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Chemically Tailored Metal-Organic Frameworks for
Enhanced Capture of Short- and Long-Chain Per- and

Polyfluoroalkyl Substances from Water

Edward Loukopoulos,* Sergio Marugdn-Benito, Dionysios Raptis, Emmanuel Tylianakis,
George E. Froudakis, Andreas Mavrandonakis,* and Ana E. Platero-Prats*

Per- and polyfluoroalkyl substances (PFAS) are emerging as bioaccumulative
and toxic water pollutants, posing a large threat to human and aquatic
organisms. This threat is aggravated by their extreme persistence to common
degradation methods. Adsorption is regarded as the most conventional
method to treat these contaminants, however, existing sorbents present con-
siderable limitations on performance. The development of more efficient PFAS
adsorbents is therefore of urgent need. The class of metal-organic frameworks
(MOFs) can hold great promise for these purposes, featuring porous materials
with high tailoring potential. Herein, a series of functionalized Zr-MOFs have
been designed with boosted capacities for the adsorption of short- and long-
chain perfluorinated carboxylic acids of environmental interest. The approach
relies on chemistry-based concepts to introduce targeted post-synthetic
modifications that promote PFAS---MOF interactions, specifically through
coordinative bonding and hydrophobic effects. In particular, the framework
TFA-MOF-808 (TFA = trifluoroacetic acid) displays the highest capture capac-
ities reported for MOF materials in this pollutant class. Mechanistic studies,
assisted by advanced synchrotron characterization techniques and theoretical
calculations, support a ligand exchange process occurring during the
adsorption phenomena. The results demonstrate the potential of this design
approach in developing advanced PFAS sorbents with optimal performance.

quality. Per- and polyfluoroalkyl substances
(PFAS) represent a key example of such
contaminants!!! and have been the sub-
ject of several directives and regulations
worldwide.”) Chemicals of this family
contain a fluorinated carbon chain back-
bone, typically terminated by a hydrophilic
functional group.®! They are widely used
in industrial practices, as their strong
C—F bonds bestow them with excep-
tional properties including high stability,
hydro-/oleo-phobicity, and high surface
activity.[*l At the same time, these charac-
teristics make them extremely difficult to
break down with conventional wastewa-
ter treatment methods,®! leading to high
bioaccumulation and adverse effects on
human organisms and the environment.[®]
As a result, PFAS-contaminated wa-
ters are most commonly treated using
adsorption-based technologies, involving
filtration through activated carbons or ion-
exchange resins.l’l Both sorbents, however,
display limitations such as lower adsorp-

1. Introduction

The emergence of persistent anthropogenic pollutants has sig-
nificantly impeded ongoing global efforts to improve water

tion capacities for short-chain analogs,

as well as slow adsorption kinetics.”!
Hence, it is imperative to develop smart porous materi-
als as advanced PFAS sorbents with a very high capac-
ity and efficient removal capabilities, irrespective of chain
length.
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Figure 1. a) View of the main framework and pore systems in DUT-67 (left) and MOF-808 (right). Color coding: Zr polyhedral = blue, C = grey, O = red.
Potentially available positions for ligand functionalization within the inorganic nodes are depicted as dark red spheres. H atoms have been omitted for
clarity. b—d) PXRD data, "H NMR spectra, and N, isotherms (recorded at 77 K) of the pristine and functionalized DUT-67 and MOF-808 materials.

