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Introduction

Perfluoroalkyl substances (PFAS) have been extensively used across multiple industries[1]. Their
amphiphilic and inert nature has made them critical components in many commercial and industrial
processes. including fire-fighting foams, packaging, and water repellent coatings and materials[2], and they
have subsequently entered the environment through multiple routes: airborne dust,[3] landfill leachate,[4]
and industrial and municipal wastewater[5]. The properties that make these compounds attractive, also
make them environmentally recalcitrant and mobile[6]. This resistance to degradation arises from the high
thermal stability of the carbon-fluoride (C-F) bond, the rigidity of the perfluoroalkyl chain and the lack of
reactive substituents in the PFAS molecule[7]. PFAS consist of a long aliphatic hydrophobic tail
saturated with F atoms attached to a hydrophilic head group. The elevated stability of the C-F bond
arises from the high electronegativity of F which gives this bond a partially ionic character[8,9]. This
bond also becomes shorter and stronger as the number of fluorine atoms on a carbon atom increase.
Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), two members of the PFAS
group, have been detected in human serum and milk[10]. They have been demonstrated to be human
carcinogens, as well as having adverse effects on the immune system.[11]. The most likely exposure
route for humans is through drinking water and the EPA has established a health advisory of 70 ng/L of
PFOS and PFOA[12]. The standard methods used to treat PFAS contaminated water are adsorption with
activated carbon, ion exchange resins and separation using nanofiltration or reverse osmosis
membranes[13,14]. However, these methods do not degrade the chemicals, and subsequent treatment is
required[13,15,16].

Two main PFAS groups are perfluoroalkyl carboxylates (PFCA), which have a carboxyl group as the
hydrophilic head and perfluoroalkyl sulfonates (PFSA) having a sulfonate group as the head. The
hydrophobic tail in both of these compounds is a long aliphatic chain where all the hydrogen atoms are
replaced by fluorine (F). While chemical oxidation has been fairly successful in the breakdown of PFCAs,
PFSAs have been particularly challenging to degrade[17]. In fact, chemical oxidation methods, including
hydroxyl radicals, are not effective at degrading these compounds, making them particularly challenging to
remove. The elevated stability of PFOS stems from its weak polarization, thermal stability (i.e., Co;Hs—H of
101 kcal/mol vs. C;Fs—F of 127 kcal/mol, and CF3—CF3 of 99 kcal/mol vs. CH;—CH3 of 89 kcal/mol) and
oxidative resistance (i.e., F + e —F", E’ = 3.6 V).[8,9,17] To date, very few methods have been identified
that can destroy this molecule; these methods include electrooxidation at high current densities (for C-F
bond cleavage, 9 V at a distance of 0.5 cm to 16.6 V at a distance of 2 cm at constant current density)[18]
using specialized electrodes (e.g. boron-doped diamond)[19], incineration,[20] sonolysis,[4] and reduction
via hydrated electrons[21,22].

UV-based degradation methods are widely used to destroy organic contaminants in water.[25] However,
the destruction of PFOS by UV alone (with low- or medium- pressure mercury lamps) at room temperature
is very slow (10 days, 48% defluorination with initial 40 uM PFOS under N, atmosphere).[26] The
mechanism responsible for PFOS degradation under UV irradiation is believed to involve the generation of
hydrated electrons (h,), which are produced from the ionization of water by sufficiently energetic photons
(with a wavelength below 185 nm) (Equation 1).[27] The high reduction potential of h, allows them to
reduce the C-F bond (E®% = -2.87 V; E®c.r < -2.7 V).[17] However, the high reactivity of the h, (coupled to
the low number of sufficiently energetic photon generated from standard medium pressure UV lamps) leads
to many competing side reactions (e.g., Equations 2 and 3), which rapidly consume them and lead to the
slow defluorination rates observed in pure UV systems.[17,28] In fact, studies have indicated that the
lifetime of h, in solution is approximately 107 sec, with a diffusion pathway estimated to be <2 nm
long.[17,28] Thus, strategies to increase the effectiveness of /4. include the elimination of competing side
reactions, increasing the number of h, generated, and increasing the probability of reaction between h, and
the target molecule. Increasing the h, yield has been demonstrated by adding compounds such as sulfite[22]



and iodide[8], while competing reactions can be eliminated through the addition of hydroxyl-radical
scavangers (e.g., tert-butanol), increasing pH, or eliminating dissolved O, .[27,29] However, the addition
of chemicals to water, which, depending on the water’s final intended use, usually requires further treatment
to remove these impurities.[30]

2H,0 + hv - OH + Hs0* + h, (1)
‘OH +h, » OH~  k=3.0x10"°M"'s! (2)
H* 4+ h, > H+ H,0 k=2.3x10°M's! (3)

To the best of our knowledge, strategies to increase the reaction rate of hydrated electrons with target
molecules (without changing environmental conditions, such as temperature), have not been explored.
Developing such strategies could enable the effective degradation of recalcitrant compounds without the
need for chemical additives or energy intensive degradation processes. One such strategy involves the
lowering of the activation energy of the C-F bond. While there have been reports on catalytic processes
capable of facilitating the defluorination of aromatic fluorinated compounds, no such catalysts have been
identified for aliphatic species. An alternative method to lower the activation energy of these bonds involves
the “priming” of target molecules through direct electron transfer (ET); in this method, an electron is forced
onto the target molecule, without leading to the dissociation of any chemical bonds. [31]*!. The driving
force for this ET can be provided through a potential difference between the surface of a cathode and a
sorbed target molecule (such as PFOS), with greater differences driving faster ET rates.[31,32] If the
potential difference is large enough, and there is sufficient energy in the system, the receiving entity can
dissociate, leading to bond cleavage.[32] However, if there is insufficient energy in the system, the electron
can return to the donating entity (i.e., the system relaxes).[31,33] When the electron transfers to the
“receiving” entity, the entity becomes excited and forms a transient radical anion; in this excited state,
chemical bonds in the receiving entity destabilize due to a perturbation of the entity’s electron cloud.[33,34]
Thus, in this excited state, the molecules are more susceptible to external energy input that can lead to bond
dissociation.[33] ET between molecules sorbed onto a conductive surface can be initiated through the
application of an electrical potential to this surface.[35] In an aqueous environment, if this potential exceeds
the over-potential associated with water electrolysis, gas evolution and energy consumption increase.
However, below this threshold, ET occurs without any water splitting, making the process energy-efficient.

