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a b s t r a c t

Aqueous perfluorooctanoic acid (PFOA) elimination has raised significant concerns due to its persistence

and bioaccumulation. Although β-PbO2 plate anodes have shown efficient mineralization of PFOA, it re-

mains unclear whether PFOA can be effectively degraded using β-PbO2 reactive electrochemical mem-

brane (REM). Herein, we assessed the performance of Ti/SnO2-Sb/La-PbO2 REM for PFOA removal and

proposed a possible degradation mechanism. At a current density of 10mA/cm2 and a membrane flux

of 8500 (liters per square meter per hour, LMH), the degradation efficiency of 10mg/L PFOA was merely

8.8%, whereas the degradation efficiency of 0.1mg/L PFOA increased to 96.6%. Although the porous struc-

ture of the β-PbO2 REM provided numerous electroactive sites for PFOA, the generated oxygen bubbles

in the pores could block the pore channels and adsorb PFOA molecules. These hindered the protonation

process and significantly impeded the degradation of high-concentration PFOA. Quenching experiments

indicated that •OH played dominant role in PFOA degradation. The electrical energy per order to re-

move 0.1mg/L PFOA was merely 0.74Wh/L, which was almost an order of magnitude lower than that

of other anode materials. This study presents fresh opportunities for the electrochemical degradation of

low-concentration PFOA using β-PbO2 REM.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Perfluorooctanoic acid (PFOA), a forever chemical, has found ex-

tensive application in surfactants, lubricants and firefighting foams

[1,2]. However, its persistence, bioaccumulation and potential haz-

ards to human health have garnered global attention [3,4]. The ac-

cumulation of PFOA in the human body has been associated with

various health risks, including cancer, liver damage, neurotoxicity,

and endocrine disrupting [5–7]. To date, PFOA has been detected

in various environment matrices such as water, sediment, breast

milk and human blood [8]. Notably, in a public water system in

New Jersey, PFOA was found at a concentration of 0.19 μg/L [9],

while its concentration in groundwater at military bases reached

6.6mg/L [10].

PFOA molecular has highly stable carbon-fluorine bonds (C-

F, 116 kcal/mol) [11]. Natural decomposition, sand filtration and

conventional microbiological degradation cannot efficiently remove

PFOA from water [12]. Recently, various advanced treatment ap-

proaches have been investigated to eliminate PFOA from water, e.g.,
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ultrasonication [13], photocatalysis [14–16], zerovalent iron reduc-

tion [17], and microwave-hydrothermal [18], but they are usually

limited by harsh reaction conditions and high energy consump-

tion. Over the past decades, electrochemical oxidation process has

been recognized as a promising technology for wastewater treat-

ment due to its strong oxidation property, mild condition, and

amenability to automation [19–22]. Electrochemical oxidation pro-

cess can effectively destroy PFOA by direct electron transfer and
•OH-mediated indirect oxidation process [23]. To data, born-doped

diamond (BDD), Ti4O7 and β-PbO2 anodes have been applied for

the decomposition of PFOA [24–26]. For example, the degrada-

tion efficiency and first-order rate constant for 100mg/L PFOA over

90min were measured at 96.7% and 0.0370 min−1, respectively, us-

ing a Ti/SnO2-Sb/Ce-PbO2 plate anode [27].

Reactive electrochemical membrane (REM) has been widely ap-

plied in the electrochemical oxidation of organic contaminants

[28,29]. Compared to traditional plate anode, REM offers supe-

rior degradation performance attributed to its high active area

and enhanced mass transfer rate, which effectively suppresses

the diffusion boundary layer [30]. It was reported that 10mg/L

https://doi.org/10.1016/j.cclet.2023.109218
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carbamazepine was completely removed on TiO2 nanotube ar-

