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ARTICLE INFO ABSTRACT

Keywords: Electrochemical degradation using boron-doped diamond (BDD) electrodes has been proven to be a promising

PFAS technique for the treatment of water contaminated with per- and poly-fluoroalkyl substances (PFAS). Various

Electrochemical degradation studies have demonstrated that the extent of PFAS degradation is influenced by the composition of samples and

5:;:5: of experiment electrochemical conditions. This study evaluated the significance of several factors, such as the current density,

Wastewater initial concentration of PFAS, concentration of electrolyte, treatment time, and their interactions on the

Oxidizable substances degradation of PFAS. A 2* factorial design was applied to determine the effects of the investigated factors on the
degradation of perfluorooctanoic acid (PFOA) and generation of fluoride in spiked water. The best-performing
conditions were then applied to the degradation of PFAS in wastewater samples. The results revealed that
current density and time were the most important factors for PFOA degradation. In contrast, a high initial
concentration of electrolyte had no significant impact on the degradation of PFOA, whereas it decreased the
generation of F~. The experimental design model indicated that the treatment of spiked water under a current
density higher than 14 mA cm ™2 for 3-4 h could degrade PFOA with an efficiency of up to 100% and generate an
F~ fraction of approximately 40-50%. The observed high PFOA degradation and a low concentration of PFAS
degradation products indicated that the mineralization of PFOA was effective. Under the obtained best condi-
tions, the degradation of PFOA in wastewater samples was 44-70%. The degradation efficiency for other PFAS in
these samples was 65-80% for perfluorooctane sulfonic acid (PFOS) and 42-52% for 6-2 fluorotelomer sulfonate
(6-2 FTSA). The presence of high total organic carbon (TOC) and chloride contents was found to be an important
factor affecting the efficiency of PFAS electrochemical degradation in wastewater samples. The current study
indicates that the tested method can effectively degrade PFAS in both water and wastewater and suggests that
increasing the treatment time is needed to account for the presence of other oxidizable matrices.

1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) are fluorinated anthro-
pogenic organic compounds that have been in use since the 1950s (Kissa
2001) as surfactants, coatings, water repellents for leather and textiles,
impregnating agents, firefighting foams, metal plating materials and
aqueous film forming foams (Busch et al., 2010; Yan et al., 2015; Fav-
reau et al.,, 2017). Today, approximately 4730 compounds related to
PFAS have been registered (OECD 2018). Due to high PFAS production
for commercial purposes, their wide range of applications and their
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persistent properties, these compounds are ubiquitously distributed in
the environment (Paul et al., 2009; Krafft and Riess 2015). PFAS can also
be widespread in aquatic systems from landfill leachate receiving
municipal solid waste and industrial effluents (Dauchy et al., 2017;
Fuertes et al., 2017; Gomez-Ruiz et al., 2017). When released to the
environment, conditions that cannot be met naturally are required to
break down the C-F bonds and mineralize PFAS compounds (Ochoa--
Herrera et al., 2008; Park et al., 2009; Zhang et al., 2013). A high con-
centration of PFAS in soils and industrial waste may pose risks for the
contamination of ground and surface water, which would subsequently
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limit the use of these water sources as a source of drinking water
(Banzhaf et al., 2017). Consequently, more studies about feasible and
effective techniques leading to the removal and complete degradation of
PFAS should be explored to fully decrease the amount of pollution
already present in the environment.

Recently, various oxidative methods, such as electrochemical,
photochemical and sonochemical techniques, have been proven to be
promising for PFAS degradation with varying degrees of treatment ef-
ficiency and costs (Merino et al., 2016; Xu et al., 2017; He et al., 2019;
Nzeribe et al., 2019; Cao et al., 2020). Electrochemical methods have
shown a high potential considering both the treatment efficiency and its
costs (Nzeribe et al., 2019). The choice of the right electrodes impacts
the treatment efficiency. The use of boron-doped diamond (BDD) elec-
trodes would be preferable over other electrode materials due to their
wide potential window, non-corrosiveness and generation of hydroxyl
radicals rather than favouring the oxygen evolution reaction (Panizza
et al., 2008; He et al., 2019; Nidheesh et al., 2019). In addition, BDD
electrodes do not require a catalyst to favour electrochemical conver-
sion, and they do not contain other toxic chemicals (Lin et al., 2013;
Shestakova and Sillanpaa 2017). The use of BDD has been widely
explored for organic pollutant treatment in landfill leachates (Cabeza
et al., 2007) and in other daily wastewaters (Peralta-Hernandez et al.,
2012). Gomez-Ruiz et al. (2017) demonstrated efficient PFAS degrada-
tion, with efficiencies reaching up to 99.7%, even in the presence of
other organic and inorganic substances in industrial wastewater
(Gomez-Ruiz et al., 2017).

Although it is acknowledged that the experimental conditions (e.g.,
time, current density, plate distance, and electrolyte concentration) and
solution properties (e.g., pH and PFAS concentration) impact the
treatment efficiency, the extent of their effects on PFAS degradation is
ambiguous (Carter and Farrell 2008; Ochiai et al., 2011; Zhuo et al.,
2012; Trautmann et al., 2015; Urtiaga et al., 2015; Schaefer et al., 2017;
Gomez-Ruiz et al. 2017, 2019). As emphasized in the recent literature
(Ahmed et al., 2020; Radjenovic et al., 2020), most of the available
studies were conducted on synthetic PFAS solutions, which may differ
significantly from groundwater or wastewater samples to be treated.
Therefore, prior to suggesting an electrochemical degradation method
for the treatment of specific solutions (leachates, wastewaters, industrial
effluents, etc.), method development and method validation for a spe-
cific matrix are needed.

The aim of this study was to optimise electrochemical degradation of
PFAS in aqueous solutions i) by evaluating the importance and effect of
several factors, namely, the electrical current density, initial concen-
tration of perfluorooctanoic acid (PFOA), electrolyte concentration and
time, on the degradation of PFOA in spiked solutions and ii) by evalu-
ating the effect of the best-performing conditions on PFAS degradation
in contaminated wastewater samples.

2. Materials and methods
2.1. Materials

The chemicals used to prepare the synthetic solutions were PFOA
(96%) and sodium sulfate (NaSO4, 99%). Sodium fluoride (NaF, 99%)
was used to prepare calibration standards. Ultrapure water was used to
prepare all electrolyte solutions. Chemicals such as sodium chloride
(NaCl, >99.5), sodium hydroxide (NaOH, >99%), 1,2-diamino cyclo-
hexane N,N,N,N-tetra acetic acid (CDTA, pro analysis) and glacial acetic
acid (100%) were used to prepare a total ionic strength adjustment
buffer (TISAB). All reagents were purchased from Merck except PFOA,
which was obtained from Sigma Aldrich.

Three types of PFAS-containing industrial wastewater samples from
a Swedish waste management company were used to test the studied
degradation method. Table 1 summarizes the characteristics of the three
wastewater samples including the concentration of 11 PFAS compounds.
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Table 1
Characteristics of wastewater samples.

Parameter Sample I Sample II Sample IIT
pH 7.59 8.53 6.27
F~ (ugL™) 3.87 3.82 0.84
Cl™ (mgL™h 272.7 261.2 245.0
Electrical conductivity (mS cm ™) 11.7 11.1 10.4
TOC (mg Lfl) 3570 2860 10678
PFBA <3.00 5.67 <10.0
PFPeA 1.69 1.03 1.02
PFHxA 2.35 1.19 2.72
PFHpA 0.34 0.32 0.65
PFOA 0.57 0.45 0.80
PFNA <0.01 <0.01 <0.01
PFDA <0.01 <0.01 <0.01
PFBS 0.96 1.13 2.74
PFHxS 3.65 4.29 11.50
PFOS 7.82 3.23 19.10
6:2 FTSA 23.20 24.30 14.70
X11 PFAS 40.57 41.61 53.23

2.2. Electrochemical degradation and factorial design of the experiment

2.2.1. PFOA degradation in synthetic water

Experiments were conducted on a laboratory scale using a simple
batch mode. Briefly, the electrochemical system consisted of a 300 mL
beaker containing 200 mL of solution spiked with PFOA and NaySQOy4, in
which electrodes were immersed. BDD coated on grade 2 niobium was
used as both the anode and cathode. The surface area of the cathode was
21.57 cm?, and that of the anode was 35.05 cm?, with an electrode
spacing of approximately 2 cm. The electrodes were connected to a
power supply system (PLH120 DC Power Supply). Current densities of
2.3, 11.85 and 21.4 mA cm™2 were applied to assess their effects on
PFOA degradation in spiked water. The supplied voltage was varied
between 5.2 and 22.5 V depending on the current density and electrolyte
concentration. Before and during the experiment, the electrolytic solu-
tion was homogenized by re-circulating the solution at a flow rate of
1.13 mL min~! from the beaker through a polymer tube using a peri-
staltic pump. A control experiment in a solution containing a known
amount of PFOA and NaySO4 was performed without a power supply to
account for any loss of PFOA that might occur during the time of the
experiment. After the time assigned for each run had passed, the
experiment was stopped. The samples were then collected and stored in
polypropylene containers at 4 °C until further analysis.

