheel shaped unit is coordinated equatorially by
four ligand carboxylates. When combined with trimesic acid, another
famous MOF structure was formed: HKUST-1 (Fig. 6b) [89], which has a
neutral skeleton with high Langmuir surface area (917.6 m?/g) and
porous structure (0.61 cm®/ g). When thermal activation and other
methods are used to remove solvent molecules, the binuclear metal
copper ion forms an open metal site, which acts as a functional site for
gas adsorption. Through lengthening the prototype ligands or swapping
the tricarboxylic acid for hexacarboxylic or octacarboxylic acid, re-
searchers prepared a series of derivative structures with larger specific
surface areas and pore sizes [90-92].

(3) Zeolite Imidazolate Framework (ZIF)

Yaghi’s group prepared a series of ZIF crystals by reacting Zn(II) ions
with nitrogen-containing heterocyclic imidazole or purine ligands
(Fig. 6¢) [93]. The crystal structure is characterized by four-
coordination metal ions and a 145° bond angle of T-Im-T (Im = imida-
zolate, T = tetrahedrally coordinated metal ion), which is close to the Si-
O-Si bond angle in zeolite (Al)SiOs. Therefore, the crystal structure of
ZIF shares the sodalite topological structure with zeolite. Likewise, the
chemical and thermal stability of ZIF is similar to zeolite crystals, i.e.,
the thermal stability up to 600 °C.

CnF254150;

radical
CnF2541CO0-

e transfer CpFy,.1S0'3

*Cn F2p+1CO0
A

CpFopS03%~

CpFp,+10H

CnF2n—1503

Fig. 4. Radical-based reactions induced PFCAs and PFSAs defluorination. Replotted from Ref [5]. Copyright 2020 Elsevier.



H. Li et al.

1.0 ¢ . 2
A 100 2
0.8 £
80 £
T g
0.6 £
O 60 S
< 3
w 113
E 0.4 A - L 40 :
A iY UV 0 UV+Fe 2
024 S D UV +Fe-BEA3S | Z
o i ® dr(FeBEAIS) O dsop (FeBEA3s) 20 T
{7 -
I =
0.0 D T G P

0 20 40 60 80 100

Time (h)

Chemical Engineering Journal 452 (2023) 139202

(b)

Nonspecifically adsorbed PFOS Complexed PFOS

ONONNN N ANNNONS \\\\\\\\\ ONOONINONNG
'»2 Q*? ﬂ\
X
:{ 1 & " }t. }8. !r ? »
L) L)

RAAAANNANANANAN NN

Zeolite internal surface

¢Cc @0 €5 @OF @re

Fig. 5. (a) PFOS degradation and intermediates formation. (b) Two types of PFOS adsorption on Fe-BEA35. Replotted from Ref [47]. Copyright 2021 American

Chemical Society.

56
(,.} &

no 0
HBOC
MOF 8

2Zn,0M00C),

7F (rectic mmicazolate Yamewory)

(c)

Fig. 6. (a) Zn4O(02CR)e and MOF-5 structure (Replotted from ref [87]. Copyright 2019 Wiley). (b) Cux(O2CR)4 and HKUST-1 structure. (c) Zeolite Imidazolate
Framework (ZIF) structure. Replotted from Wikimedia Copyright Creative Commons.

3.2. PFAS removal by MOFs

3.2.1. Adsorptive removal of PFAS

(1) Pristine MOFs

Several kinds of MOFs have been reported to effectively remove
PFAS from polluted water. One example is MIL-101(Cr), a chromium
(I11) terephthalate MOF, which has high stability, acid-base resistance,
and large specific surface area (Sgrr~4000 m?/g). The target organic
substrate can enter its quasi-spherical cages, resulting in good PFAS
removal [94]. An Al-based MOF (MIL-53) was also synthesized for PFOA
adsorption, as well as two other organic contaminants (bisphenol A
(BPA) and 17a-ethynylestradiol (EE2)). The MIL-53 reached its highest
adsorption capacities of 138, 200, and 169 mg/g for BPA, EE2, and
PFOA, respectively [82].

As an abundant and non-toxic metal species, iron-based materials
have been widely utilized in environmental remediation. Iron-based
MOFs have been investigated to remove PFAS. Yang et al. [81]
demonstrated higher PFOA adsorption capacity of Fe-BTC compared to
MIL-100-Fe and MIL-101-Fe. Multiple adsorption mechanisms of PFOA
on Fe-based MOFs have been proposed, including Lewis acid/base (LAB)
interaction, n-CF attraction, anion-n interaction, and hydrogen bond.
LAB complexing played a dominant role due to its higher binding en-
ergy. Li et al. [76] found that the mesoporous cationic thorium-organic
framework (SCU-8) can immobilize PFOS anions through electrostatic
attraction, hydrophobic interaction, hydrogen bond, and van der Waals
force at different step.

