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• Doped TiO2 catalyst revealed low efficiency
for PPCPs removal through photocatalysis.

• Precursors load can promote the ecotoxicity
of treated solutions from leaching.

• Photocatalytic ozonation removed the
PPCPs but in some cases increase the
ecotoxicity.

• Photocatalytic ozonation showed better
ecotoxicological results than photocatalysis.
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Ecotoxicity
Pharmaceutical and personal care products (PPCPs) have been consumed in great extension and most of these are
found in water bodies, owing to the inefficiency of conventional wastewater treatments. To face against these recalci-
trant contaminants, advanced oxidation processes such as photocatalysis and ozonation have been studied. Moreover,
the combination of these technologies can improve the degradation of PPCPs, reducing the ozone consumption and the
effluent toxicity with the presence of photocatalysts. In particular, this study aimed to evaluate the effects of different N
and Ce loads in co-doping TiO2 catalysts on the efficiency of photocatalytic oxidation and photocatalytic ozonation for
PPCPs abatement, as well as on the resultant toxicity to aquatic species. Different radiation sources (UVA and solar ra-
diation) were considered for the photocatalytic oxidation. A mixture of 5 PPCPs: paracetamol, sulfamethoxazole, car-
bamazepine, methylparaben and propylparaben was used as a model synthetic effluent. Photocatalysis showed a low
efficiency on the PPCPs removal (<20 %), which was not affected by the radiation source. In general, the tested cata-
lysts showed no or low added-value for reducing the toxicity of the synthetic effluent. Concerning photocatalytic ozon-
ation, the lowest N amount (2.5 % w/w) promoted the best results for PPCPs removal, achieving values up to 100 %
with significant reduction of ozone dose compared to photolytic ozonation. In general, photocatalytic ozonation
showed better ecotoxicological performance than single photocatalysis. Compared to single photolytic ozonation, a
benefitial effect was observed for two aquatic species, using a specific catalyst. This catalyst, prepared by doping
TiO2 with 2.5 % w/w N and 1.2 % w/w Ce, showed to be the most promisong one, with potential to be used in
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photocatalytic ozonation. Hence, this work highlights the potential role of N and Ce co-doped TiO2-based catalysts in
photocatalytic ozonation for wastewater treatment.
1. Introduction

Contaminants of emerging concern (CECs) are a wide range of
compounds that are starting to bemonitored, andwhichmay cause adverse
effects to the environment and human health (Eggen et al., 2014; Taheran
et al., 2018). Many CECs present high persistency and recalcitrant charac-
ter, and have proven to be mutagenic, carcinogenic or have reproductive
toxicity (Walker, 2014; Cvetnic et al., 2019). Among other CECs,
pharmaceutical and personal care products (PPCPs) are described as
micropollutants due to their presence in the environment at very low
concentrations (ng/L to μg/L) (Ahmed et al., 2017; Lincho et al., 2021).
Owing to the limitations of the conventional wastewater treatment
technologies, these compounds have been detected worldwide, with
increased concentrations along the years (Ahmed et al., 2017; Salimi
et al., 2017). The exponential growth of population and water scarcity are
the major causes of this augmentation. In fact, the growth of population
contributes to the increase in the PPCPs consumption which will be
released mainly as domestic effluents, ended up reaching the aquatic
systems. Moreover, the water scarcity will promote the reduction of water
quality due to the presence of such contaminants. The traditional wastewa-
ter treatment plants cannot remove such recalcitrant compounds due to the
biorefractory character (Rizzo et al., 2019). Hence, it is relevant to improve
the wastewater treatments efficiency envisaging the complete removal of
PPCPs and the toxicity reduction.

As an alternative, advanced oxidation processes (AOPs), namely
photocatalytic processes and ozonation, appear to be a promising technol-
ogy to eliminate these PPCPs (Rodriguez-Narvaez et al., 2017; Rizzo
et al., 2019). These processes involve the production of different radicals
(e.g. OH•, HOO•, O3•

-) capable to degrade a large variety of organic mole-
cules. AOPs have proven to be highly effective and to have low detrimental
impact on the environment, but the operational conditions need to be
optimized. Besides the usage of these single methods, such as ozonation
and photocatalysis, combinations among them can present higher degrada-
tion rates of a broader range of PPCPs. In particular, the combination of
ozonation and photocatalysis can be a promising method to improve the
PPCPs abatement by mineralization (Mehrjouei et al., 2015).

Ozone is a powerful oxidant that can be used for the abatement of PPCPs
(Gomes et al., 2017). However, due to its selective character, it can produce
refractory compounds which can be more problematic than the initial
PPCPs (Gomes et al., 2019b). Ozone, being an electrophilic species, acts
as an electron acceptor, which can reduce the electron-hole recombination
of the photocatalysts and adsorb on its surface, producing more radicals
(Xiao et al., 2015).

Photocatalysis requires the use of a semiconductor, and the most com-
mon is titanium dioxide (TiO2) due to its low cost, high stability properties
and photoactivity (Pelaez et al., 2012; Velegraki et al., 2015). However, one
of the major drawbacks of TiO2 is that, with a bandgap energy of 3.2 eV,
only ultraviolet (UV) radiation is capable to activate it under the
300–390 nm wavelength (Pelaez et al., 2012; Centi and Perathoner,
2014; Gomes et al., 2019a). Thus, mechanisms to decrease the bandgap en-
ergy of TiO2 and shift its activity into the visible radiation spectrum
(>400 nm) are important to make photocatalytic-based processes more ef-
ficient and cheaper, allowing their use with the solar radiation. In this
sense, doping and co-doping have become techniques of high interest.
These techniques comprise the incorporation of different elements, such
as metal (e.g. Cu, Fe, Mn, Ce) and non-metal (e.g. N, B, C, S) elements,
capable to interact with the conduction and valence band of the semicon-
ductor reducing its bandgap energy (Pham and Lee, 2017; Rimoldi et al.,
2018). The application of nitrogen for the doping of TiO2 proved to increase
the photoactivity for the visible or solar radiation (Petala et al., 2015;
2

Rimoldi et al., 2018). For instance, Solís et al. (2015) used the N-TiO2 in
the photocatalytic ozonation process for the abatement of an herbicide,
with suitable improvement in the ozone activity. In addition, in a previous
work of our group (Fernandes et al., 2020a), N-TiO2 catalysts showed better
performance on the degradation of a parabens mixture than the pristine
TiO2 catalyst. The co-doping with Ce can also improve ozonation since Ce
oxides have high catalytic activity towards ozone, enhancing the ozone de-
composition (Nawrocki, 2013; Qi et al., 2020). However, the combination
of both N and Ce onto TiO2-catalysts has not been thoroughly explored, de-
spite the individual results pointing it as a promising combination to apply
on the photocatalysis and photocatalytic ozonation of several PPCPs
(Fernandes et al., 2020a). For instance, it is not known what is the best
load of each element towards a better degradation performance and a
lower environmental impact. Shen et al. (2009) reported that co-doping a
TiO2 catalyst with N and Ce (at 0.02 and 0.01 M ratio, respectively) im-
proved nitrobenzene removal by photocatalysis under visible light. More-
over, Charanpahari et al. (2013) analyzed the photocatalytic degradation
of methyl orange, and reported a beneficial effect of doping TiO2 catalysts
with Ce, N and S, due to synergistic effects among the multiple dopants.
Compared to the previously mentioned studies, the present study shows
an integrative approach by considering not only the effects on the PPCPs re-
moval (both upon photocatalysis and photocatalytic ozonation) but also the
ecotoxicological consequences.

