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A B S T R A C T   

Developing cobalt-substituted perovskite electroactive membranes with an efficient Co/Cu combination mode is 
an important environmental challenge for removing drugs via peroxymonosulfate (PMS) activation. In this work, 
cobalt (Co)-substituted calcium copper titanatewas synthesized with an easy ball milling process and used as an 
anode in electro-oxidation in the presence of PMS for paracetamol degradation. The Co-CCTO anode with a Co 
ratio of 0.5 showed the highest removal efficiency (100 % of 10 ppm paracetamol after 180 min) due to the 
increase of the active sites and the appearance of the Co2+/Co3+ cycle that accelerates the charge transfer with 
Co incorporation into the lattice. Scavenger experiments showed that sulfate radicals (SO4̇

− ), oxygen radicals 
(O2̇

-), hydroxyl radicals (̇OH), and singlet oxygen (1O2) were generated in the electro-oxidation-PMS reaction 
system and that SO4̇

− , 1O2, and O2̇
- were the dominant active radicals. The toxicity tests with Vibrio fischeri 

confirmed paracetamol mineralization and decomposition and the elimination of harmful by-products. It is 
crucial to explore the substitution of CCTO with different metal dopants in order to optimize the membrane 
performance and overcome the limitations associated with cobalt substitution.   

1. Introduction 

Water pollution is caused mostly by the discharge of domestic and 
industrial effluent waste, leakage from water tanks, urbanization, ma-
rine dumping, radioactive waste, and atmospheric deposition. Inorganic 
(metal ions, oxyacid ions) and organic (organic dyes, pesticides and 
pharmaceutical compounds) substances in water are the main pollutants 
[1–4]. Pharmaceutical pollutants are now a major problem that in-
creases the potential risk for human health and the environment. This 
can lead to biodiversity loss, alterations in wildlife behavior and 
contamination of the food chain, and also contributes to a variety of 

health issues, including antibiotic resistance, endocrine system alter-
ations, and gastrointestinal infections [5–7]. Paracetamol is a widely 
consumed over-the-counter drug; however, its biodegradability is 
limited. Consequently, it may transform into different, more harmful 
metabolites, such as aminophenol and phenol, and might remain in the 
environment for extended periods [8–11]. 

In the context of these challenges, research is primarily focused on 
advancing and safeguarding potable water production. By addressing 
the shortcomings of traditional water treatment techniques, such as 
coagulation, flocculation, sedimentation or filtration, new approaches 
try to enhance the removal of contaminants, especially persistent 

* Corresponding author at: Institut Européen des Membranes, IEM, UMR 5635, Univ Montpellier, ENSCM, Centre National de la Recherche Scientifique (CNRS), 
Place Eugène Bataillon, 34095 Montpellier, France. 

E-mail address: mikhael.bechelany@umontpellier.fr (M. Bechelany).  

Contents lists available at ScienceDirect 

Applied Surface Science 

journal homepage: www.elsevier.com/locate/apsusc 

https://doi.org/10.1016/j.apsusc.2024.160430 
Received 17 March 2024; Received in revised form 21 May 2024; Accepted 30 May 2024   

mailto:mikhael.bechelany@umontpellier.fr
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2024.160430
https://doi.org/10.1016/j.apsusc.2024.160430
https://doi.org/10.1016/j.apsusc.2024.160430
http://creativecommons.org/licenses/by/4.0/


Applied Surface Science 669 (2024) 160430

2

pharmaceutical compounds. Current methods exhibit various limita-
tions, such as variable efficiency against pharmaceuticals, the genera-
tion of hazardous by-products and the need of harmful chemicals 
[12–15]. Advanced oxidation processes offer improved efficiency, 
effectiveness, and sustainability for water treatment and purification. 
Particularly, electro-oxidation, which uses electric current, generates 
highly reactive oxidizing species that can break down organic and 
inorganic pollutants in wastewater. This technology shows promise for 
the treatment of wastewater containing pharmaceutical compounds and 
offers several advantages compared with other advanced oxidation 
processes. For instance, it is a more energy-efficient method compared to 
UV and ozone [16–18]. Moreover, it can remove a wide range of pol-
lutants, including non-biodegradable and toxic pollutants, can operate 
at a wide range of pH values, and does not require the addition of 
chemicals [19–23]. 

