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Highlights

e PFOA and PFOS removal from landfill leachate is dependent on current density

e B-doping irrelevantly affects the overall decomposition of PFASs

e PFOS long-chain by-products are more susceptible to electrolysis on 0.5k BDD than
10k BDD

0.5k BDD performed COD removal better than the 10k BDD
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Abstract

Polyfluorinated alkyl substances (PFASs) may reach landfill leachates (LLs) due to improper
waste management. In this study perfluorooctanoate (PFOA) and perfluorooctane sulphonate
(PFOS) were used as representatives of PFASs in the decomposition on boron-doped
diamond electrodes (BDDs) with high (10k ppm) and low (0.5k ppm) boron doping
concentrations. The result shows that although better COD removal efficacies are obtained on
the low-doped BDD (59% after 8h), the decomposition rate of PFOA and PFOS was not
affected by boron doping. In LLs, at the current density of 75 mA/cm2, averaged removal
efficiencies of 80% and 78% were achieved for PFOA and PFOS, respectively. But besides
concentration of mother compounds, the presence of intermediates during electrolysis
should be monitored. After 8 h of LL electrolysis, the presence of long-chain degradates C¢ Fi5
and C¢ F13 COO was still observed only in 10k BDD-PFOA assays, while during 0.5k assays C
e¢r13and Ce F13 COO-form more intesively at the beginning of the process. This indirectly
confirms the more intensive generation of perfluoroalkoxy and hydroxyl radicals and higher
susceptibility to electrolysis of PFOA’s long-chain intermediates on 0.5k BDD. This is the first
study reporting BDD-electrolysis as promising in PFAS removal from the complex matrix of

LLs, despite the oxidation of competing LLs components.

Keywords
Micropollution, PFAS, BDD, Advanced Oxidation Process, degradation efficacy, industrial

wastewater

1. Introduction

Polyfluorinated alkyl substances (PFAS) are a group of human-made, widely used, persistent
and ubiquitously distributed chemicals. Because of the bioaccumulation of such compounds
in the environment, their presence can cause adverse effects in humans. Perfluorooctanoic
acid (PFOA), a perfluorocarboxylic acid characterised by at least 8-carbon chain length, and
perfluorooctane sulphonate (PFOS), together with their precursors, have attracted the most
attention among PFASs as emerging contaminants of global concern.

The main exposure pathways for human are direct, through PFAS presence in
consumer goods, and indirect, by their spread in the environment followed by
bioaccumulation in the food chain. Perfluorooctane sulphonate adsorption in soil is
significant, but smaller than organic compounds of a similar molecular weight (Higgins and
Luthy, 2006) . The presence of organic carbon is the dominant parameter affecting sorption

on sediments, followed by the presence of Ca.* ions and by decreasing pH, suggesting the
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contribution of electrostatic interactions(Johnson et al., 2007).

The primary anthropogenic sources for the release of PFAS into the environment
include landfill leachates (Bossi et al., 2008; Trojanowicz et al., 2018), and landfill ambient
air may also contain elevated concentrations of PFAS(Hamid et al., 2018). PFOA and PFOS

concentration found in landfill leachates have been reported in Table 1.

PFOA and PFOS are persistent in the environment and resistant to typical
environmental degradation processes and to most conventional chemical and microbial
treatment technologies.

The technologies to remove PFOA and PFOS currently being investigated consist of:
adsorption on activated carbon (Deng et al., 2015; Zhang et al., 2016), carbon nanotubes
(Deng et al., 2012; Li et al., 2011), polymers (Appleman et al., 2013; Yu et al., 2008),
coagulation (Xiao et al., 2013), ion exchange (Deng et al., 2010), micro- and ultra-filtration
(Appleman et al., 2013), ball milling (Zhang et al., 2013), constructed wetlands (Yin et al.,
2017) and electrochemical oxidation (S. Fudala-Ksiazek et al., 2018; Liao and Farrell, 2009;
Pierpaoli et al., 2021; Wang et al., 2020; Zhuo et al., 2012). A non-exhaustive list of the
various processes is reported in Table S1, in supporting material.

While many different techniques to remove PFOA and PFOS from aqueous solution have
been investigated under controlled environments, the most common and effective installed in
leachate treatment plants are reverse osmosis and adsorption on activated carbon (Busch et
al., 2010). Biological treatment, air oxidation and nanofiltration are found to be less effective
(Yin et al., 2017). However, most of the above-reported techniques require the use of
additional chemicals or the production of secondary waste streams.

Among traditional wastewater treatment processes, the electrochemical oxidation
process (EO) allows for the effective removal of recalcitrant pollutants, and it presents a few
advantages over other conventional process, namely in terms of process effectiveness, energy
efficiency, discontinuous operability, small setup size, good scalability and modularity.

