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Abstract: The TiO2-Eu and TiO2-La systems were successfully synthesized using the microwave
method. Based on the results of X-ray diffraction analysis, it was found that regardless of the analyzed
systems, two crystal structures were noted for the obtained samples: anatase and rutile. The analysis,
such as XPS and EDS, proved that the doped lanthanum and europium nano-particles are present
only on the TiO2 surface without disturbing the crystal lattice. In the synthesized systems, there were
no significant changes in the bandgap energy. Moreover, all the obtained systems were characterized
by high thermal stability. One of the key objectives of the work, and a scientific novelty, was the
introduction of UV-LED lamps into the metronidazole photo-oxidation pathway. The results of the
photo-oxidation study showed that the obtained TiO2 systems doped with selected lanthanides
(Eu or La) show high efficiency in the removal of metronidazole, and at the same consuming
nearly 10 times less electricity compared to conventional UV lamps (high-pressure mercury lamp).
Liquid-chromatography mass-spectrometry (LC-MS) analysis of an intermediate solution showed the
presence of fragments of the degraded molecule by m/z 114, 83, and 60, prompting the formulation
of a plausible photodegradation pathway for metronidazole.

Keywords: titania; lanthanides; microwave synthesis; photo-oxidation; LED

1. Introduction

Pharmaceuticals, particularly antibiotics, are a major group of emerging contaminants.
The high consumption of antibiotics and the fact that about 30–90% of all antibiotics ingested
are excreted from the body unchanged or as active metabolites means that their occurrence
in the environment cannot be easily controlled and eliminated [1,2]. Furthermore, most of
these pharmaceuticals are not effectively removed in conventional wastewater treatment
plants resulting in their release into various aquatic environments [3].

Metronidazole (MNZ) is a commonly used antibiotic and antiprotozoal agent [4]. This
compound has been widely detected in wastewater, surface water, and groundwater [5].
Gomez et al. [6] reported a high concentration of MNZ in hospital effluents, where it
reached 500–9400 ng/dm3. Meanwhile, the concentration of MNZ detected in surface and
wastewaters was in the range 1–10 ng/dm3 [7,8]. This medicine has a high solubility in
water and low biodegradability; thus, it is prone to accumulation in aquatic systems [9].
The removal of metronidazole and its metabolites remains an important challenge due to

Catalysts 2022, 12, 8. https://doi.org/10.3390/catal12010008 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12010008
https://doi.org/10.3390/catal12010008
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8513-9516
https://orcid.org/0000-0002-3993-4818
https://orcid.org/0000-0002-9830-1797
https://orcid.org/0000-0002-0425-6009
https://orcid.org/0000-0002-7808-8060
https://doi.org/10.3390/catal12010008
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12010008?type=check_update&version=1


Catalysts 2022, 12, 8 2 of 23

their potential adverse effects on ecosystems and human health. As an outcome, they may
impose mutagenic, carcinogenic, and toxic effects [9].

One solution proposed for the removal of MNZ is adsorption [10]. Various adsorbents
were used, such as activated carbon [11], chitosan [12], polymers [13] and copolymers [10],
and metal-organic frameworks [14]. Adsorption is considered a simple and economical
solution for wastewater purification [10]. However, the major disadvantage of this method
is the separation and transferring of the contaminants without degradation [15]. Therefore,
alternative treatment methods should be investigated. The literature describes a great
potential for advanced oxidation processes [15,16]. Among them, photocatalysis has been
widely used as an effective method for the degradation of non-biodegradable pharmaceuti-
cals [17]. Special attention has been paid to titanium dioxide, which is a non-expensive,
non-toxic, highly available, and stable photocatalyst [18]. However, the main limitations
of its usage, including activity only under UV light, particles agglomeration, and fast
recombination of photogenerated charge carriers, necessitate further modification of this
material [19].

On the one hand, recent trends in photocatalysis include the degradation of various
groups of environmental pollutants, such as heavy metals, pesticides, herbicides, dyes,
phenols, and pharmaceuticals [20]. Many studies concern photocatalytic water splitting
and reduction of CO2 [21]. The novel direction proposed by Yao et al. [22] is the application
of Au/sheaf-like TiO2 mesocrystals for simultaneous degradation of ibuprofen with H2
evolution. The other way focuses on the modulation of physicochemical properties of the
photocatalyst. It may be realized by doping, defect engineering, morphology design, and
fabrication of heterojunctions [23–26]. Singh and Soni [27] proposed the preparation of
CuO decorated defect enriched ZnO nanoflakes for the effective degradation of different
dye pollutants. Liu et al. [28] applied oxygen-deficient SnO2 quantum dots for the removal
of organic oil pollutants. Meanwhile, Goud et al. [20] confirmed the remarkable behav-
ior of MoS2/Bi2O3 heterojunction towards crystal violet dye degradation and hydrogen
production. Furthermore, the extensively studied direction in photocatalytic processes is
a combination of photocatalysts with carbon materials such as graphene oxide, carbon
quantum dots (CQD), or MXenes, to enhance charge carriers separation and promote visible
light absorption. Ding et al. [29] utilized the CQD/Bi2O2CO3 for photocatalytic removal
of toluene from the air. Grzegórska et al. [30] proposed the application of Fe-TiO2/Ti3C2
composite for the highly efficient degradation of the anti-epileptic drug carbamazepine.