Preliminary research on the impact of metal species on removing
PFAS have been investigated. Barpaga et al. [78] utilized chromium and
iron analogs of MIL-101 to investigate the sorption of PFOS. XPS analysis
revealed stronger interactions between metal nodes and PFOS’s sulfur
moieties, indicating Cr-MIL-101’s higher efficiency for PFOS removal.
Zhao et al. [95] recently compared MIL-53(Al), MIL-53(Fe) and MIL-101

(Cr) and demonstrated that MIL-53(Al) exhibits the highest PFOS
adsorption capacity, because it has more unsaturated metal sites and a
smaller pore size. For a typical PFAS substrate and MOF structure, metal
species play an important role in removing PFAS, since different metal
nodes exhibited different interaction capacity.

In addition to the metal species, the organic linker, crystal structure
and other surface properties determine the PFAS removal capacity of
MOFs. Chen et al. [75] inspected how the topological structure and
interior functionality affect PFOA removal. ZIF-7 and ZIF-8 have same
topology, but are made up of different ligands. Similarly, ZIF-8 and ZIF-L
are both comprised of zinc ion, but the organic ligands have different
crystal structures. Compared to ZIF-7, ZIF-8 exhibited better perfor-
mance toward PFOA sorption, suggesting the interaction between 2-
methylimidazole and PFOA are stronger [75]. ZIF-L outperformed
other tested sorbents for PFOA removal due to its layered structure,
implying that PFOA diffusion into the interlayer proceeds with less
resistance than into cylindrical micropores.

(2) Modified MOFs

It has been proven that surface modification can improve MOFs
adsorption capacity toward PFAS. Partially hydrolyzed poly-acrylamide
(HPAM) assisted modification affected the particle size and crystal
morphology of MIL-96. Added amine surface functionality enhanced the
PFOA removal efficiency by increasing the electrostatic interaction be-
tween positively-charged amine and PFOA anions [83]. A comparison of
PFAS removal by pristine UiO-66 versus its equivalent perfluorinated
MOF, UiO-66-(F4), revealed that UiO-66-(F4) is more efficient due to
increased van der Waals interactions between the fluorinated cavity of
the MOF and fluorine on PFAS. Introducing defects into UiO-66 frame-
work can increase the internal surface area and unsaturated Zr sites,
leading to significant improvement of its adsorption capacity for PFOS
and PFBS [77]. Liu et al. [74] studied a group of MIL-101(Cr)-based
anion-exchange MOFs for PFOA adsorption and reported the highest
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adsorption capacity of 1.19 and 1.89 mmol/g for materials prepared by
preassembled modification (PAM) and post-synthetic modification
(PSM), respectively; the major adsorption mechanisms were LAB
complexation and electrostatic interaction.

(3) MOFs based composites

By combining MOFs with nanomotor technology, Guo et al. [80]
reported a buoyancy-propelled CAT-ZIF-8 nanomotor for simultaneous
heavy metal and PFAS uptake. With the usage of hydrogen peroxide (0.2
%), the CAT-ZIF-8 exhibited controllable motion in the contaminated
water, thus, significantly enhancing its removal efficiency.

To immobilize adsorptive frameworks, Moreton et al. [96] prepared
a mixed-matrix membrane (MMM) from UiO-66 and poly(ethylene-co-
vinyl acetate) and tested its performance for filtration and sorption of a
500 mg/L PFOA-solution. They successfully demonstrated PFOA
removal using a hybrid membrane in dead-end filtration mode.

However, the adsorptive removal of PFAS cannot solve the problem
fundamentally since it only transfers the pollutants from aqueous phase
onto the solid phase. Subsequent extraction and degradation of PFAS
adsorbed onto MOFs must be carried out to eliminate any PFAS
pollution.

3.2.2. Advanced oxidative removal of PFAS

AOPs catalyzed by MOFs and MOF-based materials are a promising
remediation strategy for degrading and mineralizing emerging con-
taminants, including PFAS. Hydro-stability is a crucial requirement for
materials utilized in water treatment processes, especially in catalytic
degradation processes. Ozdemir et al. [84] developed a chemically sta-
ble MOF (MIL-125-NHy) from high valent Ti** clusters as building units.
MIL-125-NH; was stable in different pH condition and adsorbed PFOA
and PFOS efficiently (42 and 17 mg/g, respectively). Subsequent
degradation of adsorbed PFOS was achieved through a reduction reac-
tion under UV irradiation, where triethanolamine (TEOA) was the
sacrificial reductant. TEOA transfered an electron to PFOA/PFOS to
initiate the stepwise elimination of -CF5, as demonstrated in Fig. 4. The
Ti-MOFs demonstrated the combined superiority of both excellent PFAS
adsorptive removal and photocatalytic reduction performance.

