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Highly efficient, long-term, eco-friendly catalysts for water decontamination technology are urgently needed to
meet the prioritized objectives of green development and societies worldwide. Ca-doped ZnO was investigated as
environmentally friendly sono-photocatalytic system under LED visible light irradiation to efficiently mineralize
tetracycline-based antibiotics. The effects of pH, Ca doping, light, ultrasound, and pH on the mineralization of
tetracycline by Ca-doped ZnO nanopowders and on the chemical, sono-, photo- and sono-photostability of Ca-
doped ZnO nanopowders were systematically investigated. The ZnO-based catalyst with 2 at. % of Ca dopant
exhibited the best sono-photocatalytic performance in mineralizing tetracyclines under visible LED light and
ultrasound irradiation (i.e., >99% mineralization in 90 min), with excellent reusability and minimal sono-
photocorrosion (i.e., <1% of catalyst dissolution in 180 min), which were even greater in the absence of
organic pollutants and in the pH range of most natural waters. For Ca-doped ZnO nanopowders, the role of the
generated reactive oxygen species under light and ultrasound stimulation and the mechanism of the minerali-
zation of tetracycline were analyzed. In conclusion, the sono-photocatalytic mineralization of antibiotics syn-
ergizing visible LED light and weak ultrasound irradiation in the presence of Ca-doped ZnO nanopowders
presents an outstanding start to developing highly efficient, long-term, eco-friendly catalysts for efficiently
treating emerging organic pollutants.

1. Introduction

Only approximately 1.1% of all surface water worldwide is suitable
for drinking, largely due to contaminants such as heavy metals, oils,
organic products, and especially pharmaceutical compounds found in
aquatic systems [1,2]. In particular, of the estimated 100000 to 200000
tons of antibiotics consumed in food animals worldwide each year, all of
which are rarely metabolized in the body after consumption, 30% to
90% remain active after excretion and are continuously released into
bodies of water, especially in developing countries, due to poor regu-
lation, wastewater treatment, and management [3-6]. The continuous
presence of those and other pharmaceutical compounds causes
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continuous poisoning on aquatic surfaces due to their toxicity and low
biodegradability. In addition to being a potential threat to the health of
humans and animals, the prolonged release of antibiotics can cause
serious problems, including the development of microorganisms that
resist antibiotics, a concern that has become notorious the world over
[4,5,7,8].

Tetracyclines are the second-most consumed family of antibiotics
globally due to their low cost, easy synthesis, and favorable antimicro-
bial activity based on the inhibition of protein synthesis [9-11].
Although primarily used to treat bacterial infections of the skin, in-
testines, respiratory tract, urinary tract, genitals, lymph nodes, and
other body systems, tetracyclines are also used to treat severe acne and
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sexually transmitted diseases such as syphilis, gonorrhea, and chla-
mydia. Beyond that, they are additionally used in veterinary medicine
and agriculture to aid the growth of animals. As such, tetracycline (TC)
has been identified as the most widely used tetracycline antibiotic in the
livestock industries of many countries, including the United States,
China, and India, owing to their low cost and extensive production
[3,6,9,11]. The continuous release of TC-based antibiotics in the world’s
waters poses a risk to human health, however, as bacteria become
resistant and the antibiotics consequently become ineffective in pre-
venting, controlling, treating, and spreading infectious diseases
[3,9,12].

Although several methods of water purification and disinfection are
useful—chlorination, ozonation, hydroperoxidation, and UV radiation,
among others—they can be costly, especially for underdeveloped com-
munities. Safer, less expensive methods are therefore needed, especially
for parts of the world that cannot afford costly water treatment. Apart
from that, conventional wastewater treatment plants cannot eliminate
TC-based antibiotics due to their low biodegradability, and alternative
treatments have therefore been actively sought for years [1-3,13]. As a
potential solution, advanced oxidation processes (AOP) represent the
most efficient technology for mineralizing persistent, resistant, and non-
degradable organic pollutants in aquatic environments. For that reason,
AOPs have played an important role in the treatment of water and
wastewater in recent decades [2,14].

Among the different AOPs, sonocatalysis and, more prominently,
photocatalysis have emerged as two of the most promising techniques
for decontaminating water. On the one hand, in sonocatalysis, once ul-
trasound vibrations are generated, ultrasonic waves in the liquid envi-
ronment produce acoustic cavitation, which consequently forms vast
amounts of microscopic bubbles in the water [15-18]. Containing an
abundance of energy, the bubbles eventually collide, which breaks the
chemical bonds and induces the formation of hydroxyl radicals, which
are responsible for the photooxidation of organic pollutants. Ultrasound
vibrations continuously clean the surface of the catalysts and improve
the mass transfer between the surface and the solution reaction [15,19].
On the other hand, photocatalysis is based on the absorption of photons
with an energy equal to or greater than the energy bandgap, which
causes the photoexcitation of electrons (eg) from the filled valence band
(VB) to the empty conduction band (CB) in a process that generates holes
(hig). As a consequence, hjy, as strong oxidants, can directly oxidize
organic pollutants and react with water, thereby promoting the forma-
tion of hydroxyl radicals—the second-strongest oxidant known—-
whereas eg;, as reducing species, react with dissolved oxygen to
generate superoxide radicals, oxygen peroxide, and even more hydroxyl
radicals [2,20-23]. In this context, ZnO and ZnO-based catalysts have
been in the spotlight of research for sono- and photocatalysis in different
disciplines. Doping ZnO with metal ions is one of the most promising
strategy to modify both electronic and optical performance as well as
hinder the high photocorrosion of ZnO. Although alkali and alkaline
earth metals have excellent solubility and good electrical and thermal
conductivity they have been rarely investigated as ZnO dopants in sono-
and photocatalytic water decontamination process [24-26]. Among
those metals, DFT studies confirmed that Ca doping pose excellent
ability to modulate the optical properties and photocatalytic perfor-
mance of ZnO [24,27]. The optical band gap of Ca doped ZnO can be
shifted toward red. The incorporation of Ca can enhance the optical
absorption toward the visible light range and serves to control the
recombination of the excitations. In addition, due to the substitution of
the Zn?" site for the Ca" site, additional support could be produced
such as oxygen deficiencies, interstitials, among others, which can be
positive for sono- and photocatalytic purposes [24-26].