Hence, this work aims to evaluate the effects of different N and Ce loads
in the co-doping of TiO2 catalysts on the efficiency of photocatalytic oxida-
tion andphotocatalytic ozonation for PPCPs abatement, as well as on the re-
sulting toxicity to aquatic species. A synthetic effluent was used, consisting
on a mixture of diverse PPCPs namely paracetamol (PCT, analgesic), sulfa-
methoxazole (SMX, antibiotic), carbamazepine (CBZ, anticonvulsant),
methylparaben and propylparaben (MP and PP, respectively, two common
parabens). A two-step procedure was used. First, the efficiency of TiO2

catalysts doped with different N loads (2.5, 5 and 10 % w/w) and co-
doped with Ce (0.6 and 1.2 % w/w) was assessed on the removal of the
PPCPs, considering both photocatalysis and photocatalytic ozonation.
Moreover, two different radiation sources were considered in the
photocatalysis - UVA and solar radiation. Second, the ecotoxicological
effects of those catalysts, used in photocatalysis (solar radiation) and photo-
catalytic ozonation (UVA radiation) were assessed to aquatic species. The
selected model species were the microalga Raphidocelis subcapitata, the
macrophyte Lemna minor, and the crustacean Daphnia magna. As far as the
authors know, this work is the first to address the effects of N and Ce
loads in co-doping of TiO2 catalysts for abatement of PPCPs, and also the
first to consider the degradation effects both in photocatalysis and photo-
catalytic ozonation. Moreover, this work presents an integrated assessment
of such effects by addressing the ecotoxicological impact of the different
loads of N and Ce.

2. Materials and methods

2.1. Synthetic effluent preparation

The synthetic effluent was prepared by dissolving methylparaben (MP),
propylparaben (PP), paracetamol (PCT), sulfamethoxazole (SMX) and
carbamazepine (CBZ) in ultrapure water, at 1 mg/L each. These PPCPs
were acquired to Sigma-Aldrich (≥ 99 % purity).

2.2. Preparation of catalysts

The catalysts were prepared by the sol-gel method, following Fernandes
et al. (2020a). Titanium (IV) butoxide (97 % purity), used as titanium



E. Domingues et al. Science of the Total Environment 887 (2023) 164000
dioxide precursor, was obtained from Aldrich Chemical. Urea and cerium
(III) nitrate hexahydrate, used as nitrogen and cerium precursors respec-
tively, were acquired to Sigma-Aldrich.

The preparation involved two different solutions. The first solution
consisted on diluting titanium butoxide in absolute ethanol (1:5 v/v, respec-
tively), stirring during 30min. The second solutionwas composed by distilled
water, absolute ethanol, acid acetic glacial, urea and cerium nitrate hexahy-
drate according to its respective ratio 2.5%w/w, 5%w/w, 10%w/w for ni-
trogen and 0.6 % w/w and 1.2 % w/w for cerium. After homogenization of
the second solution, it was added dropwise to the first solution. The resulting
solutionwas kept under aging during 2 h at room temperature. Then the solu-
tion was placed at 70 °C during about 12 h to evaporate the solvent. The final
step was the calcination stage, which was performed during 3 h at 450 °C,
followedby cooling andmanualmilling. Six different catalystswere produced,
and their composition in terms of nitrogen and cerium is presented in Table 1.

2.3. Advanced oxidation processes

The test solutions that were submitted to the advanced oxidation pro-
cesses were obtained by adding the prepared catalyst to the mixture of 5
PPCPs, at a concentration of 100 mg/L.

The experimental procedure involved two different technologies: pho-
tocatalytic oxidation and photocatalytic ozonation. The photocatalytic oxi-
dation was performed with two different radiations sources: UVA and
sunlight radiation, during 120 min. The experiments under UVA radiation
were carried out in a 2 L glass reactor under constant stirring at 700 rpm
equipped with 3 UVA lamps (Philips TL 6 W BLB, the peak emission at
365 nm) and with a thermostatic bath at 25 °C. The solar experiments
were performed at the Department of Chemical Engineering of the Univer-
sity of Coimbra (40.186622°, −8.4182372°) in a beaker of 200 mL with
magnetic stirring at 300 rpm. These experiments were made in July 2022
and the average solar radiation powerwas around 700±150W/m2 during
the experiments. All the experiments were performed in duplicate.

The photocatalytic ozonation experiments of each catalyst were carried
out in the same reactor previously described for the photocatalytic oxida-
tion under UVA radiation described above. Ozone was produced from
pure oxygen (99.9 %) using an ozone generator (802 N, BMT). The inlet
gas flowrate (Qgas) was 0.2 L/min over the volume solution (Vliq), and the
inlet ([O3]i) and outlet ([O3]o) ozone concentrations were followed by gas
analyzers (BMT 963 and 964, respectively). The transferred ozone dose
(TOD), in mg O3/L, was estimated through the Eq. (1).

TOD ¼
Z t

0

Qgas

V liq
� O3½ �i � O3½ �o
� �� dt (1)

2.4. Ecotoxicity evaluation

The ecotoxicity of the synthetic effluent after treatment by photocatalysis
oxidation using solar radiation and by photocatalytic ozonation (UVA radia-
tion) using the co-doped titanium dioxide (nitrogen and cerium) catalysts
was determined for R. subcapitata, L. minor and D. magna.

Since the synthetic effluent does not fulfill the species requirements for
survival and growth, namely macro and micronutrients, the samples were
spikedwith nutrients previously to the experiments to attain the samenutrient
levels as in their standardmedium. Nutrient spiking caused a slight dilution of
Table 1
Composition and designation of the prepared catalysts.

Name Nitrogen (% w/w) Cerium (% w/w)

E 5 0.6
E1 10 0.6
E2 2.5 0.6
E3 10 1.2
E4 5 1.2
E5 2.5 1.2

3

the sample, as mentioned below. This procedure was required to ensure that
the observed ecotoxicological effects were not due to nutrient scarcity.

The ecotoxicity of the untreated synthetic effluent was also evaluated, as
well as that of the photolytic ozonation treatment per se (no catalysts). This
aimed to allow further comparisons among treatments and support illations.

2.4.1. Raphidocelis subcapitata
Growth inhibition tests with R. subcapitata were performed according to

the OECD guideline 201 (OECD, 2011), with the modifications described by
Gomes et al. (2019b). Experiments were carried out in 24-well microplates.
Each sample was tested in triplicate and initiated with 1 × 104 cells/mL.
The microalgae originated from a laboratory culture maintained in Woods
Hole MBL medium (Stein, 1979), at 20 °C ± 1 °C under a 16 h light:8 h
dark photoperiod. Nutrient spiking of the samples was performed to comply
with the MBL medium recipe, resulting in each sample being tested at
98.2 % strength. A control treatment was also carried out consisting of ultra-
pure water, nutrient spiking and microalgae. A 96 h exposure period was
allowed, at 23 °C ± 1 °C and continuous light supply. After this period, algal
density was determined by measuring the absorbance of each sample at
440 nm. The absorbance values were converted to cell density values using
a previously defined curve, and the latterwere then used to determine the bio-
mass yield following the OECD guideline 201 (OECD, 2011).

2.4.2. Lemna minor
Growth inhibition tests with L. minor were performed according to the

OECD guideline 221 (OECD, 2006), with the modifications described by
Gomes et al. (2019b). Each sample was tested in triplicate. Tests were car-
ried out in 6-well microplates and initiated with 3 colonies with a total of
10 fronds per replicate. Colonies were obtained from laboratory cultures
maintained in Steinberg medium at 20 °C ± 1 °C under a 16 h light:8 h
dark photoperiod. Nutrient spiking was performed to comply with the
Steinberg medium recipe, resulting in each sample being tested at 93.5 %
strength. A control treatment was also carried out consisting of ultrapure
water, nutrient spiking and the colonies. A 7 d exposure period was
allowed, at 23 °C ± 1 °C and continuous light supply. After this period,
the number of fronds per well was counted and the macrophytes were
dried at 60 °C for quantification of their dry weight. The number of fronds
and the dry weight were used to determine the yield inhibition, according
to the OECD guideline 221 (OECD, 2006).