Although only a few works have reported PFAS degradation by MOF-
catalyzed reactions, some pristine MOFs have showed excellent perfor-
mance in catalytic degradation of other persistent organic pollutants
[97,98]. There are also several strategies to further enhance their cata-
lytic activity, such as functionalization of metal-clusters or ligands. For
instance, Pu et al. [99] synthesized MIL-53(Fe) with high content of Fe*t
at coordinatively unsaturated sites (CUS), which exhibited high effi-
ciency for activating persulfate. Goh et al. [100] demonstrated that
using NH»-BDC and F-BDC as mixed linkers to prepare Zr-MOF can
enhance its photocatalytic activity.

On the other hand, combining MOFs to form heterostructures is an
effective solution to overcome their individual disadvantages.
Combining MOFs and graphitic carbon nitride (g-C3N4) can accelerate
the photo-generated charge separation and increase the light absorption
range, leading to better photocatalytic performance [101]. Likewise,
coupling CdS with MOFs is a smart method to prevent particle aggre-
gation, electron-hole pair recombination, and inhibition due to photo-
corrosion. Shen et al. [102] synthesized CdS-UiO-66(NH5)
nanocomposites through a facile photodeposition method. The synthe-
sized materials showed excellent photocatalytic activity due to their
large specific surface area and the efficient charge transfer from CdS to
Ui0-66(NH,).

Developing similar MOF-based materials for PFAS removal and
degradation is feasible but requires more attention. While MOFs can
efficiently adsorb PFAS from aquatic environment, more efforts are
needed to improve the catalytic oxidation capacity of MOFs for PFAS
degradation.
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4. Covalent organic frameworks (COFs)
4.1. Structure of COFs

Similar to MOFs, COFs are crystalline, porous, and organic structures
whose atoms are linked by covalent bonds. Kandambeth et al. [103]
summarized the reactions and symmetric combinations used for COF
construction (Fig. S2). The COF crystallinity depends on the proper
design of the organic building blocks [104]. Reversible bond formation,
which imparts error-correction by itself during the crystallization, is
essential [103]. Previously, the formation of reversible covalent bond
was only observed at extreme conditions e.g., high temperature and
pressure [103]. In 2013, Beaudoin et al. [105] first reported the for-
mation of covalent bond with low strength under ambient conditions,
resulting in monocrystalline network solids. To maintain the revers-
ibility, a specific chemical agent was added in this process.

Researchers have successfully employed several reversible conden-
sation reactions, including Schiff base reaction, Spirobrate formation,
Knoevenagel condensation, and Imide condensation, for the crystalli-
zation of COFs [103]. Fig. S2 displays different kinds of reversible
organic reactions and symmetry combinations applied for COF crystal-
lization [103]. Using rigid symmetric organic linkers, COFs were con-
structed with variable pore shapes and sizes, including hexagonal,
square, triangular and rhombic pore configurations (Fig. S2c). More-
over, reticular structures of COFs constructed by the linkage of various
symmetric monomers resulted in their unique structures. Although they
are vulnerable in aqueous environment, COFs have exhibited high sta-
bility and rigidity under thermal condition [103]. Moreover, COFs can
be designed with different functional groups, e.g., imine groups [106].
COFs also possess a uniform nanopore network structure with high
specific surface area. For example, 3D COF-103 has a reported Sggr of
4210 mz/g [107,108]; its reported pore size ranges from 0.5 to 4.7 nm
[109].

Given these unique features, COFs play important roles in adsorp-
tion, micro-extraction, sensor technology, and other applications [110].
COFs are a candidate for PFAS removal because of their tunable surface
hydrophobicity, optional F-F affinity, adjustable functional groups,
suitable pore shapes and sizes, and large specific surface area
[32,63,108]. Positively charged functional groups, such as amine,
attract the anionic part of ionized PFAS, while COFs’ hydrophobic
properties make interactions with the hydrophobic tail possible.
Generally, the COFs have larger pore size than PFAS molecules, favoring
its adsorption; when the pore size is tailored, selective capture of a
specific PFAS is possible [86].

4.2. PFAS removal by COFs

4.2.1. Adsorptive removal of PFAS

The crystallinity of COFs enables them to have precise arrangements
of functional groups with strong affinity for PFAS. There are four ways to
improve COFs’ adsorption capacity for PFAS: 1) Establish electrostatic
interactions between functional groups; 2) add fluoro-functional groups
to enhance F-F affinity; 3) increase hydrophobic interactions; and 4)
achieve high specific surface area and establish the proper pore size for
selective adsorption.