Here, we examine how potential-induced ET processes can dramatically increase the defluorination rate of
PFOS molecules by UV-generated h, in an additive-free system. Importantly, the ET reaction is performed
at potentials below water electrolysis, which dramatically reduces energy consumption in the system. The
defluorination reactions are explored under different electrode surface chemistries, aqueous constituents,
and applied potentials. The degradation products and defluorination rates are characterized by liquid
chromatography — mass spectroscopy (LCMS), ion selective electrodes, and ion chromatography (IC). In
addition, density functional theory (DFT) is used to explore the impact of electron addition to the PFOS
molecule in terms of bond lengths and the C-F bond activation energy. Our results demonstrate how the
specific adsorption of PFOS onto electrodes with tailored chemical properties can facilitate ET between the
electrode and the adsorbed PFOS, which enables UV-generated h,, to rapidly defluorinate PFOS. To the
best of our knowledge, this is the first study to demonstrate the coupling of electrochemically-induced ET
to photo-assisted degradation reactions, which dramatically increases the degradation rate of aqueous
recalcitrant organic contaminants. We also extend this study to investigate the effect of the head group
(carboxyl vs sulfonate) and alkyl chain length on the extent of PFAS degradation, and on other co-
contaminants including chlorinated solvents such as trichloroethylene and cis-dichloroethylene which are
found in groundwater along with PFAS.

1. Results
1.1.Impact of different CNT surfactant stabilizers, potential, solution pH and electrode surface area on
defluorination of PFOS
While UV-generated h, alone are able to defluorinate PFOS, the defluorination rate is very slow, with
only 0.012 ppm (0.63 uM) F~ (0.4% defluorination) generated after 2 hours of exposure (control experiment



in Figure 1a). To test the UV-electrochemical system, we used a Pt-coated titanium (Ti) plate and a graphite
sheet as cathodes (with a Pt-coated Ti plate as anode), and found that the defluorination rate showed no
clear improvement after applying 2 V (Figure 2). Since CNTs are excellent current collectors, as well as
capable of sorbing contaminants (though not capable of producing h, by any recognized mechanism), we
used percolating networks of CNTs, deposited on a polymeric support, and functionalized them with
different surfactants as sorption sites/electrodes with the goal of facilitating ET between the current
collector and sorbed contaminants[36—38]. Here, surfactants with different structure and functional groups
were used to stabilize aqueous suspensions of CNTs, which were subsequently deposited on the support;
the hydrophobic tail of the surfactant tethers these molecules to the CNT backbone through hydrophobic
interactions, with the charged hydrophilic head capable of potentially functioning as ion exchange sites for
the target molecules[39]. These electrodes (Figure 3, with CNT layer thickness 6 pm) were immersed in a
PFOS solution and a-0.58 V vs. Ag/AgCl (2 V cell potential) was applied to the CNT electrode (functioning
as a cathode against a Pt-coated Ti anode). A marked increase in F~ concentration was observed when the
cationic surfactant CTAB was used as the CNT stabilizer [F~ of 0.21 ppm (11.05 pM) after 2 hours, or
7.33% defluorination at a defluorination rate of 0.10 ppm/h (5.26 uM/h)] (Figure 1a). Similarly, when the
cationic surfactants TDTAB and BZT were used to stabilize the CNTs, enhanced defluorination was
observed, but to a lesser extent [F* of 0.11 ppm (5.79 uM) and 0.13 ppm (6.84 uM) after 2 hours,
representing 3.67% and 4.33% defluorination, respectively] (Figure 1a). However, CNTs stabilized with
the anionic surfactant DDBS or the non-ionic surfactant Triton X-100 did not show any accelerated
defluorination (Figure 1a).
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Figure 1. (a) Impact of different CNT surfactant stabilizers on defluorination of PFOS (UV + -0.58 V
vs. Ag/AgCl at pH 6.5 with 50 cm? electrode surface area; Control = no electrode); (b) impact of initial
pH on defluorination (CNT/CTAB cathode with 50 cm? electrode surface area, -0.58 V vs. Ag/AgCl,
UV); (c) impact of applied potential on PFOS defluorination (CNT/CTAB cathode with 50 cm? electrode
surface area, UV, pH 11.5; Control = no electrode); (d) impact of CNT/CTAB cathode surface area on
PFOS defluorination (UV, -0.58 V vs. Ag/AgCl, pH 11.5).