2.4.3. Daphnia magna
Immobilization tests with D. magna were performed according to the

OECD guideline 202 (OECD, 2004) with the modifications described by
Gomes et al. (2019b). Experiments were carried out in glass test tubes. Each
sample was tested in quadruplicate, using 5 neonate daphnids (<24 h old)
per replicate. Neonates were obtained from laboratory cultures, which were
maintained in ASTM hard water (ASTM, 2004) enriched with an organic ad-
ditive extracted from Ascophyllum nodosum and fed every other day with
R. subcapitata at 3.0 × 105 cells/mL. Temperature was kept at 20 °C ± 1 °C
and the photoperiod was 16 h light:8 h dark, both for cultures and during
the experiments. Nutrient spiking was performed to comply with the ASTM
hard water recipe, resulting in each sample being tested at 92.0 % strength.
A control treatmentwas also carried out consisting of ultrapurewater, nutrient
spiking and the neonate daphnids. No food was supplied. After 48 h of expo-
sure, the immobilized daphnids in each tube were counted, and used to deter-
mine the percentage of immobilization.

2.5. Analytical procedures

The UV–Vis Diffuse Reflectance Spectroscopy (DRS) spectra for solid
catalysts was performed by a Jasco V-650 spectrophotometer for the wave-
length range of 250 to 600 nm. The band gap energy of all catalysts was cal-
culated using Tauc's plot as (αhυ)n versus hυ, based on Tauc's rule:

αhυð Þn ¼ B hυ ‐ Ebg
� �n (2)
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where α is the absorption coefficient, B is an energy independent constant,
h is the Planck's constant, υ is the light frequency and n indicates the type of
optical transition, which is n= 1/2 for direct allowed transition (Shkir and
Yahia, 2018). The band gap of each catalyst was obtained by the intersec-
tion point of the tangent line where (αhυ)1/2.

The surface morphology and chemical structure of the prepared cata-
lysts were examined using field-emission scanning electron microscopy
(FE-SEM, JEOL JSM-7610 F) and Raman spectroscopy, respectively, at
room temperature (Thermo Scientific DXR Smart Raman spectrometer
with a 532 nm laser). BET surface area, total pore volume and pore size
distributionwere estimated from nitrogen adsorption-desorption isotherms
conducted on a Micro 200 (3P Instruments) at a temperature of
−196.2 °C. prior to the measurements, the samples were degassed with ni-
trogen gas at 200 °C for 5 h. Micropore analysis was done by HK/SF
method. Photoluminescence measurements were conducted at room tem-
perature using a LS-50B Luminescence Spectrophotometer, with a Xenon
discharge lamp as an excitation source and a R928 photomultiplier as a de-
tector. The samples were excited at 300 nm, and the excitation radiation
was directed onto the sample surface at a 90° angle.

The X-ray diffraction (XRD) analysis wasmade through a diffractometer
(Bruker D8 Advance) for the pristine TiO2 and the E (0.6 % Ce + 5 % N)
catalysts for crystalline phases identification. The diffractometer works
with Cu Kα radiation (2.2 kW ceramic tube), equipped with a 1D LynxEye
detector (Silicon Drift Detector) covering an angle of∼3° and with∼25 %
energy resolution.

The contaminants concentration along the oxidation reactions was
followed through the high-performance liquid chromatography (HPLC), a
Beckman Coulter Gold system. The mobile phase (1 mL/min) consisted of
a mixture of 50:50 methanol: acidic water (0.1 % orthophosphoric acid).
The injection volume was 100 μL and chromatography column was a C18
(SiliaChrom) at 40 °C. The detection of SMX was performed at λ =
280 nm while for parabens, CBZ, and PCT was made at λ = 255 nm.

2.6. Data analysis

The data analysis was performed using the free software Gretl. A total of
12 experiments for the degradation of PCT by photocatalytic oxidation
were analyzed, representing the results obtained for the catalysts presented
in Table 1 with two different radiations sources: UVA and solar radiation.
Fig. 1. UV–Vis diffuse reflectance spectroscopy (DRS) sp
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PCT was chosen for this analysis as this contaminant, along with CBZ and
SMX, showed the highest abatement, whereas the removal of the remaining
PPCPs (MP and PP) was lower.

The application of data analysis is very advantageous to optimize the
number and costs of experiments. By an exploratory analysis, important
knowledge can be obtained to better describe the response of the degrada-
tion of PCT with different catalysts and radiation sources. In the present
work, data analysis was conducted through a correlationmatrix to examine
the correlation level between the degradation of PCT, different catalysts
and radiation sources. The correlation coefficients were used as indication
of the level of dependence between variables. For the model development,
linear regressionwithmultiple variableswas used to adjust the degradation
of PCT. However, for the analysis presented in this work, the build of model
for the degradation of PCT has to be carefully analyzed. Moreover, the rep-
resentation of experimental data and model metrics needs to be used to
compare between model adjustments.

The statistical analysis of ecotoxicological data was carried out with a
one-way ANOVA. Whenever the data did not verify the ANOVA assump-
tions (normality assessed through the Shapiro-Wilk test, and homoscedas-
ticity assessed through the Brown-Forsythe test), the Kruskal-Wallis test
was used. To compare the differences of catalysts among each other, the
pairwise multiple comparison Tukey Test was used. The existence of signif-
icant differences between the treatments with the catalysts and the un-
treated synthetic effluent, as well as between the catalysts and the
photolytic ozonation was assessed using the multiple comparisons
Dunnett's test. A p-value of 0.05 was used for all statistical analyses.

3. Results and discussion

3.1. UV–vis DRS analysis of the catalysts

The co-doping effect using N and Ce over TiO2 was assessed for all the
catalysts through the UV–Vis DRS analysis. This analysis measured the po-
tential of catalysts to absorb the radiation sources used in this work, UVA
and solar radiation. Fig. 1 presents the absorption spectrum from UV–Vis
DRS and the Tauc's plot analysis for all the prepared catalysts.

The used N and Ce amounts for the doping of TiO2 did not promote dif-
ferences on the absorbance spectrum along the wavelength as can be seen
in the Tauc's plot (Fig. 1A,B). Considering the absorption spectrum for all
ectra (A) and Tauc's plot (B) of the tested catalysts.



Fig. 2. XRD analysis of the bare TiO2 (pristine) and the E (0.6 % Ce + 5 % N) catalysts.

Fig. 3. Raman spectra of the prepared catalysts.

E. Domingues et al. Science of the Total Environment 887 (2023) 164000
the catalysts, it is possible to estimate the energy of the bandgap (Eg) from
the following equation (Eq. (3)) (O'Regan and Gratzel, 1991):

Eg ¼ 1240
ʎ

(3)

where ʎ is the absorption edge wavelength. Based on Fig. 1B, the energy
bandgap was about 2.1 eV for the E catalyst and there were no relevant dif-
ferences among the prepared catalysts which present a band gap of 2.08 eV.
The main crystalline phases of TiO2 is the anatase and rutile, for which the
energy bandgap is about 3.2 eV and 3.0 eV, respectively (Pelaez et al.,
2012; Gomes et al., 2019a). However, the doping with Ce and N can pro-
mote a significant decrease of the bandgap energy, as shown in previous
works (Shen et al., 2009; Sun et al., 2010).

From the XRD analysis (Fig. 2) it is concluded that anatase is the unique
crystalline phase present. Moreover, the calcination temperature (450 °C)
used during the production of catalysts points to the same conclusion.
Sun et al. (2010) analyzed the effect of the calcination temperature over
the TiO2 phases for the different sol-gel prepared Ce/N-TiO2 catalysts, con-
cluding that from 370 to 420 °C the amorphous phase of TiO2 converts to
anatase phase and the rutile conversion occurs at the range from 550 to
620 °C (Sun et al., 2010). Hence, considering the calcination temperature
used in the production of the tested catalysts, itmay be assumed that the an-
atase was the only phase present in the catalysts.