Positively charged COFs interact electrostatically with negatively
charged PFAS. Wang et al. [86] compared the removal efficiency of
neutral and cationic COFs, synthesized via solvothermal method
(Fig. 7a), to remove GenX and hexafluoropropylene oxide trimer acid
(HFPO-TA). Quaternary ammonium groups impart a positive charge to
the novel cationic COF. Fig. 7b illustrates the higher adsorption capacity
for Gen X and HFPO-TA by the cationic COF versus non—cationic COF.
The cationic COF had a high adsorption capacity of HFPO-TA (2.16
mmol/g) and GenX (2.06 mmol/g) (Fig. 7c). It exhibited more than 92 %
removal of HFPO-TA within 6 h and almost 100 % of HFPO-TA within
12 h (Fig. 7d). Ji et al. [85] also demonstrated that amine-functionalized
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Fig. 7. (a) Synthesis scheme for neutral and cationic COFs; (b) The adsorption capacity of neutral COF1 and cationic COF2; (c) Langmuir adsorption isotherms of

GenX and HFPO-TA on COF2; and (d) Removal of GenX and HFPO-TA by COF2. [86] Copyright 2021 Elsevier.

networks facilitate the interaction with anionic head groups of Gen X.
Among all the prepared adsorbents, the amine-COF (28% by weight) had
the highest affinity towards 13 PFAS. The removal efficiency was more
than 90% for 12 out of 13 PFAS species, while the removal efficiency of
Gen X was 91% after 30 min.

Fluoro-functionalized absorbents showed improved extraction per-
formance for PFAS [63]. Sun et al. [63] synthesized a trifluoromethyl
COF (CF3-COF) by a sonochemical method at room temperature and
used it as an epoxy resin coating for SPME. Eight targeted PFAS,
including PFOA and PFOS, were eluted with 1 mL acetonitrile. This COF
showed outstanding sensitivity to the targeted PFAS due to its fluorine
affinity. The limits of detection for the solid phase micro-extraction
(SPME) ranged from 0.1-0.7 pg/g to 0.2-0.8 pg/g for targeted PFAS.

Fluorine groups also play a dominant role in hydrophobic in-
teractions between the PFAS tails and the COF’s pore walls. In most
cases, hydrophobic and electrostatic interactions have a combined effect
in adsorbing PFAS. Adsorbents with amine groups have higher affinity
for PFSA in comparison to PFCA with similar chain length, due to the
higher hydrophobicity of PFSA [32]. In addition, long-chain PFAS are
easier to be absorbed than shorter chain PFAS, which rely on electro-
static interactions [32]. Hou et al. [111] synthesized a super-
hydrophobic, fluoro-functionalized COF as a micro-extraction probe to
adsorb 14 PFAS. This COF was synthesized by solvothermal method. The
detection limit for the targetd PFAS varied from 0.02 to 0.8 ng/L in
complex matrices (including water, urine, and milk). However, they did
not quantify the contribution of F-F and hydrophobic interactions.

The high specific surface area of COFs provides more functional
groups and active sites, and faster sorbate diffusion rates [32]. The
specific surface area of TH-COF was as high as 1254 m%/g, which sub-
stantially facilitated the diffusion of PFAS to the active sites [65]. When
utilized as the coating for SPME, TH-COF provided extremely low
detection limits of 0.0020-0.0045 ng/L in drinking, underground and
river water samples. In addition, TH-COF was re-used 20 times without
showing any decrease in extraction performance.

Proper pore size is another important determinant of adsorption
capacity. Wang et al. [86] concluded that cationic COF with smaller pore
size (about 1.4 nm) led to a steric effect while a larger pore size of 1.9 nm
showed enhanced adsorption of HFPO-TA, which has a molecular size of
1.02 nm. This COF exhibited high capacity for absorbing GenX (2.06
mmol/g) and HFPO-TA (2.16 mmol/g), due to favorable pore structure
and functional groups, i.e., quaternary ammonium groups.

4.2.2. Advanced oxidative removal of PFAS

While COFs have been widely used to catalyze hydrogen evolution
[112,113] and carbon dioxide reduction [114], their semiconductor
properties have also been considered for pollutant degradation [115].
Photoconductive COFs possess suitable energy band gap for the rapid
diffusion of charge carriers within the framework [116]. Generally, the
excited electrons in photoconductive COFs are transferred from donor to
acceptor, thus facilitating electron-hole pair separation. For example,
CTF-BT exhibited a broad adsorption band up to 550 nm [116].

In general, the building blocks of COFs are highly m-conjugated,
which are fundamental in sheet stacking [117]. n-conjugated units are
very important in harvesting light because the © — =* transition occurs
in the range of visible light (380-780 nm) [116]. Therefore, photocon-
ductive COFs are sensitive to visible light with relatively small band gaps
(~2.1-3 eV) [112,113,116]. In this regard, COFs are not a favorable
candidate for photocatalysis of the strong C-F bond cleavage (631.5 KJ/
mol) in PFAS, since a small band gap indicates relatively low redox
ability [118,119]. However, due to their excellent PFAS adsorption
ability [108], high specific surface area, and rapid charge carrier flow,
COFs may enhance the performance of other photocatalytic semi-
conductors, such as titanate oxide (TiO2), indium oxide (InyO3), and
gallium oxide (Gap03), which have proven to be efficient in degrading
PFAS [116,118]. The main obstacle to developing hybrid COF-
semiconductors is the rigid conditions of their synthesis, which gener-
ally requires airtight reactors and non-aqueous organic solvents.
Although PFAS degradation using COFs has not yet been reported,
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endeavors should continue to advance a new generation of hybrid
photocatalysts for PFAS defluorination.