Protons are effective scavengers of h, (Equation 3)[17,28]. Thus, it is expected that a drop in proton
concentrations will reduce competition for h,, increasing their availability to react with the sorbed PFOS
on the cathode. We investigated the impact of initial solution pH on PFOS degradation on a CNT/CTAB
cathode with -0.58 V vs. Ag/AgCl applied to its surface (Figure 1b). As expected, increasing the pH of the
solution from 6.5 to 11.5 increased the final F- concentration from 0.21 ppm to 0.38 ppm (Figure 1b), and



the defluorination rate rose from 0.10 ppm/h (5.26 uM/h) to 0.19 ppm/h (10.27 uM/h). Even though the
change in proton concentrations explored in these experiments was exponential, the increase in
defluorination rate was not. Thus, while the solution pH is important, it is not the governing factor in
determining defluorination rates.
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Figure 2. Defluorination performance under different reaction conditions

Figure 3. (a)VCNT/CTAB electrode; (b) scanning electron miE;)scope image of CNT/CTAB electrode
surface

The impact of the applied potential on PFOS defluorination rates using CTAB-functionalized CNT
electrodes was also investigated (Figure 1c). By applying 0 V, 1 V, 2 V, and 3 V cell potentials (with CNT
electrode as cathode), the relative potential (vs. Ag/AgCl) of the CNT/CTAB electrode was +0.03 V, -0.19
V, -0.58 V, and -1.25 V. The current density under these conditions was 0.0166 pA/cm?, 0.0038 + 0.0002
mA/cm?, 0.056 + 0.002 mA/cm? and 0.1152 £ 0.004 mA/cm?, respectively. At cell potential > -0.58 V vs.
Ag/AgCl, increasing the cell potential (and current density) enhanced the defluorination rate from 0.15
ppm/h (7.83 uM/h) to 0.19 ppm/h (10.27 uM/h). Critically, at 0 V (i.e., CNT/CTAB electrode immersed in
the solution with no external potential applied), the CNT/CTAB had a potential of +0.03 V vs. Ag/AgCl,
and we observed an increased defluorination rate from 0.006 ppm/h (0.30 uM/h) (the control with no
electrode present) to 0.057 ppm/h (3.02 uM/h). However, when -1.25 V vs. Ag/AgCl (3 V cell potential)
were applied to the CNT/CTAB electrode, the defluorination rate declined from 0.19 ppm/h (10.27 uM/h)
to 0.15 ppm/h (7.75 uM/h) while the final F~ concentrations declined from 0.39 ppm (20.52 uM) to 0.29
ppm (15.26 uM) (Figure 1c). Cyclic voltammetry (CV) measurements using the CNT/CTAB as a working
electrode showed that the onset of electrolysis occurs at -0.30 V vs. an Ag/AgCl reference (Figure 4). At -



1.25 V vs. Ag/AgCl (3 V cell potential), water electrolysis was occurring, which competed with PFOS for
electrons. Also, we cannot rule out electrostatic repulsion between the negatively charged PFOS and
CNT/CTAB cathode surface since the final F- concentration after a 2 hour reaction declined from 0.087
ppm (4.58 uM ) (CNT/CTAB surface not connected to a counter Pt-Ti counter electrode, UV, pH 6.5) to
0.076 ppm (4.00 pM) when the CNT/CTAB electrode was used as an anode (cell potential of 2 V, UV, pH
6.5) (Figure 5). Thus, both the cathodic potential on the CNT/CTAB electrode and the sorption of PFOS
on the surface of the electrode are necessary to increase PFOS susceptibility to the h, attack, which
increases the overall defluorination rate.
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Figure 4. Cyclic voltammetry curve with CNT/CTAB, Pt-Ti plate and Ag/AgCl as working,
counter, and reference electrodes
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Figure 5. Defluorination performance in UV reaction systems with/without CNT/CTAB
electrode under oxic condition after 2-hour reaction with initial pH = 6.5

To determine whether the PFOS defluorination reaction is indeed a surface reaction taking place on the
CNT/CTAB electrode, we varied the surface area of the electrode immersed into the PFOS solution (10, 20,
and 40 cm?) (Figure 1d). After 2 hours reaction (UV, -0.58 V vs. Ag/AgCl), the final F- concentration was
0.08 ppm (4.21 pM), 0.15 ppm (7.89 uM), and 0.30 ppm (15.79 uM), for the 10, 20, and 40 cm? electrode,
respectively, with concentrations doubling with each doubling of surface area.



1.2. PFOS adsorption on electrode surface

X-ray photoelectron spectroscopy (XPS) was employed to evaluate the adsorption of PFOS on the cathode
surface. Full spectrum XPS scans (of gently rinsed and air-dried electrode surfaces) clearly showed the presence
of a fluoride peak on the CNT/CTAB electrode after it was immersed in the PFOS solution for 30 minutes, with
4.45% of the atomic mass on the surface attributable to fluoride (Figure 6 a). Since no other fluoride containing
species were in the solution, this is a strong indication that PFOS successfully sorbed to the CNT/CTAB material.
Moreover, F signal was also detected after PFOS adsorption test with a cell potential of 2 V (CNT/CTAB-1, in
Figure6 a), implying that potential did not stop PFOS adsorption. While no fluoride signal was detected on the
full XPS spectra obtained from the CNT/TDTAB and CNT/BZT surfaces (Figure 6 a), a high-resolution scan of
the F 1s region did detect some fluoride on these surfaces, although peak intensity was low (Figure 6 b). When
the CNT/DDBS and CNT/TritonX surfaces were examined with the full scan (Figure 6 a) and the high-resolution
F 1s scan (Figure 6 c), no fluoride was detected, suggesting that PFOS adsorption did not occur on these two
types of cathodes. Furthermore, on the CNT/CTAB electrode surface, the high-resolution F 1s XPS spectra
(Figure 6 d) showed that the peak shifted from 689.2 £ 0.2 eV to 688.2 + 0.2 eV after 2 hours reaction (UV, -
0.58 V vs. Ag/AgCl, pH 6.5), consistent with -CF»-CF»- bonds being partially reduced to CF,-CHF-/-CF»-CHo-
/CHF-CHaz- bonds[40]. These XPS results suggest that PFOS adsorption is an essential step for ET enhancement
of the defluorination process, and, that PFOS reduction occurs on the cathode surface (driven by interactions
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Figure 6. (a) Full XPS spectra of CNT/DDBS, CNT/BZT, CNT/TritonX, CNT/TDTAB, and CNT/CTAB(-0)
electrodes after PFOS adsorption at pH 6.5 for 30 min (CNT/CTAB-1, after PFOS adsorption at pH 6.5 with a
cell potential of 2 V for 30 min); (b) high-resolution F 1s XPS spectra of cationic CNT/BZT and CNT/TDTAB
electrodes after PFOS adsorption test; (c) high-resolution F 1s XPS spectra of CNT/DDBS and CNT/TX
electrodes after PFOS adsorption test; (d) high-resolution F 1s XPS spectra of pristine CNT/CTAB electrode
and electrodes before and after PFOS degradation (UV, -0.58 V vs. Ag/AgCl, pH 6.5).