The XRD analysis revealed that anatase is the TiO2 crystalline phase, as
given by the identified peaks at Fig. 2. However, the intensity of peaks
clearly decreased for the doped catalyst compared to the pristine TiO2

(Fig. 2). In fact, the lower intensity and broader peaks can be related to
the presence of the amorphous phase which will likely be responsible for
the decrease in the photoactivity (Kalantari et al., 2016; Qiu et al., 2019).
Moreover, the broader intensity of the first diffraction peak at the angle
25.3o corresponding to the (101) plane indicates the lower crystallite size
for the anatase phase (Qiu et al., 2019). Typically, the N and Ce co-
doping of TiO2 can create a small shift in the (1 0 1) diffraction peak (Sun
et al., 2010; Lee et al., 2013) but that was not observed in the present
study. Moreover, the increased amount of Ce and N can promote broader
and lower intensity peaks (Sun et al., 2010; Lee et al., 2013), which agrees
with our results (Fig. 2). In order to confirm these results, the Raman anal-
ysis was made for all the prepared catalysts (Fig. 3).
5

Raman spectra was composed of six Raman active modes
A1g + 2B1g + 3Eg located at 144, 194, 397, 513, 517 and 639 cm−1, as
shown in Fig. 3 (Fan et al., 2016). Ti\\O stretching vibration are typically
assigned to bands at 517 and 397 cm−1, while bands at 639 cm−1 are asso-
ciatedwith the O–Ti–O type vibration (Fan et al., 2016; Touati et al., 2016).



Fig. 4. HR-SEM images of prepared catalysts.
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The presence of these Raman modes confirms anatase crystalline form of
prepared catalysts (Touati et al., 2016). The results of Raman spectroscopy
were in line with the XRD results (Fig. 2).

Surface morphology of the obtained catalysts is shown in Fig. 4. It can
be observed that the samples exhibited morphologies of spherical nanopar-
ticles (NPs). The increase in the content of N or Ce did not result in the
transformation of NPs into other forms such as nanorods, nanospheres,
nanowires. Particle size calculated based on HRSEM images in summarized
in Table 2. The use of the sol-gel method to obtain doped TiO2 made it pos-
sible to obtain aggregates of NPs with a size below 10 nm. In both cases (for
Ce amount of 0.6 and 1.2 % w/w), an increase in the N content resulted in
an increase in the size of the TiO2 NPs, which is in line with the previous
literature (Sun et al., 2010; Lee et al., 2013). It can also be seen that an in-
crease in Ce content from 0.6 to 1.2%w/w caused formation of bigger NPs.

Table 2 presents the results of the influence of N and Ce doping on the
BET surface area, which was determined through liquid nitrogen
adsorption-desorption isotherms. The decrease in BET surface area, as ob-
served in Table 2, was found to be caused by an increase in N content leading
to an increase in NP size. This increase in size can be attributed to interstitial
doping, where N atoms occupy interstitial spaces instead of crystal lattice
Table 2
Particle size, BET surface area and micropore Analysis.

Average
particle
size based on
SEM images
(nm)

BET
surface
area
(m2/g)

Total
pore
volume
(cm3/g)

Micropore analysis

Micropore
volume
(cm3/g)

Most
Frequent
Pore
Diameter
(nm)

Median
Pore
Diameter
(nm)

E 7.6 ± 0.5 117.1 0.2211 0.053 0.65 0.75
E1 9.3 ± 0.7 108.8 0.1882 0.053 0.66 0.78
E2 6.3 ± 0.6 136.4 0.2855 0.065 0.62 0.80
E3 9.9 ± 0.6 96.6 0.1589 0.049 0.64 0.70
E4 7.6 ± 0.6 105.1 0.1739 0.049 0.68 0.72
E5 6.9 ± 0.6 127.4 0.2323 0.059 0.63 0.74
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positions (Ding and Li, 2015). However, it is worth emphasizing that the
BET surface area of the modified catalysts is almost twice bigger compared
to pristine TiO2 (66.8 m2/g, please see the reference (Fernandes et al.,
2020a). The increase in N content appears to have a significant impact on
total pore volume. The size of the nanoparticles may be responsible for the
decrease in total pore volume observed with an increase in N content. It
could be also seen that the BET surface area and pore parameters decreased
as the Ce content was increased from 0.6 to 1.2%w/w.

Fig. 5 shows the photoluminescence (PL) spectra of the prepared
catalysts, indicating that they have similar curve shapes but different
intensities.

The emission peak at 416 nmwas due to the Wannier-Mott free exciton
emission of TiO2, whereas the peak at approximately 440 nm was due to a
charge transfer transition from Ti3+ to the O2

− in [TiO6]8− (Chen et al.,
2013). Additionally, the peaks at around 478 nm and 526 nm originated
from oxygen vacancies and surface defects of TiO2 (Klein et al., 2016).
The lower PL intensity suggests a lower recombination of photogenerated
electron-hole pairs, leading to an improved activity. As can be seen in
Fig. 5, the catalysts with the lowest amount of nitrogen, such as E5 or E2,
exhibited the lowest PL intensity. Conversely, the highest amount of nitro-
gen in the catalysts (10%w/w) resulted in the strongest PL intensity, as ob-
served for sample E3 and E1, which likely affects their catalytic activity.

3.2. Photocatalytic oxidation

The photocatalysis can be a promising technology for the PPCPs abate-
ment using a suitable semiconductor, and its activity can be cheaper if solar
radiation can be used as radiation source. In order to establish a good
photoactivity under the visible spectrum a co-doping of TiO2 was made.
However, as observed in the previous section, the absorbance of the pro-
duced catalysts in the visible spectrum was not improved. In this sense,
two different radiations sources were used: UVA and solar radiation.
Fig. 6 presents the degradation of PCT by photocatalytic oxidation through
Fig. 5. Photoluminescence spectra of the prepared catalysts.



Fig. 6. Removal of paracetamol (PCT) following photocatalytic oxidation through UVA and solar radiation with the tested catalysts.
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UVA and solar radiation. As abovementioned, the removal of PCT was sim-
ilar to that of CBZ and SMX, whereas the removal of MP and PP was lower,
with values between 2 and 8 %. Thus, the removal values for the PPCPs
mixture are lower than the ones presented for PCT. Given this, the removal
of PCT was presented to allow inferences about the effects of the N and Ce
amount on co-doping TiO2-based catalysts following photocatalytic oxida-
tion. In a previous work of our group, the pristine TiO2 presented a lower
performance than N doped TiO2 catalysts for degradation of a parabens
mixture (Fernandes et al., 2020a) and, thus, it was not considered for this
comparison between N and Ce doped TiO2 catalysts.

