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Abstract: Legacy hazardous perfluoroalkyl acids (PFA As) are being replaced by short-
chain homologs and novel alternatives. To determine the effects of varying carbon
chains and functional groups of these emerging contaminants on adsorption behavior,
this study has systematically revealed the structure-adsorption relationships and
interaction mechanisms of different PFAAs and alternatives (collectively named as per-
and polyfluoroalkyl substances, PFAS) on a metal-organic framework (MOF) MIL-
101(Cr), and thus proposed a parameter representing the average unit electronegativity
of PFAS for adsorption prediction. Long-chain, branched, or carboxylate-based PFAS
showed higher adsorption capacities on MIL-101(Cr) than the corresponding short-
chain, linear, or sulfonate-based counterparts, respectively. The ether bond introduction
to PFAS increased the adsorption capacity, whereas replacing C-F units of PFAS with
C-H units caused a decrease in adsorption. The adsorption of different structural PFAS
on MIL-101(Cr) was mainly governed by electrostatic interaction, complexation,
hydrogen bonding, n-CF, and m-anion as well as steric effects, which were associated
with the molecular electronegativity and PFAS chain length. The average unit
electronegativity of individual PFAS was estimated and found to show significantly
positive correlations with their adsorption capacities and removal rates by MIL-101(Cr),
which may assist with the adsorption prediction of various PFAS on MOF materials.

Key words: PFAS; MIL-101(Cr); structure-adsorption relationship; interaction

mechanism; unit electronegativity; adsorption prediction.
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1. Introduction

The ubiquitous occurrence of perfluoroalkyl acids (PFAAs) in the environment
after several decades of manufacturing and various consumer uses has resulted in global
concern (Li et al. 2022). Particular attention has been directed at legacy long-chain
PFAAs, such as perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid
(PFOA), due to their severe hazardous effects on human health (Joerss et al. 2020). As
tightening regulation of these long-chain PFASs, different alternative strategies have
been developed to meet expanding market demands, such as shortening carbon chains
(e.g., perfluorohexanoic acid, PFHxA), ether bond introduction (e.g.,
hexafluoropropylene oxide dimeric acid, HFPO-DA, trade name GenX) and hydrogen
substitution of fluorine (e.g., 6:2 fluorotelomer sulfonate, 6:2 FTS). However, adverse
effects of these alternatives to human and ecological health have also been emerging
(Gomis et al. 2018, Ma et al. 2022). Water bodies have been identified as a major
environmental sink and critical human exposure pathway of PFAAs and alternatives
(Wang et al. 2023).

Numerous efforts have been devoted to the removal of PFAAs from water such
as adsorption, reverse osmosis, enhanced photolysis, electrochemical oxidation, and
microwave degradation (Deng et al. 2015, Wang et al. 2019). Considering the refractory
degradation of PFAAs due to strong intramolecular C-F bonds (485 kJ/mol) (Cheng et
al. 2014), adsorption has become a promising strategy for efficiently removing these

chemicals. The adsorption of PFOS and PFOA by conventional materials, such as
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activated carbon, ion exchange resin, clay, and chitosan, has been extensively studied
(Peng et al. 2017). While the research on the removal of shorter-chained homologs and
novel alternatives, such as GenX and 6:2 FTS, also requires attention (Fang et al. 2023).

Metal-organic frameworks (MOFs) are a new class of hybrid crystalline porous
materials with unsaturated metal sites, large specific surface area (SSA) and superior
pore structure, rendering MOFs promising adsorption candidates of PFAAs and
alternatives (Yu et al. 2023). The removal capacities for single MOFs for PFOA (e.g.,
Zn-based microporous framework, ZIF) and PFOS (e.g., Th-based mesoporous
framework, SCU) have been investigated (Li et al. 2017, Rosler et al. 2016), but the
roles of the carbon chain and functional group (such as carboxylate, sulfonate, ether
bond, and hydrocarbon bond) of different PFAAs and novel alternatives in adsorption
performance and mechanism on MOFs remain largely unknown (Li et al. 2023). PFAA
production is mainly based on an electrochemical fluorination process, and generally
yields a mixture of linear and branched isomers, which could exhibit isomer-specific
adsorption behaviors (Nickerson et al. 2021, Schulz et al. 2020). Studying the
differential adsorption performance between linear and branch PFAA isomers will
contribute to an improved understanding of the adsorption behavior of these chemicals.
In addition, mechanism based adsorption performance prediction according to different
structural PFAAs and alternatives on MOFs is still uncommon, but would facilitate the
design of high-performance MOFs based on profiles of environmental PFAAs and

