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Abstract: Photoelectrocatalysis (PEC), photolysis (PL), and photocatalysis (PC) were applied to
increase the biodegradability of wastewaters effluents sampled from a plant collecting both municipal
wastewaters and aqueous waste. In PEC, the catalyst was a porous TiO2 photoanode obtained by
plasma electrolytic oxidation and electrically polarized during operation. In PC a dispersion of TiO2

powders was used. The same irradiation shielding, and similar catalyst surface areas were set for PC
and PEC, allowing a straightforward evaluation of the catalytic effect of the electrical polarization of
TiO2 during operation. Results showed that the chemical oxygen demand (COD) and color removal
rates follow the order: PEC > PL and PEC > PC. The specific biodegradability rate (SBR) increased
following the same order, the PEC process allowing SBR values more than twice higher than PL and
PC. The operating costs were calculated based on the electrical energy per order of COD, color, and
SBR values, demonstrating that at the laboratory scale the energy demand of PEC is significantly
lower than the other two tested processes.

Keywords: photoelectrocatalysis; titanium dioxide; color removal; biodegradability; plasma
electrolytic oxidation

1. Introduction

Wastewaters (WWs) usually contain a number of different contaminants, including
chromophores, heavy metals, pesticides, surfactants, and solvents [1]. Given the extremely
different composition of the industrial and municipal WWs both in terms of nature and
concentration of pollutants, a universal strategy for water remediation is not feasible.
Additionally, most of the conventional wastewater treatment plants (WWTPs) have not
been designed to remove those classes of pollutants, therefore the same contaminants often
remain in the wastewater treatment plant effluents (WWTPEs) representing a possible
threat for both the human health and the aquatic system [2–4]. Several techniques including
physical approaches, biological treatments, conventional chemical, and advanced oxidation
processes have been proposed for the finishing of WWs [5–9]. Among them, advanced
oxidation processes (AOPs) demonstrated a great potential in removing persistent organic
pollutants and in increasing the biodegradability of WWs, and for this reason, they are often
suggested in combination with conventional biological treatments [10–13]. The strength
of AOPs lies in the generation of hydroxyl (•OH) radical species characterized by low
reaction selectivity and high oxidation potential (E•OH/H2O = 2.80 V vs. SHE at Troom) thus
theoretically able to induce complete mineralization of almost any pollutant. Among the
several advanced oxidation techniques reported in literature or already implemented at the
industrial scale, photoelectocatalysis (PEC) for water treatment is relatively unexplored [14].
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However, the potential of this technique is evident to the academic community and
dedicated reviews on PEC applied to water treatment recently appeared [15,16]. PEC can
be considered a combination of heterogeneous photocatalysis (PC) and electrochemistry.
Upon suitable irradiation of a semiconductor catalyst, electrons in the valence band (VB)
are excited to the conduction band (CB), leaving holes in the VB which can undergo several
pathways: (i) direct oxidation of the organic species; (ii) production of hydroxyl radicals
from water oxidation. The photanode catalyst in PEC is immobilized on conductive
substrates, thus the electron-hole recombination, which usually hampers PC processes, in
PEC can be minimized by the application of an electrical bias, which brings the electrons
from the conduction band to the counter electrode (cathode). This mechanism increases the
photocatalytic efficiency of the supported semiconductor, compensating for the reduced
surface area with respect to dispersed powders preferentially used in PC [17,18]. Therefore,
PEC can overcome some practical disadvantages of PC processes, usually based on free-
suspended catalysts, by increasing the process efficiency, avoiding the loss of catalyst
particles and their recovery at the end of the treatment.

PEC photoanodes can be made of a number of semiconductors, such as TiO2, ZnO,
MgO, WO3, etc. [19,20], among which TiO2-based materials are the most investigated
because of low cost, availability, chemical and photochemical stability, and catalytic activ-
ity [21–25]. Several techniques are used to synthesize photoactive supported TiO2 films, in-
cluding sol-gel, chemical vapor deposition, radio frequency magnetron sputtering, plasma
spray, electron beam evaporation, and finally anodic oxidation and plasma electrolytic
oxidation (PEO) [26–32]. Among them, PEO presents some advantages, such as strong
mechanical adhesion and good electrical contact with the substrate [33], short processing
time, high growth rates (~1 µm/min), and instantaneous oxide crystallization [34–36].
Moreover, PEO is already implemented at the industrial scale for the synthesis of protective
coatings on Al and Mg alloys, therefore no issues are foreseen for the scaling-up.

