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ABSTRACT: Perfluorooctanoic acid (PFOA) is an artificial
chemical of global concern due to its high environmental
persistence and potential human health risk. Electrochemical
methods are promising technologies for water treatment because
they are efficient, cheap, and scalable. The electrochemical
reduction of PFOA is one of the current methodologies. This
process leads to defluorination of the carbon chain to hydrogenated
products. Here, we describe a mechanistic study of the electro-
chemical reduction of PFOA in gold electrodes. By using linear
sweep voltammetry (LSV), an E0′ of −1.80 V vs Ag/AgCl was
estimated. Using a scan rate diagnosis, we determined an electron-
transfer coefficient (αexp) of 0.37, corresponding to a concerted
mechanism. The strong adsorption of PFOA into the gold surface
is confirmed by the Langmuir-like isotherm in the absence (KA = 1.89 × 1012 cm3 mol−1) and presence of a negative potential (KA =
3.94 × 107 cm3 mol−1, at −1.40 V vs Ag/AgCl). Based on Marcus−Hush’s theory, calculations show a solvent reorganization energy
(λ0) of 0.9 eV, suggesting a large electrostatic repulsion between the perfluorinated chain and water. The estimated free energy of the
transition state of the electron transfer (ΔG‡ = 2.42 eV) suggests that it is thermodynamically the reaction-limiting step. 19F − 1H
NMR, UV−vis, and mass spectrometry studies confirm the displacement of fluorine atoms by hydrogen. Density functional theory
(DFT) calculations also support the concerted mechanism for the reductive defluorination of PFOA, in agreement with the
experimental values.

■ INTRODUCTION
Poly- and per-fluoroalkyl substances (PFAS) are a family of
artificial molecules with total or partially fluorinated carbon
chains.1 The amphipathic nature of PFAS by the hydrophobic
alkyl and the hydrophilic functional group (e.g., R−OH,
RSO3

−, RCOO−) gives them exceptional surface properties as
surfactants.2,3 The strong C−F bond energy (459.8 kJ mol−1)4
makes them highly stable to thermal and chemical decom-
position under typical environmental conditions.5 For this
reason, since the 1940s, PFAS have been utilized in several
areas, such as medicine, industry, paint production, aqueous
film-forming foams (AFFF), and food packaging and
processing,6−8 causing its wide distribution in soil, water,
food, and living organisms (animals, plants, and humans).9

However, the PFAS presence in water is an important
environmental concern because they are easily bioaccumulated
and are highly toxic even at low concentrations.10−12

An important group of PFAS is the perfluorocarboxylic acids
(PFCAs), in which perfluorooctanoic acid (PFOA) has the
most severe environmental concern.13 Several strategies have
been adopted to remove and destroy PFOA from water.
Electrochemical methods are getting attention due to their

versatility, low cost, and high removal efficiencies, and they are
environmentally friendly because they can be powered by
renewable energy.14,15 The carboxylic group available in the
PFOA chain can be anodically oxidized according to the Kolbe
decarboxylation,16 in which the CO2 leaving produces a free
radical intermediate that can interact with other reactive
species (such as •OH) to produce a molecule easier to
oxidize.17 The continuous removal of CO2 from the chain
causes the PFOA to break down, resulting in shorter chains
and the release of F− ions. For this reason, electrochemical
oxidation is a viable method as water treatment,6,18,19

frequently done with boron-doped diamond20 and TiO2
electrodes.21 Recent work has emphasized electrochemical
reduction as an alternative strategy for the remediation of
water contaminated with PFAS.3,22−25 The methodology is
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based on substituting fluorine atoms with hydrogen atoms. In
the process, the formation of totally or partially hydrogenated
chains has been reported, transforming the PFOA molecule
into partially hydrogenated species with lower environmental
concern.26 For example, the complete reduction of PFOA
(C7F15−COOH) produces octanoic acid (C7H15−COOH).
However, this transformation is often incomplete due to the
significant amount of energy required to substitute all of the
fluorine atoms. Therefore, it is common to obtain partially
hydrogenated byproducts. Nonetheless, this mechanism has
not been explained in depth, nor has the electrochemical
behavior of PFOA been fully studied.
In this work, we have followed the electrochemical reduction

of alkyl halides as a model to explain the reduction of PFOA.
This mechanism consists of a dehalogenation process based on
dissociative electron-transfer (DET) theories27 aiming to
explain how the C−X bond splits through an electron-transfer
(ET) reaction. Two possible pathways have been studied,
stepwise or concerted mechanisms, in which ET and bond
breaking occur in single or multiple steps.28 In both pathways,
two electrons are involved. As shown in Scheme 1, the stepwise

mechanism leads to the intermediate formation of a radical
anion [R−X]•− of the corresponding halide. Once the [R−
X]•− is electrogenerated, the C−X bond splits immediately to
form a free radical R•.29,30 Further, the reduction potential of
the R• radical is generally more positive than that of the initial
halide, so it is rapidly reduced to the corresponding carbanion
R−. The concerted pathway leads to the formation of an R•

radical and an X− anion directly.28,30 Eventually, the R− species
can subtract a hydrogen proton from the solvent31 and perform
a nucleophilic attack if any nucleophile is available.32 The
dehalogenation mechanism depends on the nature of the
electrode material, the target organic halide, the solvent, and
the availability of protons in the reaction medium.27,32,33 The
nature of both mechanisms lies in the kinetics and
thermodynamics of DET.28

The reduction of PFOA is challenging because more
negative potentials are required, and it is often not possible
because water reduction occurs first by its less negative
potential. Therefore, this reaction interferes even at alkaline
pH (eq 1).