The incorporation of rare-earth metals such as Sm, Er, Eu, La, Gd into TiO2 has
been proposed to reduce the bandgap by shifting the working wavelength to the visible
region [31]. Doping of lanthanides into TiO2 structure may act as an electron trap and thus
reduce the electron-hole recombination as well as promote the chemical adsorption of the
organic pollutants on the photocatalyst surfaces. Huo et al. [32] proposed the modification
of TiO2 with 1.25 mol% of lanthanum. The interaction between the La-dopants and the
TiO2 might facilitate the adsorption of pollutant molecules and UV lights and inhibit
the recombination between photoelectrons and holes. Khade et al. [33] concluded that
incorporation of europium into TiO2 caused an increase of methyl orange degradation
compared with pure TiO2 due to the higher absorption and 4f electron transition of rare-
earth ions. Shi et al. [34] described that modification of co-doped TiO2 with La3+ and Eu3+

led to improved photocatalytic activity as a result of better separation of electron-hole pairs.
In this research, Eu- and La-modified TiO2 were, for the first time, applied to pho-

tocatalytic degradation of metronidazole, a nitroimidazole antibiotic, non-susceptible to
biodegradation. The optimal content of lanthanides dopant (0.25 wt.%–1.5 wt.%) intro-
duced to the system via microwave technique was evaluated. The novelty of this work was
the application of UV-LED lamps into the metronidazole photo-oxidation pathway. The
transformation products and degradation intermediates of metronidazole were proposed
based on the LC-MS analysis. Finally, the electricity consumption of UV Hg high-pressure
and UV-LED systems was compared to evaluate the cost-efficiency of the processes applied
in this research.
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2. Results
2.1. Crystal Structure

First, a comprehensive physicochemical analysis was carried out for the crystallo-
graphic characterization using XRD analysis. Figure 1 presents X-ray diffraction graphs for
the TiO2-europium and TiO2-lanthanum systems.
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Figure 1. The XRD patterns for (a) TiO2-Eu and (b) TiO2-La systems.

In the beginning, the reference TiO2 sample was subjected to X-ray analysis, which in
the next stages was a scaffold for the microwave inclusion of lanthanides into the system.
The mentioned material had the anatase (crystallographic database card no. 9009086)
crystalline structure (space group I41/amd, no. 141) was observed Additionally, it was noted
that in the titania sample occurred the crystalline planes such as (101), (103), (004), (200),
(105), (211), (204), (116), (220), and (215).

Regardless of the analyzed system, modification with europium or lanthanum, two
crystal structures were noted for the obtained samples, anatase and rutile (space group
P42/mnm, no. 136). The absence of characteristic peaks from europium and lanthanum
on the XRD patterns may indicate that the dopants particles have high dispersion on the
TiO2 surface. This phenomenon was noted and described by Tahir et al. [35], as well as
Huang et al. [36]. However, the presence of rutile in the synthesized systems is puzzling, in
particular, taking into account previous literature reports [37,38]. Nevertheless, to exclude
the influence of microwave radiation on the transformation of anatase to rutile, XRD
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analysis was performed on a reference TiO2 subjected to multiple microwave treatments
(Figure 2).
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Figure 2. The XRD patterns for titania sample subjected to single, double, and triple
microwave treatment.

Based on obtained results, it was shown that, regardless of the subsequent microwave
treatments to which the TiO2 sample was subjected, it had an anatase crystal structure. The
only changes observed were related to a decrease in FWHM, which indicates an increase
in the size of the crystallites, which confirms previous literature reports and excludes
the influence of microwave reprocessing as the reason for the presence of rutile in the
analyzed materials [38,39]. Therefore, to determine the obtained crystal structures, the
average crystalline size, and the lattice parameters for the synthesized TiO2-Eu and TiO2-La,
systems were determined (Tables 1 and 2).

Table 1. The average crystallite size, phase composition, and lattice parameters of the obtained
TiO2-Eu systems.

Sample
Crystallite Size (nm) Phase Composition (%) Lattice Parameters

Anatase Rutile Anatase Rutile
Anatase Rutile

a (Å) c (Å) a (Å) c (Å)

TiO2 8.1 - 100 - 3.78020 9.48188 - -

TiO2-0.25%Eu 17.0 13.7 99.5 0.5 3.79107 9.52264 4.58045 2.94155

TiO2-0.5%Eu 16.7 14.9 99.0 1.0 3.79081 9.52052 4.60394 2.97229

TiO2-0.75%Eu 16.3 15.7 97.9 2.1 3.78916 9.51984 4.61782 2.97654

TiO2-1%Eu 16.0 19.5 96.6 3.4 3.78776 9.51701 4.62014 2.97741

TiO2-1.5%Eu 15.9 22.0 95.9 4.1 3.78615 9.48887 4.62526 2.97845
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Table 2. The average crystallite size, phase composition, and lattice parameters of the obtained
TiO2-La systems.