The photolysis of different PPCPs for both radiations used did not pro-
mote any removal, since their absorption spectrum is out of this radiation
wavelength (Martins et al., 2019; Gomes et al., 2021). In terms of catalysts
performance, the PCT removal presented in Fig. 6 reveals the same type of re-
sponse as other PPCPs used in the experiments. The PPCPs removal in the
photocatalytic oxidation was slightly dependent on the radiation source
used. The solar radiation presented a slightly better performance for PCT re-
moval comparing to UVA radiation in the case of 0.6 % of Ce load (E, E1, E2
catalysts) but which is not significantly relevant. For the highest Ce load, the
results were similar for both radiations used. As can be seen, the radiation
source does not present significant differences as further obtained in data
analysis section. The lowest Ce load promoted a higher PCT removal than
the highest Ce load, which was unexpected. Actually, according to Fig. 1A,
it was expected that the highest amount of Ce promoted a better removal
since the slope of absorbance was less pronounced than that of the lowest
Ce load. However, the increase of Ce ions in TiO2 lattice can inhibit the ana-
tase phase growth, decreasing the crystallite size (Sun et al., 2010). Based on
a XRD analysis, Sun et al. (2010) reported that the increase of Ce load from
0.3 to 1.2 % caused a decrease in the crystallite size of anatase phase. There-
fore, this explains the performance of both Ce loads used since the anatase
phase is directly related with the photoactivity of catalysts (Pelaez et al.,
2012; Gomes et al., 2019a). The results do not agree with the photolumines-
cence analysis (Fig. 5) which suggests that E5 has the lowest PL intensity. In
this sense, it was expected that E5 had the lowest electron-hole pairs recom-
bination and higher photocatalytic activity for the PCT degradation, which
does not occur.
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Regarding to the N load effect on the photocatalytic oxidation, results
were more similar for both Ce loads (Fig. 6). Considering the lowest Ce
amount, the increase of the N load from 2.5 (E2) to 5 % (E) promoted an im-
provement of PCT removal. However, a further increase in the N amount
from 5 (E) to 10 % (E1) caused a decreased efficiency, achieving an optimal
load of N at 5%. These results indicate that the increase of the N amount can
also affect the crystallite size and even inhibit the growth of anatase phase (Bu
et al., 2012; Zielinska-Jurek et al., 2015; Gomes et al., 2019a). In fact, the cal-
cination stage iswhen the amorphous phase transforms in anatase and this in-
hibition can contribute to the low crystallinity, ultimately reducing the
efficiency on the PPCPs abatement. The presence of the amorphous phase,
as shown by the XRD analysis (Fig. 2), sustains such low photocatalytic oxida-
tion performance.

Despite this, the low performance observed for all the catalysts can be
related with the low crystallinity since the 2 h of aging was not enough to
obtain a Ti-O-Ti network with optimal physical and chemical properties
(Chong and Jin, 2012). In further studies, the sol-gel procedure, in particu-
lar the aging time, should be optimized. Moreover, the catalyst dosage
should also be optimized since other studies with higher amounts of cata-
lyst presented better performance on PPCPs removal.

The mechanisms for the photocatalytic oxidation are described in Eq. (4)
to Eq. (6) (Pelaez et al., 2012). This process encompasses the photoactivation
of TiO2-based catalysts through the UVA radiation promoting the
photogeneration of electron-hole pairs (Eq. (4)). The photogenerated holes ox-
idize water to produce hydroxyl radicals (Eq. (5)) which presents the highest
oxidative potential (2.80 V). On the other hand, the photogenerated electrons
reduce the oxygen to produce superoxide radicals (Eq. (6)). Besides this, the
low performance can be related with the low crystallinity of anatase phase
due to the presence of amorphous phase as verified in the XRD analysis (Fig. 2).

TiO2 þ hυ ! TiO2 hþ� � þ TiO2 e‐ð Þ (4)

H2O adsð Þ þ hþ!�OH þ Hþ (5)

O2 adsð Þ þ e‐ ! O2
�‐ (6)



Table 3
Correlation matrix between the degradation of PCT and the loads of nitrogen and
cerium in the prepared catalysts upon photocatalytic ozonation with solar radiation
(sunlight).

PCTremoval Nitrogen Cerium Solar radiation

1 0.190 −0.868 0.031 PCTremoval

0.190 1 0 0 Nitrogen
−0.868 0 1 0 Cerium
0.031 0 0 1 Solar radiation
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3.2.1. Data analysis
A more comprehensive data analysis was carried out covering the

PCT removal presented in Fig. 6. A correlation analysis was done to un-
derstand the correlation between degradation of PCT, N load, Ce load
and radiation source. Tables 3 and 4 present the correlation matrix be-
tween the PCT removal and the independent variables, load of nitrogen,
load of cerium, UVA and solar radiation. The results of the correlation
matrix corroborate the discussion presented in Section 3.2. The degra-
dation of PCT is inversely correlated to the Ce load, having a high
level of correlation (−0.868 and −0.867, respectively for solar and
UVA radiation). The N load has a positive effect on the degradation of
PCT, but it has a low level of correlation. Additionally, the UVA and
solar radiation have almost no effect on the degradation of PCT (0.031
and −0.026, respectively).

Based on the results of degradation of PCT obtained for the different
types of radiation and for the different catalysts, the results have been ad-
justed to further understand the significance of the dependence of the deg-
radation of PCT on the type of radiation and catalysts. For this analysis, the
solar radiation results were considered to be due to the slightly better cor-
relation between the degradation of PCT and solar radiation (0.031,
Table 3) instead of UVA radiation (−0.026, Table 3). The degradation of
PCT can be treated as a linear regression with multiple variables following
the equation (Eq. (7)):

PCTremoval ¼ 10:816þ 0:143� Nitrogen � 6:807� Ceriumþ 0:144
� Solar (7)

However, the R2 value (0.79) shows a low adjustment, which led to a
further analysis to understand the correlation of degradation of PCT on
the N amount in the catalysts. The results presented in Fig. 6 suggest that
the different catalysts and solar radiation influence the degradation of
PCT following the equation (Eq. (8)):

PCTremoval ¼ 8:126þ 1:250� Nitrogen � 0:086� Nitrogen2 � 6:807
� Ceriumþ 0:144� Solar (8)

A significant improvement in the adjustment was observed (R2= 0.83)
indicating that most likely the influence of Nitrogen on the degradation of
PCT is nonlinear, and suggesting a quadratic relationship between the deg-
radation of PCT and the N amount.

Statistical significance analysis, building a model considering backward
elimination, was applied to Eq. (8) to understand the overall influence and
relationship between the different catalysts and radiation source on the
degradation of PCT. Considering a statistical significance level of 0.05,
Table 4
Correlation matrix between the degradation of PCT and the loads of nitrogen and
cerium in the prepared catalysts upon photocatalytic ozonationwithUVA radiation.

PCTremoval Nitrogen Cerium UVA radiation

1 0.190 −0.867 −0.026 PCTremoval

0.190 1 0 0 Nitrogen
−0.867 0 1 0 Cerium
0.026 0 0 1 UVA radiation
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the degradation of PCT expressed through Eq. (8) can be reduced to
Eq. (9) (R2 = 0.83):

PCTremoval ¼ 8:198þ 1:250� Nitrogen � 0:086� Nitrogen2 � 6:807
� Cerium (9)

The model proposed, Eq. (9), indicates that the degradation of PCT is
not statistically dependent on the solar radiation used, as discussed in
Section 3.2, as well as indicated in the correlation matrix (see Table 3).
Also, the relationship between the degradation of PCT and the N and Ce
loads in Eq. (9), are closed to the discussion presented in Section 3.2. The
data analysis results through Eq. (9) can be an interesting contribution to
the results presented in this work, indicating that the experimental results
can be translated in terms of significantmathematical equations.Moreover,
solving the Eq. (9) setting the partial derivative to Nitrogen equal to zero,
gives a 7 % w/w of N as the optimal value to achieve the best degradation
of PCT.

3.2.2. Ecotoxicity evaluation for photocatalytic oxidation
In order to validate the treatment efficacy, besides following the PPCPs

concentration for the different catalysts, ecotoxicological analysis was
made on treated samples and compared to the initial synthetic solution of
PPCPs. The ecotoxicological response of the model species upon exposure
to the synthetic effluent treated by photocatalytic oxidation using the
developed catalysts is presented in Fig. 7. The results of growth rate
inhibition for R. subcapitata and L. minor are presented in Fig. S1
(Supplementary Material).

The microalgae R. subcapitata was very sensitive to the samples,
exhibiting yield inhibition values above 85 % for all catalysts. Such high
toxicity of the tested samples is likely related to the presence of the
PPCPs, as suggested by the similar response to all treatments associated
with the low PPCPs removal efficiency (Fig. 6). Indeed, a previous study
also reported high yield inhibition of R. subcapitata exposed to a similar
mixture of PPCPs (Jesus et al., 2022a). This pronounced response is likely
related mainly to the presence of SMX given its toxicity to this microalga
species, as literature EC50 values range from 0.146 to 4.74 mg/L (Jesus
et al., 2022a). Compared to the SE, the treatments with the catalysts E2
and E4 caused lower inhibition (F6,19 = 6.596; p = 0.002). Interestingly,
the catalyst E2, which caused the lower inhibition, was the one produced
with the lowest N and Ce amounts (2.5 % and 0.6 %, respectively).

