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Our recent findings indicate effective electrochemical degradation of perfluoroalkyl acids (PFAAs) in

aqueous solutions using novel titanium suboxide (TSO) anodes. This provides a potentially promising

technology to treat per- and polyfluoroalkyl substances (PFASs) in legacy AFFF stockpiles or in wastewater

and contaminated groundwater. The degradation of PFAAs in TSO-based electrooxidation was evaluated

with solutions of different compositions containing eight PFAAs either individually or in a mixture and under

a range of operation conditions. Surface area normalized pseudo-first order rate constants were obtained

and interpreted in terms of PFAA degradation behaviors and mechanisms. The PFAA degradation rates were

further correlated to the molecular and electronic descriptors of the chemicals calculated based on density

functional theory. The results of this study further the understanding of PFAS degradation in TSO-based

anodic oxidation and provide a basis for process optimization, design and scaling.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) have been used
in industrial applications since the latter half of the 20th
century primarily as surfactants suited for harsh conditions
because of their extreme chemical and thermal stability.
These compounds obtain their high stability largely due to
C–F bonds that replace the typical C–H bonds in organic
molecules.1 PFASs have emerged as a public concern because
of their persistence in the environment, bioaccumulation
tendency and risks to human and other biological
populations.2 In particular, perfluoroalkyl acids (PFAAs) pose
a unique threat as degradation of many PFASs become
persistent PFAA by-products during many technological and
biological degradation processes.3,4 PFAAs comprise some of
the most well-known PFASs such as perfluorooctanesulfonate
(PFOS) and perfluorooctanoic acid (PFOA).

Wildlife and human monitoring services have identified
PFAAs in mammal populations spanning the entire planet
with PFAA levels in human plasma having been reported over
the past two decades.5–8 Trends appear to be correlated with
geographic and temporal exposure. Although the correlation
between the industrial output and biological levels of these
contaminants is likely, their fate and persistence in the
environment lacks definitive research, including the
mechanisms behind biological uptake.8 Toxicological
research into the reported quantities of PFASs in mammals is
also still in its infancy, but studies have suggested that they
are particularly related to developmental toxicity,
immunotoxicity, and hepatotoxicity.5

As the toxicological impacts of PFASs have become
evident, treatment methods for PFAS polluted groundwater
and wastewater have been explored. Unfortunately both
traditional wastewater remediation techniques and even
many advanced oxidation processes (AOPs) have not been
successful in treatment of PFAAs due to their extreme
chemical stability.9 Development of certain techniques has
reported some success in treating PFAAs such as
photochemical decomposition,10–12 ultrasonic irradiation,13

and heat induced persulfate oxidation,14 but the application
of these technologies is limited because of their high energy
input and harsh operating conditions.
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Water impact

With the development of PFASs as a major water contaminant concern, treatment technologies have been needed for these highly stable compounds. Our
work herein presents a promising treatment method by electrooxidation using titanium suboxide anodes for the degradation of multiple PFAS species.
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Recent research into electrochemical oxidation has
emerged at the forefront of PFAS treatment because of its
robustness and ability to operate under benign conditions.
Electrochemical degradation of PFAAs has been successful in
recent studies using boron doped diamond (BDD) and Sb
and Pb doped titanium based anodes under ambient
conditions for spiked samples,15–18 and BDD has
demonstrated success using real world wastewater
effluents.19 Although efficient degradation and
mineralization has been achieved in some studies, drawbacks
exist.20 These drawbacks regarding the high cost of BDD
based anodes and generation of disinfection by-products and
potentially toxic by-products released by Sb and Pb doping
agents have been major limitations in the implementation of
these technologies.16

We have recently investigated the use of Magnéli phase
titanium suboxide (TSO) anodes for PFAS degradation because
of their potentially low cost commercial production, high
conductivity, and robustness.21 These materials consist of a
series of sub-stoichiometric titanium oxides with the formula
TinO2n−1, where n is an integer between 3 and 10; Ti4O7 is the
most desired variant because it has the highest electrical
conductivity.21 Recent studies have shown the viability of
Ti4O7 based anodes for electrochemical remediation of
aqueous organic pollutants such as phenols and
tetracycline.22–24 Early work done on the remediation of PFOA
and PFOS using TSO anodes yielded promising results,25–27

removing more than 95% of PFOA and PFOS in a batch system
at 10 mA cm−2 after 3 hours25 and more than 99% of PFOA
and PFOS in a reactive electrochemical membrane (REM)
system at an anodic potential of 2.9 V vs. SHE with a constant
permeate flux of 36 LMH (liters per square meter per hour).27