Sample
Crystallite Size (nm) Phase Composition (%) Lattice Parameters

Anatase Rutile Anatase Rutile
Anatase Rutile

a (Å) c (Å) a (Å) c (Å)

TiO2 8.1 - 100 - 3.78020 9.48188 - -

TiO2-0.25%La 17.1 10.6 99.3 0.7 3.79101 9.52252 4.61981 2.95819

TiO2-0.5%La 16.9 11.1 99.1 0.9 3.78883 9.51708 4.62610 2.96073

TiO2-0.75%La 16.9 12.1 98.0 2.0 3.78729 9.51484 4.62274 2.96199

TiO2-1%La 16.5 16.3 97.9 2.1 3.78786 9.51481 2.96073 2.96241

TiO2-1.5%La 16.5 17.2 97.5 2.5 3.78741 9.51126 4.62329 2.96435

Based on the obtained crystallographic parameters, it was confirmed that subjecting
crystalline TiO2 to microwave-assisted incorporation of europium or lanthanum increased
the average size of anatase crystallites from 8 nm to about 16–17 nm for reference sample
and systems, respectively. However, it should be noted that the increase in the amount of the
dopants inhibited the anatase re-crystallization process, which can be observed, for example,
in materials containing the highest and the lowest amounts of europium/lanthanum. In
both cases, a decrease in the size of the anatase phase crystallites from about 17 nm for TiO2
containing 0.25% dopants to 15.9 nm for TiO2-1.5%Eu and 16.5 nm for TiO2-1.5%La was
noted. Further differences between the materials TiO2-Eu and TiO2-La were observed, in
particular in the parameters of the rutile phase. First, it has been noted that the amount
of rutile phase is related to the amount of dopant in the synthesized system. However,
it depends not only on the amount (weight percentage) of the admixture but also on its
type, either europium or lanthanum. For the TiO2-Eu samples, a higher percentage of
the rutile phase (max. 4.1%) was recorded compared to the TiO2-La systems (max. 2.5%).
Additionally, it was observed that a rutile phase with higher crystallinity was formed in
TiO2-Eu systems.

Comparing the obtained results with the available scientific literature confirmed that
the phenomenon of inhibition of anatase crystallization by lanthanides is widely known.
Similar observations were presented by Huang et al., who for the reference material TiO2
obtained a crystallite size of 16.2 nm, while for TiO2-0.4%Eu, 9 nm. However, considering
that most of the work on the doping of TiO2 with lanthanum and europium focuses on
sol-gel synthesis or other processes using additional high-temperature thermal treatment, it
is difficult to compare the obtained crystal structures. The main difficulty is the microwave
assistance used in our work, which, unlike conventional heating, affects the nucleation
process and the growth of single crystals, and also affects the sequential processes, thus
effectively interacting with each of the synthesis intermediates. The use of the novel
microwave technique may be one of the reasons for possible interactions of the dopants
used (lanthanum/europium) with the crystalline anatase, which could lead to partial
phase transformation. Despite a large mismatch in ionic radius between dopants (La3+,
Eu3+) as well as titania (Ti4+), it should be noted that among the dopants used, europium
was characterized by a lower ionic radius (0.095 nm) compared to lanthanum (0.11 nm);
therefore, it could be favored for interaction with the structure of TiO2, which resulted in a
higher content of the rutile crystal phase for TiO2-Eu systems. However, it should also be
mentioned that the differentiation of ionic rays causes difficulties introducing the Eu3+ and
La3+ atoms into the TiO2 unit cell, which is observed in the determined parameters of the
crystal lattice, which are similar to the literature data for anatase and rutile. Therefore, it
can be inferred that most Eu3+ and La3+ ions are dispersed on the surface of TiO2, which is
consistent with the XRD results.
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2.2. High-Resolution Transmission Electron Microscopy (HR-TEM)

To confirm the high crystallinity of the obtained TiO2-Eu and TiO2-La materials, the
selected materials (containing the lowest and the highest dopant content) were subjected to
HRTEM analysis. The images obtained are summarized in Figure 3.
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Figure 3. The HRTEM images for (a) TiO2-0.25%Eu, (b) TiO2-1.5%Eu, (c) TiO2-0.25%La and
(d) TiO2-1.5%La systems.

Based on the presented results, the high crystallinity of the analyzed samples was
confirmed due to observed crystallographic spacing. Moreover, the selected TiO2-Eu or
TiO2-La materials were found to have spacing characteristics for a plane (101) [40,41] and
(004) [42] of anatase. In addition, high-resolution images show spherical nano-particles
with a diameter of about 5 nm. This size does not correspond to the crystallite size of any
of the observed phases (for anatase, the crystallite size was about 17 nm, while for rutile,
it was about 18 nm); hence, it can be assumed that these particles are derived from the
lanthanides dopants europium or lanthanum. This is confirmed in the available scientific
literature, where the crystallographic spacing that could be attributed to Eu or La was not
observed, but single nano-particles were shown [43,44].
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2.3. X-ray Photoelectron Spectroscopy

Considering the results of the XRD analysis and the possible effects of the admixtures
used on the structure of TiO2, the XPS analysis was carried out in the next step to determine
the chemical states of the selected materials (TiO2, TiO2-0.5%Eu, and TiO2-1.5%Eu). The
XPS was performed for samples doped with Eu due to the higher content of the rutile
phase in these materials, as well as the smaller ion radius of europium so that it could have
easier incorporation into the TiO2 crystal structure. The obtained XPS spectra are presented
in Figure 4.