On this basis, metal-organic frameworks (MOFs) have also be-
gun to gain traction as potential platforms for PFAS removal. Asa
unique class of porous hybrid inorganic-organic materials, MOFs
offer an immense amount of control and tuning through the
limitless combinations of organic linkers and inorganic building
units.”! This can enable the synthesis of tailor-made MOFs with
unique targeted characteristics (e.g., exceptionally high porosity,
rapid adsorption kinetics, water and thermal stability, regener-
ation and reuse capabilities) that render them as ideal materi-
als for various environmental applications.!'’] However, despite
the growing number of studies, research on PFAS remediation
remains in its early stages. Existing reports focus on pristine
MOF materials and their application in the removal of mostly par-
ticular long-chain PFAS such as perfluorooctanoic acid (PFOA)
or perfluorooctanesulfonic acid.®>!!l To fully harness the capa-
bilities of MOFs as PFAS sorbents, conducting more system-
atic studies is crucial, leveraging the available tuning options for
structural composition and pore environment of the materials.
In this work, we exploit the effect of PFAS--MOF interactions
to design tailor-made porous frameworks with significantly en-
hanced adsorption capacities for both short- and long-chain per-
fluoroalkyl carboxylic acids. To achieve this goal, we have syn-
thesized two different families of Zr-based MOFs through post-
synthetic incorporation of carefully selected organic ligands.

2. Synthesis and Characterization of Pristine and
Functionalized MOFs

To initiate our investigations, prototypical MOFs DUT-67!'2 and
MOF-808[!3] were selected and synthesized. These frameworks
were chosen based on several criteria: exceptional water stabil-
ity, high purity and yield achievable through green synthetic
procedures."! Additionally, they exhibit suitable porosity to
accommodate PFAS of varying chain lengths and kinetic di-
ameters (DUT-67 features inner cuboctahedral and octahedral
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cages of 14.2 and 11.7 A diameter, while MOF-808 contains
hexagonal channels of ~18 A). Importantly, both frameworks
have unsaturated inorganic nodes based on Zr, clusters (8-
connected in DUT-67, 6-connected in MOF-808), providing
an excellent platform for chemical tailoring to modify and
enhance their properties (Figure 1a).'! Successful synthesis
of both materials in highly crystalline form was confirmed
through detailed characterization by Powder X-ray Diffraction
(PXRD), 'H Nuclear Magnetic Resonance (NMR), Fourier-
transform Infrared Spectroscopy (FT-IR), Thermogravimetric
Analysis (TGA), Scanning Electron Microscopy (SEM) and
gas adsorption (Figure 1b-d and Sections S1-S7, Supporting
Information).

The pristine MOFs were then functionalized by incorporating
a fluorine-containing monocarboxylic acid as a non-structural lig-
and within the Zr, clusters, in particular 2-fluorobenzoic acid
(FBA), 2,6-difluorobenzoic acid (DFBA) or trifluoroacetic acid
(TFA). This strategy enabled precise control of the size and hy-
drophobicity of the MOF pores by adjusting the amount of flu-
orine or introducing bulkier benzoate groups. The correspond-
ing FBA-/DFBA-/TFA-MOFs were successfully obtained through
post-synthetic modifications by immersing the pristine MOF
in a solution of the respective monocarboxylic ligand (See Sec-
tion S1, Supporting Information). PXRD studies showed that
the main frameworks and crystallinity are retained in all cases
(Figure 1c; Section S2, Supporting Information). The morphol-
ogy of the crystals and particle size also remained unaltered,
as demonstrated by SEM images (Figures S33-S38, Supporting
Information). Evidence of the presence of the monocarboxylate
ligands within the corresponding MOFs was gained through a
combination of 'H- and "F-NMR experiments. In agreement
with reported datal'®! on the functionalization of DUT-67, a par-
tial insertion of fluorinated ligand was consistently achieved
when employing larger ligands (2 FBA, 1 DFBA, and 3.9 TFA
molecules per Zr, cluster). On the other hand, a higher degree of
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Figure 2. a) PFOA adsorption capacity screenings for the DUT-67 analogs. Experimental conditions: [PFOA], = 500 ppm, [MOF] = 10 mg/10 mL of
PFAS solution. b) PFOA adsorption capacity screenings for the MOF-808 analogs. Experimental conditions: [PFOA], = 800 ppm, [MOF] = 3 mg/20 mL
of PFAS solution. c) PFOA adsorption isotherms of TFA-MOF-808 and pristine MOF-808. [MOF] = 3 mg/20 mL of PFAS solution. Squares = adsorption
data, solid lines = Langmuir fits. d) PFOA adsorption performance of all reported MOF materials, including the ones presented in this work. Detailed
data and relevant references are found in Table S7 (Supporting Information). e) PFBA and PFHxA adsorption capacity screenings for pristine MOF-808
and TFA-MOF-808. Experimental conditions: [PFAS]y = 100 ppm, [MOF] = 3 mg/20 mL of PFAS solution. All experiments were performed at least two

times and average values are reported.

