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Abstract

Per-polyfluoroalkyl substances (PFASs) are a class of persistent organic pollutants that
have been detected in several environmental matrices. Photoelectrocatalysis (PEC) was
employed to remove PFASs contained in natural groundwater collected in the Veneto re-
gion (Italy), where a massive PFAS contamination was present. Nine PFASs were detected
and monitored throughout the process. By varying the magnitude of the applied cell volt-
age (no bias and 4, 6, and 8 V) the optimal condition was assessed to be 4 V, resulting in a
total PFAS removal of about 87%. The presence of H20: was ineffective on the reaction
kinetic, while NaCl inhibited the oxidation of PFASs. The Ero (Electrical Energy per Order
of Magnitude) analysis revealed that PEC is more energy-efficient than both traditional
photolysis and most advanced oxidation techniques discussed in published research.

Keywords: titanium dioxide; photoelectrocatalysis; heterogeneous photocatalysis; PFAS;
groundwater; sodium chloride; hydrogen peroxide

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a wide group of environmentally
persistent organic compounds of anthropogenic origin (>14,000), characterized by the
presence of at least one carbon atom covalently bonded to one or more fluorine atoms [1].
PFASs are generally composed of a fluorinated alkyl chain and a polar head functional
group (e.g., a carboxylate, a sulfonate, a phosphate), which makes PFASs amphiphilic
substances. Moreover, the presence of the C-F bond (binding energy of about 500 k]/mol [2])
provides PFASs great chemical and thermal stability [3]. Due to their unique physico-
chemical properties, PEASs have been employed since the 1940s in various industrial and
household products such as non-stick coating in pans, cosmetics, textiles, and fire extin-
guishing foam [4]. However, the same physico-chemical properties that have made PFASs
highly desirable at an industrial level also represent a critical issue for the environment.
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In fact, the majority of PFASs are not biodegradable under environmental conditions, tend
to bio-accumulate in humans, animals, and plants, and show high mobility in the envi-
ronment, making them almost ubiquitous. Additionally, an increasing number of epide-
miological and toxicity studies assessed that PEAS exposure may cause several acute and
chronic diseases such as obesity, immune suppression, liver and testicular cancer, and
kidney damage [5].

One of the most severe and widespread PFAS contamination events globally has
been identified in the Veneto region of Northern Italy, where the primary aquifer has been
impacted over an area greater than 200 km?, affecting approximately 300,000 residents
across 30 municipalities [6]. The residents of the area, after a decade-long exposure to
drinking water contaminated by PFASs, show blood serum concentrations of perfluorooc-
tanoic acid (PFOA) 70 times greater than the average values (a few nanograms per milli-
liter) measured in the populations of other European countries, Australia, and the US[7,8].

Conventional water treatment strategies (i.e., biological, chemical, and physico-
chemical processes) have been employed to remediate PFASs, ultimately being quite in-
effective due to the recalcitrant nature of PFASs, the high energy input required, or the
production of harmful by-products [9]. Currently, the most widely adopted full-scale
technology for PFAS removal is filtration through granular activated carbon (GAC) [10].
Nonetheless, its practical implementation shows several drawbacks, such as rapid satura-
tion, poor retention of short-chain PFASs, the need for elevated temperatures during re-
generation, and substantial operational costs. These limitations have driven interest to-
wards alternative treatment methods [11]. Additionally, the environmental impact of car-
bon filters regeneration is still questionable [12]. Against this background, Advanced Ox-
idation Processes (AOPs) have been explored for the defluorination and degradation of
highly stable PFAS compounds. AOPs are non-selective processes that rely on the pro-
duction of strong oxidant species, primarily hydroxyl radicals ®OH and related reactive
oxygen species (ROS), to oxidize PFASs, potentially leading to complete mineralization to
CO», H20, and inorganic salts. Various methods have been explored for PFAS degrada-
tion, including photocatalysis, ultrasonic treatment, electrooxidation, ozonation, thermal
degradation, and plasma technologies [13-15].

Recently, photoelectrocatalysis (PEC) has emerged as an effective water treatment
method [16-18]. PEC combines the mechanisms of heterogeneous photocatalysis and elec-
trochemical reactions in a synergistic manner, relying on a porous photocatalyst grown
onto an electrically conductive surface. This configuration helps to minimize the recom-
bination of photogenerated holes and electrons by applying an electrical bias during the
operation, which effectively separates the charge carriers. Moreover, no post-process cat-
alyst recovering is needed, excluding any loss of the catalytic particles in the environment.
To the best of the authorse knowledge, the application of PEC for PFAS removal has
scarcely been examined, and existing research has primarily focused on treating synthetic
PFOA solutions at relatively high concentrations (mg/L scale) [19-24]. This experimental
set-up does not represent real environmental conditions, usually characterized by a mix-
ture of PFASs in the ng/L to pug/L range. Recently, our research group conducted a study
on the photoelectrocatalytic degradation of a mixture of PEASs present in groundwater in
the ng/L range. PEC was effective in the degradation of both long- and short-chain PFASs,
with an overall PFAS removal of 72% obtained within 10 h. The degradation of long-chain
PFASs proceeded at a higher rate than that of short-chain compounds, probably due to
the PEC mechanism involving initial decarboxylation followed by gradual cleavage of CF:
groups, producing transient shorter-chain byproducts. PEC showed enhanced perfor-
mance compared to photolysis in terms of treatment efficiency [25]. However, several is-
sues still need to be explored. For example, the correlation between the magnitude of the
applied electrical bias and the efficiency of PEC in PFAS degradation remains unclear,