rays REM after 20min degradation at 2mA/cm2, and the first-

order degradation kinetic constant on flow-through mode (0.345

min−1) was 38.3 times higher than that on flow-by mode (0.090

min−1) [31]. In addition, previous studies have substantiated the

exceptional electrochemical degradation performance of Ti4O7 REM

when it comes to PFOA. For instance, the degradation efficiency of

2 μmol/L PFOA reached 73.9% on Magnéli phase Ti4O7 REM after

180min at 8mA/cm2 [32]. Additionally, in a single pass-through

mode at 3.3V vs. SHE, with a hydraulic residence time of 11.3 s,

the removal efficiency of 10 μmol/L PFOA on Ti4O7 REM exceeded

99.9% [33]. However, there still be a lack of studies on the electro-

chemical degradation of PFOA using β-PbO2 REM, despite β-PbO2

has been proved as an efficient plate anode in PFOA degradation.

The degradation mechanism of PFOA on β-PbO2 REM is still un-

clear, and it remains a question that whether PFOA can be effec-

tively degraded on β-PbO2 REM with enhanced mass transfer rate

or not.

In this work, the electrochemical degradation of PFOA on

Ti/SnO2-Sb/La-PbO2 REM (β-PbO2 REM) was studied. The degrada-

tion performance of PFOA were compared at high and low concen-

tration, and they were also investigated as functions of applied cur-

rent densities and membrane fluxes. The electrochemical degrada-

tion mechanism of PFOA using β-PbO2 REM was analyzed to pro-

vide basic data and theoretical support for the feasibility of PFOA

removal on β-PbO2 REM.

A complete list of materials is included in Text S1 (Supporting

information). All solutions were prepared to use ultrapure water

(from Milli-Q system) with a resistivity of 18.2 MΩ cm. Experi-

ments were carried out in a flow-through electrochemical reactor,

including a β-PbO2 REM as working electrode and a porous tita-

nium plate as counter electrode. The distance between the elec-

trodes was 15mm. The detailed preparation processes of β-PbO2

REM were described in our previous work [25,29]. The total vol-

ume of solution was 300mL with 25mmol/L Na2SO4 as supporting

electrolyte. The influencing factors such as applied current den-

sities (5–20mA/cm2), PFOA initial concentrations (0.1–10.0mg/L)

and membrane fluxes (0-17000 LMH) (liters per square meter per

hour, LMH) on the degradation performance of PFOA were in-

vestigated. In quenching experiments, 50mmol/L, 500mmol/L or

1000mmol/L tert–butyl alcohol (TBA) was added as scavenger of
•OH during the electrochemical degradation of PFOA. PFOA and

short-chain perfluoroalkyl carboxylic acids (PFCAs) were analyzed

by UPLC-MS/MS (Acquity UPLC H-Class/XEVO TQD, Waters), and

the detail analytical methods are shown in Text S2 (Supporting in-

formation). The calculation method of the electrical energy per or-

der (EEO) and the observed oxidation kinetic rate constant (kobs) for

PFOA were described in Texts S3 and S4 (Supporting information),

respectively.

Fig. 1a and Fig. S1a (Supporting information) illustrate the elec-

trochemical oxidation performance of PFOA at different initial con-

centration, with a membrane flux of 8500 LMH and an applied cur-

rent density of 10mA/cm2. The highest degradation efficiency and

Fig. 1. Removal efficiency of PFOA at different experimental conditions: (a) initial

concentration, and (b) membrane flux.

pseudo-first-order degradation kinetic constant (k) of PFOA were

achieved at 0.1mg/L, reaching 96.6% and 0.0344 min−1, respec-

tively (Table S1 in Supporting information). The degradation per-

formance of PFOA showed a sharp decrease with its initial con-

centration increase. When the initial concentration increased from

0.1mg/L to 10mg/L, the corresponding k value decreased by 97.4%.

