
 
 

 

 
Environments 2023, 10, 38. https://doi.org/10.3390/environments10030038 www.mdpi.com/journal/environments 

Article 

Impact of Polarization Reversal during Photoelectrocatalytic 
Treatment of WWTP Effluents 
Maria Cristina Collivignarelli 1,2, Marco Carnevale Miino 1, Francesca Maria Caccamo 1, Alessandro Abbà 3,*, 
Massimiliano Bestetti 4 and Silvia Franz 4 

1 Department of Civil Engineering and Architecture, University of Pavia, Via Ferrata 3, 27100 Pavia, Italy 
2 Interdepartmental Centre for Water Research, University of Pavia, Via Ferrata 3, 27100 Pavia, Italy 
3 Department of Civil, Environmental, Architectural Engineering and Mathematics, University of Brescia,  

Via Branze 43, 25123 Brescia, Italy 
4 Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano,  

Via Mancinelli 7, 20131 Milano, Italy 
* Correspondence: alessandro.abba@unibs.it 

Abstract: Photoelectrocatalysis (PEC) has been already proposed as a polishing treatment for 
wastewater treatment plants (WWTPs) effluents. In this work, the impact of polarization reversal 
during PEC process has been studied and evaluated on the basis of the removal of organic substance 
and color, biodegradability of the matrix, and inactivation of the catalyst. Effluents were sampled 
from a full-scale WWTP and alternatively treated by electrochemical oxidation (EC), photolysis (PL), 
photocatalysis (PC), photoelectrocatalysis, and photoelectrocatalysis with reverse polarization 
(PECr). The efficiency and the kinetics of the process, in terms of removal of organic substance and 
color, were not affected by reverse polarization and very similar results were obtained by PEC and 
PECr. The biodegradability of the effluents strongly increased both by PECr (RSBR: 0.84 ± 0.07), and 
by PEC and PL (0.89 ± 0.11, and 0.78 ± 0.02, respectively). In the selected polarization reversal mode 
(100 s at −0.1 V every 500 s at 4 V, cell voltage), a similar photocurrent loss after PEC and PECr was 
observed, suggesting no effect on the activity of the TiO2 mesh. This study can serve as a base for 
future research on polarization reversal to optimize operation parameters and exploit the procedure 
to preventing fouling and inactivation of the catalyst. 

Keywords: photoelectrocatalysis; reverse polarization; fouling; catalyst inactivation; titanium dioxide; 
WWTP; polishing treatments 
 

1. Introduction 
Due to the production of hydroxyl (●OH) radical species, which are characterized by 

a high redox potential (2.80 V), advanced oxidation processes (AOPs) are widely used to 
remove recalcitrant pollutants from water [1,2]. Several techniques have been already 
proposed in literature to produce hydroxyl radical species, and, among these, the interest 
in photoelectrocatalysis (PEC) is growing, as demonstrated by Palmas et al. [3]. They 
evaluated the number of documents on this topic in last 20 years, finding that almost half 
have been published in last 4 years. Moreover, comparing the types of journals in which 
older documents and more recent ones have been published, they proved that PEC is no 
longer applied only on a small laboratory scale, but also at a larger pilot-scale [3]. 
However, experience of PEC for water treatment at the full scale is relatively limited with 
few applications [4]. 

In heterogeneous photocatalysis (PC) on suspended catalyst, under suitable 
irradiation, electrons in the valence band are excited to the conduction band, leaving holes 
which can directly oxidize the organic substances or take part in the production of ●OH 
[5,6]. The main disadvantages of this process are represented by: (i) the need of a 
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subsequent sedimentation phase to collect and separate the catalyst powders from water 
flux; (ii) the phenomenon of the electron-hole recombination, which usually hampers 
●OH [7,8]; and (iii) possible reduction reactions occurring at the same time on the same 
powders. In PEC, the addition of an electrical bias minimizes spontaneous electron-hole 
recombination, promoting ●OH production. Moreover, to overcome the settling issue, the 
photoanode catalyst is immobilized as supported semiconductor. In this case, the active 
surface area is reduced with respect to dispersed powders preferentially used in PC, but 
this disadvantage is generally compensated by the higher production of ●OH due to 
minimized electron-hole recombination [9]. 