In addition, the incorporation of sulfate radicals in conjunction with 
electro-oxidation offers multiple advantages. Sulfate radicals have a 
high oxidation potential, are non-selective in their reactivity, and have a 
relatively long lifespan in water, which allows them to continue reacting 
with pollutants even after the electro-oxidation process ends. Unlike 
other oxidants, such as chlorine, sulfate radicals do not produce harmful 
by-products that persist in the water or harm the environment. Overall, 
the use of sulfate radicals in electro-oxidation has several advantages 
that make it a promising technology for water treatment [24–27]. 
Different methods, such as thermal activation, metal-based activation 
and photoactivation, can be used to generate sulfate radicals from PMS 
activation. 

Various composite types have been used as anodes for electro-
catalysis with PMS activation. Perovskite materials have recently 
demonstrated their potential as catalysts for PMS activation in water 
treatment systems. Metal-oxide perovskites have a distinctive crystal 
structure and are well-suited for catalytic applications. Recently, many 
groups investigated perovskite-based catalysts due to their efficacy in 
PMS activation, leading to the degradation of organic pollutants [28]. 
For instance, Zhu et al. reported that 91.6 % of ibuprofen was degraded 
under light irradiation in 60 min through the activation of sulfate rad-
icals by forming a Cu+/Cu2+ redox couple using a CaCu3Ti4O12 (CCTO) 
photocatalyst [29]. We previously demonstrated the effect of porous 
CCTO [30] and its treatment under different atmospheres [31] to 
enhance PMS activation. We found that the incorporation of 30 % of 
poly(methyl methacrylate) (PMMA) increased the percentage of the 
CuO phase, as well as the electrochemical properties, thereby enhancing 
PMS activation. Total paracetamol (PCM) degradation was achieved in 
180 min. Thermal treatment resulted in CCTO decomposition into Cu, 
CaTiO3, and Ti9O17 phases upon exposure to hydrogen. After decom-
position in the presence of hydrogen, PCM degradation was achieved in 
10 min by electro-oxidation using PMS. This was attributed to the 
enhanced conductivity and electrochemical activity. Similarly, the A- 
site/B-site doping strategy improved PMS activation by perovskite by 
modifying the coordination environment and leading to more active 
sites [32,33]. Studies on cobalt (Co)-doped perovskite catalysts showed 
that they are the most efficient PMS activators. Zhang et al. found that 
atrazine degradation was increased using Co-doped LaFeO3 and attrib-
uted this effect to a synergistic role of bimetallic rings [Fe(III)/Fe(II) and 
Co(III)/Co(II) rings] [34]. Moreover, Li et al. used Co-doped Rud-
dlesden-Popper perovskite for PMS activation and reported that 98 % of 
rhodamine B was removed in 30 min [35]. 

This work involved the use of Co-substituted CCTO (Co-CCTO) 
perovskite for water treatment. Specifically, it evaluated the effects of 
combining Co and Cu on PMS activation and PCM degradation. The 
present study focused on Co-CCTO perovskite in a combined system of 
electro-oxidation and PMS activation. The Co-CCTO perovskite mem-
branes were synthesized by ball milling. Different Co ratios were 
investigated to optimize the properties for electrocatalytic degradation 
of PCM. Furthermore, the radicals responsible for the degradation and 
the acute ecotoxicity of the solution were studied. 

2. Experimental section 

2.1. Chemicals 

PMMA (CAS Number: 9011-14-7), titanium (IV) oxide (TiO2, 99.5 %, 
CAS Number: 13463-67-7), potassium chloride (KCl, ≥99.0 %, CAS 
Number: 7447-40-7), calcium carbonate (CaCO3, 98 %, CAS Number: 
471-34-1), poly(vinyl alcohol) (PVA, 99 %, CAS Number: 9002-89-5), 
copper (II) oxide (surface: CuO, bulk: Cu2O, CAS Number: 1317-38-0), 
cobalt (II-III) oxide (Co3O4, CAS Number: 1308-06-1), potassium hy-
droxide (KOH, ≥85 %, CAS Number: 01900-20-08), sodium sulfate 
(Na2SO4, ≥99 %, CAS Number: 7757-82-6), p-benzoquinone (C6H4O2, 
≥99.5 %, CAS Number: 106-51-4), PMS (CAS Number: 70693-62-8), 
PCM (≥99 % CAS Number: 103-90-2), tert-butanol (TBA, (CH3)3COH, 
≥99.5 %, CAS Number: 75-65-0), sodium chloride (NaCl, ≥99 %, CAS 
Number: 7647-14-5), and methanol (CH3OH, ≥99.9 %, CAS Number: 
67-56-1) were purchased from Sigma Aldrich. All chemicals were used 
without any further purification. 

