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ARTICLE INFO ABSTRACT

Keywords: Contamination of water bodies is a global environmental and human health issue. Conventional water treatment
TiO,/CaTiO3/Cuz0/Cu systems cannot efficiently eliminate organic contaminants, particularly drugs. Photocatalysis is a promising,
Cu species

environmentally friendly oxidation process for the removal of such compounds. A key point is the choice of
material to be used as photocatalyst. Here, TiO2/CaTiO3/Cuz0/Cu composites were fabricated by adding
different amounts (x) of graphene oxide (GO) (x wt% = 1, 3, and 5 %) to CaCu3Ti4O12 powder using the solid-
state synthesis method. The produced pellets were sintered under inert nitrogen atmosphere at 1100 °C for 3 h.
X-ray diffraction analysis showed that the Cu metal amount was increased upon GO addition, and the UV-Vis
diffuse reflectance spectroscopy showed that the spectral response was extended to the visible range. Then, high
performance liquid chromatography assessment of paracetamol degradation by a photocatalytic cell using TiOy/
CaTiO3/Cuz0/Cu composites with different GO amounts showed that the removal efficiency was increased upon
introduction of 0.5 mM peroxymonosulfate (PMS) as active component to generate *SO4- radicals. After 3 h under
visible light, 96 % of 10 ppm paracetamol was degraded by the composite with 3 % of GO (1 cm? surface
photocatalyst) compared with 50 % by the composite without GO in the same experimental conditions (PMS in
210 mL of aqueous solution). Free radical trapping and the acute toxicity of potential degradation by-products
were also investigated. Our results indicate that TiO/CaTiO3/Cu0/Cu with 3 % GO displays long-term stability
and durability for the photocatalytic removal of pharmaceutical pollutants from wastewater.
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1. Introduction

Fresh water is becoming one of the scarcest resources on Earth, and
the availability of safe drinking water is a problem for many countries.
Pollution is one of the most important causes of water scarcity and also
of environmental disasters and health risks [1-3]. Water sources can be
contaminated by many different hazardous contaminants, such as drugs,
pesticides, dyes, phenolic compounds, and chemicals used by industries
[4,5]. One solution to this issue is to improve wastewater treatment
using water recycling techniques that allow adequate filtration and
purification [6,7]. However, the removal of organic contaminants by
conventional wastewater treatment systems is incomplete (even when
present at low concentration) and leads to the generation of more toxic
by-products [8,9].

In the last decade, effective and ecofriendly technologies have been
developed for the degradation of these difficult-to-remove pollutants
[10,11]. For instance, advanced oxidation processes have been tested for
the elimination of various pharmaceutical polluants [12,13]. Photo-
catalytic degradation is considered a promising method for the degra-
dation of different organic compounds [14]. This technique can convert
solar energy into chemical energy that induces radical formation on the
semiconductor surface [15,16]. These radicals participate in the redox
reactions and improve the fast and non-selective mineralization of trace
contaminants [17]. Among the formed radicals, *SO4~ radicals have a
strong oxidation-reduction potential (2.5-3.1 V), long half-life (up to
40 ps), high selectivity, and wide working pH range (from 2 to 8) [18].
The term 'mineralization’ is specifically referring to a complex degra-
dation process. This process involves the breakdown of organic matter
or compounds. In essence, mineralization represents the transformation
of organic substances into their inorganic components, primarily CO5
and H3O, through a series of chemical reactions.

Sulfate radical-based AOPs (SR-AOPs) have shown a higher perfor-
mance in the degradation of biorefractoty pollutants in wastewater
treatment. This superiority is related to the various advantages (cited
above) [19,20]. The principle of this method is based on the in-situ
generation of °SO4 radicals trough a precursor salt, perox-
ymonosulfate (PMS, HSOg). The oxidant PMS can be easily dissolved in
water and provide a series of oxidizing processes by breaking O-O bonds
due to the long bond distance 1.460 A [20,21]. Different ways can be
used to generate *SO4 radicals through the activation of PMS including
UV, metal ions, electrochemical, metal oxides, carbon material
[19,22,23]. In particular, these radicals are produced by photocatalysis
through PMS activation by electrons generated upon exposure to ul-
traviolet (UV) radiation [24,25]. In recent years, scientists have pro-
posed to combine several activation methods in order to take full
advantage of their benefits and reduce their drawbacks [26]. Therefore,
in this work we will study the effect of hybrid activation with visible
light and transition metal ions and metal oxides.

Titanium dioxide (TiO3) and calcium titanate (CaTiO3) represent an
important class of photocatalysts for organic pollutant removal because
of their good photocatalytic activity and stability, chemical inertness,
and limited cost [27-30]. However, their wide bandgap energy hinders
their utilization under visible light, and the fast electron — hole pair
recombination reduces the photocatalytic reaction -effectiveness
[31-33]. These limitations could be overcome by fabricating hetero-
structures. Indeed, the formation of heterojunctions is a practical strat-
egy to increase the separation efficiency of photogenerated charge
carriers, to reduce the electron-hole pair recombination, and to promote
photocatalysis [34,35]. Many research groups have reported the effect
of coupling TiOy and CaTiOs3 for photocatalytic applications [36]. Gao
et al. showed that a TiO,-CaTiO3 composite greatly enhances Nj
reduction by photocatalysis [37]. They confirmed that the tight struc-
ture between CaTiO3 and TiOy improves the separation of the photo-
generated charges and increases the number of catalytically active
sites [36]. The CaTiO3/TiO3 heterostructure composites prepared by Lin
et al. using an in situ hydrothermal method strongly increased the
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photocatalytic reduction of CO, under irradiation and their CO pro-
duction was 5.6 times higher than that of bare TiO, nanosheets [38].

Recently, many researchers have been trying to shift photocatalytic
degradation towards the visible light spectrum by coupling TiO2 with
low bandgap semiconductors and by metal doping [39,40]. Copper-
based species, such as cuprous oxide (CuzO) and metallic copper
(CuY), are interesting for moving TiO, absorption edge towards the
visible light region. They also increase the electron-hole pair lifetime
and accelerate the charge transport, thus improving TiO, photocatalytic
features [41-43]. Cuz0, a p-type semiconductor with a narrow bandgap
(~2.2 eV) [43,44], is a good candidate to form a p-n heterostructure
with TiO, for increasing the optical absorption of visible light [41].
Moreover, Cu-doped TiO; is considered a promising catalyst because Cu
atoms can be incorporated into the crystal lattice, increasing the ab-
sorption of solar irradiation [45,46]. In addition, copper-based materials
are excellent catalysts, compared with other transition metals, for PMS
activation to produce *SO4- radicals [47,48]. The formed Cu™— Cu [2]"
and Cu?*- Cu®" redox pairs can promote *SO4~ generation via PMS
activation [49]. Wang et al. synthetized Cu®-Cu,O using a simple ball-
milling method to be used as catalyst for persulfate activation during
sulfamerazine degradation under UV light. The Gu®-Cu,0/persulfate/
UV system completely removed sulfamerazine in 30 min. This shows
that Cu® and the photoinduced electron transfer from CuyO promote
cu?* conversion into Cu™. In turn, Cuy0 acts as an active site for PMS
activation and formation of sulfate radicals [50].

In the last decades, graphene/metal oxide photocatalysts have been
investigated to enhance photocatalysis efficiency [51]. Graphene is a
two-dimensional material that can be combined with different metal
oxides due to its high conductivity, mechanical strength and flexibility,
and big specific surface area [51,52]. Graphene derivatives, such as
graphene oxide (GO), promote rapid electron transfer by decreasing the
charge carrier recombination in metal oxides. For example, Li et al
introduced GO into Ag-CuO to form a Ag-CuyO/GO ternary nano-
composite for photocatalytic degradation of methyl orange. The nano-
composite displayed excellent photocatalytic activity (90 % of dye
eliminated in 60 min) that was much higher than that of CupO and Ag-
Cu20. Indeed, GO good electrical conductivity facilitates charge transfer
and reduces the electron-hole pair recombination [53]. GO can also
prevent the degradation of metal oxide nanoparticles in water to prolong
the photocatalyst life [52]. Fan et al. prepared a series of ZnO-graphene
composites by hydrothermal reaction for methyl blue degradation. They
observed that such composites significantly inhibited ZnO photo-
degradation [54]. In addition, transition metals may be partially
reduced in oxide materials through GO oxidation during the sintering
step [55].

