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ARTICLE INFO ABSTRACT

Keywords: Plastics are polluting our environment and oceans with a large number and variety of organic and inorganic
Wastewater compounds that arise as a consequence of the current industrial development. Every year we release to the
Photocatalysis

environment millions of tons of plastics whose total elimination may take centuries. The exponential increase in
the production of this material is causing a serious environmental problem, resulting in the generation of a large
amount of this waste. Microplastics (MPs) are released into the environment in different ways, but one of the
most important is through effluents from wastewater treatment plants, since no specific method is used to
eliminate or degrade these MPs before they are discharged into the environment. Polypropylene (PP), together
with low-density polyethylene (PE), are the most common MPs found in the environment, being released in an
amount of approximately 112 million tons per year. Three catalysts, ZnO/TiO3, CeO2/TiO3 and ZnO-CeO2/TiO,,
were synthesized using the incipient wetness impregnation technique and tested under UV-A and UV-B irradi-
ation for the degradation of polypropylene (PP) particles. A degradation of 6.6 & 1.6 % of MP area in wastewater
was obtained, slightly lower than the 8.4 + 1.0 % observed with ultrapure water, likely due to the presence of
organic matter and other compounds in the Waste Water Treatment Plant (WWTP) outlet. Additionally, toxicity
assays using Phaeodactylum tricornutum revealed significant differences among treatments. The ZnO-CeO/TiO2
catalyst resulted in lower growth inhibition compared to ZnO/TiO,, which showed toxicity levels similar to those
of UV-aged PP-MPs without catalyst, highlighting the role of catalyst composition in modulating the environ-
mental toxicity of degraded microplastics.

Advanced oxidation processes (AOPs)
Polymer degradation
Environmental remediation

1. Introduction manufacturing (Da Costa et al., 2018). MPs are synthetic organic poly-

mer particles that are less than 5 mm in size and have a minimum size of

Plastics are synthetic materials prepared from organic polymers. The
most commonly used polymers are poly styrene (PE), polypropylene
(PP), polyvinyl chloride (PVC) and polyethylene terephthalate (PET),
which are generally treated with chemical additives to transform them
into useful plastics (Wagner and Lambert, 2018). They are characterized
by attractive properties, which allow them to mold objects of various
shapes and sizes. These properties are moisture, light and temperature
resistance, in addition to durability, high flexibility, corrosion resis-
tance, high strength-to-weight ratio, low costs and ease of
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1 pm (Bayo et al., 2020).

MPs remain for a long time in environments due to their high
durability, stability, small size and lightweight. Precisely because of
their small size, they are ingested by aquatic organisms and may cause
harmful effects, eventually ending up in food and water for human
consumption (Zhu et al., 2018). The hydrophobic nature and relatively
large surface area/volume ratio of MPs cause the adsorption of
numerous toxic pollutants, such as polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAHs), polybrominated diphenyl
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ethers (PBDEs), dichlorodiphenyltrichloroethane (DDT), endocrine dis-
rupting compounds (EDCs), various pharmaceuticals and metals (Reddy
et al., 2018) . Regarding metals, PP shows higher heavy metal adsorp-
tion capacity compared to other polymers. With this, we can observe
that MPs are an important vector for the transport of heavy metals in
both marine waters and freshwater, causing harmful damage to humans
and aquatic animals (Selvam et al., 2021).

MPs have been identified in about 220 types of aquatic animals such
as mussels, crabs, seabirds, and oysters (Jinhui et al., 2019). The hazards
of ingestion of MPs include growth impairment and physical deterio-
ration (Jovanovic, 2017). MPs can be present in a wide range of foods
and beverages and approximately 6292 + 10,521 MP/L > 1 pm have
been detected in bottled waters. PP is the dominant plastic in the envi-
ronment, contributing 27 % of total plastic loss. By environmental PE,
42 %, 41 %, and 14 % accumulated in the ocean, soil, and freshwater,
respectively (Schymansk et al., 2018). Wastewater treatment plants
(WWTPs) play a key role in the removal of MP particles before these
waters are discharged to the environment. These have a high efficiency
as they capture between 88 and 99.9 % of the load of MPs of size >20
pm. A large concentration is observed in the influent stream of WWTPs,
most of which is trapped in the sludge; however, studies have shown that
between 0.1 % and 12 % of detectable size (i.e., >20 pm) MPs are still
released to the environment via the effluent. In general, the concentra-
tion of effluent MPs is several orders of magnitude lower than the con-
centrations in the influent. It is estimated that 2.5 billion MPs particles
are released through this WWTP effluent to the environment every
month (Uddin et al., 2020).

Due to this concern, it is essential to identify technologies for the
remediation of MPs in the aquatic environment. Advanced Oxidation
Processes (AOPs) are a promising alternative for the solution of envi-
ronmental problems. Among the AOPs is photocatalysis. Zinc oxide
(ZnO0) is considered very suitable for the degradation of commercial MPs
as it has the ability to absorb visible light, due to significant electron
movement and low toxicity to human and marine life (Uheida et al.,
2021). Cerium dioxide (CeO-) is an alternative photocatalyst under UV
light irradiation for the degradation of MPs due to its versatility,
cost-effectiveness, non-toxicity, and physical and chemical stability
(Zhao et al., 2007).