+ + =E2H O 2e H 2OH 0.83V vs SHE2 2
0V

(1)

To reduce the overpotential of PFOA reduction and
minimize water reduction interference, electrodes made of
noble metals such as Au and Ag were used. We present an
electrochemical and an NMR characterization and a computa-

tional study to explore the reduction of PFOA in aqueous
media. Using the Marcus−Hush approach, we study the
reorganization effects during the electron-transfer reaction and
explain how other factors (such as adsorption) are involved in
this electrochemical reaction.

■ MATERIALS AND METHODS
Materials. The reagents employed were of analytical grade.

Perfluorooctanoic acid (PFOA, 95%) was obtained from Sigma-
Aldrich. The electrolyte support was KHCO3 (99%) from Fisher
Scientific. The solutions were prepared using ultrapure water (18
MΩ).
Instrumentation. All electrochemical experiments were per-

formed at 20 ± 2 °C in an electrochemical cell with a three-electrode
arrangement connected to a CHI760D potentiostat. The reference
electrode was Ag/AgCl in a 1 M KCl aqueous solution, and a
platinum mesh was used as the auxiliary electrode. The working
electrodes were 3 mm diameter gold, silver, and glassy carbon (GC)
purchased from CH Instruments. The 3 mm diameter boron-doped
diamond (BDD) was acquired from BioLogic USA. Before each
experiment, the working electrodes were carefully polished on a cloth-
polishing pad for 1 min using 0.30 and 0.05 μm alumina slurry. Later,
the electrodes were cleaned by ultrasonication for 2 min in DI water,
ethanol, and acetone and dried under an N2 atmosphere for 2 min.
The gold electrode was then cleaned electrochemically in a 0.5 M
H2SO4 solution using a window potential from 0.40 to 1.60 V vs Ag/
AgCl. Cycling was done until a stable peak current was observed in
the typical cyclic voltammogram for gold.
Preparative Bulk Electrolysis and NMR Characterization.

Controlled-potential electrolysis (CPE) was performed in an
electrochemical h-cell. In the cathodic cell, 1 mM PFOA + 0.5 M
KHCO3 (pH 9.5) was added. In the anodic cell, 0.5 M KHCO3 was
added. A gold electrode (area: 0.196 cm2) was used as a cathode, and
a TiO2 mesh (area: 6 cm2) was used as an anode. The potential
applied was Epc − 150 mV. The bulk electrolysis was carried out
under constant stirring and an N2 atmosphere to avoid oxygen
interference. Faraday’s law determined the number of transferred
electrons (nexp) from the experimentally obtained charge (Qexp).
The PFOA and the working solution were analyzed in a Bruker

Advance III 400 MHz NMR Spectrometer. 19F NMR spectrum was
acquired using 500 scans with a recycle delay of 30 s.
Hexafluorobenzene (HFB) was used as the external standard at
−164.9 ppm,34 and the spectra obtained were referenced to this
signal. In a 5 mm glass NMR tube, 200 μL of 1 mM PFOA, 10 μL of
HFB, and 100 μL of deuterium oxide (D2O) were added as a signal
locking solvent. The same quantities were employed for the
electrolysis reaction solution. A 1H NMR spectrum was acquired
using 16 scans with a 1 s recycle delay. In a 5 mm glass NMR tube,
the PFOA and the hydrogenated compounds (from the bulk
electrolysis) were extracted in situ by a liquid−liquid extraction by
adding 200 and 800 μL of CDCl3 (99.8% D atom, Sigma-Aldrich).
The aqueous phase was removed before NMR analysis. Phase angle,
baseline correction, and integration were performed manually.
Quantification of F− Ions by a Fluoride Ion-Selective

Electrode (F−ISE). A solid-state ion-selective electrode (ISE) with
a lanthanum fluoride crystal membrane from Hanna Instruments (HI-
4110) was used for the quantification of fluoride ions in an aqueous
solution. The pH and ionic strength of the samples were adjusted to a
constant value by adding the total ionic strength adjustment buffer
(TISAB, Hanna Instruments) to ensure that the solution pH was
between pH 5 and 8. The F− ions analysis was done following the
EPA-approved ISE test procedures ASTM D1179-04 for F− ions in
drinking water.
UV−Vis Spectroscopy. The measurements were performed on a

SHIMADZU UV−3600 Plus Spectrophotometer. A 0.5 M KHCO3
solution (pH 9.5) was used as a blank.
Mass Spectroscopy. The analysis of the PFOA and bulk

electrolysis products was performed on a JEOL JMS-T100LC mass
spectrometer. The spectra were obtained in the mass-to-charge ratio

Scheme 1. Two Possible Mechanisms Proposed For
Reduction of Alkyl Halides
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(m/z) range from 250 to 450 in the negative ionic mode. Parameters
for the mass spectrometer were as follows: ions source gas 1,
temperature, 321 °C; ion spray voltage floating, −500 V; collision
energy, −10 V; declustering potential, −100 V.
Computational Details. Calculations were performed using

density functional theory (DFT), as implemented in the ORCA
program package v.5.0.3.35 All structures were optimized in the
solvent phase using the meta GGA hybrid TPSSh functional
combined with the def2-TZVP basis set.36−38 Grimme’s D3 protocol
combined with the Becke−Johnson (D3BJ) damping scheme was
employed to include dispersion effects in all calculations.39 A tight
convergence (energy change, TolE = 1 × 10−8; RMS density change,
TolRMSP = 5 × 10−9; maximum density change, TolMaxP = 1 ×
10−7; DIIS error convergence, TolErr = 5 × 10−7) of the wave
function and a grid quality defgrid2 were requested. To accelerate the
DFT calculations, we employed the resolution of the identity
approximation for Coulomb and chain of spheres approximation for
exchange interactions (RIJCOSX).40