All these works highlight the interest and also the complexity of
designing high-performance photo-catalytic systems based on metal
oxide-graphene-metal nanocomposites for organic compound degrada-
tion. Therefore, it is crucial to find a simple and rapid method to produce
photocatalytic heterostructures.

To the best of our knowledge, no study has examined the enhance-
ment of CCTO reduction in the presence of graphene oxide under ni-
trogen. Furthermore, the heterojunction of CuO, TiO,, Cu metal, and
CaTiO3 for water treatment has not been previously investigated
through the activation of peroxymonosulfate.

In this work, we describe the fabrication of new CaTiO3-TiO,-Cu,0-
Cu heterojunction composites from a CaCu3Ti4O12 (CCTO) precursor
using a one-step sintering process. First, we prepared the pure CCTO
powder by ball-milling and thermal treatment. Then, we added different
GO amounts to the CCTO powder and pressed them into pellets. After
sintering at high temperature in an inert atmosphere, the CCTO com-
posites were decomposed into a mixture of TiO2, CaTiOs, Cuz0 and Cu.
During sintering, GO oxidation changed the CuyO-Cu weight fraction
and the growth direction of metallic Cu. We then characterized the
morphology, structure, and optical properties of the prepared compos-
ites, and tested their photocatalytic activity for paracetamol degradation
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in the presence of PMS under visible light.
2. Experimental section

2.1. Chemicals

Titanium (IV) oxide (TiO3, CAS Number: 13463-67-7, 99.5 %, Sigma
Aldrich), calcium carbonate (CaCOs, CAS Number: 471-34-1,
99.95-100.05 %, Sigma Aldrich), and copper (II) oxide (CuO, CAS
Number: 1317-38-0, 98 %, Alfa Aesar) were used to prepare the CCTO
powder. Graphite (CAS Number: 7782-42-5, graphite powder < 20 pm,
synthetic), sulfuric acid (HoSO4, CAS Number: 7664-93-9, 99.999 %),
phosphoric acid (HsPO4, CAS Number: 7664-38-2, 99.99 %), potassium
permanganate (KMnOg4, CAS Number: 7722-64-7, 99.0 %), hydrochloric
acid (HCI, CAS Number: 7647-01-0, 37 %), and absolute ethanol (CAS
Number: 64-17-5), from Sigma Aldrich, were used to prepare GO. Poly
(vinyl alcohol) (CAS Number: 9002-89-5, 99 %, Sigma Aldrich) was
used as organic binder for pellet preparation. Potassium hydroxide
(KOH, CAS Number: 1310-58-3, >85 %), OXONE® (KHSOs0.5KH-
S04:-0.5K3804, CAS Number: 70693-62-8), and paracetamol
(CH3CONHCgH40H, CAS Number: 103-90-2, BioXtra, >99.0 %) were
from Sigma Aldrich. All reagents were used without any further
purification.

2.2. Graphene oxide preparation

Natural graphite powder was used as raw material for GO prepara-
tion following the modified Hummer’s method [56]. First, 3 g of
graphite powder was dissolved in HySO4/H3POy4 (9:1) solution by stir-
ring for ~ 5 min. Second, 18 g of KMnO4 was added to the mixture and
stirred for 12 h. Upon addition of 3 mL Hy0; under vigorous stirring, a
brown precipitate was observed. After centrifugation at 600 rpm for 10
min, the precipitate was washed with 30 % HCI solution and then with
deionized water and ethanol for several times. The resulting product was
dried at 50 °C for 24 h to obtain pure exfoliated GO.

2.3. Synthesis of the pure CaCusTi4O;12 powder

CCTO powder was prepared using the solid state method. Stoichio-
metric amounts of CuO, TiO, and CaCO3 (as shown in Eq. (1) were
mixed by ball milling in an alumina (Al,03) jar with balls (precursors/
ball ratio = 1/9; rotation speed = 350 rpm) for 5 h to obtain a homo-
geneous mixture with nanocrystalline particles. Then, calcination in a
muffle furnace under ambient atmosphere at 900 °C for 3 h (heating rate
of 5 °C/min) led to the formation of the pure CCTO phase.

CaCOs3 + 4TiO; 4 3CuO — CaCu3TigO;2 + COx(1)

2.4. Preparation of pellets with different graphene oxide amounts

The pure CCTO powder was granulated without and with different
amounts (x) of GO (x wt% = 1, 3, and 5 %) by adding poly (vinyl
alcohol) as organic binder in an agate mortar. The different powder
mixtures were then pressed into pellets (diameter of 10 mm and thick-
ness of 1-2 mm) under a pressure of 5 T, followed by sintering in a
tubular furnace at 1100 °C for 3 h (inert nitrogen atmosphere, flow rate
of 200 mL min ", heating and cooling ramp rates set at 2 °C min~*). The
treatment under nitrogen atmosphere leads to the decomposition of
CCTO as shown in Eq. (2).

CaCu3TisO1, — CaTiO3 + 3TiO; + 1.5Cu,0(2)

With the presence of CCTO and GO, the reaction in Equation (2)
occurs in addition to Equation (3), as follows:
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Then, pellets were cooled to room temperature (Fig. 1). Four
different pellet types were prepared: pure TiO,/CaTiO3/Cu0/Cu (CTO-
Cu), TiO2/CaTiO3/Cuz0/Cu/1%GO (CTO-Cu-1GO), TiO2/CaTiO3/
Cu20/Cu/3GO (CTO-Cu-3GO), and TiO,/CaTiO3/Cus0/Cu/5GO (CTO-
Cu-5GO). CTO was used to define the TiO, and CaTiO3 phases whereas
Cu indicated the Cup0 and Cu metal phases. The pellet surface was dry-
polished with emery paper (grit number #600) before use. In fact, uti-
lizing pressed pellets as catalyst carriers offers enhanced stability,
simplified handling, and efficient recycling, making them the preferred
choice for various industrial applications as mention in SI on page 1.

2.5. Physical and chemical characterization of the prepared pellets

The surface morphology was investigated using a Hitachi S4800
scanning electron microscope (SEM). Elemental mapping was obtained
with a Zeiss EVO HD15 microscope coupled to an Oxford X-MaxN EDX
detector. X-ray diffraction (XRD) measurements were done with a
PANAlytical Xpert-PRO diffractometer equipped with an Xcelerator
detector using Ni-filtered Cu-radiation with a wavelength of 1.54 A
(scan step size = 0.0020889°/step, time per step = 200.660 sec/step,
and 20 = 20°-80°). The pellets’ crystal structure was determined using
Rietveld refinement with the FULLPROF software [57] and the profile
function 7 (Thompson-Cox-Hastings pseudo-Voigt convoluted with an
axial divergence asymmetry function) [58]. The instrument resolution
function was obtained from the structure refinement of a silicon stan-
dard. Pellets were also characterized by dispersive Raman spectroscopy
(HORIBA LABRAM, A = 659 nm). The laser power was set to 20 W with
the following acquisition conditions: continuous mode of 10 s, snapshot
time of 7 s, 2.5 number of accumulations set to 30 times. The pellet
elemental composition was determined by X-ray photoelectron spec-
troscopy (XPS) and a monochromatic X-ray source (Al-K,, 1486.6 eV —
Resolution FWHM 0.45 eV). Continuous wave (cw) Electron Para-
magnetic Resonance (EPR) measurements at 9.78 GHz (X-band fre-
quency), at room temperature, were done with a Bruker B-ER420
spectrometer, upgraded with a Bruker ECS 041XG microwave bridge
and a lock-in amplifier (Bruker ER023M), using a Bruker TE; o, resonator
to apply a modulation frequency of 100 kHz. Most measurements were
done with a modulation amplitude of 2 G and with 20 dB mw attenua-
tion. Only for the direct comparison with the CCTO reference, a mod-
ulation amplitude of 1 G and a 30 dB mw attenuation were chosen.
Powdered samples (0.08-0.09 g) were measured in quartz tubes that had
an outer diameter of 2.9 mm and a filling height of ~ 10 mm.