However, the impact of different compositions of PFASs is still
unknown, both in terms of their respective degradation rates
and possible competition behaviors, and requires further
exploration.25 Knowledge on the behavior of PFAS mixtures is
much needed, because multiple PFASs are often used and
present together.3 This study assessed eight PFAAs (PFBA,
PFPeA, PFHxA, PFHpA, PFOA, PFBS, PFHxS and PFOS), either
individually or in a mixture, by TSO-based electrooxidation
across a range of anodic potentials in solutions of different
compositions. The treatment performance was explored in
terms of key operation conditions as well as the molecular
features of the chemicals.

2. Experimental section
2.1 Chemicals and standards

Mass-labelled perfluoro-n-[13C8]octanoic acid (M8PFOA) and
sodium perfluoro-n-[13C8]octanesulfonate (M8PFOS) were
obtained from Wellington Laboratories Inc. (Guelph, Ontario,
Canada,). Perfluorooctanoic acid (PFOA, >97%) and
perfluorohexanesulfonic acid (PFHxS, 98%) were purchased
from Sigma Aldrich Chemical Co., Ltd (St. Louis, Missouri).
Perfluorobutanoic acid (PFBA, 98%), perfluorobutanesulfonic
acid (PFBS, 97%), perfluoropentanoic acid (PFPeA, 97%), and

perfluoroheptanoic acid (PFHpA, 97%) were also from Sigma
Aldrich. Perfluorooctanesulfonic acid (PFOS, 98%) was
purchased from Indofine Chemical Company, Inc.
(Hillsborough, NJ). Perfluorohexanoic acid (PFHxA, 98%) was
purchased from Tokyo Chemical Industries (Tokyo, Japan).
Sodium sulfate (>99.0%), sodium nitrate (>99.1%), and
sodium hydroxide (>98%) were purchased from J.T. Baker
(Phillipsburg, New Jersey). Monobasic sodium phosphate
(H2NaPO4·2H2O) (99%) was purchased from Alfa Aesar (Ward
Hill, Massachusetts). Dibasic sodium phosphate (Na2HPO4

·7H2O) (>98%) was from EM Science (Gardena, CA).

2.2 Electrochemical oxidation experiment

The electrochemical oxidation experiments were conducted
in a rectangular reactor (10 cm × 5 cm × 2.5 cm) containing
200 mL target solution, with one TSO plate (10 cm × 5 cm)
placed in the middle as an anode and two stainless steel
plates of the same size on either side in parallel as cathodes.
The reactor was made of acrylic materials, and the TSO
electrodes were custom-made according to a method used in
our previous study.26,28 The distance between the electrodes
is 2.5 cm (see Fig. S1† for a picture). A DC power supply unit
(303 DM supplied by Electro Industries Inc.) was used to
supply electricity at constant current, and the solution was
stirred using a magnetic stirrer at a constant speed
throughout each experiment. The electric current density was
calculated using the submerged surface area on both sides of
the anode (the total geometric surface area is 78 cm2). The
anodic potential was monitored using a CHI 660E
electrochemical workstation (CH Instruments, Inc., Austin,
TX) with an Ag/AgCl reference electrode placed close to the
anode, and all potentials are reported against a standard
hydrogen electrode (SHE) with internal resistance
compensation. The reaction solution was prepared with each
PFAA at an initial concentration of 2.0 μM, either individually
or in a mixture, with 100 mM Na2SO4 as a supporting
electrolyte, unless otherwise specified. The electric current
was applied after 30 minutes of solution stirring in the
reactor. Aliquots of samples, 400 μL each, were collected at
prescribed time intervals, and the samples were taken after
pausing the current for 90 seconds while maintaining stirring
to ensure solution homogeneity. The pH was also measured
during this period using an ion selective electrode (Oakton
pH 300 series). A washing procedure was used on electrodes
between experiments, including submersion in deionized
water while sonicating for one hour, in methanol for one
hour, in 0.1 M HCL for one hour, and finally in deionized
water again for one hour. The PFAA concentration used in
this study was greater than those typically present in
contaminated groundwater for ease of sample handling and
analysis.