post-synthetic incorporation was accomplished in the MOF-808
analogs. NMR analysis revealed the presence of 4.5 FBA, 5 DFBA,
and 4.2 TFA molecules per Zr, node, along with the complete re-
moval of formate ligands from the cluster (see Sections S1 and
S3, Supporting Information).['’! As detailed in Section S5 (Sup-
porting Information), the FT-IR spectra of the functionalized ma-
terials also revealed additional signals compared to the pristine
MOFs. These were found to be consistent with the appearance
of an extra benzene ring (880 cm™!, only observed for the FBA-
/DFBA- analogs) and the presence of C—F bonding (1090, 1160,
1205, and 1225 cm™!, depending on the fluorinated ligand). N,
sorption studies on the functionalized MOFs showed notably re-
duced uptake and specific surface areas compared to the pris-
tine materials (Figure 1d; Section S6, Supporting Information).
Similar variations were observed in the corresponding pore size
distribution and pore volume contributions. These results align
well with the incorporation of secondary ligands of various sizes
within the inorganic clusters, located pointing toward the larger
pore apertures.

3. PFAS Capture Experiments
3.1. Long-Chain PFAS

Having established the identity of all materials, initial screenings
for PFAS capture were performed by exposing predetermined
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amounts of MOF to aqueous PFOA solutions (500/800 ppm) for
24 h (See Section S8, Supporting Information for more details).
The amount of adsorbed pollutant was calculated as the differ-
ence between starting and ending PFAS concentration within the
solution, as determined through F-NMR spectroscopy.l'®! The
capture capacity performance (mgppas/Euor adsorbed) was then
quantified accordingly. From these screenings, pristine DUT-67
was found to adsorb 383 mgproa /8ror displaying moderate cap-
ture capability compared to the respective values for other MOF
materials in the literature (Figure 2; Table S4, Supporting Infor-
mation). On the other hand, pristine MOF-808 exhibited a re-
markable ability to adsorb PFOA using very low MOF dosages
(0.15 mg,,or mL™1), indicating excellent capture capacity. When
immersed to an 800 ppm aqueous solution of the contaminant,
the material demonstrated a PFOA uptake of 986 mg g™, sur-
passing all previously reported frameworks under these condi-
tions. Importantly, the use of the FBA-/DFBA-/TFA-decorated
materials resulted in a notable increase in uptake quantity for
both Zr-MOF families, up to 28% (490 mg g~') in TFA-DUT-
67 and 36% (1341 mg g~') in TFA-MOF-808 (Figure 2a,b; Table
S5, Supporting Information). This performance was also ob-
served in MOF batches of various particle sizes (crystallites
of ~100-200 or ~200-400 nm). Driven by the results of the
MOF-808 series, we then conducted PFOA adsorption isotherm
studies for the pristine framework and the highest performing
TFA-functionalized material, covering pollutant concentrations
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ranging from 100 to 800 ppm. As shown in Figure 2c and Table
S6 (Supporting Information), the functionalized MOF signifi-
cantly outperforms the pristine analog across this concentration
range and under the same experimental conditions. It is worth
noting that the capture data were well fitted using either the
Langmuir or Freundlich adsorption models, resulting in high
correlation coefficients in both cases (Figures S67-S70, Support-
ing Information). This behavior provides valuable insights into
the mechanism of pollutant capture, which will be discussed
in detail in Section 4, along with other findings. Slightly bet-
ter fits were obtained using the Langmuir model, allowing us
to calculate the maximum PFOA adsorption capacity of MOF-
808 and TFA-MOF-808, found to be 1581 and 2496 mg g~! re-
spectively. These results underscore the excellent capture capa-
bilities of these materials, with their capacity values being multi-
ple times larger than the highest-performing MOFs reported in
the literature (Figure 2d; Table S7, Supporting Information). In
terms of pollutant removal performance, TFA-MOF-808 achieved
a 100% removal efficiency at low (100 ppm) contaminant levels
despite the low MOF dosing, indicating high potential at environ-
mentally relevant concentrations.[') In comparison, only 30% of
PFOA is removed when pristine MOF-808 is employed under the
same conditions (Figure S71, Supporting Information).