Several semiconductors can be used to produce the photoanodes used in PEC [10–
13], among which, TiO2 is the most investigated because of its many advantages, such as: 
(i) low cost, (ii) high availability, (iii) strong catalytic activity, (iv) non-toxicity, and (v) 
high chemical and photochemical stability [14–18]. 

Liu et al. [19] deeply studied the use of TiO2 in PEC to quantitatively evaluate the 
electron and hole transfer dynamics at the catalyst/water interface. Contrary to previous 
studies, which were performed on the limited time scales, in this case, they analyzed a 
longer timescale to identify primary water oxidation and reduction reactions of photo-
excited anatase TiO2 films. They proved that most electrons and holes generated by light 
absorption generally recombine very quickly (ns). Therefore, TiO2 can be used as 
photocatalyst for water treatment, but an external bias application of at least to +0.5 V vs. 
Ag/AgCl is required to limit the recombination [19]. 

In addition to the applied potential bias, the effectiveness of PEC is also influenced 
by (i) the eventual catalyst manipulation, e.g., by doping with elements to optimize the 
absorption of UV light, and therefore the activation; and (ii) the electrochemical reactor 
design, which should be structured in order to maximize the absorption of UV light by 
the catalyst and facilitate the mass transfer in aqueous electrolyte [20]. 

One of the main limitations of PEC is represented by photoanode inactivation due to 
fouling of the active surface [21]. In fact, pollutants in water and products of degradative 
reactions can deposit on the surface of the catalyst. Murgolo et al. presented the chemical 
cleaning in dilute HCl solution as a valid solution to limit catalyst fouling, despite, in some 
cases, a re-anodization process is required [22]. 

In other electrochemical processes, such as electrocoagulation, periodic polarization 
reversal has been tested to reduce fouling. For instance, Chow and Pham [23] reported 
that during electrocoagulation, the effect of polarization reversal on fouling depends on 
the electrode material (i.e., it is effective with Al electrodes, but not with Fe electrodes). 
However, to the authors knowledge, this issue is still under investigated and further 
research is needed to understand fouling mechanisms and minimize the phenomenon. 

In previous works, PEC has been proposed as polishing treatment of WWTPs’ 
effluents containing residual organic matter and chromophore substances [18,24], but the 
adoption of reverse polarization during photoelectrocatalytic treatment of polluted 
waters has never been investigated. 

This work aims to test the influence of polarization reversal during 
photoelectrocatalytic treatment of a WWTP’s effluent. The effectiveness of polarization 
reversal has been evaluated on the basis of polishing efficiency and catalyst 
photoelectrochemical activity. Organic substance degradation, color removal, and 
biodegradability have been studied and a comparison with conventional 
photoelectrocatalysis and photolysis has been made. Additionally, photocurrent loss after 
each treatment test has been measured to monitor the photoanode activity and evaluate 
the influence of polarization reversal on the inactivation of catalyst during treatment of 
WWTP’s effluent. 

 
 

2. Materials and Methods 



Environments 2023, 10, 38 3 of 14 
 

 

2.1. Characterization of TiO2 Catalyst 
The TiO2 photoanode was obtained by Plasma Electrolytic Oxidation (PEO) of a 

Grade 1 titanium mesh (Nanomaterials S.r.l.). PEO was carried out in a 1.5 M H2SO4 
aqueous solution (14.7 wt%) for 9 min, at a constant potential of 150 V (EA-PSI 8360-15 T, 
EA Elektro-Automatik GmbH & Co., Viersen, Germany). The initial temperature of 
electrolyte was −5 °C (HAAK D10 cryostat, ENCO S.r.l.) [25,26]. Prior to PEO, the Ti mesh 
was chemically etched in an aqueous solution containing 25% HF—15% HNO3—60% H2O 
for 20 s and thoroughly rinsed in water. After PEO, the TiO2 mesh was rinsed in water 
and air-dried. 