alternatives.
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As a representative MOF, MIL-101(Cr) is charactered by a stable structure with
abundant interaction sites and large SSA, and has shown high adsorption potentials for
PFOA and PFOS (Lu et al. 2016, Zhao et al. 2021). To fill above-mentioned knowledge
gaps, this study used MIL-101(Cr) as an example MOF, and aimed to assess the roles
of the carbon chain and functional group of PFAAs and novel alternatives (collectively
as per- and polyfluoroalkyl substances, PFAS) in their adsorption on MOFs, followed
by the exploration of adsorption performance prediction based on the molecular
properties of different PFAS. Specific objectives included (i) determination of the
differential adsorption kinetics and capacities of PFAS with varying carbon chains and
functional groups (e.g., carboxylate, sulfonate, ether bond and hydrocarbon bond); (ii)
identification of the adsorption performance of different PFAS responding to the
changes of solution pH, and ionic species (cation and anion) and strengths; (iii)
identification of the adsorption mechanism, followed by normalization of an effective
indicator of differential PFAS to predict their adsorption performance; and (iv)
investigation of the removal of various PFAS and isomers in natural water and
regeneration potentials. To the best of our knowledge, this study represents one of the
first attempts to assess the effect of changes in carbon chain and functional group of
PFAS on their adsorption on MOF, with the goal to achieve adsorption performance
prediction for a range of different PFAS.

2. Materials and methods

2.1 Preparation and characterization of MIL-101(Cr)
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3.39 g of HaBDC (>98%) and 8.16 g of Cr(NO3)3-9H20 (>98%) were added
into 100 mL of Milli-Q water and stirred for 60 min. The resulting suspension was
sonicated for 30 minutes at room temperature before being heated to 220 °C with a
heating rate of 5 °C/min and kept for 20 h in a 200 mL Teflon-lined autoclave. After
cooling to room temperature, the crude product was collected by centrifugation at 4000
rpm for 5 minutes, and sequentially washed for three times with dimethylformamide
and ethanol respectively at 100 C in an autoclave for 12 h. The resulting material was
dried in a vacuum oven at 70 °C for 12 h to obtain the MIL-101(Cr) sample.

The prepared sample was then characterized using a scanning electron
microscope (SEM) for morphology, powder X-ray diffraction (XRD) for mineral
crystals, Brunauere-Emmette-Teller (BET) adsorption isotherms for SSA and pore
structures, Fourier transform infrared spectroscopy (FTIR) for surface functional
groups, X-ray photoelectron spectroscopy (XPS) for binding energies of different
elements, and dynamic light scattering (DLS) for zeta potentials (seeing details in
Supplementary Information, SI 1.1).

2.2 PFAS adsorption experiments

According to different substitution strategies for PFOA and PFOS, PFOA and
its shorter-chain homolog PFHxA and ether bond-introduced alternative GenX, as well
as PFOS and its hydrogen-substituted alternative 6:2 FTS were selected for the
adsorption experiments. Standards of PFOA, PFHxA, PFOS, 6:2 FTS, and GenX were

purchased from Macklin Biochemical Technology (Shanghai, China) (Table SI).
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Adsorption isotherms of different PFAS were developed using standard batch
adsorption experiments using round-bottom polypropylene tubes with 16 pg MIL-
101(Cr) and 20 mL solution containing 0~7 mM of each PFAS and 2 mM of NaH2PO4
as buffer ions, followed by adjusting pH to 5.0 + 0.2 with 0.1~1 M HCI/NaOH. The
tubes were sealed and shaken at 200 rpm for 24 h to reach adsorption equilibrium, and
then centrifuged at 12000 rpm for 2 min with 1 mL supernatant being transferred into
sampler vials for further analysis by high-performance liquid chromatography-mass
spectrometer (HPLC-MS/MS). The adsorption kinetics of different PFAS (2 mM) on
MIL-101(Cr) were performed at 200 rpm for 1~360 min. The effects of pH changes
(3.0~11.0) and ionic strengths (Ca?* and SO4+*) of 1~100 mM on the adsorption
performance of different PFAS (2 mM) were also assessed. Duplicate vials for the
above experiments were set up, and detailed procedures were described in SI 1.2
2.3 Practical applications and recycling experiments

