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FIGURES
Scheme 1. Chemical structures of (left) Eosin Y (EY) and (right) perfluorooctanesulfonic acid (PFOS).
Figure 1. "H NMR of compound 2 (left panel) and BDC-pyr* (right panel).
Scheme 2. Synthesis of 2-pyridiniumbenzene-1,4-dicarboxylic acid (BDC-pyr™).
Scheme 3. Synthesis of N,N’-(4-benzoic acid)-bipyridinium (BPY-BZA»*").

Figure 2. (Top) Depiction of the crystallographic structure of the UiO-66 MOF (adapted from structural
information obtained from reference 55, CCDC structure ID 889529). (Bottom) A close-up view of the
octahedral (left) and tetrahedral (middle) cavities, as well as the Zr6(u-O)4(OH)4(COO);> metal-oxo nodes
of the MOF.

Figure 3. Powder X-ray diffraction patterns of as synthesized UiO-66 (black), UiO-66-NH2 (blue), and
UiO-66-pyr* (70:30, red).

Figure 4. Diffuse reflectance spectra of (left panel) UiO-66 (red), UiO-66-NH, (blue), and (right panel)
UiO-66-pyr* (green).

Figure 5. "H NMR of 4,4’-bipyridine and 1-chloro-2,4-dinitrobenzene precursors (black), compound 3 in
dmso (red), and BPY-BZA,Cl, in D>O (blue).

Figure 6. Depiction of the crystallographic structure of the PIZOF-1 MOF (adapted from structural
information obtained from reference 56, CCDC structure ID 803459).

Figure 7. Powder X-ray diffraction pattern of catZrMOF-1 (red) and the predicted powder pattern of
PIZOF-1 (black, from CCDC structure ID 803459)..

Figure 8. (Left panel) UV-visible absorption spectrum of a 2 pM aqueous solution of EY in the absence
(black line) and presence (red, blue, green, purple, and orange lines) of 10 mg catZrMOF-1 taken over the
course of 30 min. (Middle Panel) UV-visible absorbance spectrum of a 10 uM aqueous solution of BPY-
BZA,Cl,. (Right panel) Fractional removal kinetics of EY from water for UiO-66 (black), UiO-66-NH»
(red), UiO-66-BDC-pyr* (blue), and catZrMOF-1 (green).

Scheme 4. Proposed mechanism of dye adsorption by catZrMOF-1. The same general scheme is proposed
for the UiO-MOFs probed here also.

Figure 9. (Left panel) Adsorption kinetics of PFOS on varying amounts of catZrMOF-1. (Right panel)
Adsorption isotherm of PFOS on catZrMOF-1 for the determination of PFOS adsorption capacity of the
MOF.

Figure 10. (Left panel) Transient absorption of the e.q acquired at 790 nm in aqueous solutions of

10 mM Na,SOs; (black circles) and 40 pM K4Fe(CN)s (red circles) at pH 9. The solid lines correspond to
mono-exponential fits of the data indicative of pseudo-first order kinetics. The fitted lifetimes for Na;SO;
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and K4Fe(CN)g are 9.1 + 0.2 pus and 7.4 £+ 0.2 s, respectively. (Right panel) Lifetime of the
photodetached e,q as a function of pH in solutions of 10 mM Na,SO; (open black circles) and

40 uM K4Fe(CN)s (open red circles). Solid lines represent best fits of the data to equations 8a and 9,
respectively.

Figure 11. (Left panel) Overlay of the experimentally determined e.q lifetimes (open circles) and
predicted concentrations of Fe(CN)¢*~ (dashed line) and Fe(CN)s(HCN)*~ based on the reported pK, of 4.1
in a 40 uM solution of K4Fe(CN)s as a function of pH. (Right panel) Overlay of the same experimentally
determined e.q lifetimes (black open circles) in a 40 uM solution of K4Fe(CN)s as a function of pH and
the predicted lifetimes (solid lines) computed using equation 9 in the main text as a function of pH by
varying the magnitude of ks and ks where [Fe(CN)s* ], was fixed at 40 uM (Black line: k2 = 3x10° M s™!,
k3 =2.3x10""M"'s"'; Red line: k2 =0, k3 =2.3x10"" M s7'; Blue line: k2 =0, k3 =9.8x10° M s°';
Green line: k2 = 3x10° M 57!, k3 = 9.8x10° M! s°1).

Figure 12. (Left panel, top) Transient absorption decay traces of e,q obtained at 790 nm in a

40 uM K4Fe(CN)s solution in the absence (black) and presence (red) of 40 uM PFOS at pH 8. (Left panel,
bottom) Transient absorption decay traces of e, obtained at 790 nm in a 10 mM Na,SOs solution in the
absence (black) and presence (red) of 40 uM PFOS at pH 9. (Right panel) Stern-Volmer analysis of €.
quenching in 10 mM Na,SOs3 solutions at pH 9 (red open circles) and 40 uM K4Fe(CN)g solutions at pH 8
(black open circles).

Figure 13. (Left panel) Normalized transient e,y lifetime decays in the absence (black) and presence of
230 uM PFSS (red) and 280 uM PF8A (blue). (Right panel) Plot of the kg for the various PFxAs (blue)
and PFxSs (red) probed here as a function of the number of perfluorinated carbons in the PFAS backbone.

Figure 14. (Left panel) Stern-Volmer plots for the quenching of e, by PF9A (red), PF8A (blue), PF7A
(green), PF6A (purple), PF5A (orange), PF4A (brown), PF3A (light blue), and PF2A (cyan). (Right
panel) Stern-Volmer plots for the quenching of e, by PFSS (red), PF6S (blue), and PF4S (green).

Figure 15. Arrhenius plots for the temperature dependence on the quenching rate constant, kg, for
(left panel) PFXA and (right panel) PFxS.

Figure 16. Activation energies for the reduction of PFxA (black squares) and PFxS (red circles) as a
function of the number of fluorinated carbons comprising the fluoroalkyl backbone.

TABLES

Table 1. Bimolecular quenching rate constant and activation energy for the reaction between e,q and
PFxA, PFxS.



This page intentionally left blank.

vi



EXECUTIVE SUMMARY

The rising environmental footprint of perfluoroalkyl substances (PFASs) and other anionic
contaminants necessitates the development of technologies that are safe and efficient at remediating
contaminated waters. In this memorandum report, the sequestration of negatively charged contaminants,
including PFAS, by metal-organic frameworks (MOFs) and the reduction of PFAS by the hydrated electron
(eaq ) are investigated.

A series of MOFs were synthesized using Zr(IV) salts and various neutral and cationic ligands for the
adsorption of anionic contaminants in water. It was found that even though these Zr-MOFs are effective at
the removal of the anionic dye Eosin Y and the environmental contaminant perfluorooctanesulfonate
(PFOS) it comes at a relatively high cost. That is due to the mechanism by which the contaminant removal
occurs. The data presented indicate that anionic contaminants are removed from water via an exchange
mechanism where ligands comprising the struts of the MOF backbone are lost to the bulk solvent and
replaced by the coordination of the contaminant at the metal-node of the MOF.