2.3 Chemical analysis

Each sample was diluted 1 : 1 with 0.10 μM M8PFOA and
M8PFOS in MeOH and filtered through a nylon-based syringe
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filter. The samples were processed through a UPLC-MS/MS
system (Waters I-class UPLC; Water Xevo TQD triple
quadrupole mass spectrometer) in negative electrospray
ionization mode using multiple reaction monitoring (MRM).
The UPLC was operated with methanol (A) and water (B) (5
mM ammonium acetate in each) as the mobile phases at a
flow rate of 0.3 mL min−1 using gradient conditions listed in
Table S1.† Electrospray ionization (ESI) was operated in a
negative mode with a capillary voltage of 1.14 kV, a cone
voltage of 60 V, a source temperature of 400 °C and a
desolvation temperature of 550 °C. The mass transitions and
spectrometry conditions for MRM are specified in Table S2.†
Mass labeled PFOS and PFOA were used as internal
standards, with M8PFOS for perfluoroalkyl sulfonates (PFSAs)
and M8PFOA for perfluoroalkyl carboxylic acids (PFCAs).
Quantification was achieved by the ratio of the MRM signal
of the chemical to that of the internal standard in reference
to a five-point calibration curve.

Fluoride ion concentrations were analyzed in selected
samples. The analysis was performed using a F− ion selective
electrode (Thermo Scientific™ Orion™) with a reported
detection limit of 0.01 ppm by a standard-addition method,29

with details described in Text S3.†

2.4 Electrode characterization

The characterization of TSO anodes used in this study has
been reported in our earlier study.25 They are primarily
composed of Ti4O7 as indicated by X-ray diffraction analysis
(Fig. S2A and B†) and have interconnected micropores (Fig.
S2C†) with sizes ranging roughly from 0.8 to 9 μm as
shown by mercury intrusion analysis (Fig. S2D†). Linear
sweep voltammetry (LSV) was performed at a scan rate of
100 mV s−1 using a CHI 660E electrochemical workstation
(Austin, TX) with a three-electrode setup, with Ti4O7 as the
working electrode (1 cm × 1 cm), a 304 stainless steel rod
(10 cm × 0.3 mm) as the counter electrode, and a single-
junction saturated silver chloride electrode (SCE) as the

reference electrode (Pine Research Instruments, Grove City,
PA, USA).

2.5 Molecular simulation

Quantum mechanical computation was performed using
Gaussian 09 based on the density functional theory (DFT) at
the B3LYP/6-311G** level. The molecular geometry was
optimized and the vibrational frequencies were computed for
each PFAA, based on which a suite of molecular descriptors
were calculated, including the frontier electron densities
(FEDs) of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), the
energy levels of the HOMO (EHOMO) and LUMO (ELUMO) and
their gap (ELUMO − EHOMO), and molecular polarizabilities.

3. Results and discussion
3.1 PFAA degradation

Experiments were performed to examine electrooxidation in
solutions having each of the eight PFAAs spiked individually
using a TSO anode at 5 mA cm−2 current density. Fig. 1 shows
the results for PFOA and PFOS. It is evident that the
concentration of PFOA or PFOS decreased rapidly over time
upon electrolysis, and the time-course data are well fitted by
the pseudo-first order rate equation (Text S1†). Both linear
and branched PFOS (L-PFOS and B-PFOS) were contained in
the PFOS sample tested, and the ratio between them was
approximately 16.5 (L-PFOS/B-PFOS) based on their responses
in MRM. Both L-PFOS and B-PFOS were monitored separately
during the experiment, and the data of each are shown in
Fig. S3.† The degradation behaviors of L-PFOS and B-PFOS
are close to each other (Fig. S3†), and thus only L-PFOS data
were reported in the ensuing discussion. Control experiments
were performed in the same system with no current applied
(Fig. S4†). The result indicates that adsorption of PFOS and
other PFAAs on the TSO anode is minimal.