1.3. Defluorination driven by hydrated electrons
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Figure 7. PFOS defluorination in the presence of TB, nitrate, or N> (UV, -0.58 V vs. Ag/AgClL, pH 11.5)

To explore the role of h, in PFOS defluorination reactions, we carried out defluorination experiments
(CNT/CTAB cathode, UV, -0.58 V vs. Ag/AgCl, pH 11.5) with different solution additives (Figure 7).
Nitrate is an effective h, scavenger (Equation 4)[41]; when 15 mM of nitrate were added, very little
fluoride was liberated, which confirms the importance of h, to the defluorination process. Dissolved
oxygen (DO) acts as a highly effective h, scavenger (Equations 5 and 6)[28]. By continuously purging N»
through the system, DO concentrations were reduced to below 0.1 ppm; once the experiment commenced,
defluorination was greatly enhanced , with a final F- concentration (after 2 hours) of 0.71 ppm (37.37
uM), a nearly two-fold increase over concentrations measured under oxygenated conditions (Figure 7 vs.
Figure 1b), with defluorination rates greatly enhanced to 0.46 ppm/h (24.03 uM F+/h, a 2.34-fold increase
over oxygenated conditions). Hydroxyl radicals formed during the UV-induced h, generation process
(Equation 1) can scavenge h,, and since both of these species are co-located during generation, hydroxyl
radicals act as potent scavengers. When we added 15 mM of tert-butanol, a known hydroxyl radical
scavenger, to the solution, the defluorination rate increased to 0.48 ppm/h (25.08 uM F/h) (83 times
higher than that in the UV-only system), a result very similar to the N, purging (Figure 7). Together, these
results demonstrate the critical part that h, play in PFOS defluorination.

h, + NO3 > (- NO3)?~ k=1.0x10" M"'s (4)
hy + 0, > 05 k=1.9x10° M's! (5)
h, + 05 — 02~ k=1.3x10'" M's’! (6)

1.4.PFOS removal, desulfonation, and defluorination

In addition to fluoride, sulfate and PFOS concentrations were measured at the end of the 2-hour
experimental period. The reaction of h, and PFOS can lead to the cleavage of the sulfonate group from the
PFOS molecule, which transforms to sulfate in water[26,29]. In general, PFOS removal (defined as the
final PFOS concentration divided by the initial PFOS concentration) was greater than desulfonation
(defined as the final sulfate concentration divided by the total theoretical sulfate concentration generated
after 100% PFOS degradation); desulfonation was nearly always greater than defluorination (defined as the
final fluoride concentration divided by the total theoretical fluoride concentration generated after 100%
PFOS degradation), except when tert-butanol (the hydroxyl radical scavenger) was added to the solution
(Table 1). When a PFOS solution (pH 11.5) was exposed to medium-pressure UV light, no PFOS or sulfate
were removed, and the % defluorination was extremely low (0.4+ 0.10%). When a CNT/CTAB/Pt-Ti
electrode pair was added to the solution (0 V), desulfonation, and defluorination increased to 57.1 + 6.2%,
and 3.7 £ 0.1%, respectively (Table 1). Upon purging with N, PFOS removal, desulfonation, and
defluorination increased to 81.0 = 3.1%, 70.0 + 3.4% and 6.8 = 1.0%. When a potential was applied to the
electrode pair (-0.58 V vs. Ag/AgCl), these ratios further increased to 86.2 +£5.9%, 77.8 + 4.5% and 23.7 +
1.2%. Interestingly, the addition of tert-butanol did not change defluorination (23.3 = 0.9%), but
desulfonation dropped dramatically (to 24.1 + 2.2%). At a moderate pH (8.5), desulfonation and
defluorination were somewhat lower than at higher pH. Based on the data presented in Table 1, it can be



deduced that anaerobic conditions, high pH, and moderate potentials are favorable for both defluorination
and desulfonation of PFOS.

Table 1. PFOS removal and degradation performance after 2 hours of reactions under different conditions.

