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activity of NiO and CeO2 films in
benzoic acid removal using ozone†
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Hugo Mart́ınez Gutiérrez,b J. Alberto Andraca Adame,c Luis Lartundo Rojas b

and Claudia Jazmı́n Ramos Torresb

This research focuses on the synthesis of NiO and CeO2 thin films using spray pyrolysis for the removal of

benzoic acid using ozone as an oxidant. The results indicate that the addition of CeO2 films significantly

enhances the mineralization of benzoic acid, achieving a rate of over 80% as the CeO2 films react with

ozone to produce strong oxidant species, such as hydroxyl radicals, superoxide radicals, and singlet

oxygen as demonstrated by the presence of quenchers in the reaction system. The difference in catalytic

activity between NiO and CeO2 films was analyzed via XPS technique; specifically, hydroxyl oxygen

groups in the CeO2 film were greater in number than those in the NiO film, thus benefitting catalytic

oxidation as these species are considered active oxidation sites. The effects of nozzle-substrate

distances and deposition time during the synthesis of the films on benzoic acid removal efficiency were

also explored. Based on XRD characterization, it was established that the NiO and CeO2 films were

polycrystalline with a cubic structure. NiO spherical nanoparticles were well-distributed on the substrate

surface, while some pin holes and overgrown clusters were observed in the CeO2 films according to the

SEM results. The stability of the CeO2 films after five consecutive cycles confirms their reusability. The

retrieval of films is easy because it does not require additional separation methods, unlike the catalyst in

powder form. The obtained results indicate that the CeO2 films have potential application in pollutant

removal from water through catalytic ozonation.
1. Introduction

The search for new materials is a topic of broad and current
interest owing to the lack of highly efficient catalysts for envi-
ronmental applications. Advanced oxidation processes (AOPs),
such as the Fenton reaction, ozonation, persulfate, and photo-
degradation, have been used to enhance the degradation of
diverse organic pollutants.1–5 Most of the AOPs require the
presence of a catalyst to initiate or increase the degradation of
toxic organic compounds in water, and their efficiency depends
on the catalyst properties.6,7 For example, heterogeneous cata-
lytic ozonation is an excellent remediation technology for the
elimination of recalcitrant toxic compounds from water.4,7 It is
commonly used when the catalyst dispersed into the water is
a solid powder, which favors ozone decomposition to produce
ıa Qúımica Ambiental, ESIQIE-Instituto
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o
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reactive oxygen species, such as free radicals (superoxide radical
(O2c

−), hydroxyl radicals (cOH)), and non-radicals (singlet
oxygen (1O2)).4,8–10 Complex post-treatment is required to
recover catalysts that exist in the form of powder; in addition,
loss of material is inevitable during several cycles of reuse.

Thin lms have attracted considerable attention in the last
few years owing to their ease of fabrication and low cost.
Numerous methods have been developed to deposit thin lms,
such as sol–gel,11 electrochemical deposition, sputtering,12 and
spray pyrolysis techniques.13,14 Compared to these methods,
spray pyrolysis has some advantages, including simple opera-
tion, higher stability of the obtained coatings, adaptability (for
preparing single and multi-layered lms), and an open-
atmosphere process.15,16 Recently, the ultrasonic spray pyrol-
ysis method has been used to create a wide variety of thin lms,
and their properties depend on a set of controllable parameters,
such as substrate temperature,17 solution concentration,18

carrier gas ratio,19 solvent type,20 nozzle-substrate distance,21

and deposition time.22 These parameters can be modulated to
generate various nanostructures, crystal orientations, and
single and multi-layered lms.

Although several attempts have been made to produce
catalysts in the form of lms, there is not enough research on
evaluating their catalytic activity in organic pollutant removal
RSC Adv., 2024, 14, 3923–3935 | 3923
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View Article Online
from aqueous solutions with ozone as the oxidizing agent. C. M.
Aguilar-Melo et al.23 demonstrated that nickel oxide (NiO) ach-
ieved higher catalytic performance in naproxen removal in
comparison with conventional ozonation because of the
improvement in reactive oxygen species (ROS) generation.
Similar results were obtained by I. C. Guzmán et al.24 in the
elimination of 4-chlorophenol and 4-phenolsulfonic acid using
a combination of ozone and a cerium oxide (CeO2) lm as the
catalyst, which exhibited remarkable catalytic performance due
to electron transfer of the redox pair (Ce3+/Ce4+).