Regarding the yield inhibition of L. minor, based on the frond number,
values for the treated samples ranged between 57 % (E5) and 69 % (E3),
whereas SE caused a 32 % inhibition, underlying the existence of statisti-
cally significant differences between SE and the remaining treatments
(F6,20 = 39.814; p < 0.001). These results suggest that the treated samples
weremore toxic than the untreated SE. The untreatedmixture of PPCPswas
also found to be toxic to this macrophyte in a previous study, with yield in-
hibition values about 65 % (Jesus et al., 2022a). As for the microalga, SMX
is likely the main responsible for the observed toxicity, as EC50 values vary
between 0.21 and 12.56 mg/L (Jesus et al., 2022a). The effects on the yield
inhibition based on the dry weight were less pronounced varying between
11% (E4) and 27% (E2), with no significant differences among catalysts as
well as between the SE and the treatmentswith the catalysts (F6,20=1.510;
p = 0.245).

Daphnids showed a pronounced response after exposure to the samples
treated with the catalysts E1 and E3, showing a 100 % immobilization, and
less pronouncedly to E2 (60% immobilization). Compared to the SE, these
differences were statistically significant for E1 and E3 (H=26.451, df=6,
p < 0.001). In terms of PPCPs degradation, considering the example of PCT
(Fig. 6), the catalysts E1 and E2 presented similar results while E3 showed a
lower degradation. However, the daphnids response does not seem to be re-
lated with the PPCPs degradation, as the PPCPs were not toxic to the
daphnids (immobilization of the untreated SE = 0 %). In fact, their re-
sponse seems to be related to the composition of catalysts, as both E1 and
E3 were produced with N at 10 %, which suggests the presence of some
chemical compound toxic to the daphnids. One plausible explanation is



Fig. 7. Ecotoxicological response of the model species exposed to the synthetic effluent after treatment by photocatalytic oxidation using the tested catalysts: (A) Yield
inhibition of R. subcapitata after 96 h of exposure; (B) yield inhibition (based on the frond number) of L. minor after 7 d of exposure; (C) yield inhibition (based on the dry
weight) of L. minor after 7 d of exposure; (D) immobilization of D. magna after 48 h of exposure. Bars represent the mean and the error bars represent the standard
deviation. Treatments sharing the same letter are not statistically different. SE – untreated synthetic effluent.
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the production of toxic compounds deriving from urea, used as nitrogen
precursor for N, during the calcination stage (Schaber et al., 2004). Indeed,
the thermal decomposition of urea leads to the production of compounds
such as cyanuric acid, ammelide and ammeline,whichmight persist at tem-
peratures between 360 and 450 °C (Schaber et al., 2004). These compounds
can leach to the reactional medium during the photocatalytic oxidation, as
suggested by Fernandes et al. (2020a), promoting the daphnids immobiliza-
tion. Interestingly, the same compounds were reported as degradation by-
products of melamine under photocatalysis (UV light irradiation) in the
presence of TiO2 and H2O2, resulting in toxicity to D. magna (Bozzi et al.,
2004), similarly to the results of the present study. Note that photocatalytic
ozonation of a mixture of PPCPs with TiO2 catalysts (no doping) caused no
toxicity to D. magna (Gimeno et al., 2016), thus corroborating the above-
mentioned hypothesis. Regarding the immobilization observed after expo-
sure to the samples treated with the catalyst E2, this will require further
investigation. A priori, the fact that this catalystwas producedwith the low-
est amount of bothN and Ce among all catalysts, suggests that toxicity is un-
likely due to leaching of any chemical from the catalyst. Thus, the most
plausible explanation for the toxicity of the catalyst E2 is the formation of
toxic by-products which were not further fully degraded.

Taken as a whole, the responses of the test species differed among species
and, within each species, between the tested endpoints. This reflects the dif-
fering sensitivity of the species and must be taken into consideration when
selecting an optimal catalyst or treatment. Catalysts represented an added-
value only for the microalga; for the remaining species/endpoints the cata-
lysts had no effect or a negative effect, compared to the untreated synthetic
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effluent. These results agree to the low efficiency of these catalysts on the
PPCPs removal. Thus, under the used experimental conditions and an envi-
ronmental safety perspective, the present results suggest that the tested cata-
lysts have low interest to be applied in photocatalytic oxidation processes.

3.3. Photocatalytic ozonation

As shown in Fig. 6, the photocatalytic oxidation presented low effi-
ciency on the abatement of PPCPs. However, the presence of ozone instead
of air can improve the degradation of PPCPs by enhancing the production
of radical species and even the ozone can work itself as an oxidant species
(Kasprzyk-Hordern et al., 2003; Mehrjouei et al., 2015; Gimeno et al.,
2016; Fernandes et al., 2020a). In fact, ozone is a highlly electrophilic spe-
cies which can trap the electrons obtained from the photogenerated holes-
electrons pairs, producing ozonide and hydroperoxyl radicals (Mehrjouei
et al., 2015; Xiao et al., 2015). Besides this, the catalyst due to its specific
surface area can enhance the ozone decomposition into radical species de-
spite the low photoactivity under photocatalysis (Nawrocki, 2013; Gomes
et al., 2018). This ozone decomposition into species with higher oxidative
potential such as hydroxyl radicals (Kasprzyk-Hordern et al., 2003), trans-
lates into decreased amount of ozone required to achieve the same PPCP re-
moval, and thus, reduced energy costs, with the evident economic and
environmental benefits. Fig. 8 presents the PPCPs removal following photo-
lytic and photocatalytic ozonation for the abatement of the PPCPs mixture
as function of the transferred ozone dose (TOD). The photolytic ozonation
consists in the combination of UVA radiation and ozone, using no catalysts.



Fig. 8. PPCPs removal during photolytic (O3) and photocatalytic ozonation through
UVA radiation with the tested catalysts, as function of the transferred ozone dose
(TOD). Results were obtained by dividing the sum of the concentration of the 5
PPCPs at the end of the reaction ([PPCPs]) by its initial concentration ([PPCPs]0)
and multiplying by 100 (percentage). Error bars were omitted for better
readability-The standard error between replicates was <5 %.
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The PPCPs abatement was followed for the mixture of 5 PPCPs during treat-
ment with the different catalysts and ozone. The UVA was used as radiation
source since the data analysis revealed no dependence on the radiation source.

The photolytic and photocatalytic ozonationwere able to remove all the
PPCPs almost completely. In fact, ozone presents a good performance over
this mixture since the individual second order constant rates are in the
range 2.5 × 105 and 2.6 × 106 M−1 s−1 (Huber et al., 2003; Tay et al.,
2010; El Najjar et al., 2014). Moreover, Jesus et al. (2022b) verified, for
the same mixture, that ozone was able to degrade all the five PPCPs even
when spiked in secondary effluent. The catalysts coupled with ozone de-
creased the TOD amount required to achieve the complete removal of the
PPCPs comparing to the photolytic ozonation. In particular, the catalysts
with the lowest N amount (E2 and E5, both with 2.5 % N) presented the
best performance over the PPCPs removal. On the other hand, the catalyst
with the highest N load and the lowest Ce amount (E1) presented the
worst result. In this sense, the lower N load is relevant for the decomposi-
tion of ozone into hydroxyl radicals and other radical species since reduced
the ozone dose (Domenjoud et al., 2011; Yaghmaeian et al., 2017). More-
over, this result reveals that the photocatalytic activity of this catalyst is
lower since the presence of more nitrogen should decrease the bandgap
(Pelaez et al., 2012; Gomes et al., 2019a). In fact, the best ozone decompo-
sition into hydroxyl radical species occurs with low N amount due to the
lower crystallite size which presents a higher specific surface area
(Dhanya and Sugunan, 2013; Solís et al., 2015). As can be seen in the
Table 2, the best results was obtained for the higher surface area which in-
crease the ozone decomposition reducing the TOD value to achieve the
PPCPs complete removal. Fernandes et al. (2020a) verified for the sol-gel
N-TiO2 that the presence of more nitrogen means a decrease in the specific
surface area and increase the crystallite size. On this way, the presence of
radiation does not make any difference since these materials work as cata-
lysts and not as photocatalysts.
Table 5
Pseudo-first order kinetic rate constants of photocatalytic ozonation for different catalysts
corresponding adjusted coefficients of determination (adj R2).