Geometry optimizations were followed by the calculation of
numerical vibrational frequencies in the solvent phase at the same
level of theory as optimization calculations (TPSSh-D3/def2-TZVP/
defgrid2) to evaluate that the optimized equilibrium structures
correspond to minima of the potential energy surface and to obtain
the thermodynamic corrections via the rigid-rotor and harmonic
oscillator approximations at T = 273.15 K. The universal solvation
model based on solute electron density (SMD),41 as implemented in
Orca 5.0.3, was employed to account for the solvent effects. The
GEPOL algorithm42−44 generated the solvent cavity as a solvent-
excluded surface. The atomic radii of the default method were
adjusted to H (1.250 Å), C (2.000 Å), O (1.600 Å), and F (1.682).
The radius of water was set at 1.40 Å.
For the computation of reduction potentials, we employed the

defining equation of the half-cell potential of an A/A− redox couple
(eq 2) where ΔG0,sol corresponds to the solution-state reaction Gibbs
free energy of the reduction process, n is the number of electrons
transferred (n = 1), and F is the Faraday constant (F = 96,485 C
mol−1). The standard reduction potential (E0) was determined from
the half-cell potential minus the absolute half-cell potential of the
reference electrode, SHE (4.44 V).45

=E A A
G A A

nF
( / )

( / )
1/2

0,sol

(2)

Multiwfn46 software v. 3.8 was used to perform the electron density
difference (Δρ) map of PFOA. Orbitals and the Δρ map were
visualized and plotted in VMD 1.9.3.47 More details about the
computational methods and procedures are provided in the
Supporting Information (SI).

■ RESULTS AND DISCUSSION
PFOA is a stable compound that is difficult to reduce. At the
large potential required for PFOA reduction, hydrogen
evolution (HER) is an interfering reaction. HER can be
minimized by using alkaline media, as its reduction potential is
shifted toward more negative potentials as the pH increases.48

Our first objective was to identify a PFOA reduction peak
using linear sweep voltammetry (LSV). For this, an alkaline
blank solution of 0.5 M KHCO3 was studied at pH 9.5. Figure
1a shows the polarization curve of the blank solution using
gold, silver, glassy carbon (GCE), and boron-doped diamond
(BDD) electrodes. The gold electrode (black line) has the
largest water reduction activity compared to silver, glassy
carbon, and BDD. The gold electrode shows the smallest water
reduction overpotential, followed by silver, glassy carbon
electrode (GCE), and finally, BDD. In the presence of PFOA
(Figure 1b), no new peak is observed when using BDD, and a
very small shoulder increase is observed with GCE. This
suggests that a larger overpotential is required compared to the

gold or silver electrodes. Therefore, these electrodes are inert
to PFOA reduction. However, a new shoulder peak appears
with the gold and silver working electrodes at peak potentials
(Epc) of −1.68 and −1.82 V vs Ag/AgCl, respectively. At the
silver electrode, the peak is weakly defined, and this signal
disappears after cycling the electrode (10 runs) between −1.00
and −1.80 V vs Ag/AgCl (Figure S1). This signal also vanishes
upon stirring. These observations suggest that this peak arises
from capacitive current due to the adsorption of PFOA into
the surface of the silver electrode and not due to its
reduction.49,50 The signal at −1.68 V observed with the gold
working electrode is stable and did not disappear after several
runs or upon stirring. The mass transport zone is observed
between −1.68 and −1.75 V before the water reduction
current starts to increase again. Therefore, it is possible to
identify the reduction of PFOA even with constant
competition against the electrochemical reduction of water.
Optimization of the pH in the range of 6.0 to 11.0 was

studied using a gold electrode. As shown in Figure S2a, PFOA
is completely deprotonated to the carboxylate anion after pH
6, considering its pKa is 3.8.

51 LSV measurements performed at
different pH values (Figure S2b) show that the change in Epc is
not Nerstian (i.e., Epc is not linear at different pH values). At
pH values below 6.0, the PFOA peak was not observed because
it was outperformed by HER. Electrogenerated hydrogen
bubbles likely promote PFOA desorption, which hinders its
reduction. The absence of the peak between pH 6.0 and 8.0
suggests that water reduction predominates over PFOA
reduction. The reduction event of the PFOA peak is observed
after more basic conditions (pH > 9.0), with an optimized and
stable LSV response at pH 9.5. For this reason, this pH was
used for the following experiments.
The PFOA adsorption into the four different electrode

materials was studied by square-wave voltammetry (SWV).
PFOA molecules are expected to adsorb onto the surfaces
through electrostatic interactions.52 The adsorbed PFOA
concentration can be quantified from the decrease in the
Faradaic current of a redox probe such as [Fe(CN)6]3−/4− and
renders the active sites of the electrode electrochemically

Figure 1. LSV response of Au, Ag, glassy carbon (GC), and boron-
doped diamond (BDD) electrodes. (a) Blank signals in 0.5 M
KHCO3. (b) Response of 1 mM PFOA. pH 9.5, v = 50 mV s−1, φ = 3
mm.
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inactive. The electrodes were immersed in a 100 nM PFOA
solution for 16 h to ensure adsorption equilibrium. Figure S3a
shows the square-wave responses (Δi) of the four electrodes.
The Δi decreases with time until it remains constant. For the
silver and gold electrodes, the equilibrium is reached at 4 h.
Meanwhile, for glassy carbon and BDD electrodes, the
equilibrium is achieved after 8 h. Therefore, we selected an
equilibrium time of 4 h for gold and silver and 8 h for GC and
BDD electrodes to measure the adsorption constant (KA). A
modified Langmuir isotherm model, as described in eq 3, was
used to measure KA:

= [ ]
+ [ ]

i i
i K

K
PFOA

1 PFOA0
0 A

A (3)

where Δi0 is the square-wave current of the free-PFOA
electrode, Δi is the response of the electrode with PFOA
adsorbed at a specific concentration, and KA is the adsorption
constant in cm3 mol−1.53 As shown in Figure S3b, the square-
wave current changes for the [Fe(CN)6]3−/4− redox probe; as
the electrode surface becomes saturated with PFOA, the active
surface area decreases as a function of the ln [PFOA]. Figure
S3c shows the fit of the experimental data to the Langmuir
isotherm model. The KA value for glassy carbon, BDD, Ag, and
Au electrodes is 4.16 × 1010, 2.57 × 105, 1.16 × 1012, and 1.89
× 1012 cm3 mol−1, respectively. The results show that PFOA
adsorption is more thermodynamically favorable on gold and
silver surfaces than in glassy carbon and BDD electrodes. To
assess the effect of the negative potential applied during the
reduction reaction on the PFOA adsorption, we performed the
same measurements applying a potential of −1.00 V vs Ag/
AgCl. Figure S4 shows the fit of the experimental data to the
Langmuir isotherm model. The KA value for glassy carbon,
BDD, Ag, and Au electrodes is 8.26 × 103, 0.34, 5.75 × 105,
and 2.06 × 108 cm3 mol−1, respectively. The equilibrium
constants at negative potentials show a weakening of the
PFOA interactions into the glassy carbon, BDD, and Ag
electrodes. The difference in magnitude between the KA values
with and without an applied potential of the different
electrodes suggests that gold surfaces have an affinity toward
PFOA adsorption, and we hypothesize that this preference has
important effects on the kinetics and thermodynamics of
electron transfer.
The adsorption of PFOA into a gold surface was studied in

depth in the absence and presence of a negative potential. In
the absence of potential, two linear regions are observed
(Figure 2a, see black spheres). The first region is defined from
0.1 to 5 nM and the second region from 10 to 100 nM. Both

ranges follow a Langmuir-like adsorption behavior. The first
range shows a sigmoidal shape following the behavior of the
Langmuir isotherm model. The fact that two linear regions
were observed suggests that the PFOA distribution throughout
the surface is not homogeneous because multiple approaches
to PFOA adsorption exist beyond the ideal monolayer
adsorption of the Langmuir isotherm.54 In the low-
concentration region (0.1−5.0 nM), the PFOA molecules are
adsorbed at a random orientation along the electrode surface.
At higher concentrations of PFOA (10−100 nM), the
electrostatic repulsions between the PFOA molecules promote
a “heads-on” type orientation to minimize adsorbate−
adsorbate interactions.55

Under a potential of −1.00 V versus Ag/AgCl, we immersed
the gold electrode in PFOA solutions of 0.1, 5, and 100 nM for
16 h to ensure adsorption equilibrium. Figure S5 shows the
square-wave responses (Δi) of the Au electrode. The
equilibrium is reached at 4 h in all of the concentrations.
The above data suggest that the adsorption kinetics of PFOA
under negative potential is not influenced by the concen-
tration. At a potential of −1.00 and −1.40 V (Figure 2a, see red
and blue spheres), only one region is observed along the
concentration range. This suggests that PFOA adopts only one
orientation. Figure 2b shows the fit of the experimental data to
the Langmuir isotherm model. At a potential of −1.00 and
−1.40 V, the KA are 2.06 × 108 cm3 mol−1 and 3.94 × 107 cm3

mol−1, respectively. The decrease of KA by four and five orders
of magnitude compared to the KA determined in the absence of
a potential shows that the negative charge of the electrode
promotes the partial desorption of PFOA. A similar behavior is
observed in the electrochemical active surface area (ECSA). As
shown in Figure S6, we calculated the double-layer capacitance
(Cdl) and, subsequently, the ECSA values (Table S1). The bare
gold electrode, in the absence of a negative potential, shows an
ECSA of 5.31 cm2. Once PFOA is adsorbed on the surface, the
ECSA decreases to 3.07 cm2, which shows the coverage of the
electrode by the PFOA molecules. At E = −1.4 V, the surface
area increases to 3.77 cm2, which confirms the strong
adsorption of PFOA into the gold electrode. We proposed
that PFOA acquires a “tails-on” orientation in which the
perfluorinated chain interacts with the electrode surface in a
horizontal position. In this orientation, electrostatic repulsions
between the PFOA carboxylate groups on the surface may
weaken the adsorption.54 This orientation may also facilitate
electron transfer to the C−F bonds proximal to the electrode
surface, as it has been previously reported.54

To determine the mass transport of the reaction and to
obtain information on the kinetics and thermodynamics of the

Figure 2. (a) Dependence of the SWV response on PFOA concentration for an Au electrode immersed by 4 h under free potential conditions and
at E = −1.00 V and E = −1.40 V vs Ag/AgCl. (b) Fitting of the experimental data with the Langmuir isotherm model.
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electron-transfer processes, we measured the scan rate (v)
effect on the reduction of PFOA in the range from 50 to 200
mV s−1 for the Au electrode (Figure S7a). Figure S7b shows
the proportional increase of the cathodic peak current (ipc)
with respect to v (ipc = 2113.493 v − 66.833, R2 = 0.995),
which corresponds to an adsorption-controlled mass transport
mechanism. Plotting the log ipc vs log v (Figure S7c) shows a
linear tendency (log ipc = 0.975 log v + 3.707, R2 = 0.988) with
a slope close to 1.56 These results confirm that PFOA
adsorption is more favorable than mass transport by diffusion.
The plot of Figure S7d shows a shift of Epc toward more
negative potentials as the scan rate increases (Epc = −0.07614
log v − 1.80531, R2 = 0.994), confirming the irreversibility of
the reduction process, which suggests the presence of
chemically coupled reactions during the electrochemical
reduction process.57