A randomized duplicate full factorial design of four factors at two
levels (2% with two central points (Carlson 1992; Antony 2014)
(Table 2) was applied to study the impact of the selected factors on the
degradation of PFOA in batch mode. The factors were chosen based on
their importance and effect on electrochemical treatment processes and

Table 2
Experimental design matrix of factors and their levels applied in PFOA elec-
trochemical degradation experiments.

Factors Levels References
Low Central High
) point (0) +)

Current density (mA 2.3 11.85 21.4 (Urtiaga et al., 2015;

cm’z) (X1) Schaefer et al., 2017;
Gomez-Ruiz et al., 2019)

Initial PFOA 1 5.5 10 (Trautmann et al., 2015;
concentration (mg Schaefer et al., 2017)
L™ (Xa)

Electrolyte 1.5 7.85 14.2 (Trautmann et al., 2015;
concentration Urtiaga et al., 2015;
Na,S04 (g L*I) (X3) Schaefer et al., 2017)

Time (h) (X4) 1 2.5 4 (Urtiaga et al., 2015;

Schaefer et al., 2017;
Gomez-Ruiz et al., 2019)
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costs (Chatfield and Owen 2003; Garcia-Gomez et al., 2014; Gomez-Ruiz
et al., 2017; Nzeribe et al., 2019). The selected electrolyte (NaxSO4) is
commonly applied in electrochemical methods and is not considered a
contaminant itself (Urtiaga et al., 2015). The factor levels were selected
based on ranges reported in the literature: a current density of 2-23.24
mA cm’z; atime of 0-6 h; a NaySO4 concentration of 1.5-14.2 g Lt ;and
PFAS concentrations found in polluted water and wastewater (Zhuo
et al., 2012a; Trautmann et al., 2015; Urtiaga et al., 2015; Yan et al.,
2015; Schaefer et al., 2017; Gomez-Ruiz et al., 2019).

2.2.2. PFAS degradation in wastewater

The degradation of PFAS in wastewater samples was performed by
applying the experimental conditions that showed the highest PFOA
degradation in spiked water, i.e., a time of 4 h and a current density
higher than 14 mA cm™2. The current density value of 14.61 mA cm ™2
was used based on larger size of new electrodes and the capacity of the
power supply unit (PLH120 DC Power Supply). The electrodes initially
used for the treatment of synthetic water were not suitable after the first
stage of the experiments, and new BDD electrodes were produced using
the same materials. A test comparing old and new BDD electrodes was
performed, and no deviation in current density from the intended values
was observed. The supplied voltage varied in the range of 9.2-15.9 V
depending on the type of sample and whether the electrolyte was added
or not. Although the electrolyte concentration was sufficient for
providing electrical conductivity, paired experiments were run for each
sample with and without the addition of 1.5 g L™! NaySOy4 to assess the
impact of NaSO4 on sample treatment.

2.3. Analytical methods

The extent of PFAS degradation in treated samples was analytically
measured with liquid chromatography-tandem mass spectrometry (LC-
MS/MS) by following available standard methods (DIN 38407-42,
UNEP Chemicals Branch, 2015 mod; W-PFCLMS02). Eleven PFAS
compounds (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFBS,
PFHxS, PFOS, and 6:2 FTS) were analysed in spiked water and waste-
water samples; the sum of linear and branched PFOS, PFHxS and PFOA
is reported (Nomenclature and list of abbreviation of analysed PFAS is
given in Table S1). The F~ generated from the degradation of PFAS was
measured using an F~ ion-selective electrode (ISE). Prior to F~ mea-
surement, calibration standards were prepared by diluting a stock so-
lution of 0.1 M NaF to desired concentrations. The calibration curve was
linear in all analytical ranges, and the lowest standard (10~® mol L™1)
was chosen based on the detection limit of the ISE assigned by the
manufacturer (Metrohm). Before each F~ analysis, 10 mL of TISAB III
was added to 10 mL of calibration solution to adjust the pH to 5.4-5.5,
which is the optimal pH range for F~ determination using an ISE. The
total organic carbon (TOC) was analysed using a TOC-V CSH total
organic carbon analyser (SHIMAZOU) (LOD = 4 pg L™1), and chloride
ions were analysed using a calorimetric analyser (QUAATRO BRAN +
LUEBBE).

2.4. Data analysis and statistical computation

The target experimental responses were PFOA degradation (%) and
the fraction of generated F~ (%). Fluoride production upon treatment is
an indirect measurement of complete degradation (mineralization),
whereas the measured PFOA degradation indicates both the partial and
complete degradation of PFOA. To evaluate the response output, the
ratios were calculated using equations (1) and (2):

.
Cr,*Mmpros

__—h TTPFOA  sq 1
(PFOA);*nFproa 00 M

% generated fluoride =

(PFOA)* — (PFOA),,

PFOA ion=
%PFOA degradation (PFOA),

100 (2)
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where Cr,is the molar concentration (mol L™ of fluoride measured with
the ISE, and (PFOA); and (PFOA), are mass concentrations (g LY of the
initial and remaining PFOA, respectively. Mm is the molar mass of
PFOA, whereas nFppoa is the number of fluorine atoms comprising
PFOA. A mass balance approach was applied to determine the speciation
of fluorine in treated and untreated samples. To estimate the organic,
inorganic and undetected fluorine, mathematical equations (3)-(5) were
used.

mFinorganiC = CF, *MmF*V (3)
E _ Crras, X V X npi X Mmg 4
MEorganic = ( )

Mmprys;
MFundetected = MPproa; — MForganic — MFinorganic 5)

where V is the volume of sample (L) used in the experiment, Cppas;, is the
mass concentration (g L’l) of each detected PFAS molecule at time (t),
and ny; is the number of fluorine atoms in each PFAS molecule.

It was assumed that fluoride (mFinorganic) represented the F-
measured using the ISE, organic fluorine (mForganic) wWas the mass of
fluorine atoms constituting all detected PFAS after a certain degradation
time, and undetected fluorine (mFypdetected) Was the mass of all unknown
fluorinated compounds.

Modde 12.1 software (Umetrics, Sartorius Stedim Biotech, Sweden)
was used for the design of the experiment and data analysis, as well as to
compute the importance of regression coefficients and the significance
of each factor and their interactions with respect to the responses. The
parameters of basic model statistics, such as R?, Q2 and reproducibility,
were also evaluated. The model was applied to predict the degradability
of PFAS in wastewater samples.

3. Results and discussion

3.1. Factor and interaction effects on the degradation of PFOA in spiked
water

The results of PFOA degradation (Y;), the generation of F~ (Y2) and
the levels of degradation products obtained with the studied factors are
presented in Table 3. The results show that the responses varied when
the factors changed. The influence of each factor and their interactions
on the degradation of PFOA and generated F~ is displayed in the
regression coefficient plot (Fig. 1).

The regression coefficients represent the weight of each factor or
their interactions on the responses. A positive coefficient indicates that
increasing the factor level had a positive effect on the response, whereas
a negative coefficient indicates that when the factor level increased, the
response decreased and vice versa. As presented in table of significance of
model terms (Table S2), the small standard errors and low p-values to
each factors and interactions demonstrate that those factors are statis-
tically significant to the degradation of PFOA and fluoride generation.

The factors that were important for PFOA degradation and for the
formation of fluoride ions were different. These two responses measure
different outcomes since the degradation of PFOA is a measurement of
how many PFOA molecules undergo transformation upon treatment,
whereas F~ generation is an indirect measurement of the complete
degradation of PFOA.

The data analysis showed that current density (X;) and time (X4)
were both the most important factors in the degradation of PFOA and F~
generation. A PFOA degradation efficiency of 99.5% was achieved after
using a 10 mg L~ initial PFOA concentration, 21.4 mA cm 2 and 4 h
(Table 3). However, the current density was more important than time;
their regression coefficients for PFOA degradation and F~ generation
were by = +23.0 and + 5.8 and by = +11.3 and + 5.3, respectively. The
impacts of time and applied current density were in agreement with
those of several previous studies conducted using different BDD-coated
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Table 3
Average (+standard deviation) PFOA degradation (%) at different levels of the
four studied factors (n = 2).