Titanium dioxide (TiOy) is recognized as a highly effective photo-
catalyst because it has several beneficial properties including high
reactivity, good photostability, non-toxicity and moderate cost (Zhao
et al.,, 2007). The photodecomposition products of MPs vary widely
depending on the type of polymer, the type of semiconductor used and
the reaction conditions (Tian et al., 2019). Some authors such as Llor-
ente Garcia et al. (2020) or Ariza et al. (2020) claim that photocatalysis
of MPs in WWTPs using photocatalysts composed of TiO, is feasible. One
of the problems that photocatalysis has is the appearance of by-products
but in the case of PP, the most abundant by-products formed are acet-
aldehyde, acetic acid, acetone and formaldehyde. These by-products are
considered to be of low toxicity (Uheida et al., 2021).

Therefore, the main objective of this study is to evaluate the degra-
dation of polypropylene particles after the synthesis of three different
catalysts, ZnO/TiOz, CeO3/TiO,, and ZnO-CeOy/TiO2, under UV-A and
UV-B irradiation, as well as to assess the potential toxicity of the
resulting degradation products using Phaeodactylum tricornutum as a
biological model.

2. Materials and methods
2.1. Reagents and materials

Filters (0.8 pm polycarbonate filters PC membrane 47 mm) were
supplied by IsoporeTM (Darmstadt, Germany). Hexahydrated cerium
nitrate (Ce(NO3)4—6 H0, 99.99 %) and PP ((CsHg)n, 99 %) was
commercialized by Sigma Aldrich (Madrid, Spain). Iron II sulphate 7-hy-
drate purissimum, sulphuric acid 95-98 % and hydrogen peroxide 30 %
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v/v (pure, pharma grade) marketed by Panreac (Barcelona, Spain).
Absolute methanol (CH40) marketed by Merck (Madrid, Spain). Tita-
nium dioxide (TiOy, P25) was supplied by Evonik Industries (Essen,
Alemania). Zinc nitrate hexahydrate (Zn(NOs3)2—6 H20, 98.5 %), Nitric
acid (HNOg3, 60 %), Sodium hydroxide and Sodium chloride extra pure
were purchased from Scharlab. Acetone (C3HgO, Ph. Eur.) was supplied
by VWR Chemicals (Barcelona, Spain).

2.2. Chemical experimental procedure

2.2.1. Catalyst synthesis

Three catalysts were synthesized: a) zinc oxide on titanium dioxide
(ZnO/Ti0y); b) cerium dioxide on titanium dioxide (CeO/TiO5); ¢) zinc
oxide doped with cerium dioxide on titanium dioxide (ZnO-CeO3/TiO3).

Zn0O/TiOy: ZnO was deposited on TiO5 by the incipient wetness
impregnation method. This catalyst was synthesized with 10 % by
weight ZnO and 90 % TiO, (Ebrahimbabaie et al., 2022). Photocatalytic
decomposition of PE and PS microspheres was performed using TiO9
nanopellets under UV irradiation. TiO, films caused almost complete
decomposition (98.4 %) of PS microspheres within 12 h and PE MPs also
underwent substantial photodegradation after 36 h (Ariza et al., 2020).
Recent studies indicate that the TiO>—-ZnO composite exhibits superior
photocatalytic efficiency compared to the individual oxides (Halim
et al., 2025). As ZnO precursor, zinc nitrate hexahydrate salt Zn
(NO3)2-6 H20 was used. A 0.75 M aqueous solution was prepared with
this precursor. To carry out the impregnation, the TiO, powder was
deposited on a ceramic crucible and then the 0.75 M Z Zn(NO3)>-6 Ho0
solution was added drop by drop, at room temperature, over the entire
surface of the titanium dioxide. With the help of a rod, the sample was
slowly stirred to facilitate the formation of a wet paste, until the final
impregnation point was reached. It was then dried in an oven at 105 °C
for 24 h. The number of impregnation-drying-milling cycles necessary to
obtain a final loading of 10 % by weight in ZnO on TiO; was carried out.
Specifically, three impregnation cycles were required. Then, after the
last grinding, sieving was performed using a sieve with a 75 pm mesh
size. Finally, the sample was calcined in air in a muffle furnace at 500 °C
for 1 h with a heating ramp of 5 °C/min until reaching 500 °C to
decompose zinc nitrate into zinc oxide.

CeO/TiO2: The incipient wetness impregnation method was also
used for the preparation of this catalyst. The present catalyst was syn-
thesized with 30 % by weight of CeO2 and 70 % by weight of TiO, (Shi
et al., 2016), 30 % CeOs is the most effective percentage by weight over
TiOs to obtain the highest effectiveness of this catalyst. In this study it is
also stated that CeO/TiO, mixed oxides have much higher catalytic
activities than pure CeO; or TiO2 Another study (Mandal and Pradhan,
2022) uses 20 wt% CeO, and 80 wt% TiO for the removal of an organic
dye (RhB) in wastewater, achieving a removal of 63 %. Moreover, in this
study (Junwei et al., 2022), a high photocatalytic performance of
hydrogen evolution and dye degradation was obtained by CeOy-modi-
fied TiO2 nanotube arrays, where it is exposed that the CeO5/TiO;
photocatalyst has excellent potential in dye wastewater purification and
new energy development due to the attractive photocatalytic ability. As
a precursor of CeO5 the cerium nitrate hexahydrate salt Ce(NO3)4-6 H20
was used. With this precursor a 1M aqueous solution was prepared. All
steps were conducted in accordance with the procedures used in the
other synthesis.