Water 2025, 17, 2790

3 of 20

since different trends have been reported in the literature. For example, according to Zhou
etal., the application of electrical bias up to 5 V leads to general improvement in the PFOA
reaction kinetic by a factor of 4, with the kinetic constant passing from 0.5 x 103 (1 V) to 2
x 103 min™ (5 V) [20]. A different trend was instead observed in the work of Li et al., where
operating voltages above 2 V inhibited PFOA degradation [19]. Another issue regards the
effect of chemicals such as H20O2 or NaCl. In photolysis and photocatalysis, H202 or NaCl
act as photochemical mediators able to induce indirect reaction pathways; PFASs (or their
by-products) do not react directly with the photons nor on the catalyst surface but rather
with reactive oxygen and chlorine radicals [26]. Under UV irradiation and/or by interac-
tion with a photocatalyst, H2O2 undergoes oxidation reactions leading to hydroxyl (OH")
and hydroperoxyl radicals (OOH*) [27]. Similarly, in PEC processes, the presence of H20:
can accelerate the degradation of contaminants. Indeed, the literature reports how hydro-
gen peroxide-assisted PEC showed promoted decolorization and increased biodegrada-
bility of real pharmaceutical wastewater with respect to conventional PEC [18]. In another
study, the presence of H20:resulted in a 75% degradation of mitoxantrone, while only
15% was achieved in its absence [28]. NaCl is known to be a source of free chlorine and
reactive chlorine species (RCSs), namely Cl*, Clz=*, and OCI* under photo(cata)lytic acti-
vation [29]. Although RCSs have lower redox potential than OH* radicals (i.e., 2.80 V, 2.47
V,2.0V, and 1.5 V vs. SHE, for OH*, Cl*, Cl2*- and ClO*-, respectively), they have a higher
lifetime, greater reactivity towards electron-rich compounds, and a higher selectivity than
OH" [30]. According to Zainal et al., the photoelectrochemical degradation of methyl or-
ange in the presence of NaCl increased up to 58% with respect to the standard solution
[31]. Yang et al. reported a possible additional reaction pathway involving chlorides dur-
ing the photoelectrochemical degradation of PFOA [32]. However, to the authorse
knowledge, the literature is lacking as concerns the effect of H202 and NaCl in the photo-
electrocatalytic oxidation of PFASs.

The present study investigates the application of PEC treatment on PFAS-contami-
nated groundwater collected from the Veneto Region, Italy, following the same method-
ology as our previous research, while further focusing on specific operation parameters.
In particular, this study examined the effects of different cell voltages (no bias and 4, 6,
and 8 V) as well as the influence of additives such as hydrogen peroxide (H202) and so-
dium chloride (NaCl). Nine different PFAS species were monitored, namely perfluorooc-
tanoic acid (PFOA), perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid (PFHxA),
perfluoropentanoic acid (PFPeA), perfluorobutanoic acid (PFBA), perfluorooctanesul-
fonic acid (PFOS), perfluoroheptanesulfonic acid (PFHpS), perfluorohexanesulfonic acid
(PFHXS), and perfluorobutanesulfonic acid (PFBS), with initial concentrations in the ng/L
range. The degradation of PFOA was additionally performed in a controlled matrix to
elucidate the reaction mechanisms and better understand the behavior of the PFAS mix-
ture identified in the groundwater samples. Photolysis (PL) and H20O»-assisted photolysis
(PL+H20y) tests were carried out for comparison purposes. Finally, energy consumption
was calculated, and the investigated technologies were comparatively evaluated consid-
ering available literature data.

2. Materials and Methods

2.1. Experimental Set-Up

The TiO:z photoanode was synthesized by Plasma Electrolytic Oxidation, according
to Franz et al. [33]. The TiO2 mesh was placed in a laboratory-scale tubular reactor de-
scribed elsewhere [17]. This system was employed to perform four different tests, namely,
photoelectrocatalysis (PEC), H2O2-assisted photoelectrocatalysis (PEC + H202), NaCl-as-
sisted photoelectrocatalysis (PEC + NaCl), and photocatalysis (PC). During PEC tests, an
electrical bias (4-6-8 V) was applied to the electrochemical reactor by means of a power
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supply (EA-PSI 8360-15 T, EA Elektro-Automatik GmbH & Co, Viersen, Germany), with
the TiO2 mesh working as (photo)anode and the reactor body as cathode. The concentra-
tion of H202 and NaCl was 100 ppm. After removing the TiO> mesh, the same reactor was
employed to perform photolysis (PL) and H20O»-assisted photolysis (PL + H20z) tests. Deg-
radation tests lasted up to 600 min (contact time) and were repeated twice. This long con-
tact time was chosen according to previous research [25]. Water samples were periodically
collected and stored at +2/+4 °C before chemical analysis.

2.2. Test Monitoring and Analytical Methods

Groundwater samples were collected from a contaminated well in the Veneto region,
Italy, managed by Acque Veronesi S.r.l. Sampling occurred twice during the study period,
in September 2021 and March 2022. Due to slight variations in PFAS concentrations be-
tween the two sampling events, the samples were treated as distinct and designated as
well 1* and well 1, respectively. The main physico-chemical properties of the water are
reported in Table S1. A total of 9 PFASs (Table S2) were analyzed, namely perfluorobuta-
noic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), per-
fluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorobutanesulfonic
acid (PFBS), perfluorohexanesulfonic acid (PFHXS), perfluoroheptanesulfonic acid
(PFHpS), and perfluorooctanesulfonic acid (PFOS). The individual concentration values
were in the range 7-1175 ng/L, and the overall PFAS concentration was 2428 ng/L (well 1)
and 2593 ng/L (well 1¥). PFAS concentrations were quantified using high-performance
liquid chromatography coupled with high-resolution tandem mass spectrometry (HPLC-
MS/MS). Specifically, an Ultimate 3000 chromatographic system (Thermo Fisher Scientific,
Waltham, Massachusetts, Stati Uniti) was interfaced with a TripleTOF 5600+ mass spec-
trometer (AB Sciex, Framingham, Massachusetts, USA). All analyses were conducted in
negative electrospray ionization (ESI") mode. The detection limit was 1 ng/L.