2.6. Optical and electrical properties

The pellets’ optical bandgap energy was determined with a UV-Vis
spectrophotometer (Jasco model V- 570) that had a diffuse reflectance
attachment (Shimadzu IRS-2200) in the wavelength range of 200-800
nm. The pellets’ charge transport resistance was quantified by electro-
chemical impedance spectroscopy (EIS) using a Solartron SI 1287
galvanostatic-potentiostat, and 1 M KOH as supporting electrolyte with
a three-electrode configuration. CTO-Cu pellets with different GO
amounts were used as working electrodes, platinum wire as counter
electrode, and Ag/AgCl as reference electrode. The EIS spectra were
obtained at 10 mV amplitude, and a frequency range from 0.01 Hz to 10
[5] MHz.

2.7. Paracetamol mineralization

Paracetamol was used as a reference pharmaceutical pollutant to
evaluate the CTO-Cu-GO pellet performance for the degradation of
organic compounds. All experiments were carried out in a custom-built
Teflon cell that contained 210 mL of aqueous solution with 10 ppm
paracetamol and 0.5 mmol/L PMS as active components. During the
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Fig. 1. Schematic illustration of the multi-step CTO-Cu-GO composite synthesis.

experiments, the solution was continuously stirred at 800 rpm. A visible
light source (150 W linear halogen lamp; range of 420-600 nm) was
used for irradiation. Pellets were positioned vertically in the cell facing
the incident light, and the distance between the lamp and the quartz
window was maintained at 10 cm. For all experiments, 1 mL aliquots of
the solution were collected using a disposable syringe every 30 min
(240 min in total) and filtered.

2.8. Analytical methods

2.8.1. High-performance liquid chromatography-mass spectrometry

High-performance liquid chromatography (HPLC) coupled to mass
spectrometry (MS) was used to monitor paracetamol concentration in
the solution aliquots collected at different time points. The HPLC-MS
system included a Waters 2695 pump, autosampler with 20 uL loop,
Waters 2695 separation module (HPLC), and Waters Micromass
(Wythenshawe, Manchester, UK) Quattro Micro mass spectrometer
equipped with electrospray ionization. Separation was carried out using
a C18 on a Waters column - XSelect HSS T3 (L. = 100 mm, D. I = 2.1 mm
and 2.5 pum particles size) column at 25 °C. The mobile phase was 97 %
of buffer A (0.1 % formic acid in HPLC-grade water) and 3 % of buffer B
(HPLC-grade acetonitrile and 0.1 % formic acid). The flow rate was
constant at 0.25 mL min % and the run was 3 min. The triple quadrupole
MS, coupled to the HPLC instrument, was operated in the positive
electrospray ionization mode. MS was adjusted to facilitate ionization in
order to achieve the best sensitivity. The detection conditions were:
capillary potential 3.5 kV, cone potential 25 V, collision energy 20 V,
source temperature 120 °C, desolvation temperature 450 °C, cone gas
flow 50 Lh™!, and desolvation gas flow 450 L h~!. The nebulizer gas was
nitrogen (99.5 % purity).

Paracetamol removal efficiency was calculated with Eq. (1) [59]:

(Co—-0)

.100 1
G @

Removal efficiency(%) =

where Cy (mg L'l) and C (mg L'l) are the paracetamol concentrations in
the solution at the initial time t = 0 (min) and at different time points
after mineralization initiation under visible light, respectively.

2.9. Scavenger studies

Radical trapping tests with scavengers were carried out to identify
the main reactive species implicated in paracetamol degradation.
Different scavenger types were added to our system: 0.66 mM of eth-
ylenediaminetetraacetic acid (EDTA) and 6.6 mM of p-benzoquinone (p-
BQ) to quench holes (h™) and superoxide radicals (*Oy), respectively;
660 mM M tert-butyl alcohol (TBA) and 660 mM methanol (MeOH) to
quench hydroxyl radicals (*OH), and sulfate (*SO4-) and *OH radicals,
respectively.

2.10. Micro-toxicity tests

To monitor the acute toxicity of by-products generated during
paracetamol degradation, the bioluminescence inhibition assay is used
to measure the luminescence changes in marine bacteria [60] (the Vibrio
fischeri LCK 487 strain in this study). Measurements were performed
with a Microtox® Model 500 Analyzer (Modern Water Inc.; United
Kingdom) coupled to the MicrotoxOmni® software for data analysis.
First, 5 mL of reagent diluent was added to allow V. fischeri reconstitu-
tion at 5 °C. Then, the reagent was stabilized by transferring 200 uL of
the solution to the cuvettes at 15 °C for 15 min. V. fischeri bacteria were
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activated by adding 22 % NacCl solution to the mixture for the dilution to
0.27 % of the initial sample concentration. This dilution was chosen to
increase the bioluminescence measurement sensitivity and the detection
of acute toxicity, even at extremely low concentrations of toxic com-
pounds. In fact, the presence of toxic elements can reduce V. fischeri
activity and thus their luminescence. V. fischeri luminescence inhibition
rate was calculated with Equation (2) [61]:

1(1)(%) = (1 71#(3(0)).100 )

where LU(t) is the intensity of the luminescence emitted by V. fischeri
after 5 min or 15 min of contact with the sample, LU(0) is the initial
bacterial luminescence intensity before sample addition, and R(t) is the
correction term. Indeed, in the absence of toxicity, luminescence
decreased over time and due to the action of the environmental condi-
tions. Therefore, the errors due to these factors must be compensated by
taking into account the luminescence variability R(t) in a control solu-
tion (MilliQ water and NaCl) that gives the LUO(0) value. The correction
term R(t) was calculated using Equation (3) [62]:

LUO(z)

R0 = Toowy

100 3

where LUO(t) is the intensity of the luminescence emitted by V. fischeri
after 5 min or 15 min of contact with the control solution (MilliQ water
and NaCl), and LUO(O) is the initial luminescence intensity before
addition of the control solution.

3. Results and discussion
3.1. Characterization of the synthetized composites

CCTO powder was used as precursor to obtain the CTO-Cu-GO
composites (Fig. 1). First, the pure CCTO phase was prepared by solid-
state synthesis followed by calcination at 900 °C under air for 3 h.
Then, pellets were formed by mixing the powder with different GO
amounts (1, 3 and 5 %). Finally, pellets underwent sintering at 1100 °C
under nitrogen atmosphere to obtain the CTO-Cu-GO samples.

SEM photographs of the prepared CTO-Cu-GO pellets (Fig. 2) indi-
cated that GO addition did not significantly change the sample
morphology compared with the CTO-Cu sample. To better understand
the sample composition and the element distribution, SEM/EDX
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mapping of the sample surface was performed (Fig. S1). This showed the
homogeneous distribution of Cu atoms over the CTO-Cu-GO sample
surface and confirmed the presence of Ca, Cu, Ti and O elements in all
CTO-Cu-GO composites.