Zn0-CeOy/TiOy: To prepare this catalyst, the incipient wetnes
impregnation method was also used. This catalyst was synthesized with
the amounts of ZnO and CeO, mentioned in the previous catalyst
preparations, i.e. 10 % by weight of ZnO, 30 % of CeO3 and 60 % of TiOs.
Zn0-Ce0,/TiO4 catalyst was prepared by co-impregnation starting from
Ce and Zn precursors as mentioned above. The impregnation-drying-
milling cycle was performed three times until a loading of 10 % in
ZnO and 30 % in CeO5 on TiO5 was obtained.


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/iron-ii-sulfate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulphuric-acid

A. Egea-Corbacho et al.

2.2.2. Physicochemical analysis

The characterization of the synthesized catalysts was carried out by
dynamic light scattering (DLS), volumetric nitrogen adsorption-
desorption at —196 °C, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), X-ray diffraction (XRD), X-ray fluorescence
(XRF), electron microscopy, diffuse reflectance spectroscopy.

The hydrodynamic size was measured by using a Malvern Zetasizer
Nano-ZS (Malvern Instruments). Textural characterization of the syn-
thesized photocatalysts was performed using the Ny adsorption-
desorption technique at liquid nitrogen temperature (—196 °C). This
analysis allows the determination of the adsorption isotherm, following
the IUPAC classification (Rouquerol et al., 1999), as well as the specific
surface area of the photocatalysts using the BET model (Brunauer,
Emmett and Teller) and the total pore volume through the BJH method
(Barret, Joyner and Halenda). Volumetric nitrogen adsorption mea-
surements were carried out using a Micromeritics automatic analyzer,
model ASAP 2020. Before starting the analysis, the samples were sub-
jected to evacuation under vacuum at 200 °C for 2 h, with the purpose of
eliminating adsorbed species on the surface, thus ensuring accuracy in
the textural characterization of the material. The composition of the
catalysts were measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) in a spectrometer, model Iris Interpid of Thermo
Elemental. In addition, it has also been used to see if there is leaching for
catalysts once the catalyst has been separated from the reaction me-
dium. The chemical composition of the catalysts was also analysed by
X-ray fluorescence (XRF).

The structural study of the synthesized photocatalysts was carried
out using X-Ray Diffraction with a Bruker AXS model D8 Advance
powder diffractometer. The radiation used was Cu Ka, operating the X-
ray tube at 40 KV and 40 mA; and a scanning range (20): 3°~75°. The
phase identification study was carried out using PowderCell2.4 soft-
ware. Electron microscopy was performed using a Thermo ScientificTm
Talos F200X scanning/transmission microscope (S/TEM) that combines
high-resolution S/TEM and TEM imaging with X-ray scattering spec-
troscopy signal detection and 3D with compositional mapping. Diffuse
reflectance spectroscopy was used to study the Band-gap, which is a
technique that allows observing the transition of electrons from the
valence band (VB) to the conduction band (CB), in order to calculate the
band energy. The technique is carried out with a scanning range of
200-800 nm.

2.2.3. Microparticles characterization

The analysis of PP particles before and after exposure to photo-
catalysis processes was carried out using a Carl Zeiss Axio Imager M1m
optical microscope. Initially, commercial PP particles were sieved to
select sizes between 400 and 600 pm, from which those within the range
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of 500-550 pm were chosen. Particle characterization was performed
based on diameter and area measurements. To determine the size dis-
tribution in the sample population, a total of 70 particles were analysed,
obtaining an average area of 0.190 + 0.052 pm? and its corresponding
standard deviation (SD). In each assay, all the particles used were
evaluated individually to ensure the accuracy of the results.

2.2.4. FT-IR analysis

After the characterization of the polypropylene (PP) microparticles
before and after their exposure to photocatalysis, they were analysed by
Fourier transform infrared spectroscopy (FT-IR). For this purpose, a
PerkinElmer Spectrum 3 spectrophotometer was used in Attenuated
Total Reflectance (ATR) mode. A reference spectrum of the poly-
propylene was generated, which allowed comparison of the structural
modifications in the PP particles after photocatalytic treatment, in
relation to the spectrum obtained prior to exposure (Fig. 1). The deter-
mination of the initial structure of the particles is crucial to evaluate
possible alterations induced by the degradation process.

For the particles studied, bands corresponding to asymmetric (vas)
and symmetric (vs) stretching vibrations of the -CHs and -CHj functional
groups were identified in the 2950, 2917, 2868 and 2837 cm’1 regions.
Also, asymmetric (8as) and symmetric (8s) deformation bands were
observed in the C-H plane at 1457 and 1376 cm-1, along with an addi-
tional bending band (8balance) below 1167 cm-1. Each microparticle
was analysed by 4 scans in the spectral range between 4000 and 650 cm-
1, with a spectral resolution of 4 cm™!. To ensure the reliability of the
data, a background correction was performed every five microparticles
analysed, adapted to the specific conditions of the laboratory.

2.2.5. Photocatalytic activity tests on polypropylene microparticles

A total of nine tests were performed to study the degradation. 6 tests
for the catalysts (ZnO/TiO5, CeO/TiO2 and ZnO- CeOy/TiO2) consid-
ering the two types of light (UV-A and UV-B). In addition, 2 more tests
were performed, one for each type of light to test the possible degra-
dation of UV-A or UV-B light in aqueous medium without the effect of
the synthesized catalyst. All samples were run in duplicate. Finally, the
most efficient catalyst was tested with urban wastewater and PP parti-
cles under study.