Prior to degradation tests, groundwater was filtered using a polypropylene mem-
brane filter (PALL, Life Science, GH Polypro, & 47 mm, porosity 0.45 mm, PALL Corpo-
ration, Port Washington, New York). Degradation tests were also carried out on a model
solution of 1 mM PFOA and 2.5 mM K2SOs as supporting electrolyte. The PFOA concen-
tration was selected to closely reflect real environmental levels while remaining suffi-
ciently high to enable the detection of oxidation by-products.

2.3. Data Processing

The contact time, defined as the instantaneous residence time within the reactor, was
determined using the following equation (Equation (1)):

. Vreactor

M

Contact time = tpyo¢ m

inst
where tproc is the instantaneous processing time, Vrecior is the total volume of the reactor (1
L), and Viust is the instantaneous volume of water recirculating in the PEC system (reactor
chamber plus hydraulic circuit).

Given the low initial concentration, the PFAS concentration profiles as a function of
contact time were modeled using the Langmuir-Hinshelwood (L.H.) kinetic framework
simplified to a pseudo-first-order approximation. The following equation was applied
(Equation (2)):

—ln(g—;)=k’-t @)

where Co and C: are the concentration a t = 0 and after a contact time t, respectively, and
keis the pseudo first-order kinetic constant. Using the concentration profiles obtained
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from each experiment, the kinetic rate constants for each PFAS compound were deter-
mined.

Energy consumption was assessed using the Electrical Energy per Order of Magni-
tude (Ero), defined as the amount of electrical energy (kWh-m=-order) needed to reduce
the concentration of a target contaminant by one order of magnitude (i.e., 90%) in a unit
volume of contaminated water. This parameter was calculated for each contaminant and
experimental test using the following equation (Equation (3)):

P-t-103
Ego = T - 100 3)
V-logs (C_go)

where P [kW] is the nominal power consumption of the system, namely of the UV lamp,
the recirculating pump and the bias supplier, V [dm?] is the volume of contaminated wa-
ter, t [min] is the contact time needed to achieve 90% abatement of the contaminant, Ci is
the initial concentration, and Cwx is the concentration value corresponding to 90% abate-
ment.

3. Results and Discussion
3.1. Degradation of PFOA

The reaction pathway of PFAS degradation by PEC is scarcely addressed in the liter-
ature [23,24], and no evidence of the proposed mechanisms is given using undoped TiO:
photoanodes. This section addresses the issue by examining the photoelectrocatalytic and
photolytic degradation of a model PFOA solution (1 mg/L) containing 2.5 mM K2SOs as
the supporting electrolyte.

Figure la,b display the concentration profile of PFOA and TPs, respectively, as a
function of the contact time during PL and PEC tests.

PEC effectively oxidized PFOA, and a removal of 98% was achieved at the end of the
test. The rate constant was 0.00633 (R? = 0.9935) min~'. As shown in Figure 1b, transfor-
mation products (IPs), consisting of short-chain PFASs, namely PFHpA, PFHxA, PFPeA,
and PFBA, appeared over time. The TPs followed this appearance order: PFHpA >PFHxA
> PFPeA > PFBA. The formation of these TPs is consistent with the following reaction,
which was proposed for the photoelectrocatalytic degradation of PFOA and, more in gen-
eral, of perfluoroalkyl acids (Equation (4)):

CnF2riCOOH + TiO: (h, e7) + 20H* = Cn1F2n1iCOOH + TiO:2 (h, e7) + CO2 + 2HF 4)

According to the literature [23-25,32], this happens though the chain reaction path-
way described by Equations (5)-(11) and consists of decarboxylation followed by a step-
wise loss of CF2 units, forming shorter-chain intermediates.

CoF201COOH — CaF201COO- + H (5)
CoF201COO-+ h* = CiF201COO" (6)
CnF20:1COO* = CFanit* + CO2 @)
CrFani1* + OH* = CaFantOH @)
CrF2ntOH = Ca1F2n1COF + Hr + F- )

Cn-1F2n1COF + OH* = CaaF2n-1C(OH)(F)Or (10)
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Cr-1Fn-1C(OH)(F)O* = Cn-1F2n1COO* + H* + F- (11)

Thus, the reactions explaining the formation of the TPs are

C-F1sCOOH + 20H* 5 CeFisCOOH + CO» + 2HF (12)
CeF1:COOH + 20H* 5 CsFiiCOOH + CO: + 2HF (13)
CsEnCOOH + 20H* 53 CiFsCOOH + CO» + 2HF (14)
CiFsCOOH + 20H* 5 CsF,COOH + CO» + 2HF (15)
C:sF,COOH +20H* 5 CoFsCOOH + COs + 2HF (16)

From a mass balance standpoint, it was observed that the reduction in PFOA concen-
tration (from approximately 800 ng/L to 400 ng/L within 150 min) was accompanied by a
relatively negligible formation of transformation products. This implies that the main deg-
radation pathways of PFOA may not be adequately captured by the detected TPs. Re-
cently, a similar conclusion was reported by Yang et al. who suggested additional degra-
dation routes. Specifically, the authors studied the photoelectrocatalytic (PEC) degrada-
tion of PFOA using graphene oxide/TiO: electrodes and suggested four possible degrada-
tion mechanisms based on decarboxylation followed by oxidation, defluorination, hy-
droxylation, and chlorine atom substitution [32], where the dominant pathway depends
on operational parameters such as anode material, applied potential, or the presence of
competing oxidants. In principle, total organic fluorine (TOF) analysis could provide a
more comprehensive understanding of the fate of fluorinated intermediates. However, in
the present case, such an approach is not viable, as the concentration values involved are
below the detection limit of the currently available analytical methods.