PFAS oxidation by EO has been investigated by few authors. While most of the studies
are focused on PFOS oxidation in water media, few of them consider more complex effluents,
such as industrial wastewater, and the efficiency may largely vary between synthetic
electrolytes. The anode material plays an important role in guaranteeing a stable process, as
it is subjected to extreme conditions of corrosion (Pierpaoli et al., 2020), without the
eventual release of hazardous oxidation by-products.

Electrochemical oxidation of PFAS has been investigated by few authors; in most
cases, in water with the addition of an electrolyte. High efficiency together with a high
defluorination rate were reached by using both mixed metal oxide and Boron-doped diamond
(BDD) electrodes. Zhuo et al. observed the PFOA decomposition occurred through a direct
one-electron transfer from the carboxyl group to the Ti/SnO.-Sb-Bi anode at the potential of
3.37 V (Zhuo et al., 2011). In another study, using a BDD electrode, they reported that at the
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potential of 1.5, 2.0 or 2.5V, there was no PFOA degradation. And they linked the lack of
activity to the hydroxyl radical, which can be produced from water electrolysis when the
potential is higher than the oxygen evolution potential 2.3 V (Zhuo et al., 2012). The
importance of the hydroxyl radical in PFOS electrochemical degradation at BDD anode was
also highlighted by other authors (Liao and Farrell, 2009; Urtiaga et al., 2015), comparing it
to the direct electron transfer process, while many other researchers reported that the
hydroxyl radical had a minor effect on the C-F bond. For the water media using different
types of anodes (including Ti/SnO,—Sb, Ti/SnO.—Sb/Pb0O., Ti/Sn0O,—Sb/MnO., Ti/SnO,-Sb-
Bi, Ce-Pb0.) a degradation pathway of PFOA is reported and includes mechanisms based on
electron transfer, Kolbe decarboxylation, radical reaction, decomposition, and hydrolysis
(Liao and Farrell, 2009; Lin et al., 2012; Zhuo et al., 2011, 2012). Therein, direct electron
transfer to the anode from the perfluorooctanoate ion and Kolbe decarboxylation reaction
occur first at the anode, and are followed by reaction with oxygen, hydroxyl and
perfluoroalkoxy radicals (Liao and Farrell, 2009). Removal efficiencies easily reached 90%
within three hours of treatment in most cases. Lin and co-workers reached 97% of PFOA
degradation in 90 min using a Ti/SnO.—Sb/Ce—PbO. anode (Lin et al., 2013). Moreover, it
was found that susceptibility of PFOA to EO was pH-dependent, with the decreasing order of
pH 3>pH 9>pH 12 (Urtiaga et al., 2015) and the removal ratio increased with increasing
initial PFOA concentration in water solution (Urtiaga et al., 2015). The same trend was
observed for F-53B (PFOS substitute) in wastewater (Niu et al., 2012). For some studies EO
efficacy for industrial wastewater was performed with the application of BDD resulting in
99.7% PFAS removal (Lin et al., 2012). It is worth highlighting that, despite the PFAS
removal rate, monitoring of decomposition species is just as important. However, despite the
high efficiency, the main drawback of lead dioxide electrodes is the leaching of toxic ions. For
this reason, and for the higher stability, BDD are preferred, as high removal efficiency can be
reached.

In this study, for the first time, PFOA and PFOS degradations by electrochemical
oxidation on BDD electrode were investigated, in both phosphate buffer and landfill leachate.
As real water matrixes are a complex source of pollutants, electrochemical oxidation sees the
existence of competing removal mechanisms and the presence of scavenging species, which
make it more difficult to efficiently and effectively remove PFOA and PFOS under the same

laboratory conditions. For this reason, a thoughtful investigation has been undertaken.

2. Materials and methods
2.1 Landfill leachates

In this study, raw Landfill Leachates (LLs) from a municipal solid waste plant (MSWP)
located in the Pomerania region (northern Poland — Central Eastern Europe) were collected.
The LLs are gathered by a drainage system at the bottom of the landfill prisms. The MSWP

started operating in 2003. From January 2003 till November 2011 it operated with unlimited
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disposal of organic wastes (including multi-material packaging or plastics). After November
2011, due to legislative requirements (European Parliament, 1999) directive households were
obliged to undertake detailed waste segregation (including green waste), and at the same
time the disposal of biodegradable wastes in the modern prism is only partly permitted. What
is more, Poland was required to progressively reduce landfilling of biodegradable waste from
80% (1995) to 35% by 2020. Hence, the characteristics of LLs collected from the modern cell
(after Nov 2011) and the previous cell (before Nov 2011) differ (Fudala-Ksiazek et al., 2016).
In this study LLs from the previous cell were used, because they are characterised by low
concentration of total suspended solids, which is desirable for electrolysis (no pre-treatment
nor pre-filtration was needed) and their biodegradability is relatively low (Table 2). For
electrolysis tests 1:1 (V:V) dilution of raw LLs was used.