To further examine the practical application of MIL-101(Cr) in natural waters,
a heavily-contaminated groundwater sample containing multiple PFAS and isomers
was collected nearby a fluorochemical facility in central China (seeing details in SI 1.2).
MIL-101(Cr) was directly added to the natural water sample with a sorbent
concentration of 0.8 mg/L, followed by the same procedures as those described in the
adsorption experiments. PFAS in water samples were extracted by solid phase
extraction and quantified using HPLC-MS/MS (Thermo Fisher Scientific Co., USA)

(Tables S2 and S3). Water quality parameters, including pH and conductance, were
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determined in situ using an EXO3 multi-parameter sonde (Yellow Springs, Ohio, USA).
After the adsorption of PFAS, MIL-101(Cr) regenerations with three cycles in natural
water were performed by methanol solution (containing 1.25% NaNOs, 1.25% NacCl,
1.25% Na2S0O4 and 1.25%Na2COs3) and freeze-drying. The adsorption, extraction, and
detection of PFAS and material recycling procedures were detailly described in SI 1.2
and 1.3.
2.4 Data analysis

The adsorption data were analyzed using the Langmuir model: Q, =
QK .Co)/(1 + K.C,), where Qe (mg/g) and Ce (mg/L) represent equilibrium sorbent
and solution concentrations of PFAS, respectively (the same below), Om (mg/g) is the
maximum adsorption capacity of sorbent, and Kr (L/mg) is the adsorption constant
associated with the affinity between sorbent and PFAS. The adsorption data were also
analyzed using the Freundlich model: Q, = K¢C,", where Kr((mg/g)/(mg/L)") means
the Freundlich adsorption coefficient and n is often used as an indicator of isotherm
nonlinearity. The kinetic adsorption data were analyzed using the pseudo second-order
model, pseudo-first-order model, and intra-particle diffusion model, respectively, as
follows: dq;/q; = k1(qe — 90)> 49:/q: = k2(qe — q¢)?, and q; = k;t*° + C, where
gt (umol/g) and ge (umol/g) are the amounts of PFAS on sorbent at time t and when
reaching adsorption equilibrium respectively, k1 (min™!) and k2 (g-umol!-min!) are the
constants of the pseudo second-order model and pseudo-first-order model, respectively;

in intra-particle diffusion model, ki is the diffusion rate constant (umol/(g-h®?)) and C
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(umol/g) is the constant related to the thickness of boundary layer. The Gibbs free
energy(4G) during adsorption was calculated using the following equation: AG =
—RTInKjp, where Kp is the thermodynamic equilibrium constant and can refer to Kr in
the Freundlich adsorption model.

3. Results and discussion

3.1 Micromorphology and surface chemistry of MIL-101(Cr)

The SEM images of prepared MIL-101(Cr) demonstrated a well-distributed
regular octahedron, and its pattern of crystalline showed by XRD was consistent with
that reported by Férey et al. (2005), who synthesized this material for the first time,
suggesting the successful preparation (Fig. S1 and Fig. S2a). According to the FTIR
profile of MIL-101(Cr) (Fig. S2b), the adsorption bands around 1402 and 1545 cm’!
were associated with -COOH of the dicarboxylate in the framework (Maksimchuk et
al. 2008, Sun et al. 2014), and the vibrational band around 3440 cm™ indicated the
existence of -OH due to the stretching of bonded water molecules (Jia et al. 2013).
These O-containing functional groups on MIL-101(Cr) may have contributed to the
complexation and hydrogen bonding with the anion functional group of PFAS (Liu et
al. 2022). Meanwhile, the peak bands at 1505 cm™' can be assigned to aromatic rings
(Liu et al. 2013), which may have exhibited a potential n-CF interaction with the CF
units of PFAS. The pHrzc point of MIL-101(Cr) was calculated at 6.85 based on the
zeta potentials (pH: 3.0~11.0), and the material was positively charged under the