To further investigate the degradation pathways of PFOA, the oxidation reactions
described in Equations (12)-(16) were modeled according to a first-order direct model,
based on the assumption of a batch reactor operating at constant volume. Although the
actual reactor works in semi-batch mode, in the given conditions it can be reasonably ap-
proximated to a closed mixing system. In the model, A, B, C D, and E are PFOA, PFHpA,
PFHxA, PFPeA, and PFBA, respectively. At t =0, A(0) = Ao=1 mg/L; B(0) = Bo=0; C(0) =
Co=0; D(0) = Do =0; and E(0) = Eo = 0. The kinetic equations are

dA

= 17
7~ fad 17)
dB
—E = sz - klA (18)
ac
—— = ksC — kyB (19)

dt
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dD
dE
—E = ksE - k4D (21)

By integration, the following solutions are found:

A(t) = AgeFat (22)

B(t) = qge™*1t + we~k2t (23)

C(t) = ae™*3t + pe~kat 4 ye~hat (24)

D(t) = pe~*at 4 ge~Fst 4 pe~k2t 4 geFat (25)

E(t) = aje st + a,e et + aze~*3t + g et + gkt (26)

where the constant terms q, w, &, 3, v, I, 0, T, @, a1, az, a3, as, as are presented in the Sup-
porting Information (Table S3). The corresponding curves are represented in Figure 1c,d.
Based on the satisfactory fit of Equation (22) to the experimental PFOA degradation data
during PEC tests, the corresponding concentration profiles of the transformation products
(TPs) were simulated. As illustrated in Figure 1c,d, the modeled TP curves qualitatively
reflect the general trends observed during PEC tests. Nonetheless, the model predicts an
earlier onset and peak of TP formation, occurring shortly after the beginning of the exper-
iment and reaching a maximum at around 100 min, whereas the experimental data show
a delayed appearance, with peak concentrations occurring around 450 min. This discrep-
ancy further supports the hypothesis that the primary degradation pathways may not be
adequately captured by the targeted analytical approach usually employed, highlighting
the need for a more comprehensive investigation into PFAS degradation mechanisms.
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Figure 1. PFOA concentration over time (a) and concentration profile of oxidation by-products,
namely PFHpA, PFHxA, PFPeA, and PFBA (b), during PEC and PL tests in ultrapure water. Exper-
imental and modeled concentrations profiles for PFOA and TPs during PEC (c) and PL (e) processes.

An enlarged view of the TP concentration profiles is also reported for PEC (d) and PL (f) tests, re-

spectively.

Figure 1a,b also show the outcome of PL tests. PFOA degradation was achieved also
in case of photolysis (Figure 1a), and shorter-chain PFASs were observed to gradually

form over time (Figure 1b), whose concentration profiles are simulated in Figure 1e,f (dot-
ted lines). The transformation products were formed following this order: PFHpA >
PFHxA > PFPeA > PFBA. These trends are in agreement with the literature, where it is
reported that the photodegradation of PFOA under UV light can be successfully obtained
[34,35]. Nevertheless, PL was markedly inferior to PEC in performance. The PFOA re-
moval efficiency declined from 98% to 79%, and the reaction rate constant for PL (0.00279
min) was 56% lower than PEC (0.00633). Moreover, the concentration of short-chain
PFASs in the PL system exhibited a slower degradation rate compared to PEC. The better
efficiency of PEC with respect to PL may be explained considering that (i) in PEC, the most
oxidizing species are the photogenerated holes, whose potential is higher than the
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oxidizing power of the commercial UV lamp employed in the present study, and (ii)
PFCAs are dissociated at a neutral pH; thus, under electrical polarization, PFCAs migrate
to the photoanode, favoring interfacial reactions.

Additional considerations can be made on the role of PL during PEC tests. According
to previous studies [17], during PEC tests, 50% of the radiance density is retained by the
catalytic mesh, with the remaining portion being reasonably available for photolytic reac-
tions and contributing to the degradation of PFOA. In photolysis, the reaction rate linearly
depends on radiance flux density. Assuming that, in the given operation conditions, the
photolytic reactions play an additive role during photoelectrocatalysis, the rate constant
for photolytic reactions during PEC tests can be evaluated (0.00159 min™) and compared
to the overall PEC reaction rate (0.00633 min™). Based on the obtained values, it can be
inferred that PL contribution during PEC tests should account for no more than 24% of
the overall reaction rate. Given the slower kinetics of PL phenomena with respect to PEC
(Figure 1a,b), this might bring a proportional reduction in the overall reaction rate in PEC
tests, partially accounting for the discrepancy between the simulated and the experi-
mental concentration profiles.

3.2. Effect of Electric Bias

Photoelectrocatalytic reactions fundamentally depend on the stabilization of photo-
generated holes through the migration of photogenerated electrons under an externally
applied electrical bias. Consequently, the magnitude of this applied voltage may play a
critical role in dictating the reaction kinetics, as it directly affects charge carrier separation,
mobility, and interfacial charge transfer dynamics. To systematically investigate the influ-
ence of the applied electrical bias on the PEC degradation efficiency, experiments were
performed under both open-circuit conditions (photocatalysis, PC) and controlled cell
voltages of 4 V, 6 V, and 8 V. These voltage values were selected based on the photoelec-
trochemical polarization curve of the TiOz photoanode under UV irradiation (Figure 2),
which exhibited a trend in photocurrent density (full line) correlating with the applied cell
potential, indicative of improved charge separation and transport processes. Moreover,
the current measured under irradiation appeared to increase as a function of cell voltage
(Figure 2, dashed line).