On top of that, a recent exploration of the synergetic combination of
both processes resulted in a joint process called sono-photocatalysis. In
sono-photocatalysis, a semiconductor is irradiated while acoustic waves
are created in the medium, which facilitates the generation of different
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free radicals (Scheme 1) and consequently the higher photooxidation of
organic pollutants [17,18]. Several proposals concerning the synergistic
effect of light and ultrasound suggest an increased concentration of free
radicals due to photocatalytic and sonocatalytic effect on hydrogen
peroxide [17,18,28]. Researchers have attributed that synergistic effect
to lower bandgap produced by high temperatures and/or high pressure
due to ultrasound waves, along with the corresponding effect on pho-
tocatalysis. The formation of an internal electric field also seems to
promote the separation of charge carriers and consequently reduce
recombination losses. Moreover, ultrasonic collapse improves mass
transfer between the surface of the catalyst and the liquid phase, while
the acoustic wave increases the dispersion of the catalyst, keeps its ho-
mogeneous throughout the solution, and cleans impurities from its
surface [17,18,28,29]. However, despite the improvement in catalytic
activity as a consequence of the synergistic effects, few studies have
evaluated the stability and, more specifically, the sono-photocorrosion
of the catalysts. Nevertheless, those features are critical for the devel-
opment of the new technology for water decontamination.

Herein, the 30-day chemical stability of TCs as well as the adsorption
and sonocatalytic, photocatalytic, and sono-photocatalytic mineraliza-
tion of TC on ZnO and Ca-doped ZnO nanoparticles at different pH have
been reported. The significantly improved mineralization of TC was
observed, independently on both the pH and catalyst, when light and
ultrasound were simultaneously applied. The reusability of catalysts was
also investigated, and a mineralization mechanism was proposed. To
demonstrate the potential of the sono-photocatalytic process using new
ZnO-based photocatalysts, the sonocorrosion, photocorrosion, and sono-
photocorrosion of ZnO and Ca-doped ZnO nanoparticles were system-
atically evaluated. Contrary to expectations, sono-photocatalysis did not
result in the greater dissolution of the catalyst, which was the same or
slightly less (i.e., between 10% and 28% of the catalyst dissolved after
24 h) than that observed for photocorrosion. That finding supports the
use of sono-photocatalysis.

2. Experimental
2.1. Synthesis and characterization of Ca-doped ZnO nanoparticles

Scheme S1 shows the protocol of pure and Ca-doped ZnO nano-
particles prepared using the sol-gel technique. At first, 16 g of zinc ac-
etate (Zn(CH3COO)2-2H50, 99%) were dissolved in 112 mL of methyl
alcohol. The mixture was magnetically stirred for 10 min at ambient
temperature. Then a satisfactory amount of calcium chloride hexahy-
drate (CaCly-6H20) with different [Ca]/[Zn] proportions of 0, 0.01, 0.02
and 0.03 were added to acquire Ca-doped ZnO nanoparticles. After
stirring for 15 min, the obtained solution was put in an autoclave and
dried in the supercritical states of ethanol (Tc = 243 °C; Pc = 63.6 bar).
Every one of the synthesized samples was then warmed in a heater for
two hours at 400 °C in air. The names of the samples are C0ZO, C1ZO,
C2ZO0 and C3ZO, depending on the nominal load of Ca in each sample.

To study the different properties of the obtained samples, several
characterizations were made. The microstructure of the samples was
shown from XRD patterns using a Bruker D8 Advance A 25 X-ray
diffractometer with a CuK, radiation source (1.54 10\) operating at 40 kV.
To get information about the morphology of the nanopowders Scanning
Electron Microscopy (SEM) was performed at 15 kV with a ZEISS 154XB
FE SEM instruments; also by carrying out Transmission Electron
Microcopy (TEM) utilizing a JEOL 2010 EX instrument operating at 200
kV. EDX elemental mappings of ZnO-based nanopowders were per-
formed using a FEI Magellan 400 L XHRSEM equipped with an Oxford
Instruments Ultim Extreme EDX detector system. The spectrum 100
Perkin-Elmer FTIR spectrophotometer was used to do Fourier Transform
Infrared Spectroscopy (FTIR). The chemical states of the surface of each
catalyst were investigated using X-ray photoelectron spectroscopy (XPS)
with a SPECS PHOIBOS 150 hemispherical analyzer using mono-
chromatic Al Kalpha radiation (1486.74 eV) as the excitation source.
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Scheme 1. Schematic representation of sono-photocatalytic process.

Inductively coupled plasma (ICP) analysis was carried out for each
catalyst on an inductively coupled plasma atomic emission spectroscopy
(Perkin-Elmer Optima 5300 dual). To show the optical properties and
study the defects located at the nanomaterials bandgap, one has per-
formed PL measurements by the NanoLog Horiba modular spectrofluo-
rometer. The Xe lamp is the excitation light source at room temperature.
An excitation wavelength of 325 nm was applied and the emission be-
tween 350 and 750 nm was recorded. The UV-vis Diffuse Reflectance
Spectra (DRS) were obtained with a UV-vis spectrophotometer (Perki-
nElmer, Lambda 900 UV). The photocurrent experiments were carried
out with a PGSTAT30 potentiostat-galvanostat Autolab and the NOVA
software using a three-electrode system. Pt wire was used as the counter
electrode, Ag/AgCl/KCl (3 M) electrode as a reference and the prepared
photocatalysts as working electrodes. The working electrodes were
prepared by dropping 100 pL of each CZO catalyst suspension on the
surface of FTO electrode and then dried under nitrogen air before the
electrochemical experiments to form an homogeneous catalyst coating.
The electrolyte used for all those experiments was a 0.5 M NaySO4 (pH
= 7.0) solution. The chronoamperometry test was recorded at 0.6 V
versus the Ag/AgCl/KCl (3 M) electrode under LED light in 30-s on—off
cycles. The charge transfer of CZO catalysts was investigated via elec-
trochemical impedance spectroscopy (EIS) measurements, which were
performed at the open circuit potential at frequencies range from 100
kHz to 10 MHz with AC amplitudes of +5 mV.

2.2. Stability and adsorption of tetracycline

The chemical stability of TC, in the absence of light, was investigated
for 30 days. The effect of pH on chemical stability was also investigated.
For this purpose, 150 mL of single-pollutant TC (10 ppm) solutions were
maintained at 20 °C in dark conditions in stagnant conditions. The
temporal evolution of the UV-vis spectra (200 to 500 nm) was moni-
tored by a UV-vis spectrophotometer (Shimadzu UV-1800). In addition,
the Total Organic Carbon (TOC) content in the single-pollutant solutions
was measured by the high-temperature combustion method using TOC-

VCSH equipment (Shimadzu) with a high-sensibility column. All the
experiments were performed in triplicate.