To understand the mechanism of action of e.q, that could potentially form upon irradiation of
photoactive MOFs with UV-excitation, on PFAS we have used Fe(CN)¢* as a model aprotic electron donor.
Herein, the benefit of using aprotic electron donors is demonstrated by comparison with the commonly used
SO3*" which readily forms a Bronsted acid at pH below 10. The initial reduction reaction between the €.q”
and a series of linear perfluoroalkylcarboxylates (PFxA, x = the number of carbons comprising the PFAS
hydrophobic backbone) and perfluoroalkylsulfonates (PFxS) are also investigated as a baseline for future
experiments using MOFs as photocatalysts for PFAS degradation. It was found that the initial reduction of
both PFxA and PFxS by e.q~ occurs with a rate constant of approximately 1x10° M s™! and is independent
of the PFAS chain length. Likewise, the energy of activation corresponding to the reduction of PFxA and
PFxS is independent of the chain length and its magnitude (~11 kJ mol™) is indicative of a diffusion-
controlled reduction reaction suggesting that reductive chemistries involving bond-breaking occur
downstream of the initial reduction reaction.

This report presents research conducted by William A. Maza, Ph.D.
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METAL-ORGANIC FRAMEWORKS AS SORBENTS OF PERFLUOROALKYL
SUBSTANCES AND THEIR REDUCTION BY THE HYDRATED ELECTRON

1. INTRODUCTION

1.1 Motivation

Per- and poly-fluoroalkane surfactants (PFAS) are a persistent and recalcitrant class of molecules. Their
physical properties, particularly the high density of very stable C-F bonds (e.g. C-F bond energy
~ 127 keal/mol, 5.5 eV for C>Fs)! throughout their backbone, tend to make them resilient to metabolic and
chemical degradation. Data suggest that continued exposure to PFAS may result in significant health risks.
31n 2021, the EPA announced that it would begin the process of formally designating perfluorooctanoic
acid (PF8A) and perfluorooctane sulfonic acid (PF8S) as hazardous substances. A report published in 2020
by the Nordic Council of Ministers estimates that PFAS pollutant exposure has led to anywhere between
600 to 700 deaths in Nordic countries alone carrying a health cost of up to ~$2.7 billion.* In the same report
healthcare costs and environmental damages arising from exposure to PFAS contaminants were estimated
to be $52-84 billion and $16.9 billion, respectively, in the EU; similar estimates were given for the US (i.e.
$37-59 billion in healthcare costs and $12.1 billion in environmental damages). As a result, the increasing
environmental footprint of PFAS has generated alarm among regulators, government officials and, more
recently, the general public.’ Decontamination efforts aimed at removing PFAS from the environment have
proven challenging due to their amphoteric nature and, more importantly, exceptional stability that results
in their environmental persistence.® There is, therefore, a continued interest in developing novel materials
and technologies designed to remove and degrade PFASs from contaminated ground soil and waters while
also being easily regenerated.

1.2  Current State-of-the-Art: Sorbents of PFAS

The current state-of-the-art of PFAS removal from ground soil and water involves filtration through
activated carbon (AC) or ion exchange resins (IER). These each have their limitations, however. For
example, Ross, ef al.” summarized that 1) AC demonstrates good retention of longer chain PFASs but
performs more poorly with shorter chain variants, 2) IERs tend to do better over a range of PFAS chain
lengths generally showing comparatively poorer performance with longer PFASs than with shorter variants,
and that 3) both AC and IER display little activity to C1 and C2 PFASs. Because of these drawbacks, new
materials are needed which can immobilize all PFAS derivatives regardless of chain length.

Open porous frameworks, like metal-organic frameworks (MOFs), have already demonstrated promise
as scaffolds for chemoselective filtration.>!! MOFs are comprised of repeating organic units bridged by
coordinating metal nodes. The porosity and morphology of the frameworks are easily tunable by
modification of the organic unit size and symmetry, or choice of metal at the connecting nodes.'*!*

To date, only a few examples of MOFs have been explored for the sorption of PFASs.!5"18 These reports
employed water-stable MOFs such as those comprised of Zr(IV) metal-oxo nodes. In particular, Li et al.'’
focused on UiO-66 in which the organic ligand is terephthalic acid and NU-1000 whose ligand is 1,3,6,8-
tetrakis(p-benzoic acid)pyrene. In that report, the authors found that of the twenty-eight PFASs studied
UiO-66 and NU-1000 displayed a general preference for sorption of long chain PFAS, performing
comparatively poorer at adsorption of short chain PFAS.

Manuscript approved February 7, 2022.
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1.3 Current State-of-the-Art: Degradation of PFAS

Advanced reduction methodologies involving the degradation of PFASs in water by the generation of
high energy hydrated electrons (e.;) have garnered considerable attention.?” 2! The e, has been
demonstrated to effectively reduce both perfluoroalkyl carboxylates (PFxAs, x =number of carbons
comprising the surfactant hydrophobic tail) and perfluoroalkyl sulfonates (PFxSs).?>*! PFxSs are more
resistant to highly oxidative conditions than are PFxAs and, therefore, are more difficult to treat by
conventional methods.* In contrast, reductive processes involving UV-exposure of solutions containing
Na,SO; or KI to produce e,q have shown considerable success in the degradation of both
perfluorooctanoate (PF8A) and perfluorooctane sulfonate (PF8S, Scheme 1).2%2427:30.33.34 The degradation
reaction is mediated by the formation of e, from SOs>~ or I" upon UV-irradiation by photodetachment with
subsequent reduction of the PFAS.23: 24 29 34-36

UV-irradiation of solutions containing SOs>" under basic conditions (pH > 8) effectively degrades
PFAS as a result of the reaction with hydrated electrons, e,q~.2*2* % These hydrated electrons are generated
by UV photodetachment of aqueous SOs>~ anions. The large standard reduction potential (- 2.9 V)*’ of the
€aq 1s energetically analogous to the potentiometric biases required for the defluorination reaction of many
perfluoroalkanes (e.g. E°proa ~ 2.5 V vs SHE and E°pros < 3.2 V vs. SHE estimated based on the biases
required for decomposition at the cathodes of the electrochemical cells employed).?® 34! However, the use
of SOs> as a source of e,q has a significant drawback because of its decreased degradation efficiency with
decreasing pH.

PFOS degradation by UV-irradiated SOs>" is most effective at pH values > 8 and is negligible at
pH < 7.2* We recently reported that the cause of this pH range limitation is the quenching of e, by sulfite’s
conjugate acid, HSOs ,present at intermediate pH values.** Therefore, alternative photochemistries that
support e,q survivability at lower pH are of interest.

2. APPROACH
2.1 MOFs as sorbents of PFAS

In this report, we expanded on the work of Li, et al.!>*3 using UiO-66 as a PFAS sorbent believing the
sorption capacity of the MOF could be improved for anionic contaminants, like PF8S and PF8A, by
modifying the terephthalic acid (new ligand 1) to include cationic moieties (Scheme 2), thereby leveraging
Coulombic interactions with the anionic contaminants. We also synthesized a viologen derivative 2
(Scheme 3) as an attempt to further increase the positive charge density of the MOF. Before testing the
MOFs affinity for PFAS, they were screened using the anionic dye Eosin Y (Scheme 1).

F F O
Scheme 1. Chemical structures of (left) Eosin Y (EY) and (right) perfluorooctanesulfonic acid (PFOS).