Several recent works demonstrated that PEC is more efficient than both PC and pho-
tolysis (PL) processes [32,37–39]. However, results mostly concerned model contaminated
solutions so that the feasibility of PEC treatment of real wastewaters is still an issue. For
instance, Garcia-Segura et al. [40] highlighted that the considerable differences between
the concentrations of the target pollutants tested in the laboratory and the environmental
ones could determine real removal kinetics decidedly different from those obtained in the
studies conducted on synthetic matrices. Recently the authors applied PEC processes to
the decolorization of pharmaceutical WWs [7] and to the degradation of recalcitrant and
emerging organic pollutants [37,38], showing that PEC, combined with H2O2 if necessary,
has higher efficiency than PL and PC both in terms of degradation kinetics, number of
dangerous by-products and energy costs.

In this study, a step forward has been done in view of the application of PEC as a
polishing treatment of WWTPE. This study aims to verify the feasibility of the application
of PEC on this type of water with a view to its practical application in WWTP authorized
to treat also aqueous waste (AW). PEC has been carried out on TiO2 photoanodes obtained
by PEO, whose activity in the field of water treatment is of emerging interest. Several
parameters of environmental interest such as color, organic matter, and biodegradability
were monitored, and the energy demand of the tested processes was evaluated.

2. Materials and Methods

In this work, a real WWTPE (described in Section 2.1) has been treated with PL,
PC, and PEC. The production of the TiO2 photoanode used in PEC tests is described
in Section 2.2. Section 2.3 focuses on the experimental setup. Finally, the analysis and
calculations used to evaluate the effectiveness of treatments and the energy consumption is
presented in Section 2.4.
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2.1. Chemical and Biochemical Properties of the Treated WWTPE

The WWTPE was collected from a plant authorized to treat both municipal WW and
AW. The AW was pre-treated by biological and physico-chemical steps in the operative
unit I, then it was mixed with the municipal WW before the operative unit II, which
includes conventional WW treatment stages (without primary settler). The sampling
point was located downstream the unit II, i.e., after a conventional active sludge (CAS)
system with a pre-denitrification and before the discharge into the nearby river. The
chemical and biochemical properties of the effluents are reported in Table 1. In particular,
the total suspended solids (TSS) were almost absent. The effluents showed a very low
biodegradability (SOUR: 0.8–1.7 mg O2 gVSS

−1 h−1) and yellow color.

Table 1. Chemical and biochemical properties of the WW at the sampling point. (Source: author’s
own calculation/conception).

Parameter Value

Measured

Ab254 (a) (A.U.) 0.58–0.73
COD (b) (mg L−1) 115–130

pH 7.9–8.0
EC (c) (mS cm−1) 0.05–1.33
TSS (d) (mg L−1) 15–27

Calculated

SOUR (e) (mg O2 gVSS
−1 h−1) 0.8–1.7

(a) Ab254: value of absorbance at 254 nm. (b) COD: chemical oxygen demand. (c) EC: electrical conductivity. (d) TSS:
total suspended solids. (e) SOUR: specific oxygen uptake rate calculated as difference between the exogenous and
the endogenous values of OUR measured with tests carried out at 20 ◦C (adopting the ISO 8192 procedure [41]).

2.2. Production of the TiO2 Photoanode

An expanded metal mesh of commercially pure Grade 1 titanium (Nanomaterials
S.r.l., Milano, Italy) having a geometrical area of 327 cm2 was treated by PEO following
the approach described by Franz et al. [34,36,42]. After PEO, the oxidized mesh was
rinsed with water and dried in a stream of air. Several smaller specimens of 18 cm2 area
were also synthesized in the same conditions for destructive characterization. Surface
morphology was observed by Scanning electron microscopy (SEM) (Zeiss EVO 50, Carl
Zeiss Jena GmbH, Jena, Germany). The same instrument was used to assess the TiO2
film thickness using cross-section SEM images. Crystalline structure was determined
by a PW1830 diffractometer (Malvern Panalytical Ltd., Malvern, UK and Almelo, The
Netherlands) operating at 40 kV voltage and 40 mA filament current. The indexing of the
X-ray diffraction (XRD) patterns was based on powder diffraction files (PDF) (International
Center for Diffraction Data), namely PDF 44-1294, PDF 21-1272, and PDF 21-1276, for
titanium, anatase, and rutile, respectively, and the weight fraction of anatase was evaluated
following Spurr and Myers [43].