solution pH (5.0 + 0.2) of the adsorption experiments, possibly aiding the electrostatic
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attraction with anionic PFAS (FitzGerald et al. 2022). The BET analysis demonstrated
the SSA of MIL-101(Cr) to be as high as 2478 m*/g and a N2 adsorption-desorption
isotherm of the typical IV-type. As shown in Fig. S2d, the adsorption and desorption
branches coincided, with no obvious hysteresis loop appearing, indicating few large
pore structures (Hamon et al. 2009); while the adsorption capacity increased rapidly
with increasing relative pressure in the initial stage, reflecting the presence of large
amounts of micropores (Fakhraie et al. 2023). The pore size distribution also
demonstrated the dominance of micropores in MIL-101(Cr), which could influence the
diffusion of PFAS during adsorption (Zhao et al. 2020).

3.2 Adsorption kinetics of different PFAS

160 160
(a) (b)
1201 ~ 120 =
— o0 L
C E % —
801 =& z —
(=]
g :‘ = PFOA E{_ 80 o
= 4 e PFOS ~—~ . = PFOA
= 407 } 4+ PFHxA = e PFOS
= s GenX 40 4 PFHxA
I + 6:2FIS GenX
01 + 6:2FTS
0 1 2 3 4 5 6 7 1 2 3 4 5 6 7 8
t (h) t"3 (1/h)

Fig. 1 Adsorption kinetics of PFOA, PFOS, PFHxA, GenX, and 6:2 FTS on MIL-101(Cr) fitted by
pseudo-second-order model (a) and internal diffusion model (b) (solution pH: 5.0; initial PFAS
concentration: 2 mM).

The adsorption kinetics of various PFAS on MIL-101(Cr) revealed two stages,
including quick adsorption to reach approximately 80% of the equilibrium adsorption

amount in the first 60 min and then slow adsorption to achieve the equilibrium after 90
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min, suggesting the rapid adsorption of PFAS. As shown in Fig. 1a, the goodness of
fitness (R?>0.96) of pseudo-second-order kinetic model indicated an important role of
chemical interactions in PFAS adsorption (Table S4 and Fig. S3), which could include
electrostatic attraction, complexation, n-CF interactions, and hydrogen bonding (Du et
al. 2014, Liu et al. 2015, Yang et al. 2020). Furthermore, based on an intraparticle
diffusion model, the whole adsorption process of various PFAS may consist of
membrane diffusion, intraparticle diffusion and adsorptive attachment (Piai et al. 2019),
with the corresponding adsorption rate constants decreasing sequentially, indicating a
gradually slower adsorption rate in above three steps (Fig. 1b and Table S5). Moreover,
the multi-linear plots did not pass through the origin, suggesting that the adsorption
rates of PFAS were not only limited by intra-particle diffusion, but also involved other
steps, such as membrane diffusion and surface adsorption (Wang et al. 2016). The above
findings revealed that PFAS adsorption may include chemical and physical processes.
The adsorption rates of different PFAS varied depending on their molecular properties
and followed the order of PFOA > 6:2 FTS > PFOS > PFHxA > GenX. PFAS with a
carboxylate group, long chain or hydrocarbon bonds showed a faster adsorption process
on MIL-101(Cr). The differential adsorption rates of PFAS may be attributed to the
corresponding surface chemistry and molecular volume, and the PFAS diffusion in
adsorption was likely to be negatively influenced by the binding with MIL-101(Cr)

(Ateia et al. 2019).
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3.3 Adsorption isotherms of different PFAS
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Fig. 2 Adsorption isotherms of PFOA, PFOS, PFHxA, GenX, and 6:2 FTS on MIL-101(Cr)
(solution pH: 5.0; adsorption duration: 24 h).