Defluorination
Experiment PFOS removal Desulfonation Defluorination rate® (ppm/h; uM
conditions (%) (%) (%) F/h)
UV pH 11.5 / - 04+0.1 0.0057; 0.30
UV/OV,pH 11.5 NM 57.1+6.2 3.7+0.1 0.05738; 3.02
UV/OV,No,pH 11.5 81.0+3.1 70.0 + 3.4 6.8+ 1.0 0.13794; 7.26
UV/2 V,pH 8.5 NM 49.4+9.0 7.5+0.1 0.11362;5.98
UV/2V,pH 11.5 NM 732+£11.2 12.8+0.2 0.19513; 10.27
UV/2V,N,,pH11.5 86.2+£5.9 77.8+4.5 23.7+1.2 0.45657; 24.03*
UV/1 V,pH 11.5 NM 474+5.6 9.8 +0.1 0.14877; 7.83
UV/3V,pH 11.5 NM 57.6+6.7 9.6+ 0.4 0.14725; 7.75
UV2V,TB,pH11.5 65.6+7.1 24.1+£2.2 23.3+0.9 0.47652; 25.08*

Note: /, no removal within 2 h; -, sulfate concentration after 2h was below the detection limit; !, no
CNT/CTAB electrode in reaction system; TB, tert-butanol; ?, linear fitting with r*> >0.98; *, data within first
hour was used for calculation to minimize impact of mass-transport limitations; NM, not measured.

1.5 PFOS degradation pathway and products

Analysis of the products generated from PFOS decay were explored using LCMS for the UV/2V system
under N, gas at pH 11.5 (from Table 1, PFOS removal of ~86%, desulfonation of ~78% and defluorination
of ~24%). Degradates from other photoelectrochemical systems from Table 1 were not explored.
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Figure 8. Evolution of PFOS degradation products over time.

PFOS decay occurred concomitantly with the formation of PFOA and several shorter chain perfluorinated
acids (Figure 8), the formation of which was confirmed using commercially available standards. PFOA
concentration was greatest at our earliest sampling point but steadily degraded over the remainder of the
reaction time. At all sampling points, the least abundant degradate was perfluoroheptanoic acid.
Perfluorohexanoic and pentanoic acid species accumulated over the first 90 minutes, but their
concentrations decreased in the final sampling point. The concentration of shorter chain length
perfluorobutyric acid and pentafluoropropionic acid increased monotonically over time, and were present
at the greatest abundance at the final sampling point after 2 hours.

The amount of products detected and quantified is far below the initial concentration of PFOS used in these
experiments. To assess potential non-reactive mass losses in our electrode systems, we also conducted



control studies in the absence of UV light and applied potential to measure the uptake of PFOS on CTAB
functionalized electrode materials. These sorption studies, which were conducted at an identical electrode
loading (based on surface area ~0.067 cm?mL) to that used in photoelectrochemical systems, revealed
some uptake capacity for the electrode materials (2.6 pg PFOS/cm? of electrode area). In contrast, DDBS
functionalized electrodes did not exhibit any detectable uptake.

We note that no attempts were made to evaluate the relative degree to which degradates sorbed to the
electrode surface, such that dissolved concentrations reported in Figure 8 may not reflect the total mass of
each species generated from PFOS degradation (i.e., some degradates may remain surface associated). We
also did not attempt to identify, via non-target analysis, any previously unidentified PFAS degradates that
may have been generated photoelectrochemically under these conditions, which may also explain the
difference observed between initial PFOS mass and measured degradate mass.

1.6 Modeling the impact of electron addition to PFOS

To explore the impact of ET on the various PFOS bonds, we performed density functional theory (DFT)
calculations. To simplify the calculations, we focused only on the impact of additional electrons to PFOS,
and neglected other (potentially important) interactions, such as between CTAB and PFOS and CNTs and
PFOS. Both the geometries of the native (-1 charge) and excess-charged (-2 charge) PFOS systems were
optimized in the presence of a conductor-like polarizable continuum model (PCM) by Tomasi and co-
workers[42—46], which creates a solute cavity via a set of overlapping spheres to calculate the solvent
reaction field. A detailed description of the computational approach can be found in the SI. For the native
system, we obtained strong bond dissociation free energies of ~102 kcal/mol (on average), which reflect
the strength of the polar C—F bond (Figure 9). Upon the addition of a single electron to the PFOS molecule
(which formed the excess-charged state), we obtained C-F bond dissociation free energies of ~30 kcal/mol
(Figure 9), which are significantly reduced compared to its native configuration.
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Figure 9. Change of bond dissociation free energy after adding one electron onto native PFOS molecule.

In addition to changes in C-F bonds, we used DFT to explore the bond length of the C-S bond in response
to ET (Figure 10). Similar to the C-F bonds, the C-S bond weakens as electrons are added to PFOS.
Interestingly, the C-S bond length (a proxy to bond strength, with longer distances pointing towards lower

strength[47]) responds rather weakly to the first ET event (increasing from 1.92 4 to 1.94 A. However, the
addition of a second electron more than doubles the bond length (to 4.22 A), which strongly suggests bond
dissociation.
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1.7 Effect of chain length and headgroup on degradation rate

Table 2: Surface coverage on the electrode (measured by XPS)