2.2. Preparation of CCTO porous membranes 

To oxidize Cu2O to CuO, the copper (II) oxide precursor was treated 
at 600 ◦C under air for 30 min. Co-CCTO (i.e., CaCu3-xCoxTi4O12) pe-
rovskites with different Co content (x = 0, 0.1, 0.5, 0.7, and 0.9) were 
obtained by mixing CaCO3, CuO (treated), Co3O4, and TiO2 as pre-
cursors in a planetary ball mill (PM200, Retsch) in a stoichiometric ratio. 
The resulting phase was calcined under air and mixed with PMMA in a 
ball mill using the conditions given in Table 1. The powder with 5 wt% 
PVA (binder) was pressed using a hydraulic press. The pellet (20 mm 
diameter and 1–2 mm thickness) was sintered in air (Table 1). Six pellets 
were prepared: bare CCTO without Co (CCTO), and CCTO-0.1, CCTO- 
0.5, CCTO-0.7, and CCTO-0.9 with Co contents of x = 0, 0.1, 0.5, 0.7, 
and 0.9, respectively. 

2.3. Structural characterization 

The microstructure, morphology, crystallinity, and phase composi-
tion of the different CCTO samples were examined by scanning electron 
microscopy (SEM; Hitachi S4800), energy dispersive X-ray analysis 
(EDX), raman spectroscopy (Horiba XploRA) using a 659.55 nm laser, 
and X-ray diffraction (XRD) using Cu-Kα radiation (λ = 1.5406 Å), the 
FULLPROF software and profile function 7. The chemical elemental 
composition and oxidation states were determined by X-ray photoelec-
tron spectroscopy (XPS; ESCALAB 250 spectrometer). Paramagnetic 
species in the catalysts were assessed by electron paramagnetic reso-
nance (EPR) measurements. Inductively coupled plasma mass spec-
trometry (ICP-MS) (Thermo Scientific®, iCAP TQ) was used to measure 
ion leaching. 

2.4. Electrochemical properties 

The charge transport resistance was examined with impedance 
spectrometry (EIS). For this test, a three-electrode system (CCTO is 
working electrode, Ag/AgCl is reference electrode, and platinum wire is 

Table 1 
Experimental conditions for the preparation of CCTO with different Co ratios (x 
= 0; 0.1, 0.5, 0.7 and 0.9).  

Step Speed Hours 

Ball milling of 
precursor 

350 rpm 5 

Calcination 5◦/900 ◦C 3 
Ball milling with 

PMMA 
250 rpm 1 

Sintering 2◦/240 ◦C → 1◦/420 ◦C → 2◦/850 ◦C → 5◦/ 
1100 ◦C 

3  
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counter electrode) was used in a Solartron SI 1287 potentiostat/galva-
nostat with frequency from 0.01 Hz to 105 MHz and voltage bias of 10 
mV amplitude. The electrolyte (1 M KOH) was degassed with pure argon 
for 30 min before each test to eliminate oxygen. 

2.5. PCM degradation 

The electro-oxidation activity of CCTO/Co-CCTO membranes was 
evaluated by monitoring PCM degradation. The experimental conditions 
are listed in Table 2. 

At specific reaction times, a 2 mL aliquot was taken and PCM con-
centration was measured by liquid chromatography coupled to tandem 
mass spectrometry according to [36]. To verify the membrane recycla-
bility, PCM degradation was evaluated for five cycles in the same 
conditions. 

Eq. (1) shows how PCM degradation efficiency was calculated [37]: 

Removalefficiency(%) =
(C0 − C)

C0
• 100 (1)  

where C0 (mg/L), and C (mg/L) are the initial PCM concentration and 
PCM concentration in the solution at different time points, respectively. 

2.6. Scavenger studies 

To identify the main active radical species involved in the electro- 
oxidation system during PCM mineralization, scavenger tests were 
performed. Benzoquinone for superoxide (̇O2

− ), L-histidine for oxygen 
radicals and singlet oxygen (1O2), TBA for hydroxyl (̇OH), and methanol 
for sulfate (SO4̇

− ) and ̇OH radicals were added to the solution at 6.6, 6.6, 
660 and 660 mM, respectively. The experimental conditions used in 
these tests were the same as those for PCM degradation. 