High organic concentrations were found in LLs, except for BOD; and TSS values,
which is typical for the methane phase (Fudala-Ksiazek et al., 2016; Sylwia Fudala-Ksiazek et
al., 2018; Renou et al., 2008). The low BOD;/COD ratio (0.12+0.2), where COD and BOD;
values were 2687+90 mg0./L and 340+45 mg O./L, respectively. These results indicate low
biodegradability of LLs. The total nitrogen was equal to 1999+92 mg N/L and consisted of
mainly ammonia form at the level 1993+87 mg N-NH,*/L. The high nitrogen content can be
explained by the unlimited disposal of biodegradable waste during the period of the landfill’s
operation. Phosphorus occurred mainly as P-PO,3" and accounted for 65%+7% of the TP. In
this study, high conductivity was noted, and the presence of chloride and sulphate ions,
which is typical in LLs, and has also presented in other works (Kawai et al., 2012; Renou et
al., 2008).

The composition of leachates are usually an indicator of waste types and the processes
occurring within a variable environment from aerobic to anaerobic and ultimately aerobic. As
show in Table 2 the concentrations of PFOA and PFOS are 1350+320 ng/L and 3280+940
ng/L, respectively. Their presence in leachates are affected by the landfilling of mixed waste,
including: construction materials, carpets, clothing, electronics, textiles, surfactants,
insecticides, etc. (Prevedouros et al., 2006). For comparison, the concentration of PFOA and
PFOs presented in the literature range widely from 0.40 ng/L to 9200 ng/L and from 0.01 to

2920 ng/L, respectively (Eggen et al., 2010).

2.2 Boron-doped diamond electrodes (BDDs)

Boron-doped diamond (BDD) are prepared on 2-inch-diameter (50.8-mm) niobium
substrates by microwave plasma assisted chemical vapor deposition (MWPECVD) system
(SEKI Technotron AX5400S, Japan). Prior to deposition, the substrates are subjected to
sand-blasting treatment, cleaned in acetone and isopropanol in an ultrasonic bath, and
seeded by spin-coating in a water-based diamond slurry. During deposition, the microwave
power and the total pressure are kept at 1300 W and 50 Torr, respectively. The substrate

holder temperature is set at 700°C. A gas mixture of H,, CH,4, and B.Hg, with a total flow of
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328 scem, has been used for the BDD growth. Flows of B.Hs and CH, were varied in order to
obtain two different boron doping levels (15:10'7 at/cms3 and 3-102* at/cms3).

Scanning electron microscopy (SEM) by Phenom XL using a 10-kV beam accelerating
voltage, working in high vacuum mode, equipped with a secondary electron detector (SED),
was used to observe the surfaces of the BDD electrodes. Electrochemical properties of the
electrode were measured by VMP-300 BioLogic potentiostat, in a three-electrode cell
configuration, in which the BDD, a platinum wire and an Ag/AgCl-coated wire served,
respectively, as working, counter and reference electrodes. H.SO4 0.5M was used as

electrolyte.

2.3 Electrochemical oxidation setup

The PFOS was purchased from Dr Ehrenstorfer (LGC standards, purity: 96.4%) and PFOA
was purchased from Sigma Aldrich (analytical standard, purity > 98.0%). Stock solution of
each, in the concentration of 1g/L was prepared using 100 mg of PFOA/PFOS and dissolved
in a 100-ml volumetric flask using purified water (Elix® water, resistivity 15 MQecm at
25°C). For the experiment water, a 100-mM phosphate buffer (PB) solution was used. For
this reason 8.7331 g of K;HPO, and 125 uL of 85% H3PO, were dissolved in a 500-ml
volumetric flask using purified water. Application of 100 mM phosphate buffer as electrolyte
during first stage of experiment allowed to achieve pH similar to the values in landfill
leachates and oscillate between 7.03-7.29 (Wang et al., 2020).

The electrochemical experiments were conducted in a specially designed experimental
set consisting of a 400-mL undivided electrolytic cell, cooling bath and magnetic stirrer
(Electrochemical Stirrer, ES24, Wigo, Poland). The cell contained the BDD electrode as an
anode and a stainless steel mesh as a cathode. The anode geometric surface area was 10.5
cm?2, The distance between them was kept constant at about 2.5 cm. All electrochemical
oxidation tests were performed under galvanostatic conditions, using a power supply (Gw
Instek GPD-2303S). Experiments which allowed for the description of detailed PFOA and
PFOS degradation pathways and concentration reduction efficiency during electrolysis using
new electrode materials were divided into two parts:

e advanced oxidation process (min. 8 h) provided in water matrix (i.e. 100 mM
phosphate buffer solution) with addition of PFOA and PFOS (initial concentration 0.1
mg/L)

e advanced oxidation process (min. 8 h) provided in LLs matrix (1:1 v/v LLs:water
solution) with addition of PFOA and PFOS (initial concentration 0.1 mg/L)

A detailed description of research steps is presented in Figure 1.