The XRD patterns of CTO-Cu, CTO-Cu-1GO, CTO-Cu-3GO, and CTO-
Cu-5GO (Fig. 3a) revealed that all samples were composed of four
crystalline phases (TiO5 rutile, CaTiO3, Cuz0, and metallic Cu), but with
different weight fractions. However, neither XRD reflections attributed
to GO nor any other crystalline carbon/carbide phase were observed.
This might be explained by the destructive oxidation of GO and of any
other carbon residues upon sintering. The low content (1, 3 and 5 %) and
low scattering ability of GO to X-ray radiations might be another reason.
However, the Raman and XPS spectra confirmed GO oxidation in the
samples, as discussed below. Therefore, the fabricated samples are TiO5-
CaTiO3-Cuy0-Cu composites.

The Rietveld refinement method was used to determine the quantity
of each crystalline phase in the final samples. The plots of the final
Rietveld refinement cycle using the XRD data for CTO-Cu, CTO-Cu-1GO,
CTO-Cu-3GO, and CTO-Cu-5GO (Fig. 3b-e) confirmed that TiO,,
CaTiOs, Cup0 and Cu were the main crystalline phases in all samples
after sintering. The quantities of the formed crystalline phases are listed
in Table 1. In all samples, TiO5 rutile was the main phase (45-58 %). The
weight fraction of metallic Cu increased and that of the CuyO phase
decreased upon increasing the amount of GO. These results suggest that
Cuy0 is reduced during GO thermal decomposition under Ny, in agree-
ment with the results of our previous work [55]. It has been reported
that several transition elements can be reduced by CO oxidation and
might be released during the decomposition of carbon-based materials
[63,64]. The CTO-Cu-3GO composite contained the highest amount of
metallic Cu (24.7 + 0.1 wt%). The weight fractions of the formed
crystalline phases extracted from the Rietveld refinement (Table 1) show
that the pure CTO-Cu sample has a small amount of metallic copper (5.7
=+ 0.1) and a high percentage of Cup0 (19.1 £ 0.1). After the addition of
1 % GO, we can see that the weight fraction of metallic copper increases
(7.3 £ 0.1) inducing a decrease in the amount of CupO (14.3 + 0.1). We
can realize that an amount of 1 % of GO could reduce Cu™ to Cu® during
the oxidation of GO. However, this percentage was not enough to have a
strong reduction of Cu30. In comparison, by adding 3 % GO, the amount
of CuyO decreases further to 7.0 + 0.1 and that of Cu metal increases
with the higher content (24.7 + 0.1). This result means that 3 % GO is
the optimal amount to mix with CCTO to induce a strong reduction of

Fig. 2. Scanning electron micrographs of the CTO-Cu, CTO-Cu-1GO, CTO-Cu-3GO, and CTO-Cu-5GO pellets.
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Fig. 3. (a) XRD patterns of the CTO-Cu, CTO-Cu-1GO, CTO-Cu-3GO, and CTO-Cu-5GO composites. (b-e) Structure refinement of the XRD data collected at room
temperature for CTO-Cu (b), CTO-Cu-1GO (c), CTO-Cu-3GO (d), and CTO-Cu-5GO (e) pellets after 3-h sintering (1100 °C under nitrogen atmosphere).
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Table 1
Weight fractions of the formed crystalline phases extracted from the Rietveld
refinement analysis of the ex situ XRD patterns for the indicated samples.

Sample TiO, rutile (wt. CaTiO3 (wt. Cu,O(wt. Cu metal (wt.
%) %) %) %)

CTO-Cu 50.1 + 0.5 24.1 +£0.2 19.1 +£ 0.1 5.7 +0.1

CTO-Cu- 53.0 +£ 0.5 25.3+0.2 14.3 £ 0.1 7.3+0.1
1GO

CTO-Cu- 44.6 + 0.5 23.7 £ 0.2 7.0 +0.1 24.7 £ 0.1
3GO

CTO-Cu- 56.7 + 0.5 19.8 £ 0.2 8.1+0.1 15.4 +£ 0.1
5GO

Cu20 to Cu metal upon oxidation of this 3 % GO. However, with 5 % GO,
only 15.4 £ 0.1 of metallic Cu was obtained. This result suggests that the
agglomeration of GO with an amount of 5 % limits the reduction process
of Cu' to Cu®. Therefore, 3 % GO was the optimal amount to use as
precursor in the starting material to have the highest Cu content after
sintering at 1100 °C under nitrogen. The utilization of a temperature of
1100 °C was a deliberate choice to secure the stability of the resultant
composite. This high temperature served two essential purposes: firstly,
it enabled the composite to undergo a thermal treatment that enhanced
its stability, and secondly, it facilitated the transformation of CuO into
Cuz0 and Cu metal during the oxidation of GO. This elevated temper-
ature played a pivotal role in the thermal treatment and crystalline
phase alteration of the composite, ultimately yielding a material with
heightened stability and resilience.

We should notice that the decomposition of CaCusTi4O12 occurs at
1100 °C, resulting in the generation of TiO2 and CaTiOs. With the Ca to
Ti ratio in CaCusTi4O1 being 1:4, the anticipated ratio of CaTiO3 to TiOy
should ideally be 1:3. However, this deviates from the approximately 1:2
ratio indicated in Table 1. Notably, this ratio is determined through
XRD, a technique that solely identifies the crystalline portion. The
presence of other amorphous compounds/phases may be a contributing
factor, potentially causing a deviation in this ratio. Therefore, our future
objective is to conduct additional experiments to rectify and compre-
hend the origin of this deviation in the ratio. This approach aims to
enhance the accuracy of the CaTiO3 to TiO, ratio by addressing any
potential influences from the presence of amorphous compounds or
phases, thus refining the overall understanding of the material
composition.

The XRD reflection corresponding to the (111) plane of the rutile
TiO4 phase was highly asymmetric in the CTO-Cu sample (Fig. S2), but
became symmetric in the CTO-Cu-5GO composite due the higher GO
amount. The use of 5 % GO as starting material with CCTO leads to the
oxidation of this amount which induces the reduction of Cu*" to Cu*
and Cu®. This reduction led to the decrease of the microstrain and to
obtain a symmetrical plane (111) of the TiO, phase. The asymmetric
shape of the XRD reflections could be explained by the high microstrain
or the presence in the samples of several TiO, phases with different
oxidation states of Ti ions. The Rietveld refinement analysis highlighted
the high microstrain in all crystalline phases that decreased with the
increasing GO amount used (Table 2). These results suggest that the
asymmetric shape of the XRD reflections (Fig. S2) is due to the high
microstrain. The Cu® and Cu,0 grains were preferentially grown along
the [200] and [111] directions, respectively, in the CTO-Cu-3GO

Table 2
Microstrain of the formed crystalline phases extracted from the Rietveld
refinement analysis of the ex situ XRD patterns for the indicated samples.

Microstrain x10°

Sample TiO, rutile CaTiO3 Cuy0 Cu metal

CTO-Cu 3.40 £+ 0.02 2.60 £+ 0.02 5.70 £ 0.02 2.60 £+ 0.02
CTO-Cu-1GO 2.80 + 0.02 2.90 + 0.02 5.50 + 0.02 2.50 + 0.02
CTO-Cu-3GO 2.00 + 0.02 2.50 + 0.02 4.60 + 0.02 2.50 + 0.02
CTO-Cu-5GO 1.400 + 0.02 2.60 + 0.02 4.30 + 0.02 2.20 + 0.02
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sample, while both phases were preferentially grown along the [111]
direction in the CTO-Cu-5GO sample. Conversely, no preferred orien-
tation was observed for all crystalline phases in the CTO-Cu and CTO-
Cu-1GO samples. The preferred orientation of the metallic Cu® phase
along the [200] direction in the CTO-Cu-3GO sample could partly
explain its high photocatalytic activity (see section 3.2). In fact, a
reduction in the microstrain is reflected in a considerable increase in the
surface area, which improves photocatalytic activity by increasing
significantly the number of adsorption sites to breakdown more para-
cetamol molecules [65].