2.2 Aprotic materials as sources of e,q~
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To understand the potential mechanism of action of e, formed from photoactive open-framework
materials, like MOFs or COFs, we have expanded on previous investigations using nanosecond transient
absorption spectroscopy to parse the effect of weak Bronsted acids, like HSOj3™, on the lifetime of the e.q
by examining the dependence of the e, lifetime on pH in the absence of weak acids in solutions of
K4Fe(CN)s.* The quenching of e, by PFAS is monitored by nanosecond transient absorption spectroscopy
in solutions of Na,SO3 and K4Fe(CN)e. This is meant to probe the kinetics of the first reduction step in the
PFAS degradation reaction by e.q, which we show are similar between solutions of Na,SO3 and K4Fe(CN)s.
Specifically, we show that the observed rate constant corresponding to the e.q scavenging by PFAS is
independent of pH in solutions of Na;SO; and K4Fe(CN)gs.

Ferrocyanide is a well-studied precursor for generating solvated electrons via photodetachment and, for
several reasons, is a particularly attractive alternative to SO3*>~ to model the behavior of e,q~ quenching by
PFOS in the absence of Bronsted acids. Unlike SO3* (pKy = 6.8), Fe(CN)s* is both aprotic at pH > 4.3 and
has a larger molar extinction coefficient (¢) at excitation wavelengths < 300 nm (SO3*~ €254nm ~ 50 M cm’!;
Fe(CN)6* €254nm ~ 5000 M cm™).#> 4447 Ferrocyanide also has a high quantum yield of photodetachment
even in the near UV;* the quantum yield of e, detachment (®.) from Fe(CN)¢* approaches unity with
increasing incident photon energy (SOs*” @~ 0.1 at 254 nm excitation, pH 8; Fe(CN)e* @, ~ 0.65 at
254 nm excitation, pH 8).%

Besides SO;%" and Fe(CN)s*, other photochemically active anions capable of producing e.q~ are also
known. Examples include iodide (I") solutions which, in the absence 27 2% % and presence of *° SOs>,
produce e,q. However, in comparison, the quantum yield of e, detachment for both SOs* and I" is
considerably lower than that of Fe(CN)s*" at all excitation wavelengths.*’ In addition, the degradation of
PFOS in solutions of both SO;*~ and I" are sensitive to weak conjugate acids that form at pH < 8. Fe(CN)s*
, on the other hand, has a pK, between 4.1 and 4.4.%-* It will be demonstrated here that quenching of e,
in solutions of Fe(CN)¢*" is negligible at pH > 5.

2.3 Reduction of PFAS by the e.q”

An understanding of the e,q mediated mechanism of degradation governing PFAS decomposition has
yet to be fully elucidated. Recent reports on first principles theoretical studies have attempted to advance
our understanding of the elementary steps of the reaction pathway.’® *> 3! For example, in a report
combining both experimental and theoretical results Bentel, et al.** demonstrated a strong dependence of
the rate of degradation and defluorination of PFxXS on the carbon chain length. However, the bond
dissociation energies (BDE) calculated by DFT, in the same report by Bentel,*® could not explicitly explain
this difference. In particular, they were unable to explain the lack of a chain length dependence on the
experimental rate constants corresponding to the degradation of PFXA despite the bond dissociation
energies for the most vulnerable CF units in PFxS and PFxA being similar in magnitude (~ 447 kJ mol™).
van Hoomisen and Vyas* recently reported on the vertical binding energies (VBE) and adiabatic electron
affinities (AEA) for a number of PFXA and PFxS of varying chain length between three and eight
perfluorinated carbons. Although the BDE, VBE, and AEA can be used to estimate the free energy
associated with the reduction of PFAS and, therefore, the rate of reduction, they cannot fully predict the
probability of reaction as other factors must also be taken into consideration. Their results, however, suggest
that there should be no chain length dependence on the initial reduction of PFXA and PFxS, which
contradicts experimental results found in the literature.’® 3 As of now, there is little experimental data
describing the initial reactions in the degradative pathway involving e,; and PFAS.

To date, the only report with a kinetic analysis of the reaction between e, and PFxA performed on the
microsecond timescale found nearly an order of magnitude difference in the rate constant for the initial
reduction of PF8A and PF2A by e.q.°* This chain length dependence contradicts what has been both
theoretically proposed,*” as well as found experimentally for long-term degradation of PFxA.** % Here we
revisit this question using nanosecond transient absorption spectroscopy for PFxAs, and PFxSs of varying
carbon chain lengths. It is important to stress that the processes described herein, which occur on the
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microsecond timescale, should not be conflated with complete degradation of PFXA or PFxS, since that is
more complex and involves a number of redox, elimination, and rearrangement reactions. The data
presented in this report comprise only the first step(s) of the overall degradation, but is nonetheless
significant and indispensable in understanding the degradation process as a whole.

3. EXPERIMENTS
3.1 Synthesis of Zr-MOFs
3.1.1 Synthesis of N-(2°,4’-Dinitrophenyl)pyridinium chloride, 2

The precursor compound 2 was synthesized similar to what has been previously reported.”® A 20 mL
high pressure flask was charged with 4 mL pyridine (49 mmol) and 10 g 1-chloro-2,4-dinitrobenze
(49 mmol). The solution was then heated to 95 °C with stirring for > 1hr. This produced an off-white color
solid that was washed with acetone, filtered, washed further with acetone, and dried in a convection oven
at 70 °C for two days. The '"H NMR spectrum is shown in Figure 1a.

3.1.2  Synthesis of 2-pyridiniumbenzene-1,4-dicarboxylic acid, BDC-pyr"

2-Aminobenzene-1,4-dicarboxylic acid (BDC-NHa, 1.5 g, 8.3 mmol) and 2 (4.75 g, 16.5 mmol) were
placed in a 200 mL high pressure flask containing 80 mL EtOH. The flask was sealed and the solution was
heated at 100 °C for 3 days. After cooling the solution to room temperature the solution was added to THF
producing a yellowish solid which was filtered and washed with THF and acetone. The '"H NMR spectrum

is shown in Figure 1b.
OH Q

EtOH, 90°C
Q Noz — ‘ciH
COOH
NH,
07 OH

1 2 OOH

Scheme 2. Synthesis of 2-pyridiniumbenzene-1,4-dicarboxylic acid (BDC-pyr*).

1 1 1 1 1 1

L L L L L L L L L 10.0 9.5 9.0 8.5 8.0 7.5
9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 . .
chemical shift (ppm) chemical shift (ppm)

Figure 1. "H NMR of compound 2 (left panel) and BDC-pyr* (right panel).

3.1.3  Synthesis of UiO-66

The general synthesis of UiO-66 (Figure 2) and the derivatives explored herein were as follows: a
scintillation vial was charged with 0.44 mmol ZrCls and 0.44 mmol benzene-1,4-dicarboxylic acid (BDC),
or its derivatives 2-aminobenzene-1,4-dicarboxylic acid (BDC-NH;) and 2-pyridiniumbenzene-1,4-
dicarboxylic acid (BDC-pyr"), Figure 3. Then, 10 mL dimethylformamide (DMF) and 1mL glacial acetic
acid were added. The scintillation vial was then sealed and heated in a convection oven at 120 °C. After
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twelve hours of heating the vials were then allowed to cool to room temperature, filtered, the solid washed
with fresh DMF (~50 mL x2) and acetone (~50 mL), and allowed to dry in air. X-ray powder diffraction
patterns are shown in Figure 3.