Each experiment was conducted for eight hours at temperatures maintained at 20—
25°C. Nine mL of solution was sampled every two hours for physico-chemical analysis; an
additional 10-mL aliquot was taken at 0 h, 4 h and 8 h for micropollutant analysis. Prior to

the physico-chemical analysis, the sample was subjected to degassing by mixing on a


http://mostwiedzy.pl

A\ MOST

multipoint stirrer (Variomag, POLY 15 KOMED, Thermofisher Scientific, USA) at 50 rpm for
10 min.

Determination of chemical oxygen demand (COD), inorganic N compounds (N-NH,*,
N-NOj, N-NO.", TN), inorganic P compounds (P-PO,3-, TP), chloride (Cl"), sulphate (SO,2),
and sulphides (S>) was performed using a DR 3900 spectrophotometer (Dr. Lange, GmbH,
Germany). Twenty-day biochemical oxygen demand (BOD.,) was obtained using the
manometric respirometric BOD OxiTop® method. Total suspended solids (TSS), volatile
suspended solids (VSS) and mineral suspended solids (MSS) were obtained using the
gravimetric method. Parameters such as pH, conductivity and temperature were measured by
a portable multi-parameter meter HL-HQ40d (multi, HACH, Germany). The detailed
procedure of basic physicochemical analysis is described by S. Fudala-Ksigzek et al. (2018).

To determine the concentrations of selected micro-pollutants during the obtained
experiments, ultra-high performance liquid chromatography coupled with mass spectrometry
technique (UHPLC-MS, Shimadzu Nexera X2; LC MS-8040) was applied. Electrospray (ESI)
was applied due to the small fragmentation that occurs during this type of ionisation (so-
called "soft ionisation"). To identify electrochemical oxidation by-products of PFOS and
PFOA, the UHPLC-ESI-MS technique was used; however, the analysis was focused on the
identification of all ionisable molecules, i.e. all ions were identified using scanning mode
(SCAN, m/z range 100—520) — qualitative analysis. Due to the lack of chromophore bonds in
PFOA and PFOS, only the MS detector was applied to identify unknown degradation
products. During the PFOS and PFOA concentration determinations, the Single Ion Mode
(SIM) was applied — quantitative analysis. The chromatographic separation was carried out
on Phenomenex Luna Omega Polar (100x2.1 mm; 1.6 pm; C18; 100 A). Pump A and B were
responsible for the chromatographic separation. Mobile phase A was determined to be 2 mM
ammonium acetate in water, mobile phase (B) was acetonitrile. Gradient elution was applied:
omin (A=80%, B=20%) then ramp to (A=55%, B=45%) in 7 min, next ramp to (A=80%,
B=20%) at 7.1 min and kept till 9.5 min. The column temperature was maintained at 40°C,
autosampler temperature at 15°C. The flow rate was 0.4 mL min. Regarding MS parameters
the nebulising gas (N2), drying gas (N), desolvation temperature, and heat block temperature
were set at 3 L min?, 5 L min?, 250°C, and 325°C, respectively. All the analytes were
determined by Single Ion Monitoring (SIM) in negative ionisation mode: m/z for PFOA was
413.0; and for PFOS 499.0. Advanced Oxidation products were identified using scanning
mode (SCAN) under the same chromatographic conditions. The injection volume was
dependent on expected/assumed concentrations and ranged between 1 and 5 pL. The method
detection limit (MDL) for PFOS and PFOA in aqueous solutions was 0.90 and 0.29 ug/L,
respectively, and method quantification limit (MQL): 1.1 ug/L and 0.59 ug/L, respectively.

3. Results and discussion
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3.1 BDD characterisation

Figure 2 reports the SEM micrographies, together with the Raman spectra, of the two BDD
electrodes used in this study. The different boron doping affects the anode structure and
morphology, resulting in different average grain sizes (Figure 2 a—d). Figure 2 e shows
Raman spectra recorded at 532 nm for low and high doped diamond electrodes. The BDD
0.5k have an intense diamond peak located at 1332 cm™ and two other visible bands: one is of
C-H bending bonds located at 1491 cm™ and the second is a G-band located at 1545 cm™. The
confirmation of high boron doping in the 10k electrode are the strong, wide bands derived
from B atoms located at 1216 cm™ and 480 m™* (Bogdanowicz et al., 2013b; Sobaszek et al.,
2015). The high incorporation of boron into the diamond lattice results in a shift, in the
Raman spectra, of the sp3 from 1332 cm™ to 1316 cm™ (May et al., 2008; Yu et al., 2013) as
well as the presence of the Fano effect (Pruvost and Deneuville, 2001). The G-band is located
at 1539 cm™.