Figure 4. XPS spectra of specific regions: (a) Ti 2p, (b) O 1s, and (c) Eu 3d for TiO2-Eu systems.

Based on the presented XPS spectra, it was found that the Ti 2p region at the TiO2-Eu
systems (see Figure 4a) observed two characteristic peaks associated with Ti 2p3/2 and Ti
2p1/2 of Ti4+ ions in oxide lattice occurred at 459.6 eV and 465.2 eV, respectively [45]. As
shown in Figure 4b, the spectrum of O 1s in analyzed samples reveals 2 peaks centered at
530.5 eV and 532.3 eV, which belong to lattice oxygen (O2−) and hydroxyl group (–OH) on
the surface of the oxide materials, respectively [46]. Figure 4c shows the spectra of Eu 3d
for TiO2-0.5%Eu and TiO2-1.5%Eu samples, which contain 4 distinct peaks [36]. The peaks
at 1135.7 eV (Eu 3d5/2) and 1165.3 eV (Eu 3d3/2) are associated with the presence of Eu3+

or europium oxide (Eu2O3), whereas the other two peaks at around 1125.8 eV (Eu 3d5/2)
and 1154.8 eV (Eu 3d3/2) could be ascribed to Eu2+ oxidation state, which may be related
to the photoreduction of Eu3+ to Eu2+ during the XPS measurements [47]. However, the
no visible shifts in the XPS spectrum in the Ti 2p region indicate that the dopant (Eu) is
not introduced to the titanium dioxide lattice, and the doped processes only take place
on the surface. Additional confirmation is the decrease of intensity of the peaks, which is
the natural consequence of the presence of additional dopant particles on the TiO2 surface.
The positions of the O 1s peaks are shifting from 530.7 eV to 531.3 eV and 532.7 eV to
533.3 eV for lattice O and –OH groups, which may be due to the changes in the electron
cloud density and the surrounding chemical environment, resulting in the changes of the
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electron binding energy [48–50]. In addition, a decrease in the intensity of the peak derived
from hydroxyl groups is observed, which can be related to the incorporation of lanthanide
compounds on the surface.

2.4. Morphology and Surface Properties

To determine one of the crucial parameters of the oxide materials, i.e., the morphology
and thus the size and distribution of particles for the TiO2-Eu and TiO2-La systems, trans-
mission electron microscopy was carried out. However, to characterize the doped systems
in the first stage, the reference material (titanium dioxide) was subjected to SEM and TEM
analysis (Figure 5).
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Figure 5. The results of SEM (a) and TEM (b) analysis for titanium dioxide.

Based on the SEM and TEM images, for reference TiO2 sample (Figure 5a,b), shows the
presence of nano-particles of various, e.g., spherical (approx. 10 nm), as well as cubic (approx.
10 nm) shapes. The differentiation of TiO2 morphology results largely from the characteristics
of the microwave radiation used in the synthesis. The high kinetics of the microwave
crystallization process, on the one hand, leads to the formation of nano-sized particles,
but on the other hand, it makes it difficult to control obtaining one defined structure. This
is in line with the results we presented earlier [39]. However, the additional value of the
TiO2 synthesis technique presented by us based on microwave in-situ crystallization is the
control of the particle size and the formation of nano-particles with a low size distribution
(<100 nm).

For the TiO2-Eu or TiO2-La systems, as for the reference sample, the particles in nano-
size were observed. However, for two-component systems, several groups of nano-particles
were observed (Figure 6). First, particles that were approximately equal to the crystallite
size calculated from Scherrer’s equation were observed. Furthermore, particles that were
larger-sized than their crystallite ones were noted and are attributed to the reunion of
nano-sized crystallite, as described by Liqiang et al. [51]. In addition, the TEM images show
the high distribution of dopants (Eu- or La-doped) in the bright and dark parts of TiO2,
confirmed by the presence of electronic black spots [36,52]. Moreover, in the case of doped
systems, aggregation into larger structures is mainly observed. In the aforementioned
structures, TiO2 nano-particles are covered with a shell that causes the growth of particle
agglomeration. The mentioned effect was observed for all materials, regardless of the
amount and type of dopants, but it was not noted for the reference material TiO2 [53].
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EDS mapping was performed to determine the distribution of lanthanum and eu-
ropium particles on the surface of the base material (TiO2) for selected materials. The
results of the above analysis are presented in Figure 7.
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Figure 7. STEM images with mapping for titanium and europium/lanthanum for TiO2-Eu and
TiO2-La systems.