Species  Fluoride surface coverage

PFENA 0.16%

PFOA 0.17%
PFHpA below detection limit
PFOS 4.45%
PFHxS 0.65%

PFBS below detection limit

In this section, we report on the degradation rates of PFCA and PFSA molecules with different chain lengths.
The PFCA molecules we tested were PFHpA (7 carbons), PFOA (8 carbons), and PFNA (9 carbons), while
the PFSA molecules were PFBS (4 carbons), PFHxS (6 carbons), and PFOS (8 carbons) (Figure 11). For
PFHpA (7 carbon), the F concentration was 0.64 + 0.03 ppm after 2 hours with UV-only. Under UV/0V
conditions, the fluoride concentrations increased to 0.7 = 0.11 ppm (a 9.3% increase), although this increase
was not statistically significant (p=0.29 by unpaired t-test). However, when a potential of 2 V was applied,
there was a significant increase to 0.76 +0.05 ppm (an 18.75% increase over UV-only conditions). For
PFOA (8 carbon), degradation under UV-only conditions resulted in a fluoride concentration of 0.69 + 0.06
ppm after two hours, which increased to 0.79 = 0.07 ppm (14.5% increase) under UV/0V conditions,
although this increase was not statistically significant. The application of 2 V further increased the rate of
defluorination, with a final F concentration of 0.98 &+ 0.17 ppm (a 42% increase over UV-only conditions);
this increase was statistically significant. In PFNA (9-carbon) degradation, the final fluoride concentration
was 0.67 = 0.03 ppm under UV-only conditions, which increased marginally to 0.68 £ 0.03 under 0 V
conditions (not significant). However, under UV/2V conditions, the final fluoride concentration increased
significantly to 1.12 = 0.12 ppm (a 67% increase over UV-only conditions). Based on these results, under
UV-only conditions, the PFCA chain length had little impact on the defluorination rate when only hydrated
electrons were involved (0.64 ppm, 0.69 ppm and 0.67 ppm for 7, 8 and 9 carbon chain compounds,
respectively). This data matches previous studies where defluorination rates by hydrated electrons were
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found to be independent of chain length[9]. Immersing the electrodes (UV/0V conditions) resulted in a
small increase in defluorination rates of PFHpA and PFOA (9.3% and 14.5% respectively), and only a
marginal increase in the defluorination of PFNA. However, the increased defluorination was not statistically
significant, and it is unclear why an uncharged electrode surface would contribute to increased
defluorination.
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Figure 11: Defluorination of PFSAs with different chain lengths under UV/2V, UV/0V and UV-only
(i.e., no electrode was present) conditions: (a) PFHpA, (b) PFOA, (c) PFNA, (d) PFBS, (e) PFHxS and
(f) PFOS at pH 11.5 and N> purging. The UV/0V conditions imply that the electrodes were immersed
in the solution, but no external potential was applied, while UV implies that no electrodes were present;
and (g) % Defluorination of six PFAS compounds under UV/2V conditions

Under UV/2V conditions, there was a small increase in the defluorination rate of PFHpA (8.5% increase in
the final F concentration over UV/0V conditions). We observed a greater enhancement in defluorination for
PFOA (24% increase in F concentration over UV/0V), and an even greater increase during PFNA
degradation (67% increase in F concentration over UV/0V). In order to determine whether this increase can
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be attributed to potential-driven ET between the electrode and the sorbed molecules, we performed XPS
measurements (Table 2) to quantify the amount of PFCA sorbed on the electrode surface, which is the first
step in the ET process. A previous study on the sorption of PFCAs on activated carbon showed that longer
chain compounds exhibited higher sorption, which is associated with the more hydrophobic nature of the
longer perfluorinated tail[24]. This would indicate that PFNA should have the highest sorption, followed
by PFOA and then PFHpA. However, our results did not agree with this. While no fluoride could be detected
on the surface of the electrode tested for sorption of PFHpA, the electrodes tested with PFNA and PFOA
showed some fluoride surface coverage (0.16% and 0.17% respectively). However, this sorbed fluoride is
not significant and it is unlikely that any surface reaction is causing enhanced defluorination. Since the data
clearly demonstrates that the longer-chained molecules exhibit better defluorination under these conditions,
and since there is no significant difference in sorption of PFOA and PFNA on the electrode surface, this
enhanced defluorination rate for longer chained compounds is not caused by sorption of PFCAs on to the
electrode. Previous studies used density function theory (DFT) to calculate the effect of the chain length on
the bond dissociation energy (BDE) of the C-F bond in PFAS molecules. They found that the BDE for C-F
bonds associated with longer chain compounds are lower. The average BDE for PFNA is 108.6 kcal/mol,
while that for PFOA is 108.8 kcal/mol. The BDE for PFHpA is quite a bit higher, at 109.4 kcal/mol, which
makes it harder for the C-F bond in PFHpA to break. Hence, we speculate that the reason for higher
defluorination rate of longer chained PFCAs is due to the reduced BDE of their C-F bonds.

The defluorination of PFSA molecules with different chain lengths (PFBS (4 carbons), PFHxS (6 carbons),
and PFOS (8 carbons)) was studied under UV, UV/0V and UV/2V conditions (Fig. 2d, e, f). For PFBS, very
little defluorination was observed under all three conditions (0.006 + 0.001 ppm with UV, 0.009 + 0.002
ppm with UV/0V, and 0.008 = 0.001 ppm with UV/2V) (Figure 11d). When studying the 6-carbon PFHxS,
the fluoride concentrations under UV-only conditions reached a very low 0.07 + 0.01 ppm. Immersing
electrodes in the solution enhanced degradation rate by 100% to 0.15 + 0.03 ppm, and the application of 2
V enhanced the defluorination further, increasing fluoride concentrations from 0.15 + 0.03 ppm to 0.24 +
0.06 ppm (a 60% increase) after 2 hours of reaction (Figure 11e). For 8-carbon PFOS, the fluoride
concentration under UV conditions was 0.12 £ 0.01 ppm, increasing by 125% to 0.27 + 0.05 ppm when
electrodes were immersed into the solution (Figure 11f). The application of 2 V further increased the
defluorination rate, resulting in a final fluoride concentration of 0.63 £ 0.03 ppm (a 133% increase). While
we observed some (albeit, very limited) breakdown of 6 carbon compound PFHxS (0.07 = 0.01 ppm) and
8 carbon compound PFOS (0.12 £+ 0.01 ppm) under UV-only conditions, no PFBS (4 carbon compound)
breakdown (0.006 + 0.001 ppm) was observed. This agrees with previous studies showing that shorter chain
PFSAs are much harder to break down by hydrated electrons[48]. While immersing the electrode and
applying potential did not impact the PFBS degradation rate, results were different in the case of the two
longer chained compounds. For PFHxS and PFOS, simply immersing the electrode increased defluorination
rate significantly, whereas the application of 2 V enhanced it even further. Several studies on the sorption
of different chain-length sulfonated PFAS molecules have shown that longer chain PFAS are sorbed on to
granular activated carbon to a much greater extent[49]. To test the sorption of PFAS on the CNT electrode,
we performed XPS, with the results shown in Table 2. The data in Table 2 shows that, as expected, the
carbon chain length had a big impact on PFSA adsorption. As in the case of PFCAs, the enhanced
defluorination observed when the 2 V potential was applied is likely due to potential- driven ET between
the electrode and the sorbed molecule, followed by an attack by a hydrated electron. Since sorption on the
electrode surface is the first step in the defluorination process, and is critical for the ET between the
electrode and target molecule to occur, it follows that shorter chain compounds which are sorbed to a lesser
extent will exhibit lower defluorination rates. It is possible that the enhanced defluorination of PFHxS and
PFOS that we observed in the absence of an applied cell potential can be attributed to ET caused by the
open circuit potential (-0.03 V), which possibly causes bond destabilization to a lesser extent, making the
C-F bonds more susceptible to breakdown by hydrated electrons.