The background current analysis is shown in Figure 3 a. The recorded working
potential window is 2.6 V and 3.1 V for 10k and 0.5k electrodes, respectively. The slightly
narrower potential window is due to higher carrier concentration in the higher doped
electrode (Bogdanowicz et al., 2013a). The EIS spectra (Figure 3 b) includes a semicircular
region which represents the electron-transfer-limited process. The impedance spectra have
been fitted using the equivalent circuit reported in Figure 3 b insert.

Charge transfer resistances may be converted into exchange current densities (jo) by the

linearised form of the Butler—Volmer equation:
RT 1
F SR,

Jo =
where R is the gas constant, F is the Faraday constant, and SR is the electrode surface
resistance obtained by the EIS model fitting.

Calculated exchange current densities are equal to 6.3-102 A/m? and 6.7-102 A/mz2for

the 0.5k an 10k BDD, respectively.

3.2 Electrochemical oxidation tests

In order to oxidise PFOA and PFOS, a minimum potential of 2.0 V and 2.2 V vs. NHE,
respectively, should be applied to the anode (Liang et al., 2018). However, a higher applied
potential may be necessary to directly transfer electrons from PFOA to the anode, as the
hydroxyl radical may be ineffective for PFOA decomposition (Zhuo et al., 2011).

The electrochemical degradations of PFOA and PFOS were evaluated both in
phosphate buffer (PB) and landfill leachate, by varying the current density and the anode
characteristics.

3.2.1 EO in phosphate buffer
Boron concentration affects the charge carrier mobility within the BDD structure, which

impacts the electrical resistivity, the electrode exchange current density and the
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electrochemical window. While the sp3 carbon content, boron doping and surface
morphology play a role in the COD and N-NH,* removal efficiency (S. Fudala-Ksiazek et al.,
2018), they may be responsible for a different PFOA oxidation rate (Gomez-Ruiz et al., 2019).
In contrast, in our study, the PFOA removal ratio for the 0.5k and 10k BDD electrode were
comparable, being respectively equal to 89% and 95% after 8 h at the lower specific current
(25 mA/cmz2) (Figure 4 a). Similarly, the PFOS removal assessed slightly lower, at 84% for
BDD 0.5k and 69% for BDD 10k (Figure 4 b).

. The removal ratio of PFOA was faster for the test conducted at higher current (96%
after 4 h instead of 62%), resulting in a 99.9% removal after 8 h, against a final 89% (Figure
4a). The removal ratio of PFOS was equal to 84% at 8 h. An increase in the current density

did not increase the removal efficiency (Figure 4b).

The higher current density may enhance the direct PFOA and PFOS oxidation through direct
electron transfer from the molecule to the anode. However, the full oxidation of PFOA has
been reported for lower current densities than 25 mA/cm?2 (Gomez-Ruiz et al., 2019), which
might explain the limited difference between the BDD 0.5k and BDD 10k, for which the
PFOA and PFOS degradations are not electron-transfer but mass-transfer limited.

Decomposition products of PFOA and PFOS have been identified in spiked samples of
100-mM phosphate buffer using ESI negative ionisation mode and full range scan of possible
molecules. All by-products have been detected after 2 h and 4 h of electrolysis for PFOS and
PFOA, respectively. Obtained results are presented in Supplementary Material S2. Moreover,
a detailed description of decomposition products (together with intensities of detected
signals) obtained during electrolysis in phosphate buffer and LLs is presented in
Supplementary Material S3. Proposed structures of identified molecules obtained for
electrolysis assays after 4 h using both 0.5k and 10k Ni/BDD are presented in Table 3.

PFOA and PFOS electrochemical degradation has been broadly described in water
with the addition of different electrolytes, including NaCl (Zhuo et al., 2020), NaClO, (Lin et
al., 2013; Niu et al., 2012; Urtiaga et al., 2015; Yang et al., 2015; Zhuo et al., 2020, 2012),
NaSO, (Gomez-Ruiz et al., 2019; Zhuo et al., 2020), with a very wide range of conductivity.
However, the electrolyte does not only support the charge transfer within the solution, but it
may actively play a role in the reaction pathway. While the dissolved chlorine ions from NaCl
may produce active chlorine species which strongly participate in the oxidative process, the
solvated ClO, is more stable. In case of the presence of Na.SO,, sulphate radical may be
generated (Panizza and Cerisola, 2008), while phosphate buffer should less affect the

micropollutant indirect oxidation.