The distribution of lanthanum and europium was analyzed; attention should be
paid to the difference between their location. Europium was observed mainly in larger
aggregates of titanium dioxide, and its distribution throughout the material was confirmed
for lanthanum. The observed differences result mainly from the type of dopants used
because, inter alia, Huang et al. [54] noted that europium might be favored for interactions
with hierarchical structures, which may explain its aggregation on the surface of TiO2
nano-particles agglomerates, while Siah et al. [55] carried out the doping of TiO2 with
lanthanum, obtaining a homogeneous distribution of dopant ions on the surface of the
oxide material.

Table 3 summarizes the weight percentage of elements (titanium, oxygen, and eu-
ropium/lanthanum) in the synthesized TiO2-Eu and TiO2-La systems.
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Table 3. The results of EDXRF analysis for TiO2-La and TiO2-Eu systems.

Sample TiO2 (wt.%) Eu-Doped (wt.%) La-Doped (wt.%)

TiO2-0.25%Eu 99.71 0.29 -
TiO2-0.5%Eu 99.44 0.56 -

TiO2-0.75%Eu 99.28 0.72 -
TiO2-1%Eu 98.92 1.08 -

TiO2-1.5%Eu 98.42 1.58 -
TiO2-0.25%La 99.79 - 0.21
TiO2-0.5%La 99.40 - 0.60

TiO2-0.75%La 99.15 - 0.85
TiO2-1%La 98.95 - 1.05

TiO2-1.5%La 98.55 - 1.45

First, due to the EDXRF analysis, the presence of elements such as Ti, O, and Eu or
La in the synthesized systems was proved. In addition, the analysis confirmed that the
mass percentage of the used dopants was consistent with the assumed theoretical values
of lanthanum and europium. This confirmed the correctness of the proposed method for
the synthesis of TiO2-Eu and TiO2-La systems using the assumptions of the microwave
technique.

2.5. Parameters of the Porous Structure

One of the extremely important elements of the comprehensive characterization of
the new materials is the characterization of their textural properties. For this purpose,
low-temperature nitrogen sorption was used. The obtained N2 adsorption-desorption
isotherms are presented in Figure 8, while the parameters of the porous structure are
presented in Table 4.
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Figure 8. Nitrogen adsorption-desorption isotherms for the synthesized (a) TiO2-Eu and
(b) TiO2-La systems.

Based on the nitrogen sorption isotherms, it was shown that all synthesized oxide
materials, together with the reference sample, are characterized by the IV-type isotherm
with the H1 hysteresis loop [56]. The H1 hysteresis loop indicates that the analyzed material
consists of agglomerates or compacts of approximately uniform shape in a fairly regular
array, and hence have narrow distributions of pore size [56]. Moreover, it should be noted
that all synthesized materials were characterized by a similar range of the hysteresis loop
amounting to p/p0—0.64–0.99, regardless of the type and amount of the dopants used.
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Table 4. The parameters of the porous structure for TiO2-Eu and TiO2-La systems.

Sample ABET (m2/g) Vp (cm3/g) Sp (nm)

TiO2 63 0.24 13.7

TiO2-0.25%Eu 65 0.24 12.5

TiO2-0.5%Eu 67 0.23 12.6

TiO2-0.75%Eu 68 0.23 12.3

TiO2-1%Eu 69 0.24 12.3

TiO2-1.5%Eu 71 0.23 12.2

TiO2-0.25%La 67 0.24 12.9

TiO2-0.5%La 67 0.24 13.1

TiO2-0.75%La 68 0.25 13.3

TiO2-1%La 70 0.26 13.5

TiO2-1.5%La 73 0.26 13.0

When analyzing the obtained parameters of the porous structure for the synthesized
materials, one should start by presenting the data for the reference sample. Microwave-
formed TiO2 had a BET surface area of 63 m2/g and a volume and pore diameter of
0.24 cm3/g and 13.7 nm, respectively. For the systems doped with europium and lan-
thanum, a slight increase in the BET surface area (up to a maximum of 70–71 m2/g) and
pore volume (0.26 cm3/g) was observed, while regardless of the type and amount of dopant,
the formed systems were characterized by a lower pore diameter.

The increase in surface area and pore volume can be explained not only by the presence
of an impurity (Eu or La) on the TiO2 surface, which may have changed the textural
properties but also by a deterioration of the crystallinity of samples containing higher
dopant contents. It is well known that the crystallinity of oxide materials is closely related
to their surface area. Hence, the decrease in the size of crystallites observed on XRD patterns
could lead to an increase in the BET surface area [57].