In the next step, Raman spectroscopy was used to determine the main
phase of the CTO-Cu materials. All plots exhibited three defined bands
(142, 443 and 610 cm ™, respectively) that corresponded to the By, Eg
and A1, modes, characteristic of the TiO rutile phase [66,67] (Fig. 4a).
Moreover, the band at 237 em™! corresponded to the second-order
scattering feature [68,69]. Besides these distinctive vibrations, no
additional peak was observed for the other phases, possibly because they
overlapped with the broad bands of pure TiO rutile. In addition, no
characteristic peak associated with the D and G bands of GO was
observed in the Raman spectra of all samples (Fig. S3), confirming GO
oxidation during sintering. The mechanism of GO oxidation will be
further investigated through thermal analysis at a later stage. The
release of CO and C, monitored by in-situ mass spectrometry, will be
attributed to the oxidation of GO during the thermal decomposition of
CCTO. Notably, the MS signals associated with C and CO, gases in the
CTO-Cu-GO samples will surpass those in the CTO-Cu sample, providing
clear evidence of the oxidation of GO in the CTO-Cu-GO samples.

XPS gave additional information on the chemical composition and
oxidation state of different elements in the CTO-Cu composites. The
high-resolution XPS scans of Ti 2p, O 1s, Cu 2p and N 1s for the pure
CTO-Cu sample and the CTO-Cu-3GO sample are shown in Fig. 4b-e.
The Ti 2p spectrum could be fitted with two peaks at 457.98 and 458.87
eV, corresponding to Ti>™ 2p3 /5 and Ti*t 2ps» (Fig. 4b), suggesting that
Ti** is reduced to Ti** during GO oxidation [34,40,46,70]. The O 1s
spectra (Fig. 4c) displayed a peak at 529.43 eV, attributed to the Ti/Cu-
O bond, and another peak at 532.08 eV, assigned to Ti/Cu-OH bonds.
These results indicate strong interactions within the TiO2-CaTiO3-Cu0
heterojunction [40,41,71,72]. The Cu 2p spectra (Fig. 4d) were char-
acterized by two peaks at 933 and 953 eV that corresponded to the Cu
2p3/2 and Cu 2p1 5 peaks of Cut and Cu®, respectively. Although Cu™*
and Cu® cannot be differentiated easily because of their small difference
in binding energy [73,74], the XRD results clearly demonstrated the
existence of Cuy0 and metallic Cu® in the CTO-Cu composites. The peaks
at 934 and 954 eV corresponded to the Cu 2p3,5 and Cu 2p; 2 peaks of
Cu®", respectively. Cu?" presence was confirmed also by the shake-up
satellite at 943 eV [72,75-78]. Cu®* detection at the sample surface
was in line with the EPR results. The Cu 2p spectra strongly changed
upon addition of 3 % GO. Specifically, in the CTO-Cu-3GO sample, the
Cu?* peaks were shifted to lower binding energies, suggesting partial
reduction of CuO to Cuy0 and Cu’ during sintering under Ny in the
presence of GO [55,75,79]. The decrease in CuzO amount at the surface
after GO addition suggests a GO reduction effect during sintering and is
in agreement with the XRD and EPR data. The Cu® ratio significantly
increased, whereas Cu?* and Cu* decreased due to GO oxidation at high
temperatures, leading to CuO reduction to metallic Cu®. The absence of
CuO reflections in the resulting XRD pattern (see Fig. 3) could be
explained by the small CuO amount, low crystallinity degree, or small
cluster sizes. Finally, in the N sl spectra (Fig. 4e), a single peak at
399.97 eV was detected. This typical peak corresponded to interstitial N
[80]. A common peak at 284.8 eV, which corresponds to C-C bonds, was
observed in the XPS spectra of C 1s for the GO, CTO-Cu and CTO-Cu-3GO
samples (Fig. S4). Unlike what observed in the GO spectrum, no peak
was detected at higher binding and corresponding to C-O and O-C = O
bonds for the CTO-Cu-3GO sample. This confirmed GO oxidation during
sintering under Ny atmosphere. These results are in good agreement
with the XRD and Raman data. Carbon detection in the pure CTO-Cu
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sample can be attributed to the PVA used as organic binder during pellet
preparation and/or to the carbon felt support placed inside the alumina
boat used for sintering.

The XPS results were confirmed by the EPR measurements.
Compared with CCTO, in the cw EPR spectra of the CTO-Cu sample (fig.
S5a-b), the signal intensity of the broad Cu?" EPR signal at g = 2.15 was
strongly decreased (by a factor of ~ 2800). This is in line with other
results indicating Cu®" reduction to Cu™ or Cu® in the CTO-Cu sample.
However, the ABp;, linewidth of the weak Cu?* signal was comparable in
the CTO-Cu sample and in the CCTO reference (35 G vs 32 G), suggesting
similar interactions for the residual Cu?" species in the two samples.
This could indicate the presence of small amounts of residual CCTO in
the CTO-Cu reference.

Comparison of the cw EPR spectra (obtained at room temperature) of
the CTO-Cu, CTO-Cu-1GO, CTO-Cu-3GO and CTO-Cu-5GO samples
(Fig. 4f, g) indicated that the CTO-Cu reference displayed the highest,
but still very weak, cu?t signal (between 310 and 330 mT). The (ab-
solute) intensity of the Cu?" signal was similar in the CTO-Cu-1GO and
CTO-Cu-3GO samples and was higher than in the CTO-Cu-5GO sample.
Next to the broad Cu?" line, all samples displayed signals that were
attributed to Mn3* species (between 335 and 380 mT), presumably due
to small amounts of Mn impurities linked to the use of potassium per-
manganate during GO preparation. The absence of Mn detection by XPS
suggests minimal amounts of Mn impurity in the samples (<0.1 at%).

Oxygen vacancies are expected to be produced in the final compos-
ites with the partial reduction of Ti*" and Cu®" induced by the oxidation
of GO. However, it is quite challenging to accurately determine oxygen
vacancies in the obtained composites by fitting XPS spectra. As a result,
EPR analysis was conducted on CTO-Cu and CTO-Cu-GO samples.
Fig. 4f, g show that all the samples display a broad Cu* signal indicating
Cu®* reduction to Cu* or Cu’. However, it should be noted that these
EPR measurements cannot completely exclude changes in the existence
or amount of oxygen vacancies, as only paramagnetic oxygen vacancies
may be detected by EPR.[55].

As the photocatalytic activity is strongly related to the material op-
tical absorption capacity in the visible light region, the optical bandgap
of the CTO-Cu-GO composites and their capacity to adsorb light were
assessed by UV-Vis absorption spectroscopy. This analysis showed the
presence of two absorption bands: one at ~ 385 nm in the UV region,
which corresponded to TiO, bandgap energy of 3.2 eV, and one at
400-600 nm, which indicated the presence of Cu'* and (Cu-O-Cu)**
clusters in the partially reduced CuO matrix (Fig. 5a). This confirmed the
co-existence of Cu metal and Cuy0, in line with the XRD data [81]. The
energy bandgap values, estimated from the Tauc plot (Fig. 5b) were 2.53
+0.02, 2.39 £+ 0.02, 2.28 + 0.01, and 2.61 + 0.03 eV for CTO-Cu, CTO-
Cu-1GO, CTO-Cu-3GO, and CTO-Cu-5GO, respectively. Therefore, all
fabricated composites could adsorb visible light due to the combination
of TiO, with metallic Cu® and Cu,0. After GO addition, a slight redshift
was observed in the optical bandgaps with the increase of Cu amount.

Applied Surface Science 656 (2024) 159698

The CTO-Cu-3GO sample had the lowest bandgap value, due to the in-
crease in metallic Cu® content. These results are in good agreement with
previous studies [82,83]. The redshift can be explained by incorporation
of Cu ions in the TiO, lattice to ensure charge balance after rearrange-
ment of the neighboring atoms, resulting in the lattice deformation. The
lattice deformation, caused by Ti** substitution with Cu2+, affects the
electronic structure of the TiOy crystalline lattice, thus modifying TiOy
optical absorption [84,85]. Conversely, absorption in the visible light
region by the CTO-Cu-5GO sample was decreased due to the lower Cu
metal content.