Among transition metal oxides, NiO is cheaper than other
noble metals and has demonstrated high catalytic activity
towards some oxidation reactions that involve ozone.25 Another
transition metal oxide widely used as a catalyst in heteroge-
neous catalytic ozonation is rare-earth CeO2 because of its
tunable nanoscale morphologies, high Ce4+/Ce3+ redox activity,
excellent stability, low toxicity, and high abundance. Further-
more, it possesses abundant oxygen vacancies (OV), which oen
favor the formation of ROS. L. Wu et al.26 showed that the
formation of two neighboring Ce3+ is possible due to the
absence of an oxygen atom from the CeO2 lattice, generating
Frenkel-type OV (movement of the oxygen atom from the lattice
site to an interstitial site), and this was the critical descriptor of
ozone decomposition. Therefore, it is expected that NiO and
CeO2 lms can provide excellent catalytic activity towards
pollutant removal in the presence of ozone. To the best of our
knowledge, the effects of the nozzle-to-substrate distance (NSD)
during synthesis on the structural properties of both these
catalysts in ozonation have not been studied.

Benzoic Acid (BA) is commonly found in the effluents of
several industries, mainly the manufacturing units of dyes,
food, cosmetics, and pharmaceuticals.27,28 Furthermore, it is the
main precursor used in the production of phenols and certain
polymers; hence BA is a major pollutant in wastewater of these
industries,29 and its removal from water is a longstanding issue.
BA could be completely decomposed by UVC-persulfate oxida-
tion within 1 h, and it was mineralized up to 96%, resulting in
the generation of sulfate radicals (SO4c

−) and cOH from S2O8
2−

ions under a UVC light.27 A. Sennaoui et al.30 studied the
oxidation of BA by the electro-Fenton process using boron-
doped diamond/carbon-felt cells, achieving complete elimina-
tion by around 2 h, and complete mineralization was achieved
in 5 h. Both methods were effective in BA removal; however, the
employment of UVC light and electrodes is expensive,
increasing the cost of the treatment system. In this sense,
catalytic ozonation might be a better alternative to obtain
a higher mineralization degree in the system.

The main objective of this study is to investigate BA removal
by ozone in the presence of NiO and CeO2 lms synthesized by
ultrasonic spray pyrolysis. In addition, the effects of NSD and
deposition time on the characteristics and catalytic activity of the
thin lm were analyzed. Then, the most efficient lm was
selected to study the inuence of the number of glass plates
containing the lm on target organic compound degradation, as
well as its stability. Finally, the involvement of specic ROS was
conrmed by the addition of scavengers, such as tert-butanol,
sodium azide and p-benzoquinone, to the reaction medium.
3924 | RSC Adv., 2024, 14, 3923–3935
2. Materials and methods
2.1. Experimental conditions of thin lm synthesis

The glass substrates (“Lauka”, 2.5 × 7.5 cm2) were cleaned by
rinsing in acetone, ethyl alcohol, and deionized water using an
ultrasonic bath for 20 min each. Aer these treatments, the
substrates were covered and stored to avoid impurities. The thin
lms were deposited by using ultrasonic spray pyrolysis
equipment with a 1.5 cm diameter spray nozzle. A solution of
0.1 M cerium nitrate hexahydrate (Ce(NO3)3$6H2O (99%)) or
nickel nitrate hexahydrate (Ni(NO3)2$6H2O (97%)) in deionized
water was used as the precursor.

The NSD was varied (1 and 3.7 cm), while the other prepar-
ative parameters, including substrate temperature (T = 450 °C),
concentration of the precursors (0.1 M), carrier gas pressure (20
psi), deposition time (15 or 30 min), and quantity of the
spraying solution, were kept constant. The obtained thin lms
of CeO2 and NiO were labeled as MeHxTy, where Me= Ni, Ce; H
= substrate-to-nozzle distance (x = 1 for 1 cm, 2 for 3.7 cm); T =

deposition time (y = 1 (15 min), 2 (30 min)). The two values of
NSD were chosen according to the operational characteristics of
the equipment.

2.2. Characterization of the thin lms

The lm thickness was measured with a Uvisel Ellipsometer
(model LT M200AGMS HORIBA) with a xenon lamp (75 W), and
the thickness values were obtained via simulation by employing
a Tauc Lorentz dispersion formula. Crystallite structure infor-
mation was obtained by Grazing Incidence X-Ray Diffraction
(GIXRD) using an XPERT-Pro diffractometer with Cu Ka radia-
tion (40 mA and 45 kV). The grazing incidence angle of the X-ray
beam was xed at 0.5°, and the 2-theta scanning angle was
varied from 10° to 90°. Morphological analysis was performed
with a Scanning Electron Microscope (SEM) model Jeol-JSM
7800 F. Finally, the surface roughness was determined by
using an Atomic Force Microscope (AFM) MultiMode V equip-
ped with a minicontroller NanoEscope V (BRUKER, USA). The
chemical compositional analysis of the samples was carried out
by X-ray Photoelectron Spectroscopy (XPS) using a Thermo
Scientic (Waltham, MA, USA) K-Alpha instrument equipped
with an Al Ka X-ray source (1486.6 eV) running at a power of
150 W. XPS narrow scans using an X-ray spot size of 400 mm2

were collected using pass energies of 200 and 20 eV for the
survey and high-resolution spectra, respectively. XPS core level
spectra were analyzed using XPSpeak 4.1 soware and tted
using a Gaussian–Lorentzian mix function.