1.0 10
- - - Off

0.94— —0On . uvon l09 ~
< Photocurrent & <
— 0.84 = PEC4V - Photocurrent o8 =
o 7 _SB
= e PEC6V . , g
€ 074 a PECS8V Time y 07 &
3 E
e F06 3
(o)}
= L5 S
5 -
g 0.4 §
§ 0.3 é
° o
£ 0.2 &
& N
Lo &

0.0

Cell voltage (V)

Figure 2. Linear scan polarization of the TiO2 mesh at a scan rate of 10 mV/s in 4 mM KCl (light on:
dashed line; light off: dotted line; photocurrent: continuous line). Photocurrent values during PEC
treatment of groundwater at 4, 6, and 8 V cell voltage (red full symbols). A scheme representing the

current behavior depending on irradiation condition is also reported in the inset.
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Figures 3, S1, and S2 show the concentration profiles of PFASs contained in ground-
waters of well 1*, namely PFOA, PFHpA, PFHxA, PFPeA, PFBA, PFOS, PFHpS, PFHXS,
and PFBS, as a function of process time during PEC tests at different cell voltages. In agree-
ment with the findings reported in the literature [25], all tests revealed three distinct deg-
radation patterns: (i) PFASs that exhibited a steadily decreasing trend over time, such as
PFOA, PFHxA, PFPeA, PFBA, PFOS, and PFHpS; (ii) PFASs that displayed a bell-shaped
concentration trend, exemplified by PFHpA; and (iii) PFASs whose concentrations re-
mained relatively stable throughout the testing period, including PFBS and PFHxS. The
corresponding kinetic constants are reported in Table S4. The kinetic constant for PFHpA
was derived only from data of the monotonic decay phase. The average degradation rates
of the PFAS compounds followed this order: PFOA exhibited the fastest reaction, followed
by PFHpA, with PFHXA and PFPeA showing similar rates, and then PFBA; similarly,
PFOS degraded more rapidly than PFHpS. In experiments conducted without any applied
external electrical bias (Figure 3a), the removal percentages after 600 min of treatment (see
Figure 4b) were 99% for PFOA, 73% for PFHpA, 79% for PFHXA, 82% for PFPeA, 87% for
PFBA, 77% for PFOS, and 75% for PFHpS. After 600 min of contact time, in the absence of
electric bias, the overall PEAS concentration decreased by 83%, i.e., from 3130 ng/L to 523 ng/L.
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Figure 3. Degradation of PFASs in groundwater of well 1* by PEC in the absence of electrical bias
(a) and after applying an external voltage of 4 V (b), 6 V (c), and 8 V (d).

The application of an electrical bias of 4 V (Figure 3b) led to a general improvement
in the reaction kinetics (Table S4). This is reflected in the removal rates shown in Figure
4b, which increased up to 99% for PFOA, 81% for PFHpA, 89% for PFHxA, 90% for PFPeA,
84% for PFBA, 99% for PFOS, and 100% for PFHpS. Correspondingly, the overall PFAS
degradation passed from 83% to 87%. This outcome was not surprising since it is clearly
stated in the literature that the application of an electrical bias increases the degradation
rate of PFOA with respect to photocatalysis [24,36]. This can be ascribed to the direct
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contribution of anodic current to the electrochemical oxidation of PFOA, to the lower elec-
tron-hole recombination, and to the accumulation/stabilization of holes on the pho-
toanode surface.

The application of an electrical bias higher than 4 V (i.e., 6-8 V) affected the reaction
rate to a different extent, depending on the carbon chain length (Table 54 and Figure 4a).
Based on the C/Co trends (Figures S1 and S2), the degradation rate followed this order: 4
V>6V =8V for PFOA, PFOS, PFHpS and PFHxS; 4 V=8 V > 6 V for PFHpA, PFPeA,
PFBA; and 8 V>6 V=4V for PFHxA. For PFHxA, PFPeA, and PFBA, their concentrations
remained stable for the initial 100 to 150 min of contact time before beginning to decline.
In the cases of PFHxS and PFBS, no significant removal was observed regardless of the
voltage applied. These findings can be partially attributed to the chain reaction mecha-
nism underlying the photoelectrocatalytic degradation of PFASs (Equations (5)—(11)),
where the concentration changes in shorter-chain compounds are influenced by the reac-
tivity of longer-chain species. Nevertheless, the complexity of the matrix, potentially con-
taining unknown or undetected PFASs involved in the reaction pathways, makes it hard
to isolate the specific impact of operational parameters on individual compounds. Based
on the sum of the monitored PFASs as a function of the contact time (Figure 4a), the overall
removal decreased from 87% to 68% and 83% at 6 V and 8 V, respectively. This might be
attributed to the more intense oxygen evolution reflected by the polarization curve in Fig-
ure 2, either quenching direct PFAS oxidation on the photoanode or fostering reaction
pathways, including TPs different from the monitored ones.
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Figure 4. Total concentration of PFASs plotted against contact time (a); percentage of PFASs re-
moved after 600 min of contact during PEC experiments conducted without an electrical bias (no
bias) and under applied voltages of 4 V (PEC 4V), 6 V (PEC 6V), and 8 V (PEC 8V) (b). Groundwater
collected from well 1*.

3.3. Effect of H20:

PFAS degradation experiments were conducted in the presence of H20: to assess the
impact of additional hydroxyl radicals (OH*) and reactive oxygen species (ROS) on the
process. H20: is well known for generating ROS and OH* radicals through photolysis or
reactions with photogenerated holes on the anode surface [37]. The introduction of extra
ROS is expected to enhance the reaction kinetics of the degradation process. The effect of
H:0: was examined under both photolytic and photoelectrocatalytic conditions. All tests
were repeated twice, and good reproducibility was observed.