5. Factors affecting PFAS removal

It is of practical importance to investigate the influence of the solu-
tion chemistry on PFAS removal processes by framework materials.
Operating parameters, including solution pH, coexistence of cations/
anions, and organic matter, are discussed in regards to their effect on
PFAS removal.

5.1. Solution pH

The solution pH can significantly influence the adsorptive removal
efficiency of contaminants, since the adsorbent’s surface charge and the
contaminants’ chemical speciation are affected. In general, many PFAS
are exist in their anionic form in all relevant environments because their
acid dissociation constant (pK,) values are quite low (from —3.27 to 0.4)
[25]. When the adsorbent is present at a pH higher than its point of zero
charge (pHyp,c), the low degree of protonation makes the surface nega-
tively charged, further increasing the electrostatic interactions with
PFAS anions [120].

For instance, Fe-BEA35's zeta potential becomes more negative with
increasing pH values (i.e. —21 mV at pH = 3, —34 mV at pH = 9) [46].
Significant inhibitory effects of increased pH result from the ligand
changes within the zeolite since Fe>* complexed with OH™ under these
conditions. Conversely, lower pH can reduce the surface charges’ den-
sity and further weaken the repulsion between PFOA and the zeolite,
allowing for adsorption.

Different framework materials have different pHp,. and various
interaction mechanisms for adsorbing PFAS. Therefore, the influence of
solution pH on PFAS removal should be taken into consideration during
removal experiments and carefully investigated to optimize the reaction
conditions.

5.2. Inorganic ions

Inorganic ions in the aqueous environment have complicated in-
fluences on PFAS removal including surface-charge neutralization,
divalent cation bridging, electrical double-layer compression, salting-
out and competitive adsorption [121]. The addition of electrolytes
compresses the electrical double layer of adsorbents; thus, the ionic
concentration impacts the interaction between PFAS and adsorbent. A
slight inhibition of PFOA adsorption by Al-based MOFs was detected
with increase of NaCl concentration [82]. The negative surface charges
of adsorbent can be neutralized by divalent cations such as Ca®", Cu?*
and Mg?", increasing its zeta potential at the same time. Divalent cations
can also construct a bridge to connect PFAS anions and some negatively
charged groups. In groundwater, many cations coexist and may improve
PFAS adsorption due to their positive charges.

In contrast, anions in solution can compete with anionic PFAS for
adsorption site on a material’s surface, depending on both the ionic
concentrations and species. Clark et al. [79] explored the effect of
coexisting SO%’, Cl™, and Cr(VI) on PFOS removal by UiO-66 and found
that the presence of C1™ at 100 mg/L hardly affected PFOS adsorption,
but SO%‘ and Cr(VI) exhibited significant inhibition (SO3~: 25-100 mg/
L, Cr(VD):5-25 mg/L). SO%’ and Cr(VI) are competitors for the same sites
on UiO-66, but Cl™ already existed within the MOF’s pores during
synthesis. Similar results were obtained when adding different inorganic
anions to the Fe-BEA35/PFOA system. SO;  was found to greatly
decrease the PFOA removal efficiency, which might be attributed to the
competitive complexation with Fe>" and quenching effect toward
photo-generated hydroxyl radicals ("OH) [46]. It is expected that other
anions, will also inhibit PFAS adsorption and degradation due to their
negative charge.
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5.3. Dissolved organic matter (DOM)

The coexistence of DOM possibly disturbs the PFAS removal process.
Some researchers noticed that DOM coincides with PFAS in regards to its
molecular structure. The highly aromatic structure contributes to hy-
drophobic regions of the DOM, enabling the hydrophobic interactions
between PFAS and DOM [122]. Normally, DOM contains both anionic
and cationic group. Thus, electrostatic interactions or cation bridging
might occur between the DOM and PFAS. Moreover, DOM can complex
with active metal sites and inhibited PFAS adsorption [123]. Regarding
photocatalytic degradation, the discovery that DOM can adsorb photo-
energy and scavenge photo-activated species suggests inhibition of PFAS
degradation [124].

Most studies focused on the adsorptive removal of PFAS by different
framework materials are conducted in pure, synthetic solutions. Fulvic
(FA) and humic acids (HA) are always chosen to model DOM when
evaluating its effect on PFAS removal. However, a variety of organic
substrates, such as proteins, amino and carboxylic acids, make up DOM
in reality. Thus, some potential interactions between real water matrix
and PFAS have not been investigated in detail and further studies of
DOM'’s effects are still needed.