2.3. Ozonation experiments

Ozonation experiments were conducted in two systems; the rst
system involved BA (115 mg L−1) removal by conventional
ozonation, and in the second system, the catalytic ozonation of
BA was carried out in the presence of six glass plates with thin
lms of CeO2 or NiO. All the tests used the same cylindrical
reactors with a reaction volume of 400 mL. Ozone gas was
continuously generated from HTU500G (Azco Industries
Limited, Canada) using a pure oxygen source and distributed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
via a porous glass plate at the bottom of the reactor. The gas
ow and the concentration of ozone were maintained at 0.5
L min−1 and 30 ± 0.2 mg L−1, respectively, to avoid the
phenomenon of mass transfer. Residual ozone in the gas phase
was measured using BMT 946 BT (BMT Messtechnik, Berĺın).
Scavenger tests were performed to demonstrate the inuence of
ROS on catalytic ozonation; tert-butanol (TBA), sodium azide
(NaN3) and p-benzoquinone (p-BQ) at 50 mg L−1, 50 mM and
0.2 M were used as scavengers of cOH, O2c

−, and 1O2,
respectively.

2.4. Analytical methods

The concentration of BA was analyzed by High-Performance
Liquid Chromatography (HPLC, PerkinElmer Flexar) using
a C-18 YMC column at a ow rate of 0.5 mL min−1 and 230 nm
of wavelength. The mobile phase was 50 : 50 (v/v) acetonitrile :
water adjusted to 2.5 pH with phosphoric acid. The oxalic acid
concentration was also examined by HPLC under the analytical
condition reported by C. M. Aguilar-Melo et al.23 The total
organic carbon (TOC) was determined by using a TOC analyzer
(Shimadzu TOC-500 A).

3. Results and discussion
3.1. Characterization of the thin lms

The lm thicknesses were determined by ellipsometry and are
presented in Table 1. It can be observed that at a shorter spray
distance (1 cm), lms with greater thickness were obtained than
those formed at the nozzle-substrate distance of 3.7 cm. For the
NiO sample, the thickness was 33.78 nm and 15.37 nm, and for
the CeO2 sample, it was 15.37 nm and 6.8 nm at NSDs of 1 cm
and 3.7 cm, respectively (Table 1). However, the crystal structure
is amorphous of the samples at a distance from the NSD of 1 cm
(Fig. 1). At a greater NSD, the crystalline structure was improved,
and with the deposition time increasing from 15 to 30 minutes,
the thickness of the NiO lm increased from 15.37 nm to
29.06 nm and that of the CeO2 lm changed from 6.80 nm to
59.89 nm, respectively.

The X-ray diffraction patterns (XRDP) of the as-deposited
NiO and CeO2 thin lms are shown in Fig. 1a and b, respec-
tively, which reveal that all the samples were polycrystalline
with a cubic structure. The NiO thin lms displayed three main
peaks at 2q = 37.33°, 43.34° and 62.97°, representing the (111),
(200) and (220) plane directions, respectively, and no impurity
phases were detected (JCPDS 00-001-1239). Fig. 1b shows the
main characteristic orientations of CeO2 along the (111), (200),
Table 1 Crystal size, FWHM, and thickness of the synthesized samples

Sample 2q (°) FWHM(c) D (nm) Thickness

NiH1T1 — — — 33.78
NiH2T1 37.22 0.639 28.6 15.37
NiH2T2 37.22 0.325 94.2 29.06
CeH1T1 — — — 15.37
CeH2T1 28.59 1.100 12.1 6.80
CeH2T2 28.59 0.922 15.6 59.89

© 2024 The Author(s). Published by the Royal Society of Chemistry
(220), and (311) directions, which are in accordance with JCPDS
01-081-0792.