Adsorption experiments were performed to determine the adsorp-
tion—desorption equilibrium time of TC on ZnO-based photocatalysts at
20 °C in dark conditions. The effect of pH (i.e., 4,6,8, and 10) on the
adsorption—desorption process was also investigated. Typically, 25 mg
of the photocatalyst was suspended in 50 mL of a single-pollutant so-
lution (10 ppm of TC) and maintained under magnetic stirring (400 rpm)
and in the absence of light. After a certain time, during 120 min, 1 mL of
the suspension was fetched, centrifugated and filtered through a 0.22
pm syringe filter to determine the TC concentration. The TC concen-
tration was measured by UV-vis spectrophotometer (Shimadzu UV-
1800). Measurements were carried out in the range of 200-500 nm to
determine this maximum wavelength peak and its correspondent
absorbance. All the experiments were performed in triplicate.

2.3. Mineralization of tetracycline

The mineralization experiments were performed at pH 6 and 8 to
evaluate the photolytic, sonolytic, and sonophotolytic degradation of TC
in independent experiments were performed. In a typical manner, 150
mL of TC solution (10 ppm) was illuminated with a 1.6 W white LED
strip (2.2 x 1073 W em™2) or/and sonicated with a frequency of 40 kHz
and 100 W output power for 180 min. Fig. S1 depicts the normalized
irradiance spectrum of the white LED strip. Both experiments were done
by triplicate in the dark, to determine that the degradation process was
exclusively the action of LED’s or ultrasounds. The temperature of the
reaction medium has been controlled by circulating cold water during
the irradiation processes, thus maintaining the temperature at approx-
imately 20 °C. Aliquots of 0.5 mL were extracted every certain time
range, from 0 to 180 min. These were put in the refrigerator immediately
after extraction and, the effective mineralization was determined by
measuring the reduction in the TOC content.

Next, the sonolytic, photocatalytic and sono-photocatalytic degra-
dation of TC were investigated. Table 1 summarizes the experimental
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Table 1

Experimental conditions for sonocatalytic, photocatalytic, and sono-photocatalytic evaluation.
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Experiment Volume/ TC/ Cat/mg Magnetic stirring/ Temperature/ Light irradiation US irradiation Time/

mL ppm mL~! rpm °C min

Sonocatalysis 150 10 0.5 400 20.0 - 40 kHz and 100 180
w

Photocatalysis 150 10 0.5 400 20.0 1.6 W white LED (2.2 x 10 Sw 180

cm’2)

Sono- 150 10 0.5 400 20.0 1.6 W white LED (2.2 x 10 >W 40 kHz and 100 180

photocatalysis cm?) w

conditions for the sonocatalytic, photocatalytic, and sono-photocatalytic
evaluation.

At a certain time, 1 mL of the suspension was fetched, centrifugated
and filtered through a 0.22 pm syringe filter to determine the TOC
content. In addition, the major intermediate products formed during the
degradation process were determined by liquid chromatography-mass
spectroscopy (LC-MS, Waters Xevo G2-XS QToF) analysis [3]. All the
experiments were performed in triplicate. Next, the reusability of Ca-
doped ZnO nanoparticles was also investigated by measuring the
mineralization of 10 ppm fresh solutions for 10 consecutive cycles for

sonocatalytic, photocatalytic and sono-photocatalytic experiments.
Trapping experiments were performed to determine the role of
reactive oxygen species on the degradation process of TC. Isopropyl
alcohol (quencher of hydroxyl radicals), benzoquinone (quencher of
superoxide radicals), and triethanolamine (quencher of photogenerated
holes) were used for this purpose. In a typical experiment, the single-
pollutant solution containing the radical scavenger (1 mM of scav-
enger) was irradiated for 180 min using a 1.6 W white LED strip (2.2 x
1073 W cm™2) or/and sonicated with a frequency of 40 kHz and 100 W
output power. Next, the TOC was measured using. All experiments were
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Fig. 1. TEM micrographs of (a) C0ZO, (b) C1ZO, and (c) C3ZO nanoparticles and (d) X-ray diffraction patterns of the CZO samples with Williamson-Hall plots

(inset). Scale bar: 100 nm.
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performed in triplicate. To further investigate the role of hydroxyl and
superoxide radical’s electron paramagnetic resonance (EPR) measure-
ments in in 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were carried out
with a Bruker A200-9.5/12 spectrometer in the dark and under LED
irradiation.

2.4. Chemical, sonochemical, photochemical and sonophotochemical
stability of Ca-doped ZnO nanoparticles

ZnO NPs can dissolve and release Zn(II) ions when subjected to light
and ultrasound irradiation. The effect of visible light and ultrasound
irradiation, if not both, on the ZnO stability was investigated. In a typical
experiment, 150 mL of Milli-Q water, containing 75 mg of each photo-
catalyst, were subjected to (i) 48 h of continuously visible light irradi-
ation, provided by a 1.6 W white LED strip (2.2 x 1073w cm’z); or (ii)
24 h of ultrasound irradiation with a frequency of 40 kHz and 100 W
output power. Note that in the sonocorrosion experiments, various short
cycles have been performed (total time = 24 h) to avoid a significant
increase in temperature. In addition, Milli-Q water has also been added
to maintain the same final volume. The effect of pH on the photo-
corrosion and sonocorrosion processes was also investigated. At a
certain time, 1 mL of the suspension was fetched, centrifugated and
filtered through a 0.22 pm syringe filter to determine the Zn(II) con-
centration. The Zn(II) concentration was spectroscopically quantified by
UV-vis spectrophotometer (Shimadzu UV-1800) using Zincon reagent
[30]. All the experiments were performed in triplicate.

3. Results and discussion
3.1. Synthesis and characterization of Ca-doped ZnO nanoparticles

Fig. 1 presents TEM images showcasing the morphology of pure and
Ca-doped ZnO nanopowders heat-treated at 400 °C for 2 h. The ZnO
nanopowders were composed of an agglomeration of uniform spherical
grains, as exemplified in Fig. 1a. The shape of the crystallites was pris-
matic with a narrow distribution of particle sizes, mostly between 20
and 50 nm. By adding Ca, larger and agglomerated particles could be
observed on doped samples, as illustrated in Fig. 1b and c. The elemental
mapping images (Fig. S2) shows that the distribution of Ca is less dense,
although it increases when increasing the doping percentage, than those
of Zn and O. Importantly, the distribution of Ca, Zn and O were similar
which indicate the coherent distribution and incorporation of Ca in the
ZnO matrix.