3.2. Short-Chain PFAS

The use of long-chain PFAS (C > 8 for carboxylic acid analogs)
has faced gradual restrictions since the mid-2000s, ultimately
leading to the EU ban on PFOA in 2020.%"! Consequently, they
have been replaced in the industrial sector by shorter-chain
PFAS, eventually leading to their own increased bioaccumulation
and toxicity.[?"] At the same time, these pollutants also exist in the
environment as the degradation products from several PFA pre-
cursors (e.g., alcohols, esters, and longer carboxylic acids).[2%2!]
Given these concerns, along with the aforementioned limitations
of current adsorption technologies, it becomes essential to de-
velop materials capable of adsorbing these pollutants from water
sources. As a proof of concept, representative materials MOF-
808 and TFA-MOF-808 were tested for the adsorption of perflu-
orohexanoic (PFHxA, C = 6) and perfluorobutanoic (PFBA, C =
4) acid. Compared to PFOA, capture of these molecules is typi-
cally less reliant on hydrophobic interactions due to their shorter
chain length and the presence of fewer fluorine atoms. Therefore,
the post-synthetic incorporation of additional hydrophobicity into
the MOF is even more crucial in order to enhance PFAS affinity
in such cases. As shown in Figure 2e and in the Supporting In-
formation (Figure S71, Table S8, Supporting Information), when
immersed in an aqueous solution containing 100 ppm of pollu-
tant, TFA-MOF-808 offers significant boosts in uptake quantity
(66% for PFHxA, 33% for PFBA) and removal efficiency (40%
for PFHxA, 12% for PFBA) compared to the non-fluorinated
material. Remarkably, the respective calculated capacities (436
Mgprga & and 311 mgpep, g7') place TFA-MOF-808 among
the top-performing porous materials for the capture of both pol-
lutants in such concentrations. To the best of our knowledge,
these values well exceed the reported uptakes for other materials
including MOFs, covalent-organic frameworks, activated carbon-
based substances, hydrogels, and zeolites (Table S9, Supporting
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Information). The results demonstrate that the functionalization
approach can be key in the development of universal sorbents
for perfluoroalkyl carboxylic acids, leading to enhanced perfor-
mances regardless of chain length.

4. Mechanistic Investigations

4.1. Post-Capture Characterization

Motivated by the capture results, we embarked on gaining fur-
ther insight on the mechanistic intricacies of these phenomena
by characterizing the solid materials obtained post-PFAS capture.
PXRD and SEM analysis, detailed in Sections S2 and S4 (Sup-
porting Information), showed that the frameworks retain crys-
tallinity and structural integrity in all cases, while the size and
shape of the particles also remain unchanged compared to the
pre-capture solids. FT-IR measurements revealed the appearance
of additional bands at the 14001000 cm™! region, in line with
the presence of new C—F bonds determined by the nature of the
fluorinated contaminant (Figures S47 and S48, Supporting Infor-
mation). TGA analysis for all materials (Section S7, Supporting
Information) showed increased mass loss, in agreement with the
decomposition of added PFOA molecules. This process begins at
the range of 315 °C, long after the boiling point of PFOA (189 °C),
indicating strong interactions between the MOF and the contam-
inant.