The transfer coefficient (α) was calculated to understand the
mechanism of the reduction of PFOA. This parameter reveals
the symmetry of the energy barrier during the electron-transfer
process, which describes whether the transition state is more
similar to the products or the initial reagents.32 The parameter
α is often used to distinguish between the two mechanisms in
the reduction of alkyl and aryl halides. According to the
following criteria, a value of α > 0.5 indicates a stepwise
mechanism, whereas a value of α ≪ 0.5 (usually ≈0.3) implies
a concerted mechanism.28 Therefore, since the Epc varies
linearly with v, with a slope ∂Ep/∂ log v, α was calculated using
eq 4. Likewise, analyzing the difference between the Epc and
half-peak potential (Ep/2: potential corresponding at the half-
peak current, ip/2),

27 α was alternatively calculated with eq 5

=
E

v Flog
1.15RTp

(4)

=E E
F

1.857RT
p p/2 (5)

Table 1 shows the α values obtained for the reduction of
PFOA performed on a gold surface. In both calculations, the

transfer coefficient is around 0.38, indicating a concerted
mechanism. Stepwise mechanisms typically occur when low-
lying empty orbitals are available to host the incoming electron
transiently. In this PFOA case, no aromatic rings are present,
so the dissociation of the C−F bond is purely concerted,
similar to what is observed for aliphatic halides.58

Figure S7d shows the plot of the peak reduction potential
Epc versus the log of the scan rate. The y-intercept corresponds
to a formal potential (E0′) of −1.80 V vs Ag/AgCl. The
thermodynamic implication of this “low” value, considering the
high energy needed to dissociate the C−F bond, is related to

the surface and reorganization effects of PFOA during the
dissociative electron transfer (DET). As mentioned earlier, the
Langmuir isotherms provide evidence of the strong adsorption
of PFOA onto the Au surface. This strong adsorption is
reflected in improving the kinetics of the charge transfer as the
C−F bond is being weakened due to the F···Au and R···Au
interactions decreasing the activation energy of the DET in the
outer-sphere pathway. Once the C−F is dissociated, F−

adsorption to the Au surface is thermodynamically favorable
due to the high affinity of F− to Au (ΔE = −134.9 kJ mol−1).59
These coupled Au adsorption processes support the “low”
observed formal PFOA reduction potential.30 The lowering of
the overpotential of the reduction potential in noble metal
surfaces has been reported in the literature in the reduction of
aryl bromides,30 benzyl halides,60 and other organic halides61

by evaluating the peak potential differences between a
noncatalytic electrode, such as a glassy carbon electrode
(GCE), and the catalytic active electrodes, in terms of EpM −
EpGCE.

62 Gold electrodes have shown an overpotential
lowering of around 0.1−0.8 V for bromothiophenes and
bromobenzenes63 and other organic halides.62

The electron-transfer event was analyzed using the approach
described by Marcus−Hush to provide a more fundamental
explanation of the reduction of PFOA. While this model does
not apply to outer-sphere electron-transfer processes (since the
harmonic approximation for the reorganization energy is not
compatible with bond breaking), it can be adapted for a
heterogeneous charge transfer64 since the first electron transfer
is the rate-limiting step (which occurs in our case). The theory
predicts that the free energy in the transition state (ΔG‡) is a
quadratic function of the standard free energy of reaction ΔG0,
as shown in eq 6

= +‡ ‡
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‡G G
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G
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0
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jjjjj

y
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zzzzz
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Since ΔG0 = −nF(E − E0), it is possible to calculate, for an
electrode reaction, the free energy in the transition state from
the standard potential (E0) at any electrode potential (E), as
shown in eq 7.
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where E and E0 are expressed in volts (V) and the free energies
in eV.65 To calculate ΔG‡, it is necessary to introduce the
energy required to dissociate the C−X bond, represented as
the bond dissociation energy (Db). Using computational
methods, we calculated a Db of 447.76 kJ mol−1 for the
PFOA C−F bond, which was used throughout these
calculations. The standard free energy in the transition state
(ΔG0

‡) can be calculated using eq 8

=
+‡G

D
40

b 0

(8)

The effect of the solvent during the transition state is
considered in terms of its reorganization energy (λ0).66 The
energy required for the solvent molecules to be in the ideal
position to disperse the charge-transfer state without charge
transfer having occurred can be calculated according to
Marcus’s theory,67 as in eq 9

Table 1. Voltammetric Data for the Reduction of 1 mM
PFOA + 0.5 M KHCO3 (pH 9.5) Obtained Using a Gold
Electrode

parameter value

−∂Ep/∂ log v 76.1 mV dec−1

|Ep−Ep/2|a 119.6 mV
E0′ −1.805 V
αb 0.38
αc 0.39

aAverage of the values obtained at v = 50 − 200 mV s−1. bObtained
from eq 4. cObtained from eq 5.
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and with a Hush-like estimation using eq 10
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Dop and Ds are the optic and static dielectric constants of the
solvent, with values for water of 1.78 and 80.4 F m−1,
respectively.68 The sphere equivalent radius is represented by
a, and e0 is the charge of the electron. The Marcus−Hush
estimation for λ0 requires a more realistic value of a to
approximate the solvent organization better and to show how it
interacts with C−F during the transition state. Therefore, we
used previous estimates by the arithmetic measure of the
halogen radius (aX = F−), and the radius of the sphere
correspondent to the whole molecule (aRX = aPFOA), itself
derived from the density (ρ) and the molar mass (M).69

=a
M

N
3

4RX
A

3

(11)

Moreover, a was calculated with eq 12.