Typical X-ray diffraction patterns of pure and Ca-doped ZnO nano-
particles heat-treated at 400 °C for 2 h in air appear in Fig. 1d. In all
samples, only the reflection peaks of hexagonal wurtzite polycrystalline
ZnO material emerged, namely along the (100), (002), (101), (102),
(110), (200), (103), (112), and (201) planes according to the JCPDS
database (Card No. 36-1451) [31]. The lack of obvious peaks due to
other phases (e.g., CaO) in the spectra suggests the high purity of the
prepared samples. Similar results were obtained by Kulkarni et al and
Umavathi et al. [32,33], as well as by Irshad et al., who suggested that
CaO’s absence stemmed from the fact that Ca ions are incorporated in
the ZnO network or may exist in an amorphous form [34]. A slight shift
of the XRD peaks toward lower 2-theta degrees was observed as the
concentration of Ca increased, as detailed in Table 2. That trend, likely

Table 2
Geometric parameters of different samples, with estimated D values.
a® c@® V@A) Dwn € 200y 5(107*
(nm) line x
nm~2)
C0ZO 3.244 5.195 47.338 51 0.0009 36.3164 8.15
Cl1Z0 3.251 5.2 47.594 77 0.0012  36.2917  7.19
C2Z0 3.257 5.201 47.779 106 0.0015  36.2508  6.52
C3Z20 3.261 5.203 47915 126 0.0018  36.2501 6.57

Chemical Engineering Journal 427 (2022) 132006

resulting from the difference in radii of Ca (r = 197 pm) and Zn (r = 134
pm), indicates a local distortion of the ZnO lattice due to residual stress
in the nanoparticles.

The Williamson-Hall method was used to determine the average
crystallite size and the lattice strain of an imperfect crystal [35-37]. The
plots of fcosd as a function of 4sinf appear in the inset of Fig. 1, with the
slope of the fit line indicating the value of the lattice strain and the y-
intercept indicating the crystallite size. In addition, Table 2 shows that
the average crystallite size seems to have increased with incrementally
greater dopant loads: 51 nm for pure ZnO and 126 nm for C3ZO.

The FTIR spectra of pure and Ca-doped ZnO nanoparticles are pre-
sented in Fig. 2a. The same broadband in all spectra, located at
3,481-3,460 cm™ !, corresponded to O-H stretching. By contrast, the
absorption band detected at 1,640-1,632 em™! corresponded to the
bending vibrations of water molecules [38,39]. A new band, appearing
at 1,420 cm~! once Ca was added, was attributed to the formation of
carbonate species [40]. Otherwise, the band at 843-835 ecm ! corre-
sponded to C-H bending, and the band at 691-530 cm ™! was attributed
to M-O-M (M = Zn, Ca) [41,42].

XPS analysis was performed to analyze the elemental chemical states
and to confirm the Ca presence and incorporation of Ca during the
sol-gel process. The binding energies obtained from the XPS analysis
were corrected for specimen charging by referencing the C 1s to 284.60
eV. The relative amount of Ca on the surface of each doped catalyst
varies from 1.03%, 2.08%, and 3.11% for C1ZO, C2ZO, and C3ZO,
respectively. Those percentages were practically identical to those ob-
tained by ICP analysis (1.07%, 2.13% and 3.06% for C1ZO, C2Z0, and
C3Z0, respectively), confirming that Ca was homogeneously distributed
throughout the entire structure. As shown in Fig. 2b, the Zn 2p; /> and Zn
2ps3,2 core levels of COZO were centered at 1044.9 eV and 1021.8 eV,
respectively, being the split spin-orbit components 23.1 eV, which is
consistent with other ZnO architectures [43,44]. C1ZO, C2ZO, and C3ZO
also presented the same peaks, but centered at slightly lower binding
energies, being smaller the higher Ca doping, due to the incorporation of
Ca into the ZnO lattice. This behavior has been reported previously for
other Ca-doped ZnO materials [45]. This shifting to slightly lower
binding energies can be explained by the lower electronegativity of Ca
incorporated into the ZnO lattice, causing an electron screening effect on
Zn [45,46]. Fig. 2c shows the Ca 2p core level of CZO catalysts, with to
peaks centered at approximately 350.4 eV and 346.9 eV, corresponding
to the Ca 2p;,2 and Ca 2ps3/, spin-orbit components, confirming the
presence and incorporation of Ca ions in the ZnO lattice. Note that the
same profile was observed after several argon ion sputtering cycles,
indicating the consistence of distribution throughout the entire
structure.

The UV-vis DRS spectra of pure and Ca-doped ZnO nanoparticles
(Fig. 3a) were recorded to evaluate the absorption behavior and the
possibility of using visible light for photocatalytic water decontamina-
tion. As expected, the non-doped ZnO nanoparticles exhibited an ab-
sorption peak at approximately 375 nm (i.e., in the UV domain),
whereas the Ca-doped ZnO nanoparticles showed an absorption tail in
the range of 400-500 nm, in which the absorption intensity is the
maximum for 2 at % of Ca doping. Such a redshift in the photosensitivity
of Ca-doped ZnO likely derived from the sub-bandgap transitions
generated by the incorporation of Ca ions in ZnO’s structure. Note that
at the highest doping of ZnO by Ca, the 400 nm absorption tail does not
continue to increase compared with C1ZO and C2ZO but decreases. This
fact is possibly attributed to the presence of CaO, which it has a high
absorption value at the 400 nm absorption tail.

The PL spectra of undoped and Ca-doped ZnO nanoparticles appear
in Fig. 3b. The PL spectra of the nanostructures of CZO nanopowders
derived from an NBE emission in the UV region and a broad peak in
visible light due to a deep-level emission (DLE). The NBE peak shifted to
shorter wavelengths with Ca doping, which may relate to the Moss
Burstein effect. The replacement of Zn?* ions, present in their network
sites, by the substitution of Ca2" ions in the CZO nanostructures
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Fig. 2. (a) FTIR and XPS spectra of (b) Zn 2p and (c) Ca 2p of the different CZO
nanoparticles.

generally raises the Fermi level and widens the optical band gap. The
energy deviation values calculated with the Tauc formula from UV-vis
DRS confirm the maximum blue offset of the NBE. The increase in peak
intensity in both DLE and NBE regions, as a function of an increased rate
of Ca doping, indicates that defects in ZnO’s structure increased as well,
because Ca-doped ZnO photocatalysts should be more active under
visible light irradiation. Doping by Ca causes a rapid increase in the
intensity of emission such that the intensity is proportional to the
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increase in the percentage of doping. This is attributed, primarily, to the
replacement of Zn?* ions which have a smaller atomic radius (0.88 A) by
Ca>" ions which have a stronger atomic radius (1.14 A) compared with
that of zinc ions. This replacement serves to disrupt the sites in the
crystal structure and increase the content of defects in the material. As a
result, an increase in the rate of oxygen deficiency (V,) has been ob-
tained, attributed to green emissions and in the rate of interstitial zinc
(Zn;) attributed to red emissions[41,47].