Based on Scanning Electron Microscopy (SEM, EVO 50, Zeiss, Oberkochen, 
Germany), the TiO2 oxide layer was porous, with submicrometric pores interconnected in 
a sponge-like surface morphology. The surface porosity was about 10% (ImageJ open-
source software, version 1.52s) [27]. The thickness was determined by Glow Discharge 
Optical Emission Spectrometry (GD-OES, GDA750 analyzer, Spectruma Analytik GmbH) 
operated at 700 V in argon atmosphere at 230 Pa, and was about 2.5 nm. The geometric 
area of the mesh was 419 cm2 (Leica DFC290, Microcontrol N.T., Milano, Italy). The 
Electrochemical Surface Area (ECSA) was measured by cyclic voltammetry [28], where 
consecutive potential cycles in a range of about ±50 mV centered around the open circuit 
potential were recorded at five different scan rates. The total electrochemical surface area 
of the TiO2 photoanode was about 2.157 m2, in good agreement with the corresponding 
values obtained by ECSA and Brunauer–Emmett–Teller (BET) analysis in previous works 
[26]. 

The crystallographic structure of TiO2 films was assessed by X-ray diffraction (XRD) 
(Philips PW1830) in Bragg-Brentano geometry. As shown in previous works, the TiO2 film 
consisted in a mixture of anatase and rutile allotropic phases, with a relative composition 
of 58% and 42%, respectively [27]. 

The photoelectrochemical characterization of the TiO2 mesh was carried out by 
Linear Scan Polarization (LSP) in a 4 mM KCl aqueous solution (2549 Model, Amel S.r.l., 
Milano, Italy) at a scan rate of 10 mV s−1 and cell voltage in the range from 0 to 6 V. LSP 
was recorded in dark and under UV-C irradiation using a 30 W medium-pressure 
mercury light. After an initial sharp increase, the photocurrent density of the TiO2 
photoanode reaches a plateau value of 1.04 mA/cm2. 

2.2. Properties of WWTP Effluents 
The effluents were sampled at the final discharge of a WWTP located in northern 

Italy (population equivalents—PE: 60,000). The plant treats both urban and industrial 
wastewater with a conventional scheme of water line (biological conventional active 
sludge (CAS) with both nitrification and denitrification activities). No polishing 
treatments are present. Industrial wastewater is also pre-treated in a chemical-physical 
unit, and in a thermophilic biological process. Details of the plant where the effluents have 
been collected can be found in previous works [29,30]. 

Samples of wastewater treatment plant effluent (WWTPE) have been characterized, 
and main properties are reported in Table 1. The pH was almost neutral with a moderate 
electrical conductivity. The UV absorbance at 254 nm was 0.4–0.5 (the entire UV-vis 
absorbance spectra is reported in Figure S1). The functioning of UV system used in this 
work is ensured by the low TSS concentration in the water (Table 1). 

 
 
 
 

Table 1. Main properties of WWTPE. u.m.: unit of measure; COD: chemical oxygen demand; UV254: 
absorbance at 254 nm; ECon: electrical conductivity; TSS: total suspended solids; SOUR: specific 
oxygen uptake rate calculated according to [31]; VSS: volatile suspended solids. 
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Parameter [u.m.] Value 
COD [mg L−1] 75–80 
UV254 [A.U.] 0.40–0.50 
pH [−] 7.5–7.9 
ECon [mS cm−1] 2500–2900 
TSS [mg L−1] 15–25 
SOUR [mgO2 gVSS−1 h−1] 2–2.5 
Color Light yellow 

2.3. Experimental Set-Up and Lab-Scale Reactor 
Five different treatments have been tested and compared: 

• Electrochemical oxidation (EC): TiO2 + bias 
• Photolysis (PL): UV 
• Photocatalysis (PC): UV + TiO2 
• Photoelectrocatalysis (PEC): UV + TiO2 + bias 
• Photoelectrocatalysis with polarization reversal (PECr): UV + TiO2 + reverse bias. 

In the present study, all tests except for PL were carried out using supported TiO2 
mesh to avoid subsequent sedimentation phase. Each treatment was repeated twice, and 
it was carried out for a reaction time equals to 2 h. After each test, the mesh was cleaned 
by immersion in a diluted HCl solution (0.9 M) for 30 min. 