=a
a a a

a
(2 )X XRX

RX (12)

Using the theoretical values of ΔG0
‡ and λ0 (Table 2), we

related the reorganization of PFOA during its reduction to the
gold surface. From the experimental data obtained of the peak
potentials of the irreversible voltammograms, the theory can
approximate the activation-free energy at the peak (ΔGp

‡), at a
given scan rate.65 The heterogeneous standard rate constant
(ks) may be obtained from eq 13

= = ° +‡E G E
F F

k
0.78

RT RT
lnp p

s
DFv
RT (13)

The PFOA diffusion coefficient (D) was calculated using the
Stokes−Einstein relationship (eq 14)

=D
Tk

r6
b

(14)

where kb is Boltzmann’s constant and η is the viscosity of the
solution (0.001002 kg m−1 s−1 for water at 20 °C). The value
of a was calculated with eq 12, and it was used as the radius of
the spherical particle (r). The calculated D value is 8.77 × 10−6

cm2 s−1. Equation 15 shows the relationship between ΔG0
‡ and

ΔG0, which has the same quadratic form, as shown in eq 6,
allowing us to calculate the theoretical α.70

= = +
‡

°

°

‡
G
G

G
G

1
2

1
4 0

i
k
jjjjj

y
{
zzzzz

(15)

Equation 15 yields a calculated value of αpred of 0.27, which
is in close agreement with the measured Butler−Volmer value
(αexp) of 0.38. Both values of α are consistent with a concerted
DET mechanism. All of the parameters previously described
are summarized in Table 2. The solvent reorganization
parameter λ0 is 0.9 eV, which suggests that it is challenging
for water to be around the C and F atoms before DET. This is
consistent with the hydrophobic nature of the perfluorinated
chain. The inefficient interactions between PFOA and water
imply that the C−F bond is not in the best geometry to be
broken during DET. In addition, the small size of the fluorine
atoms, which requires water molecules to surround it,
contributes to increasing the reorganization energy.66 The
larger value of ΔG‡ with respect to λ0 suggests that it is the
dominant factor in the activation barrier. The values for ΔG0

‡

and ΔG‡ are higher than the reported values for other alkyl and
aryl halides,58,66,71 which is consistent with the high
dissociation energy of the C−F bond.
A potential diagram of the reaction is shown in Figure 3.

The potential energy profiles are strongly associated with the
capacity of each species to be absorbed into the Au surface

Table 2. Determination of the C−F Bond Dissociation Energies Using the Marcus-Hush model for the PFOA Electron-
Transfer Reaction in 0.5 M KHCO3 at pH 9.5

aF− (Å)

aPFOA (Å)

scan rate (mV s−1) a (Å) λ0 (eV) ks (cm s−1) ΔG0
‡ (eV) DC−F (eV) ΔG‡ (eV) αexp αpred

50 1.36 0.9 0.0341 1.385 4.64 2.429 0.38 0.27
6.59
2.44

Figure 3. Potential energy diagram for a dissociative electron transfer
to PFOA at a gold electrode based on eqs 6−10. Comparison of the
energy profile in the absence (dotted blue line) and presence (black
line) of adsorption during the reduction event. The ΔG(no ads)

‡

represents the free energy of the transition state in the absence of
adsorption. The overpotential (η = E° − E) indicates the difference
between the applied potential in the absence and presence of the
adsorption and is shown in terms of energy as − Fη.
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during the electron transfer. The dotted blue line shows the
DET in a hypothetical case where the PFOA is not adsorbed.
The reduction reaction in the absence of adsorption requires a
ΔG‡ larger than that when the PFOA substrate is adsorbed to
the gold surface. Therefore, an overpotential is required (η =
E° − E), which can be expressed in terms of energy as −Fη. In
our case, the strong adsorption of PFOA into the gold surface
lowers the energy profiles. Upon adsorption, an electron is
transferred to produce [C7F14−COO−](ads)• and F(ads)−
species, which also interact strongly with the gold surface,
lowering ΔG‡ and decreasing the overpotential.
Bulk electrolysis of 1 mM PFOA at a constant potential was

performed to obtain more information about the electro-
chemical reduction. As shown in Figure 4a, most of the charge

passed during the bulk electrolysis is consumed for the water
reduction. The resulting charge spent during the PFOA
reduction is Qexp = 20.34 C. Considering that 4.82 C (Qtheo = 2
F nPFOA) is required to remove one fluorine atom, we expect a
PFOA chain with at least four hydrogen atoms. The F− ions
concentration was recorded during the electrolysis to confirm
the defluorination process. Figure 4b shows the CF− increase
during 14 h, and the stoichiometric number of fluorine atoms
exchanged was calculated with eq 16.

=n
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Increasing the bulk electrolysis time did not show a
significant increase in the concentration of F− ions after 14
h. A total of 6 fluoride atoms were determined, suggesting that
the defluorination process is ineffective when carried out into a
gold electrode, as there are major kinetic and thermodynamic
limitations, showing how difficult it is to hydrogenate the
PFOA chain completely.
The PFOA solution and the bulk electrolysis products were

analyzed by 19F NMR spectroscopy. As shown in Figure 5a
(blue line), the spectrum shows the typical signals of PFOA
(i.e., −CF3 at −80.16 ppm and secondary carbons (F2−F7) in
the range from −121 to −127 ppm).72 Figure 5a (black line)
shows a close-up of the F2 − F7 region. After bulk electrolysis
(blue line), the intensity of some signals decreases. Integration
of the signals for F4, F5, and F7 reveals a total integral of 1,
which suggests that the defluorination process was most likely
carried out on these carbons. The apparent release of 3 fluorine
atoms suggests a trihydrogenated PFOA chain or the
formation of 3 monohydrogenated chains. The 1H NMR
spectrum (Figure 5b) shows a new signal at 5.1 ppm, which
suggests the formation of a new hydrogenated compound,
supporting our previous description.
We previously observed that six fluorine atoms leave the