When the spraying solution emerges from an atomizer, the
droplets (made up of solvent and solute) travel different NSDs
and hence experience diverse temperature zones (temperature
gradient in the vapor phase). This is due to some forces, such as
gravitational and friction (droplet-air) forces, playing an
important role in the reaction kinetics of the droplets.21

At a short NSD (1 cm, NiH1T1), the droplets in the liquid
phase hit the substrate surface and evaporate aer a certain
time. When the distance is increased, that is, at 3.7 cm
(NiH2T1), the droplets have more time to absorb the thermal
energy and evaporate the solvent before the droplets reach the
substrate; therefore, the crystallinity improves upon increasing
the NSD from 1 to 3.7 cm. Similar results were obtained by R. J.
Deokate et al.21 for the deposition of CdIn2O4 lms; their results
also demonstrated that the density of oxygen vacancies
improves with increasing NSD, and this effect improves cata-
lytic activity in the ozonation process as the oxygen vacancies
serve as active sites.31

From the patterns obtained, the crystallite size was calcu-
lated for each sample except for NiH1T1 and CeH1T1 because
they produced no peaks in XRD. The crystallite size was ob-
tained using the Debye–Scherrer eqn (1).

D ¼ kl

b cos q
(1)

D indicates the crystallite size in nm, l is 0.151418 nm radiation
from the CuKa tube of the diffractometer and b is the FWHM(c)

(Full Width a Half Maximum corrected) of the peak with
instrumental correction. To estimate the crystal size using the
Scherrer equation, the standard polycrystalline silicon sample
was evaluated under the same incident beam (GI) conditions to
correct the instrumental FWHM. The data were calculated using
HighScore soware and are tabulated in Table 1.

Notably, the intensity of the peaks of the NiO and CeO2 thin
lms enhanced with an increase in the NSD and deposition
time. When the deposition time was increased from 15 min
(NiH2T1) to 30 min (NiH2T2), an increase in crystal size from
28.6 nm to 94.2 nm was observed for the samples NiH2T1 and
NiH2T2 (see Table 1) due to the presence of a higher quantity of
metallic oxides on the substrate. Similar results were obtained
for CeO2, which indicates that a longer deposition time is
favorable for crystal formation (T2 = 30 min), consistent with
previous publications.32,33

The morphology of the NiO thin lms formed at different
NSDs and deposition times was analyzed using SEM, as dis-
played in Fig. 2.

At both 1 and 3.7 cm spraying distances (Fig. 2a and b), the
formation of hollow spherical particles with an average diam-
eter of 20 mmwas observed. These particles are derived from the
coagulation of the incoming (and deposited) wet aerosol drop-
lets. Upon increasing the spray time to 30min, slight deposition
of the hollow spherical particles was observed in the image
(Fig. 2c), and they were of smaller size than those observed at
15 min. Fig. 2d–f show the micrographs of the NiO thin lms at
the scale of 100 nm. At 1 cm spray distance (NiH1T1), the
RSC Adv., 2024, 14, 3923–3935 | 3925
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Fig. 1 The XRD patterns of the as-prepared (a) NiO and (b) CeO2 thin films on glass substrates at 1 cm (H1) and 3.7 cm (H2) substrate-to-nozzle
distance and at 15 min (T1) and 30 min (T2) deposition time.
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deposition of NiO nanoparticles with spherical morphology and
sizes approx. 6–21 nm was observed. The shape of the grains
was maintained when the NSD and deposition time were
changed (Fig. 2d–f). Fig. 2g–i show the size distributions of the
nickel oxide nanoparticles; in the case of NiH1T1, the average
particle size was ∼14.5 nm (Fig. 2g).

The average particle size increased with the NSD from
14.5 nm to 15.5 nm (Fig. 2g and h). When the deposition time
was doubled, the average particle size increased from 15.5 to
19 nm. Furthermore, the particles tended to agglomerate faster
when the deposition time was increased (Fig. 2i).

On the other hand, the SEM surface images of the CeO2 lms
deposited on glass substrates at two different NSDs and depo-
sition times are shown in Fig. 3. At a 1 cm spray distance, the
formation of plate-type hollow particles with a diameter of
around 2–25 mm was observed (Fig. 3a); increasing the spray
distance to 3.7 cm (Fig. 3b) led to the deposition of smaller
particles than those obtained by spraying from a 1 cm distance.
Unlike the short NSD, at 3.7 cm (longer spray distance), the
particles were fully dried before they reached the substrate,
causing some agglomeration, as observed in Fig. 3. Further-
more, at 30 min deposition time, the form of the droplets had
changed slightly, which could be due to the amount of depos-
ited material (Fig. 3c). At the scale of 100 nm, some pin holes
3926 | RSC Adv., 2024, 14, 3923–3935
and overgrown clusters were observed on the CeO2 lm surface,
as seen in Fig. 3d. Some cracks appeared in the deposited lm,
which may be caused by the strain of the thickened deposits at
3.7 cm NSD and 30 min deposition time (Fig. 3e and f).