PFOA pathway
Based on the signals obtained by ESI mass spectrometry (Table 3), the proposed

electrochemical degradation reactions (including electron transfer, radicals reaction, Kolbe

decarboxylation and hydroxylation) for PFOA anodic degradation are as follows:
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At the beginning (Eq. 1) PFOA radical is formed via direct electron transfer from the carboxyl

group (one electron loss as direct oxidation).
(1) C,F;5CO0 — C,F;5CO0: + €

Next, Kolbe decarboxylation occurred due to high instability of PFOA radical (Eq. 2).
(2) C,F5CO0- — C,F.5 + CO-

The C,F,5 radical may react with oxygen as presented in Eq. 3, and next
perfluoroheptylperoxy radical may react with another perfluoroalkoxy radical as presented in
Eq. 4. Then, decomposition of C,F;;0- to perfluoorohexyl radical and carbonyl fluoride occurs
(Eq. 5). Finally, carbonyl fluoride in the hydrolysis reaction produce carbon dioxide and
hydrofluoric acid (Eq. 6).

(3) C;Fi5' + O.— C,F;500-

(4) C,F1;00- + Ri¥COO-— C,F1:0-+ RzCO-+ O,
(5) C;F150-— CoFy5- + COF.

(6) COF.+H.0—CO.+2HF

Perfluooroheptyl radical (C¢F.5-) and other radicals of this type (with the reduced n number
of CF.) may undergo hydroxylation (Eq. 7) and, next, intramolecular rearrangement for

defluorination (Eq. 8) followed by hydrolysis for defluorination (Eq. 9).
(7) CsF15 + -OH — CsF1,OH
(8) CeF130H — CeF,,OF + HF
(9) C¢F.,OF + H.O— C;F.,COO + H* + HF

Considering CF. unzipping cycle (Eq. 3—5), the identified ions: C;F.,,COO-(m/z = 313),
C,F,COO (m/z = 263), C;F,COO (m/z = 213) and C.F;COO-(m/z = 163) was formed
undergoing the presented mechanism (Eq. 7—9). A similar degradation pathway was also
observed by other authors (Lin et al., 2012, 2013; Liu et al., 2019; Zhuo et al., 2011) using
different DSA and BDD anodes.

PFOS pathway
Observed ESI mass spectrometry signals (supplementary materials) led us to propose

electrochemical degradation reactions including radicals reaction, Kolbe decarboxylation,

hydrolysis and hydroxylation for PFOS anodic degradation as follows:

The elimination of two fluoride ions giving the observed CsF,;SO;” may be a result of

consecutive radical reactions according to equations 10—13.

(10) C8F17SOg_+ H — CsHFmSOg' + F_ + €
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(11) CsHF16SO4 + -OH — -CgF16S04 + H.O
(12) -CsF16SO5 + -‘H— CsHF;5S05 + F-
(13) CsHF5S05 + -OH — -CgF15S05 + H,O
At the same time, the -CsF.6SO5 radical may also react with hydroxyl radical (Eq. 14—15).
(14) -CsF16S0O4 + ‘OH — HOCgF;;S05 + F-
(15) HOCgF5S045 + 2F — FOCgF1;SO4 + HF

However, only after hydrolysis of the formed product (FOCgF:6S05) (Eg. 16) and followed by
the Kolbe decarboxylation reaction (Eq. 17) the perfluooroheptyl sulphate radical is observed
(m/z =369, C;F:5505).

(16) FOCSF15803- + H20 —>-OOCC7F15SO:3-+ 2H+
(17) _OOCC7F15803_ — C7F15SO3_+ C02

The perfluooroocta sulphate radical may react with oxygen, and next with some

perfluoroalkoxy radical as in Eq. 18—-19 producing C,F,;SO5".
(18) : CSFISSO?,_ + 02_) 'OOC'C7F15SO3_
(19) 'OOC8F15SO3_ + RFCOO'—> 'OC8F15803_ + RFCO' + 02

Then, decomposition of -OCsF,;,SO5" to perfluoorohexyl sulphate radical and carbonyl fluoride
occurs (Eq. 20) producing -C,F,;SO; (m/z = 399). Finally, carbonyl fluoride in the hydrolysis

reaction produces carbon dioxide and hydrofluoric acid (Eq. 21).
(20) 'OC8F15SO3__) 'C7F15SOB_ + COF2
(21) COF. + H.O—CO, + 2HF

Moreover, the perfluoorohexyl sulphate radical may hydrolyse to a perfluoorohexyl radical
(Eq. 22).

(22) 'C7F15SO3_ + H.O — C7F15- + SO42— + oH*+

On the mass spectra C¢F;3COO™ (m/z = 363), C;F;COO (m/z = 313) and C,F,COO (m/z =
263) was observed. Their formation has already been presented in Eq. 7—9. The reaction

pathway has been reported in Figure 5.