Attempts of synthesizing a variant of UiO-66 using BDC-pyr" as the only ligand were fruitless; there
was either no product formed or an amorphous solid resulted. Therefore, the procedure was modified so
that the synthesized Zr-MOF contained both BDC and BDC-pyr* in a 70% to 30% ratio, respectively. This
resulted in a crystalline product of slight yellowish hue. The presence of BDC-pyr" was confirmed by
diffuse reflectance spectroscopy (Figure 4).

3.1.4  Synthesis of N,N’-(2,4-dinitrophenyl)bipyridinium dichloride, 3

A high pressure flask was charged with 6.2 g (36 mmol) 4,4’-bipyridine, 17 g (84 mmol) 1-chloro-2,4-
dinitrobenzene, and 70 mL EtOH. The flask was sealed and the solution heated to 90 °C with stirring for
24 hrs upon which a brown precipitate formed. After cooling to room temperature, the precipitate was
filtered and the solid extensively washed with EtOH and dried in air. The 'H NMR spectrum is shown in
Figure 5.

3.1.5  Synthesis of N,N’-(4-benzoic acid)bipyridinium dichloride, BPY-BZA>Cl;

Synthesis of BPY-BZA:Cl, was carried out using a modified procedure to what was reported by Sui,
et al.’** A high pressure flask was charged with 2.7 g (5.2 mmol) 3, 3.4 g (25 mmol) 4-aminobenzoic acid,
and 80 mL EtOH. The solution was heated to 100 °C with stirring for 48 hrs. After cooling to room
temperature, the precipitate was filtered and washed extensively with EtOH and later air dried. The 'H
NMR spectrum is shown in Figure 5.
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Scheme 3. Synthesis of N,N’-(4-benzoic acid)-bipyridinium (BPY-BZA2?").

3.1.6  Synthesis of catZrMOF-1

A scintillation vial was charged with 200 mg (0.6 mmol) ZrOCl,-8H,0, 188 mg BPY-BZA,Cl,, 15 mL
DMF, and 5 mL formic acid. The solution was heated under autogenous pressure at 120 °C for 72 hrs. After
cooling to room temperature, the solid product was filtered and washed with DMF and acetone. X-ray
powder diffraction pattern of the product obtained is similar to that of the PIZOF-1 MOF (Figure 6)
previously reported and is shown in Figure 7.
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Figure 2. (Top) Depiction of the crystallographic structure of the UiO-66 MOF (adapted from structural information obtained
from reference 33, CCDC structure ID 889529). (Bottom) A close-up view of the octahedral (left) and tetrahedral (middle)
cavities, as well as the Zrs(p-O)4(OH)4(COO)12 metal-oxo nodes of the MOF.
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Figure 4. Diffuse reflectance spectra of (left panel) UiO-66 (red), UiO-66-NH: (blue), and (right panel) UiO-66-pyr* (green).
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Figure 5. "H NMR of 4,4’-bipyridine and 1-chloro-2,4-dinitrobenzene precursors (black), compound 3 in dmso (red), and
BPY-BZA:Clz in D20 (blue).

Figure 6. Depiction of the crystallographic structure of the PIZOF-1 MOF (adapted from structural information obtained from

reference>®, CCDC structure ID 803459).
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Figure 7. Powder X-ray diffraction pattern of catZrMOF-1 (red) and the predicted powder pattern of PIZOF-1 (black, from
CCDC structure ID 803459).

3.2 Determination of the removal of the anionic dye Eosin Y from water

The determination of Eosin Y (EY) uptake by the MOFs described above was done by preparing a
2 uM solution of EY in 100 mL of deionized water. To this solution 10 mg MOF was added and the solution
stirred over the course of 30 min. The UV-visible absorbance was monitored over the course of the 30 min
to determine the amount of dye remaining in solution.

3.3 Determination of PFAS adsorption capacity

The catZrMOF-1 was evaluated for PFAS adsorption by suspending a given mass of MOF in 100 mL
of a 100 uM aqueous solution of PFOS. Aliquots were periodically removed and filtered using 0.1 pm
polypropylene syringe filters for quantitative analysis by LC-MS.

3.4 Nanosecond Transient Absorption.

Stock solutions of Na,SO3 and K4Fe(CN)s were prepared fresh before each analysis. Samples used for
transient absorption experiments were prepared in a standard 1 cm pathlength quartz cuvette from a freshly
prepared stock solution. The final concentrations were 10 mM Na,SOs and 40 pM K4Fe(CN)s in deionized
water. The samples were de-aerated and dissolved O, removed by bubbling with N,. Stock solutions of
PFOS were prepared at the solubility limit of 1 mM (pH ~ 7). The pH of the sample solution was adjusted
using either HC1O4 or NaOH before addition of PFOS.

The geometry of the home-built transient absorption instrumentation used has been described
previously.** Samples were irradiated with the fourth harmonic output of a Continuum Minilite Il Nd:YAG
laser (266 nm, 5 ns pulse width, 200 pJ/pulse). The lifetime of the e, generated from the 266 nm
irradiation was probed using a 790 nm continuous wave diode laser (Thorlabs model CPS780S). Both the
266 nm pump and 790 nm probe were directed into the sample co-linearly. The change in intensity of the
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790 nm probe was monitored using a Hamamatsu R375 photomultiplier tube (9 ns rise time, 70 ns
transit time) and digitized on a Tektronix TDS 420A oscilloscope (200 MHz, 100 MS s—1 sampling rate)
triggered by the firing of the laser Q-switch. Each transient shown represents the average of at least 300
shots. Sample solutions were stirred during the acquisition of the e, lifetimes.

4. RESULTS AND DISCUSSION
4.1 Removal of Eosin Y from water

The anionic dye Eosin Y (EY) is a small water-soluble dye displaying strong absorbance in the visible
spectrum with a molar extinction coefficient of 54.6 mM™ cm™ at 517 nm making it easy to track its
removal from aqueous solutions using UV-visible absorbance spectroscopy (Figure 8). Incubation of 10 mg
Ui0-66 with 2 uM EY resulted in a nearly 48 % removal of EY after 30 min. Similarly, a 46 % removal of
EY was observed after 30 min when incubated with UiO-NH,. However, the adsorption kinetics were found
to be quite distinct despite the similarity in the total removal of EY between UiO-66 and UiO-66-NH,.
Specifically, UiO-66-NH; displayed faster adsorption kinetics compared to UiO-66 with rates of adsorption
of 0.15 min"! and 0.06 min™, respectively. Alternatively, UiO-66-BDC-pyr" displayed both slightly lower
EY adsorption capacity, removing only 41 % of EY, and slightly slower adsorption kinetics, rate of
adsorption of 0.05 min™!, compared to UiO-66 and UiO-66-NH,. The reason for this is not readily apparent,
but may be a result of restricted access to, and/or occlusion of, the pores by the pyridinium groups.

We expected to improve on the performance of UiO-66-BDC-pyr” by extending the cationic ligand size
and, therefore, the porosity of the Zr-MOF, as well as increasing the charge of the ligand. Based on the
dimensions of the ligand and the resulting PXRD powder pattern of the synthesized catZrMOF-1, it is
expected to have similar topology and porosity as the reported PIZOF-1 (surface area ~ 2020 m? g™!, pore
size ~ 19 A).5 Indeed, catZrMOF-1 demonstrated higher adsorption capacity (~ 57 %) compared to the
UiO-MOFs, and rate of adsorption of 0.22 min™'.