Tests have been carried out at room temperature (~20–25 °C) using a lab-scale equip-
ment composed by: (i) an electrochemical reactor which operated in up-flow mode (1 L), 
(ii) a tank (2.4 L), and (iii) a pump (Iwaki Magnet Pump MD-30RZ-220 N with 80 kW of 
nominal power) for water recirculation. The scheme of the system is reported in Figure 1. 

 
Figure 1. Scheme of the laboratory-scale reactor working in up-flow condition and semi-batch mode. 
A: lamp, B: TiO2 mesh, C: electrochemical reactor, D: tank, and E: pump. 

The system was operated in semi-batch mode and a turbulent flow inside the AISI 
304 reactor was maintained. The reactor was equipped with a 30 W medium-pressure Hg 
vapor lamp having tubular shape (the emission spectra of the UV lamp is reported in 
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Figure S2). The anodized TiO2 mesh was placed coaxially surrounding the UV lamp with 
a gap of few millimeters. A detailed description of the electrochemical reactor can be 
found in our previous works [7,18,22,24,32]. 

Samples (10 mL) have been taken every 10 min of reaction time from the tank. During 
the photoelectrocatalytic tests, the TiO2 mesh and the reactor body were anodically and 
cathodically polarized, respectively, by a potentiostat/galvanostat (AMEL 2549) at con-
stant cell voltage of 4 V. Before and after each treatment, this same instrument was used 
to evaluate the photoelectrochemical activity of the TiO2 mesh. In PECr, every 500 s of 
reaction time, cell voltage was reversed applying −0.1 V for 100 s. 

Additionally, to evaluate the aging of the TiO2 catalyst along prolonged use in PEC 
processes, a set of five degradation tests was carried out, each test lasting 2 h of reaction 
time, without washing the TiO2 mesh before or after each replicate. The efficiency of each 
test was evaluated on the basis of absorbance at 254 nm (UV254). 

2.4. Evaluation of the Treatments Effectiveness 
2.4.1. Pollutants Removal 

To understand and compare the effectiveness of treatments, organic substance and 
color were monitored. The residual organic matter was evaluated based on absorbance at 
254 nm (UV254), while the residual color (Colori Color0−1) was determined by integrating 
the UV-Vis absorbance spectrum in the range from 356 nm to 700 nm (IA) [24,33] accord-
ing to the following Equation (1): 

Colori/Color0 (−) = IAi/IA0, (1) 

where IAi is the integral of the absorbance spectrum at t = i, and IA0 is the integral of the 
absorbance spectrum at t = 0. 

Absorbance spectra of treated and untreated WWTPE were determined by means of 
UV-Vis spectrophotometry (HP 8453, Agilent Technologies Deutschland GmbH, Wald-
bronn, Germany). 

For a straightforward comparison and evaluation of the tests, the Langmuir–Hinshel-
wood kinetic model (LHM) approximated at the first order was applied both for organic 
substance and color removal (Equations (2) and (3)). 

ln(Ci/C0) = −k × t, (2) 

HLT = ln(2)/k, (3) 

where C0 and Ci represent the pollutants concentration (organic substance or color) in the 
initial and i-th samples, respectively. The half-life time (HLT) of the pollutants has been 
calculated based on the pseudo-first order kinetic constant of the reaction (k). 

2.4.2. Biodegradability of the Water 
According to our previous work [34], an index correlating the SOUR by biota and the 

removed organic matter was used to evaluate the impact of different treatments on the 
biodegradability of the WWTPE. Relative Specific Biodegradation Rate (RSBR) was calcu-
lated following Equation (4): 

RSBR (−) = [(SOURi − SOUR0)/(SOURi + SOUR0)] + [(COD0 − CODi)/(COD0 + CODi)] (4)

where SOUR0 and COD0 are the value of specific oxygen uptake rate and chemical oxygen 
demand in the untreated WWTPE, while SOURi and CODi represent the values the i-th 
sample. RSBR can vary from −1 (low biodegradability of the treated sample compared to 
untreated one) to 2 (high biodegradability of the treated sample compared to initial 
WWTPE). If the biodegradability is not affected by the treatment, RSBR is close to 0. 
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According to the procedure described by Collivignarelli et al. [35], oxygen uptake 
rate (OUR) tests have been carried out using a mesophilic biomass sampled in the CAS 
system of the same WWTP and SOUR has been expressed as [mgO2 gVSS−1 h−1]. COD was 
measured following the ISPRA 5135 method [36]. 