2.7. Acute toxicity tests and total organic carbon 

Vibrio fischeri LCK 487 and a TOC-L CSH/CSN Shimadzu analyzer 
(Japan) were used for the toxicity tests to assess the acute toxicity and 
Total Organic Carbon (TOC) removal, respectively, of the solution ali-
quots collected during PCM degradation by electro-oxidation, as previ-
ously described [30]. 

3. Results and discussion 

3.1. Characterization of the synthesized composites 

The membrane morphology and composition were examined using 
SEM/EDX measurements (Fig. 1). The CCTO membrane displayed a 
composite morphology with large grains that contained significant 
amounts of Ca and Ti and grain boundaries that were enriched in Cu. 
The O element was distributed on the whole surface. The morphology 
remained almost unchanged in Co-CCTO membranes where x was ≤ 0.7. 
In these membranes, Co was incorporated into the large Ca- and Ti- 
containing grains (Fig. S1-2). Conversely, morphology was different in 
the CCTO-0.9 membrane with the highest Co ratio. This might be related 

to cobalt distribution on the surface, suggesting the decomposition of 
the CCTO phase and the formation of Co2TiO4, as revealed by the XRD 
analysis (Fig. 2). 

The XRD analysis showed that the pure CCTO sample (Fig. 2a) was 
composed of CCTO as the main phase (93.3 ± 0.9 wt%) with a minor 
impurity phase of CuO (6.7 ± 0.5 wt%). CuO is usually observed as a 
precipitate phase at the grain boundaries of sintered CCTO materials 
[30,31]. In the CCTO-0.5 sample, the weight fraction of the CuO phase 
slightly increased to 7.6 ± 0.5 wt%, and no Co-related crystalline phase 
was observed in the XRD pattern (Fig. 2b and d). Moreover, the lattice 
parameter of the cubic CCTO phase in the CCTO-05 sample increased 
from 7.4039(1) Å to 7.4048(1) Å (Fig. 2e). In the CCTO-0.9 sample 
(Fig. 2c), the lattice parameter of CCTO increased to 7.4073(1) Å, the 
weight fraction of CuO remarkably decreased to 1.5 ± 0.1 wt%, and 1.6 
± 0.1 wt% of Co2TiO4 phase was formed. The increase in the lattice 
parameter of the CCTO phase with the increasing Co concentration 
(Fig. 2e) suggests the substitution of larger Co2+ by smaller Ti4+ cations 
in the cubic structure [r (Co2+, high spin) = 0.745 Å, r (Ti4+) = 0.605 Å; 
all cations are 6-fold coordinated] [38]. The ionic size of Co3+ in a high 
spin state and 6-fold coordination is ~0.61 Å [38], which is quite similar 
to that of Ti4+. Similarly, the ionic size of Co2+ in 4-fold coordination is 
~0.58 Å, which is very close to that of Cu2+ cations (0.57 Å) in the same 
coordination [38]. Although the last two substitutions are not expected 
to increase significantly the lattice parameter of the CCTO phase, this 
cannot be excluded. The increase in the weight fraction of CuO impurity 
in the CCTO-0.5 sample suggests the substitution of both Cu2+ and Ti4+

by Co2+ in the CCTO lattice. However, with higher Co content (x = 0.9), 
not all Co cations can be included in the CCTO lattice, forming Co2TiO4 
with Co2+ cations as impurity phase. Consequently, Ti4+ cation segre-
gation in the CCTO lattice to form the Co2TiO4 phase results in stabi-
lizing more Cu2+ cations in the CCTO lattice; thus, the weight fraction of 
the CuO phase is decreased in the CCTO-0.9 sample. 