044
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[O—Ui0-66
=0~ Ui0-66-NH,

R / \ |

004 — ~O= Ui0-66-BDC-pyr

= O~ catZrMOF-1
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Figure 8. (Left panel) UV-visible absorption spectrum of a 2 uM aqueous solution of EY in the absence (black line) and presence
(red, blue, green, purple, and orange lines) of 10 mg catZrMOF-1 taken over the course of 30 min. (Middle Panel) UV-visible
absorbance spectrum of a 10 uM aqueous solution of BPY-BZA2Cl. (Right panel) Fractional removal kinetics of EY from water
for UiO-66 (black), UiO-66-NH: (red), UiO-66-BDC-pyr* (blue), and catZrMOF-1 (green).

For all MOFs, the decrease in the EY absorbance observed as a function of time was accompanied by
an increase in absorbance in the UV and near-UV regions of the spectrum. This increase in absorbance is
attributed to the concomitant release of MOF ligands into solution with EY adsorption. This is best observed
in the catZrMOF-1 case (Figure 8) in which the loss of the EY absorbance band at 517 nm is accompanied
by the emergence of a new band having a maximum at 319 nm and a shoulder 294 nm. These electronic
transitions are characteristic of the BPY-BZA,Cl, absorbance in water (Figure 8). We, therefore, propose a
mechanism of EY adsorption that involves displacement of a MOF ligand at coordinative-sites of the MOF
metal-nodes and replacement by the dye (Scheme 4). This is supported by comparing the rate of the
emergence of the absorbance corresponding to BPY-BZA»?" at 319 nm (0.219 min™') to the loss of the
absorbance corresponding to EY at 517 nm (0.217 min™).
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Scheme 4. Proposed mechanism of dye adsorption by catZrMOF-1. The same general scheme is proposed for the UiO-MOFs
probed here also.

4.2 Removal of PFOS from water

Based on the results of the contaminant removal experiments using EY with the various MOFs probed,
the capacity of catZrMOF-1 for PFOS adsorption was examined. Suspending > 10 mg catZrMOF-1 was
sufficient to observed some adsorption of PFOS in solutions containing 100 uM PFOS. At 10 mg
catZrMOF-1 a ~ 17 % removal of PFOS was observed which increased to ~ 47 % removal in the presence
of 15 mg catZrMOF-1. The data indicate that catZrMOF-1 has an adsorption capacity of 0.47 mol kg™ for
PFOS which is somewhat larger than what has been reported for commercial granulated activated carbon
(GAC), ~0.37 mol kg!. The adsorption capacity found here is nearly three times smaller than the
1.24 mol kg! that was found for the NU-1000 by Li, et al.;* however, their reported value is likely inflated
as the authors used nylon filters, known to have high affinity for PFOA and PFOS,> prior to LCMS analysis.
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Figure 9. (Left panel) Adsorption kinetics of PFOS on varying amounts of catZrMOF-1. (Right panel) Adsorption isotherm of
PFOS on catZrMOF-1 for the determination of PFOS adsorption capacity of the MOF.

4.3 Na;SOs; vs. KuFe(CN)g: pH effect on e,y lifetime.

Irradiation of aqueous solutions containing either Na,SOs or K4Fe(CN)s with a 266 nm ~ 5 ns pulse
produces a transient signal on the microsecond timescale at 790 nm corresponding to the near IR absorption
of the photodetached e,q.*%° At pH 9, the lifetimes obtained for the e, produced from a 10 mM solution
of Na;SO; or a 40 uM solution of KsFe(CN)g are 9.1 + 0.2 us and 7.4 + 0.2 us (Figure 1), respectively. In
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both Na,SO3 and K4Fe(CN)s the eaq lifetime is sensitive to pH, although this sensitivity differs in magnitude
for the two species. In Na>SO3, the e.q has a lifetime that approaches 10 ps at pH > 9 (Figure 10). However,
the e, lifetime was found to decrease sharply at pH <9 down to a lower limit at pH ~ 5. The origin of the
decrease in lifetime of the e, between pH 5 and 10 in Na>SOs solutions has been discussed in detail*? and
is attributed to the quenching of e, by HSOs", present in solution below pH 9 due to the SOs*/HSO;~
equilibrium (HSO;™ pKa = 7.2).

The quenching of e.q” by HSO;™ was determined from the pH dependence of the e, lifetime using a
kinetic model which takes into account the reaction of the e, in water (reaction 1)°®, non-geminate
recombination between SOs™ and e.q (reaction 2), reduction of SOs*~ by the homogeneous quenching of
€aq (reaction 3), and reduction of HSO;™ by eaq (reaction 4).*? The observed lifetime as a function of pH,
[SO5%7], [SO57], and [HSO57] can then be modelled by equation 5 below.

kia
ezq + H,0 = H-+0H™ la
_ _ kaw _
€aq +eqq — H, + 20H 1b
ke,
503 +eqq > S03™ 2
ks
S05™ + eqq = products 3
ks
HSO3 + ez, = S03™ + H* 4
- _ -1
Tobs = (kla[HZO] + klb[eEq] + k3 [SO3] + k3[SO%7] + k,[HSO3 ]) 5

This model has adequately described® the interaction of e, with HSOs~ at pH > 5 but neglects the
interaction of e, with H'. Extending this model to include the reduction of H" according to reaction 6,
since [H'] is non-negligible at pH < 5, leads to the inclusion of an additional term to yield equation 7.

k
H* +egy S H' 6
_ _ _ -1
Tobs = (kla[HZO] + klb[eEq] + ky[SO51 + k3[SO37] + ky[HSO3] + ks[H+]) 7

Equation 7 can be re-written in terms of the initial SO3*" concentration, [SO3> o, the pK, of the HSO37/SO5*"
equilibrium, and the solution pH to yield equation 8a.

10PH +10PKa

Tobs = DPH 1 oPK,
k410PKa[502" ]+ 210" 12

8a

+kg(1+10PKa—PH)

In equation 8a, 1, is the reciprocal of the sum of the first four terms in equation 7
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Figure 10. (Left panel) Transient absorption of the eaq~ acquired at 790 nm in aqueous solutions of 10 mM Na2SO3 (black circles)
and 40 pM K4Fe(CN)s (red circles) at pH 9. The solid lines correspond to mono-exponential fits of the data indicative of pseudo-
first order kinetics. The fitted lifetimes for Na2SO3 and K4aFe(CN)s are 9.1 = 0.2 ps and 7.4 = 0.2 ps, respectively. (Right panel)
Lifetime of the photodetached e.q~ as a function of pH in solutions of 10 mM Na2SOs (open black circles) and 40 uM K4Fe(CN)s
(open red circles). Solid lines represent best fits of the data to equations 8a and 9, respectively.