Considering the intensity of the registered ESI MS signals (see Table 3) in LLs, PFOS
decomposition is acting in a similar way for O.5k Nb/BDD as for 10k Nb/BDD electrolysis.
However, for PFOA it is observed that during electrolysis, where a 0.5k Nb/BDD electrode is

applied, formation of CeF;3. and CsF13COO- occurs more intensively at the beginning of the
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process. The opposite situation is observed for 10k Nb/BDD, where those species are still
present in the solution after 8 h with the relatively high intensity (in comparison to the 0.5k
electrode), which means they reluctantly undergo further degradation steps. Looking into the
proposed reaction chain (Eq. 1—9), it can be noted that in the case of 0.5k Nb/BDD the
electrolysis reaction (Eq. 1—2) starts from the substrate C¢F,;COO-, and the subsequent
reactions in Eq. 7—9 occur more often early in the process than in the case of 10k. This
means that direct electrochemical reaction related with the perfluoroalkoxy radicals and
hydroxyl radicals “production” on the electrode occurs more intensively on 0.5 Nb/BDD than
on 10k Nb/BDD.

3.2.2 EO in leachate
Landfill leachate (LL) is a complex matrix, rich in refractory compounds, organic pollutants

and inorganic ions. While the PFOA and PFOS oxidation in a water, supported by an
electrolyte, has been widely investigated, the effectiveness of such technique in more complex
water streams has been scarcely reported. Liang and co-workers investigated the removal of
PFOA and PFOS by EO from a technological wastewater resulting from the ion exchange
resin regeneration (Liang et al., 2018) and they reported a PFOA and PFOS removal of 77.2%
and 96.5% within a 17-hr electrochemical oxidation treatment. In real conditions, to reach
PFOA and PFOS removal efficiencies comparable to that obtained in laboratory conditions, it
is necessary to increase reaction time or energy density, as long as organic matter, scavenging
compounds, and inorganic salts interfere in the process. PFOA and PFOS removal. Figure 6
reports the COD and N-NH,* normalized concentration during the EO tests. It is possible to
observe that the current density mainly affects the process, while the boron doping slightly
affect the efficiency, resulting in a better performance for the lower doping level.

PFOA and PFOS removal in LL are reported in Figure 7. The micropollutant concentration
decrease is not particularly correlated to the boron doping of the electrode, but it is evident
that, at low current densities (25 mA/cm?2) the removal efficiency is halved, compared to the
one determined in PB, under the same experimental conditions. At 25 mA/cmz2 the PFOA
removal at 8h are 48% and 41%, respectively, for the 0.5k and 10k BDD, while at 75 mA/cm?2
they are equal to 79% and 81% (Figure 7 a,b). PFOS follows a similar trend, reaching a 35%
for the 0.5k and 46% for the 10k, until doubling for the higher current density 80% for 0.5k
and 75% for 10k (Figure 7 c,d).

The energy consumption (W, kWhm-3) was calculated by multiplying the specific
electrical charge (Q, kAhm-3) and the cell potential (V) (Gomez-Ruiz et al., 2019). The energy
consumption required for 80% PFOA and 79% PFOS removal was estimated as 88 and 123
kWh/ma3, respectively, for 0.5k BDD (treatment time 8 h). For 10k BDD, after 8 h of
treatment, the energy consumption calculated for the maximum PFOA and PFOS
degradation rates (of 81% and 75%, respectively) was 114 and 106 kWh/ms3, respectively

(Table 4). Energy consumption depends on many factors, including the type of anode, surface
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features, current density and reaction time, and hence it is difficult to compare the obtained
data with the literature. According to (Liu et al., 2019; Schaefer et al., 2017), where
nanocrystalline BDD was applied, the energy consumption was of 50 kWh/m3 for 50%
removal of PFOA and 190 kWh/ms3 for 50% removal of PFOS (Table 4), which is higher than
obtained in our study, considering decomposition rate efficacy, even for water matrix. For the
industrial water (Gomez-Ruiz et al., 2017), due to the more complex matrix and very high
PFAS removal efficacy (99.74%) energy consumption after 10 h of EO process reach even 256
kWh/mas.

4. Conclusion
In this study, the electrochemical oxidation of PFOA and PFOS was studied both in
phosphate buffer and landfill leachate, in order to investigate the effect of competing species
within the micropollutant mineralisation process. It was found that:

e 0.5k and 10k BDD electrodes perform similarly for the removal of high concentrations
of PFOA and PFOS both in LL and PB;

e 0.5k BDD performed the COD and NH,* removal better than the 10Kk;

e In PB, both PFOA and PFOS removal were comparable at lower current density to
that at higher current density, ranging from 83 to 99.9%;

e In LL, PFOA and PFOS removal were dependent on current density. At higher current
density (75 mA/cm?) it was possible to obtain an average removal efficiency of 80%
and 78% for PFOA and PFOS, respectively. At lower current density (25 mA/cm2), the
efficiencies were halved. This is due to the competing reactions within a complex
matrix;

¢ B-doping does not greatly affect PFAS removal efficiency.