Photoelectrochemical activity was investigated by measuring the current flowing
in the reactor in a 4 mM KCl aqueous solution with and without irradiation of a 30 W
low-pressure Hg vapor lamp (S.I.T.A. S.r.l., Genova, Italy) using the stainless-steel reactor
described in Section 2.3 as electrochemical cell, where the TiO2 photoanode and the steel
body of the reactor were employed as working and counter electrode, respectively. Pho-
tocurrent measurements as a function of the applied bias and Cyclic Voltammetry (CV) tests
were conducted utilizing a ModuLab® XM ECS high-performance potentiostat/galvanostat
system (Solartron Analytical, XM PSTAT 1 MS/s, Ametek Inc., Berwyn, IL, USA). The
radiant density flux of the irradiation source at 254 nm was measured by actinometry tests
using 10 mM uridine (CAS Number 58-96-8, Sigma-Aldrich, St. Louis, MO, USA).

The surface area of the catalyst was measured both by Brunauer–Emmett–Teller (BET)
and electrochemical surface area (ECSA) techniques. BET surface area was determined
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at 77 K by adsorption of N2 gas probe (Tristar II 3020, Micromeritics Instruments Corp.,
Norcross, GA, USA) after outgassing the samples at 80 ◦C for 24 h under nitrogen flux, and
the nitrogen isotherms were analyzed by BET theory using the instrumental software (Ver-
sion 1.03). The ECSA of TiO2 films was determined from the electrochemical capacitance
by cyclic voltammetry [44]: five CV cycles were recorded at different scan rates (50, 100,
200, 300, and 400 mV s−1) in a 1.0 M NaOH solution (CAS 1310-73-2, Sigma-Aldrich, St.
Louis, MO, USA) in a potential window of ±50 mV centered at open circuit potential. The
average capacitive currents measured in the middle of the potential range were plotted as
a function of the potential sweep rates.

2.3. Experimental Set-Up

Three different working conditions were tested:

(A) Photolysis (PL)
(B) Photocatalysis (PC) onto suspended TiO2 powders
(C) Photoelectrocatalysis (PEC) with TiO2 photoanode

The diverse tests were carried out for a reaction time of 2 h.
The PEC and PL tests were carried out in a 1 L laboratory-scale stainless-steel tubular

reactor connected to a 2.8 L buffer reservoir and working in semi-batch mode [39,45]. The
body of the reactor contained a tubular 30 W low-pressure Hg vapor UV-C lamp emitting
at 254 nm (S.I.T.A. S.r.l., Genova, Italy) and having a surface area of 232 cm2, surrounded by
a tubular expanded metal mesh (327.5 cm2) supporting the TiO2 catalyst. TiO2 photoanode
has been produced according to Section 2.2. The radiant density flux of the UV light,
measured by actinometry, was 0.16 W cm−2 at 254 nm, out of which 0.08 W cm−2 were
adsorbed by the photoanode mesh when present. An electrical bias of 4 V was applied to
the photoanode by means of a potentiostat/galvanostat (2549 Model, Amel S.r.l., Milano,
Italy) while the stainless-steel reactor was used as counter electrode (CE). All tests were
repeated three times.

The photocatalytic tests were performed using a batch reactor equipped with the
same tubular 30 W low-pressure Hg vapor lamp used in the photoelectrocatalytic tests.
The surface area in contact with the matrix was 107 cm2 and the radiant density flux
of the UV light at 254 nm was 0.15 W cm−2. The matrix volume was 1 L. The catalyst
was a Degussa/Evonik TiO2 powder (CAS-No 13463-67-7, Evonik Industries AG, Essen,
Germany), consisting of anatase and rutile crystalline phases with 80:20 ratio, surface area
of 50 m2 g−1, and average diameter of 30 nm. The concentration of the TiO2 powder was
100 mg L−1.