The continuous-wave EPR spectra normalized to the sample mass 
(Fig. 3a) exhibit a rather broad signal (ΔBpp ≈ 4 mT) at g ≈ 2.15, which 
was previously attributed to Cu2+ species in CCTO [30,31]. Although the 
linewidth and g-value of this signal were similar for all samples, the 
intensity strongly decreased with increasing Co content. The compara-
ble linewidth observed for the different samples suggests comparable 
spin interactions of these Cu2+ species in all samples, but a lower 
number of these Cu2+ species in samples with higher Co content. Next to 
this signal, a broader signal (ΔBpp > 80 mT, g ≈ 2.2) also was detected. 
The intensity and linewidth of this broader signal decreased with 
increasing Co content, consistent with a lower number of EPR-active 
species and lower spin interactions. This signal might be attributed to 
another type of Cu2+ species in CCTO in a different chemical environ-
ment [39]. In the literature, intensity and linewidth changes were re-
ported after doping and also after CCTO reduction [39,40]. Moreover, 
these studies provided evidence for complex spin interactions of the 
EPR-active species. The observed changes upon Co addition clearly 
demonstrate its effect on magnetic species in CCTO. First, the difference 
in its effect on the spin interactions indicates the heterogeneity of the 
EPR-active species in the samples. Second, the number of all EPR-active 
species were lowered. This decrease could be caused by the formation of 
EPR-silent species, such as Cu+, but also by delocalized spins. 

Raman spectrometry analysis with a low intensity red laser was used 
to detect intra- and inter-molecular vibrations (Fig. 3b). In the CCTO 
sample, two strong bands at 445 cm− 1 and 512 cm− 1, which characterize 
[TiO6], were observed. As they are the main bands of CCTO, their 
finding confirmed CCTO formation in our sample, which is in agreement 
with the XRD results. In addition, a small band at 291 cm− 1 (CuO mode) 
was detected [41]. Co introduction induced weak shifts in the position of 
the peak at 291 cm− 1 that progressively increased with higher Co 
concentrations. 

XPS analysis was used to determine the surface chemical states of all 
samples. The high-resolution XPS spectra were fitted using a Gaussian 
function and the detailed fitting parameters of Cu 2p3/2, Ti 2p3/2 and 

Table 2 
Experimental conditions for monitoring PCM degradation using an electro- 
oxidation process with PMS activation by CCTO, CCTO-0.1, CCTO-0.5, CCTO- 
0.7 and CCTO-0.9.  

Volume 210 mL (Milli Q water) 
Initial PCM concentration 10 ppm 
PMS concentration (active 

substance) 
0.5 mM 

Na2SO4 (electrolyte) 50 mM 
Three-electrode system Cathode: platinum 

Anode: CCTO(x) (2 cm)Reference electrode: 
Ag/AgCl  
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O1s are listed in Table 3. In the CCTO membrane, the results showed the 
presence of Cu and Ti in the 2+ and 4+ oxidation states, respectively 
[42,43]. The O 1s spectra were deconvoluted into two peaks at 529.7 eV 
(assigned to the Cu–O or Ti–O bonding), and at 531.6 eV (surface 
adsorbed oxygen O–H) [44,45]. Upon Co addition, the deconvolution of 
Cu 2p3/2 and Ti 2p3/2 led to the co-existence of Cu+/Cu2+ and Ti3+/Ti4+

[46] (Table 3). Fig. 3c shows the high-resolution Co 2p spectra with the 
Co 2p3/2 (779.9 eV) and Co 2p1/2 (796.9 eV) peaks observed in CCTO- 
0.5 and CCTO-0.9. After deconvolution, the Cu 2p3/2 and Cu 2p1/2 
peaks were composed of two peaks. The two peaks at 778.1 eV and 
796.1 eV were attributed to Co2+, and the two peaks at 981.8 and 797.3 
eV to Co3+. The presence of mixed valence states, i.e. Co2+/Co3+, Cu+/ 

Cu2+ and Ti3+/Ti4+, indicates Co incorporation [46–48]. The decon-
volution of the O 1s signals detected in CCTO-0.5 and CCTO-0.9 
(Fig. 2d) highlighted the appearance of a peak at 530.4 eV that was 
assigned to Co-O bonds. This confirmed the substitution by Co and the 
formation of Co2TiO4, as shown by XRD. 

The physicochemical data indicated the formation of the CCTO phase 
in the region of large grains, while the CuO impurity phase was present 
in the grain boundary regions. The impurity phase was due to the 
eutectic point of Cu that leads to a liquid phase at high temperatures 
[49]. Following Co substitution (x = 0.5), cobalt was introduced in the 
large grains, increasing the percentage of CuO from 6.7 % to 7.6 %. With 
higher Co amounts (x = 0.9), the excess of Co led to the formation of 

Fig. 1. SEM/EDX mapping of the CCTO membranes with different cobalt ratios (x = 0; 0.5, and 0.9).  