2.6. Optical Properties

The diffuse reflectance spectroscopy was carried out to determine the assessment
of optical properties (including, inter alia, determination of the band gap energy). The
obtained data was collected and shown in Figure 9.
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When analyzing the absorption spectra for the TiO2-Eu and TiO2-La systems, it should
be noted that all the mentioned samples had wide absorption band in the range 400–200 nm
wavelength, which proves the absorption of ultraviolent radiation. However, attention
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should be paid to the shift of the absorption band of the doped materials relative to the
reference sample. The absorption band for TiO2 flattens out at about 400 nm, while a shift
to about 420 nm was observed for doped samples. This shift is mainly due to the presence
of the rutile phase in the TiO2-Eu and TiO2-La materials, which was confirmed by the
results of the XRD analysis. Additionally, changes in the intensity of the absorption band
(200–400 nm) were observed, which was influenced by the amount of the dopants. The
energy bandgap of the TiO2-Eu and TiO2-La systems was calculated using the Kubelka–
Munk theory. It was found that the bandgap energy for the reference titanium dioxide
was 3.2 eV, which is consistent with scientific knowledge [58]. Juan et al. [59] confirmed
a slight decrease in the bandgap energy for Eu-doped systems. The authors indicated
that this behavior might be associated with Eu impregnation [60] or the anatase phase
transformation. Similar observations are presented in the scientific literature for lanthanum-
doped materials [61,62].

However, based on the obtained data, the presence of the rutile phase should be indi-
cated as the main reason for the reduction of the bandgap energy for the doped materials.
According to the literature, rutile is characterized by the value of the bandgap of 3.0 eV;
therefore, the partial anatase-rutile transformation shifted the absorption spectrum towards
higher wavelength values, which directly translated into a decrease in the bandgap energy.

2.7. Thermal Stability

The next step in determining the physicochemical properties of the synthesized TiO2-
Eu and TiO2-La systems was the evaluation of their thermal stability. Thermogravimetric
analysis was performed for the selected materials. Figure 10 shows the results of the
TGA/DTG analysis.
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The thermogravimetric curves for selected samples presented in Figure 10 show that
all of them are characterized by very good thermal stability in the temperature range of
0–1000 ◦C. For the samples doped with europium, a similar weight loss (about 4%) was
observed, as in the case of the TiO2 reference sample, which shows that the europium
doped of max. 1.5 wt.% did not significantly affect the thermal stability of the synthesized
materials. In the case of mentioned samples, observed weight loss was related to the
evaporation of physically as well as chemically bonded water occurred at 90 ◦C and 205 ◦C,
respectively. For the materials doped with lanthanum, similar results were observed as
for the TiO2-Eu samples, but in this case, the addition of lanthanum over 1 wt.% slightly
deteriorated the thermal stability (loss of mass about 4.5%). However, the observed weight
loss was related to only the removal of water, both surface (100 ◦C) and chemical (207 ◦C).
For the TiO2-La samples, the same as for the TiO2-Eu materials, no transformation of
anatase into rutile or other weight losses that could cause deterioration of thermal stability
was observed. On this basis, it was confirmed that the materials doped with TiO2-Eu and
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TiO2-La are characterized by high thermal stability. However, the addition of lanthanides
does not significantly affect the described properties.

The results presented in this work are consistent with the available scientific knowl-
edge. Among others, Borlaf et al. [63] pointed out that doping with europium does not
directly affect thermal stability but only the size of crystallites and particles. While for
lanthanum, in the vast majority of studies, it was confirmed that the addition of lanthanum
inhibits the conversion of anatase to rutile [64,65], this used larger admixtures (over 3 wt.%)
than those described in our study; therefore, the described effect may not have been
observed in the presented TGA results.

2.8. Photocatalytic Activity

The key study was to determine the photocatalytic activity of the obtained materials
in the degradation of the pharmaceutical metronidazole using the new generation light
sources, specifically, a UV-LED lamp. The results obtained during the photo-oxidation
processes are presented in Figure 11.
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Figure 11. The results of degradation of metronidazole for TiO2-Eu (a,b) and TiO2-La (c,d) systems.
The photodegradation curves (a,c) were made based on the UV-Vis data, while the loss after successive
hours of irradiation (b,d) was determined by the HPLC technique.

Photo-oxidation tests started with the determination of the activity of the reference
materials, TiO2-based material and commercial P25. In both cases, a high degradation
efficiency of metronidazole was noted, which was about 94–95% after 180 min of irradiation.
Regardless of the dopant used (europium or lanthanum) for the systems, an improvement
in photoactivity was noted in comparison with the reference materials. For TiO2-Eu systems
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(Figure 11a,b), an improvement in photo-oxidation properties was confirmed for samples
containing a maximum of 1 wt.% Eu, a further increase in the dopant content resulted in
a decrease in the metronidazole removal efficiency. It is worth noting that for materials
containing from 0.25 to 1 wt.% Eu, a similar degradation efficiency was noted, amounting to
almost 99% after 180 min, while a satisfactory level (approx. 90% of removal) was achieved
after less than 120 min. On the other hand, for the TiO2-1.5%Eu sample, the degradation
efficiency was similar to that of the reference materials. For the TiO2-La systems, in contrast
to Eu-doped systems, the influence of the amount of admixture on the observed efficiency
of metronidazole removal was confirmed. The highest photodegradation efficiency (nearly
90% after 90 min) was obtained for materials containing 0.5 and 0.75 wt.% of lanthanum.
On the other hand, for the remaining samples, satisfactory results were also obtained in the
removal of the tested pharmaceutical; the degradation efficiency was 85%, 88%, and 90%
after 120 min of irradiation, respectively, for TiO2-1.5%La, TiO2-1%La, and TiO2-0.25%La.
The obtained results proved that the obtained TiO2-Eu and TiO2-La systems showed
higher removal of the tested impurities which may result from a different photocatalytic
mechanism and improved absorption of UV irradiation, due to the use of LEDs with a
narrow emission spectrum.