To confirm the photoexcited charge generation of the CZO catalysts
under visible LED irradiation photocurrent experiments were carried
out. Fig. 3¢ shows the j-t transients at 0.6 V versus Ag/AgCl/ KCI (3 M)
under visible light 30s on-off cycles. The data evidenced residual cur-
rents in dark for all the catalysts, but under visible LED irradiation, the
photocurrents increased sharply, which indicates generation and sepa-
ration of photoexcited electron-hole pairs. This behavior was consistent
with the EIS Nyquist plots (Fig. 3d). Under visible light irradiation, the
effect of Ca doping in lowering the bandgap and facilitate the generation
of electron-hole pairs was clear as C1Z0, C2ZO and C3ZO exhibit
photocurrent 3.5, 7.8, and 5.8 times higher than the non-doped ZnO
nanopowder. The high photoelectrochemical response and its stability
during time indicate that the presence of 2 at. % of Ca into the ZnO
lattice significantly improves the charge transfer and minimizes the
charge carrier recombination. To further investigate the effect of Ca
doping on the charge transfer resistance and separation efficiency of
photogenerated electrons and holes EIS measurements were performed.
Fig. 3d shows the EIS Nyquist plots for CZO under visible LED irradia-
tion. The C2ZO arc radii was significantly smaller than the non-doped
nanopowder, which indicates less electrochemical resistance and
consequently improved the transfer of photogenerated charge carriers
across the solid-liquid junction. The electrochemical resistance followed
the same trend than photocurrent experiments: C2Z0 < C3ZO < C1ZO
< COZO. This fact confirms that Ca doping, and more especially 2 at% of
Ca doping, promotes the separation efficiency of photogenerated
electron-hole air and faster the charge transportation in the interface,
which is pivotal for photocatalytic applications.

3.2. Stability of TC

3.2.1. Chemical stability of TC as a function of pH in dark conditions

The chemical stability of TC (Fig. S3) was studied over 30 days in the
dark conditions at four different pH (i.e., 4, 6, 8 and 10). As shown in
Fig. S3, at pH = 4 and pH = 6 the UV-vis spectra of TC were virtually
constant throughout the 30-day period. The Fig. also illustrates how the
absorbance slightly decreased during the period, which indicates the
high stability of the species at moderate and slightly acidic pHs. At pH =
8, TC followed a fairly constant trend of degradation throughout the
period as the absorbance continuously lessened. Although TC suffered
from degradation at pH = 8, the degradation did not have high values,
with a maximum absorbance reduction of less than 25%. The formation
of other species could not be distinguished, however, because the UV-vis
spectra presented the same profile. By contrast, at pH = 10, the spectra
seemed somewhat constant in that they started to show overlapping
peaks due to the formation of intermediates during the degradation
process. Clearly, slightly and moderately alkaline pH levels favored the
degradation of TC. Even so, the presence of TC and/or their derivatives
in aquatic ecosystems such as rivers and reservoirs persists in the long
term. Regardless of pH, however, TCs do not mineralize independently,
because the TOC does not vary.

3.2.2. Photolysis, sonolysis and sonophotolysis of TC

The effect of light and/or ultrasound on the mineralization of TC was
systematically investigated in the absence of any catalyst. As shown in
Fig. 4, the sonolytic, photolytic, and sonophotolytic mineralization of
TCs was affected by the solution’s pH. In all cases, mineralization was
more significant as pH increased. After 180 min of irradiation, miner-
alization values ranged from 9% (pH = 4) to 24% (pH = 10) for
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Fig. 3. (a) UV-vis DR, (b) PL spectra, (c) amperometric photocurrent curves measured at 0.6 V versus Ag/AgCl/ KCI (3 M) under visible light 30-s on-off cycles, and
(d) the EIS Nyquist plots of the different CZO nanoparticles at room temperature.
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Fig. 4. Sonolytic, photolytic, and sonophotolytic mineralization of TC at 20 °C
at different pH after 180 min of irradiation. Error bars indicate standard de-
viations of the three replicated experiments.

sonolysis, from 3% (pH = 4) to 13% (pH = 10) for photolysis, and from
12% (pH = 4) to 27% (pH = 10) for sono-photolysis. Moreover, as the
pH increased, the amount of TC™ anion increased, which generally tends
to promote the absorption of reactive oxygen species such as ®OH

radicals. Those results suggest the need to use a catalyst, because the
mineralization values were relatively low, and using a catalyst would
efficiently improve the removal of the antibiotic.

3.3. Study of adsorption of TC on ZnO and Ca-doped ZnO nanoparticles

The level of pH also plays a fundamental role in the adsorption
processes between TC and photocatalysts. TCs are amphoteric molecules
that present as cationic species at pH less than 3.3, in a zwitterionic form
in the pH range of 3.3-7.7, and as anionic species TC™ or TC?~ when pH
exceeds 7.7 [48-50]. By contrast, the isoelectric point of undoped ZnO
was 8.7, whereas those points of C1ZO, C2ZO, and C3ZO were 8.9, 9.0,
and 9.2, respectively. Depending on the medium’s pH, the speciation of
TC and the catalyst’s surface charge vary, which can either favor or
hinder the TC adsorption on the catalyst’s surface (Fig. S4) [2].

To gauge the effect of pH on the adsorption dynamics of TC, the
adsorption capacities at different times (q,) and in equilibrium (q.) were
spectroscopically identified [51]. As shown in Fig. 5, the difference in
adsorption was remarkable depending on the medium’s pH. The most
suitable pH levels for adsorption were pH = 6 and pH = 8, and the
catalyst that exhibited a higher adsorption capacity was the one doped
with 2 at. % Ca (Table 3). At pH = 6, the primary TC species was the
zwitterionic form even though the photocatalyst’s surface was primarily
positive. In those conditions, the electrostatic interaction did not nega-
tively affect adsorption. However, at pH = 8, the negatively charged TC™
was the dominant pollutant species, whereas the surface charge density
of the photocatalyst was positive. Consequently, electrostatic interaction
between both entities favored their general interaction. At pH = 4,
however, the photocatalyst’s surface charge density was positive, and
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Fig. 5. Variation in the adsorption of TC on the catalyst’s surface at certain times for (a) COZO, (b) C1ZO, (c) C2ZO0, and (d) C3ZO at 20 °C.