3.3.1. Photolysis

H20:-assisted photolysis (PL + H202) was performed by adding 100 ppm of H20: into
the contaminated groundwater (Well 1). PFAS concentration trends in groundwater sam-
ples during PL and PL + H:0: treatments are presented in Figure 5a,b (absolute
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concentration), Figures S3 and 54 (C/Co), respectively. The analysis of the kinetic constants
presented in Table S5 indicates that the degradation rates followed the sequence PFOA >
PFBA > PFHpA > PFHxA = PFPeA, with PFOS exhibiting a higher reaction rate compared
to PFHpS.
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Figure 5. Degradation of PFASs in groundwater under PL (a) and PL + H202 (b); total PFAS concen-
trations over time for both treatments (c) and the respective removal percentages achieved at the

end of the process (d). Groundwater collected from well 1.

The addition of H20:2 slowed down the reaction rate for all the monitored PFASs. At
the end of the process, lower removals were observed for PFOA (from 96% to 94%),
PFHXA (from 67% to 62%), PFPeA (from 70% to 64%), PFBA (from 80% to 76%), and PFOS
(from 21% to 8%). Moreover, the PL + H2O:2 process was unsuccessful in removing PFHpA,
PFBS, PFHXS, and PFHpS, whose concentration remained constant over the whole reac-
tion timeframe. Given that PFOA, PFBA, and PFBS were the most concentrated species in
the treated groundwater, after 600 min of contact time the overall PFAS removal was only
slightly affected by the addition of H20», passing from 59% in PL to 54% in PL + H20x.
From a fundamental point of view, the effect of H202 can be explained by considering that
free OH" radicals cannot initiate the oxidation of the monitored PFASs. Indeed, OH" rad-
icals can add to C=C bonds or abstract H from C—H bonds but cannot break the C—F bond
because of the lower dissociation energy. Since the monitored PFASs showed fully fluor-
inated alkyl chains, they were recalcitrant toward ¢OH attack, and no acceleration of the
degradation process was possible. Additionally, the presence of H20O2 consumed UV irra-
diation, hampering PFAS oxidation [38].

3.3.2. Photoelectrocatalysis

H20»-assisted PEC (PEC + H20:) experiments were carried out at a cell voltage of 4 V
by adding 100 ppm of H20:. Groundwater was collected from well 1*. The concentration
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profiles of each species as a function of contact time for the PEC and PEC + H20: processes
are shown in Figure 6a,b (absolute concentration), respectively, and also in Figures S5 and
S6 (actual concentration relative to the initial value, C/Co). The presence of H:0: affected
the reaction rate (Table 56) to a different extent, depending on the carbon chain length.
Based on the C/Co trends (Figures S5 and S6), the reaction rate of H2O»-assisted PEC was
slightly better than PEC for PFHxA, PFPeA, and PFBA, it was basically comparable for
PFOA and PFHpA and slightly lower for PFOS and PFHpS. The observed trend is also
reflected in the removal percentages calculated after 600 min of contact time shown in
Figure 6d. Indeed, by adding H20, the removal rates remained 99% and 100% for PFOA
and PFHpS, respectively, while they changed from 81 to 73% for PFHpA, from 89 to 91%
for PPHxA, from 90 to 91% for PFPeA, from 84 to 93% for PFBA, and from 99 to 96% for
PFOS. Based on the sum of the detected PFASs as a function of the contact time (Figure
6¢), the effect of H202 can be considered minimal, with the overall PFAS degradation rate
decreasing from 87% to 82%. Electrochemical advanced oxidation processes can rely on
two reaction mechanisms, namely direct or indirect pathways. The former occurs by direct
electron transfer on the anode surface without the involvement of other species. The latter
instead relies on the production at the anode surface of mediators such as OH* radicals.
In photoelectrocatalysis, OH* radicals can be produced both by UV irradiation in the bulk
and by photogenerated holes on the anode surface. In the second case, given their very
short lifetime (2—4 ps), OH* radicals exist only on the surface of the photoanode. As de-
scribed in Section 3.1, in PEC tests photolytic and electrochemical phenomena occur sim-
ultaneously, with the former accounting for about 24% of the overall degradation rate. It
is reasonable to assume that the effect of H20O2 on the photolytic contribution was to hinder
PFAS oxidation, as described in Section 3.3.1. As for the (photo)electrochemical phenom-
ena, it is recognized that the oxidation of perfluoroalkyl substances is initiated by the di-
rect electron transfer on the anodic surface (Equation (6)) [39]. On the other hand, the role
of hydroxyl radicals remains controversial. Although they cannot initiate the oxidation
mechanism, OH* species might have an essential role in sustaining the following steps
(Equations (7)—(11)) [40].
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Figure 6. Degradation of PFASs in groundwater under PEC (a) and PEC + H20: (b); total PFAS
concentrations over time for both treatments (c) and the respective removal percentages achieved

at the end of the process (d). Groundwater collected from well 1*.