Factors Responses

Current Initial Initial Time % PFOA %

density PFOA (pg  NagSO4 (g  (h) degradation F~generation
(mAem 2 LD LY

2.3 10% 1.5 1 29+6.6 11.3+0.7
21.4 10% 1.5 1 86.5 + 6.4 26.1 +2.8
2.3 10* 1.5 1 17.9 £ 2.9 6.8 + 0.2
21.4 10* 1.5 1 65.8 £ 0.7 28.4 £0.1
2.3 10% 14.2 1 19.2 £10.2 8.1+ 0.5
21.4 10° 14.2 1 90.5 +5.5 15.7 £ 1.1
2.3 10* 14.2 1 17.3 + 4.2 7.7 £ 2.0
21.4 10* 14.2 1 55.2 +14.1 17.8 £ 0.4
2.3 10° 1.5 4 57.6 + 0.0 28.0 +1.7
21.4 10° 1.5 4 99.2 +0.3 47.4 + 0.4
2.3 10* 1.5 4 54.3 £ 0.0 25.9 £0.3
21.4 10* 1.5 4 99.5 + 0.3 50.0 + 1.4
2.3 10° 14.2 4 67.4 + 4.9 229+ 1.7
21.4 10° 14.2 4 99.5 £ 0.1 17.7 £ 0.7
2.3 10* 14.2 4 53.5+ 1.0 19.1 +£ 0.4
21.4 10* 14.2 4 97.3 +2.5 26.2 + 0.0
11.85 5.5.10° 7.85 2.5 91.1 £ 0.5 28.6 £ 0.6

materials (Carter and Farrell 2008; Liao and Farrell 2009; Urtiaga et al.,
2015; Gomez-Ruiz et al., 2019).

The increasing electrolyte concentration (X3) had a negative impact
only on the generation of F~. For example, when 21.4 mA cm ™2 was
applied for 4 h, the generation of F~ dropped from 50.0% to 26.2% after
the concentration of NaySO4 was changed from 1.5 to 14.2 g L7}
(Table 3).

The degradation of PFOA was slightly decreased by increasing its
initial concentration, unlike a prior study that reported a slight increase
in PFOA degradation (on Si/BDD) when the PFOA concentration was
increased from 20 to 50 mg L~ 1 (zhuo et al., 2012). However, the
current behaviour was similar to the findings of Lin et al. (2012), where
PFOA degradation over Ti/SnO,-Sb increased when the initial PFOA
concentration was increased from 5 to 500 mg L™ 1 (Linetal., 2012). The
initial concentration of PFOA (X2) was determined to be non-significant
with respect to the generation of fluoride (p = 0.893), but its interaction
with the current density (X;*X5) significantly impacted (p = 0.001) the
generation of F~.
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PFOA degradation and the generation of F~ were both significantly
affected by factor interactions. The density*time interaction (X;*X4) had
a negative impact on PFOA degradation, whereas three factor in-
teractions, i.e., current density*PFOA (X;*Xg), current density*elec-
trolyte (X;*X3) and electrolyte*time (X3*X4), showed a significant
impact on the generation of F~, with only the X;*Xj, interaction having a
synergistic effect. This implies that increasing electrolyte concentration
may reduce the significance of time and current density for the complete
degradation of PFOA, as their interaction coefficients had a negative
effect on fluoride generation. Even if time and current density have a
positive impact on PFOA degradation, their corresponding squared
terms, X3 and X3, have negative coefficients. To improve the model, the
addition of square terms was necessary; a similar approach was applied
by (Garcia-Gomez et al., 2014) in the electrochemical oxidation of
carbamazepine using Ti/BDD electrodes. The current analysis yielded
good models after including square terms; for example, for PFOA
degradation, R? and Q2 increased from 0.86 to 0.96 and 0.81 to 0.94,
respectively, at the 95% confidence level. Likewise, for F~ generation,
R? and Q? improved from 0.92 to 0.97 and 0.85 to 0.91, respectively.
The calculated statistical model validity for both PFOA degradation and
defluorination were low (i.e. —0.2 and 0.1 respectively), which is
commonly observed for the small datasets generated by the experiments.
However, the analysis displayed good R%, Q? and an excellent repro-
ducibility (>0.97), indicating that predictive accuracy of the model is
very good.

By running multiple regression analyses on significant factors, two
polynomial regression models (Egs. (6) and (7)) describing a relation-
ship between the degradation of PFOA or generation of F~ and impor-
tant factors were generated:

Y, =92.7 +23.0X; — 4.0X, + 11.3X, — 11.9X} — 13.1X} — 4.6X;*X; (6)

Y, =30.3 4+ 5.8X; — 5.3X3 + 5.3X4 — 5.9X3 + 1.6X;+X, — 3.3X,%X;

where Y; is the percentage of PFOA degradation and Y5 is the percentage
of generated F~ predicted by the two models. The factors Xj, Xo, X3, and
X4 stand for current density, initial concentration of PFOA, initial con-
centration of electrolyte and time respectively. The high values of the
regression model parameters (R2 and QZ) indicated that the models were
significant and that future predictions had good precision. Thus,

30
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Coefficient (PFOA degradation)
(@]

= & =
x X X

X1*X1 4
X4*X4 -
X1*X4 |
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EH

Coefficient (fluoride generation)

= N o =
X X X X

X4*X4 |
X1*X2 {
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X3*X4 |

Fig. 1. Scaled and centred coefficients for PFOA degradation (left) and the generation of F~ (right); a description of each variable symbol is presented in Table 2.
Error bars represent the 95% confidence interval, and the initial PFOA concentration (X5) is included because its interaction with the current density is a significant

factor for the generation of fluoride (X;*X5).
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assuming that there were no other factors that had an influence on the
response, PFOA degradation (Y1) and the generation of F~ (Y3) could be
predicted with 94% and 91% accuracy, respectively, within the exper-
imentally investigated ranges.

3.2. Electrochemical degradation of PFOA in spiked water

The experimental results revealed that the highest PFOA degradation
and generation of F~ were 99.5% and 50%, respectively (Table 3). These
responses were found after combining the following factors: a current
density of 21.4 mA cm~2, time of 4 h, initial PFOA concentration of 10
mg L™} and initial Na,SO4 concentration of 1.5 g L1,

Indeed, PFOA degradation of up to 91% and F~ generation of 29% in
150 min were observed by running central points, which indicates that
complete PFOA transformation could be achieved at the factor levels
below the maxima applied in the current study. These results were in
reasonable agreement with the findings by Schaefer et al. (2017),
although the previous study reported higher fluoride recovery (approx.
60%), which was probably due to the higher current density utilized in
their experiment (50 mA cm_z).

Extrapolation/interpolation was used to find variations in the re-
sponses as a function of electrical charge. As illustrated in Fig. 2, the
degradation of PFOA and generation of F~ quickly increased as the cu-
mulative charge increased. The degradation of PFOA and generation of
F~ reached approximately 100% and 41%, respectively, when the cu-
mulative charge increased to 1.5 Ah. Further increasing the charge
slightly increased F~ generation.

In general, PFOA degradation was consistently greater than F~
generation. A small part of PFOA is degraded into shorter-chain PFAS
(Table S3), which ultimately undergo slower mineralization (Lin et al.
2012, 2013; Zhuo et al., 2012a; Trautmann et al., 2015; Li et al., 2020;
Wang et al., 2020). The impacts of various factors on PFAS degradation
and F~ generation differed (Fig. 1), which indicates that the mechanisms
driving these processes are different. This in turn led to the observed
differences between the degraded concentration of PFOA and the
amount of generated F~.

Response contour plots obtained from the 24 full factorial design
were used to illustrate the role of time and current density at a constant
electrolyte concentration (1.5 g L™! NaySO4) and an initial concentra-
tion of PFOA of 5.5 mg L1 (Fi g. 3). The contours are curved because the
models contain significant squared terms. Both plots indicate that to
maximize PFOA degradation as well as the generation of F~, time and
current density should be increased. The contour plots were not

100 A A A A A
90 A
80 A
70

N
S S
| 2

Efficiency (%)
(%) N W
S S

& Fluoride generation

[
(=]

By

= APFOA degradation

0.4 0.8 1.2 1.6 2 2.4 2.8 32
Charge (Ah)

Fig. 2. Effect of electric charge on PFOA degradation (triangles) and the gen-
eration of F~ (squares). Conditions: 1.5 g L™ Na;SO,4 and 5.5 mg L. ~ PFOA.
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identical, once again indicating that the degradation of PFOA and
release of fluoride ions in solution are not exactly proportional in the
studied region. The calculated results demonstrate that by increasing the
current density (X;) and time (X4) from the lowest levels to the centre
points (from 2.30 to 11.85 mA cm 2 and 1-2.5 h), the degradation of
PFOA increased 5.3-fold, and the amount of generated F~ increased 4.1-
fold. When the two factors were fixed to their highest levels (21.3 mA
cm ™2 and 4 h), the degradation of PFOA increased 5.8-fold, and the
amount of generated F~ increased 5.7-fold.