Table 3
Adsorption capacity in the equilibrium of TC on ZnO-based nanoparticles as a
function of the pH value.

pH q./mg g

C0ZO Cl1Z0 C2Z0 C3Z0
4 101.4 116.4 194.7 162.4
6 187.3 214.9 257.5 243.6
8 246.3 269.6 300.2 254.8
10 35.6 58.8 80.5 35.6

the primary TCs were in zwitterionic form, even though a considerable
percentage (approx. 20%) were in the positive form as well. That
behavior translated into a reduction in adsorption capacity in the
equilibrium compared with pH = 6 when TC were entirely in their
zwitterionic form. Last, at pH = 10, the catalyst’s surface and TC mol-
ecules had the same sign, which translated into a significantly lower
adsorption capacity at equilibrium. On the whole, the adsorption pro-
cess can be mainly explained by the electrostatic interaction between the
charges of TCs species and the catalyst.

Comparing the different photocatalysts benefits from considering
each material’s effective BET surface area, which for C0ZO, C1ZO,
€270, and C3ZO were 11.6, 12.4, 14.1, and 13.2 m? g’l, respectively.
The values of adsorption capacity at equilibrium rose as the effective
area of the photocatalysts expanded, with the maximum achieved using
the catalyst doped with 2 at. % Ca. However, the amount of TC adsorbed
in relation to the effective area gradually rose for C1Z0 but decreased as
Ca content increased.

3.4. Catalytic performance of ZnO and Ca-doped ZnO nanoparticles in
mineralizing TC

Based on the adsorption experiments and the approximate pH of
most waters liable to contain TC or their derivatives, subsequent cata-
lytic experiments focused exclusively on pH = 6 (Fig. 6) and pH = 8
(Fig. 7). As shown in Figs. 6 and 7, the differences between the catalysts
were remarkable. For both levels of pH, the mineralization values
increased (Table 4) in parallel to Ca doping except for 3 at. %, which
reduced mineralization relative to 2 at %. The graphs in the figures show
that although photocatalysis was more effective than sonocatalysis,
combining them further improved mineralization. Meanwhile, sonoca-
talysis with all catalysts after 180 min of ultrasound irradiation hardly
altered mineralization (approx. 55-57% and 57-58% at pH = 6 and pH
= 8, respectively). The catalyst showing the best results was 2 at. % Ca,
which reached mineralization values of 94.3% (pH = 6) and 94.4% (pH
= 8) with photocatalysis and 99.8% (pH = 6) and 99.8% (pH = 8) with
sono-photocatalysis. Moreover, after 90 min of irradiation, the sono-
photocatalytic experiments achieved a mineralization value of nearly
100%. The highly improved mineralization of sono-photocatalysis was
caused by synergetic effects between light and ultrasound waves, the
latter of which can improve the mass transfer between the catalyst’s
surface and the liquid phase. On top of that, the morphology and
composition of the semiconductor nanoparticles were not affected, and
the synergistic effect may have stemmed from the disaggregation of
particles induced by ultrasound, which facilitated light penetration and
the cleaning of impurities from the catalyst’s surface.

Regarding the effect of pH, at pH = 8 mineralization improved
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Fig. 6. Mineralization of TC using (a) C0ZO, (b) C1ZO0; (c) C2ZO; and (d) C3ZO catalysts at 20 °C at pH = 6 after 180 min of irradiation. Error bars indicate standard

deviations of the three replicated experiments.

compared with pH = 6, and at pH = 8, the adsorption of TC molecules
was high/highest at pH = 8 and consequently facilitated the oxidation of
TC. Among other results, the formation of reactive oxygen species was
promoted in a moderately alkaline medium.

Ca-doped ZnO nanopowders emerged as promising visible-light
driven sono-photocatalysts for mineralizing TC and their derivatives.
Despite the difficulty of making rigorous comparisons between the
different catalysts studied today, the Ca-doped ZnO nanopowders pre-
sented mineralization values similar to the most competitive state-of-
the-art systems (Table 5). Beyond that, those highly competitive
mineralization values were achieved using visible LED irradiation as a
light source, which implies a significant reduction in energy consump-
tion compared with classical sources such as halogen, Xe, and Hg lamps.
Using light from LEDs significantly reduced energy costs associated with
(sono-)photocatalytic treatment, which, combined Ca-doped ZnO cata-
lysts’ excellent performance, make them an important alternative for
facilitating the design of more economical (sono)photoreactors.
Although apparent quantum yield is not the best way to evaluate the
energy efficiency of the tetracycline mineralization by a sonophotoca-
talytic process, as it does not consider the effects of ultrasound, the
average apparent quantum efficiencies (¢app,av), calculated on the basis
of the mineralized TC molecules for a 90% conversion level, were
calculated for C2ZO and C3ZO [52]. The ¢app,av values for the sono-
photocatalytic process for C2Z0O and C3ZO at pH = 6 and pH = 8 were
ranged from 80% to 32% and 86% to 34%, respectively, which indicates
excellent sonophotocatalytic performance to mineralize TC.

To clarify the role of the primary reactive species—hydroxyl radicals,
superoxide radicals, and photogenerated holes—involved in degrading
TC in the sonocatalytic, photocatalytic, and sono-photocatalytic pro-
cesses, free radical trapping experiments were performed, using only
C2Z0 as the catalyst. As shown in Fig. 8a and b, in the case of sonoca-
talysis, regardless of the medium’s pH, degradation is governed by