3.4. Effect of NaCl

The PEC process was further studied by performing tests in the presence of 100 ppm
NaCl to assess the potential synergy between hydroxyl radicals (OH*) and reactive chlo-
rine species (RCSs), such as Cl*, Cl>*, and OCl", in the degradation of PFASs. NaCl-assisted
PEC (PEC + NaCl) experiments were carried out in groundwater collected from well 1*. The
concentration profiles of individual PFASs over time are shown in Figures 7a,b, S5, and S6.
The addition of NaCl significantly slowed the reaction kinetics (see the kinetic constants
reported in Table S6) for all monitored PFASs, especially for the short-chain compounds.
Specifically, the concentration of PFHxA, PFPeA, and PFBA only began to decrease after
250 min of contact time. After 600 min, the removal rate was 90% for PFOA, 83% for PFOS,
and 100% for PFHpS, while dropping below 40% for PEFHpA, PFHxA, PFPeA, and PFBA.
(Figure 7d). No removal was achieved for PFHxS and PFBS. As a result, the overall PFAS
degradation rate significantly dropped from 87% in PEC to 38% in PEC + NaCl tests (Fig-
ure 7c). These observations can be rationalized by the generation of chlorine radicals (Cl*)
via the oxidation of chloride ions by photogenerated holes (h*). Given that the standard
redox potential of chlorine radicals is lower than that of hydroxyl radicals (OH*), the re-
active chlorine species (RCS) lack sufficient oxidative power to effectively contribute to
PFAS degradation. Moreover, the formation of RCS competes with PFAS oxidation by
acting as hole scavengers, thereby reducing the availability of photogenerated holes and
consequently inhibiting the direct reaction of PFASs onto the catalytic surface. Similar re-
sults were observed by Wang et al., who found that the presence of chlorides inhibited
the electrochemical oxidation of PFOS onto Ti«O7 anodes [41]. Finally, as suggested by
recent research [32], the possible occurrence of additional reaction pathways, delaying or
inhibiting the formation of the monitored by-products, must also be considered.



Water 2025, 17, 2790

of 20

1200 1200
e PFBA e PFHpA e PFHxS e PFBA ® PFHpA e PFHxS b
1000 - o PFPeA PFOA o PFHpS 1000 A o PFPeA PFOA e PFHpS
©  PFHxA PFBS e PFOS ® PFHXA PFBS e PFOS
800 - 800 -
gz 2 coo ¥
g 600 7 \g: 600 1
S 500 4 5 500 A
s 8
g 400 . E 400 - ¢
Ll
£ 300 1 s £ 300 A e
© 200 | © 200 | . * o
£] . g L ] ¢ $ o L ]
100 - LRSS S . 100 .g e s =
L 2
o B dea 1 PSS S ——
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Contact time (min) Contact time (min)
0.5 120
c e PEC ™™ PEC
PEC + NaCl [ PEC + NaCl d
040-’ 100
\ <
-0.5 £
M o 80
3
00—10— e ®
) . 2 60
£ -1.54 . g
40 -
2.0 . S 5
25 20
-3.0 T T T T T T 0
0 100 200 300 400 500 600

N ook P oh g P P
K ee? Tt e O o en o

Contact time (min)

Figure 7. Degradation of PFASs in groundwater under PEC (a) and NaCl-assisted PEC (b); total
PFAS concentrations over time for both treatments (c) and the respective removal percentages

achieved at the end of the process (d). Groundwater collected from well 1*.

3.5. Energy Consumption

A figure of merit often used for the preliminary evaluation of the energy consump-
tion of a new water treatment process is the Electric Energy for Order of Magnitude (Eko).
In Figure 8a,b, the Ero values calculated for PFOA, PFHpA, PFHxA, PFPeA, PFBA, and
PFOS for PL, PL + H202, and PEC tests are reported. The values of PFHpS, PFHxS, and
PFBS were not included as the kinetic constant could not be determined. For the same
reason, in the case of PFOS, only data concerning PEC and H20»- or NaCl-assisted PEC
were reported. As expected, the application of an electrical bias led to a reduction in en-
ergy consumption compared to the photocatalytic process. Indeed, the electrical energy
consumption decreased from the range 66-816 kWh m= under PC conditions to the range
48-112 kWh m= under PEC conditions (4 V). Further increasing the applied voltage did
not result in substantial changes to energy demand; Eeo values were within 55-127 kWh
m= and 45-117 kWh m= for PEC at 6 V and 8 V, respectively. In contrast, PL exhibited
higher energy requirements than PEC, with the Ero ranging from 77 to 196 kWh m-2. The
addition of H20: did not reduce the energy consumption in either PL or PEC systems,
with Ero values of 81-224 kWh m and 48-99 kWh m3, respectively, for PL + H202and
PEC + H20:. Notably, a marked increase in energy consumption was observed for NaCl-
assisted PEC, with Eeo ranging from 107 to 405 kWh m-3.

In Figure 8c, the Ero values calculated for PFOA degradation in ultrapure water are
presented alongside reference values reported in the literature for the same matrix. The
Eeo,proa obtained under PEC conditions was 63 kWh m, being 2.17 times lower than that
observed in the PL test (137 kWh m-3). With respect to the literature, the Eeo,rroa value in
the PEC process (i) is one to two orders of magnitude lower than those associated with
UV + 5082 (9091 kWh-m3), UV + Os (818 kWh-m™), sonolysis (2176 kWh-m-?), photo Fen-
ton (477 kWh-m), and photocatalysis (1287 kWh-m) and (ii) falls within a comparable
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range to some of the most energy-efficient advanced oxidation technologies documented
in the literature, such as plasma treatment, which requires approximately 125 kWh-m,
advanced reduction processes, with an energy consumption near 24 kWh-m=, and elec-
trochemical oxidation (117 kWh-m=) [42—44]. The Etorroa in groundwater and in ultrapure
water showed similar values (48 kWh m=). The application of a different cell voltage did
not significantly affect Erorroa (48 and 45 kWh m= for PEC 6V and PEC 8V, respectively).
In contrast, the absence of an external electrical bias resulted in an increase in the energy
cost of the process (Eeoproa 66 kWh m). The Eeorroa for H2Oz-assisted PEC remained
constant at 48 kWh m=3, whereas it increased to 107 kWh m3 for NaCl-assisted PEC. Sim-
ilarly, the Eeorroa for H20z-assisted photolysis exhibited no significant variation, remain-
ing at 81 kWh m. It should be noted, however, that the overall energy consumption of a
degradation process, as well as the energy demand of the components of the system, also
depends on the optimization of the reactor design and hydraulic configuration. Further
improvements in PEC treatment should focus on system design and optimization to en-
hance energy efficiency.
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Figure 8. Ero values for individual PFAS compounds in photolysis (PL) and photoelectrocatalysis
(PEC) tests using groundwater samples from well 1 (a) and well 1* (b). Ero values for PFOA in PL
and PEC tests conducted in this study (wells 1, 1%, and deionized water) compared with those re-

ported for other advanced oxidation processes in the literature (c).