An initial control of the luminous intensity emitted by the lamps used
was carried out to ensure the accuracy of the irradiation process. A UVP
radiometer with an associated sensor was used for this purpose, which
allows a direct and precise measurement of the radiation. The sensor
facilitates the approach to the emission source, registering an intensity
of 20 mW/cm?, guaranteeing optimal conditions for the development of
the experiment.

For determining the influence of photocatalysis on the degradation
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Fig. 1. Reference PP microparticle FTIR-ATR spectrum.
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of polypropylene (PP) particles, a concentration was established based
on previous studies of Medina Sidonia wastewater treatment plant
(WWTPs), according to data reported by Martin-Garcia et al. (2023).
Microplastic concentrations ranging from 10.6 MP/L to 793.5 MP/L
were identified in these systems. According to the above results, 10
previously characterized PP particles were selected and suspended in
100 mL of ultrapure water with a loading of 2.5 g/L of catalyst. These
samples were subjected to constant agitation at 200 rpm for 48 h, while
UV-A or UV-B irradiation was applied to evaluate the effects of the
photocatalytic process on the degradation of the polymeric material.
This procedure allowed observing possible structural modifications
derived from the interaction between the catalyst and the PP particles in
a controlled environment.

2.3. Quality assurance and quality control

Properties of the selected polymer, including its shape and size,
minimize the risk of cross-contamination. However, to ensure an
interference-free environment throughout the experimental process,
stringent control measures were implemented. All equipment used was
previously washed in multiple cycles with distilled water and protected
with aluminum foil, avoiding any possible introduction of external
particles. During the sampling and analysis stages, cotton gowns and
gloves were used in order to reduce contamination by synthetic fibers.
Additionally, all reagents were pre-filtered using a 0.45 pum glass fiber
filter.

2.4. Test organism

2.4.1. Sample preparation and standardization

To ensure comparability among treatments and avoid confounding
effects due to differences in salinity, all environmental samples were
first adjusted to a standard salinity of 36, equivalent to that of natural
seawater. Initial salinity values of the raw samples were measured using
a calibrated salinometer, yielding the following values (in PSU): Water
only with UV = 73, Water with PP-MPs + UV = 112, Water with PP-MPs
+ UV + ZnOTiO2 = 112-156 and MPs + UV + ZnOCe02/TiO2 = 80-86.

To adjust the salinity, 5 mL of each sample were prepared by diluting
appropriate volumes of the original samples with ultrapure water.

Following salinity adjustment, pH values were fine-tuned by step-
wise addition of either 1.01 % (w/v) NaOH or 0.35 % HCI, in increments
no greater than 2 pL, to minimize overshooting. The final pH of all
samples was standardized to 8.2 + 0.05, a range considered non-
inhibitory to microalgal growth.

2.4.2. Marine microalgae ecotoxicity test

The marine microalgae assays were performance following the OECD
guidelines N° 201; Algal Growth Inhibition Test. The marine diatom
Phaeodactylum tricornutum BACILLARIOPHYCEAE (Bohlin, 1897), strain
CCMM 07/0402, obtained from the ICMAN Marine Microalgae Culture
Collection (CCMM), was selected as the test organism. The microalgae
selected was chosen because it is a standard species used in toxicology
tests (ISO, 1995).

The assay was conducted in white, flat-bottom 96-well microplates
suitable for fluorescence measurements. Each well had a final volume of
300 pL, composed of 200 pL of test sample (undiluted or serially diluted
to 50 %, 25 %, or 12.5 % with sterile 0.2 pm-filtered natural seawater)
and 100 pL of algal suspension.

The algal suspension contained 3 x 10* cells-mL~!, resulting in a
final initial concentration of 1 x 10* cells:mL ™! in each well. The sus-
pension also included f/2 medium (without EDTA and trace metals;
Guillard and Ryther, 1962) and a silicate solution at 150 mg L~!, which
diluted to the standard f/2 concentration upon mixing with the sample,
in order to reach 50 mg L™! of silicate in the well. All treatments and
dilutions were performed in triplicate. Twelve control wells (filtered
seawater + algal suspension) were included per plate. Peripheral wells
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(first and last columns and rows) were excluded from analysis and filled
with 300 pL of filtered seawater to minimize edge evaporation effects,
allowing for 60 effective test wells per plate.

Plates were incubated at 20 °C under continuous light. Homogeneous
light exposure was ensured by placing the plates on a rotating platform.
Chlorophyll fluorescence was monitored daily as a proxy for algal
growth. On the final day (72 h post-exposure), cell density may be
quantified via flow cytometry if needed to corroborate fluorescence-
based results. Baseline measurements taken at time zero confirmed
uniform algal distribution across all wells, validating the seeding
process.

2.4.3. Flow cytometry analysis

Flow cytometric analyses were carried out at 24, 48, and 72 h using
an Accuri C6 flow cytometer equipped with a 488 nm excitation laser.
Cell populations were characterized based on forward scatter (FSC), side
scatter (SSC), and fluorescence collected with a 670 nm long-pass filter
(FL3), which correspond to cell size, internal complexity, and the
autofluorescence of chlorophyll a (ChlA), respectively (Shapiro, 2003).
These parameters were measured across all concentrations tested,
allowing for the assessment of microalgal growth.