Compared to the electrochemical degradation of PFOA in previous

studies, β-PbO2 REM demonstrates remarkable degradation perfor-

mance for low-concentration PFOA (in the experimental concen-

tration range). In contrast, the degradation performance of high-

concentration PFOA using β-PbO2 REM was the worst in the re-

ported range (Table S2 in Supporting information). The kobs value

of 10mg/L PFOA degradation (2.40× 10−6 m/s) in this study was

almost two orders of magnitude lower than that in previously re-

ported result with Ti4O7 REM (1.30× 10−4 m/s) [33]. During the

electrolysis process, the β-PbO2 anode exhibits a lower oxygen

evolution potential (1.7–2.0V vs. SHE) compared to the Ti4O7 an-

ode (2.2–2.7V vs. SHE) [30,34–36]. As a result, the β-PbO2 anode

is more prone to undergo the oxygen evolution reaction. Hence,

there was a speculation that the formation of oxygen bubbles

within the electroactive pores of β-PbO2 REM could significantly

impede the degradation process of high-concentration PFOA. Reac-

tion sites and pore channels within the REM pore structure could

be occupied by oxygen bubbles, and PFOA molecules could be ad-

sorbed on the oxygen bubbles [19,37]. The protonation process,

rate-limiting step of PFOA degradation, could not happen for the

adsorbed PFOA molecules due to its non-direct contact with an-

ode surface [23], resulting in the poor degradation performance of

high-concentration PFOA using β-PbO2 REM. Significantly, the re-

moval amount of PFOA exhibited a notable decrease as the initial

concentration increased from 5mg/L to 10mg/L. This could be at-

tributed not only to the presence of oxygen bubbles but also to the

heightened competition between the produced short-chain PFCAs

and PFOA molecules for reaction sites and •OH. The above results

illustrated that β-PbO2 REM is an efficient anode in degradation

of low-concentration PFOA. To further investigate the degradation

mechanism of PFOA using β-PbO2 REM, 0.1mg/L PFOA was applied

in the following experiments.

The effect of the membrane fluxes on PFOA degradation using

β-PbO2 REM at 10mA/cm2 is shown in Fig. 1b and Fig. S1b (Sup-

porting information). The highest degradation efficiency (97.5%)

and the kobs value (9.47× 10−5 m/s) were found at 17,000 LMH

(Table S1 in Supporting information). The kobs value was 4.2-fold

higher than the reported result with porous Ti4O7 ceramic anode

(2.27× 10−5 m/s), with the reaction time of 90min in our study

and 180min in the previous work [35]. When the membrane flux

increased from 0 LMH (kobs of 1.63×10−5 m/s) to 17000 LMH (kobs
of 9.47×10−5 m/s), the kobs value increased by 5.3-fold. These

significant improvements in degradation performance can be at-

tributed to the higher mass transfer rate of PFOA molecules at

higher membrane flux [30,38,39], as well as the more efficient uti-

lization of REM pores at higher membrane flux, providing a larger

electroactive area for PFOA degradation [40–42]. When the mem-

brane flux increased from 4250 LMH to 17,000 LMH, the kobs value

exhibited a slow increase trend, which was similar to previous

studies [29,43]. This was mainly because that the mass transfer

performance tended to stabilize at high membrane flux, and the

degradation process of PFOA became to be controlled by kinetic

limitation [41,43]. Membrane flux increase could efficiently reduce

the energy consumption for PFOA degradation (the embedded im-

age in Fig. 1b). However, when the membrane flux increased from

8500 LMH to 17,000 LMH, the EEO value decreased by 0.05Wh/L

showing a relatively stable state. That was mainly because of the

following two reasons: (1) The electrochemical degradation pro-

cess was almost controlled by the kinetic limit at the higher mem-

brane flux, resulting in less variation in energy consumption [41].
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Fig. 2. Effects of (a) current density and (b) TBA concentration on the degradation

of PFOA.