3. Results and Discussion 
3.1. Pollutants Degradation 

Figure 2a,b show the performance in removal of organic substance and color by 
PECr, EC, PC, PL, and PEC tests. In Figure S3, the samples after 2 h of treatment are pre-
sented. PECr allowed to obtain very similar results as by PEC, being the removal of or-
ganic substance and color after 2 h of reaction time ≈ 70% and 68%, respectively. Therefore, 
the polarization reversal (100 s every 500 s of direct bias) did not significantly affect the 
oxidation kinetics. 

According to previous works [7,37,38], EC showed a negligible degradation effect 
due to the absence of UV source able to activate the catalyst. This trend was observed both 
for UV254 and color for which, after 2 h of reaction time, only 3.2% and 8.3% were removed, 
respectively. 

(a) (b) 

Figure 2. (a) Residual UV254 (UV254. UV254−1), and (b) residual color (Colori.Color0−1) relative to the 
corresponding parameters at t = 0 during EC, PL, PC, PEC, and PECr tests. Confidence intervals 
have been calculated based on two replicates. 

As for the PC tests, previous studies demonstrated that the removal performance of 
organics by conventional PC using suspended TiO2 powders is comparable with PEC 
tests, despite the catalytic surface area in PEC was one order of magnitude lower than in 
PC [22]. The PEC performance was obviously attributed to the compensation effect pro-
vided by the applied bias, resulting in a minimization of electron-hole recombination phe-
nomena [9,26,39]. 

In the present study, the PC tests were carried out using supported TiO2 mesh: this 
set-up, chosen to avoid subsequent sedimentation phase, significantly reduced the active 
surface for OH• production without the compensation effect given by bias application. 
This reasonably explains the increase of HLT and reduction of k values compared to PEC 
(Figure 3). 
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Figure 3. Pseudo first-order kinetic constants k using the Langmuir–Hinshelwood model, and cor-
responding HLT of EC, PL, PC, PEC, and PECr tests for UV254 (blue data), and color removal (pink 
data). Confidence intervals have been calculated based on two replicates. 

The degradation kinetics of PL tests was faster than PC. After 2 h of reaction time, PL 
removed almost 38% of organic substance and color, which is higher than PC (≈22% and 
31% for UV254 and color, respectively). Correspondingly, the kinetic constants showed 
lower values in PC compared to PL (0.0022 min−1 vs. 0.0038 min−1 for UV254, and 0.0037 
min−1 vs. 0.0043 min−1 for color). This can be attributed to the shielding effect of the TiO2 
mesh on the UV lamp. Our previous studies demonstrated that operating with this reactor 
configuration, the catalytic mesh shields more than 50% of UV dosage reaching the water 
sample [22,24]. 

Focusing on the relation between the photocurrent of the TiO2 mesh, and UV254 and 
color removal, two different clusters can be identified: EC-PC (cl.a), and PEC-PECr (cl.b) 
(Figure 4). 
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Figure 4. Initial photocurrent and first-order kinetic constants using the Langmuir–Hinshelwood 
model of EC, PC, PEC, and PECr for UV254 (blue data), and color removal (pink data). cl: cluster. 

Despite the average initial photocurrent being about 0.18–0.20 A for both clusters, in 
cl.a, the values of the pseudo first-order kinetic constants for organic substance removal 
were significantly lower than those of cl.b (representing PEC-PECr). This can be explained 
considering that photoelectrochemical measurements accounted for the synergistic effect 
of irradiation and electrochemical polarization, which developed in PEC and PECr, but 
not in PC or EC tests. Therefore, it is reasonable to expect that this parameter does not 
discriminate between the different tests. Any relation between the photocurrent of the 
mesh and the kinetic constant was observed within the cl.b, probably suggesting that the 
kinetics of photoelectrocatalytic processes depend only to some extent on the photoelec-
trochemical response in model electrolytes, and other surface phenomena concurring to 
determine the value of the kinetic constants. 