Based on the available scientific literature, and bearing in mind the surface nature
of TiO2 modification with selected lanthanides (Eu or La), the expected mechanism was
indicated as a free radical reaction induced by UV light. For reference, titanium dioxide,
as a result of excitation, photogenerated electrons (e−) are formed in the CV bands, lead
to the photo-reduction process, which generates reactive oxygen species, e.g., hydroxyl
radicals [66]. On the other hand, holes (h+) in the VC bands lead to the oxidation pro-
cess by reacting with adsorbed water or –OH gropus, resulting in the formation of *OH
radicals [39].

However, for the doped materials, the dispersion of lanthanides nano-particles on the
titanium dioxide surface is a crucial factor in the photo-oxidation of metronidazole [36].
According to the above-described mechanism for pure titania, due to photo excitation the
catalyst is greater or equal to the bandgap of TiO2, electrons and holes are formed in its
valance and conduction bands, respectively [67]. Without dopants (for our work europium
and lanthanum), these e−-h+ pairs recombine, and only some of them could participate in
the photo-oxidation processes. When lanthanides are doped on the titania surface, they
could capture e− and prevent the recombination of photogenerated e− and h+, resulting in
improvement of photocatalytic performance [68,69].

Bearing in mind the constant changes in the climate, attention should also be paid to
the impact of humans on the aquatic environment. With the development of medicine, more
and more active pharmaceutical ingredients (APIs) appear in wastewater. Most medicines
use consumed by human beings are metabolized and released into the environment in
their metabolic form, there is a group of drugs that are excreted unchanged. Common
examples of some widely used drugs are tetracycline, erythromycin, and metronidazole,
etc. The presence of metronidazole in wastewater was confirmed by Wagil et al. [70], who
determined the concentrations at level 136.2 ng/dm3, 12.0 ng/g, and 15 ng/g in water,
sediment, and fish, respectively, in the Goscicina river in northern Poland. Moreover, it is
also acknowledged that long-term exposure to this drug may cause cancer and mutagenesis
because of the formation of reactive oxygen species inside the cell [71]. The available
scientific literature points to several previously developed methods for the elimination of
metronidazole such as adsorption [72] and membrane separation [73]; however, most of
the scientific community focuses on photo-oxidation processes such as advanced oxidation
processes (AOP) [74], photo-Fenton [75], or photocatalysis [76].

Table 5 shows the current state of knowledge in the field of photocatalytic degradation
of metronidazole.
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Table 5. Summary of literature data on the degradation of metronidazole.

Sample
Metronidazole
Concentration

(mg/dm3)

Amount of
Photocatalyst
(mg/100 cm3)

Degradation
Efficiency (%)

Irradiation
Time
(min)

Type and
Power of the
Light Source

Literature

TiO2-0.25%Eu
TiO2-0.25%La 20 100 99 180 UV-LED (20 W) this work

BiVO4-FeVO4 10 200 91 90 Xe-lamp
(500 W) [77]

Ag-CdS 15 100 95 120 Hg-lamp
(125 W) [78]

ZnO 80 1500 97 180 Hg-lamp
(125 W) [79]

TiO2-Fe3+ 80 500 97 120 Hg-lamp
(125 W) [80]

D-g-C3N4-Bi5O7I 15 80 80 360 Xe-lamp
(300 W) [81]

TiO2-Fe3+ 20 1500 50 - Hg-lamp
(100 W) [82]

TiO2 80 300 95 180 Hg-lamp
(125 W) [15]

Ag/ZnO 10 100 80 30 Xe-lamp
(300 W) [83]

When analyzing the available scientific literature, several issues should be noted. First,
in all the works cited, the lamps used were not only expensive but also harmful from an
environmental point of view. It should be noted that the lighting time of mercury and
xenon-containing UV lamps is definitely shorter than that of LED lamps, and there is also
a difficult issue of their disposal, bearing in mind the presence of harmful elements. In
addition, it is worth considering the energy consumption of the light source itself. During
the photodegradation process using UV-LED lamps and for the contrast of a high-pressure
mercury lamp, the electricity consumption was measured, shown in Table 6.

Table 6. Electricity consumption and electricity costs for UV-LED lamps and a high-pressure mer-
cury lamp.

Type of Lamp Power of Lamp
(W)

Power
Consumption Per

Hour (kWh)

Power
Consumption

Per Year
(kWh)

Cost of Electricity
Consumed Assuming
Continuous Operation
for 365 Days (EUR) *

UV-LED 20 0.021 184 40
Hg high-pressure 150 0.195 1708 374

* Calculations of the cost of consumed electricity based on Eurostat data (1 kWh = 0.219 EUR).