(2) The oxygen evolution and hydrogen evolution reactions at the

electrode interface generate a significant number of small bubbles

at higher membrane flux, thereby providing a larger specific sur-

face area and more adsorption sites [44]. PFOA molecules might

be easily adsorbed on these small bubbles, thus impeding the re-

duction of energy consumption.

Applied current density can greatly affect the electrochemical

oxidation performance as shown in Fig. 2a and Fig. S1c (Sup-

porting information). The k values of PFOA degradation exhib-

ited a positively relationship with the applied current densities,

which was similar to the previous studies [25,32]. The removal

efficiency and k value of PFOA reached up to 99.2% and 0.0605

min−1, respectively, at 20mA/cm2 (Table S1). The k value increased

by almost an order of magnitude as the applied current density

raised from 5mA/cm2 to 20mA/cm2. Higher current density means

higher anode potential and stronger •OH production capacity [45],

which was conducive to improving the protonation process and

degradation efficiency of PFOA at the anode. The calculated EEO
value increased from 0.74Wh/L to 1.24Wh/L when the applied cur-

rent density increased from 10mA/cm2 to 20mA/cm2. There were

more competing reactions, oxygen evolution reaction and hydro-

gen evolution reaction, generated at higher anode potential, result-

ing in energy waste. Notably, the maximum EEO value (1.41Wh/L)

appeared at the lowest current density (5mA/cm2), which was

caused by the lower degradation efficiency to significant increase

the reaction time. Compared to other anode materials such as

BDD, RuO2, Ti4O7 and β-PbO2 used for the electrochemical degra-

dation of PFOA, the EEO value obtained in this study (0.74Wh/L)

was nearly an order of magnitude lower than the lowest EEO
value (5.00Wh/L) reported in the literatures (Table S3 in Support-

ing information). This indicates that β-PbO2 REM is an energy-

efficient and promising anode material for low-concentration PFOA

degradation.

TBA was added as quenching agent during the electrochemical

degradation to further evaluate the function of •OH towards PFOA

degradation. As shown in Fig. 2b, PFOA degradation was greatly

retarded by TBA addition. The inhibition efficiencies were 32.1%,

71.5% and 86.3% at TBA concentration of 50mmol/L, 500mmol/L

and 1000mmol/L, respectively, according to the previous calcu-

lation method (Text S5 in Supporting information) [46]. It was

proved that •OH played a dominant role in PFOA degradation using

advanced oxidation processes [47,48]. There was still a degrada-

tion efficiency of PFOA in the presence of 1000mmol/L TBA, which

could be the attribution of unquenched •OH or even SO4
•−. SO4

•−

was proved as also an effective oxidation agent in PFOA degra-

dation [49,50]. Sulfate in solution could be activated to SO4
•− at

anode surface, where is a strong acidic micro-environment during

the electrochemical oxidation process (SO4
2− − e− → SO4

•−) [51].

Therefore, PFOA might be degraded by •OH and SO4
•− after pro-

tonation process.

The degradation of short-chain PFCAs intermediates is more dif-

ficult than PFOA due to their weak reactivity and high hydrophily

[52]. The degradation efficiencies of PFPeA (C5), PFBA (C4) and PF-

Fig. 3. The concentration of degradation intermediates of PFOA as a function of

reaction time: (a) without scavenger and (b) in the presence of 1000mmol/L TBA.

Fig. 4. Schematic diagram of degradation mechanism of PFOA on β-PbO2 REM.