It is possible that shorter chain PFAAs may be formed
from the degradation of longer chain PFAAs. Therefore, when

Fig. 1 The concentration of PFOS (A) and PFOA (B) over time during electrooxidation with the TSO anode at 5.0 mA cm−2. The test solutions
contained each PFAA individually at the initial concentration of 2.0 μM in 100 mM Na2SO4 as a supporting electrolyte. Insert shows fit to the
pseudo-first rate model.
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the electrooxidation of PFOA was tested individually, all
PFAAs tested in this study were quantified. Results showed
minimal potential by-product formation (<1%) for PFOA
(Fig. S5†), and this result is consistent with our earlier
findings.26 This indicated that the negatively charged
substrates may be held on the anode and undergo further
degradation and mineralization.

The time-course data of all eight PFAAs were fitted to the
pseudo-first order rate model to calculate the rate constant
which was then normalized to the effective electroactive surface
area of the anode (Text S1†) to obtain the surface area
normalized rate constant (kSA). The effective electroactive
surface area (EESA) of the anode is 468.05 cm2, and the method
for calculating the effective electroactive surface area is
presented in Text S2.† Based on previous work,30 the potential
drop in the pores of TSO may have some effect on the EESA,
albeit not significant (Text S2†). However, since the pore size is
not uniform in the TSO anode used in this study, the potential
drop cannot be accurately calculated and thus it is not
addressed in this study.

Table 1 lists the kSA values for all eight PFAAs for
comparison. In general, the degradation of longer chain PFAAs
appeared to be faster, and the degradation of PFSAs was faster
than that of PFCAs under the experimental conditions. A
discussion based on a quantitative structure–activity
relationship study is presented later in the study. The kSA values
obtained in this study for PFOA (5.74 × 10−6 m s−1) and PFOS
(8.81 × 10−6 m s−1) are comparable to those in our previous study
using a similar batch reactor setup,26 but are significantly lower
than those of a recent study using a reactive electrochemical
membrane (REM) reactor, which are 4.40 × 10−5 m s−1 for PFOA
and 1.30 × 10−4 m s−1 for PFOS.27 This is not surprising because
a REM operation can significantly enhance mass transfer and
thus electrochemical reactions on the anode surface.

3.2 Effect of pH and the electrolyte

The impact of pH on PFOS degradation during
electrooxidation was evaluated with the TSO anode at a
current density of 5.0 mA cm−2 in solutions of 50 mM H2SO4,

100 mM NaOH and 100 mM phosphate buffer, respectively.
The surface area normalized rate constants (kSA) of L-PFOS
degradation obtained in these solutions are shown in
Table 2. The kSA value was slightly smaller in the acidic
solution, probably because of the lower anodic potential in
this solution than those in the other two solutions. The
influence of the bulk solution pH is expected to be minimal
because PFOS degradation occurred on the anode surface
where the pH was controlled more by the anodic reactions
rather than the bulk solution.

A set of experiments were also performed to evaluate the
electrooxidation of PFOS with TSO in solutions containing
different supporting electrolytes, including 10 mM, 25 mM
and 100 mM Na2SO4, 100 mM NaNO3 and 100 mM NaClO4.
The kSA values of L-PFOS degradation obtained in different
electrolytes are summarized in Table 3. At the same current
density, the anodic potential was usually higher in lower
concentration electrolytes as seen in Table 3. Therefore, kSA
values decreased with increasing electrolyte concentration.
The kSA did not vary much for the three different electrolyte
solutions at 100 mM.

Taken together, the change in the electrolyte type,
concentration and pH of the reaction solution appeared to
have minimal, if any, impact on PFOS degradation by
electrooxidation on TSO anodes. This may indicate that the
bulk solution conditions have very little effect on the anode
surface conditions that are mainly controlled by the water
oxidation reactions on the anode under our experimental
conditions. This may be one advantage in applications to
waters of varying conditions. It should be noted though that
the conditions having been tested here may differ from those
of many PFAS-contaminated wastewaters that have lower
electrolyte concentrations and high concentrations of co-
existing contaminants. More experiments are needed to draw
more conclusive guidelines regarding applications.