Due to the unique electrochemical properties, extended stability and high selectivity, BDD
electrodes demonstrated their versatility for the effective removal of micropollutants, even in
heavy contaminated and complex liquid waste, such as landfill leachate. Nevertheless, to
comprehensively assess the EO effectiveness and applicability, further research should be
supplemented by toxicity assays. As the role of boron incorporation seems to play a
secondary role in enhancing the electrooxidative process, further studies are intended to
investigate smart assemblies of carbon nanostructures toward a more efficient and

sustainable process.
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Figure 4 — (a,c) PFOA and (b,d) PFOS removal in PB at low current density (25 mA/cm2) for the 0.5k
and 10k BDD anode and for the 0.5k BDD at different current density (25 mA/cm2 and 75mA/cmz2).
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Figure 6 - COD and N-NH * normalised concentration during LL electrochemical oxidation tests
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Figure 7- PFOA and PFOS normalised concentrations for the various EO tests in LL
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Table 1 - Occurrence of PFOA and PFOS in landfill leachates

Country year PFOA PFOS (ng/L) Ref.
(ng/L)
U.Ss.. 2014 380-1000 56—160 (Huset et al., 2011)
U.s. 2014 150—9200 14-590 (Allred et al., 2014)
Spain 2017 200-584 0—43.5 (Fuertes et al., 2017)
Germany 2010 0.4-926 0.01—235 (Busch et al., 2010)
Sweden 2010 38-1000 32—-1500 (Fick and Lindberg, 2011)
Denmark 2008 2-5.8 1.5-3.8 (Bossi et al., 2008)
Poland 2020 1350 3280 This study
Table 2 - Landfill leachates characteristic [mean+SD]
Parameter Value
Organic matter characteristics COD [mg/L] 2867+90
BODy, [mg/L] 340+45
BOD,,/COD 0.12+0.02
TSS [mg/L] 80.3+5.7
MSS [mg/L] 38.0+9.2
VSS [mg/L] 42.3+7.6
Nitrogen forms N-NH,* [mg/L] 1993+87
N-NO; [mg/L] 13.0%4.5
N-NO, [mg/L] 0.3340.11
TN [mg/L] 1999+92
Phosphate forms P-PO,3 [mg/L] 9.3+1.2
TP [mg/L] 14.3+0.53
Other ions Cl- [mg/L] 2727+36
S0,2 [mg/L] 1106+129
S* [mg/L] 9.55+0.46
Basic physicochemical parameters pH 7.8+0.1
redox [mV] -410+0.7
Conductivity [mS/cm] 23.0+2.8
Selected micropollutants PFOA [ng/L] 1350+320
PFOS [ng/L] 32804940
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Table 3 - Suggested structures of molecules identified using negative mode ESI mass spectrometry
signals obtained for electrolysis assays after 4 h using both 0.5k and 10k Ni/BDD

Detailed information about degradation products [m/z]

PFOA; C.F,;COOH; m/z =413
F FFRFRF O

F OH
FFFFFFFF
Identified signals 369 319 363 313 263 213 163 269
Proposed formula CFy; CeFi3 CeFyg CF,  C,F, C,F, C,F, Cs
COO- COO- COO COO COOr Fu

PFOS; CsFyHSO3; m/z =499

FR FR FR FR F
F. L

//S\OH
FFFFF FF FO
461 449 399 369 319 363 313 263 Identified signals
CsFi5SO5 C,Fi3 CeFi3 CFi; CoFig CoFig C;F.  C,F, Proposed formula
SO  SO5 COO- COO- COO-
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Table 4 - Energy consumption for various parameters of the PFOA and PFOS degradation process

=
T o 'E e E‘
g g .- s _ £
£ 58 TE _EE 3
S8 g = 55 £S5 BES &
T g S 2 £ 9 = T 22z g -
£ 8 Z = =% JSE&E £S8& o
PFOA 0.5k BDD LL 79 75 88 8 This study
PFOA 10k BDD LL 81 75 114 8 This study
PFAS BDD w 99.74 50 256 10 (Gomez-Ruiz
etal., 2017)
PFOA BDD GW 50 50 50 8 (Schaefer et
al., 2017)
PFOA BDD GW 50 15 40 8 (Schaefer et
al., 2017)
PFOS 0.5k BDD LL 80 75 123 8 This study
PFOS 10k BDD LL 75 75 106 8 This study
PFOS BDD GW 50 50 190 8 (Schaefer et
al., 2017)
PFOS BDD GW 50 15 120 8 (Schaefer et
al., 2017)

IW: industrial wastewater; GW: groundwater
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