PFOA, suggesting that some fluorine atoms may leave the
chain in a nonelectrochemical way and thus generate
byproducts other than hydrogenated chains. UV−vis spectra
(Figure S8) of the working solution after 14 h of bulk
electrolysis show a well-defined band at λmax of 292 nm, which
suggests the formation of an unsaturated chain ([C7F13−
COO]−) resulting from a bimolecular elimination (E2)
reaction.32 This is further supported by ESI(−) mass
spectrometry (Figure S9). Before electrolysis, a mass
corresponding to PFOA is observed at a m/z of 412.88 with
its respective fragmentations. After bulk electrolysis, a m/z of
394.96 m/z is observed. This mass is attributed to the
monohydrogenated species [C7F14H−COO]− which has
previously been reported as a reduction product.73 In addition,
a m/z of 374.97 corresponding to the monounsaturated chain
[C7F13−COO]− is observed. No m/z values corresponding to
polyhydrogenated chains were identified. We did not find
evidence for the formation of polyunsaturated alkene species.
The required conditions to perform E2-type elimination are
consistent with our system because the OH− ions are
electrogenerated in situ as byproducts of the reduction of
PFOA. The OH− ions can remove the inserted hydrogen to
produce an alkene and promote the release of an F− ion.74

Therefore, we propose a mechanism that requires a two-
electron reduction that yields [C7F14H−COO]− and leads to
the subsequent transformation to [C7F13−COO]− through a
bimolecular elimination (E2) reaction.
Through a DET mechanism, it is possible to produce

partially hydrogenated chains due to H/F exchange. Figure 5c
shows a proposed mechanism. Initially, PFOA is strongly
adsorbed into the inner Helmholtz plane (IHP) since this is
the reaction site for specifically adsorbed species. An electron
transfer generates the radical species [C7F14−COO−]•, which
promotes the release of F− ions from the secondary carbons. A
second electron transfer generates carbanion species [C7F14−
COO−]−, which is likely not adsorbed and can move to the
outer Helmholtz plane (OHP) by the negatively charged
electrode. The electrogenerated carbanion can quickly take a
proton from the adsorbed water to yield a [C7F14H−COO]−

anion. The reaction is completed when the F− ions desorb and

Figure 4. Controlled-potential electrolysis of 1 mM PFOA + 0.5 M
KHCO3 (pH 9.5). (a) Charge vs time plot. (b) Variation of the F−

ions concentration vs time plot. Eapp = −1.80 V vs Ag/AgCl.
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diffuse into the bulk solution, regenerating the surface-active
sites of the electrode. The general reaction is presented in
Figure 5d, as well as the proposed formation of alkenes via an
E2-type reaction.
We turned to density functional theory (DFT) calculations

at the TPSSh-D3/def2-TZVP level of theory with the SMD
solvation model to explore the electrochemical reduction of
PFOA and its selectivity along the fluorinated chain. Table S2
summarizes the resulting energies for all species involved in the
electroreduction of PFOA. The reduction potentials of the
different redox steps (i.e., eqs 18−19) of the concerted
mechanism (eqs 17−20) were calculated:

[ ] + +C F COOH C F COO H7 15 7 15V (17)

[ ] + [ ] +•C F COO e C F COO F7 15 7 14 (18)

[ ] + [ ]•C F COO e C F COO7 14 7 14
2

(19)

[ ] + [ ] +C F COO H O C F HCOO OH7 14
2

2 7 14 (20)

We also calculated the reduction potential of the first
electron transfer of a stepwise mechanism, which includes the
formation of [C7F14COO]•2− species, as shown in eq 21.

[ ] + [ ]•C F COO e C F COO7 15 7 15
2

(21)

The experimental E0′ for the electroreduction of PFOA was
estimated to be −1.80 V vs Ag/AgCl, and the calculated
standard potential for eq 21 is −3.03 vs Ag/AgCl (Table 3).
The difference potential is 1.23 V, which is less negative than
the computationally calculated reduction potential for the
stepwise reaction. The latter suggests that forming the radical
anion [C7F15COO]•2− is more thermodynamically intricate
than the immediate splitting of the C−F bond upon reduction
in a concerted fashion. The calculated reduction potentials for
eq 18 range from −2.06 to −2.52 V vs Ag/AgCl, depending
upon the position of the C−F bond being dissociated (Cn).
These results are consistent with our experimentally observed
reduction potentials and support a concerted mechanism for
the reductive PFOA C−F dissociation. Other reports have

obtained reduction potentials in the range of −2.50 to −2.95 V
vs SHE.73

Although the formation of a [C7F15COO]•2− radical may
occur at an appropriate potential (see Figure 6), the computed
energy barriers, represented by the Gibbs free energy
difference between the [C7F15COO]•2− intermediate and the
transition state (TS), lie between 1.06 and 5.58 kcal mol−1
depending on the dissociation site (Table S3). The low energy
barriers predicted indicate a transition state of minimal energy,
suggesting that, if formed, the [C7F15COO]•2− intermediate is
short-lived and will quickly transform into [C7F14COO]•− +
F− species, also in agreement with a concerted-like mechanism.
The subsequent reduction described in eq 19 is calculated to
be in the range of −0.21 to −0.99 V vs Ag/AgCl. This range is

Figure 5. (a) 19F NMR spectra before and after bulk electrolysis of 1 Mm PFOA + 0.5 M KHCO3 (pH 9.5). (b) 1H NMR spectra before and after
bulk electrolysis. (c) Proposed mechanism to explain the reduction of PFOA. (d) General reactions involved in the reduction reaction.