Fig. 4 displays the AFM results of the as-prepared lms. With
an increase in NSD, for both materials (Ni and Ce), the surface
roughness decreased from 17.83 nm to 11.63 nm for NiH1T1
and NiH2T1, respectively, and from 24.70 nm to 19.36 nm for
CeH1T1 and CeH2T1, respectively. At a 1 cm spray distance, the
coated area is smaller, and the deposited nickel and cerium
oxide lms presented rougher surfaces because the sprayed
solvent would not evaporate immediately from the substrate
surface and generate aggregation. In summary, at a shorter
NSD, a greater amount of solvent emerges from the nozzle and
strikes the substrate, generating surfaces with high roughness.
At 3.7 cm (NiH2T1 and CeH2T1), the droplets have more time to
absorb thermal energy, and evaporation happens when they hit
the substrate surface; as a result, the roughness surface is
reduced. On increasing the spray time to 30 min, the roughness
surface increased, reaching 43.63 nm and 30.42 nm in NiH2T2
and CeH2T2, respectively, due to an increase in the number of
droplets, which generate more deposited material. These
results are evidenced by the thickness of NiO and CeO2 on the
substrate (Table 1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a–f) SEM images and (g–i) particle size distributions of (a, d, and g) NiH1T1, (b, e, and h) NiH2T1 and (c, f, and i) NiH2T2. Scale bars: (a–c)
100 mm and (d–f) 100 nm.
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3.2. Thin lm activity

The activity of the NiO and CeO2 thin lms was examined by BA
ozonation experiments conducted in aqueous solutions, and
complete elimination of BA was obtained in all the studied
systems at around 30 min (Fig. S1†). Almost no signicant
difference in BA degradation was observed among the six cata-
lysts analyzed. Nevertheless, an important parameter that affects
the catalytic activity is themass ofmetallic oxide deposited on the
glass plates. Thus, the thickness of the lms was determined by
an ellipsometer, and the deposited mass of NiO and CeO2 was
calculated considering that all surfaces were homogeneous and
well-covered with the metal oxides. Fig. 5a and c show the data of
the eliminated BA mass normalized, respectively to the mass of
NiO and CeO2 as a function of the ozonation time.

The following trend was obtained for the elimination of BA
per mg catalyst: CeH2T1 > CeH1T1 ∼ NiH2T1 > NiH2T2 >
© 2024 The Author(s). Published by the Royal Society of Chemistry
NiH1T1 > CeH2T2, which is in concordance with increasing lm
thickness (Table 1). Interestingly, the highest BA removal was
obtained with the catalyst with minimal thickness; this could be
due to ozone contact at a supercial level.

A byproduct generated during BA degradation was oxalic
acid (OA), which is considered highly recalcitrant in conven-
tional ozonation. Therefore, the concentration proles of OA for
as-prepared catalysts were obtained by HPLC (Fig. 5b and d).
The following trend was obtained for OA removal at 120 min:
CeH1T1∼ CeH2T1 (20 mg L−1) < CeH2T2∼NiH2T1 (50 mg L−1)
< NiH2T2∼NiH1T1 (70 mg L−1) < O3 (90 mg L−1). The increased
OA removal efficiencies (recalcitrant byproduct generated by the
ozonation process) of the catalytic systems are attributed to the
probable generation of ROS, such as cOH.

TOC removal in the catalytic ozonation system with CeO2

thin lms reached approximately 90% and 84% for CeH2T2 and
RSC Adv., 2024, 14, 3923–3935 | 3927
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Fig. 3 SEM images of (a and d) CeH1T1, (b and e) CeH2T1, and (c and f) CeH2T2. Scale bars: (a–c) 100 mm and (d–f) 100 nm.
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CeH1T1 ∼ CeH1T2, respectively (Fig. 5e). The NiO thin lms
exhibited ∼30% lower TOC than catalytic ozonation with CeO2

lms. This demonstrates that the mineralization of BA was
enhanced in the presence of the CeO2 thin lms. According to
the literature, the presence of large amounts of oxygen vacan-
cies and Ce3+ favors the production of ROS, which attack several
byproducts like oxalic acid and get highest mineralization
Fig. 4 AFM images of the as-prepared NiO and CeO2 films.