The model showed that the increase in degradation rate over time at
a fixed current density was not linear. According to Panizza et al.,
(2001), this is an indication that PFOA degradation was most likely
limited by mass transfer towards the electrode surface. The best regions
for the responses were a time of 3-4 h and a current density higher than
14 mA cm~% under these conditions, approximately 100% PFOA
degradation and 40-50% generation of F~ could be achieved.

3.3. Effect of electrochemical factors on degradation products

The complete disappearance of PFOA from solution after treatment
does not necessarily mean that PFOA underwent complete degradation,
leading to the production of carbon dioxide and fluoride. PFOA degra-
dation is a stepwise reaction that removes each carbon group until the
smallest and not easily degradable molecule is formed (Lin et al., 2013;
Li et al., 2020; Wang et al., 2020).

A high PFOA degradation efficiency (99.5%) in 1.5 g L™! NaySO4
solution resulted in the generation of approximately 49% undetected
fluorinated compounds and 50% F~ (Fig. 4). As presented in Table S3,
only low concentrations of short-carbon-chain PFAS (PFBA, PFPeA,
PFHxA and PFHpA) and PFOA were detected (a fraction of organic
fluorine).

Regarding the influence of electrochemical conditions on fluorine
speciation, the current results indicate that the fraction of undetected
fluorinated compounds increased when the level of one of three factors
(i.e., time, electrolyte or current density) was increased. For example,
the percentage of undetected fluorine increased from 61% to 75% when
the level of NaySO4 changed from 1.5 to 14.2 g L™ ! under the same levels
of the other factors (i.e., 1 mg Lt PFOA, 1 h and 21.4 mA cm™2). The
undetected fluorine fraction increased again from 20% to 49% when the
applied current density was changed from 2.3 to 21.4 mA cm ™2 with the
same long time, high PFOA concentration and low electrolyte concen-
tration. In addition, the undetected fluorine fraction increased from 29%
to 72% when the time was changed from 1 to 4 h in combination with
high levels of the other three factors. Prior studies reported a similar
behaviour for PFOA degradation, released fluoride and undetected
fluorine when the time or current density was varied (Urtiaga et al.,
2015; Schaefer et al., 2017). In contrast, the fraction of undetected
fluorinated compounds decreased as the initial concentration of PFOA
increased. For example, when the initial PFOA concentration increased
from 1 to 10 mg LY, mFyndetected decreased from 61% to 32% when the
time and current density were 1 h and 21.4 mA cm ™2, respectively.

3.4. Application of experimental factors to wastewater samples

Wastewater samples containing PFAS were treated by applying the
best-performing factor levels (current density of 14.6 mA cm™2, time of
4 h and with/without the addition of 1.5 g L™! NaySOy) to estimate
whether the complexity of the samples would interfere with PFAS
treatment. Table 4 summarizes the concentrations of 11 PFAS com-
pounds of treated samples.

Three categories of PFAS substances, including perfluoroalkyl car-
boxylic acids (PFCAs), perfluoroalkane sulfonic acids (PFSAs) and 6-2
fluorotelomer sulfonic acid (6-2 FTSA), were detected in untreated
samples. Among the 11 analysed PFAS, the most abundant PFAS were 6-
2FTSA (14.7-24.3 pg L7'), PFOS (3.23-19.10 pg L~ 1), PFHxS
(3.65-11.5 pg L), PFHXA (1.19-2.72 pg L) and PFPeA (1.02-1.69 g
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Fig. 4. Fluorine distribution among fluoride (dark bars), organofluorine (grey bars) and undetected fluoride species (horizontal lines). The X-axis represents the
average results (n = 2) of successive experiment runs, and the four plus/minus/zero codes are the levels of the four factors. Details regarding the factor levels are

presented in Table 1.

L71). The concentrations of the other PFAS ranged from below the
detection limit (<0.01) to 1.00 pg L™1. In general, the total concentra-
tions of the 11 PFAS were 40.6, 41.6 and 53.2 pg L™ for sample I,
sample II and sample III, respectively.

Electrochemical treatment reduced the concentrations of long-chain
compounds (Fig. 5 a, b and c). However, due to the complexity of the
samples, the applied current density and degradation time did not help
to achieve maximum PFAS degradation.

The results showed that PFSA, PFCA and FTSA compounds were
degraded with different efficiencies, and the order of degradation effi-
ciency in the presence of NaySO4 was PFSA > PFCA > FTSA (i.e.,
65-80% PFOS, 44-70% PFOA and 42-52% 6-2 FTSA degradation). The
observed degradation tendency was not similar to that of previous

studies, which showed that PFCAs (i.e., PFOA) degrade more easier than
PFSAs (i.e., PFOS) (Zhuo et al., 2012; Trautmann et al., 2015; Schaefer
et al., 2017; Pierpaoli et al., 2021, Gomez et al., 2019). The probable
reason for the observed low PFOA removal in wastewater could be that
the samples contained PFOA precursors (not included in the target
analytes), which increased the concentration of PFOA. Previous studies
showed that 8:2 FTCA is transformed into PFOA during the oxidation
process (Houtz and Sedlak 2012; Anumol et al., 2016).
Short-carbon-chain PFCA, PFBA, PFPeA, PFHxA and PFBS were gener-
ated after wastewater treatment which are the degradation products.
These molecules could have originated from decomposed PFSA and 6-2
FTSA, as previously reported (Zhuo et al., 2012; Yang et al., 2014; Li
et al., 2020).
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Table 4
PFAS concentrations of treated samples.
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Parameters Sample I Sample II

Sample III

Treated (without SO4%7) Treated (with SO4%7) Treated (without SO4%7)

Treated (with SO4%7)

Treated (without SO4%7) Treated (with SO4%7)

PFBA 1.40 1.40 1.40 1.60 4.46 3.79
PFPeA 0.81 0.65 0.76 0.96 1.57 1.89
PFHxA 1.90 1.90 2.00 2.10 2.74 3.40
PFHpA 0.40 0.34 0.42 0.52 0.51 0.51
PFOA 0.40 0.32 0.20 0.13 0.54 0.29
PFNA <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
PFDA <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
PFBS 2.00 2.30 1.80 1.80 3.39 3.35
PFHxS 2.00 1.60 1.20 0.98 5.18 4.42
PFOS 2.70 2.50 0.93 1.20 6.09 3.86
6:2 FTSA 16.00 11.00 11.00 14.00 10.30 8.43
¥11 PFAS 27.61 22.01 19.71 23.29 34.78 29.94
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Fig. 5. Electrochemical degradation of PFAS in sample I (a), sample II (b) and sample III (c) and the evolution of fluoride (d); experimental conditions: CD = 14.6
mA cm 2 and time = 4 h. Experiments were run with and without the addition of 1.5 g L™ Na;SO,. The percentage of PFBA degradation is not presented as its
concentration in untreated samples was below the limit of detection even though it was detected in treated samples.

All samples initially contained a high concentration of TOC; sample
III had a higher TOC content (10678 mg L) than sample I (3570 mg
L™ and sample II (2860 mg L™ (Table 1). The measured TOC shows
the amount of organic compounds present in wastewater samples rather

than the mineralization of PFAS, which are not easily oxidized by the
TOC analyser. Moreover, the high TOC in the samples allowed the
contribution of any fraction of oxidized PFAS to be neglected.

The TOC measurement performed on the treated samples showed
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that the electrochemical degradation of organic matter occurred while
treating PFAS compounds. TOC degradation of 26%-36% (sample I),
50%-52% (sample II) and 20%-39% (sample III) was found after
treating the three samples in the presence and absence of Na;SO4 (Fig. 6
a). Less TOC was removed when the electrolyte was added. The used
electrolyte (SO7~) might have reacted with generated hydroxyl radicals
(Davis et al., 2014), which degrade organic compounds.

The presence of TOC may have competed with PFAS for degradation
on the BDD electrode, as demonstrated in other studies (Schaefer et al.,
2017; Gomez-Ruiz et al., 2017; Pierpaoli et al., 2021). Nevertheless, the
degradation of PFAS was not proportionally affected by the concentra-
tion of TOC in the samples. For example, when Nay;SO4 was added, the
order of £11 PFAS degradation in the three samples was sample I (49%)
> sample II (48%) > sample III (44%), while the order of the TOC
content in the untreated samples was sample III > sample I > sample II.
The X11 PFAS degradation efficiency was higher in the presence of
NaySO4, except for sample II (the £11 PFAS degradation efficiency
reached 56% in the absence of NaySOg).