The maximum adsorption capacity (Om) fitted by the Langmuir isotherm
followed the order of GenX (156 pmol/g) > PFOS (145 umol/g) > PFHxA (130 pmol/g) >
PFOA (107 umol/g) > 6:2 FTS (89.7 umol/g) (Table S6), and were associated with their
molecular characteristics. The PFAS with a sulfonate group, long chain, or ether bond
showed higher adsorption capacities on MIL-101(Cr), while replacing C-F units with
C-H units decreased the adsorption potential. The Om of PFOA was lower than that of
PFHxA, which could be due to the greater steric hindrance of micropores in MIL-

101(Cr) for longer-chain PFOA. For PFAS with the similar carbon chain lengths, the
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much higher Om of GenX compared to PFHxA could likely be attributed to the decrease
of steric effects by the branched carbon chain and the enhancement of hydrogen
bonding by the introduced ether bond (Heidari et al. 2021), while replacing C-F units
with less electronegative C-H units may diminish n-CF interaction of PFAS on MIL-
101(Cr) leading to the lower adsorption capacity of 6:2 FTS than PFOS (Cheng et al.
2023). The sulfonate group in PFAS exhibited greater complexation with the Cr
coordinatively unsaturated sites (CUS) of MOF compared with carboxylate group and
thus resulted in the higher Om for PFOS compared to PFOA (Vecitis et al. 2009). In the
Freundlich model fitting, all PFAS exhibited nonlinear adsorption isotherms (n<1) on
MIL-101(Cr), indicating multiple mechanisms may exist during adsorption. The values
of Gibbs free energy for the adsorption of various PFAS on MIL-101(Cr) were negative,
indicating that these processes were spontaneous, and these Gibbs free energy values
ranged in -20~0 kJ/mol (Fig. S4), suggesting that non-specific interactions played an
important role during adsorption process (Yuan et al. 2023).
3.4 Effects of water matrix on the adsorption of different PFAS
3.4.1 Effects of pH

As solution pH increased from 4 to 10, the adsorption capacities of different
PFAS on MIL-101(Cr) gradually declined (Fig. 3a). MIL-101(Cr) was found to be
positively charged at low solution pH (less than the pHpzc point of 6.85). An increase
in solution pH can result in a decrease of zeta potentials and deprotonation for MIL-

101(Cr), and thus lead to the weakening of electrostatic attraction and even increasing
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electrostatic repulsion with anionic PFAS (Niece et al. 2003). It is noteworthy that the
magnitude of decline for PFAS adsorption also varied with their molecular
characteristics when solution pH increased. The F atoms on the fluorocarbon chain of
PFAS exhibited strong electronegativity and may contribute to the electrostatic
interaction with MIL-101(Cr) during adsorption. The adsorption process of PFAS with
longer fluorocarbon chains may depend more on electrostatic interactions, which thus
resulted in the PFOA adsorption being more affected by solution pH changes compared
with PFHxA. For the adsorption capacities of PFAS with similar fluorocarbon chain
lengths, as solution pH increased GenX showed a greater decline than PFHxA, which
was possibly due to the introduced ether bond of GenX increasing the hydrogen
bonding that was also affected by electrostatic interaction. Compared with PFOS,
replacing C-F units with C-H units diminishes the molecular electronegativity of 6:2
FTS, thus resulting in the lower sensitivity of 6:2 FTS adsorption to the varying solution
pH. The discrepancies in the adsorption capacities of PFOS and PFOA are mainly
related to the differential complexation potentials between sulfonate group or
carboxylate group of PFAS and Cr CUS of MIL-101(Cr), which may be less susceptible
to solution pH changes, therefore the magnitude of adsorption decline for PFOS and

PFOA were similar.
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Fig. 3 Adsorption changes of different PFAS on MIL-101(Cr) under different solution pH (a)
(solution pH: 4.0~10.0; adsorption duration: 24 h) and ionic strengths (solution pH: 5.0; adsorption
duration: 24 h) of Ca* (b) and SO4* (c).
3.4.2 Effects of ionic species and strength

The adsorption capacities of different PFAS on MIL-101(Cr) augmented with
the increasing ionic strengths of Ca®", were mainly attributed to the promotion of
cationic bridging (Fig. 3b) (Deng et al. 2010); while adsorption capacities declined as
the ionic strengths of SO4> increased, which could possibly have resulted from the
competitive adsorption of SO4>" and anionic PFAS on MIL-101(Cr) (Fig. 3c) (Tan et al.
2023). The changes in ionic strength of Ca®>" and SO4* exhibited a greater effect on the