Fig. 2. Structure refinement of powder XRD data collected at room temperature for unsubstituted CCTO (a), and Co-substituted CCTO with x  = 0.5 (b) and x  = 0.9 
(c), showing the observed (red circle) and calculated (black solid line) intensities, the calculated Bragg reflections (tick marks), and the difference (grey solid line). 
(d) Weight fractions of the formed crystalline phases and (e) Lattice parameter of the CCTO phase extracted by Rietveld refinement of the ex situ powder XRD 
patterns in function of the mole fraction of Co substitution. 
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Co2TiO4, the decrease of the CCTO phase and the incorporation of Co2+

into Ti4+, as shown by the XRD data, and resulted in Co dispersion all 
over the membrane. 

Then, a three-electrode system in 1 M KOH was used to determine 

the charge transfer and activity of the CCTO membranes. In the Nyquist 
plots of the EIS measurements (Fig. 3e), the high radius of the semicircle 
for CCTO indicated that it exhibited the highest charge transfer elec-
trical resistance among the samples under study [50–52]. In the Co- 
CCTO samples, the arc radius decreased, indicative of a lower charge 
transfer resistance, confirming the acceleration of the electron transfer 
upon Co addition (Fig. 3e) [35]. A comparison of the resistance values 
showed that CCTO-0.5 had the lowest resistance, indicating that it dis-
plays the fastest interfacial charge migration. This could be due to the 
high percentage of CuO, as calculated by Rietveld refinement, and the 
presence of the Co mixed-valence states confirmed by XPS [53,54]. 

3.2. Electro-oxidation activity 

The electro-oxidation activity of the CCTO membranes with different 
Co content (x = 0, 0.1, 0.5, 0.7, and 0.9) was evaluated by monitoring 

Fig. 3. (a) Room temperature cw EPR spectra of ccto, ccto-0.5 and ccto-0.9 normalized to sample mass; (b) Raman shifts of CCTO samples with different Co ratios (x 
= 0; 0.1; 0.5; 0.7 and 0.9); (c) High-resolution XPS spectra of Co2p in CCTO-0.5 and CCTO-0.9; (d) High-resolution XPS spectra of O1s in CCTO, CCTO-0.5 and CCTO- 
0.9; and (e) EIS data for all samples. 

Table 3 
XPS fitting parameters of the Cu 2p, Ti 2p and O 1s signals.   

CCTO CCTO-0.5 CCTO-0.9 

Cu2+ 2p3/2 934.1  933.9  933.6 
Cu1+ 2p3/2 − 932.6  932.2 
Ti4+ 2p3/2 458.7  458.1  458.1 
Ti3+ 2p3/2   458.58  458.52 
O 1s OH 531.6  531.7  531.5 
O 1s O2-A (A = Cu or Ti) 529.7  529.6  529.5 
O 1s O2_B (B = Co) − 530.5  530.4  
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PCM degradation by electro-oxidation via PMS activation. The Co-free 
CCTO electrode exhibited the lowest degradation efficiency: only 76 
% of PCM was degraded after 180 min of operation (Fig. 4a). Efficiency 
improved by increasing the Co content in the membranes: 100 % of PCM 
was degraded in the presence of the CCTO-0.5 anode after 180 min. This 
improvement may be linked to the elevated CuO percentage, determined 
by Rietveld refinement, and the existence of mixed-valence states of Co 
(XPS data). Moreover, CCTO-0.5 exhibited the lowest resistance, 
improving charge transfer. This electrode showed the highest current 
and electron conductivity, as verified by chronoamperometry (Fig. S3). 
Additionally, Co incorporation and the increasing of the CuO phase 
appeared to generate more active sites, making of CCTO-0.5 a promising 
catalyst for PMS activation. Both Co3+ and Cu2+ lead to PMS decom-
position, resulting in the generation of the sulfate radicals SO5̇

− and 
SO4̇

− (Eqs. 2–5) [34,55]. However, these slow reactions are limiting for 
PMS activation. To overcome this limitation, electro-oxidation was used 
to promote Co2+/Cu1+ regeneration, PMS activation and oxygen and 
sulfate radical formation (Eqs. 6–9). In addition, the electrochemical 
potential of Co3+/Co2+ is higher than that of Cu2+/Cu+ (1.81 V vs 0.17 
V) and this facilitates the formation of Cu2+ and Co2+ (Eq. 10) [56,57]. 