Similar to the TOC, the removal of Cl~ was observed in electro-
chemically treated wastewater samples, although the trend was not the
same as it was for the degradation of PFAS. Studies show that electro-
chemical treatment transforms chloride ions into other oxidized chlorine
species (chlorine gas, ClO3, ClO3 or ClO4) (Bergmann et al., 2009; Song
et al., 2010; Azizi et al., 2011; Radjenovic et al., 2020; Yang 2020),
which was the likely reason for the decreased chloride concentration
(45-60% removal) in the three samples (Fig. 6 b).

3.5. Overadll efficiency of the electrochemical treatment of solutions
contaminated with PFAS

The degradation of PFAS by using the electrochemical method was
previously shown to be affected by different conditions, including cur-
rent density, time, electrolyte, initial concentration, pH, temperature,
and sample matrices (Zhuo et al., 2012; Trautmann et al., 2015; Urtiaga
et al., 2015; Gomez-Ruiz et al., 2017; Schaefer et al., 2018). The current
study showed that the current density (X;) and time (X4) were both the
most important factors for the degradation of PFOA and generation of F~
in synthetic water. High current density and degradation time create a
high accumulative charge on the BDD anode, which enhances the
breakdown of organic compounds (Martinez-Huitle and Ferro 2006).
Prior researchers have shown that the degradation of PFOA occurs due
to the direct transfer of electrons from carboxyl groups to the BDD

70
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50
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surface anode (Carter and Farrell 2008; Ochiai et al., 2011; Zhuo et al.,
2012). The slight increase in PFOA degradation and F~ generation at
electrical charges higher than 1.5 Ah (Fig. 2) observed in our study could
be due to the discharge of water at the anode, which may reduce the
efficiency of the current density. Although generated hydroxyl radicals
(OH)) could degrade organic contaminants (Michaud et al., 2003; Mar-
tinez-Huitle and Ferro 2006; Martinez-Huitle and Panizza 2018), several
studies have demonstrated that these radicals have no potential to
degrade PFOA (Carter and Farrell 2008; Vecitis et al., 2008; Ochiai et al.,
2011; Zhuo et al., 2012).

In contrast to other oxidative methods (e.g., the photochemical
method) that require supporting chemicals to achieve good efficiencies,
the electrochemical method may be favoured due to the addition of
small amounts of electrolyte, which can make it feasible due to the low
cost of chemicals. Our study showed that the generation of F~ was
negatively impacted by the high concentration of NaySO4 (Fig. 1). The
main reason might be that sulfate is electrochemically transformed into
persulfate, which can decrease the electrical current efficiency (Panizza
etal., 2001; Serrano et al., 2002; Samet et al., 2010; Garcia-Gomez et al.,
2014; Davis et al., 2014), while the formed persulfate itself has no effect
on PFOA degradation (Urtiaga et al., 2015). The greater fraction of
fluoride generated at the low electrolyte concentration might be
attributed to the high cell voltage created by a high solution resistance,
which is the driving force in electrochemical degradation reactions
(Xiong and Karlsson 2002; Urtiaga et al., 2015). However, electrolyte
concentration is critical when considering energy consumption, as lower
electrolyte concentrations create higher electrical resistance, which in-
creases the energy use, as well as the temperature of the solution. E.g.,
the energy consumption decreased twofold when the NaySO4 concen-
tration was increased from 1.5 to 14.2 mg L1 (Table $4). Likewise,
solution temperature decreased from 38.0 to 28.0 °C when the same
change of NaySO, concentration was made under 21.4 mA cm 2.

The results of PFOA degradation in synthetic water indicate that the
method can effectively destroy PFAS from contaminated groundwater,
which contains a small amount of other oxidizable substances. An
effective treatment of PFOS and PFOA in contaminated groundwater
was performed by Schaefer et al. (2017; 2018) in the presence of a low
concentration of oxidizable substances, which did not have any signif-
icant impact on the degradation efficiency.

The degradation of PFOA is accompanied by the formation of short-
chain PFAS that are persistent and very mobile in water and soil envi-
ronments, but less bioaccumulative and less toxic (Zhuo et al., 2012;
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Fig. 6. Effect of electrochemical treatment (14.61 mA cm 2 and 4 h) on TOC (2) and chloride (b) in wastewater samples in the presence and absence of 1.5 g Lt

NaySO, electrolyte.
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Wang et al., 2015; Brendel et al., 2018; Li et al., 2020). The current
results indicate that the degradation of PFOA resulted in the formation
of a small fraction of short-chain PFAS (C4-Cy). Interestingly, no or a
very small fraction of short-chain PFAS was detected in 4 h at 21.4 mA
cm 2. On the other hand, another fraction of fluorinated compounds
disappeared, as demonstrated by the fluorine mass balance (Fig. 4).
Prior studies showed that undetected fluorine may occur due to two
main reasons: the adsorption of fluorinated radicals on the anode surface
or the formation of volatile fluorinated products, such as CHF3, CF4 and
CoFg (Krusic and Roe 2004; Yamamoto et al., 2007; Guan et al., 2007;
Ochiai et al., 2011). In addition, it is speculated that further degradation
into ultrashort-chain PFAS (PFPeA or TFA) or the formation of fluori-
nated by-products is possible (Gomez-Ruiz et al., 2017), but these
compounds were not detected here by the used analytical method. Our
study suggests that a high current density and increased degradation
time may enhance the adsorption of fluorinated compounds to BDD
electrodes and the release of volatiles products.

The experimental results obtained for the treated wastewater sam-
ples did not match those calculated using the model for PFOA degra-
dation (Eq. (6)). The model predicted approximately 100% PFOA
degradation efficiencies in the three samples, whereas their observed
degradation results were 44%, 71% and 64% for samples I, IT and III,
respectively. The difference in the expected and actual results might
have originated from the sample matrix that incorporated other factors
relevant for the electrochemical oxidation of PFAS. A large amount of
oxidizable substances in samples decreases the extent of PFAS degra-
dation (Gomez-Ruiz et al., 2017; Pierpaoli et al., 2021). Even though
organic substances in the wastewater samples are degraded by gener-
ated oxidant species, such as OH  or OCl™ (Zhi et al., 2003; Ochiai et al.,
2011; Martinez-Huitle and Panizza 2018; He et al., 2019), they are
simultaneously oxidized through the direct transfer of electrons to the
BDD anode, which may have competed with the degradation of PFAS.

Overall, the removal of up to 56% X11PFAS was achieved in
wastewater samples. As observed in spiked water, the treatment of
wastewater also resulted in the formation of short-chain PFAS, as rep-
resented by the negative degradation values in Fig. 5. However, different
wastewater samples reacted differently to the treatment in terms of
which short-chain molecules were created. Thus, further studies are
needed to fully understand the reasons.

The current study suggests that the degradation time and applied
current density might need to be increased for PFAS degradation to
account for all oxidizable compounds (e.g., TOC and chlorides) in
wastewater samples.

4. Conclusions

This study demonstrated that electrochemical degradation using
BDD electrodes could be effectively applied for the degradation of PFAS
in contaminated water and wastewater.

In this study, the highest PFOA degradation efficiency (up to 99.5%)
was achieved by combining a high current density (21.4 mA cm~2) and
long-time (4 h). The same efficiency was achieved both at high (10 mg
L™ 1) and low (1 mg L) initial PFOA concentrations. A slightly lower
PFOA degradation efficiency (91%) was achieved in a shorter time (2.5
h), so if the resulting final PFOA concentration is acceptable, the treat-
ment duration can be significantly reduced. A shorter treatment time
would be beneficial from the energy consumption point of view.

At the highest PFOA degradation efficiency, only half of fluoride was
recovered, partly due to the formation of small amounts of shorter-chain
molecules, such as PFBA, PFPeA, PFHxA and PFHpA, and partly due to
the unaccounted loss of fluorine.

The presence of other oxidizable compounds (e.g., TOC and chloride)
in the studied three industrial wastewater samples decreased the effi-
ciency of PFAS degradation, while short-chain PFAS (mainly PFBS) were
formed during the treatment. Nevertheless, the environmental impact of
the incomplete degradation of PFAS might be smaller than that of the
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initial PFAS compounds, as shorter-chain PFAS are expected to be less
toxic. Furthermore, the complete removal of short-chain PFAS could be
achieved in wastewater samples by further increasing the treatment
time.

Electrochemical degradation is a non-selective method that degrades
all oxidizable substances, including other organic pollutants and chlo-
ride. In this study, substances containing organic carbon were degraded
and chloride were removed while targeting PFAS. This could be
considered an added value of the treatment, since the removal of TOC
and chloride from wastewater samples is usually also required. Further
studies focusing on ecotoxicity of short chain PFAS, as well as upscaling
the experiments, would help to decide on the optimal conditions
required for PFAS treatment in various samples.