The % defluorination (Figure 11g) was calculated as the concentration of fluoride measured in the sample
at the end of two hours, expressed as a percent of the fluoride concentration expected on 100%
defluorination. The highest defluorination was observed for 9-carbon PFNA, at 32 + 3.4% defluorination.
For the slightly shorter 8-carbon PFOA, the defluorination was 28.5 + 5%. For 7-carbon chained compound
PFHpA, the defluorination further dropped to 22.7 + 1.5%. For sulfonated compounds, the 8-carbon chain
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PFOS reached 19.2 + 1.2% defluorination. For the 6-carbon chained PFHxS, the final defluorination was
7.8 = 1.9%. However, the 4-carbon PFBS experienced barely any defluorination (0.3 £+ 0.03%). These
values are in line with our hypothesis that sulfonated PFASs are harder to defluorinate than carboxylated
PFAS, and in compounds with the same headgroup, the ease of defluorination decreases with decrease in
chain length.

1.8 Degrading PFAS mixtures

To test the effect of mixtures on PFAS defluorination rates, experiments were carried out with 5 ppm of
each of the PFAS molecules tested previously along with 50mM of NaClO4 (Figure 12). Under UV/0V
conditions, the final F concentration resulting from the defluorination of the PFAS mixture was 2.8 + 0.3
ppm (Figure 12a). When 2 V potential was applied, the fluoride concentration increased by 16.1% to 3.2 +
0.1 ppm (Figure 12a). Figures 12b and 12c¢ show a comparison between the F concentrations observed
during degradation of the mixture and the expected F concentration based on adding F concentrations
observed at the end of two hours during degradation of the individual compounds. Under UV/0V conditions,
the experimental values (2.8 = 0.3 ppm) are close to the expected values from defluorination of individual
compounds (2.6 + 0.3 ppm), a 7.1% difference albeit not a statistically significant one. However, under
UV/2V conditions, significant differences emerge. Specifically, the experimentally observed fluoride
concentration resulting from degrading the PFAS mixture was 3.2 + 0.1 ppm, significantly lower than the
expected values from the degradation of individual compounds (3.8 & 0.4 ppm), a 18.8% difference. Studies
on the sorption of PFCAs on bamboo activated carbon and IRA67 resin showed a significant reduction in
adsorption when a mixture of PFCA was tested[50][51]. This was due to the PFCA molecules competing
for adsorption sites. Thus, we speculate that competition between PFSA molecules for adsorption sites on
the CNT electrode limits ET and reduces overall PFAS degradation rates.
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Figure 12: Defluorination rates of mixture of PFAS (a) Comparison with and without applied potential,
and comparison between experimentally observed defluorination of mixture and expected defluorination
based on individual compounds tested under conditions of (b) UV/0V and (c) UV/2V

1.9 Probing the mechanism of PFOS defluorination

13



ET reactions occur when an electron is passed from the electrode surface to the molecule, typically when
these two entities are in close proximity. The driving force for this reaction is a potential difference between
the electrode and the molecule[19]. If the potential difference is large enough, thus leading to a sufficiently
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Figure 13: Percent defluorination for Labeled (C'?) and non-labeled (C'?) PFOS under UV/2V (pH 11.5,
bubbled with N, gas).

energetic electron, this electron transfer reaction can lead to bond cleavage[52]. However, if the potential
difference is insufficient, the electron can relax and return to the electrode. When the electron is transferred
to the PFOS molecule, the molecule shifts to an excited state and a radical anion is formed. In this excited
state, molecular bonds are weakened (i.e., elongated) and are more susceptible to cleavage by an external
hydrated electron[53]. The strength of a covalent bond is a function of the atomic species that compose the
bond, as well as their atomic weight[54]. Specifically, heavier atoms form stronger bonds[55][56].
Therefore, when comparing the defluorination of PFOS molecules sorbed onto a CNT electrode, we
hypothesize that PFOS molecules containing heavier atoms (i.e., isotopically labeled PFOS) will undergo
slower defluorination rates because their C-F bonds will not become as “perturbed” as a result of ET
compared to unlabeled PFOS. This is known as the kinetic isotope effect, wherein heavier isotopes of PFOS
will have a lower vibrational frequency, making it harder to break the bonds. In general, it is easier to break
bonds with C'? than with C'3. The electron added through externally applied potential will have a greater
effect in weakening the C'>-F bond compared to the C'*-F bond, resulting in lower defluorination of the
isotopically labelled PFOS[57,58]. Results in Figure 13 show that the defluorination rate of isotopically
labeled PFOS (C'*) was lower than the non-labeled (C'?) PFOS (35% for isotopically labelled PFOS vs.
52% for non labelled PFOS). This confirms that the defluorination occurs due to C-F bond excitation by
the ET step and subsequent breakdown by the hydrated electron.