The photocatalytic activity of the semiconductor is highly connected
to its optical absorption capacity in the visible range. According to the
literature, the band gap values of photocatalysts diminish progressively
as the quantity of metallic copper increases due to the incorporation of
copper ions into the TiO,. The XRD data demonstrate that CTO-Cu-3GO
contains the highest amount of metallic copper when compared to the
other samples. In addition, the XPS analysis indicates that the oxidation
of GO results in the partial reduction of CuO to metallic copper in the
CTO-Cu-3GO. Furthermore, the EPR measurement confirm the XPS data
by providing additional information on the the signal intensity of the
broad Gu* EPR signal, confirming the reduction of Cu?* to Cu*and Cu®.
As a result, the presence of copper ions modifies the electronic structure
of the TiO3 crystalline lattice, resulting in a change in optical absorption
to the visible light region, particularly in the case of the CTO-Cu-3GO
sample [83,84]. These findings align with the results obtained from
XRD and XPS analyses, providing further confirmation of the effective
incorporation of copper into the TiO, lattice.

The transfer efficiency of the photogenerated electron-hole pairs was
investigated by EIS. A smaller arc radius in the Nyquist plot indicates
higher charge transfer capacity and faster separation of photoinduced
carriers [86-88]. The results were fitted with the Z-View software using
the representative equivalent electrical circuit of Rg + Qcpg//R¢t where
Rg is the electrolyte resistance, Qcpg the constant phase element, and Rt
the charge transfer resistance. Comparison of the Nyquist plots (Fig. 5c)
showed that the pure CTO-Cu sample had the largest semi-circle, indi-
cating the highest resistance. The semi-circle diameter decreased upon
GO addition, especially in the CTO-Cu-3GO sample that displayed the
smallest arc radius.

For the quantitative analysis, Table 3 shows the Rg and R values.
Comparison of the resistance values (CTO-Cu > CTO-Cu-1GO > CTO-Cu-
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Table 3
EIS parameters in the tested catalysts.
Sample RQ (Ohm) Ree (Ohm)
CTO-Cu 2.8 2227.8
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Fig. 5. (a) UV-Vis diffuse reflectance spectroscopy. (b) Tauc plot;.(c) Electrochemical impedance spectroscopy data of CTO-Cu, CTO-Cu-1GO, CTO-Cu-3GO and CTO-

Cu-5GO samples (sintered at 1100 °C under nitrogen for 3 h) as Nyquist plots.
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5GO > CTO-Cu-3GO) indicated that CTO-Cu-3GO displayed the most
rapid interfacial charge migration. This could be related to the effective
separation of electron-hole pairs induced by the increase of metallic Cu®
concentration with 3 % of GO and the incorporation of CTO, Cuz0 and
Cu in TiOs. The resistance increase in the CTO-Cu-5GO sample is in
agreement with its large bandgap energy value.

Since the CTO-Cu-3GO sample has the lowest resistance among all
catalysts, cyclic voltammetry was performed using this pellet under dark
and visible conditions to compare the effect of irradiation on the current
response. Fig. S6 shows the CV curves of catalyst in 1 M KOH as elec-
trolyte at a scan rate 25 mV. s . It can be seen that the current intensity
of the anodic and cathodic peaks increases after exposure to visible light
irradiation. The CTO-Cu-3GO pellet showed an improved photocurrent
response due to the rapid migration, and separation of photo-generated
electron-hole pairs to enhance the redox reactions.

3.2. Photocatalytic degradation of paracetamol

The CTO-Cu-GO pellets’ photocatalytic activities were investigated
by monitoring the degradation of 10 ppm paracetamol in 210 mL of
aqueous solution in the presence of PMS. The solution was maintained
under stirring throughout the entire degradation period. All the catalysts
were utilized in the form of pellet, positioned vertically within the cell to
directly face the incident light. After 180 min under visible light, the
pure CTO-Cu sample led to the lowest paracetamol removal rate (50 %)
compared with CTO-Cu-1GO, CTO-Cu-3GO and CTO-Cu-5GO (60 %, 96
% and 80 %, respectively)(Fig. 6). The finding that the highest para-
cetamol degradation rate was obtained with the catalyst that contained
24.7 wt% of Cu (i.e. CTO-Cu-3GO) suggests that the degradation effi-
ciency increases with the Cu content. In agreement, paracetamol
removal by CTO-Cu-5GO, which includes only 15.36 wt% of Cu, was 16
% lower than with CTO-Cu-3GO. These results indicate that the syner-
gistic effects of the TiO5-CTO-Cuy0-Cu heterojunction strongly improve
the photocatalytic efficiency under visible light. This can be explained
by the following roles of the three phases: (i) the CaTiO3 phase and
copper species may increase the charge transfer in the CTO-Cu-3GO
composite, as already indicated by the EIS data, to produce a higher
number of active radical species and reduce the electron-hole pair
recombination during the photocatalytic process [38,45,89]; and (ii) the
Cu species contribute to shift the absorption to the visible spectrum (see
the UV reflectance results), strongly increasing paracetamol removal
under visible light [83,90]. Furthermore, TiO; rutile plays a dual role
within our catalyst system: Firstly, it functions as a robust structural
support material, ensuring the composite’s endurance and stability
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throughout extended photocatalytic processes. This stability is pivotal
for practical applications, as it safeguards the catalyst’s structural
integrity over prolonged use. Additionally, rutile operates as a co-
catalyst, actively engaging in redox reactions and augmenting the sep-
aration of charge carriers when partnered with other materials like
CaTiOs, Cuy0, and Cu metal. This collaboration yields synergistic effects
that heighten the overall efficiency of the photocatalytic process. By
adopting this multi-material strategy, we can effectively mitigate the
limitations associated with rutile’s individual photocatalytic perfor-
mance, all while leveraging its structural support and co-catalytic con-
tributions to attain superior overall performance. In addition, the
preferred orientation of the metallic cu® phase along the [200] direc-
tion relates to the enhanced photocatalytic activity in the CTO-Cu-3GO
composite. This particular orientation is instrumental in promoting
efficient charge transport within the material by minimizing electronic
obstacles. As a result, it enables electrons and holes generated during
photocatalysis to traverse the material more freely. This assertion is
supported by impedance measurements, where the CTO-Cu-3GO sample
exhibited notably accelerated interfacial charge migration compared to
the other samples. In the [200] oriented Cu® phase, these charge car-
riers are more likely to be spatially separated, reducing the recombi-
nation and increasing the chances of participating in redox reactions.

In order to verify the importance of combining different metal ox-
ides, the performance of our catalysts was compared to CaTiO3 and TiO,
pellets on the photocatalytic degradation of paracetamol using the same
conditions as mentioned in section 2.7. The results (Fig. S7) indicate a
degradation of 46 % and 32 % of paracetamol after 4 h using CaTiO3 and
TiOy pellets, respectively. The comparison of the efficiency of these
catalysts with our CTO-Cu-3GO catalyst confirms the necessity of
combining TiO,, CaTiO3, Cu metal, and CuyO.