It is noted that these influencing factors were mostly focused on their
impacts on PFAS adsorption on framework materials. The matrix effect
is also of great practical importance for degradation processes, although
the framework material-based defluorination are not well studied yet,
even at the laboratory scale. When applying framework materials to
remove PFAS from water, these influencing factors need to be examined
individually due to the large number of framework materials with
different physiochemical properties.

6. Problems and challenges
6.1. Low environmental concentration

In order to estimate the impacts of initial contaminant concentration
on the removal kinetics and energy inputs, the concentrations should be
set at a reasonable level when testing framework materials for PFAS
removal. In the literature, most PFAS removal experiments have been
conducted under very high concentrations, up to hundreds of mg/L.
Then, the results from adsorption and oxidation batch experiments are
used to simulate the potential efficiency of sorbents, although the actual
PFAS concentrations in most aquatic environment (except for some
AFFF-impacted sites) are extremely low (ng/L to pg/L) [48].

Furthermore, the detection of low PFAS concentrations demands
sensitive equipment, including liquid chromatography—tandem mass
spectrometry. These advanced instruments are very expensive and
difficult to master [125]. Thus, more accessible methods and online
measurement of PFAS are needed in both natural and engineered water
systems. In some experiments, total organic carbon (TOC) and total
fluorine (TF) have been used as proxies for estimating PFAS concen-
tration and defluorination over time; however, this approach still re-
quires knowledge of the initial PFAS concentrations.

6.2. Reactor design

Framework materials are usually in powdered form. Despite their
high treatment capacity, the separation and recovery of powders from
water presents an engineering challenge. Current efforts primarily focus
on immobilizing framework materials on membranes [126,127] or
granular particles, such as activated carbon or biochar [128-130]. Both
granular adsorbent and membrane treatment units are widely used
water treatment technologies, and containment in reactors simplifies
their operations. There are many commercially available reactor de-
signs, depending on the particle size. In granular adsorbent reactors,
typical media can be easily swapped for modified media. However, these
units may require additional, downstream filtration to capture any
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modified particles leaving the reactor.

On the other hand, for membranes, separation and recovery occur in
one reactor. Due to their versatile structures, regular and adjustable pore
sizes, various functionalities, and large specific surface area, interest has
surged in using framework materials as fillers or coating layers in
advanced membrane processes. [131,132] Their intrinsic porosity pro-
vides molecular transport pathways that can lower the resistance of
internal diffusion and improve water permeability. Additionally, with
regular backflushing and chemical cleaning with desorption solvents,
researchers have demonstrated that membrane regeneration and
cyclical reuse is feasible.

6.3. Stability and reusability

Although the efficacy of framework materials is still under debate,
the regeneration of used sorbents is always needed for all removal
processes. Discarding framework materials is a serious waste of re-
sources and may cause secondary pollution if the PFAS released to the
environment. Regeneration processes often consume harmful chemicals
or require a large energy input, yet still the PFAS are merely transfered
from the sorbents to another phase. The complete decomposition of
PFAS requires powerful destruction means to treat concentrated
regeneration solutions [69,133].

Improving the regeneration capability is not only the way to
diminish the impact of framework material sorbents to environment, it
can also enhance their economic competitiveness with traditional
commercialized sorbents (GAC and ion exchange resins) [134].
Research into synthesized framework materials should include appro-
priate regeneration methods, which preserve their adsorption and
catalysis abilities to the greatest extent. Furthermore, the environmental
friendliness and cost of regeneration should be evaluated, including
proper handling and treatment of eluted wastes.

The structure and functionality of spent sorbents are crucial for the
regeneration performance in corresponding desorption process. Typical
regeneration methods include washing with (1) an organic solvent (e.g.,
methanol, ethyl acetate, acetone); (2) an alkaline solution (e.g., NaOH,
aqueous ammonia); (3) an acidic solution (e.g., HCl, orthophosphoric);
(4) a NaCl solution; or (5) their mixtures [32,82,83]. Chemical solutions
made of sodium salt and organic solvents are most commonly used for
desorbing PFAS, where the sodium salt separates the anionic head while
organic alcohol desorbs the hydrophobic tail [32]. Normally, over 90 %
regeneration can be achieved by a solution of sodium hydroxide and
methanol [69]. However, the co-adsorbed organic matter on sorbents
may decrease regeneration performance, requiring harsher acid/base
regeneration solutions. The stability of spent materials must be consid-
ered when they are exposed to extremely acid or alkaline conditions.