3.3 Mixture of PFAAs

Experiments were conducted to evaluate the performance of
electrooxidation with the TSO anode in a solution containing

Table 1 Surface area normalized pseudo-first order rate constants (kSA) for each PFAA tested both in experiments with solutions containing each
individually or in a mixture in 100 mM Na2SO4 at 5 mA cm−2. Error represents standard deviation of duplicate experiment results

Chemicals Individual kSA (m s−1) Mixture kSA (m s−1) Literature (m s−1)

L-PFOS 8.81 × 10−6 ± 1.02 × 10−6 1.11 × 10−5 ± 3.87 × 10−7 4.30 × 10−6 in batch system26a

4.40 × 10−5 in REM system27b

PFOA 5.74 × 10−6 ± 5.49 × 10−8 4.09 × 10−6 ± 4.56 × 10−8 1.13 × 10−5 in batch system26c

1.30 × 10−4 in REM system27b

PFHpA 1.26 × 10−6 ± 7.04 × 10−9 1.62 × 10−6 ± 2.04 × 10−8

PFHxS 2.57 × 10−6 ± 1.64 × 10−7 2.59 × 10−6 ± 2.02 × 10−7

PFHxA 5.02 × 10−7 ± 5.87 × 10−9 3.42 × 10−7 ± 4.01 × 10−9

PFPeA 5.99 × 10−8 ± 2.45 × 10−9 1.19 × 10−7 ± 5.12 × 10−9

PFBS 1.75 × 10−7 ± 7.88 × 10−9 1.59 × 10−7 ± 4.44 × 10−9

PFBA 3.49 × 10−8 ± 4.17 × 10−9 7.94 × 10−8 ± 7.76 × 10−9

a The initial concentration of PFOS was 0.1 mM, the electrolyte was 20 mM NaClO4.
b The initial concentration of PFOA/PFOS was 10 μM, the

electrolyte was 100 mM K2HPO4.
c The initial concentration of PFOA was 0.5 mM, the electrolyte was 20 mM NaClO4.
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a mixture of PFAAs including PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFBS, PFHxS and PFOS at varying current densities.

Fig. 2 shows the concentration profiles of each PFAA in the
mixture solution during electrooxidation at current densities
of 5 mA cm−2 (Fig. 2A) and 15 mA cm−2 (Fig. 2B) as examples
to show the degradation behavior. The degradation of all 8
PFAAs was evident, with the rates being greater at the higher
current density, while the degradation rates of PFAAs
followed roughly the similar general order for both high and
low current densities: L-PFOS > PFOA > L-PFHxS > PFHpA
> PFHxA > L-PFBS > PFPeA > PFBA. Over 90% PFOA and
PFOS were removed within 30 minutes at 5 mA cm−2 and
within 10 minutes at 15 mA cm−2. At 15 mA cm−2, all PFAAs
were over 90% degraded except for PFBA, which was about
50% degraded after 8 hours of electrooxidation treatment.
The concentration of fluoride in the solution was also
quantified at the end of the treatment, and the
defluorination ratio was calculated via dividing the released
F− concentration by the total fluorine in the PFAA that has
been removed from the system (Text S3†). The results are
listed in Table S3,† and the defluorination ratio was above
90% when the current density was above 10 mA cm−2.

The surface area normalized pseudo-first order rate
constants for PFAA degradation obtained from the
electrooxidation treatment of the PFAA mixture at 5 mA cm−2

are also listed in Table 1 to compare with those obtained
from the experiment with each PFAA tested individually at
the same initial concentration (2.0 μM). It appears that the
kSA values in the solutions with PFAAs spiked individually are
not significantly different from those in the mixture,
suggesting a minimal competition effect, if any, among
PFAAs at the tested concentration (2.0 μM). The competition
effect may however become evident as the concentrations of
PFAAs become higher, such as at the level tested in our
previous studies (0.5 mM).25 Notably, although the relative
order in the PFAA degradation rate constants remains the
same between solutions with PFAAs spiked individually and
in a mixture, the kSA values of certain PFAAs increase in the
mixture compared to those in the individual solution (e.g.
PFOS) while others decrease (e.g. PFOA). Such variation may

Table 3 Surface area normalized pseudo-first order rate constant for L-PFOS degradation during electrooxidation in solutions of different electrolytes
at 5 mA cm−2. Error represents standard deviation of duplicate experiment results

Electrolyte Anodic potential (V vs. SHE) kSA (m s−1)