Table 3. Calculated Reduction Potentials (E0) in Water for
the Reductive Defluorination of PFOA at C2−C8

redox process E0 (V) vs SHE E0 (V) vs Ag/AgCl

reaction Aa −2.84 −3.03
reaction Bb

C2
d −1.87 −2.06

C3 −1.91 −2.11
C4 −1.85 −2.05
C5 −1.85 −2.05
C6 −1.84 −2.04
C7 −1.97 −2.16
C8 −2.33 −2.53
reaction Cc

C2
d −0.80 −0.99

C3 −0.46 −0.66
C4 −0.38 −0.58
C5 −0.14 −0.33
C6 −0.07 −0.26
C7 −0.01 −0.21
C8 −0.43 −0.63

aReaction A: [C7F15COO]− + e− → [C7F15COO]•2−. bReaction B:
[C7F15COO]− + e− → [C7F14COO]•− + F−. cReaction C:
[C7F14COO]•− + e− → [C7F14COO]2−. dC2 corresponds to the
vicinal C atom of the COOH group. Calculations were performed at
the TPSSh-D3/def2-TZVP level of theory and the SMD solvation
model.
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more positive than those potentials calculated for eq 18 and
suggests that they are more thermodynamically favorable.
Upon formation, the [C7F14−COO]2− carbanion interacts with
a water molecule, forming a [C7HF14COO]− anion (ΔG =
−3.1 kcal mol−1) as expected for the reduction of alkyl halides.
The predicted thermodynamics for each dissociation site (Cn
center) where the C−F dissociation may occur is provided in
Table 3 and Figure S10. The computed results show little
thermodynamic preference among C2 − C7 for the C−F
dissociation event. The calculated reduction potentials for the
redox events for these sites (described in eq 18) are in the
range of −2.06 to −2.16 V Ag/AgCl, which is very close to the
expected computational error. Because there is little preference
among the C2 − C7, a mixture of species at the end of the
electrocatalytic process is expected. The above is consistent
with the 19F − 1H NMR data because it shows that at least
three monohydrogenated carbon chains are present after 14 h
of bulk electrolysis. Figure 7 shows the HOMO and LUMO of
the PFOA molecule calculated in water. The HOMO is
centered on the carboxylic group, while the LUMO is
composed of the antibonding interaction between the p
orbitals of the carbon chain and the s orbitals of the fluorine
atoms. Occupying the LUMO upon reduction destabilizes

these C−F bonds, leading to their dissociation. The electron
density difference map (Δρ) between [C7F15COO]− and
[C7F15COO]•2− shows that the incoming electron accumulates
(Δρ > 0, red lobes) at the C and F atoms along the fluorinated
chain in agreement with our experimental observations.

■ CONCLUSIONS
The reduction of PFOA was performed in alkaline media on a
gold electrode and corresponds to an electrochemical two-
electron process with chemically coupled reactions, resulting in
a defluorination event. The C−F bond energy is the main
barrier to performing PFOA degradation. However, the gold
surface decreases the PFOA reduction overpotential due to the
strong surface adsorption of PFOA. Linear sweep voltammetry
shows a linear relationship between the peak current and the
scan rate, suggesting a mass transport controlled by adsorption.
The Langmuir isotherm model shows a KA of 107 cm3 mol−1
under negative potential conditions, which confirms the
preference of gold surface to adsorb PFOA. These PFOA−
Au interactions play an important role in weakening the C−F
bond and enhancing the electron-transfer kinetics by
decreasing the overpotential.
The electron-transfer coefficient (α) calculated for the

reduction of PFOA is lower than 0.5, which suggests C−F
dissociation by an electrochemical concerted mechanism.
Using a Marcus−Hush theory model, we calculated the
solvent reorganization energy (λ0 = 0.9 eV), which reveals a
large electrostatic repulsion between the perfluorinated chain
and water as expected from the surfactant properties of PFOA.
Moreover, the calculated free energy of the transition state
(ΔG‡ = 2.43 eV) put forward that thermodynamics is still the
limiting barrier of the reaction, even with the electrocatalytic
properties of the gold electrode. The H/F exchange in the
PFOA chain was confirmed by 19F − 1H NMR studies, which
show a mixture of partially hydrogenated compounds.
Quantification of F− ions shows that at least three fluorine
atoms can be displaced by hydrogen and that unsaturated
chains can be formed as a byproduct. This shows that the
defluorination process can be accomplished, even with strong
competition against the water reduction reaction. Density
functional theory (DFT) calculations also support the
concerted mechanism for the reductive defluorination of
PFOA. The calculated reduction potentials for the first redox
event of the concerted PFOA C−F dissociation are in the
range of −2.06 to −2.52 V vs Ag/AgCl depending on the
position of the C−F bond being dissociated, which is in close
agreement with the experimental estimated E0′ value for the

Figure 6. Calculated Gibbs free energy potential energy surface for the electroreduction of PFOA at U = −2.84 V vs SHE. The reaction is shown
for the C4 dissociation site as an illustration. Note that although the reaction is modeled for a stepwise mechanism, the small energy barrier for the
TS shows the instantaneous formation of [C7F14COO]•− + F− (i.e., the radical anion [C7F15COO]•2− is short-lived), which supports a concerted
mechanism for PFOA electroreduction. Calculations were performed at the TPSSh-D3/def2-TZVP/SMD level of theory.

Figure 7. (a) HOMO and LUMO orbitals of PFOA anion plotted at
an isovalue of ±0.06. (b) Electron density difference map (Δρ =
±0.004 a.u.) of the one-electron reduction of PFOA anion calculated
at the TPSSh-D3/def2-TZVP level of theory.
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electroreduction of PFOA of −1.80 V vs Ag/AgCl. Minor
thermodynamic differences were observed for the C−F bond
dissociation along C2 − C7 sites, implying the formation of a
mixture of species at the end of the bulk electrolysis, in
agreement with our experimental values.
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