hydroxyl radicals due to the negligible effect of scavengers of holes (h*)
and superoxide radicals (?02"). However, in photocatalysis and sono-
photocatalysis at pH = 8, holes played a far more significant role,
especially in photocatalysis. After 180 min of LED irradiation, degra-
dation had fallen to 26%, 72%, and 4% in the presence of hole scav-
engers, superoxide radical scavengers, and hydroxyl radical scavengers,
respectively. By contrast, after 180 min of LED and ultrasound irradia-
tion, degradation had dropped to 46%, 87%, and 6% in their respective
presence. Moreover, the same trend was observed at pH = 6. Those re-
sults demonstrate that degradation is primarily governed by hydroxyl
radicals independent of the use of light and/or ultrasound irradiation, a
circumstance that determines the kinetics and mechanism of the
mineralization of TC. In addition, in order to probe the predominant
effect of hydroxyl radicals the nature of the photogenerated reactive
oxygen species under visible LED irradiation has been investigated via
the EPR spectra of the DMPO-trapped ®OH in aqueous medium (Fig. 8c)
and DMPO-trapped ®0?~ in methanol medium (Fig. 8d). As shown in
Fig. 8c, the characteristic signal of DMPO-®OH adduct was identified,
indicating that the holes can be effectively transformed into ®OH radi-
cals during the irradiation process. On the other hand, as shown in
Fig. 8d, the characteristic signal of DMPO-®0?~ adduct was also
detected, which confirmed the formation of ®0?~. However, the peak
intensity is significantly low compared with the DMPO-®OH. This result
is consistent with the observed negligible role of ®0%~ during the
mineralization process of TC using C2ZO catalyst.

To further investigate the sono-photocatalytic mineralization of TC,
LC-MS was used to identify the major intermediates generated during
irradiation at pH = 8. Samples extracted at different reaction times were
analyzed, although the intensity of TC peaks (m/z = 445) decreased
gradually during irradiation, non-negligible new peaks were detected
during the total mineralization at m/z = 457, 414, 402, 365, 321, 312,
277, 214, 139, 91, 73, and 75 (Table S1). Based on those peaks, a
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Table 4
Mineralization of TC using different ZnO-based catalysts at 20 °C at different pH
after 180 min of irradiation.

Photocatalyst ~ Sonocatalysis Photocatalysis Sonophotocatalysis
pH=16 pH=38 pH=6 pH=38 pH=6 pH=38

C0zo 572+ 58.1 + 18.6 + 30.6 + 64.1 + 65.4 +
0.2 0.2 0.3 0.2 0.5 0.2

C1ZO 55.1 + 57.0 + 69.4 + 71.3 + 85.5 + 86.5 +
0.4 0.1 0.1 0.4 0.4 0.2

C2z20 56.2 + 58.2 + 94.3 + 94.4 + 99.8 + 99.8 +
0.6 0.1 0.2 0.2 0.2 0.1

C3z0 56.3 + 58.1 + 79.2 £ 79.6 £+ 92.7 £+ 93.1 +
0.3 0.2 0.3 0.2 0.3 0.3

plausible mechanism for TCs’ mineralization was proposed (Fig. 9), one
that first involves TCs’ hydroxylation and decarbonylation, followed by
various degrees of dehydroxylation, ring-opening, demethylation,
decarbonylation, and hydroxylation.

3.5. Chemical, sonochemical, photochemical, and sono-photochemical
stability of Ca-doped ZnO nanoparticles

Not only does ZnO lose stability at acidic and basic pH levels and thus
suffers dissolution, but ZnO-based materials are also sensitive to the
action of other external agents such as light and ultrasound, which gives
rise to processes of photocorrosion and sonocorrosion. Although those
drawbacks often go unconsidered, they are nevertheless relevant for
processes that involve using light, ultrasound, or both. In particular, this
corrosion tendency inhibits the use of this kind of materials in remedi-
ation applications, because it seriously affects their useful lifetime in
addition to possible releasing of new pollutants, Zn(Il) ions, into the
environment. The photocorrosion of ZnO-based materials is supported

10

on the action of holes (Eq. (1)) and enhanced in acidic conditions
[57-59].

Zn0 + 215, —Zn** + A%0, €h)

The lesser degree of photodissolution in the alkaline versus acidic
mediums could be explained by the greater quantity of OH™ ions, which
react with hj; to form ®OH radicals, thereby reducing the dissolution of
the ZnO. ZnO is often modified or doped to improve not only photo-
catalytic activity but also durability by reducing photocorrosion
[57-59]. In our experiments, depending on the percentage of Ca dopant,
photocorrosion decreased as photooxidation increased (Fig. 10). When
photocorrosion, sonocorrosion, and sono-photocorrosion of the
analyzed particles were followed in Milli-Q water, in a pH adjusted to 6
or 8 in order to investigate pH’s effect, after 48 h of continuous irradi-
ation, the highest value of photocorrosion, as expected, occurred with
ZnO without doping, marked by the 56.2% (pH = 6) and 36.4% (pH = 8)
dissolution of the photocatalyst. For the doped particles, the lowest
value occurred with C3ZO, with 17.9% dissolution of the photocatalyst
at pH = 6 and 9.3% dissolution at pH = 8. No trend emerged, however,
because the C2ZO0 catalyst increased its photocorrosion to 33.1% (pH =
6) and 26.1% (pH = 8). Such circumstances complicate pinpointing the
best catalyst, because C2Z0O, despite presenting the best catalytic per-
formance, also had lower photocorrosion resistance. As expected, pho-
tocorrosion was higher in slightly acidic media [60]. Those values are
highly promising because, despite the limited amount of data offered in
the literature, it is evidenced that Ca doping strongly inhibits photo-
corrosion compared with other dopants and strategies (Table 6). Some of
those outcomes have even been determined in the presence of organic
pollutants, which also inhibits photocorrosion (Eq. (1)). In the presence
of organic pollutants, holes can react with the pollutants, and as a result,
the degradation of organic pollutants competes with photocorrosion,
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Table 5
Operational conditions and photocatalytic performance of various catalysts for mineralizing TC.
Catalyst pH TC/ Treatment Dose/g Volume/ Light source Us power Mineralization/% Reference
ppm Lt mL
C2ZO 8 10 photocatalysis 0.5 150 1.6 W white LED (2.2 x 10 — 73.5 (90 min) This study
-3 -2
Wem 9)
C2ZO 8 10 sonophotocatalysis 0.5 150 1.6 W white LED (2.2 x 10 40 kHz 100 99.8 (90 min) This study
-3 —2
Wcem ©) w
ZnO@MONT 10 120 photocatalysis 0.4 250 50 W Luxten halogen solar - 94 (75 min) [1]
simulator
Sn-ZnO@PDA/PU 8 20 photocatalysis 2.0 30 500 W Xe lamp (1000 W - 96.7 (120 min) [53]
—2
m~°)
Cu/Cu0/Cu0- 8 40 photocatalysis 0.5 250 3 LEDs (6.2 W) - 94.0 (120 min) [3]
microalgae
Agl/BiVO, n. 20 photocatalysis 0.3 100 Xe lamp (300 W) - 90.5 (120 min) [54]
a.
Au/B-TiO5/rGO n. 15 sonophotocatalysis ~ 0.25 40 300 W halogen lamp 40 kHz 600 73.6 (60 min) [55]
a. w
TiO2/MAC 5.5 30 sonophotocatalysis 0.5 500 UV-C lamp, 6 W 20 kHz 50.4 (180 min) [16]
WO3/CNT 9 60 sonophotocatalysis 0.7 300 40 W visible lamp 24 kHz 250 31.7 (60 min)100% [56]
Wm2 (240 min)
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of C2ZO with DMPO obtained in dark and visible LED irradiation (c) in aqueous suspension to detect DMPO-®OH, and (d) in methanol to detect DMPO-®0%".