2.4. Evaluation of the Effectiveness of Treatments and Energy Consumption

Absorbance at 254 nm (Ab254), color, and COD values of the matrix was periodically
monitored during the tests. Ab254 was determined by means of UV/Vis spectrophotom-
etry (HP 8453, Agilent Technologies Deutschland GmbH, Waldbronn, Germany) in the
range from 190 to 820 nm. Color was evaluated by integration of the UV-Vis absorbance
spectrum of the treated matrix in the range from 356 to 700 nm. The resulting integrated
absorbance (IA) is proportional to the sample color. Accordingly, the relative residual color
(Colori.Color0

−1) was calculated following Equation (1):

Color. Color0
−1 (unitless) = IAi/IA0 (1)

where IA0 is the initial value of integrated absorbance and IAi is the value of integrated
absorbance of the i-th sample. Further details on this approach can be found in previous
works [46–49].

The COD concentration was measured using kits purchased from Hach Company
(Loveland, CL, USA) and UV-Vis spectrophotometry. Before the COD analysis, the pos-
sible interference from chlorides was excluded by verifying that the maximum chloride
concentration accepted for this method was not exceeded.
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Electrical conductivity and pH of the untreated waters were measured using a portable
multiparameter instrument (WTW 3410 SET4, Xylem Analytics Germany Sales GmbH,
Weilheim, Germany): pH was determined using the probe WTW-IDS, Model SenTix® 940
(Xylem Analytics Germany Sales GmbH, Weilheim, Germany); electrical conductivity was
measured using the probe WTW-IDS, model TetraCon® 925 (Xylem Analytics Germany
Sales GmbH, Weilheim, Germany).

Oxygen Uptake Rate (OUR) tests were carried out at 20 ◦C adopting the ISO 8192
procedure [41], using the mesophilic biomass withdrawn from the same WWTP. In order
to calculate the specific oxygen uptake rate (SOUR) and understand the amount of oxygen
used to degrade the organic substrate, the following equation was applied:

SOUR (mgO2 gVSS
−1 h−1) = OURexogenous−OURendogenous (2)

where: (i) exogenous OUR represents the consumption of oxygen for biomass respiration
and organic substrate degradation, and (ii) endogenous OUR represents the consumption
of oxygen only for biomass respiration. Considering that the SOUR value is dependent
from the quantity of organic substance contained in the tested water [50], the specific
biodegradation rate (SBR) by the mesophilic biomass of waters was calculated relating the
SOUR value to the COD (Equation (3)) [45]:

SBR (mgO2 gVSS
−1 gCOD

−1 h−1) = SOUR/COD (3)

The energy consumption was calculated on the basis of Ab254, COD, color removal
and SBR in terms of Electrical energy per order (EEO) according to Equation (4) [51,52]:

EEO (kWh m−3 order−1) = (P × t × 103)/(V × log10(Ci/Cf)) (4)

where P is the nominal power of the system (kW), t (h) is the processing time, V (L) is
the volume of water treated and C represents the concentration of contaminants (either
Ab254, COD, color or SBR, respectively). The nominal power was assumed to be equal
to the total power consumption of the lamp and the power supply. In the present study,
the concentration of contaminants was presumably low, due to previous treatment in
the WWTP, and it was assumed that the amount of electrical energy required to reduce
the contaminant concentration by one order of magnitude was independent of the initial
concentration [8,51,53]. For sake of comparison with the energy consumption calculated
based on the other parameters, in the case of SBR the corresponding modulus was given.

3. Results and Discussion
3.1. Characterization of the TiO2 Photoanode

As shown in Figure 1a (inset), the surface of the TiO2 photoanode is characterized
by a sub-micrometric porous morphology, typical of titanium dioxide obtained by PEO,
with a sponge-like structure becoming more compact at the TiO2/Ti interface [42]. The
TiO2 film shows a strong adhesion to the Ti substrate as experienced by bending Ti/TiO2
and fracturing the oxide to observe its cross-section. Both the fractured section shown in
Figure 1a and the GD-OES in-depth profiles, reported in Figure A1 in Appendix A, revealed
that the oxide average thickness was ≈1.5–2 µm, an optimal range according to literature to
optimize the photoactivation of the catalyst, being a compromise between high surface area
and low probability of electron-hole recombination given the penetration depth of the light
into titanium dioxide [29,42]. According to the XRD pattern in Figure A1, the as-prepared
TiO2 film was crystalline and consisted of a mixture of two allotropic phases, anatase and
rutile. Following the Spurr equation [43], the estimated weight content of anatase and
rutile were 52% and 48%, respectively. The ECSA per unit mass was about 5.2 m2.g−1, in
good agreement with the BET surface area values of 6.3 m2.g−1 [38]. The slight discrepancy
between the ECSA and BET values may be explained considering that the two approaches
are based on different physical phenomena: BET relies on accessible pores for adsorption of
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N2 gas molecules while ECSA depends on the accessibility of the porous structure for ions.
Based on ECSA specific values and given the thickness of the TiO2 film and the geometrical
area of the mesh (327.5 cm2), the surface area of the immobilized catalyst was about 1.8 m2.