O3 E E1

k'TOD (mg O3
−1) (adj R2) 0.125 (0.980) 0.149 (0.976) 0.104 (0.985)

k’ (min−1) (adj R2) 0.082 (0.973) 0.114 (0.965) 0.090 (0.984)
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Regarding to Ce, the impact is not so pronounced since the doping
amount is lower compared to N. However, at the highest N load it is possi-
ble to observe its relevance. The increase in the Ce amount to 1.2 % on the
10 % of N (catalyst E3) allowed to achieve a TOD reduction for the PPCPs
removal comparing with the Ce load of 0.6 % (catalyst E1). Qi et al.
(2020) verified that the increase of Ce load on the catalytic ozonation of or-
ganic pollutants benefited the mineralization of wastewater. This was re-
lated with the availability of more active sites which promotes the ozone
decomposition (Kasprzyk-Hordern et al., 2003). In this sense, it is impor-
tant to find an equilibrium in the dopants load to achieve a good perfor-
mance when doping is made. Moreover, in this case the photoactivity
through UVA and/or visible radiation should be improved by the optimiza-
tion of the sol-gel procedure. The pronounced reduction in the TOD ob-
served for the catalysts E2 and E5 compared to photolytic ozonation
suggests an opportunity to reduce the operational costs of wastewater treat-
ment under real conditions. The presence of the E2 catalyst decreased the
TOD values to half compared to single ozonation (Jesus et al., 2022a) to
achieve the PPCPs complete removal. Considering that ozone production
is the main cost in the ozonation process, the use of this catalyst (E2)
roughly reduces this cost to half. Regarding the catalyst costs, they will be
minimal since a low amount was used (100 mg/L) and the catalyst can be
reused after a suitable separation from the aqueous matrix, like sedimenta-
tion. However, further studies should be made in order to evaluate the sta-
bility and reusability of these catalysts.

In the ozonation based processes instead of time it is important to con-
sider the ozone consumed for the PPCPs removal (Domenjoud et al., 2011),
and in this sense is important to compare the TOD and time. The pseudo-
first order kinetic model was used as a function of time or as a function of
TOD (Eqs. (10) and (11), respectively) (Gomes et al., 2022).

C=C0
¼ e � k′t (10)

C=C0
¼ e � k′TOD (11)

In Eqs. (10)–(11), C0 and C represent the PPCP concentration before the
photocatalytic ozonation reaction (time zero) and during reaction, respec-
tively; k’ is the pseudo-first order kinetic rate constant which was determined
from the mixture of 5 PPCPs degradation profile in terms of time (k't) and in
terms of TOD (k'TOD). The pseudo-first order kinetic rate constants calculated
from our results in terms of TOD and time values are presented in Table 5.

According to Table 5, the pseudo-first order kinetic rates present very
different results among the catalysts when TOD was considered, although
this is not the case for time. In fact, the reaction time was almost the
same for all the catalysts which turns the results very similar. The difference
is likely related to the ozone transferred to the reactional media. Consider-
ing TOD, it is possible to see that E2, E5 and E, by this order, are better than
the photolytic ozonation. Moreover, in the case of E2, this difference almost
doubled, which can mean a significant reduction of ozone dose to achieve
the complete removal of PPCPs. Therefore, the E2 catalyst can be a suitable
option for the treatment of PPCPs with low consumption of ozone.

In the photocatalytic ozonation, the hydroxyl radical production can
occur by two different ways: ozone decomposition at the catalyst surface
by catalytic reaction or even due to the water oxidation by photogenerated
hole pairs (Eq. (5)) (Pelaez et al., 2012; Mehrjouei et al., 2015). Otherwise,
this radiation could not break the ozone into hydroxyl radicals, since the
molecular ozone adsorption edge is about 254 nm. On the other hand, ac-
cording Eq. (12) the photogenerated electrons can reduce the ozone into
ozonide radicals (O3

- •) which present low oxidative potential compared to
and single ozone, as a function of time (k’) and as a function of TOD (k'TOD),with the

E2 E3 E4 E5

0.276 (0.998) 0.139 (0.974) 0.138 (0.960) 0.183 (0.950)
0.122 (0.930) 0.130 (0.989) 0.118 (0.983) 0.091 (0.978)
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hydroxyl radicals (Mehrjouei et al., 2015). Moreover, in the presence of
acidic medium the ozonide radicals can be converted into hydroxyl radicals
(Eq. (13)). Hence, the oxidationmechanism for the PPCPsmixture degrada-
tion can be through hydroxyl and/or ozonide radicals, as well as through
the molecular ozone activity. However, the mechanistic study underlying
the PPCPs degradation must be explored in further works.

O3 adsð Þ þ e‐ ! O3
�‐ (12)

O3
�‐ þ Hþ ! HO�

3 ! �OH þ O2 (13)

3.3.1. Ecotoxicity evaluation for photocatalytic ozonation
The ecotoxicological response of the biological species following

exposure to the synthetic effluent treated by photocatalytic ozonation
with UVA is presented in Fig. 9. The results of the growth rate inhibition
for R. subcapitata and L. minor are presented in Fig. S2 (Supplementary
Material).

For the microalga, the yield inhibition caused by the photocatalytic
ozonation with the catalysts varied between 44 % (E2) and 68 % (E5).
These values are similar to the one obtained for single ozonation (60 % in-
hibition). No differences among the treatments with the catalysts were
found, despite a slight trend for the catalysts with the highest Ce amount
(E3, E4 and E5) to cause higher toxicity than those with the lowest amount
(E, E1 and E2). The very low toxicity of the catalyts E3, E4 and E5 during
photocatalysis suggests that the trend observed during photocatalytic ozon-
ation will likely be due to the formation of toxic by-products related to the
Fig. 9. Ecotoxicological response of the model species exposed to the synthetic effluen
inhibition of R. subcapitata after 96 h of exposure; (B) yield inhibition (based on the fro
weight) of L. minor after 7 d of exposure; (D) immobilization of D. magna after 48 h
deviation. Treatments sharing the same letter are not statistically different. SE – untre
determined.
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higher Ce amount in the catalysts and, possibly, in the reactional medium
owing to leaching from the catalysts. This is corroborated by a low toxicity
of Ce to this microlagae species (EC50= 1.6 mg /L, and EC10=0.5mg/L,
for the endpoint 72 h-growth inhibition) (Siciliano et al., 2021). Moreover,
no significant differences between the photocatalytic ozonation treatments
and the photolytic ozonation treatment were found, suggesting a minor
contribution of the catalysts in the treatment of the samples. However, com-
pared to the untreated SE (96 % inhibition), the treatments with catalysts
E1, E2 and E4, as well as photolytic ozonation (O3), showed lower toxicity
(F6,20= 3.954; p=0.016), which highlights that these treatments were ef-
fective in reducing the toxicity of the PPCPs mixture to this micoalgae spe-
cies. Noticeably, compared to the photocatalytic treatments, a lower
toxicity was achieved, which highlights the benefits of combining both ox-
idation treatments (photocatalysis and ozonation).