2.4.4. Statistical analysis

All bioassays were carried out in triplicate. Data are shown as
average + standard deviation between replicates. The growth inhibition
values were fitted to the Hampel model (Hampel et al., 2001), with
different concentrations tested, in order to calculate the effective values
for 50 % inhibition after 72 h (EC50) of microalgae cellular
concentration.

3. Results and discussion
3.1. Catalysts characterization

3.1.1. Compositional characterization by XRF and ICP-AES

Analysis of the composition of the photocatalysts was carried out
using X-ray fluorescence (XRF) and inductively coupled plasma optical
emission spectroscopy (ICP-AES), obtaining results expressed in mass
percentage ([wt]%). These techniques allowed us to evaluate the pres-
ence and distribution of elements in the materials, providing key in-
formation to determine their photoactive behaviour. The comparison
between the experimental results and the nominal composition of the
photocatalyst allowed validating the synthesis and confirming the
proper integration of the semiconductor in the catalytic matrix. Table 1
shows the measured weight percentage of the different elements found
in each catalyst and, in parentheses, the nominal percentage. All cata-
lysts exhibit elemental compositions that are consistent with their
nominal values.

3.1.2. Structural study

X-ray diffraction allows to study the crystal structure of the synthe-
sized photocatalysts (Fig. 2)

The diffractogram (Fig. 2) shows the peaks of hexagonal ZnO,
fluorite-type CeO and rutile (rutile) TiOy structures. Most of the

Table 1
Compositional characterization by XRF for ZnO/TiO,, CeOy/TiO5 and ZnO-
Ce0,/TiO, photocatalysts.

Composition (%weight)

Catalysts Zn’ Ti" ce’
ZnO/TiOy 8.8 (10) 87.2 (90) -
Ce02/TiO> - 73.1 (70) 26.8 (30)
Zn0-Ce0,/TiO, 10.1 (10) 58.7 (60) 25.4 (30)

@ Measured by ICP.
> Measured by XRF.
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Fig. 2. Diffractogram of the ZnO/TiO, (a), CeOy/TiO5 (b) and ZnO-CeOy/TiO,
(c) catalysts by XRD technique. The blue color represents the peaks corre-
sponding to the hexagonal ZnO phase, the red color the peaks of the TiO,
(rutile) phase and the green color the peaks of the fluorite-type CeO, phase.

diffraction peaks are associated with the rutile TiO, phase (JCPDS
021-1276). However, for the hexagonal ZnO hexagonal phase (JCPDS
036-14519) only 3 diffraction peaks can be assigned, which are (110),
(004) and (310). The diffraction peak that stands out the most is the one
corresponding to the (110) plane which can also be observed in the ZnO-
CeOo/TiOy catalyst. For the fluorite-type CeO, phase (JCPDS
034-0394), the most intense peak that we observed in the CeO5/TiO4
catalyst correspond to the (111) plane, which coincides in the (110)
plane of the hexagonal ZnO in the ZnO-CeO/TiOy catalyst. Other
possible phases such as TiO, anatase cannot be disregarded. Although
they do not appear clearly in the diagrams because they form very low
intensity peaks and are confused with the base, it is possible that they are
found forming mixtures or smaller crystals. For this purpose, a refine-
ment has been carried out using the Powder Cell program. The volume
percentage obtained for each phase is shown in Table 2.

Considering Tables 2, it can be stated that the catalysts are mostly
constituted by TiOg (rutile). It has also been studied whether the cata-
lysts were composed of TiO (anatase) but it was observed that this TiO5
phase was not found in any catalyst. The lattice parameters of each of
the phase’s present in the catalysts have been obtained and are shown in
Table 3.

In all cases, the lattice parameters obtained after refinement are
similar to those of the corresponding theoretical structures (JCPDS
cards), with the exception of the rutile phase observed in the CeO5/TiO4
and ZnO/TiO; catalysts. In the CeOy/TiO catalyst, the lattice parameter
of TiO, increases, whereas in the ZnO/TiO; catalyst, a decrease in the
lattice parameter is observed. These variations are consistent with
literature (Haffad and Korir, 2019) and are attributed to lattice distor-
tion in the rutile structure, caused by the interaction of the CeO; fluorite
phase and ZnO hexagonal phase with the rutile TiO». In the case of the
Zn0-CeOy/TiO4 catalyst, this effect is likely not observed due to the
opposing influences: the lattice expansion induced by CeO, and the
contraction caused by ZnO effectively compensate each other.

Table 2
Volume percentages obtained of each phase of the compounds that form the
catalysts by XRD obtained through Powder Cell.

Catalysts TiO, tetragonal rutile ZnO hexagonal CeO, fluorite type
(%) (%) (%)

Zn0O/TiOy 63.6 36.4 -

Ce0,/TiO, 87.8 - 12.2

ZnO-CeO,/ 57.4 36.8 5.8

TiO2
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3.1.3. Electron microscopy (HAADF-XEDS)

By means of electron microscopy it is possible to know at the
nanometer scale whether the catalysts are homogeneous. Specifically,
HAADF-XEDS was used to take the different images of the catalysts
(Fig. S1).

Figures Sla, S1b and Slc show different colours according to the
distribution of Ti (red), Zn (green) and Ce (blue) in the 3 catalysts. It is
observed that the 3 elements are homogeneously distributed in the
catalyst. TiO, is the main component of these catalysts as prepared.
Table 4 shows the composition of the catalysts at the nanometer scale.
Owing to the homogeneous distribution of Zn and Ce on the TiO5 sur-
face, the compositional analysis of selected surface regions matches the
nominal values.