Water 2021, 13, x    6  of  15 
 

 

in Figure A1, the as‐prepared TiO2 film was crystalline and consisted of a mixture of two 

allotropic phases, anatase and  rutile. Following  the Spurr equation  [43],  the estimated 

weight content of anatase and rutile were 52% and 48%, respectively. The ECSA per unit 

mass was about 5.2 m2.g−1,  in good agreement with  the BET surface area values of 6.3 

m2.g−1 [38]. The slight discrepancy between the ECSA and BET values may be explained 

considering  that  the  two approaches are based on different physical phenomena: BET 

relies on accessible pores for adsorption of N2 gas molecules while ECSA depends on the 

accessibility of the porous structure for ions. Based on ECSA specific values and given the 

thickness of the TiO2 film and the geometrical area of the mesh (327.5 cm2), the surface 

area of the immobilized catalyst was about 1.8 m2. 

 
 

(a)  (b) 

Figure 1. (a) Current density of the TiO2 photoanode in the dark (black) and under irradiation (blue), and corresponding 

photocurrent density (orange); in the inset, SEM surface and fracture micrograph of the TiO2 film; (b) radiance flux density 

measured by actinometry during photolysis (PL), photoelectrocatalysis (PEC) and photocatalysis onto suspended TiO2 

powders (PC). To acquire the cross‐section SEM image, the TiO2 film was intentionally fractured. (Source: author’s own 

calculation/conception). 

To  assess  the  photoelectrochemical  activity  of  the  TiO2  photoanode,  current 

measurements were performed  in dark  and under UV‐C  irradiation  scanning  the  cell 

voltage from 0 to 6 V. The photocurrent curve in Figure 1a shows a typical trend with a 

steep initial increase followed by saturation, in this specific case at 1 mA.cm−2 and around 

4 V cell bias. 

3.2. Degradation of Organic Pollutants and Decolorization 

The  WWTPE  were  treated  by  three  different  processes:  photolysis  (PL), 

photocatalysis onto suspended TiO2 powders (PC), and photoelectrocatalysis with TiO2 

photoanode (PEC). As the focus of the study is the evaluation of PEC, the experimental 

set‐up of the three tests was chosen in order to allow a direct comparison between PEC 

and either PL and PC, and not between PL and PC. Indeed, as shown in Figure 1b, in PL 

tests the radiant flux density was 0.16 W cm−2, corresponding to a total radiant flux of 37.12 

W. Because of the shielding effect of the photoanode surrounding the UV source, in PEC 

tests the radiant density flux decreased by 50%, attaining at the value of 0.08 W cm−2. Thus, 

in PEC configuration  the  total  irradiation  flux was 18.56 W and  the  irradiation power 

shielded by the photoanode was 18.56 W. To assess the effect of the electrical polarization 

of the catalyst, similar irradiation shielding was purposely chosen for the PC tests, where 

the radiant density flux was 0.15 W cm−2 and a smaller UV lamp was used, resulting in a 

Figure 1. (a) Current density of the TiO2 photoanode in the dark (black) and under irradiation (blue), and corresponding
photocurrent density (orange); in the inset, SEM surface and fracture micrograph of the TiO2 film; (b) radiance flux density
measured by actinometry during photolysis (PL), photoelectrocatalysis (PEC) and photocatalysis onto suspended TiO2

powders (PC). To acquire the cross-section SEM image, the TiO2 film was intentionally fractured. (Source: author’s own
calculation/conception).

To assess the photoelectrochemical activity of the TiO2 photoanode, current measure-
ments were performed in dark and under UV-C irradiation scanning the cell voltage from
0 to 6 V. The photocurrent curve in Figure 1a shows a typical trend with a steep initial
increase followed by saturation, in this specific case at 1 mA.cm−2 and around 4 V cell bias.