3.2. Effects on Biodegradability 
The effect on biodegradability of the effluents was evaluated studying the RSBR as a 

function of reaction time. PECr gave very similar results to PEC and PL, significantly in-
creasing the biodegradability (RSBR > 0) of the effluent compared with the untreated sam-
ple (RSBR = 0) (Figure 5). This means that these processes were able not only to remove 
organic matter but also to change the chemistry of the pollutants, making them more suit-
able for the mesophilic biota. 
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Figure 5. RSBR of EC, PC, PEC, and PECr. 

On the contrary, EC was not able to affect the biodegradability of the matrix, con-
firming the results obtained in terms of organic substance removal (Section 3.1). PC im-
proved the biodegradability, although not as much as PL, PEC, and PECr. This result, as 
previously discussed for UV254 and color, can be attributed to the shielding of more than 
50% of UV dosage when the TiO2 mesh was placed around the UV lamp [22,24]. While 
electrical polarization in PECr and PEC allowed the overcoming this phenomenon by min-
imizing electron-hole recombination, in PC a reduction in organic substance degradation 
with respect to PL was observed. 

The reaction time significantly affected the RSBR especially in the initial stage of the 
tests, reaching values of 0.54 ± 0.37, 0.71 ± 0.13, and 0.73 ± 0.12 for PL, PEC, and PECr, 
respectively. The extension of the processes up to 120 min induced a less pronounced in-
crease in the RSBR parameter, which was 0.78 ± 0.02, 0.89 ± 0.11, and 0.84 ± 0.07 for PL, 
PEC, and PECr, respectively. This is reasonably explained considering that two classes of 
chemical organic bonds can be distinguished: the weaker ones are oxidized relatively 
quickly, i.e., within the first 30 min of the processes, while the stronger ones require a 
much longer process time to be oxidized and allow a further increase in the biodegrada-
bility of the sample. 

3.3. Mesh Inactivation and Influence of Reverse Polarization 
For a tentative assessment of photoelectrode inactivation rate, PEC tests were repli-

cated five times, for a total usage of 30 h of process time. No washing of the TiO2 mesh 
was carried out between subsequent tests. Based on UV254 data as a function of reaction 
time (Figure 6), a slight reduction in degradation efficiency can be inferred, the pseudo-
kinetic constants of the PEC replicates decreasing from 0.01336 min−1 (PEC 1) to 0.01247 
min−1 (PEC 3), and finally to 0.01183 min−1 (PEC 5). On the contrary, the HLT increased 
from 51.9 min in PEC1 to 58.6 min after five time of consecutive use of the mesh. 
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Figure 6. Aging effect of the nanostructured TiO2 meshes under repeated use in PEC process. PEC 
1, PEC 3, and PEC 5 represent the UV254 removal after one, three, and five-time use. 

The average inactivation rate, calculated on the basis of the k values, is 11.5% after 
five cycles of treatments (2 h of reaction time, and 6 h of processing time per each cycle). 
The TiO2 mesh inactivation can be attributed to surface fouling, probably induced by by-
products adsorption, precipitation, or filming. 

In other electrochemical processes, polarization reversal was already proposed to re-
duce fouling problems, as in the electrocoagulation. The accumulation of an insulating 
surface layer increases the resistance of the electron-transfer processes at the electrode-
electrolyte interfaces and, therefore, the effectiveness of the process [40,41]. Indeed, in the 
cathodic part the fouling by-products can be removed either by electrochemical reduction, 
or by mechanical detachment due to hydrogen evolution. The polarization reversal in the 
electrocoagulation processes did not gave positive results in all cases and periodic me-
chanical removal was preferred [40,41]. 

Moreover, the acid cleaning of the anode has been proposed as a possible solution to 
mitigate the fouling of catalyst in PEC processes [22]. In this work, polarization reversal 
is investigated as a possible strategy to reduce photocatalyst inactivation due to layering 
of the electrode surface. 

Therefore, this application can potentially help not only to remove fouling layers al-
ready present in the catalyst, but also to prevent their formation. However, the number of 
studies focused on the application of this technique on PEC during the treatment of water 
is still limited and further research is needed. 