3.2. Textural properties

Textural characterization of the synthesized photocatalysts was
carried out by performing volumetric adsorption-desorption isotherms
of N; at 77K, and the application of the BET method (Brunauer, Emmett
and Teller) for the determination of the specific surface area of each of
the catalysts. In addition, the BJH method (Barret, Joyner and Halenda)
has been applied to obtain the pore volume of the catalysts surface. The
adsorption/desorption isotherm of catalysts is represented in Fig. S2.
According to the isotherm classification recommended by IUPAC
(Rouquerol et al., 1999), all catalysts correspond to a type IV isotherm.

In addition, the values corresponding to the specific surface area and
pore volume of the catalysts analysed are detailed in Table 5, providing
key data to evaluate their efficiency in catalytic processes. The CeOy/
TiO catalyst exhibits the highest specific surface area, followed by ZnO/
TiOs. In contrast, the catalyst prepared via co-impregnation shows the
lowest specific surface area among the samples analysed.

3.2.1. Band-Gap

Band-Gap of the photocatalysts has been obtained using UV-Vis
absorption data. In this way, diffuse reflectance data is obtained. Fig. 3
gives a strong absorption that increases as the wavelength decreases.
The absorption occurs at a certain wavelength, the value of which we
can obtain from the graph to determine the band gap energy. The band
gap energy is calculated using eq. (1):

1240

E=——eV

A (nm) (eq.1)

The catalyst with the highest catalytic activity is the one with the
lowest band gap. The wavelength values were 390, 440 and 320 nm for
Zn0/TiO3, Ce02/TiO2 and ZnO-CeO4/TiO,, respectively. The energy
obtained was 3.18, 2.82 and 3.88 eV for ZnO/Ti0,, Ce0,/TiO, and ZnO-
Ce0,/TiOg, respectively. Therefore, once the band gap for each catalyst
has been calculated, we can conclude that the catalyst composed of
CeO2/TiOy has the smallest band gap. A small band gap in semi-
conductor materials has several advantages, as they require less energy
for the transfer of electrons from the valence band to the conduction
band; this results in higher electron mobility and therefore better con-
ductivity, as well as allowing more efficient use of light radiation
(Saquib et al., 2024).

3.2.2. Dynamic light scattering (DLS)

DLS technique was used to know the size of the catalyst aggregates in
solution. Since this reaction occurs in the aqueous phase, determining
the size of the suspended particles is crucial. In Fig. S3, it is shown that
the size of the different catalysts is less than 100 nm. For all three cat-
alysts, the hydrodynamic particle size is comparable, ranging from
approximately 100 to 6000 nm, with the majority of the population
concentrated between 1000 and 2000 nm.
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Lattice parameters of each of the phase’s present in the catalysts through XRD. The lattice parameters from the JCPDS files for rutile TiO,, hexagonal ZnO, and fluorite

CeO,, are shown in brackets.

Catalysts TiO, tetragonal rutile ZnO hexagonal CeO;, fluorite type
ad b &) a(d) b (A a®

ZnO/TiO, 4.594 (4.93) 2.959 (2.959) 3.257 (3.25) 5.207 (5.2) -

Ce0,/TiO, 5.207 (4.593) 2.964 (2.959) - - 5.409 (5.411)

Zn0-Ce0,/TiO, 4.594 (4.593) 2.958 (2.959)

3.255 (3.25) 5.230 (5.2) 5.410 (5.411)

Table 4
Mass weight percentages of Ti, Zn and Ce in the different catalysts by electron
microscopy.

Catalysts Chemical Composition (% Nominal composition (%
element weight) weight)
Zn0O/TiOy Ti 88.3 90
Zn 11.7 10
Ce0,/TiO2 Ce 34.9 30
Ti 65.1 70
Zn0-CeOy/ Zn 10.0 10
TiO, Ti 58.2 60
Ce 31.8 30
Table 5

Results of surface area, volume and pore size when performing the N
adsorption-desorption technique on the catalysts studied.

Surface BET (mz/ Pore volumen BJM (cm3/ Pore size
8 8) @A
ZnO/TiO, 40.5 0.3 282.7
Ce0,/TiOy 49.7 0.2 165.3
Zn0-Ce0,/ 33.1 0.2 183.8
TiOy
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Fig. 3. Diffuse reflectance spectroscopy applied to the catalysts studied (ZnO/
TiO,, Ce0,/Ti0, and ZnO-CeO,/TiOy).

3.3. Photocatalytic activity for degradation of polypropylene
microplastics

In order to evaluate the effect of UV radiation on the degradation of
microplastics without the intervention of a photocatalyst, a study was
carried out on 10 polypropylene (PP) particles, evaluating changes in
their surface area before and after exposure. The comparison between
the initial and final average area made it possible to quantify the effect of
the different radiations applied in the absence of the catalyst. This
analysis provides an estimate of the percentage of degradation, showing
how UV radiation acts directly on the particles without additional

catalytic processes. The observed degradation is attributed exclusively
to the interaction of the different wavelengths of radiation with the
polymeric material, providing a baseline reference for comparative
studies with synthetic photocatalysts.