thereby suppressing ZnO’s dissolution [57]. The enhanced photo-
catalytic activity of Ca-doped ZnO also indicates that holes can react
more effectively with TCs, which translates into the suppression of
photocorrosion as more holes are used for degradation and fewer for
photocorrosion.

Although the dissolution of ZnO during its irradiation with

11

ultrasound has been observed, to the best of our knowledge no mecha-
nism has been determined to explain that behavior. After 24 h of irra-
diation with ultrasound and both ultrasound and light, the dissolution of
C2Z0 was less-approximately 9% (pH = 6) and 6% (pH = 8) for sono-
corrosion and approximately 18% (pH = 6) and 7% (pH = 8) for sono-
photocorrosion-than in the samples irradiated with light only, which
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Table 6
Photocorrosion activity of ZnO-based materials.
Photocatalyst Light source % of dissolved Irradiation References
photocatalyst time/h
C2ZO 1.6 W white 56 (pH = 6)/36 48 This study
LED (2.2 x (pH=18)
10 °W
em-2
C3Z0 1.6 W white 18 (pH = 6)/9 48 This study
LED (2.2 x (pH = 8)
10 °wW
em™?)
Ag-ZnO 500 W HP 12 4 [57]
nanosheets Hg lamp
V)
Fe304-ZnO@g- UVC lamp 0.6 1.5 [61]
C3Ny (aow)
ZnO NPs Xe lamp 38 1.5 [62]
(150 mW
cm?)
ZnO/GNP NPs Xe lamp 27 1.5 [62]
(150 mW
cm?)
ZnO NRs Xe lamp 7 1.5 [62]
(150 mW
cm™?)
Al-ZnO 6.2 W white 7 40 [60]
LED (65 mW
cm™?)
ZnO@ZnS Xe lamp (8 <2 180 [63]
mW cm’2)
Ni@ZnO@ZnS 75 W Xe <3 160 [64]
lamp
Ni-ZnO 75 W Xe 44 48 [43]
lamp
ZnO decorated 75 W Xe 10 48 [43]
with Ag lamp

dissolved by approximately 19% (pH = 6) and 8% (pH = 8) (Fig. 9). The
same trend was observed for all of the catalysts; however, the literature
supplies no data to compare the dissolution of the catalyst. Despite the
increased production of radicals during sono-photocatalysis, enhancing
the formation of more holes, no synergetic effect occurred between the
stimuli, the catalyst’s dissolution was identical to that obtained in the
presence of light only.

To analyze the effect on corrosion processes of the presence of
organic pollutants, the C2ZO catalyst’s dissolution was analyzed using
Milli-Q water at pH = 6 and pH = 8 in the presence and absence of TCs
(10 ppm) for 3 h of light irradiation and simultaneous irradiation with
ultrasound and light. The catalyst’s dissolution in the presence of TC
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reduced to approximately 15% (pH = 6) and 4% (pH = 8) under light
irradiation and to approximately 9% (pH = 6) and 1% (pH = 8) under
both light and ultrasound irradiation. Those satisfactory outcomes can
be explained by the fact that ultrasound waves facilitate the transport of
contaminants to the surface of catalysts and, in the process, clean the
catalyst’s surface, thereby facilitating the use of holes in the degradation
process (i.e., simultaneously reducing holes available to photocorrode
Zn0). Therefore, Ca-doped ZnO catalysts are promising candidates for
the sono-photocatalytic mineralization of TCs and other organic pol-
lutants with enhanced life-time.

3.6. Reusability

The reusability of two of the catalyst, C2ZO and C3ZO, as sono-
photocatalysts was also investigated, given the characteristic’s impor-
tance for long-term, heterogeneous sono-photocatalysis and, conse-
quently, for their possible strategy’s applicability in water
decontamination. Fig. 11 illustrates the reusability of these two sono-
photocatalysts at pH = 6 and pH = 8.

The results indicate that mineralization did not decrease significantly
during 7 consecutive cycles, especially at pH = 8. At pH = 8, reusability
seemed much more strong than at pH = 6 and varied less than 1% after
continuous working. Those results reinforce the potential use of these
Ca-doped ZnO nanopowders for sono-photocatalytic water
decontamination.

4. Conclusions

A simple sol-gel process was used to synthesize well-defined Ca-
doped ZnO nanopowders with different amounts of Ca in order to ach-
ieve morphological, structural, and optoelectronic properties able to
promote the sono-photocatalytic mineralization of emerging organic
pollutants under visible light irradiation and weak ultrasound
stimulation.

The catalyst with Ca amounting to 2 at % had the highest adsorption
capacities regardless of the medium’s pH. Added to that, 2% Ca-doped
ZnO nanopowders exhibited the highest photocatalytic and sono-
photocatalytic activity in the mineralization of TC, with mineraliza-
tion values of at least 90% after 90 min of irradiation with visible light
and weak ultrasound stimulation. The effects of pH, light, ultrasound,
and catalyst doping were next systematically analyzed to determine the
best conditions for the mineralization of TC, which is governed by hy-
droxyl radicals via a mechanism based on sequential degrees of dehy-
droxylation, ring opening, demethylation, decarbonylation, and
hydroxylation. Although light and ultrasound negatively affect the
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Fig. 11. Reusability of C2ZO and C3ZO nanopowders for mineralizing TC at: (a) pH = 6 and (b) pH = 8 at 20 °C.
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catalyst’s stability, sono-photocorrosion is minimal in the presence of
pollutants—in fact, less than 1% after 3 h of use—which highlights the
good reusability of 2% Ca-doped ZnO nanopowders. Altogether, Ca-
doped ZnO nanopowders offered meaningful guidance for exploring
novel, highly efficient, long-term, eco-friendly catalysts for water

decontamination technology.
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