PrA (C3) on β-PbO2 REM were all lower than 10% as shown in

Fig. S2 (Supporting information). To further investigate the feasi-

bility of degradation of low-concentration PFOA on β-PbO2 REM,

the concentrations of degradation intermediates in the aqueous

solution were measured. As shown in Fig. 3a, the concentration

of PFHpA (C7) peaked at 30min (0.048μg/L), and then decreased

with reaction time. The concentrations of PFHxA (C6), PFPeA, PFBA

and PFPrA declined after reaching their peaks at 45min. This phe-

nomenon suggested that PFOA can be degraded to short-chain PF-

CAs through a stepwise CF2 flake-off manner during the electro-

chemical oxidation as proved in our previous study [23,27]. In

addition, the accumulated low concentrations of all short-chain

PFCAs indicated that they were effectively decomposed on the

β-PbO2 REM surface and merely few short-chain PFCAs released

from anode surface into the bulk solution [53]. The relatively high

concentration of PFPrA might be due to its strong hydrophilicity,

resulting in weaker hydrophobic and van der Waals forces at the

electrode interface, causing its highest concentration among the

intermediates [54].

When 1000mmol/L TBA was added in the electrochemical

degradation of PFOA, the maximum concentrations of PFHpA,

PFHxA, PFPeA, PFBA and PFPrA were measured at 0.202μg/L,

0.244μg/L, 0.959μg/L, 0.852μg/L and 1.245μg/L, respectively

(Fig. 3b). The detected concentrations of PFHpA, PFHxA, PFPeA and

PFBA in the presence of 1000mmol/L TBA were higher than those

without scavenger. Meanwhile, the required reaction times to reach

the maximum concentration of PFHxA, PFPeA, PFBA and PFPrA in-

creased from 45min to 60min. These results suggested that TBA

inhibited the degradation performance of the formed short-chain

PFCAs intermediates on β-PbO2 REM surface, leading to an in-

crease in their concentration in the aqueous solution. Notably, the

decreased concentration of PFPrA in the presence of TBA could be

attributed to a significantly reduced decomposition performance of

PFOA and also to the slower degradation of PFHpA, PFHxA, PFPeA,

and PFBA, which further suggested that PFOA was decomposed

through the stepwise CF2 flake-off manner. The aforementioned re-

sults further indicated that •OH played a vital and dominant role in

the electrochemical degradation of the formed short-chain PFCAs.

Fig. 4 illustrates the possible degradation mechanism of PFOA

on β-PbO2 REM. Firstly, the PFOA molecules underwent a proto-

nation process on the β-PbO2 REM surface, and then were further
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oxidized by •OH and SO4
•−. Subsequently, the formed short-chain

PFCAs were also efficiently degraded on the anode surface. How-

ever, the generated oxygen bubbles would adsorb PFOA molecules

to hinder the protonation process, which severely limited the

degradation efficiency of PFOA. The adsorbed PFOA molecules

might be released into the solution as the bubbles burst and then

be degraded. In contrast, Ti4O7 REM exhibited outstanding degra-

dation performance for different concentration ranges of PFOA,

mainly because of its high oxygen evolution potential, which could

reduce the adverse effect of bubbles by controlling a low reaction

potential.

In this study, β-PbO2 REM showed remarkable degradation per-

formance towards low-concentration PFOA, without abundant ac-

cumulation of short-chain PFCAs intermediates. The electrical en-

ergy per order to remove 0.1mg/L PFOA was merely 0.74Wh/L,

which is notably lower than the values reported in the literatures.

However, a crucial challenge for the efficient application of PFOA

degradation using β-PbO2 REM is how to eliminate oxygen bub-

bles within the REM pores during the degradation process. The

collapse of bubbles and the mass transfer enhance of PFOA could

be achieved with the assistance of ultrasound [19,55]. Addition-

ally, the hydrophobic modification of the anode could enhance its

hydrophobic affinity with PFOA and increase its oxygen evolution

potential [34], thereby mitigating the adverse effects of the oxy-

gen bubbles. To enhance the effectiveness of the PFOA treatment

approach, it is essential to construct an ultrasound-assisted elec-

trochemical oxidation system utilizing β-PbO2 REM. Moreover, op-

timizing the hydrophobic modification of β-PbO2 REM and thor-

oughly examining the operational performance of REMs in multi-

ple series are crucial steps. These measures will significantly con-

tribute to improving the feasibility of the PFOA treatment strategy.
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