Credit author statement

Jean Noel Uwayezu: Conceptualization, Investigation, Methodology,
writing — manuscript; Ivan Carabante: Conceptualization, planning,
Methodology, manuscript editing & Supervision; Jurate Kumpiene:
Conceptualization, planning, Methodology, manuscript editing & Su-
pervision; Tore Lejon: Planning & Methodology; Patrick van Hees:
Investigation & Methodology; Patrik Karlsson: Investigation & Meth-
odology; Patrik Hollman: Funding acquisition & Methodology.

Declaration of competing interest

Authors declare that they have no conflict of interest related to this
paper.

Funding& Acknowledgment

This study was completed under the financial support of the EU
Interreg Nord programme with the project no NYPS 20202462 (Less-
PFAS) and the Swedish Geotechnical Institute (SGI)’s Tuffo Research
and Technology Development Program.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2021.112573.

References

Ahmed, M.B., Alam, M.M., Zhou, J.L., et al., 2020. Advanced treatment technologies
efficacies and mechanism of per- and poly-fluoroalkyl substances removal from
water. Process Saf. Environ. Protect. 136, 1-14. https://doi.org/10.1016/].
psep-2020.01.005.

Antony, J., 2014. 6 - full factorial designs. In: Antony, J. (Ed.), Design of Experiments for
Engineers and Scientists, second ed. Elsevier, Oxford, pp. 63-85.

Anumol, T., Dagnino, S., Vandervort, D.R., Snyder, S.A., 2016. Transformation of
Polyfluorinated compounds in natural waters by advanced oxidation processes.
Chemosphere 144, 1780-1787. https://doi.org/10.1016/j.
chemosphere.2015.10.070.

Azizi, O., Hubler, D., Schrader, G., et al., 2011. Mechanism of perchlorate formation on
boron-doped diamond film anodes. Environ. Sci. Technol. 45, 10582-10590.
https://doi.org/10.1021/es202534w.

Banzhaf, S., Filipovic, M., Lewis, J., et al., 2017. A review of contamination of surface-,
ground-, and drinking water in Sweden by perfluoroalkyl and polyfluoroalkyl
substances (PFASs). Ambio 46, 335-346. https://doi.org/10.1007/s13280-016-
0848-8.

Bergmann, M.E.H., Rollin, J., Iourtchouk, T., 2009. The occurrence of perchlorate during
drinking water electrolysis using BDD anodes. Electrochim. Acta 54, 2102-2107.
https://doi.org/10.1016/j.electacta.2008.09.040.

Brendel, S., Fetter, E., Staude, C., et al., 2018. Short-chain perfluoroalkyl acids:
environmental concerns and a regulatory strategy under REACH. Environ. Sci. Eur.
30 https://doi.org/10.1186/s12302-018-0134-4.

Busch, J., Ahrens, L., Sturm, R., Ebinghaus, R., 2010. Polyfluoroalkyl compounds in
landfill leachates. Environ. Pollut. 158, 1467-1471. https://doi.org/10.1016/j.
envpol.2009.12.031.

Cabeza, A., Urtiaga, A.M., Ortiz, 1., 2007. Electrochemical treatment of landfill leachates
using a boron-doped diamond anode. Ind. Eng. Chem. Res. 46, 1439-1446. https://
doi.org/10.1021/ie061373x.


https://doi.org/10.1016/j.jenvman.2021.112573
https://doi.org/10.1016/j.jenvman.2021.112573
https://doi.org/10.1016/j.psep.2020.01.005
https://doi.org/10.1016/j.psep.2020.01.005
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref2
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref2
https://doi.org/10.1016/j.chemosphere.2015.10.070
https://doi.org/10.1016/j.chemosphere.2015.10.070
https://doi.org/10.1021/es202534w
https://doi.org/10.1007/s13280-016-0848-8
https://doi.org/10.1007/s13280-016-0848-8
https://doi.org/10.1016/j.electacta.2008.09.040
https://doi.org/10.1186/s12302-018-0134-4
https://doi.org/10.1016/j.envpol.2009.12.031
https://doi.org/10.1016/j.envpol.2009.12.031
https://doi.org/10.1021/ie061373x
https://doi.org/10.1021/ie061373x

J.N. Uwayezu et al.

Cao, H., Zhang, W., Wang, C., Liang, Y., 2020. Sonochemical degradation of poly- and
perfluoroalkyl substances — a review. Ultrason. Sonochem. 69, 105245. https://doi.
org/10.1016/j.ultsonch.2020.105245.

Chapter 5 Two-level factorial designs. In: Carlson, R. (Ed.), 1992. Data Handling in
Science and Technology. Elsevier, pp. 89-122.

Carter, K.E., Farrell, J., 2008. Oxidative destruction of perfluorooctane sulfonate using
boron-doped diamond film electrodes. Environ. Sci. Technol. 42, 6111-6115.
https://doi.org/10.1021/es703273s.

Chatfield, M.J., Owen, M.R., 2003. Assessing the effect of time in factorial designs: the
practical application. Qual. Reliab. Eng. Int. 19, 295-306. https://doi.org/10.1002/
qre.581.

Dauchy, X., Boiteux, V., Bach, C,, et al., 2017. Mass flows and fate of per- and
polyfluoroalkyl substances (PFASs) in the wastewater treatment plant of a
fluorochemical manufacturing facility. Sci. Total Environ. 576, 549-558. https://
doi.org/10.1016/j.scitotenv.2016.10.130.

Davis, J., Baygents, J.C., Farrell, J., 2014. Understanding persulfate production at boron
doped diamond film anodes. Electrochim. Acta 150, 68-74. https://doi.org/
10.1016/j.electacta.2014.10.104.

Favreau, P., Poncioni-Rothlisberger, C., Place, B.J., et al., 2017. Multianalyte profiling of
per- and polyfluoroalkyl substances (PFASs) in liquid commercial products.
Chemosphere 171, 491-501. https://doi.org/10.1016/j.chemosphere.2016.11.127.

Fuertes, 1., Gémez-Lavin, S., Elizalde, M.P., Urtiaga, A., 2017. Perfluorinated alkyl
substances (PFASs) in northern Spain municipal solid waste landfill leachates.
Chemosphere 168, 399-407. https://doi.org/10.1016/j.chemosphere.2016.10.072.

Garcia-Gomez, C., Drogui, P., Zaviska, F., et al., 2014. Experimental design methodology
applied to electrochemical oxidation of carbamazepine using Ti/PbO2 and Ti/BDD
electrodes. J. Electroanal. Chem. 732, 1-10. https://doi.org/10.1016/j.
jelechem.2014.08.032.

Gomez-Ruiz, B., Gémez-Lavin, S., Diban, N., et al., 2017. Efficient electrochemical
degradation of poly- and perfluoroalkyl substances (PFASs) from the effluents of an
industrial wastewater treatment plant. Chem. Eng. J. 322, 196-204. https://doi.org/
10.1016/j.cej.2017.04.040.

Gomez-Ruiz, B., Diban, N., Urtiaga, A., 2019. Comparison of microcrystalline and
ultrananocrystalline boron doped diamond anodes: influence on perfluorooctanoic
acid electrolysis. Separ. Purif. Technol. 208, 169-177. https://doi.org/10.1016/j.
seppur.2018.03.044.

Guan, B., Zhi, J., Zhang, X., et al., 2007. Electrochemical route for fluorinated
modification of boron-doped diamond surface with perfluorooctanoic acid.
Electrochem. Commun. 9, 2817-2821. https://doi.org/10.1016/j.
elecom.2007.10.003.

He, Y., Lin, H., Guo, Z., et al., 2019. Recent developments and advances in boron-doped
diamond electrodes for electrochemical oxidation of organic pollutants. Separ. Purif.
Technol. 212, 802-821. https://doi.org/10.1016/j.seppur.2018.11.056.

Houtz, E.F., Sedlak, D.L., 2012. Oxidative conversion as a means of detecting precursors
to perfluoroalkyl acids in urban runoff. Environ. Sci. Technol. 46, 9342-9349.
https://doi.org/10.1021/es302274g.

Kissa, E., 2001. Fluorinated Surfactants and Repellents, second ed. CRC Press.

Krafft, M.P., Riess, J.G., 2015. Per- and polyfluorinated substances (PFASSs):
environmental challenges. Curr. Opin. Colloid Interface Sci. 20, 192-212. https://
doi.org/10.1016/j.cocis.2015.07.004.