3.2. Degradation of Organic Pollutants and Decolorization

The WWTPE were treated by three different processes: photolysis (PL), photocatalysis
onto suspended TiO2 powders (PC), and photoelectrocatalysis with TiO2 photoanode
(PEC). As the focus of the study is the evaluation of PEC, the experimental set-up of the
three tests was chosen in order to allow a direct comparison between PEC and either PL
and PC, and not between PL and PC. Indeed, as shown in Figure 1b, in PL tests the radiant
flux density was 0.16 W cm−2, corresponding to a total radiant flux of 37.12 W. Because
of the shielding effect of the photoanode surrounding the UV source, in PEC tests the
radiant density flux decreased by 50%, attaining at the value of 0.08 W cm−2. Thus, in PEC
configuration the total irradiation flux was 18.56 W and the irradiation power shielded
by the photoanode was 18.56 W. To assess the effect of the electrical polarization of the
catalyst, similar irradiation shielding was purposely chosen for the PC tests, where the
radiant density flux was 0.15 W cm−2 and a smaller UV lamp was used, resulting in a
total radiance of 15.90 W and a shielded radiance of 21.22 W (Figure 1b). Correspondingly,
the catalyst surface areas in PC and PEC tests were 5.0 m2 (based on a nominal value of
50 m2 g−1) and 1.8 m2 (based on ECSA measurements), respectively.

The overall content of organic pollutants was evaluated by monitoring the absorbance
at 254 nm, the relative residual color, and the COD values. Ab254 and relative residual
color were obtained from the UV-Vis spectra shown in Figure 2.
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As shown in Figure 3a,b, after 2 h of reaction time, PC did not affect Ab254 and COD,
and PL tests resulted in a reduction of the same parameters by 30% and 10%, respectively.
In the present study, PC and PL cannot be directly compared since they were carried out
in cylindrical reactors having same volume but different shapes. Indeed, the set-up for
PC tests was conceived to achieve similar catalyst light-shielding values as for PEC, thus
allowing a direct comparison between PEC and PC but not between PL and PC. Compared
to both PL and PC, PEC tests showed the highest efficiency, reducing Ab254 by 70% and
COD by 30%. As shown in Figure 3c, the PEC process was also the most effective in
removing the color: within a reaction time of 2 h over 90% of the color was removed by
PEC, while only 30% by PL and no decolorization was obtained by PC. Expectedly, the color
removal results agreed with the corresponding Ab254 and COD data. Despite the nominal
surface area of the TiO2 powders (5 m2) was more than twice the electrochemical surface
area of the immobilized catalyst (1.8 m2), under similar radiance values PEC significantly
outperformed PC. This can be reasonably ascribed to the lower photocatalytic efficiency of
titania powders with respect to the immobilized catalyst, where the electrical polarization
during operation effectively reduced the electron-hole recombination phenomena usually
impairing photocatalytic processes.
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Figure 3. (a) Ab254, (b) COD and (c) residual color (Color.Color0
−1) relative to the corresponding parameters at t = 0 during

PL, PC using 110 mg L−1 TiO2 powders and PEC using a TiO2 photoanode. Confidence intervals have been calculated
based on three repetitions. (d) Kinetic constants and HLT of PL and PEC for Ab254, COD and color removal; n: number of
data (Source: author’s own calculation/conception).

The Langmuir–Hinshelwood kinetic model reduced to first order was applied to
evaluate the kinetic parameters of the degradation tests (Equations (5) and (6)) [39,54]:

ln(Ct/C0) = −k × t (5)

HLT = ln (2)/k (6)

where C0 and Ct are either Ab254, COD or relative residual color values at t = 0 and after
a contact time t respectively, k is the apparent rate constant of the process and HLT is
the half-life time. The calculated parameters are reported in Table A1. The model was
applicable to photocatalysis on TiO2 powders only based on color values.

As shown in Figure 3d, the kinetic constants of PEC tests were 9.89 × 10−3 min−1

(Ab254), 12.36 × 10−3 min−1 (relative residual color), and 3.85 × 10−3 min−1 (COD),
around three times higher than the kinetic constants in PL tests. PEC also showed the
smallest HLT values, which were 70 min (Ab254) and 56 min (relative residual color), about
one-third lower than PL tests (237 min and 162 min, respectively). Correspondingly, the
HLT based on COD was 180 min in PEC and 559 min in PL. The significant reduction of
the HLT values with respect to photolysis demonstrates that PEC would be more suitable
than PL to integrate the mesophilic CAS processes usually employed in WWTPs.
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3.3. Biodegradability

In order to evaluate the biodegradability of the treated effluents, the OUR was mea-
sured and compared with the corresponding COD (Figure 4).
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The OUR value of the untreated effluent (4.0 mgO2 gVSS
−1h−1) is almost equal to the

endogenous value of the biomass (3.2 mgO2 gVSS
−1h−1), meaning that the biodegradability

of the untreated effluent by the mesophilic biomass was very limited and confirming
that the CAS process in WWTP effectively removed almost the biodegradable organic
substances initially present in the WW.