The response of the macrophyte differed according to the endpoint.
Considering the yield inhibition based on the frond number (Fig. 9B), the
treatment with the catalysts promoted a pronounced toxicity decrease com-
pared to the untreated SE (range − 3 % to 13 %, and 49 %, respectively),
statistically significant for all treatments (F7,23=14.752; p< 0.001). A pre-
vious study also reported that photocatalytic ozonation of a mixute of
parabens, using a 10 % N-doped TiO2 catalyst promoted the germination
of the water cress Lepidium sativum (Fernandes et al., 2020b), also a primary
producer, such as the macrophyte and the microalgae. The results of the
previously mentioned study thus agree with our results regarding both
the microalgae and the macrophyte for the endpoint yield inbibition
based on the frond number. The fact that the values obtained by photocat-
alytic ozonation are similar to the treatment by photolytic ozonation (1 %)
t after treatment by photocatalytic ozonation using the tested catalysts: (A) Yield
nd number) of L. minor after 7 d of exposure; (C) yield inhibition (based on the dry
of exposure. Bars represent the mean and the error bars represent the standard
ated synthetic effluent; O3 – SE after treatment by photolytic ozonation; nd – not
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suggests that catalysts represented no added-value to the ozonation treat-
ment, as also observed for the microalga. Regarding the yield inhibition
based on the dry weight (Fig. 9C), there were significant differences
among treatments, with the catalyst E5 promoting increased dry weight
compared to catalysts E, E2 and E3. Compared to the photolytic ozonation
treatment, only this catalyst (E5) led to statistically significant differences
(F7,23 = 6.040; p = 0.001), highlighting an improvement of the water
treatment process. The high Ce amount used in the production of the
catalyst E5 (2.5 % N, 1.2 % Ce) allied to ozone can favor the production
of hydroxyl radicals (Qi et al., 2020) which can lead to higher degradation
of the toxic by-products and, ultimately, to lower toxicity, making this the
most favourable catalyst for the L. minor species. It is noteworthy to men-
tion that photolytic ozonation led to a slight increase in the toxicity of the
sample (despite not statistically significant), and only the treatment with
the catalyst E5 was able to reduce that toxicity to a value even lower than
that of the untreated SE. The toxicity increment caused by photolytic ozon-
ation might be related to the formation of toxic degradation by-products,
and agrees with the increased toxicity observed after ozonation of a similar
mixture in a previous study (Jesus et al., 2022a) and after oxidation pro-
cesses of some of the tested PPCPs individually (e.g., Gómez-Ramos et al.,
2011; Oropesa et al., 2017). Compared to the untreated SE, the treatments
with the catalysts E2 and E3 showed an undisered effect by increasing tox-
icity to this species. Since these catalysts do not share the N and Ce amounts
used in their production, the observed toxicity might be due to the forma-
tion of toxic by-products, rather than to their chemical composition per
se. It is worth to mention that, compared to the photocatalytic treatments,
a lower toxicity was achieved in the photocatalytic ozonation treatments
regarding the endpoint yield based on the frond number, but an increase re-
garding the endpoint yield based on dry weight. As previously mentioned,
the same species can exhibit different responses for different endpoints.

For the crustacean D. magna only the treatment of single ozonation
caused toxicity (15 % immobilization). A previous study reported a very
similar immobilization value (12 %) after exposure to a similar mixture
(Jesus et al., 2022a), likely motivated by formation of toxic ozonation-by
products. The lack of toxicity of the samples treated by photocatalytic
ozonation with the developed catalysts, compared to the photolytic
ozonation, suggests that for this species, the catalysts represented an
added value, decreasing toxicity. This is particularly notorious considering
that the catalysts E1, E2 and E3, used in the photocatalytic treatments
(Fig. 7) caused a very pronounced immobilization (60–100 %). This
suggests that the toxic compounds responsible for the immobilization
were degraded owing to the action of ozone and hydroxyl radicals.

Overall, the ecotoxicological data show a benefitial effect of using
photocatalytic ozonation instead of single photocatalysis, also observed
for the ecotoxicity expressed as growth rates inhibition (Figs. S1 and S2
in Supplementary Material). This trend was also observed in several studies
with TiO2 catalysts, for various contaminants (e.g., Santiago-Morales et al.,
2012; Solís et al., 2016). Previous studies report that photocatalytic ozona-
tion commonly decreased effluent toxicity while accomplishing a high
removal of the target contaminants (see review by Lashuk and Yargeau,
2021). In the present study, a benefitial effect of using photocatalytic
ozonation rather than single photolytic ozonation was observed only for
L. minor (endpoint yield based on dry weight) and for D. magna, as for the
other species the use of the tested catalysts represented no added-value.
Based on these results, the catalyst E5, prepared by co-doping TiO2 with
2.5 %w/wN and 1.2%w/w Ce, showed to be the most promising catalyst,
among the tested catalysts. Interestingly, this catalyst, together with
E2, presented the best performance over the PPCPs removal (Fig. 8).
However, we suggest that future studies encompass a wider diversity of
species, aiming to gain a comprehensive overview on the potential benefits
of combining photocatalysis with ozonation and to select the catalyst
achieving the best ecotoxicological performance. Moreover, future studies
should also consider using raw wastewater as the aqueous matrix, as this
represents a more realistic condition. The results indicate that the use of
TiO2 catalysts co-doped with Ce and N in a real wastewater will contribute
to improve PPCPs removal through photocatalytic ozonation.
12
4. Conclusions

The development of photocatalysts to be used with higher efficiency
under visible light is a challenge to the scientific community. In this
work, TiO2-based photocatalysts were produced using nitrogen and cerium
(at different weight ratios) as co-dopants, owing to their interesting charac-
teristics for this purpose. However, due to the applied sol-gel procedure the
catalysts revealed low efficiency for abatement of the mixture of PPCPs
under photocatalysis with solar and UVA radiation after 2 h of irradiation
(below 20 % of removal). For this reason, further studies should address
the optimization of the sol-gel procedure. Despite the data analysis to the
N load indicated that the optimal load in the photocatalytic oxidation treat-
ment should be 7 % w/w, the ecotoxicological data showed that high N
load was toxic to D. magna, likely related to the products obtained during
the calcination stage of urea, the nitrogen percursor. Therefore, to over-
come this drawback, the calcination phase should be extended during the
catalyst preparation procedure. Moreover, in general, the tested catalysts
showed no or low added-value for reducing the toxicity of the synthetic ef-
fluent through photocatalytic oxidation.

Despite the low efficiency through photocatalysis, some catalysts,
mainly the ones with lower N amount (catalysts E2 and E5), presented a
good performance using photocatalytic ozonation reducing the TOD re-
quired for the complete removal of PPCPs comparing to photolytic ozona-
tion. Moreover, the catalyst E5 was able to decrease the ecotoxicological
impact of the synthetic effluent compared to photolytic ozonation for L.
minor (endpoint yield based on dry weight) and for D. magna, thus repre-
senting an added-value. Still, it is worth tomention that the tested catalysts
represented no added-value for the remaining species/endpoints. Hence,
regarding its application in photocatalytic ozonation, E5 (prepared by co-
doping TiO2 with 2.5 % w/w N and 1.2 % w/w Ce) is suggested as the
most promising catalyst, among the tested ones. The developed catalyst
can be applied coupled with ozone in a slurry reactor system with environ-
mental and economic benefits for the PPCPs abatement in urban wastewa-
ter. Moreover, to improve the removal performance, a compound parabolic
collector (CPC) can be applied on the reactor to enhance the sunlight ab-
sorption, further contributing to decrease the ozone consumption. How-
ever, additional studies are required to assess the relationship cost-benefit
of this additional feature in terms of degradation yield and toxicity reduc-
tion. Notwithstanding the interest of the tested catalysts for photocatalytic
ozonation processes, future studies must be carried out aiming to further
optimize the N:Ce ratio to achieve improved results considering their
ecotoxicological impact, in addition to their efficiency in the removal of
the target compounds.
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