10 mM Na2SO4 3.830 1.30 × 10−5 ± 2.34 × 10−7

25 mM Na2SO4 3.622 1.26 × 10−5 ± 1.94 × 10−7

100 mM Na2SO4 3.322 8.81 × 10−6 ± 2.42 × 10−7

100 mM NaNO3 3.441 9.26 × 10−6 ± 4.14 × 10−7

100 mM NaClO4 3.506 9.91 × 10−6 ± 2.90 × 10−7

Fig. 2 The concentration of each PFAA over time during
electrooxidation with the TSO anode at 5 mA cm−2 (A) and 15 mA cm−2

(B). The test solutions contained all PFAAs in the mixture with each at
the initial concentration of 2.0 μM in 100 mM Na2SO4 as a supporting
electrolyte.

Table 2 Surface area normalized pseudo-first order rate constant (kSA) for L-PFOS degradation during electrooxidation in solutions with different pH
values at 5 mA cm−2. Error represents standard deviation of duplicate experiment results

Electrolyte pH Anodic potential (V vs. SHE) kSA (m s−1)

50 mM H2SO4 1.95–2.20 3.070 5.72 × 10−6 ± 5.46 × 10−7

100 mM NaOH 12.40–12.55 3.104 7.89 × 10−6 ± 1.94 × 10−7

100 mM phosphate buffer 7.03–7.29 3.109 7.89 × 10−6 ± 6.02 × 10−7
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be attributed to the interference or interactions between
species during electrooxidation (EO) reactions, which
warrants further investigation.

The degradation of PFAAs was evaluated with all PFAAs
spiked in a mixture under different current densities, and the
obtained kSA values are plotted in Fig. 3 in relation to the
chain lengths and the functional head groups. For each
PFAA, the kSA increased with increasing current density. For
the PFAAs having the same functional group (PFSAs vs.
PFCAs), the increase in carbon chain length led to greater
reactivity. This is in agreement with other studies showing
shorter chain PFAAs being more recalcitrant to
electrooxidation.17,31 For the PFAAs of the same carbon chain
length, the ones with the sulfonate head group tend to
degrade faster than those with the carboxylic group.

The increased PFAA removal under higher current densities
may be ascribed to the higher anodic potentials as the current
density increases before reaching the point at which mass
transfer becomes limiting. The limiting current method was
used to measure the mass transfer rate of each PFAA on the
TSO anode (Text S4†). The mass transfer rates of all the PFAAs
are summarized in Table S5.† The comparison of the data in
Tables 3 and S5† indicates that all PFAA degradation was
controlled by the EO process under the experimental
conditions. The surface area normalized degradation rate
constants for each PFAA obtained from the experiments with
mixture solutions are plotted against the anodic potential as
shown in Fig. 4. It is again evident that the PFAAs with
relatively longer carbon chains tend to have greater
degradation rates across the tested anodic potential range
than the shorter ones, and the PFSAs have higher rates than
the PFCAs (Fig. 4). Regardless of the length of carbon chains,
all PFAA degradation rates increased along with the anodic

potential. The PFAAs started to exhibit degradation behavior
when the anodic potential was above about 2.87 V vs. SHE
(standard hydrogen electrode). It is where water oxidation
occurs according to linear sweep voltammetry (LSV) as shown
in Fig. S6,† which corroborates that the hydroxyl free radicals
generated via water oxidation play an essential role in PFAA
degradation during electrooxidation on the TSO anode.26 It is
regarded that direct electron transfer (DET) and hydroxyl
radical attack take place in a concerted manner that lead to
PFAA degradation during electrochemical oxidation.17,32

3.4 Influence of molecular structures

In an effort to explain the trends in different degradation rates
across tested PFAAs found in this study, the relationships were
explored between certain molecular descriptors and the surface
area normalized rate constant of PFAA degradation measured
in the experiments with solutions each containing an
individual PFAA at the current density of 5 mA cm−2. It has
been proposed that the combination of direct electron transfer
and hydroxyl radical attack plays a major role in the
electrooxidative degradation of PFAAs.26 Therefore, certain
molecular and electrical distribution properties of the PFAAs
related to their reactivity with hydroxyl radicals and electron
transfer have been examined.