Among the considered processes, photocatalysis showed the smallest impact on
biodegradability. In fact, PC shows OUR values even lower than expected considering
the corresponding COD, which discrepancy being attributable to partial inhibition of the
biomass by the TiO2 powders [55]. In particular, the PC test increased the OUR value
from 4.06 mgO2 gVSS

−1h−1 to 4.69 mgO2 gVSS
−1h−1, and correspondingly decreased the

COD value from 125 to 111 mg L−1. Comparatively, by photolysis, the OUR increased
to 6.53 mgO2 gVSS

−1h−1 and COD decreased to 94.38 mg L−1. The corresponding SBR
values increased by five (PL) and three (PC) times with respect to the untreated matrix
(Table 2). The lower efficiency of PC with respect to PL can be explained considering that
the radiation flux was halved because of the shielding effect of the titania powders. Indeed,
in the experimental conditions the photocatalytic activity of the TiO2 powders did not
compensate for the reduced radiation flux.

Table 2. COD, OUR, SOUR, and SBR values of untreated waters and waters treated by PL, PC, and PEC. n: number of data.
(Source: Author’s own calculation/conception).

Untreated PL PC PEC

(n = 5) (n = 3) (n = 1) (n = 3)

OUR (mgO2 gVSS
−1 h−1) 4.06 ± 1.29 6.53 ± 1.53 4.69 11.37 ± 3.84

SOUR (mgO2 gVSS
−1 h−1) 1.21 ± 0.30 4.48 ± 1.52 3.43 7.48 ± 3.37

COD (mg L−1) 125 ± 6.62 94.38 ± 6.34 111 66.13 ± 14.20
SBR (mgO2 gVSS

−1 gCOD
−1 h−1) 50.63 ± 11.79 262.07 ± 89.27 154.36 567.56 ± 224.20
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The PEC process had the greatest impact on biodegradability. The OUR increased to
11.4 mg O2 gVSS

−1h−1, despite the reduced initial COD content and the SBR increased by
one order of magnitude compared to the untreated sample. This is in agreement with our
previous studies on real pharmaceutical wastewaters [7] and can be attributed to a more
effective production of •OH radicals with respect to PC.

The improved biodegradability of the effluents treated with PEC (SBR), along with the
reduced values of Ab254, COD, and residual color, confirmed that the PEC process gives
the best complementarity with the CAS processes implemented in WWTPs and entails a
lower impact of the effluent on the ecosystem, as the organic substance contained in the
effluent becomes more easily removable by the microorganisms exploited in CAS processes
and/or naturally present in the surface water bodies [56–58].

3.4. Energy Consumption

Energy consumption represents one of the main operation costs of electrochemical
treatments of WWs [7,52,59]. In the present study, the values of electrical energy per order
(EEO) based on Ab254, COD, and residual color were calculated both for PL and PEC. PC
was not considered due to the negligible impact on the chemical parameters (Ab254 and
COD) and on biodegradability (Sections 3.2 and 3.3).

In Figure 5 the values of EEO after 2 h of reaction time are shown. Overall, based on Ab254
and COD the energy demand of PEC (113 kWh m−3 order−1 and 330 kWh m−3 order−1,
respectively) was over 60% lower than PL (359 kWh m−3 order−1 and 832 kWh m−3 order−1).
As for the residual color, the EEO in PEC was 80% less than in PL. Similarly, the lowest
energy consumption was calculated on the basis of the SBR values. Indeed, in PEC the
energy consumption based on SBR was 50% lower than in PL. Therefore, in terms of energy
consumption, PEC proved to be far more efficient than PL.
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Figure 5. Values of electrical energy per order (EEO) after 2 h of reaction time in PL and PEC, based on
Ab254, COD, and residual color. Boxplots represent the distance between the first and third quartiles,
while whiskers are set as the most extreme (lower and upper) data point not exceeding 1.5 times the
quartile range from the median. (Source: author’s own calculation/conception).