The composition of the regeneration solution significantly affects the
desorption efficiency depending on the different adsorption mechanism.
Wang et al. [86] investigated the COFs regeneration after adsorbing
GenX and HFPO-TA by using mixture solutions containing salt and
organic solvents. GenX can be easily desorbed from the used COFs by 1
% NaCl, but 70 % methanol was not favorable. However, 1 % NaCl can
hardly regenerate spent COFs adsorbed HFPO-TA due to their strong
affinity; 70 % methanol with the dosage of 1 % NaCl are quite efficient
for desorbing HFPO-TA from the spent COFs.

Under some circumstances, an acidic regeneration solution is a
viable option. For example, after adsorbing PFBS, the saturated NU-
1000 was transferred into a 10 mL regeneration solution consisting of
0.1 M HCl/methanol (30/70 v/v), then undergoes sonication and
shaking [135]. After repeating this procedure three times, the treated
adsorbent was dried under nitrogen for 0.5 h before use. The NU-1000
exhibited good stability and reusability, with excellent removal and
recovery efficiency after five cycles.
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6.4. Contamination risks

For any materials or technologies applied in water/wastewater
treatment, the potential contamination risks must be carefully assessed
before usage. Framework materials are prepared from metal or
nonmetal precursors, some of which are not stable in the aquatic envi-
ronment, especially when the water matrix is complex. Leaching of the
metal ions or organic linkers may occur during PFAS removal by
framework materials, leading to secondary contamination. The leaching
from sorbents and catalysts must be well below the limits set by relevant
water treatment standards.

In addition, destructive treatment techniques may create toxic
transformation products, subsequently released into the aquatic envi-
ronment [136]. Research into the degradation mechanisms and path-
ways is critical to determine potential intermediate compounds.
Unfortunately, even when byproducts can be identified, bio-
accumulation and toxicology data is often unavailable; therefore, more
ecotoxicology research is also required.

7. Conclusions and perspectives

The current review summarized the structure and synthesis of three
typical framework materials: zeolites, MOFs, and COFs, and the mech-
anisms involved in their removal of PFAS. The morphology, crystal
structure, pore volume and size, and surface functional groups play
dominant roles in the adsorption of PFAS. Among the three framework
materials, zeolites often have lower preparation cost and the hydrated
aluminosilicates crystals are endowed with high thermal stability and
acid resistance, which outperforms most MOFs and COFs. The pore sizes
of zeolites usually range from 0.3 to 1 nm and their specific surface area
(SgeT) are between 600 and 780 mz/g (Table 2). As for MOFs, various
combination of metal species and organic linkers, as well as novel syn-
thesis methods make the structure and property more diverse. A sig-
nificant difference is that the Sggr of different MOFs varies from 12 to
1811 m?/g. Thanks to the huge specific surface area and tailored surface
chemistry, MOFs exhibited best performance in removing both PFOA
and PFOS with highest adsorption capacity. Obviously, few researchers
have investigated the removal of short-chain PFAS, since they are less
adsorbable and more persistent. COFs have been utilized for removing
GenX and HFPO-TA and achieved excellent removal efficiency. Some
similarities between COFs and MOFs are recognized, including high
specific surface area (as high as 1900 mz/g) [[85]1, variable pore
structure, and tunable surface functional groups. It is thus important to
design and prepare suitable framework materials for remediating spe-
cific PFAS in aqueous environment. In particular, PFAS hemi-micelles
and micelles can be accommodated by suitable pore sizes of sorbents,
preventing the blockage of pores. Surface modifications by adding
protonated amine groups can enhance anionic PFAS adsorption via
electrostatic attraction. Other interaction mechanisms between frame-
work materials and PFAS include hydrophobic interactions, ligand and
ion exchange, hydrogen bonding and r-n interactions. The PFAS mo-
lecular structure and the solution chemistry affect the removal perfor-
mance by framework materials. We also highlighted the challenges in
current research efforts, including low environmental concentrations,
reactor design, the stability and reusability of framework materials, and
contamination risks during water treatment.