4. Conclusions

Photoelectrocatalysis was investigated for the degradation of PFASs in natural
groundwater collected from the Veneto Region (Italy), where a well-known wide PFAS
contamination is present. A total of nine PFAS compounds, encompassing both long- and
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short-chain species, were monitored during the process. The overall PFAS removal by
PEC was 87%. On average, the degradation kinetics exhibited the following trend: PFOA
> PFHpA > PFHxA = PFPeA > PFBA. Among sulfonates, PFOS degraded more rapidly
than PFHpS. The concentration profiles over time were explained on the basis of a chain
reaction pathway consisting of decarboxylation followed by a stepwise loss of CF2 units,
forming shorter-chain intermediates. Degradation of PFOA in ultrapure water demon-
strated the formation of shorter-chain species as reaction intermediates, although mass
balance suggested that the main degradation pathways may not be adequately captured
by the detected TPs. This hypothesis was further supported by the proposed first-order
direct model, which predicts an earlier onset and peak of TP formation both for PEC and
PL tests.

The influence of the electrical bias in PEC treatment was investigated. As expected,
when no external voltage was applied, the cumulative PFAS removal decreased to 83%.
Similarly, the application of cell voltages higher than 4 V (6 and 8 V) did not lead to any
significant improvement of the reaction kinetic, with the overall PFAS removal being 68%
and 83%, respectively. H20Oz-assisted PEC and PL tests were also performed to clarify the
role of OH* radicals. In both cases, the presence of H20: did not foster the degradation
rate. Instead, the addition of NaCl to groundwater led to a strong inhibition of the PEC
process, with the PFAS removal rate dropping to 38%.

From a cost efficiency perspective, PEC demonstrated superior performance com-
pared to PL, with Eeo values of 48 kWh-m= and 77 kWh-m3, respectively. Applying elec-
trical bias that was different than 4 V or adding H20:2 or NaCl did not lead to a significant
reduction in the energy costs of the PEC and PL processes. Tests performed on an ideal
PFOA solution showed that photoelectrocatalysis (Eeo = 63 kWh-m™) is more effective
than most advanced oxidation methods documented in previous studies and is compara-
ble to the plasma process (Eeo = 125 kWh m), electrochemical oxidation (117 kWh m3),
and advanced reduction processes (Ero = 24 kWh m). The authors highlight the im-
portance of conducting additional studies employing non-targeted analysis to more com-
prehensively characterize the initial PFAS content, elucidate reaction mechanisms, and
detect possible by-products, especially within complex, real PFAS mixtures. Furthermore,
they suggest focusing on reactor design to enhance energy efficiency.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/w17182790/s1, Figure S1: Degradation of PFCAs—including
PFOA (a), PFHpA (b), PFHxA (c), PFPeA (d), and PFBA (e)—by PEC treatment, both without ap-
plied electrical bias and under external voltages of 4 V, 6 V, and 8 V. Groundwater collected from
well 1*; Figure S2: Degradation of PFSAs species, namely PFOS (a), PFHpS (b), PFHxS (c) and PFBS
(d) by PEC in absence of electrical bias and applying an external voltage of 4 V, 6 V and 8 V. Ground-
water collected from well 1*; Figure S3: Degradation of PFCAs, namely PFOA (a), PFHpA (b),
PFHXA (c), PFPeA (d), and PFBA (e) by PL and H20:-assisted PL. Groundwater collected from well
1; Figure S4: Degradation of PFSAs species, namely PFOS (a), PFHpS (b), PFHxS (c) and PFBS (d)
by PL and H20: assisted PL. Groundwater collected from well 1; Figure S5: Degradation of PFCAs,
namely PFOA (a), PFHpA (b), PFHXA (c), PFPeA (d) and PFBA (e) by PEC, H20: assisted PEC and
NaCl assisted PEC. Groundwater collected from well 1%; Figure S6: Degradation of PFSAs species,
namely PFOS (a), PFHpS (b), PFHXS (c) and PFBS (d) by PEC, H202 assisted PEC and NaCl assisted
PEC. Groundwater collected from well 1*; Table S1: Main physico-chemical properties of the raw
water collected from well 1 (selected parameters); Table S2: List of PFAS compounds found in
groundwater samples from two wells in the Veneto region; Table S3: List of the constant terms used
in the analytical solutions of the kinetic equations describing the degradation pathway of PFOA and
its transformation products. Table S4: First-order kinetic constants in PEC degradation of PFASs in

absence of cell voltage and at 4V, 6V and 8V. In some cases, the degradation curve could not be
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fitted by means of the L.-H. model (/); Table S5: First-order kinetic constants for PFAS degradation
via PL and H20»-assisted PL. In some cases, the degradation curve could not be fitted by means of
the L.-H. model (/); Table Sé6: First-order kinetic constants for PFAS degradation via PEC, H20:-
assisted PEC, and NaCl-assisted PEC. In some cases, the degradation curve could not be fitted by
means of the L.-H. model (/).
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