-1
To = (k1a[H201 + kypleaq] + k2[SO31 + k3[S0Z7]) 8b

and corresponds to the e, lifetime at a given concentration of SOs?" in the absence of HSO5™ (pH > 8).
When the pK, is fixed at 7.2% %, fits of the e,q~ lifetimes as a function of pH in 10 mM Na,SOj; solutions
yield a 1, and ks of 10.1 £ 0.3 ps and (1.3 £ 0.2)x108 M 57! respectively, which are in excellent agreement
with previously reported results.*> 4 Extending the pH range down to pH 4 yields a bimolecular rate
constant, ks, of (2.3 £ 0.8)x10'° M s7!, corresponding to the reduction of H (reaction 6). This value for ks
is in agreement with the accepted value of 2.3x10'° M! 5! for reaction 6.6"-%> When restricting the pH range
of the model to pH > 5, the ks term fails to converge to a physically reasonable value, indicating that above
pH 5 the dominant mechanism of e,q scavenging occurs via reaction with HSOs™ (reaction 4), whereas at
pH < 5 the reaction with H" (reaction 6) dominates.**

The pH dependent lifetime data obtained for solutions of KsFe(CN)¢ were fit to an analogous model
assuming similar underlying mechanisms in both systems. In the case of ferrocyanide, the third and fourth
terms corresponding to non-geminate recombination (reaction2’) and homogeneous quenching
(reaction 3") depend on [Fe(CN)s*] and [Fe(CN)e*], respectively.

k;

Fe(CN)}™ + eqq = Fe(CN)E™ 2!
ks

Fe(CN)§™ + eqq — products 3

The fifth term in equation 7 is replaced with ks’ [Fe(CN)s(HCN)*7] (reaction 4), where the pK, of
Fe(CN)s(HCN)? is reported to be between 4.1 and 4.4 (vide infra).*-®

kl
Fe(CN)s(HCN)®™ + ez, — Fe(CN)&™ + H* 4
Substitution of these terms into equation 8a results in a new expression, 9.

10PH +10PKa

9

Tobs = 7
10PH +10PKa

k4 10PKa[Fe(CN)E 1o+
o

+kg(1+1oPKfrVH)

Analogous to equation 8b, T, represents the e,q~ lifetime at a given concentration of Fe(CN)s* and includes
the same analogous terms (equation 8b’).

7o = (ka[H20] + kyp[ezg] + k5 [Fe(CN)E] + ks [Fe(CN)E]) ™ 8b’
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Physically reasonable values for each of the parameters were only possible by fixing k4’ to zero. The
result of the fitis: pK, =4.3£0.1, 1, =7.0£ 0.2 ps, and ks’ = (9.8 £ 0.1)x10° M! s”!. The value obtained
here for ks' is two times smaller compared to the ks value found for Na,SO; and what has been previously
reported for quenching of e, by H (vide supra). Similarly to Na>SOs, at pH values below 5, protons (H")
present in solution are expected to quench e,q~. However, as mentioned previously, below pH 5 Fe(CN)e*
can exist in a protonated form, Fe(CN)s(HCN)*. Therefore, it is possible that at or below pH 5,
Fe(CN)s(HCN)*~ reacts with eaq~ according to reaction 4’ and that ks is an apparent rate constant that
includes contributions from reactions 4’ and 6.

A more complex e,” quenching mechanism by H* at low pH in solutions of Fe(CN)*" is possible. From
an overlay of the experimental e,q lifetimes obtained with the calculated concentrations of several species
expected to be present as a function of pH, it is evident that the decrease in the observed lifetime coincides
with an increase in [H'] at lower pH. (Figure 11). At pH 4 and below, the presence of Fe(CN)s(HCN)*~ has
a negligible effect on the e, lifetime according to fits of the data (Figure 10) and numerical solutions
(Figure 2) to the model given by equation 9. Alternatively, it has been proposed that Fe(CN)¢*~ may abstract
an electron from H" according to reaction 10 to regenerate Fe(CN)s*; reaction 10 has a bimolecular rate
constant ke on the order of (3 to 4)x10° M™! g1,6466

k
Fe(CN)3~ + H" S Fe(CN):™ + H* 10

It is plausible, then, that formation of the highly reactive H" is fast and is subsequently rapidly oxidized
by Fe(CN)s* via 10, regenerating H'. However, the exact mechanism resulting in the two-fold decrease of
ks” in K4Fe(CN)s relative to Na,SOs is uncertain. Nonetheless, it is evident that in solutions of Fe(CN)s*
the e,q lifetime is unaffected above pH 5. This suggests that environmentally benign sources of e.q~ that do
not easily form conjugate acids could be employed over a broader pH range compared to solutions
containing Na;SOs.
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Figure 11. (Left panel) Overlay of the experimentally determined eaq~ lifetimes (open circles) and predicted concentrations of
Fe(CN)6* (dashed line) and Fe(CN)s(HCN)3~ based on the reported pKa of 4.1 in a 40 uM solution of K4Fe(CN)s as a function of
pH. (Right panel) Overlay of the same experimentally determined eaq lifetimes (black open circles) in a 40 uM solution of
KaFe(CN)s as a function of pH and the predicted lifetimes (solid lines) computed using equation 9 in the main text as a function
of pH by varying the magnitude of k» and k3 where [Fe(CN)s* o was fixed at 40 uM (Black line: k2 = 3x10° M! s, k3 =
2.3x10'"" M1 s7!; Red line: k2 = 0, k3 =2.3x10' M-! s°!; Blue line: k2 = 0, k3 = 9.8x10° M! s°!; Green line: k2 = 3x10° M 57!, k3
=9.8x10° M sh).
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The model given by equation9 neglects the potential role of aquapentacyanoferrate(Il),
Fe(CN)s(H,0)* — which has been reported as an additional photoproduct from excitation of Fe(CN)s*~ at
266 nm (reaction 11) — in the overall quenching of e,q.*% ¢’ 68

k
Fe(CN)¥ S5 Fe(CN)s(H,0)3 +CN~ 11

It is assumed that, due to the large difference in the quantum yield of formation of the e, from
Fe(CN)s* (®. between 0.44 and 0.52 at 266 nm)*7° compared to Fe(CN)s(H20) (Paguo ~ 0.2 at 266 nm)*’,
the effect of the latter can be included in the T, term.
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Figure 12. (Left panel, top) Transient absorption decay traces of exq~ obtained at 790 nm in a 40 uM K4Fe(CN)e solution in the
absence (black) and presence (red) of 40 uM PFOS at pH 8. (Left panel, bottom) Transient absorption decay traces of €aq
obtained at 790 nm in a 10 mM Na2SOs solution in the absence (black) and presence (red) of 40 uM PFOS at pH 9. (Right panel)
Stern-Volmer analysis of eaq~ quenching in 10 mM Na>SOs solutions at pH 9 (red open circles) and 40 uM K4Fe(CN)e solutions
at pH 8 (black open circles).