Crucially, a series of 'H- and F-NMR studies revealed the
incorporation of PFAS contaminant molecules per Zr, node,
also accompanied by a loss of the initial non-structural lig-
and (Figures S26-S32, Supporting Information). This behav-
ior was also observed in the functionalized materials during
9F-NMR analysis of the post-capture solution, with additional
peaks at either —114.9, -117.2, or -77.6 ppm due to the respec-
tive presence of FBA, DFBA, or TFA (Figure S72, Supporting
Information). These results suggest that an exchange of non-
structural organic ligands occurs during the contaminant capture
(Figure 3a), attributed to the strong acidity of PFOA compared to
FBA, DFBA, and TFA (respective pKa values of —0.5, 3.27, 2.85,
and 0.23).8%] The effect of this exchange appears to be more am-
ple in the more hydrophobic TFA-MOFs (Table S10, Supporting
Information). Up to now, insertion of PFAS to unsaturated Zr,
sites has also been observed for the materials NU-1000 and PCN-
999, involving solely exchange with coordinated labile “OH and
H,O groups.??l Chemical analysis of TFA-MOF-808 solids after
capture of PFOA in various concentrations (100-800 ppm) was
also performed. As shown in Table S11 and Figure S73 (Support-
ing Information), the incorporation of pollutant molecules per
Zr, cluster increases as the initial concentration increases, reach-
ing a maximum of 3.6 PFOA, presumably due to pore size restric-
tions. This result demonstrates that a considerable amount of the
capture is due to the coordinative bonding of the PFAS to unsat-
urated sites of the Zr; nodes. The remaining available sites are
capped by terminally coordinating ~OH and H, O groups, which
have also been reported to participate in H-bonding interactions
with the PFAS molecules, further favoring adsorption.®! In line
with these observations, the presence of fewer unsaturated sites
in the DUT-67 family (maximum of 4 per node) leads to inferior
performance compared to the MOF-808 materials (maximum of
6 per node), despite the suitability of the former in pore size.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

T |
/C\ /,C~\
0z "0 =" "0
= o i HoOPFAS ! o_ i
Zr/ \er ’ - Z:r/ \Z=r
e 24 h, RT g

f
I

; : i i
%
.
3
=,
-
< =
g m
0
]
-
M—QO—T
Y Aan

FBA DFBA

www.afm-journal.de

C-F  C,y - C,q distances
3 F--F interactions

. dPDF

G(r) (A?)

TFA-MOF-808 post PFOA
TFA-MOF-808

T T

0 2 4 6 8
Radial distance (A)

Figure 3. a) Schematic representation of the ligand exchange occurring during PFAS adsorption experiments. b) PDF data of TFA-MOF-808 before and

after PFOA capture, including the corresponding dPDF signal.

As evidenced in Table S11 (Supporting Information), filling
of the pore with additional PFAS molecules also occurs concur-
rently with these phenomena, further aided by the increased hy-
drophobicity of the inner surface when fluorinated ligands are
also present. The existence of multiple driving forces of adsorp-
tion in the MOF-808-based materials is also supported by the ex-
cellent fits of the PFOA capture data using either of the Langmuir
or Freundlich models, as mentioned earlier in the text. It should
also be noted that, while the framework of MOF-808 is hetero-
porous, PFOA adsorption is only expected within the hexagonal
mesopore. The possibility of another adsorption site within the
small tetrahedral cage (diameter of ~4.8 A) can be excluded due
to the large molecular length of the adsorbate.?’]

Pair distribution function (PDF) analysis of synchrotron X-ray
total scattering data was also performed (Section S9, Support-
ing Information) in order to probe potential structural changes
within the local environment of the materials after PFOA cap-
ture. PDF data collected in all materials of this study (pre- and
post-PFOA) reveal three main signals centered at ca. 2.2, 3.5, and
5.0 A (Figures S75-S78, Supporting Information). These signals
are characteristic of the presence of Zr,O, clusters, correspond-
ing to Zr-0, Zr---Zr, and Zr---Zr,, distances respectively.?* To
further assess the effect of the pollutant in the local structure, in-
cluding the formation of PFAS---MOF interactions, differential
analyses of the PDF data (dPDF) were also carried out for TFA-
MOF-808 as the most optimal sorbent of this study. This was
performed by comparing the respective PDFs before and after
PFOA capture, subtracting one profile from the other to identify
the associated contributions (Figure 3b). Further confirming the
incorporation of PFOA within the Zr nodes, the corresponding
dPDF data reveal a sharp peak centered at ca. 1.3 A, associated
with the presence of C—F bonds.?’! Additional signals are also
observed in the region of ca. 2.3-3.0 A, specifically centered at 2.4,
2.7, and 2.9 A. Matching the distances observed in crystal struc-
tures of perfluorinated carboxylic acids,!?2>252¢] the former signal
can be assigned to the distance between adjacent carbon atoms
of the perfluoroalkyl chain, while the remaining values are in ex-
cellent agreement with the formation of strong F---F interactions