The demand for engineering innovations to upgrade existing water
facilities and the invention of new technologies and materials is
increasing, in order to achieve sustainable PFAS removal and defluori-
nation. Functional framework materials are one promising tool in this
regard because their versatile structure and surface chemistry can be
tuned to favor PFAS interactions and designed for circular regeneration
to minimize or eliminate secondary contamination. Going forward, four
guiding principles are proposed for the development of sustainable
framework materials to remove PFAS:
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Table 2
PFAS adsorption by framework materials.
Framework materials SBET Pore size/ Organic Sorption Conditions (P: PFAS, S: sorbent) =~ Removal Mechanism Ref.
(m%/g) volume capacity rates
Zeolite  zeolite 13X / 1.0 nm PFOS / P=15-150 mg/L (100 mL), / hydrophobic interaction [59]
NaYy 700 0.8 nm 12 S$S=100 mg, pH=7.2 /
NaY80 780 0.6 nm 114.7 /
all-Si Beta 624 0.21cm®/g  PFOA 371.4 P=100 mg/L (5 mL), S=5 mg / hydrophobic interaction [60]
PFOS / /
Fe-BEA35 600 0.42 cm3/g PFOA 16.8 P=48 uM/L (100 mL), S=100 99 % electrostatic interactions, [46]
mg, pH=5.5, UV365+UV254 hydrophobic interactions
PFOS 19.6 P=40 uM/L (350 mL), S=175 99 % [47]
mg, pH=5.5, UV254
MOFs MIL-101(Cr)- 1530 / PFOA 753.5 P=40 mL, S=4 mg, pH=5 / Lewis acid/base complexation, [74]
QDMEN electrostatic interaction
ZIF-7 14 / PFOA 21.5 P=0.5 mM (40 mL), S=8 mg, / / [75]
ZIF-8 1291 < 2nm 177.2 pH=5 / /
ZIF-L 12 / 243.8 / /
SCU-8 1360 2.2 nm PFOS 44.79 P=1mg/L (40 mL), S=200 mg / hydrogen bonds, electrostatic, [76]
hydrophobic and van der Waals
interactions
Ui0-66 / / PFOA 388 P=500 mg/L, m/V=1 / hydrophobic and van der Waals [77]
PFOS 467 / interaction
UiO-66-(F4) 682 / PFOA 160 /
PFOS 254 /
Cr-MIL-101 / 2.9-3.4nm  PFOS / P=10 mM (1 mL), S=10 mg / / [78]
Fe-MIL-101 / / /
Defective 1423 1.6-2 nm PFOS 620 P=500 mg/L (200 mL), $=0.5 / electrostatic and hydrophobic [79]
Ui0-66 0.72cm®/g  PFBS 520.3 g/L / interactions
CAT-ZIF-8 1154 1-1.5 nm PFOA / P=20 pM (1 mL), S=20 pL, 84.5 % / [80]
pH=7
Fe-BTC 1051 / PFOA 418 P=500 mg/L (20 mL), S=20 / Lewis acid/base complexing and [81]
MIL-100-Fe 1237 0.55 nm PFOA 349 mg, pH=3.3 / hydrophobic interaction
MIL-101-Fe 1811 1.08,1.2 PFOA 370 /
nm
Basolite A100  / / PFOA 169 P=1 mg/L (40 mL), S=2.5 mg ~70 % hydrophobic and electrostatic [82]
MOF interactions
MIL-96- 75 / PFOA 340 P=1000 mg/L (20 mL), S=20 / electrostatic and van der Waals [83]
RHPAM2 mg interaction, hydrogen bonds
MIL-125-NHy / 0.82 nm PFOA 42 P=500 mg/L / / [84]
PFOS 17 /
COFs 28%[NH,]- 1900 3nm, 1.06 GenX 200 P=0.2-100 mg/L > 90 % / [85]
COF cm®/g $=100 mg/L
BT-BDB-COF 28.5 / Gen X 679.8 P=0.05-0.6 mmol/L (50 mL), 80 % hydrophobic interaction [86]
(COF2) HFPO- 1071.4 pH=7, S=50 mg/L 100 %
TA

1) Environment-friendly and low-cost raw materials are necessary.

2

3

—~

-

Although morphology and material properties can be optimized,
designers should strive to synthesize the framework materials from
sustainable, inexpensive raw materials. The scale-up of the most
promising framework materials requires lower economic costs.
Theoretical calculation assisted molecular design can be combined
with experimental data to develop framework materials with high
adsorptive capacity, selectivity, stability, and reusability. A clear
regeneration strategy for framework materials is key to compete with
commonly used adsorbents.

The current state of research on PFAS removal in real water matrices
and treatment applications is still nascent and insufficient for in-
dustrial adoption. Most studies reported excellent PFAS removal ef-
ficiency when pure water or synthetic solution was spiked with high
PFAS concentration in a small reaction system. However, the com-
ponents of real water matrices are far more complicated, especially
for those adsorbents relying on hydrophobic interactions to trap
PFAS molecules. Future framework material studies should focus on
alternative adsorption mechanisms in real water matrices, where
PFAS removal is less dependent upon hydrophobic and electrostatic
interactions, especially for the short-chain PFAS.

Moreover, the list of PFAS chemicals to be studied, including new
alternative products, should be extended. The functional framework
materials have the advantage of being tailorable for removing
different kinds of PFAS endowed with different molecular size and

11

hydrophobicity/hydrophilicity. The pore size, surface area, and
functional groups of zeolites, MOF, and COF can be easily manipu-
lated for the removal of a specific PFAS chemical.

Finally, proper engineering design is needed to support powdered
framework materials, such as immobilization on granular particles or
membranes. Reactor design needs to consider potential material
release and other contamination risks, including from regeneration
and waste streams. Additional efforts are required to design and test
engineered solutions for efficient PFAS removal.

4

—
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