1.10 Degradation of chlorinated solvents

The degradation rates of trichloroethylene (TCE) and cis-dichloroethylene (¢cDCE) were measured using
the same experimental conditions used to assess PFAS defluorination. For TCE (Figure 14a), the final Cl
concentration under UV-only conditions was 1.53 £ 0.13 ppm, increasing marginally to 1.62 + 0.36 ppm
under conditions of UV/0V. Under UV/2V conditions, the final Cl concentration was 1.58 + 0.3 ppm at the
end of two hours. There was a sudden jump in Cl concentration in the last 30 minutes under UV/2V
conditions. The reason for this is unclear. However, the error bars for all these conditions were overlapping,
indicating that there was no significant difference in chloride evolution rates. For cDCE (Figure 14b), the
ClI concentration after two hours was 1.42 + (.08 ppm under UV only conditions. Under UV/0V conditions,
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final CI concentration was 1.6 £+ 0.4 ppm, and the degradation rate under UV/2V conditions was the lowest,
with a final CI concentration of 1.15 + 0.04 ppm. However, it can be seen that the CI concentrations are
very close until the 90-minute sample was collected, and then deviated significantly in the final 30 minutes
(Figure 14b). The reason for this is unclear, although error bars for UV/0V and UV are quite large, making
this difference statistically insignificant. These results indicate that the immersion of electrodes and
application of potential likely did not impact degradation rates of chlorinated solvents.
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Figure 14: Degradation of (a) TCE and (b) ¢cDCE under UV/2V, UV/0OV and UV only; and (e) %
dechlorination of TCE and cDCE in the absence and presence of t-butanol

Degradation of aqueous TCE and ¢cDCE has been shown to be carried out by direct UV photolysis, generally
in the presence of chlorine or H>0,[59][60]. Such advanced oxidation processes work by generating
hydroxyl radicals that break down TCE and cDCE. Medium pressure UV light (with no additional chemical
additives) has also been shown to generate OH radicals when water is irradiated with it [61]. Hence, it is
possible that the degradation of TCE and cDCE observed in Figures 14a and b was due to oxidation by
hydroxyl radicals rather than reduction by hydrated electrons. To test whether oxidation was indeed the
dominant mechanism, we added 15 uM of TB, a hydroxyl radical scavenger, to the solution. Results are
shown in Figures 14c and d. The addition of TB is expected to quench hydroxyl radicals, and reduce the
possibility of direct oxidation. As can be seen, the rate of chloride evolution fell dramatically, with a final
chloride concentration between 0.3-0.4 ppm for TCE and 0.4-0.6 ppm for cDCE (compared to 1.58 £ 0.3
ppm and 1.15 = 0.04 ppm in the absence of TB, a 75% and 48% decrease for TCE and cDCE, respectively).
Again, no significant difference was observed between the different operating conditions (UV-only, UV/0
V, and UV/2V) ((Figure 14c and 14d). Therefore, it is reasonable to conclude that in these experiments,
both TCE and cDCE were primarily degraded through an oxidative reaction with hydroxyl radicals. While
chloride evolution was suppressed in the presence of TB, it did not go to zero, suggesting that hydrated
electrons possibly play in the dechlorination of these compounds, albeit a relatively minor one compared
to hydroxyl radicals.

For enhanced reductive dechlorination from potential-driven ET to occur, sorption of the molecule on to
the electrode is a prerequisite. To test whether this is taking place, we performed XPS analysis of the
electrode material immersed in solutions of TCE and ¢DCE (data not shown). However, no chlorine could
be detected on the electrode surface. indicating that no sorption occurred. Therefore, in order the promote
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degradation by this pathway, electrode materials that are more capable of sorbing chlorinated solvents need
to be fabricated.

Economic analysis of the process

We estimated the cost of our process using PFOS as target pollutant, and compared our cost to that of other
techniques. Based on our bench-scale process, under optimal operating conditions (anoxic conditions, pH
11.5), the process consumes 0.033 kWh/umol F- from PFOS: with 0.031 kWh consumed by the medium
pressure UV lamp, and 0.002 kWh consumed by electrochemical process. This energy consumption is 1/8th
of the energy input consumed by the UV-only system under similar conditions (0.264 kWh/umol F). Since
PFOS contamination is often associated with groundwater, which tends to have low dissolved O»
concentrations, it is unlikely that degassing will be necessary. Thus, the overall operational cost of our
process is $0.11842/mg F~ ($0.00225/umol F-), assuming an electricity cost of $0.07/kWh (typical cost for
industrial power in USA). Comparisons of this cost to existing UV-based treatment methods is complicated
by the fact that these treatments, while often exhibiting higher defluorination rates, require the addition of
chemicals to the water, which (depending on the final fate of this water) may require further treatment
before disposal (e.g., reverse osmosis to remove residual sulfite or sulfate). Comparison to other PFOS
degradation methods, such as direct electrooxidation at high potentials, sonolysis, or thermal degradation,
is complicated by the different operating conditions (e.g., different initial PFOS concentrations), as well as
that some (particularly older) studies do not report on defluorination rates.
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