The generated oxygen and hydroxyl radicals can be the main pathway 
for 1O2 generation (Eq. 11) [56,58]. The formation of oxygen, hydroxyl 
and sulfate radicals may induce PCM decomposition into by-products 
that will be mineralized into CO2 and water (Eq. 12).  

Cu2+ + HSO5
- → Cu1+ + SO4̇

− + OH–(2)                                                 

Co3+ + HSO5
- → Co2+ + SO4̇

− + OH–(3)                                                 

Cu1+ + HSO5
- → Cu2+ + SO5̇

− + H+(4)                                                   

Co2+ + HSO5
- → Co3+ + SO5̇

− + H+(5)                                                   

HSO5
- + e- → SO4̇

− + OH–(6)                                                                  

e- + O2 → O2̇
-(7)                                                                                   

HSO5
- + e- → SO4̇

− + OH–(8)                                                                  

Co3+/Cu2+ + e- → Cu1+ / Co2+(9)                                                         

Co3+ + Cu+ → Co2+ + Cu2+(10)                                                           

Fig. 4. (a) PCM degradation by electro-oxidation; (b) radical scavenger test; (c) CCTO-0.5 stability over five successive cycles; (d) XPS spectrum of CCTO-0.5 before 
and after PCM degradation; (e) toxicity test based on V. fischeri luminescence inhibition. Conditions: [PCM] = 10 ppm, [PMS] = 0.5 mM, [TBA] = 660 mM, 
[methanol] = 660 mM, [p-benzoquinone] = 6.6 mM, and [L-histidine] = 6.6 mM; each experiment was repeated three times. 
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O2̇
-+ ȮH → 1O2 + OH–(11)                                                                   

ROS + PCM → by-products → CO2 + H2O(12)                                      

A scavenger test was then used to identify the main radicals impli-
cated in PCM degradation. This test was performed in the same condi-
tions used for monitoring PCM degradation (10 ppm PCM, 0.5 mM PMS, 
and 50 mM Na2SO4) with the addition or not of the scavengers (TBA, L- 
histidine, p-benzoquinone, and methanol). TBA, which inhibits OH 
radicals [59,60], decreased PCM removal efficiency from 100 % to 67 %. 
Methanol, which inhibits OH and sulfate radicals [61], further decreased 
PCM degradation to 17 %. Addition of p-benzoquinone [62] and L-his-
tidine, which inhibits oxygen radicals and singlet oxygen (1O2) respec-
tively, hindered electro-oxidation and resulted in the degradation of 
only 7 % and 2 % of PCM (Fig. 4b). In conclusion, singlet oxygen, ox-
ygen, and sulfate radicals are mainly responsible for PCM degradation 
by electro-oxidation via PMS activation, while OH plays only a minor 
role. 

The stability of the CCTO-0.5 anode was studied by monitoring PCM 
degradation over five cycles. PCM degradation remained stable after two 
cycles (Fig. 4c), and then decreased to 95.9 % (third cycle), 84.7 % 
(fourth cycle) and 80.7 % (fifth cycle). The 20 % decrease after five 
cycles may be due to Co release or the accumulation of the product in the 
membrane pores, which reduces the number of active sites [59,63]. To 
understand this decrease in activity, XPS, XRD, SEM analyses and ICP- 
MS were performed to evaluate the transformation of the used elec-
trode. No difference was observed in the morphology and XRD diffrac-
tion patterns after five cycles of degradation (Fig. S4). The XPS survey of 
the CCTO-0.5 electrode before and after PCM degradation (Fig. 4d) 
showed the disappearance of the Co2p peaks in the used CCTO-0.5 
sample, which was due to Co release (1.67 ppb) in the solution. There-
fore, to promote Co diffusion from the bulk of larger Co-containing 
grains to their surface, the used CCTO-0.5 membrane was treated at 
1100 ◦C for 3 h and then used for PCM degradation in the usual con-
ditions. The membrane efficiency was fully restored as indicated by the 
complete PCM degradation in 180 min (Fig. 4c). 