An ideal photocatalyst for the degradation of organic pollutants
should be stable and reusable. The CTO-Cu-3GO composite durability
was evaluated by measuring paracetamol degradation using the same
catalyst for five cycle. After each cycle, the CTO-Cu-3GO sample was
washed in deionized water and used again. Paracetamol degradation
was not affected after five cycles (Fig. 7a), indicating that the photo-
catalyst is stable and can be reused to degrade pharmaceutical pollutants
under visible light. In order to evaluate the effect of 5 cycles of degra-
dation on the same CTO-Cu-3GO photocatalyst, SEM analysis was per-
formed on the surface of the used pellet compared to the fresh sample.
Fig. S8 shows the SEM images of CTO-Cu-3GO photocatalyst before and
after 5 cycles of degradation, no significant change is detected after
degradation which indicates the maintenance of the morphology of the
heterostructure composite CTO-Cu-3GO after its reuse.
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In addition, the catalytic performance was studied by electro-
chemical impedance spectroscopy to compare the resistance and charge
transfer behaviors between fresh and used CTO-Cu-3GO pellets. Fig. S9
shows a slight increase in the semi-circle diameter of the CTO-Cu-3GO-
used sample with a little increase in resistance from 438.6 to 477.8 Ohm
compared to CTO-Cu-3GO-Fresh. This result confirms that using the
sample for 5 degradation cycles did not affect its catalytic properties and
the used CTO-Cu-3GO composite materials has strong photochemical
stability.

The concern regarding the potential leaching of copper ions after
cyclic experiments is indeed a valid one, as it is essential to ensure the
environmental safety and long-term stability of the photocatalytic sys-
tem. To address this concern comprehensively, we conducted a analysis
of the copper concentration following five cycles of our photocatalytic
process. Therefore, inductively coupled plasma mass spectrometry
(Thermo Scientific®, iCAP TQ) was employed for accurate measure-
ments. The result revealed that the leaching concentration of copper
after five cycles was exceptionally low, measuring at just 0.01 mg L.
Additionally, Table S1 indicates that the copper leaching concentration
at various time intervals is minimal (0.004-0.008 mg L1) within the first
120 min and stabilizes at 0.01 after 150 min. This finding underscores
the effectiveness of our CTO-Cu-3GO photocatalyst, in retaining copper
within the system under visible irradiation. Importantly, this low
leaching concentration falls well below established regulatory limits,
confirming the environmental safety of our photocatalytic process. This
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stability is a key indicator of the material’s robustness and its ability to
maintain its catalytic performance over extended periods.

Paracetamol mineralization degree was assessed in different condi-
tions to investigate PMS photo-assisted activation with the CTO-Cu-3GO
composite. In the PMS-Dark and CTO-Cu-3GO-Visible light conditions,
no paracetamol was degraded in 4 h (Fig. 7b), implying that PMS alone
cannot degrade paracetamol due to its limited oxidation capacity at
ambient temperature [18]. Similarly, CTO-Cu-3GO and visible light
were not enough for paracetamol oxidation. In the CTO-Cu-3GO-PMS
condition, only 10 % of paracetamol was removed, indicating that the
catalyst on its own does not activate PMS. In the presence of PMS and
visible light, 20 % of paracetamol was removed, showing that PMS
slightly promotes paracetamol photocatalytic degradation. Conversely,
the CTO-Cu-3GO-PMS-Visible light condition led to mineralization of
96 % of paracetamol in 3 h, possibly due to the synergistic effect be-
tween visible light and CTO-Cu-3GO to promote PMS activation. Indeed,
PMS can be activated by visible light irradiation to generate *SO4-, but
with low efficiency. Irradiation of the CTO-Cu-3GO catalyst induces the
generation of electron-hole pairs, and the photogenerated electrons can
directly activate PMS to produce *SO4- radicals [47,91]. Importantly, it
has been shown that the key intermediate in PMS activation to generate
*SO4~ is related to the presence of Cu" in the CTO-Cu-3GO composite
[49]. As the XPS results confirmed the presence of Cuo, Cu™ and Cu?t in
this sample, the redox cycling of Cu-based species (Cu’, Cu™ and Cu®")
plays an essential role in paracetamol degradation [92]. A possible
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mechanism may include the following steps: i) Cu® oxidation into Cu™ in
the presence of PMS to produce more Cu+ [93]; and ii) Cu®* reduction
by PMS and Cu™ regeneration by the photogenerated electrons [94]. The
fast conversion of Cu*" to Cu™ could be attributed to Cu® and the photo-
induced electrons. In fact,Cu® can act as a reducing agent, facilitating the
conversion of Cu?" ions to Cu™ ions. This reduction process involves the
transfer of electrons from Cu® to Cu?*, leading to the formation of Cu*.
The Cu" ions, which result from the reduction of Cu®", are known to be
active species capable of participating in various redox reactions [50].
All these reactions increase PMS catalytic activity, further promoting
paracetamol degradation. Therefore, it is promising to develop TiO»-
CaTiO3-Cuz0-Cu as a heterogeneous catalyst for PMS activation for use
in advanced sulfate radical-based oxidation processes. These composites
could be an attractive choice to reduce Cu leaching and prevent sec-
ondary contamination, offering an additional beneficial contribution to
pollutant removal in the photocatalysis/PMS process. In the realm of
mineralization, our focus centers on elucidating the intricate process
whereby paracetamol undergoes decomposition. This transformation
entails the conversion of paracetamol into smaller compounds, such as
short aliphatic chains, through a series of chemical reactions. It is
conceivable that this process may culminate in the generation of mineral
residues as by-products.

To understand the contribution of reactive species in the mechanism
of paracetamol degradation by the CTO-Cu-3GO catalyst, radical trap-
ping experiments were performed using MeOH (trapping reagent for
*SO4~ and *HO), TBA (for *OH radicals) [47], and EDTA and p-BQ (for h™
and *O,-, respectively) [28,95]. Paracetamol removal efficiency (in the
PMS-CTO-Cu-3GO-Visible light condition) decreased from 96 % to less
than 10 % after addition of EDTA, MeOH and p-BQ (Fig. 7c), implying
that h™, *SO4~ and *Oy~ play a dominant role in its photocatalytic
degradation. Conversely, TBA addition reduced the removal efficiency
only to 80 %, showing that *OH has a minor effect. In fact, the photo-
generated holes are indeed pivotal in driving oxidation reactions,
particularly in the context of photocatalysis. The quenching of these
holes disrupts the delicate redox equilibrium within the photocatalytic
system. In this process, the production of strongly reactive species like
sulfate or superoxide radicals frequently relies on the presence of photo-
generated holes to facilitate the oxidation of water or other precursor
molecules. When these holes are quenched, it impedes or completely
halts these critical redox reactions, thereby diminishing the system’s
capacity to efficiently degrade pollutants or accomplish other desired
chemical transformations.

Previous studies indicate that some of the intermediate compounds
generated in an aqueous environment during paracetamol decomposi-
tion may be more harmful than paracetamol [60,96,97]. Therefore,
toxicity was studied by measuring V. fischeri luminescence inhibition
after 5 min of exposure to solutions at different time points of paracet-
amol degradation. Paracetamol inhibited the luminescence signal by 55
%, but this acute toxicity decreased rapidly during paracetamol degra-
dation to reach 18 % of bioluminescence inhibition after 90 min.
Toxicity increased again (24 % of inhibition) after 2 h, suggesting the
formation of toxic intermediates, such as p-benzoquinone, benzaldehyde
and benzoic acid [62,98,99]. Afterwards, toxicity markedly declined
over time as the intermediate products were degraded, and lumines-
cence inhibition reached 0 % after ~ 12 h. These results confirmed that
although highly toxic by-products are formed early during paracetamol
degradation, they are degraded into less harmful chemicals, such as
short-chain carboxylic acids and aromatic compounds, and finally
transformed into non-toxic compounds. Furthermore, the findings from
the Total Organic Carbon analysis are quite informative. Initially, within
the first 2 h, a substantial 40 % reduction in total organic carbon was
observed. However, intriguingly, this reduction was maintained stable
after 8 h of experimentation. This stabilization can be attributed to the
formation of short aliphatic chains as a result of the ongoing chemical
processes. It’s important to note that despite the transformation of total
organic carbon into these shorter aliphatic compounds, there is no cause

12

Applied Surface Science 656 (2024) 159698

for concern regarding toxicity. In fact, the continuous rise in TOC
removal signifies the ongoing breakdown of paracetamol into by-
products and smaller organic compounds. After two hours, the TOC
removal rate peaked at 40 %, indicating the presence of smaller chain
aliphatic organic acids—specifically fumaric, oxalic, acetic, and maleic
acids—in the solution. This assertion is substantiated by the results of
the Microtox test, which unequivocally confirms the absence of toxicity
even after a 12-hour assessment period. This outcome underscores the
environmentally benign nature of the generated compounds and re-
inforces the safety of the studied processes. The PMS-CTO-Cu-3GO-
Visible light system is relatively environmentally friendly.