Our study ruled out the possibility that periodically reverting the polarization could 
negatively affect the performance of the photoelectrochemical process (Sections 3.1 and 
3.2). However, this work aims to evaluate if the polarization reversal can be applied as an 
anti-fouling technique in PEC. 

The photocurrent loss after one cycle of treatments of EC, PC, PEC, and PECr have 
been compared and similar values were observed (Figure 7). This further confirms that 
the selected polarization curve (100 s at −0.1 V, and 500 s at 4 V, respectively) did not affect 
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catalyst inactivation. However, it is the authors opinion that this aspect should be further 
investigated. 

 
Figure 7. Photocurrent loss of the TiO2 mesh after one test (reaction time: 2 h). Confidence intervals 
have been calculated based on five replicates. 

In future studies the aging effect of the nanostructured TiO2 meshes in PECr process 
should be evaluated in case of prolonged use. Moreover, the value of the cathodic voltage, 
and the duration and frequency of the cathodic stage during polarization reversal should 
be optimized to evaluate how they affect the fouling removal, and the catalyst reactivation 
in photoelectrochemical systems. 

4. Conclusions 
The impact of polarization reversal during the photoelectrocatalytic treatment of 

WWTPs effluents has been investigated. The selected polarization reversal mode, consist-
ing of 100 s at −0.1 V, every 500 s at 4 V, did not affect the efficiency of the process in terms 
of removal of organic substance and color with respect to PEC. Indeed, after 2 h of reaction 
time the removal of organic substance and color was ≈ 70% and 68% for PECr and PEC, 
respectively. The pollutants removal rate followed the order: PEC ≈ PECr > PL > PC > EC. 
PECr, PEC, and PL were able to significantly enhance the biodegradability of the effluents 
(RSBR: 0.84 ± 0.07, 0.89 ± 0.11, and 0.78 ± 0.02, for PECr, PEC, and PL, respectively), while 
PC and EC did not affect it. Based on the absorbance at 254 nm, the inactivation of the 
mesh was −11.5% after 5 PEC replicates (30 h overall processing time). The photocurrent 
loss after a single test was very similar in EC, PC, and PEC, regardless the polarization 
reversal, suggesting that this parameter cannot discriminate between different configura-
tions and that it accounts only to a certain extent for the photoelectrocatalytic activity of 
the mesh. Based on these results, the authors suggest: (i) to further investigate the aging 
effect of the nanostructured TiO2 meshes in PECr process in case of prolonged use, and to 
(ii) optimize the values of parameters (e.g., cathodic voltage, and the duration and fre-
quency of the cathodic stage) during polarization reversal to evaluate how they affect the 
fouling removal, and catalyst reactivation in photoelectrochemical systems. 
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Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/environments10030038/s1, Figure S1. UV-Vis absorbance 
spectra of the untreated WWTPE; Figure S2. Emission spectra of medium-pressure Hg vapor lamp 
used in the study; Figure S3. Samples of untreated water and after 2 h of EC, PL, PC, PEC and PECr. 
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Nomenclature 
AOPs: advanced oxidation processes; BET: Brunauer–Emmett–Teller; CAS: conventional ac-

tive sludge; cl: cluster; COD: chemical oxygen demand; EC: electrochemical oxidation; ECon: elec-
trical conductivity; ECSA: electrochemical surface area; GD-OES: glow discharge optical emission 
spectrometry; HLT: half-life time; LHM: Langmuir–Hinshelwood kinetic model; LSP: linear scan 
polarization; OUR: oxygen uptake rate; PC: photocatalysis; PEC: photoelectrocatalysis; PECr: pho-
toelectrocatalysis with reverse polarization; PEO: plasma electrolytic oxidation; PL: photolysis; 
RSBR: relative specific biodegradation rate; SEM: scanning electron microscopy; SOUR: specific ox-
ygen uptake rate; TSS: total suspended solids; UV254: absorbance at 254 nm; VSS: volatile suspended 
solids; WWTP: wastewater treatment plant; WWTPE: wastewater treatment plant effluent; XRD: X-
ray diffraction. 
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