3928 | RSC Adv., 2024, 14, 3923–3935
level.34 Conventional ozonation of BA resulted in 53% TOC
removal in 120 min, which is similar to the value reported by Z.
Wang et al.35 X. Huang et al.36 demonstrated that some
hydroxylated intermediates of BA improved its removal by
conventional ozonation. These hydroxylated derivatives are
more active in attacking ozone, resulting in an enhancement in
ozone decomposition and yield of ROS.35
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and c) The normalized curves of the amount of eliminated BA per mg of the catalyst and (b and d) the OA concentration profiles in the
presence of (a and b) the NiO and (c and d) CeO2 thin films; (e) TOC removal by conventional and catalytic ozonation.
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In general, the presence of NiO thin lms did not cause
a signicant difference in BA removal compared with conven-
tional ozonation, which is probably due to the similarity in the
amount and type of ROS generated. The CeO2 thin lms pre-
sented higher catalytic activity toward BA removal and its
intermediates than the NiO lms; therefore, CeH2T1 was
chosen for subsequent experiments.
© 2024 The Author(s). Published by the Royal Society of Chemistry
To understand the BA removal ability of the catalysts better,
XPS characterization was applied to determine the chemical
composition of fresh NiO and CeO2 lms. Fig. 6 shows the high-
resolution Ni 2p, Ce 3d and O 1s XPS regions calibrated to C 1s
(284.5 eV). The Ni 2p high-resolution spectrum was deconvo-
luted into several peaks, as shown in Fig. 6a, and peak assign-
ments are provided in Table S1.† The XPS tting analysis of the
RSC Adv., 2024, 14, 3923–3935 | 3929
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Fig. 6 Deconvolution of the (a) Ni 2p, (b and d) O 1s and (c) Ce 3d XPS spectra of the (a and b) fresh NiO and (c and d) CeO2 thin films.
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Ni 2p region conrmed that the surface of the NiO lm con-
tained NiO, NiOOH and Ni(OH)2. The presence of these species
of nickel is supported by the respective satellite signals. The O
1s regions of the NiO and CeO2 lms could be tted to three
peaks, as shown in Fig. 6b and d. The rst peak (OI) was
assigned to lattice oxygen (O2−), the second oxygen (OII) peak
corresponded with surface-adsorbed oxygen, and the third (OIII)
was attributed to oxygen-containing groups, such as hydroxyl
species. It was observed that the hydroxyl oxygen groups in the
CeO2 lm were greater in number than those in the NiO lm,
thus benetting catalytic oxidation as these species are
considered active oxidation sites. Probably, the presence of
these groups is responsible for the higher activity of CeO2. The
high-resolution Ce 3d spectrum of CeO2 was assigned to
different peaks; the letters v and u are used to represent the Ce
3d3/2 and Ce 3d5/2 spin–orbit components, respectively (Fig. 6c).
The spin–orbit peaks of v0, v0, v000 and u0 were assigned to Ce3+,
whereas the rest of the components corresponded to Ce4+.37

This result indicates the coexistence of Ce3+ and Ce4+ in the
3930 | RSC Adv., 2024, 14, 3923–3935
CeO2 lms; the energy positions of the peaks are summarized in
Table S2.† The generation of cOH is possible due to the oxida-
tion of Ce3+ by ozone (eqn (2) and (3)), and this species partic-
ipates actively in the removal of BA and its by-products,
eventually achieving mineralization (eqn (4)).

Ce3+ + O3 + H+ / Ce4+ + HO3c (2)

HO3c / cOH + O2 (3)

cOH + organic compounds / CO2 + H2O (4)
3.3. Effect of the number of glass plates with CeH2T1 thin
lms on BA removal

The number of glass plates with thin lms used in the catalytic
system is an important parameter to evaluate the inuence of
catalyst concentration (thin lm) on BA degradation because an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of the number of glass plates with CeO2 thin films (CeH2T1) on (a) BA removal, (b) OA concentration profiles, and (c) TOC removal;
(d) the effect of various quenchers on the BA degradation efficiency of CeH2T1.
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increment in the number of active sites can favor the catalytic
activity. According to the results, almost no discernible decrease
in BA degradation was observed when the number of glass
Fig. 8 (a) BA degradation and (b) TOC removal by CeH2T1 at different c

© 2024 The Author(s). Published by the Royal Society of Chemistry
plates with CeO2 thin lms in the system was increased
(Fig. 7a). However, OA decomposition was favored in the pres-
ence of CeO2 thin lms. Even the OA concentration prole
ycles.

RSC Adv., 2024, 14, 3923–3935 | 3931
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Fig. 9 (a) XRD patterns and SEM images of the (b) fresh and (c) recycled CeH2T1 thin films (after the 5th run).
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changed; in the presence of one glass plate with CeO2 thin lm,
the prole showed accumulation of OA, and when the number
of plates with thin lms was greater than one, the OA prole
indicated accumulation-decomposition at 120 min (Fig. 7b).
This was evidenced by the TOC removal efficiency of six glass
plates of CeO2 thin lms reaching nearly 83%, which is 20%,
11% and 23% greater than those of conventional ozonation,
catalytic ozonation in the presence of one and four plates with
CeO2 thin lms, respectively (Fig. 7c). This demonstrates that
the mineralization degree of BA is enhanced by six glass plates
with thin lms of CeO2.