adsorption of PFAS with longer fluorocarbon chain or introduced ether bond, which
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were likely associated with greater molecular electronegativities of these chemicals.
For PFAS with similar fluorocarbon chain lengths (e.g., PFOS and PFOA), the
sulfonate group showed greater electronegativity with a denser electron cloud and thus
higher bridging capacity with Ca*>" compared with the carboxylate group, which could
contribute to a greater increase in the adsorption of PFOS compared to PFOA as the
ionic strengths of Ca?" increased (Liu et al. 2019); whereas with the increasing ionic
strength of SO4%", the magnitude of adsorption decline for PFOS and PFOA were similar.
This could be due to the weak influence of SO4* competitive adsorption on the
complexation between the sulfonate group or carboxylate group of PFAS and the Cr
CUS of MIL-101(Cr). In addition, the adsorption capacities of different PFAS on MIL-

101(Cr) exhibited a limited response to the changes of NaCl concentrations (Fig. S5).



299

300

301

302

303

304

305

3.5 Mechanism and prediction of PFAS adsorption

3.5.1 Adsorption mechanism of PFAS
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Fig. 4 FTIR spectra of MIL-101(Cr) before and after the adsorption of PFOA (a), PFOS (b), PFHXA

(c), GenX (d), and 6:2 FTS (e), respectively.

The changes in functional groups of PFAS and MIL-101(Cr) during adsorption

were analyzed via FTIR profiles to reveal the interaction mechanisms (Fig. 4). After
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adsorption, the C-F peaks of PFOA (1204 cm™), PFOS (1204 cm™"), PFHxXA (1200 cm
1, GenX (1215 em™) and 6:2 FTS (1200 cm™) shifted to around 1245 cm™!; the -COO
peaks of PFOA (1767 cm™), PFHxXA (1774 cm™), and GenX (1770 cm™) shifted to
around 1685 cm™!, and the -SO3 of PFOS (1077 cm™) and 6:2 FTS (1075 cm™') shifted
to around 1056 cm™ (Gao and Chorover 2012). These observations indicated the
interaction presence of the fluorocarbon chain and functional group of PFAS with the
sorbent. Meanwhile, the aromatic carbon peak at 1505 cm™ on the original MIL-101(Cr)
varied after PFAS adsorption, which could be caused by the interactions of n-CF and
n-anion (Liu et al. 2015, Mirsoleimani-azizi et al. 2018). Moreover, after absorbing
PFOA, PFOS, PFHxA, GenX and 6:2 FTS, the peak of Cr-O on original MIL-101(Cr)
(Bahadori et al. 2019) were shifted from 583 cm™ to 596 cm™, 596 cm™!, 589 cm’!, 596
cm!, 596 cm!, respectively. This finding may be as a result of the complexation
between the sulfonate or carboxylate group of PFAS and the Cr CUS of MIL-101(Cr).
In addition, the peak intensity of -OH (3440 cm™) on MIL-101(Cr) were diminished
after adsorbing PFAS, which could be related to hydrogen bonding between the

sulfonate or carboxylate group of PFAS and the ligand water of Cr on MIL-101(Cr).
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Fig. 5 XPS spectra of MIL-101(Cr) before and after the adsorption of PFOA (a), PFOS (b), PFHxXA
(c), GenX (d), and 6:2 FTS (e), respectively.

In order to further investigate the adsorption mechanism of different PFAS to
MIL-101(Cr), XPS is used to observe the change of binding energy of PFAS and Fe-
based MOFs before and after adsorption. According to the Fig. 5a, the appearance of
high intensity peaks of F1 s means successful encapsulation of different PFAS to MIL-
101(Cr). As shown in Fig. 5b, the binding energy for F of PFOA, PFOS, PFHxA, GenX
and 6:2 FTS were 689.07 eV, 689.17 ¢V, 688.94 eV, 689.07 ¢V and 689.02 eV,