Adv. Funct. Mater. 2024, 2409932 2409932 (5 of 8)

with varying C-F---F-C torsion angles.!?’”] Overall, these findings
suggest a complex adsorption mechanism, based on hydrophobic
interactions and coordinative bonding through ligand exchange.
TFA-MOF-808 offers the optimal combination of node composi-
tion, pore size, and environment to promote these phenomena,
leading to superior performance.

4.2. Theoretical Studies

To gain further insights into the adsorption of PFAS, Density
Functional Theory (DFT) and Grand Canonical Monte Carlo
(GCMQ) calculations were performed. DFT calculations were
employed in order to assess the thermodynamics for the bind-
ing of PFOA to the Zr,-nodes, while GCMC was used to esti-
mate the uptake of the MOFs. Due to the exceptional uptake
of MOF-808 and its functionalized analogs, we decided to fo-
cus on the TFA-MOF-808 and pristine MOF-808 systems. De-
tails about the DFT and GCMC calculations and the MOF models
are given in the ESI (Section S10, Supporting Information). The
free energies for the replacement of formate (or TFA) ligands in
the pristine- (TFA-modified) MOF-808 respectively, with one and
four PFOA molecules, have been computed. The results show
that the binding of the first PFOA molecule is spontaneous to
both pristine- and TFA-MOF-808, with their corresponding free
energies computed to be —77.0 and —65.0 k] mol~!. The binding
of four PFOA molecules to the TFA-MOF-808 is computed more
exergonic with a reaction-free energy of —91.2 k] mol~!, while
it becomes less favorable for the pristine MOF with a reaction-
free energy of —7.3 k] mol~!. These DFT results are in line with
the experimental observations, where four PFOA molecules can
be added to the Zr, nodes of the TFA-MOF-808 via replacement
of the TFA ligands, while this is not observed for the pristine
MOE-808.

Furthermore, to rationalize the different capture capacities
of MOF-808 and TFA-MOF-808 at low and high pollutant con-
centrations, GCMC simulations were utilized. Four different
MOF-808 systems are studied: i) pristine (MOF-808), where four

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a,b) GCMC-simulated capture capacities (in semi-linear and logarithmic scales respectively) of the studied MOF-808 systems, highlighting the
differences depending on the concentration of the pollutant. c,d) Uptake of PFOA molecules over different pollutant concentrations for the fluorinated

MOF-808 systems.

formate ligands are present, and modified MOF-808 with ii) 2
PFOA (2PFOA-MOF-808), ii) 3 PFOA (3PFOA-MOF-808), and iv)
4 TFA (4TFA-MOF-808) ligands. The composition of the four sys-
tems is explained in detail in the ESI (Section S10, Supporting
Information), and the GCMC results are presented in Figure 4
and the ESI (Figure S83, Supporting Information). The uptake is
plotted versus the fugacity, where fugacity is the effective partial
pressure of the liquid PFOA in equilibrium with its vapor. Fugac-
ity is analogous to the concentration. The results suggest that at
high pollutant concentrations, MOF-808 has the highest uptake,
followed by the 4TFA-MOF-808, while the PFOA-MOF-808 sys-
tems show the lowest capacity. This can be attributed to the more
efficient packing of pollutant molecules because of the larger free
space inside the pores. On the contrary, the 2PFOA- and 3PFOA-
MOF-808 systems exhibit higher uptake at low pollutant concen-
trations than the MOF-808 or the TFA-MOF-808 systems.