To verify the contribution of ROS (O2c
−, cOH and 1O2) to

BA degradation, quenchers, such as TBA, p-BQ and NaN3,
were employed, as displayed in Fig. 7d. According to the
literature, cOH, O2c

−, and 1O2 react with TBA, p-BQ and NaN3,
respectively, generating inert intermediates.38,39 The pres-
ence of TBA during BA removal tended to drastically diminish
(68%) the mineralization degree of the catalytic ozonation
system. Therefore, it is proposed that cOH has a meaningful
role in BA degradation. When p-BQ was added to the reaction,
there was an inhibition of catalytic ozonation (61%),
demonstrating that O2c

− also participated in BA removal.
Importantly, p-BQ can react with cOH and O3 considering that
its kO2c

− = 3.5–7.8 × 108 M−1 s−1, kcOH = 1.2 × 109 M−1 s−1

and kO3 = 2.5 × 103 M−1 s−1. Hence, a high concentration of
p-BQ (50 mM) was used in the system to exclude the inuence
of cOH and O3. In this sense, NaN3 has been commonly used
to quench 1O2.40 Fig. 7d shows that in the presence of NaN3,
TOC removal was signicantly suppressed from 84.2% to
1.1% in the presence of CeH2T1. Therefore, the scavenger
studies demonstrate that cOH, O2c

−, and 1O2 participate
actively in BA removal.
3932 | RSC Adv., 2024, 14, 3923–3935
3.4. Stability of the CeH2T1 thin lms

The stability and catalytic activity of CeH2T1 during BA degra-
dation are the other main parameters to be considered and were
evaluated aer 5 continuous runs. As shown in Fig. 8a, no
signicant increase or decrease in BA degradation efficiency
was found during the ve successive cycles. However, TOC
removal diminished by approximately 20% aer the h cycle
in comparison with the rst cycle (Fig. 8b).

Based on the results of these ve successive cycles, the
activity of the CeH2T1 thin lm in the ozonation process
diminished until the fourth cycle and reached a plateau. The
reduction in the catalytic activity of the CeH2T1 thin lm in this
study can be associated with the adsorption of the intermedi-
ates generated during BA degradation or the leaching of metal
ions aer each cycle. Importantly, the leaching of metal ions
might be much lower than that in the case of a powder catalyst
because the amount of catalyst on the lm surface is much less
than the surface of the powder catalyst. To demonstrate the
stability of the material, aer the 5th BA degradation cycle, the
CeH2T1 lm was analyzed by XDR and SEM, as shown in
Fig. 9(a–c). According to the XRD results (Fig. 9a), the crystal
structure of the CeH2T1 lm remained unchanged before and
aer the 5th cycle, and no extra diffraction peaks were detected
due to the recycling of the thin lm. Fig. 9(b and c) show that
the thin lm maintained its morphology aer the BA degrada-
tion reaction, and the recycled lm surface was exclusively
smoother than the fresh lm surface.

Our results were compared with studies that have reported
BA removal using several advanced oxidation processes. As
shown in Table 2, the catalytic performance of the CeH2T1 thin
lm in this investigation is similar or even superior to those of
other reported materials. Furthermore, it is worth highlighting
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of BA removal using several advanced oxidation processesa

Advanced oxidation process Experimental conditions Treatment efficiency Ref.

Catalytic ozonation [BA] = 115 mg L−1 TOC removal: CeH2T2 (90%) >
CeH1T1 ∼ CeH2T1 (84%) > NiH1T1
(59%) > NiH2T1 (57%) > NiH2T2
(56%) at 120 min

This study
mNiO = 2.5 mg
mCeO2

= 1.2 mg
[O3] = 30 � 0.2 mg L−1

pH = 3.5 � 0.1
Fenton reaction [BA] = 40.0 mM BA removal 25.3% with the Fenton

process at 20 min. In the presence
of reducing agents, BA removal was
44%, 58% and 72% with the
addition of cysteine, ascorbic acid,
and hydroxylamine in the reaction
medium, respectively

48
[FeSO4$7H2O] = 10.0 mM
[H2O2] = 0.4 mM
pH = 3.0
[Hydroxylamine] = [cystine] =
[ascorbic acid] = 0.1 mM