4.4 Reduction of PFOS by e.q".

To probe the interaction of e,q with perfluoroalkyl sulfonate, PFOS was added stepwise to 10 mM
Na,SO; or 40 uM K4Fe(CN)s solutions and the transient lifetime signals were recorded. The transients
obtained at 790 nm with each addition of PFOS were fit to a mono-exponential decay function. In the
presence of PFOS, a decrease in the e,q lifetime was noted in solutions of both Na,SO3 and K4Fe(CN)s
(Figure 3). The bimolecular rate constants for the initial interaction of PFOS and the e, were determined
from the decrease in the e,q lifetime with increased [PFOS]. The observed rate constant, ks was obtained
by a method analogous to the Stern-Volmer method (equation 12, Figure 12):

L =14 kgt [PFOS] 12

TpFoS

where 1 is the e.q lifetime at any given pH in the absence of PFOS and tpros is the lifetime of the e,q~ at the
same pH in the presence of PFOS. In this way, kg is determined independent of other e, scavenging
processes occurring in solution (assuming the presence of PFOS does not affect the rate constants of the
side reactions). A similar methodology has been used by others to obtain quenching reaction rate constants
involving e,q.”" The reduction of PFOS by eaq is described by reaction 13 below.

k
CgF17S05 + egy — CgF1;S03~ — products 13

In a 40 uM solution of K4Fe(CN)g at pH 10, ks is (2.9 £ 1.4)x10° M 57!, which is in close agreement
with the kg value of (2.7 £+ 1.0)x10° M™! s! we obtain in 10 mM Na»SOs. The similarity of ks in solutions of
both Na,SOs; and K4Fe(CN)s solutions suggests that the initial reaction between e.; and PFOS described
by equation 13 occurs independently of SO;*-, Fe(CN)s*", or their photolysis byproducts.
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4.5 Chain length dependence on the reduction of PFxA and PFxS

The lifetime, T, of €aq from 266 nm (pulse energy ~ 300 pJ) excitation of a 40 uM K4Fe(CN)g solution
is 15.3+ 0.3 us (Figure 13A) under N, when stirred vigorously. This is consistent with the reported T,
obtained for the e, at similar concentrations of K4Fe(CN)g.%% % The addition of an electron scavenger or
quencher, such as NO;™, reduces the e,q lifetime (Figure 13A) and correlates to an increase in the observed
€aq decay rate as the quencher concentration increases (Figure 13B). Therefore, monitoring the changes in
the e, lifetime provides direct insight into the rate of reduction of an e~ acceptor such as PFxA or PFxS.

The kq for the various PFAS were obtained by a method analogous to the Stern-Volmer equation
(Equation 13):71:7

’7" =1+ k,7,[0] 13

Here 1, and 1 are the e,q lifetime in the absence and presence of PFAS, respectively, and kg is the observed
€aq quenching rate constant for the corresponding quencher, Q.

The temperature dependence on the lifetime decay was obtained in the absence and presence of each
PFxA or PFxS between 10 °C and 50 °C. The temperature dependent data obtained in the absence of the
PFAS were used to extract the observed quenching rate constant by fitting the e,y decay lifetime in the
presence of a known concentration of PFAS to Equation 14

AA = AMyexp[—(t5 + ky[PFAS])t] 14

where AA and AA, are the absorbance change at time t and t = 0, respectively, and 1, was fixed to the e.q~
lifetime obtained in the absence of PFAS at the corresponding temperature. The 1, term includes all
processes germane to the natural lifetime of the e,y in the absence of PFAS, including geminate
(Equation 15) and non-geminate (Equation 16) recombination by Fe(CN)¢*~ produced upon formation of
the €aq,

4— 266nm - - kgem 4—
Fe(CN)¢~ —— [Fe(CN); e”| — Fe(CN)g 15

non—-gem

k
[Fe(CN)?™ -+ e"] > Fe(CN)3™ + eqy ——— Fe(CN)~ 16

quenching of e.q~ by non-photolyzed Fe(CN)s* (Equation 17)* 7

Fe(CN)g™ + eqq = 17
as well as the reactions of e,,~ with water (Equation 18 and 19).5% 74

eaq +Hy0 > H + OH- 18

ey (H,0) + egq(H,0) > Hy + 20H~ 19

For Equations 13 and 14, it is assumed that the rate constants for the respective processes comprising T,
remain unaffected in the presence of PFAS and, therefore, 1, remains constant at a given temperature
throughout the course of the experiment.

Excitation of K4Fe(CN)s at A <300 nm results in photodetachment and the formation of a hydrated
electron, e,q,*® *-7% 75 with a quantum yield of photodetachment, ®., that approaches unity with decreasing
excitation . The e,q displays a broad absorption in water that spans the near UV to the near-IR region
with an absorption maximum at ~ 720 nm.>- ¢ 7677 The absorbance and lifetime of the e, is sensitive to
the presence of an electron scavenger such as NO;~ or MV?*.78

Upon addition of PF8S or PF8A to solutions of KsFe(CN)s, the observed rate of e, decay increases
(Figure 13A and 14) as a function of the concentration of the titrant. Stern-Volmer analysis of the e.q
lifetime as a function of the concentration of PF8S and PF8A yields kq of (2.4 +0.6)x10° M s! and
(7.1 £0.6)x108 M! 5!, respectively (Table 1). To our knowledge, this is the first time a rate constant has
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been reported for the reduction of PF8S by e, on these timescales. We will, however, note that Gu, et. al.”
report a decrease in the lifetime of e.q resulting from UV-irradiation of ethylenediaminetetraacetic acid in
the presence of PF8S. Although the authors do not explicitly analyze their decays to give a rate constant for
the reaction of e, + PF8S, based on the transient absorption data in their manuscript, we estimate that the
rate constant is ~ 5x10® M s”!. This is only a factor of ~ 5 less than what is reported here.

In addition to PF8S and PF8A, we also studied the interaction of e,;” with PFxS and PFxA compounds
of different carbon chain lengths with the resulting kg, also reported in Table 1. We compare PFxS and
PFxA in terms of the number of perfluorinated carbons they contain (e.g., PF9A and PF8S both have eight
perfluorinated carbons). Comparing PF9A, kq= (6.4 +0.4)x105M' s, and PF8S we find that their
respective kq values are within a factor of ~ 2 (Table 1). In general, the kq from PF2A to PF9A display no
chain length dependence (Figure 13B). The same lack of a chain length dependence on k4 is also found for
PFxS.

10 _
A 1.0 no PFAS B 10
- 100uM PF8S o
2 - 100uM PF8A 1] o—o0——
< 0.8 o—O0—0——0—— o—0—06—o0
< —~
'q:)] 0.6 ;:W o0
S 0.4- '& WM 2
é (& " 2 107+
o M ,MO
Z 021 y My
WNW "y 10°3
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' ' ' ' ' ' 10° ——
0 10 2 30 40 50 0 1 2 3 4 s & 5 3 9
time (us) # fluorinated carbons

Figure 13. (Left panel) Normalized transient e.q lifetime decays in the absence (black) and presence of 230 pM PF8S (red) and
280 uM PF8A (blue). (Right panel) Plot of the kq for the various PFxAs (blue) and PFxSs (red) probed here as a function of the
number of perfluorinated carbons in the PFAS backbone.

0 20 40 60 80 100 120 140 0-20 0 20 40 60 80 100 120 140 160 180 200
[PFxA] (uM) [PFxS] (uM)
Figure 14. (Left panel) Stern-Volmer plots for the quenching of e~ by PF9A (red), PF8A (blue), PF7A (green), PF6A (purple),
PF5A (orange), PF4A (brown), PF3A (light blue), and PF2A (cyan). (Right panel) Stern-Volmer plots for the quenching of eaq
by PF8S (red), PF6S (blue), and PF4S (green).

It should be noted that the magnitude of the kq reported here for PFSA differs from that reported by
Huang, et al’2, kq=(1.7+0.5)x10’ M s, by almost two orders of magnitude. The reason for this
discrepancy is not immediately apparent; for the data reported here, ionic strength has a negligible effect



Open framework materials for the adsorption and photocatalytic remediation of anionic contaminants 18

on the observed rate constants even at the highest concentration of PFAS probed (<200 uM), where the
observed and corrected rate constants differ by < 10%. We will note that based on the concentration
reportedly used by Huang, et al.” for their first addition of trifluoroacetate, we are at least two orders of
magnitude lower in concentration by our last addition of PFxA; no information was given by the authors
concerning the concentration range of PFS8A used in their study.