Adv. Funct. Mater. 2024, 2409932 2409932 (6 of 8)

This different capture behavior in low and high loadings can
be attributed to the presence of the fluorinated ligands attached
to the Zr, cluster that can create a hydrophobic environment in
the pores. The 2PFOA- and 3PFOA-MOF-808 systems possess
a higher hydrophobic character due to their larger fluorine
content, thus more PFOA molecules can be inserted into the
pores, compared to the less hydrophobic environment of the
4TFA-MOF-808. This is depicted in Figure 5, where a snapshot
of the location of the physisorbed PFOA molecules inside the
4TFA-MOF-808 and 2- and 3-PFOA-MOF-808 is presented as
computed from the GCMC simulations at low concentrations.
Interestingly, PFOA molecules are found only in the small
cages of the TFA-MOF-808, while only in the pores of the
2- and 3-PFOA-MOF-808. This different behavior can be at-
tributed to the less hydrophobic environment of the pores of
TFA-MOF-808.
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Figure 5. GCMC-simulated snapshots of a) 4TFA-MOF-808, b) 2PFOA-MOF-808, and c) 3PFOA-MOF-808 at 298K and 0.1 Pa. Color scheme: Zr —
purple polyhedra, main organic linkers — black, TFA — turquoise. PFOA molecules physically adsorbed in the pores are shown in orange color, and PFOA
molecules chemically adsorbed in the cluster nodes are shown in light yellow color.

5. Regeneration and Recyclability Tests

Having established the capture capabilities of TFA-MOF-808, we
then attempted to determine its application potential for prac-
tical water decontamination in terms of regeneration and recy-
clability (Section S8, Supporting Information). Existing MOF re-
generation studies typically involve the use of various solutions
(acidic, basic, or organic) in order to remove the pollutant from
the material.®! In our case, however, such treatments would lead
to the pristine framework due to the associated ligand exchange
taking place during the first adsorption cycle. To avoid this, di-
rect regeneration of the material was achieved instead by em-
ploying the initial functionalization procedure described in Sec-
tion 2. In this case, introduction of the PFOA-loaded MOF to a
solution containing TFA excess is sufficient to favor reverse lig-
and exchange phenomena, enabling the formation of the TFA-
decorated framework in a one-step process without any loss in
crystallinity or stability (Figure S12, Supporting Information). As
seen in Figure S74 (Supporting Information), the material can be
then reused for at least 3 PFOA adsorption cycles, retaining com-
plete (100%) removal efficiency. These results confirm the poten-
tial of these materials, while also validating the ability of the func-
tionalization strategy. On the other hand, the practical application
of TFA-MOF-808 for more industrial uses remains limited due to
the associated ligand exchange mechanism (releasing environ-
mentally harmful TFA during capture) and the suboptimal as-
pects of the current regeneration/recycling method (temperature
requirements, loss of material during workups between cycles).
We envision that the design of tailored MOFs with ideal real-life
applications can be certainly achieved by researchers using the
knowledge gained in this work, and efforts to develop such ma-
terials and protocols are currently underway in our group.a

6. Conclusion

In conclusion, we have utilized the tuning potential in MOFs with
unsaturated metal sites to develop a new series of tailor-made
materials for the adsorption of perfluorinated carboxylic acid
pollutants from water. The introduction of targeted chemistry-
based functionalizations has allowed us to identify and exploit
multiple PFAS---MOF interactions, including coordinative bond-
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ing and hydrophobicity, toward enhanced performance. Notably,
TFA-MOF-808 exhibits top-performing capture capacities com-
pared to all hitherto reported porous materials for representa-
tive short- and long-chain PFAS of global interest. Overall, these
results provide new directions on the design of next-generation
PFAS sorbents, introducing an effective tailoring strategy while
offering unique mechanistic insight. Additional efforts are re-
quired to identify the full scope of this research in terms of opti-
mal MOF functionalization and tested contaminants, and we are
currently exploring these aspects.
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Supporting Information is available from the Wiley Online Library or from
the author.
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