Electrochemical oxidation [BA] = 10 mM BA removal 40% at 90 min 49
[Na2SO4] = 0.4 M
[NaH2PO4] = [Na2HPO4] = 0.1 M
pH = 6

Photocatalytic process [BA] = 100 mg L−1 BA elimination at 135 min:
MgFe2O4/ZnO/GO (45%) >MgFe2O4/
ZnO (43%) > ZnO (39%) > MgFe2O4

(36%)

50
[Catalysts] = 0.05 g L−1

Sunlight

Catalytic ozonation [BA] = 1 mM 60% and 90% of TOC removal with
O3 and O3-catalyst, respectively, at
90 min

35
[O3] = 38 mg L−1

[Fe-shaving] = 50 g L−1

pH = 6.8
Ozonation [BA] = 0.2, 5 and 25 mM BA removal: 20% (0.2 mM) < 85% (5

mM) at 10 min with [O3] = 1 mg L−1
36

[O3] = 1 and 5 mg L−1 TOC removal: 10% using [O3] =
5 mg L−1 and [BPA] = 25 mM

pH = 2.3 � 0.1
Photocatalysis and photo-Fenton-
like oxidation (PO/PFO)

[BA] = 50 mg L−1 95% of BA removal at 80 min 51
[Fe–TiO2/AC] = 0.5 g L−1

[H2O2] = 2 mM
pH = 4
UV light (254 nm) = 6 W

Photocatalysis (Ph) and
photoelectrocatalysis (PE)

[BA] = 1 mM BA removal: PE (65.7%) > Ph (18.3)
at 400 min

52

WE [glass/FTO/ZnO] = 64 cm2 and
CE = Pt

COD removal: 59.3 to 17.6 mg L−1

Voltage = 1.5 V
[HClO4] = 10 mM
UV light

a [BA] = initial concentration of BA; [catalyst] = catalyst concentration: [O3] ozone concentration; WE = working electrode; CE = counter electrode.
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that most of the research studies have used catalysts in the
powder form; therefore, the present study provides guidance for
the synthesis of thin lms for applications in environmental
remediation, specically in water, using lower amounts of metal
oxide than catalysts in the powder form. Furthermore, the
recovery of lms did not require additional separationmethods,
unlike catalysts in the powder form.

During heterogeneous catalytic ozonation, ozone decompo-
sition is believed to occur through its interactions with a cata-
lyst to generate free radicals.9,41–43 According to experiments
performed in the presence of scavengers in the reaction
medium, the CeH2T1 lms promote the formation of radicals,
such as cOH and O2c

−, due to ozone decomposition. Consid-
ering the formation of oxidant species (O3, cOH, O2c

−, and 1O2)
and the byproducts formed (identied by HPLC; Fig. S2†)
during the catalytic ozonation process, a probable pathway of
© 2024 The Author(s). Published by the Royal Society of Chemistry
BA removal is proposed, as illustrated in Fig. S3.† BA removal is
initiated by its rapid decarboxylation to form phenol. Subse-
quently, phenol oxidation occurs through the hydroxylation of
the aromatic ring to generate catechol and hydroquinone,44

which decompose into maleic and fumaric acids via benzene
ring cleavage. Further, their elimination generates oxalic and
acetic acids.45,46 Finally, these are oxidized to CO2 and H2O. The
proposed reaction pathway of benzoic acid removal coincides
with that reported by Y. Xu et al.47 using ozone in the presence of
vanadium oxide deposited on zeolite as the catalyst.

4. Conclusion

The ultrasonic spray pyrolysis technique was used to success-
fully produce NiO and CeO2 thin lms. The XRD results show
that the crystal structure of NiO and CeO2 was cubic without
RSC Adv., 2024, 14, 3923–3935 | 3933
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additional phases. The surface morphology of the NiO lms
reveals well-distributed nanoparticles on glass, while CeO2 lms
reveal irregular particle aggregation and some pin holes. The
presence of a catalyst in the reaction medium did not change
the concentration prole of BA removal in comparison with
conventional ozonation. Therefore, in both processes, the
complete elimination of BA was achieved at around 30 min.
However, the combination of CeO2 lms with ozone increased
TOC removal to 84–90% by 120 min in comparison with
conventional ozonation (53%) and ozonation catalyzed by NiO
lms (around 57%). This is probably due to the difference in the
amount of ROS generated, such as cOH, O2c

−, and 1O2, and the
formation of the hydroxyl oxygen groups on the CeO2 lm.
Therefore, the CeO2 lm can be a promising catalyst for the
elimination of recalcitrant pollutants from water using ozone as
the oxidant. It also has the advantage of not requiring addi-
tional techniques for separation from the reaction medium.
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