Krusic, P.J., Roe, D.C., 2004. Gas-Phase NMR technique for studying the thermolysis of
Materials: thermal decomposition of ammonium perfluorooctanoate. Anal. Chem.
76, 3800-3803. https://doi.org/10.1021/ac049667k.

Li, F., Duan, J., Tian, S., et al., 2020. Short-chain per- and polyfluoroalkyl substances in
aquatic systems: occurrence, impacts and treatment. Chem. Eng. J. 380 https://doi.
org/10.1016/j.cej.2019.122506.

Liao, Z., Farrell, J., 2009. Electrochemical oxidation of perfluorobutane sulfonate using
boron-doped diamond film electrodes. J. Appl. Electrochem. 39, 1993-1999.
https://doi.org/10.1007/5s10800-009-9909-z.

Lin, H., Niu, J., Ding, S., Zhang, L., 2012. Electrochemical degradation of
perfluorooctanoic acid (PFOA) by Ti/Sn02-Sb, Ti/SnO02-Sb/PbO2 and Ti/Sn0O2-Sb/
MnO2 anodes. Water Res. 46, 2281-2289. https://doi.org/10.1016/j.
watres.2012.01.053.

Lin, H., Niu, J., Xu, J., et al., 2013. Highly efficient and mild electrochemical
mineralization of long-chain perfluorocarboxylic acids (C9-C10) by Ti/SnO2-Sb—Ce,
Ti/SnO2-Sb/Ce-Pb0O2, and Ti/BDD electrodes. Environ. Sci. Technol. 47,
13039-13046. https://doi.org/10.1021/es4034414.

Martinez-Huitle, C.A., Ferro, S., 2006. Electrochemical oxidation of organic pollutants
for the wastewater treatment: direct and indirect processes. Chem. Soc. Rev. 35,
1324-1340. https://doi.org/10.1039/B517632H.

Martinez-Huitle, C.A., Panizza, M., 2018. Electrochemical oxidation of organic pollutants
for wastewater treatment. Current Opinion in Electrochemistry 11, 62-71. https://
doi.org/10.1016/j.coelec.2018.07.010.

Merino, N., Qu, Y., Deeb, R., et al., 2016. Degradation and removal methods for
perfluoroalkyl and polyfluoroalkyl substances in water. Environ. Eng. Sci. 33,
615-649. https://doi.org/10.1089/ees.2016.0233.

Michaud, P.-A., Panizza, M., Ouattara, L., et al., 2003. Electrochemical oxidation of
water on synthetic boron-doped diamond thin film anodes. J. Appl. Electrochem. 33,
151-154. https://doi.org/10.1023/A:1024084924058.

Nidheesh, P.V., Divyapriya, G., Oturan, N., et al., 2019. Environmental applications of
boron-doped diamond electrodes: 1. Applications in water and wastewater
treatment. ChemElectroChem 6, 2124-2142. https://doi.org/10.1002/
celc.201801876.

Nzeribe, B.N., Crimi, M., Thagard, S.M., Holsen, T.M., 2019. Physico-Chemical processes
for the treatment of per- and polyfluoroalkyl substances (PFAS): a review. Critical
Reviews in Environmental Science and Technology.

10

Journal of Environmental Management 290 (2021) 112573

Ochiai, T., lizuka, Y., Nakata, K., et al., 2011. Efficient electrochemical decomposition of
perfluorocarboxylic acids by the use of a boron-doped diamond electrode. Diam.
Relat. Mater. 20, 64-67. https://doi.org/10.1016/j.diamond.2010.12.008.

Ochoa-Herrera, V., Sierra-Alvarez, R., Somogyi, A., et al., 2008. Reductive defluorination
of perfluorooctane sulfonate. Environ. Sci. Technol. 42, 3260-3264. https://doi.org/
10.1021/es702842q.

Organisation for Economic Co-operation and Development (OECD), 2018. Toward a New
Comprehensive Global Database of Per- and Polyfluoralkyl Substances: Summary
Report on Updating the OECD 2007 List of PFAS, Series on Risk Management, vol.
39. https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?co
te=ENV-JM-MONO(2018)7&doclanguage=en. (Accessed 1 June 2020).

Panizza, M., Michaud, P.A., Cerisola, G., Comninellis, C.H., 2001. Anodic oxidation of 2-
naphthol at boron-doped diamond electrodes. J. Electroanal. Chem. 507, 206-214.
https://doi.org/10.1016/50022-0728(01)00398-9.

Panizza, M., Brillas, E., Comninellis, C., 2008. APPLICATION OF BORON-DOPED
DIAMOND ELECTRODES FOR WASTEWATER TREATMENT, vol. 16.

Park, H., Vecitis, C.D., Cheng, J., et al., 2009. Reductive defluorination of aqueous
perfluorinated alkyl surfactants: effects of ionic headgroup and chain length. J. Phys.
Chem. 113, 690-696. https://doi.org/10.1021/jp807116q.

Paul, A.G., Jones, K.C., Sweetman, A.J., 2009. A first global production, emission, and
environmental inventory for perfluorooctane sulfonate. Environ. Sci. Technol. 43,
386-392. https://doi.org/10.1021/es802216n.

Peralta-Hernandez, J.M., Méndez-Tovar, M., Guerra-Sanchez, R., et al., 2012. A brief
review on environmental application of boron doped diamond electrodes as a new
way for electrochemical incineration of synthetic dyes. In: International Journal of
Electrochemistry. https://www.hindawi.com/journals/ijelc/2012/154316/.
(Accessed 6 November 2019).

Pierpaoli, M., Szopinska, M., Wilk, B.K., et al., 2021. Electrochemical oxidation of PFOA
and PFOS in landfill leachates at low and highly boron-doped diamond electrodes.
J. Hazard Mater. 403, 123606. https://doi.org/10.1016/j.jhazmat.2020.123606.

Radjenovic, J., Duinslaeger, N., Avval, S.S., Chaplin, B.P., 2020. Facing the challenge of
poly- and perfluoroalkyl substances in water: is electrochemical oxidation the
answer? Environ. Sci. Technol. 54, 14815-14829. https://doi.org/10.1021/acs.
est.0c06212.

Samet, Y., Agengui, L., Abdelhédi, R., 2010. Electrochemical degradation of chlorpyrifos
pesticide in aqueous solutions by anodic oxidation at boron-doped diamond
electrodes. Chem. Eng. J. 161, 167-172. https://doi.org/10.1016/j.cej.2010.04.060.

Schaefer, C.E., Andaya, C., Burant, A., et al., 2017. Electrochemical treatment of
perfluorooctanoic acid and perfluorooctane sulfonate: insights into mechanisms and
application to groundwater treatment. Chem. Eng. J. 317, 424-432. https://doi.org/
10.1016/j.cej.2017.02.107.

Schaefer, C.E., Choyke, S., Ferguson, P.L., et al., 2018. Electrochemical transformations
of perfluoroalkyl acid (PFAA) precursors and PFAAs in groundwater impacted with
aqueous film forming foams. Environ. Sci. Technol. 52, 10689-10697. https://doi.
org/10.1021/acs.est.8b02726.

Serrano, K., Michaud, P.A., Comninellis, C., Savall, A., 2002. Electrochemical
preparation of peroxodisulfuric acid using boron doped diamond thin film
electrodes. Electrochim. Acta 48, 431-436. https://doi.org/10.1016/50013-4686
(02)00688-6.

Shestakova, M., Sillanpaa, M., 2017. Electrode materials used for electrochemical
oxidation of organic compounds in wastewater. Rev. Environ. Sci. Biotechnol. 16,
223-238. https://doi.org/10.1007/s11157-017-9426-1.

Song, S., Zhan, L., He, Z., et al., 2010. Mechanism of the anodic oxidation of 4-chloro-3-
methyl phenol in aqueous solution using Ti/SnO2-Sb/PbO2 electrodes. J. Hazard
Mater. 175, 614-621. https://doi.org/10.1016/j.jhazmat.2009.10.051.

Trautmann, A.M., Schell, H., Schmidt, K.R., et al., 2015. Electrochemical degradation of
perfluoroalkyl and polyfluoroalkyl substances (PFASs) in groundwater. Water Sci.
Technol. 71, 1569-1575. https://doi.org/10.2166/wst.2015.143.

Urtiaga, A., Fernandez-Gonzalez, C., Gémez-Lavin, S., Ortiz, 1., 2015. Kinetics of the
electrochemical mineralization of perfluorooctanoic acid on ultrananocrystalline
boron doped conductive diamond electrodes. Chemosphere 129, 20-26. https://doi.
org/10.1016/j.chemosphere.2014.05.090.

Vecitis, C.D., Park, H., Cheng, J., et al., 2008. Enhancement of perfluorooctanoate and
perfluorooctanesulfonate activity at acoustic cavitation bubble interfaces. J. Phys.
Chem. C 112, 16850-16857. https://doi.org/10.1021/jp804050p.