Fig. 8 illustrates the potential reaction mechanism for the removal of
paracetamol using the CTO-Cu-3GO photocatalyst in the presence of
PMS. This model outlines a series of steps that occur during the photo-
catalytic process.

In our analysis, diverse references guide the determination of con-
duction and valence band positions for each component. Specifically,
citing source [36], we illustrate the robust reduction capabilities of
CaTiO3 and the potent oxidation capabilities of TiO5 in photocatalytic
reactions. This implies that CaTiO3 and TiO; serve as the reduction and
oxidation zones, respectively. Additionally, referencing source [90], we
affirm that the absorption of visible light by the CuyO allows efficient
transfer of excited electrons from Cu0 to TiOo, facilitated by the lower
resistance in the copper layer’s metal contact, resulting in the generation
of holes in the valence band due to the more negative charge of the
conduction band of CuyO compared to that of TiOs.

The process begins with the exposure of the photocatalyst, CTO-Cu-
3GO, to visible light irradiation. When photons from the light source
interact with the photocatalyst, they excite electrons within the mate-
rial. The absorbed light energy promotes some electrons from their
ground state to higher energy levels, creating photoinduced electrons
and holes in the photocatalyst. These photoinduced electrons migrate
from the conduction band (CB) of Cuy0 to the CBs of other materials in
the heterojunction composite, including Cu, TiO,, and CaTiOs. This
migration of electrons is made more efficient by the presence of copper,
which has lower resistance compared to other materials. The Cu metal
phase in the composite material acts as an electron storage center. As a
result, there is a simultaneous presence of photoexcited electrons and
holes in both TiO5 and CaTiOs. On the conduction band (CB) of CaTiOs3,
there is an abundance of electrons with a high reduction capacity. These
electrons can be used in reduction processes to generate *Oy radicals,
which are reactive oxygen species. The holes generated on the valence
band (VB) of Cuy0 have the potential to react with paracetamol pol-
lutants, oxidizing them, or they can produce *HO radicals through the
oxidation of water molecules [100,101,36,90]. The transfer of electrons
is supported by the generation of reactive oxygen species and the pre-
vention of slow electron-hole recombination [102]. Cu™ ions, which are
formed during the process through the oxidation of Cu® and the reduc-
tion of Cu®*, have the ability to activate PMS, leading to the production
of *SO4 radicals [48,94]. All these radicals, including *O2 , *HO, and
*SO4 , participate in the oxidation of paracetamol.

Several types of photocatalysts have been developed and evaluated
for the photocatalytic degradation of organic pollutants. Table 4 shows
that the CTO-Cu-3GO photocatalyst removal performance is comparable
to that of other catalysts reported in the literature.

Upon investigating the effectiveness of our materials in photo-
catalysis, it becomes fascinating to evaluate how they perform in pho-
toelectrocatalysis for the removal of paracetamol. This investigation will
offer valuable insights into potential perspectives, achieved by smoothly
combining solar energy and electrical energy. The examination of our
materials’ dual functionality, capable of utilizing solar power and the
applied potential for catalytic reactions, holds promise for innovative
and sustainable applications [109].
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Fig. 8. Mechanism of paracetamol degradation by CTO-Cu-3GO-PMS upon exposure to visible light.

Table 4
Comparative studies on the photocatalytic performance of different composites for the degradation of the indicated organic pollutants.
Pollutant C Photocatalyst Light source Solution volume Degradation Removal efficiency Ref.
pollutant (mL) time (%)
(mg L™H
Paracetamol 5 InyS3/ZnyGe0y Xenon lamp 100 360 95 [103]
Paracetamol 1 Cup,0/WO3/TiOy 150 W Xenon lamp 80 60 92.5 [43]
Paracetamol 10 Pd-BiVO, 300 W Xenon lamp 40 60 100 [104]
Paracetamol 10 B-Biy03 1000 W Xenon lamp 50 180 93.6 [105]
Paracetamol 3 g-C3Ny4-CdS- 300 W Xenon lamp 50 25 80 [106]
Bi;Oslo-3
2,20,4,40-tretrabromodiphenyl 5 Cuy0-(rGO -TiOy) 300 W xenon arc lamp 350 180 56 [107]
ether
Tetrabromobisphenol A 10 BiVO4-(rGO-Cu20) 300 W xenon arc lamp 200 180 90.8 [108]
Paracetamol 10 CTO-Cu-3GO 150 W linear halogen 210 180 96 This
lamp work

4. Conclusion

CTO-Cu-GO photocatalysts were successfully synthesized using a
solid-state method followed by sintering at 1100 °C in an inert nitrogen
atmosphere with different amounts of GO (1, 3, and 5 %) for 3 h. The
SEM images showed that the pellet morphologies were well maintained
after GO addition. The refinement of XRD data indicated that sintering
allowed the formation of TiO rutile, CaTiO3, Cuz0 and Cu metal phases
and that GO presence increased the amount of Cu metal in all compos-
ites. The CTO-Cu-3GO composite showed a redshift in the bandgap en-
ergy value, confirmed by UV-Vis analysis. The sample with the highest
copper amount (CTO-Cu-3GO) displayed good photon absorbance in the
visible light region. Electrochemical impedance spectroscopy showed a
decrease in the resistance and higher charge separation capacity for the
CTO-Cu-3GO catalyst due to the formation of a heterojunction material
and transition metal on TiO,. Paracetamol mineralization by photo-
catalytic degradation was tested in the presence of the fabricated pho-
tocatalysts via peroxymonosulfate activation under visible light. The
highest degradation efficiency (96 %) was reached with the CTO-Cu-
3GO sample that displayed high stability (up to five cycles). The
mechanistic study showed that Cu’ presence in the catalyst plays a key
role in peroxymonosulfate activation. In fact, the composite’s combi-
nation of multiple semiconductors, including TiOy, CaTiO3, and Cu30,
leads to a synergistic effect, boosting photocatalytic activity. Each
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constituent plays a role in enhancing light absorption and facilitating
charge separation, resulting in more effective paracetamol degradation
compared to individual components. CupO’s capacity to absorb visible
light broadens the composite’s light spectrum, making it especially ad-
vantageous for use in natural sunlight or with low-energy light sources.
Heterojunctions formed between TiO, CaTiOs3, CugO, and Cu metal
further optimize charge separation and movement, ensuring efficient
utilization of photo-generated electrons and holes, which reduces
electron-hole recombination. The composite’s design emphasizes sta-
bility and durability, guaranteeing consistent performance over
extended durations—essential for practical applications necessitating
continuous and reliable paracetamol removal. Its capability to harness
visible light, enhance charge separation, generate potent ROS, and offer
long-term stability positions it as a valuable solution for addressing
pharmaceutical pollutant treatment in water. Overall, the mixing of
TiO2 with CTO, Cuz0 and Cu metal in the presence of GO is a simple and
cheap strategy worth investigating to increase the efficiency of photo-
catalysts for the mineralization of toxic organic pollutants in waste-
water. In the progression of our research, our next step involves merging
this advancement of CTO-Cu-GO pellets with a membrane reactor,
thereby enabling continuous processing. This transition marks a pivotal
phase in our work, with the primary goal being the development of a
porous structure that will allow us to simultaneously accomplish two
crucial tasks: the filtration and degradation of target substances. This
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integrated approach aims to enhance the efficiency and sustainability of
our system, paving the way for potentially groundbreaking applications
in the fields of water treatment and purification.
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