respectively. After adsorption, the binding energies for F decrease, suggesting that the
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C—F chain may have an interaction with the aromatic rings of MIL-101(Cr), which was
supported by evidence of the shift of the C 1s aromatic ring at 285.4 eV for MIL-
101(Cr). This finding indicated the F center gaining electron density in the adsorption
of different PFAS on MIL-101(Cr), which demonstrated the interaction between C-F
chain and MOF may be critical in the adsorption mechanism of PFAS (Barpaga et al.
2019). The S 2p3/2 peaks of original PFOS and 6:2 FTS shifted from 169.1 eV to 168.7
eV and from 169.2 eV to 168.3 eV respectively, when these chemicals were
encapsulated onto MIL-101(Cr); while after the adsorption of PFOA, PFOS, PFHxA,
GenX, and 6:2 FTS, the binding energies of Cr 2p3/2 on the original MIL-101(Cr) were
shifted from 587.3 eV to 586.9, 586.8, 586.9, 586.8, and 586.7 eV, respectively. This
observation may be further corroborated by the complexation between anion functional
groups of PFAS and Cr CUS of MIL-101(Cr). Compared with coordinated H2O, PFAS
show a greater electronegativity, aiding the formation of coordinate bonds with Cr CUS
of MIL-101(Cr) (Liu et al. 2015).

3.5.2 Adsorption prediction of PFAS
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Fig. 6 Fitting between the unit electronegativity of individual PFAS and their O, values in MIL-

101(Cr) of this study (a) and NU-1000 of a previous study (b), as well as fitting with the

corresponding Ky values on MIL-101(Cr) (¢).
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Based on the results of the adsorption experiments and material characterization,
the adsorption mechanism of different PFAS on MIL-101(Cr) may involve electrostatic
interaction, complexation, hydrogen bonding, n-CF and m-anion, which are associated
with the binding energy influenced by the corresponding electron cloud density (Zhang
et al. 2021). The electron cloud density of different PFAS can be reflected by their
electronegativity that is mainly influenced by the peripheral atoms (e.g., F, O and H).
In addition, the kinetics reflected that PFAS adsorption was also influenced by the
diffusion and steric effects of these chemicals (Yang et al. 2020), which mainly
depended on their chain lengths. Considering the effects of PFAS molecular
electronegativity and chain lengths on adsorption, this study proposed a parameter of
average unit electronegativity (Ue), which was calculated by the electronegativity sum
of peripheral atoms (such as F, O and H) divided by the number of central atoms
(including C and S, and representing chain lengths) (Eq. 1), which aimed to provide an

adsorption capacity prediction of different PFAS on MOF.

_ FyXFe+0pX0p+HyXH,

U
e Cn+Sp

(1)
where Uk is the average unit electronegativity of PFAS, Fn, On, Hn, Cn and Sh
represent the atom electronegativity of F, O, H, C and S, respectively, and Fe, Oe, and
H. represent the atom number of F, O and H, respectively.
The calculated U. values of different PFAS followed the order of GenX (9.45) >
PFOS (8.98) > PFHxA (8.87) > PFOA (8.65) > 6:2 FTS (7.78), and were linearly and

positively correlated with their Om values (R?>0.92, p<0.01) (Fig. 6a). Besides the
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results of this study, a linear positive correlation between the U. and Om values of
various PFAS on NU-1000 has been reported in a previous study (Li et al. 2021) which
was also found to support the feasibility of PFAS adsorption prediction on MOF by
calculating U. (Fig. 6b). Furthermore, the calculated Ue values of different PFAS also
exhibited linear positive correlations with their adsorption coefficients (Kad) at different
concentrations (Ce=0.5 and 2 umol/L), which could be also used for removal rate
predication of individual PFAS by MOF (Fig. 6a). Overall, this study attempted to
develop a novel strategy for PFAS adsorption prediction on MOF based on their
molecular properties.

4. Practical applications and recycling of MIL-101(Cr) in natural water
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Fig. 7 Removal rates (a, b) and unit electronegativity-based fitting (c) of major PFAS by MIL-
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101(Cr) in natural water, as well as their relative adsorption capacities in three cycling experiments
(d). (solution pH: 8.0; adsorption duration: 24 h; n represent linear isomer, br represent branched
isomer).