Photocatalyst with the highest performance was the one formed by
ZnO/TiO; and UV-A with which a degradation percentage of 8.4 % of
the PP particles was obtained (Table 6). Ge et al. (2022) investigated the
high photocatalytic activity of ZnO and TiO; for the degradation of MPs
under UV light, in particular, the photocatalytic degradation of a
PVC-ZnO composite film in the presence of a sensitizing dye (eosin Y)
under UV irradiation resulted in a 20 % mass loss after 4 h. In this other
study (Yusuff et al., 2022), ZnO/TiO, photocatalyst was used under
sunlight for the removal of methylene blue dye, in which almost com-
plete decolorization of dye molecules in wastewater was achieved
within 60 min. This photocatalyst showed great potential as a low-cost,
visible light-sensitive photocatalyst for degradation/decolorization of
dye-containing wastewater.

CeO,/TiO4 and ZnO-CeO,/TiO, catalysts were not as effective as the
one mentioned above, but the degradation of the PP particles was also
achieved with these photocatalysts, as can be seen in Table 6. In the
blank performed in tests 3 and 4 it can be observed that the UV-A lamp
degrades 2.5 % and the UV-B lamp 3.1 % to the MPs.

Test 10 was conducted using 100 mL of water from the Medina
WWTP and the ZnO/TiO2 catalyst, which resulted in the highest
degradation percentage. A degradation of 6.6 + 1.6 was obtained, which
is below 8.4 £ 1.0 with pure water, due to interactions of organic matter
and other compounds present in the WWTP outlet water.

Fig. 3 shows the characteristic bands and peaks of the untreated PP.
At 1457 cm™! is the part of the asymmetric bending of CHs; this band
coincides with the bending of CHs. The symmetric bending appears at
1375 cm ™ L. The bands between 1164 cm ™! and 812 cm ™! correspond to
the vibration of the CH3 skeleton. It is observed that towards 3000-2800
cm ™! the CH stresses appear. The peak at about 1040 cm ™! is assigned to
the vibrational stretching of the hydrogen- or alcohol-bonded hydroxyl
groups (-O-H) and superoxide groups (-O-O-H). We can assign vibra-
tional and asymmetric bending for the C-H bonds between the peaks
found between 1490 and 900 c¢cm ! (Zhang et al., 2018).

The changes on the PP surface caused by photocatalytic deterioration
were determined by ATR-FTIR spectroscopy (Fig. 4). This equipment
can determine the alterations of functional groups on the surface of PP
particles down to several microns. A rather limited degradation is
observed since the photocatalyst has degraded 9.4 % of the PP particle.
Darvish et al. (2020) show that 1500 mg of PP were reacted with 100 mg
of carbonized TiO5 in 100 mL of distilled water under UV-C light for 400
h, obtaining a degradation of 84.3 %. In this other study (Pino et al.,

Table 6
Degradation of PP microplastics, expressed in area variation (in %) after pho-
tocatalytic experiments.

Degradation (%)

Catalysts UV-A UV-B

— 25+0.4 3.1+1.1
ZnO/TiOy 8.4+1.0 8.2+ 0.4
Ce0,/TiO, 5.2+22 3.4+06

Zn0-Ce04/TiO, 6.1 £2.0 34+12
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Fig. 4. Comparison of reference PP spectrum (mm) compared to PP subjected to ZnO/TiOy ().

2021), more than 65 % of the MPs were degraded by reacting them with
ZnO nanowires under visible light irradiation for 2 weeks.

Saifuddin et al. (2022) affirm that LDPE films were placed on the
surface of a TiO5 powder layer and then exposed to UV radiation for 3, 5,
7 and 9 days. Similar ATR-FTIR spectra were obtained for both the
molecular structure of the LDPE film and the existence of a
carbonyl-based functional group. However, compared to the results
obtained by using UV radiation alone, it could be observed that the use
of TiO, together with UV radiation was able to enhance the degradation
rate of the LDPE film. This is due to the generation of highly oxidizing
radicals on the TiO; surface through the photoinduced redox reaction,
which could damage the molecular structure of the LDPE film.

3.4. Catalyst leaching studies

Once the catalysts were separated from the reaction medium, the
possible leaching of the catalyst in the reaction medium was analysed
using the ICP technique. The separation of the reaction medium was
carried out by centrifugation, which was carried out for 10 min at 5000
rpm. Table 7 shows that the concentration of Ce is low, so there is no
leaching of cerium. However, as for Ti, there is an appreciable concen-
tration in the catalysts formed by ZnO/TiOy and ZnO-CeO2/TiO;.
Finally, as for Ti, there is no leaching in any of the catalysts since it is
found in very low concentrations.

Leaching of elements that are part of the catalysts into the reaction
medium is important as it can become a source of secondary contami-
nation of the aqueous medium in which it is applied (Inturi et al., 2016).
In addition, leaching of these elements can lead to a gradual loss of
catalytic efficiency (Gruber-Woelfler et al., 2012). Some authors have
addressed the influence of the method of synthesis of the catalyst on its
predisposition to subsequent leaching (Inturi et al., 2016). This is an
aspect that should not be ignored, and, in this study, the concentrations
of Ti found in the water after the photocatalytic experiment suggest that
leaching should be an aspect to be studied further.

3.5. Microalgae toxicity test

Treatments with PP-MPs resulted in significant growth inhibition of
Phaeodactylum tricornutum compared to the control containing only UV-
exposed water. Significant differences in toxicity were observed be-
tween the two tested photocatalysts (Fig. 5). The ZnO-CeO,/TiO; cata-
lyst caused lower growth inhibition, whereas no significant differences

Table 7
Ce, Zn and Ti concentrations applied by ICP technique.