Wang, Y., , Randall “David” Pierce, Shi, H., et al., 2020. Electrochemical degradation of
perfluoroalkyl acids by titanium suboxide anodes. Environ. Sci.: Water Research &
Technology 6, 144-152. https://doi.org/10.1039/CO9EW00759H.

Wang, Z., Cousins, L.T., Scheringer, M., Hungerbuehler, K., 2015. Hazard assessment of
fluorinated alternatives to long-chain perfluoroalkyl acids (PFAAs) and their
precursors: status quo, ongoing challenges and possible solutions. Environ. Int. 75,
172-179. https://doi.org/10.1016/j.envint.2014.11.013.

Xiong, Y., Karlsson, H.T., 2002. An experimental investigation of chemical oxygen
demand removal from the wastewater containing oxalic acid using three-phase
three-dimensional electrode reactor. Adv. Environ. Res. 7, 139-145. https://doi.org/
10.1016/51093-0191(01)00124-1.

Xu, B., Ahmed, M.B., Zhou, J.L., et al., 2017. Photocatalytic removal of perfluoroalkyl
substances from water and wastewater: mechanism, kinetics and controlling factors.
Chemosphere 189, 717-729. https://doi.org/10.1016/j.chemosphere.2017.09.110.

Yamamoto, T., Noma, Y., Sakai, S., Shibata, Y., 2007. Photodegradation of
perfluorooctane sulfonate by UV irradiation in water and alkaline 2-propanol.
Environ. Sci. Technol. 41, 5660-5665. https://doi.org/10.1021/es0706504.

Yan, H., Cousins, L.T., Zhang, C., Zhou, Q., 2015. Perfluoroalkyl acids in municipal
landfill leachates from China: occurrence, fate during leachate treatment and
potential impact on groundwater. Sci. Total Environ. 524 (525), 23-31. https://doi.
org/10.1016/j.scitotenv.2015.03.111.


https://doi.org/10.1016/j.ultsonch.2020.105245
https://doi.org/10.1016/j.ultsonch.2020.105245
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref11
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref11
https://doi.org/10.1021/es703273s
https://doi.org/10.1002/qre.581
https://doi.org/10.1002/qre.581
https://doi.org/10.1016/j.scitotenv.2016.10.130
https://doi.org/10.1016/j.scitotenv.2016.10.130
https://doi.org/10.1016/j.electacta.2014.10.104
https://doi.org/10.1016/j.electacta.2014.10.104
https://doi.org/10.1016/j.chemosphere.2016.11.127
https://doi.org/10.1016/j.chemosphere.2016.10.072
https://doi.org/10.1016/j.jelechem.2014.08.032
https://doi.org/10.1016/j.jelechem.2014.08.032
https://doi.org/10.1016/j.cej.2017.04.040
https://doi.org/10.1016/j.cej.2017.04.040
https://doi.org/10.1016/j.seppur.2018.03.044
https://doi.org/10.1016/j.seppur.2018.03.044
https://doi.org/10.1016/j.elecom.2007.10.003
https://doi.org/10.1016/j.elecom.2007.10.003
https://doi.org/10.1016/j.seppur.2018.11.056
https://doi.org/10.1021/es302274g
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref25
https://doi.org/10.1016/j.cocis.2015.07.004
https://doi.org/10.1016/j.cocis.2015.07.004
https://doi.org/10.1021/ac049667k
https://doi.org/10.1016/j.cej.2019.122506
https://doi.org/10.1016/j.cej.2019.122506
https://doi.org/10.1007/s10800-009-9909-z
https://doi.org/10.1016/j.watres.2012.01.053
https://doi.org/10.1016/j.watres.2012.01.053
https://doi.org/10.1021/es4034414
https://doi.org/10.1039/B517632H
https://doi.org/10.1016/j.coelec.2018.07.010
https://doi.org/10.1016/j.coelec.2018.07.010
https://doi.org/10.1089/ees.2016.0233
https://doi.org/10.1023/A:1024084924058
https://doi.org/10.1002/celc.201801876
https://doi.org/10.1002/celc.201801876
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref37
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref37
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref37
https://doi.org/10.1016/j.diamond.2010.12.008
https://doi.org/10.1021/es702842q
https://doi.org/10.1021/es702842q
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV-JM-MONO(2018)7&amp;doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV-JM-MONO(2018)7&amp;doclanguage=en
https://doi.org/10.1016/S0022-0728(01)00398-9
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref42
http://refhub.elsevier.com/S0301-4797(21)00635-6/sref42
https://doi.org/10.1021/jp807116q
https://doi.org/10.1021/es802216n
https://www.hindawi.com/journals/ijelc/2012/154316/
https://doi.org/10.1016/j.jhazmat.2020.123606
https://doi.org/10.1021/acs.est.0c06212
https://doi.org/10.1021/acs.est.0c06212
https://doi.org/10.1016/j.cej.2010.04.060
https://doi.org/10.1016/j.cej.2017.02.107
https://doi.org/10.1016/j.cej.2017.02.107
https://doi.org/10.1021/acs.est.8b02726
https://doi.org/10.1021/acs.est.8b02726
https://doi.org/10.1016/S0013-4686(02)00688-6
https://doi.org/10.1016/S0013-4686(02)00688-6
https://doi.org/10.1007/s11157-017-9426-1
https://doi.org/10.1016/j.jhazmat.2009.10.051
https://doi.org/10.2166/wst.2015.143
https://doi.org/10.1016/j.chemosphere.2014.05.090
https://doi.org/10.1016/j.chemosphere.2014.05.090
https://doi.org/10.1021/jp804050p
https://doi.org/10.1039/C9EW00759H
https://doi.org/10.1016/j.envint.2014.11.013
https://doi.org/10.1016/S1093-0191(01)00124-1
https://doi.org/10.1016/S1093-0191(01)00124-1
https://doi.org/10.1016/j.chemosphere.2017.09.110
https://doi.org/10.1021/es0706504
https://doi.org/10.1016/j.scitotenv.2015.03.111
https://doi.org/10.1016/j.scitotenv.2015.03.111

J.N. Uwayezu et al.

Yang, Y., 2020. Recent advances in the electrochemical oxidation water treatment:
spotlight on byproduct control. Front. Environ. Sci. Eng. 14, 85. https://doi.org/
10.1007/s11783-020-1264-7.

Yang, X., Huang, J., Zhang, K., et al., 2014. Stability of 6:2 fluorotelomer sulfonate in
advanced oxidation processes: degradation kinetics and pathway. Environ. Sci.
Pollut. Res. 21, 4634-4642. https://doi.org/10.1007/5s11356-013-2389-z.

Zhang, K., Huang, J., Yu, G, et al., 2013. Destruction of perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA) by ball milling. Environ. Sci. Technol. 47,
6471-6477. https://doi.org/10.1021/es400346n.

11

Journal of Environmental Management 290 (2021) 112573

Zhi, J.-F., Wang, H.-B., Nakashima, T., et al., 2003. Electrochemical incineration of
organic pollutants on boron-doped diamond electrode. Evidence for direct
electrochemical oxidation pathway. J. Phys. Chem. B 107, 13389-13395. https://
doi.org/10.1021/jp030279g.

Zhuo, Q., Deng, S., Yang, B., et al., 2012. Degradation of perfluorinated compounds on a
boron-doped diamond electrode. Electrochim. Acta 77, 17-22. https://doi.org/
10.1016/j.electacta.2012.04.145.


https://doi.org/10.1007/s11783-020-1264-7
https://doi.org/10.1007/s11783-020-1264-7
https://doi.org/10.1007/s11356-013-2389-z
https://doi.org/10.1021/es400346n
https://doi.org/10.1021/jp030279g
https://doi.org/10.1021/jp030279g
https://doi.org/10.1016/j.electacta.2012.04.145
https://doi.org/10.1016/j.electacta.2012.04.145

	Electrochemical degradation of per- and poly-fluoroalkyl substances using boron-doped diamond electrodes
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Electrochemical degradation and factorial design of the experiment
	2.2.1 PFOA degradation in synthetic water
	2.2.2 PFAS degradation in wastewater

	2.3 Analytical methods
	2.4 Data analysis and statistical computation

	3 Results and discussion
	3.1 Factor and interaction effects on the degradation of PFOA in spiked water
	3.2 Electrochemical degradation of PFOA in spiked water
	3.3 Effect of electrochemical factors on degradation products
	3.4 Application of experimental factors to wastewater samples
	3.5 Overall efficiency of the electrochemical treatment of solutions contaminated with PFAS

	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Funding& Acknowledgment
	Appendix A Supplementary data
	References