It is quite established that the energy demand of degradation processes significantly
depends on several parameters such as type and configuration of the reactor, distance
between UV lamp and catalyst mesh, target contaminant, chemical properties of the water
matrix [60]. Thus, although energy consumption values of several orders of magnitude
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lower can be found in literature (e.g., [8,61]), the EEO values obtained by different laborato-
ries using diverse water samples and reactors can be hardly compared to each other. To
overcome this limit, the comparative study here reported has been carried out in the same
reactor geometries and/or reproducing similar light-shielding effects for the different tests.
Following this approach, it can be concluded that PEC had a significantly lower specific
energy demand for the treatment of the considered WWTPE with respect to PL. Compared
to the EEO found in previous experiments carried out by the same authors with the same
reactors, the here reported values for color removal are of the same order of magnitude as
those obtained treating emerging contaminants [38].

4. Conclusions

PEC was validated for improving the biodegradability of real WWTPE collected
downstream a WWTP treating both municipal WWs and AW. Color and COD content
were more rapidly removed compared to photolysis. The kinetic constants of PEC tests
were 9.89 × 10−3 min−1 (Ab254), 12.36 × 10−3 min−1 (relative residual color), and
3.85 × 10−3 min−1 (COD), around three times higher than the kinetic constants in PL
tests. Correspondingly, PEC significantly increased the biodegradability, showing SBR
values (567.56 ± 224.20 mg O2 gVSS

−1 gCOD
−1 h−1) more than twice of those measured by

PL (262.07 ± 89.27 mgO2 gVSS
−1 gCOD

−1 h−1) and three times of those measured by PC
(154.36 mg O2 gVSS

−1 gCOD
−1 h−1). Operating costs demonstrated that the investigated

process is less energy demanding for obtaining the same SBR increase and Ab254, color, and
COD removal. These results prove that PEC can outperform PL and PC onto suspended
powders in decreasing the impact of WWTP effluents on the ecosystem, showing a very
effective action as a polishing treatment. In particular, this work lays the foundation for
investigating the effectiveness of the PEC on WWTPEs in order to subsequently reuse water
in the perspective of a circular economy. Further work is suggested in order to: (i) improve
the energy efficiency of the PEC process and the kinetics of removal of pollutants (the
need for a shorter contact time means a lower volume of the reactor at industrial scale and
therefore lower construction costs), (ii) investigate the disinfection effect, (iii) develop and
validate this AOP at the industrial scale.
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Brunauer- Emmett-Teller; CAS: Conventional active sludge; CB: Conduction band; ECSA: Electro-
chemical surface area; EEO: Electrical energy per order; OUR: Oxygen uptake rate; PC: Photocatalysis;
PDF: Powder diffraction file; PEC: Photoelectrocatalysis; PEO: Plasma electrolytic oxidation; PL:
Photolysis; SBR: Specific biodegradation rate; SEM: Scanning electron microscopy; SOUR: Specific
oxygen uptake rate; TSS: Total suspended solids; VB: Valence band; WW: Wastewater; WWTPE:
Wastewater treatment plant effluent; XRD: X-ray diffraction.
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Figure A1. (a) XRD pattern of the TiO2 photoanode (black curve) and literature reference diffractograms of anatase (ICDD-
PDF 21-1272), rutile (ICDD-PDF 21-1276), and titanium ((ICDD-PDF 44-1294); (b) GD-OES in depth profile of the TiO2 film
showing the signals of oxygen and titanium. (Source: Author’s own calculation/conception).

Table A1. First-order kinetic constant (k) and half-life time (HLT) relative to the Ab254, COD and color values during
degradation by photolysis (PL), photocatalysis (PC), and photoelectrocatalysis (PEC) using the Langmuir-Hinshelwood
model. n= number of total data; n.a.: not applicable. (Source: Author’s own calculation/conception).

R2 k HLT n

(-) (min−1) (min) (-)

PL

Ab254 0.97725 0.00292 237.4 33
COD 0.90589 0.00124 559.0 18

Relative residual color 0.90860 0.00429 161.6 33

PC

Ab254 n.a. n.a. n.a. 11
COD n.a. n.a. n.a. 6

Relative residual color 0.16323 7.81329 × 10−4 887.2 11

PEC

Ab254 0.99271 0.00989 70.1 33
COD 0.98449 0.00385 180.0 18

Relative residual color 0.99154 0.01236 56.1 33
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