The activation energies, E,, associated with the reaction between the e, and PFxA or PFxS (Figure 15
and 16) are obtained by Arrhenius analysis of the temperature dependence of kq. Both the @, and 7, are
known to be dependent on the temperature.®- *° Therefore, lifetime decays are obtained in the absence and
presence of PFxA or PFxS in order to separate the contributions of 1, and kg to the overall rate of decay
according to Equation 15. An E, of 13 + 3 kJ mol! and 10 = 1 kJ mol™! are obtained for PF8S and PF9A,
respectively, and are found to be relatively independent of the PFAS probed. Activation energies of this
magnitude are consistent with most reactions involving solvated electrons and are discussed in more detail
below.él’ 81-83

A 24 B 24
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e — —
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Figure 15. Arrhenius plots for the temperature dependence on the quenching rate constant, kq, for (left panel) PFxA and
(right panel) PFxS.

—0O—PFxA
s

0 1 2 3 4 5 6 7 8 9
# fluorinated carbons

Figure 16. Activation energies for the reduction of PFxA (black squares) and PFxS (red circles) as a function of the number of
fluorinated carbons comprising the fluoroalkyl backbone.

Table 1. Bimolecular quenching rate constant and activation energy for the reaction between e,q and
PFxA, PFxS.
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# of
fluorinate  PFA kq E.
d S M'sh (kJ mol ™)
carbons
PFxS
4 PF4  (1.8+0.3)x10° 15+3
6 PF6 (1.7 +0.4)x10° 11+£2
8 PF8 (2.4 +0.6)x10° 13+£3
PFxA
1 PF2 (5.0 +1.4)x10® 13+£5
2 PF3  (5.8+1.2)x10® 543
3 PF4  (5.4+1.2)x108 8+2
4 PF5  (5.2+1.1)x108 10+£2
5 PF6  (5.4+0.1)x10® 12+1
6 PF7  (7.5+0.8)x10® 11+1
7 PF8 (7.1 +0.6)x10® 13+£3
8 PF9 (6.4 +0.4)x10® 10+1

Arrhenius analysis of the temperature dependence of the quenching rate constant, kg, for the PFxS and
PFxA compounds revealed that the E, associated with the reaction e,;” + PFAS — PFAS™ is on average
11 + 3 kJ mol™, which is in good agreement with typical E, for reactions e, + A — A~, where A is an
electron acceptor.®® The E, for these types of reactions is generally independent of the reactivity (i.e. the
magnitude of the kq(T)) and have been assigned as being diffusion limited and, therefore, effectively
barrierless.®!

van Hoomissen and Vyas*’, using DFT and natural bond orbital analysis, have calculated the VAE and
AEA for a number of PFxA and PFxS of varying chain length. They found that both VAE and AEA values
are consistent with the differences in the rate of reduction of PFxA vs PFxS as their predicted redox
potentials differ by ~ 0.5 V. The reaction rate is expected to depend on the redox potentials of the PFAS
and e,q, as predicted by the Marcus theory of electron transfer’’, and is therefore related to the probability
of PFAS reduction by e.q . Therefore, if the point of PFAS reduction is somewhere along the interior of the
PFxA carbon chain, as suggested by Bentel et al.*® may be possible, then there should be a strong chain
length dependence on the kg, as the C-F bond dissociation energies of the interior carbons decrease with
increasing chain length, presumably due to inductive effects. On the other hand, based on the theoretical
data reported by van Hoomisen and Vyas* the kq for reduction of the a-carbons (i.e. the carbon nearest to
the acid headgroup of the surfactant), for both PFxA and PFxS, is expected to be independent of chain
length. Our data suggest the latter mechanism to be the initial mode of reduction if, indeed, the AEA is an
appropriate predictor of reaction rate for the first reduction reaction; that is, the initial point of electron
attachment is the a-carbon adjacent to the anionic head group for both PFxA and PFxS. We carefully note,
however, that we have no corroborating spectroscopic evidence. The ~ 2-fold decrease in ky for PFxA
relative to PFxS, on average, may be the result of the differences in the electron withdrawing nature of the
head group.® It is well known that reactivity between e,q and an electron acceptor is dependent on the
relative electron deficiency of the acceptor and can be heavily influenced by the nature of substituents
present on the acceptor.®>%?

A marked chain length dependence on the overall degradation process of PFxS and no chain length
dependence on the rate of degradation for PFXA for x > 4 have previously been reported.*® 3> However, the
lack of a chain length dependence observed here for the initial reduction step of PFxS and PFxA suggests
that these previously observed differences in the rates of PFAS degradation between PFxS and PFxA are
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rate-limited somewhere downstream in the reaction pathway. The small 2-fold increase in the kq of PFxS
relative to PFxA for the initial reduction of the linear PFASs studied here is suggestive that the initial
reduction for these species occurs via a similar mechanism and their overall degradative pathways likely
diverge in subsequent steps.

Currently there are two modes of thought with regard to the initial steps involved in the degradation of
perfluoroalkyl carboxylates or perfluoroalkyl sulfonates by solvated electrons: either 1) defluorination (i.e.,
C-F bond breaking), or 2) chain shortening (i.e., C-C bond breaking).?! The implication is that these
processes occur concomitantly with PFAS reduction so that the apparent rate constant of 10® - 10° M ™!
would include terms for both reduction and bond-breaking (be it C-F or C-C). We posit that based on the
magnitude of the E, obtained here for the reaction between e.q- and PFAS, the two processes, reduction and
bond-breaking, are de-coupled. However, it is clear that more experimental and theoretical work needs to
be done to unambiguously identify and characterize the species resulting from the initial reduction of PFxA
and PFxS.

5. CONCLUSIONS

The data presented in this report indicate that Zr-MOFs are capable of effectively removing anionic
contaminants from aqueous media. In particular, the newly synthesized catZrMOF-1 demonstrates a
capacity for PFOS that exceeds GAC. Based on UV-visible absorbance data, we propose that the adsorption
of the anionic dye Eosin Y, and by extension the PFAS perfluorooctanesulfonate (PFOS), occurs by a ligand
exchange mechanism where the anionic contaminant displaces a coordinated ligand from the MOF back,
occupying the newly formed coordination site on the metal node of the MOF. Although the exchange of
one contaminant for another by this ligand exchange mechanism proves MOFs, as a general class, as a poor
choice for water treatment applications from a remediation perspective vis-a-vis degradative technologies,
given the recalcitrance of PFASs compared to simple organic molecules, there is an incremental benefit to
the use of MOFs in removing PFAS.

We have also shown that e, produced from SOs>" or Fe(CN)s*" readily reacts with PFOS with a rate
constant of ~ 2x10° M! s!. We propose that this reaction between e, and PFOS results in the reduction of
PFOS which is an important and necessary intermediate in the PFOS degradative pathway initiated by
hydrated electrons. However, the reaction between e, and PFOS, or other target contaminant, is often
competitively inhibited by the presence of weak acids that form at pH values between pH 10 and pH 5.
Nanosecond transient absorption spectroscopy provides good evidence that in the absence of weak Bronsted
acids the lifetime of e.q, formed by photodetachment remains unperturbed down to pH ~5 providing useful
insight for the design and discovery of new, more efficient, homogeneous and/or heterogeneous sources of
solvated electrons.
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