Frontier molecular orbital energies often play an
important role in determining the reactivity of organic
chemicals.33 The energies of the highest occupied molecular
orbital (EHOMO) and the lowest unoccupied molecular orbital
(ELUMO) represent the ability of a molecule to donate or gain
an electron, respectively, and the gap between them implies
the stability of the molecule in terms of redox reactivity.34,35

In this study, greater ELUMO − EHOMO gaps were seen for
shorter chained PFAAs ranging from 0.244 hartrees for PFBA
to 0.155 hartrees for PFOA. It thus makes sense that we have
seen a negative correlation between the ELUMO − EHOMO gap
and the log kSA (Fig. 5A). Indeed, these values form a cohesive
negative linear trend through each of the functional groups
(PFSAs vs. PFCAs) when plotting log kSA against the ELUMO −
EHOMO gap. The energy gap however does not capture the rate
constant trend between the functional groups, although this
is not surprising given the large difference the functional
groups make to molecular properties.

Another molecular descriptor of interest, molecular
polarizability, indicates the electronic flexibility of each
molecule, thus, in connection to the tendency of oxidative
reactivity as well as the direct electron transfer on the
anode.34,36 When plotted against the experimental
degradation rate constants found in this study, the molecular
polarizability has a nice positive correlation across both
functional groups, serving as a good indicator for the
reactivity of PFAAs. This suggests that the direct electron
transfer may be the rate-limiting step in PFAA degradation in
TSO-based electrooxidation systems, although the hydroxyl
radicals generated via water oxidation may also play a role in
concert.26

Fig. 3 The kSA values of PFAAs of different carbon chain lengths and
functional head groups, obtained in electrooxidation experiment with
TSO anodes at different current densities. The test solutions contained
all PFAAs in the mixture with each at the initial concentration of 2.0
μM in 100 mM Na2SO4 as a supporting electrolyte. Error bar represents
standard deviation.
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4. Conclusions

Novel TSO anodes have been shown to be effective in
removing a range of PFCAs and PFSAs in solutions of varying
compositions and under a range of operation conditions in
this study. The change in the electrolyte type, concentration
and pH of the reaction solution appeared to have minimal, if
any, impact on PFAA degradation. This is probably because
the bulk solution conditions have very little effect on the
anode surface conditions that are controlled by the water
oxidation reactions on the anode under our experimental
conditions. The kSA for PFAAs in the mixture was not much
different from that obtained when each PFAA was spiked in
the solution individually, indicating the absence of a strong
competitive effect among the PFAAs in the mixture under the
experimental conditions. For the PFAAs having the same
head acid group (PFSAs vs. PFCAs), the increase in carbon
chain length led to greater reactivity. For the PFAAs of the
same carbon chain length, the ones with the sulfonate head
group tend to degrade faster than those with the carboxylic
group. The PFAAs started to exhibit degradation behavior
when the anodic potential was above about 2.83 V vs. SHE
where water oxidation occurs, suggesting that the hydroxyl

free radicals generated via water oxidation play a role in PFAA
degradation.26 PFAA degradation rates increased along with
the anodic potential. Molecular polarizability, a molecular
descriptor of electron flexibility and transfer tendency,
appears to be a good indicator for PFAA degradation,
suggesting that the direct electron transfer may be the rate-
limiting step for PFAA degradation in TSO-based
electrooxidation systems. Our research indicates the
effectiveness of TSO-based electrooxidation and provides a
basis for further studies leading to process design and
optimization for remediation of PFAS contaminated waters. It
should be noted that the experiments in this study were
performed with selected PFAAs in simple electrolyte
solutions. More studies are warranted to examine a wider
range of PFAS compounds in solutions reflecting actual
conditions of PFAS-contaminated water/wastewater.
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Fig. 4 The kSA values of 8 PFAAs plotted against the anodic potential vs. SHE (standard hydrogen electrode) for electrooxidation. The test
solutions contained all PFAAs in the mixture with each at the initial concentration of 2.0 μM in 100 mM Na2SO4 as a supporting electrolyte. Error
bar represents standard deviation. The data are shown in two figures according to orders of magnitude for better observation.

Fig. 5 Relationship between the logarithm of the surface area normalized rate constants and ELUMO − EHOMO gap (A) and molecular polarizability (B).
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