Concentration (mg/L)

Catalysts Zn Ti Ce
ZnO/TiO, - 17.0 £ 0.1 0.022 + 0.003
Ce0,/TiO, <0.100 - <0.005

Zn0-Ce0,/TiO, <0.100 16.0 £ 0.1 0.020 + 0.004

were observed between the PP-MPs + UV control and the treatment with
the ZnO/TiO, catalyst. Nonetheless, significant differences were detec-
ted between the two catalysts.

These results suggest that the presence of photocatalysts influences
the toxicity of UV-aged PP-MPs toward Phaeodactylum tricornutum. The
reduced growth inhibition observed with the ZnO-CeO,/TiO catalyst
indicates a potentially lower generation of toxic by-products or more
effective degradation of harmful compounds. In contrast, the similar
toxicity levels between the ZnO/TiO, treatment and the PP-MPs + UV
control suggest that this catalyst could not mitigate the adverse effects of
UV-aged microplastics. The significant differences observed between the
two catalysts highlight the importance of catalyst composition in
determining the environmental safety of photocatalytic treatments.

4. Conclusions

Synthesis technique revealed promise for the fabrication of these 3
TiOy-based catalysts. ZnO, CeO; and TiO catalysts have been tested in
combination with two types of ultraviolet light (UV-A and UV-B) for the
removal of polypropylene (ranging from 500 to 550 pm) in pure and
wastewater matrices. A higher percentage of degradation was obtained
for ZnO/TiO,. The results obtained were 8.4 1.0 (UV-A) and 8.2 + 0.4
(UV-B). For wastewater a degradation of 6.6 + 1.6 was obtained. In
addition, another factor to consider is that the study of the leaching of
the catalysts showed that a minimum part of the catalyst formed by
Zn0/TiO; remains in the aqueous solution. The ZnO-CeO,/TiO, catalyst
resulted in lower growth inhibition compared to ZnO/TiO;, which
showed toxicity levels similar to those of UV-aged PP-MPs without
catalyst, highlighting the role of catalyst composition in modulating the
environmental toxicity of degraded microplastics. A limitation identi-
fied was the inefficient recovery of the catalyst, which highlights the
need for future research aimed at developing novel supports capable of
maintaining or even enhancing catalytic performance. These efforts
should focus on designing systems that enable easier and less costly
recovery and reuse of the catalyst, thereby improving the overall sus-
tainability and feasibility of the process.
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Corrigendum to “Advanced TiOs-based catalysts for polypropylene

degradation in aquatic media” [J. Environ. Manag. 394 (2025) 127289]
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I. Moreno-Garrido ¢, M. Sendra ¢, M.P. Yeste '
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The authors regret the typographical error detected in Table 7,
entitled “Table 7. Ce, Zn and Ti concentrations applied by ICP tech-
nique.” The title of the table is correct, as are the data presented.
However, the header of the table was misplaced: where it currently
reads “Zn Ti Ce” it should instead read “Ce Zn Ti” in order to correctly
align with the values shown.

This error has also been carried into the text, where “Ti” is repeated
twice in the following sentence: “However, as for Ti, there is an appre-
ciable concentration in the catalysts formed by ZnO/TiOy and ZnO-

DOI of original article: https://doi.org/10.1016/j.jenvman.2025.127289.
* Corresponding author.
E-mail address: ana.martingarcia@uca.es (A.P. Martin-Garcia).
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Ce0y/Ti0,.” This should be corrected to: “However, as for Zn, there is an
appreciable concentration in the catalysts formed by ZnO/TiO2 and
Zn0-CeOy/TiOy.”

In the Highlights section, where it currently states: “Ti leaching was
detected in water after photocatalytic activity, which must be further
studied.” This should be corrected to: “Zn leaching was detected in water
after photocatalytic activity, which must be further studied.”

The authors would like to apologise for any inconvenience caused.

0301-4797/© 2026 The Author(s). Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://doi.org/10.1016/j.jenvman.2025.127289
mailto:ana.martingarcia@uca.es
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2026.129332
https://doi.org/10.1016/j.jenvman.2026.129332
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2026.129332&domain=pdf

	Advanced TiO2-based catalysts for polypropylene degradation in aquatic media
	1 Introduction
	2 Materials and methods
	2.1 Reagents and materials
	2.2 Chemical experimental procedure
	2.2.1 Catalyst synthesis
	2.2.2 Physicochemical analysis
	2.2.3 Microparticles characterization
	2.2.4 FT-IR analysis
	2.2.5 Photocatalytic activity tests on polypropylene microparticles

	2.3 Quality assurance and quality control
	2.4 Test organism
	2.4.1 Sample preparation and standardization
	2.4.2 Marine microalgae ecotoxicity test
	2.4.3 Flow cytometry analysis
	2.4.4 Statistical analysis


	3 Results and discussion
	3.1 Catalysts characterization
	3.1.1 Compositional characterization by XRF and ICP-AES
	3.1.2 Structural study
	3.1.3 Electron microscopy (HAADF-XEDS)

	3.2 Textural properties
	3.2.1 Band-Gap
	3.2.2 Dynamic light scattering (DLS)

	3.3 Photocatalytic activity for degradation of polypropylene microplastics
	3.4 Catalyst leaching studies
	3.5 Microalgae toxicity test

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References

	Update
	Corrigendum to “Advanced TiO2-based catalysts for polypropylene degradation in aquatic media” [J. Environ. Manag. 394 (2025 ...