A toxicity test using V. fischeri was carried out to determine the acute 
toxicity of the solution [64]. The interaction of V. fischeri with the PCM 
solution (50 mM Na2SO4, 0.5 mM PMS, and 10 ppm PCM) led to 74 % of 
inhibition of the luminescence signal. After 2 h of electro-oxidation, 
inhibition of the luminescence signal was increased to 92 % due to the 
generation of by-products that are more harmful than PCM, such as 1,4- 
benzoquinone, benzoic acid, and benzaldehyde, as demonstrated by 
previous works [64–66]. These by-products were then transformed into 
non-toxic compounds, such as carboxylic acids, as indicated by the 
decrease of luminescence inhibition to 46 % after 4 h, to 19 % after 8 h, 
and to 3 % after 12 h (Fig. 4e) [65,67]. 

Additionally, the results obtained from the TOC analysis during PCM 
degradation provided valuable insights. A significant 38 % reduction in 
TOC was observed in the first 4 h of the experiment. This percentage 
remained stable even after 8 h, which can be attributed to the formation 
of short aliphatic chains (e.g. fumaric, oxalic, acetic, and maleic acids) 
through the ongoing chemical processes. Noteworthy, despite TOC 
conversion into these shorter aliphatic compounds, toxicity was not 
increased, as indicated by the toxicity test. 

According to the literature [63,64,68], PCM degradation is likely to 
involve the creation of three intermediate compounds: 4-aminophenol, 
acetamide, and N-(3,4-dihydroxyphenyl) formamide. These in-
termediates are formed by breaking bonds due to the attack of free 
radicals on aromatic rings and acetyl-amino groups. N-(3,4-dihydrox-
yphenyl) formamide reacts with ̇OH to produce benzoic acid and acet-
amide, which then leads to formic acid and acetic acid. Additionally, 
reactive radicals targeting the aromatic rings linked to 4-aminophenol 
can generate hydroquinone. When oxidized by free radicals, hydroqui-
none yields short-chain organic acids, such as carboxylic acid. All these 
by-products are converted into CO2, H2O, and inorganic ions at the end 
of the degradation process. 

Co-substituted perovskite materials have attracted much interest in 
recent years for many applications, specifically as extremely active an-
odes for wastewater treatment via electrocatalytic oxidation. Co-CCTO 
samples have been tested in recent studies for improving CCTO dielec-
tric, nonlinear, and magnetic properties [46,69,70], and for increasing 
the electrical response [71,72]. However, the electro-oxidation activity 
of Co-CCTO membranes for water remediation has never studied before. 
Therefore, their electro-oxidation activity was compared to that of other 
perovskite materials (Table 4). This comparison showed that the CCTO- 
0.5 membrane is an interesting new strategy to increase the efficiency of 
advanced oxidation for organic wastewater treatment, with minimal 
current use. 

4. Conclusion 

In this study, we investigated Co influence for improving PCM 
degradation by electro-oxidation. Various Co-CCTO membranes (CaCu3- 

xCoxTi4O12, x = 0, 0.1, 0.5, 0.7, and 0.9) were synthesized using ball 
milling. When x was <0.7, cobalt was incorporated in the CCTO lattice, 
leading to an increase in the CuO phase from 6.7 % to 7.6 %. A higher 
cobalt amount (x = 0.9) resulted in the formation of Co2TiO4. The 
presence of Co accelerated electron transfer. These improvements led to 
the complete degradation of PCM (10 ppm) by electro-oxidation (1.5 V) 
via activation of PMS (0.5 mM) using CCTO-0.5 as anode in 180 min. The 
SO4̇

− , O2̇
- radicals and 1O2 played significant roles in PCM degradation, 

while •OH radicals contributed to a lesser extent. The CCTO-0.5 anode 
stability was assessed over five cycles of PCM degradation. The 20 % 
decrease after five cycles could be attributed to Co release or product 
accumulation in the membrane pores that reduces the number of active 
sites. XPS and ICP-MS revealed the disappearance of the Co 2p peaks and 
Co release at 1.67 ppb, respectively. Regenerating the CCTO-0.5 sample 
at 1100 ◦C for 3 h restored its degradation efficiency, as indicated by the 
complete degradation of PCM in 180 min. This suggested Co replen-
ishment at the membrane surface. In addition, PCM mineralization and 
decomposition and the generation of harmful by-products were 
confirmed with a toxicity test. Therefore, Co-CCTO electrodes are a 
promising strategy to generate electrocatalytic materials to be used for 
the removal of persistent organic pollutants from wastewater by electro- 
oxidation via PMS activation. After verifying the capacity of Co-CCTO 
for the degradation of paracetamol, it is necessary to study its effi-
ciency in wastewater, including different parameters such as pH and 
current density. 
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