A heavily-polluted groundwater sample containing nine major PFAS () PFAS:
114 pg/L) collected from a nearby a fluorochemical facility was used to examine the
practical application of MIL-101(Cr) (Fig. 7a). The total removal rate of PFAS by 0.8
mg/L of MIL-101(Cr) reached up to approximately 75%, and much higher than that
(about 10%) by the same sorbent concentration of commercial powdered activated
carbon (PAC). Consistent with the results of adsorption experiments, MIL-101(Cr)
generally showed higher removal rates for PFAS with a sulfonate group, long chain, or
ether bond, and the removal rate of major PFAS also demonstrated a significantly
positive correlation with their Ue values (R*>0.84, p<0.01) (Fig. 7c). It is worth
mentioning that the removal rates of branched-chain PFAS by MIL-101(Cr) were
higher than those of corresponding linear isomers, which were supported by evidence
from the isomer removal rates of PFOA (br-PFOA: 61%; n-PFOA: 49%), PFOS (br-
PFOS: 64%; n-PFOS: 49%) and perfluorohexane sulfonate (PFHxS) (br-PFHxS: 73%;
n-PFHxS: 37%) (Fig. 7b). This finding may be due to lower steric effects and higher
number of interaction sites during the adsorption of branched PFAS compared to their
linear isomers (Kim et al. 2023). Based on the physicochemical properties of PFAS and
the ionic effects on their adsorption, a methanol solution containing 1.25% NaNOs3,

1.25% NaCl, 1.25% Na2SO4 and 1.25% Na2COs3 was developed to efficiently elute the
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sorbed PFAS from MIL-101(Cr) to achieve the material regeneration. The superior
regeneration of MIL-101(Cr) was verified by performing three consecutive recycling
experiments in the natural water sample, with the relative adsorption capacities of %
PFAS still remaining over 80% (Fig. 7d). The notable adsorption efficiencies of MIL-
101(Cr) for multiple PFAS in natural waters and its recycling performance suggest it,
and MOF counterparts, may be te promising sorbents for the treatment of PFAS-
contaminated water.
5. Conclusions and perspectives

Legacy PFOS and PFOA are being replaced by short-chain homologs and novel
alternatives. However, there has been limited research on the effects of varying carbon
chains and functional groups of PFAS on their adsorption by sorbents such as MOF.
This study has systematically assessed the structure-adsorption relationships and
interaction mechanisms of legacy and emerging PFAS on MIL-101(Cr), and as a result
proposed a parameter reflecting average unit electronegativity for PFAS adsorption
prediction. Our findings demonstrate that PFAS with a sulfonate group, long chain, or
ether bond (e.g., GenX) show higher adsorption capacities on MIL-101(Cr), while
replacing C-F units with C-H units can decrease the adsorption potential of PFAS (e.g.,
6:2 FTS). Divalent cation (such as Ca®") may promote PFAS adsorption on MIL-101(Cr)
via cationic bridging with negatively charged PFAS, while the increase of pH and
divalent anion (such as SO4*) could inhibit adsorption by weakening electrostatic

attraction and enhancing competitive adsorption, respectively. The adsorption
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processes of structurally different PFAS are mainly governed by electrostatic
interaction, complexation, hydrogen bonding, n-CF and m-anion (which are associated
with PFAS molecular electronegativities). They are also influenced by diffusion and
steric effects which are mainly dependent on PFAS chain lengths. Considering the
effects of PFAS molecular electronegativity and chain length on adsorption, a parameter
of average unit electronegativity of PFAS (named as U.) was found to show
significantly positive correlations with adsorption capacities and removal rates of
individual PFAS on MIL-101(Cr). The adsorption efficiencies of branched PFAS by
MIL-101(Cr) were found to be higher compared to corresponding linear isomers,
possibly due to the lower steric effects and more interaction sites during adsorption of
branched PFAS.

The notable adsorption efficiencies and recycling performance of MIL-101(Cr)
for the removal of multiple PFAS in natural waters was verified, making it and MOF
counterparts, potentially promising sorbents for the treatment of PFAS-contaminated
waters. The adsorption mechanisms of different structural PFAS and thus proposed Ue
values can provide critical information for the adsorption prediction of PFAS on MOFs,
which would aid tailoring the development and modification of efficient MOFs
according to the specific contamination characters of environmental PFAS. As the range
and type of PFAS have increased in recent years, this study should provide a helpful
approach to facilitate the adsorption prediction of individual PFAS on MOF based on

their molecular structures and interaction mechanisms. This will enable future studies



447  to focus on more detailed interaction mechanisms and integrating more molecular

448  properties of PFAS to achieve a more precise prediction of adsorption.
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