Based on the collected data, it was indicated that LED lamps use almost 10 times
less energy than mercury lamps, and additionally, do not require active cooling, which is
necessary for mercury and xenon lamps [84]. When analyzing the technology of wastewater
treatment from pharmaceuticals, including metronidazole, attention should also be paid
to the possibility of using visible sunlight, as reported by Ghribi et al. [76]. However, the
implementation of sunlight in sewage treatment systems seems limited due to the high
cost and large area needed for installation. Therefore, it seems that LED lamps can be a
breakthrough in the use of UV light in the degradation of non-metabolized pharmaceuticals,
including metronidazole.

2.9. Identification of Degradation Products

A key element of the present work was the determination of metronidazole pho-
todegradation products using the LC-MS technique (Figure 12).
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Figure 12. Mass spectrum of metronidazole products photodegradation.

In the mass spectra recorded on the mass chromatograms, the presence of ions with
masses of 60, 83, and 114 were observed. These signals correspond to the intermediate
degradation products of metronidazole according to the mechanism proposed by Zia
et al. [85]. The ion of m/z 60 is ethene-1,2-diol; m/z 83 is 3,5-dihydro-4H-imidazol-4-one
and m/z 114 is 5-hydroxy-1-(hydroxymethylidene)-14-imidazole-1,3-diium.

3. Materials and Methods
3.1. Materials

Titanium tetrachloride (97%), urea (p.a.), lanthanum(III) chloride heptahydrate (99%),
europium(III) chloride hexahydrate (99%), poly(ethyleneglycol) PEG 400 (for synthesis),
sodium hydroxide (p.a.), and metronidazole were purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA). All reagents were of analytical grade and used without any
further purification. The water used in all experiments was deionized.

3.2. Synthesis of TiO2-Eu and TiO2-La Systems

The preparation of the TiO2-doped materials was realized with a two-step microwave
technique. In the presented work, titanium(IV) chloride was used as the precursor for in situ
synthesis of TiO2. The preparation of the TiCl4 solution was carried out in distilled water in
an ice-water bath according to the procedure previously reported by Zhang et al. [86]. The
concentration of titanium(IV) chloride was adjusted to 1%. Next, the 5 g of urea was added
to the 100 cm3 TiCl4 solution prepared in the previous step. During microwave heating,
urea was decomposed into carbon dioxide and ammonia, which was a hydrolysis promoter
and enabled the in situ synthesis of TiO2 nano-particles during microwave processing.
After the urea was dissolved, the solution was transferred to a microwave reactor (CEM,
Discover 2.0, Matthew, NC, USA) and heated with a maximum power of 300 W until a
temperature of 200 ◦C was reached, then it was held for 1 min. The obtained titanium
dioxide was filtered and washed and, finally, dried at 80 ◦C for 12 h.

Subsequently, the synthesis of TiO2-Eu or TiO2-La materials was carried out. The
doped systems were formed using: 0.25 wt.%, 0.5 wt.%, 0.75 wt.%, 1 wt.%, and 1.5 wt.%
of dopants. The system TiO2-1.5%Eu is taken as an example to demonstrate the synthesis
process. To 100 cm3 of 0.03 g of europium(III) chloride was added and 2 cm3 of PEG 400.
The received mixture was adjusted to pH 10 using 1 M of sodium hydroxide solution.
Simultaneously, a suspension of the previously obtained titanium dioxide was prepared
(1 g in 50 cm3 H2O). For this purpose, an ultrasonic bath was used (SONIC-3, POLSONIC,
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Poznan, Poland). The resulting titania-Eu mixture was then stirred for 10 min. Finally, the
obtained mixture was transferred to a microwave reactor (CEM, Discover 2.0, Matthew,
NC, USA) and heated with a maximum power of 300 W until a temperature of 200 ◦C was
reached, then it was held for 1 min. The synthesized systems were filtered and washed and,
finally, dried at 60 ◦C for 6 h.

3.3. Characteristics of Synthesized Systems

The crystallinity and average crystallite size were investigated by X-ray powder
diffraction. The analysis was performed using Rigaku Intelligent X-ray diffraction system
Miniflex600 (Rigaku Corporation, Tokyo, Japan), equipped with a sealed tube X-ray gen-
erator operating with Cu Kα radiation 40 kV and 30 mA. Scans were recorded in the 2θ
range from 10◦ to 80◦, with a speed 2◦ min−1 and a step of 0.01◦. The analysis was based
on the International Centre for Diffraction Data (ICDD) database.

The X-ray Photoelectron Spectroscopy (XPS) analyzes were recorded on Specs UHV
spectrometer (SPECS GmbH, Berlin, Germany) with a charge neutralizer. The reference to
rectify the binding energies used was the C 1s peak at 284.8 eV. The obtained XPS data was
analyzed using CasaXPS software [87].

The morphology of the obtained samples was determined using a scanning electron
microscope (MIRA3, TESCAN, Brno, Czech Republic) and transmission electron microscope
working in high contrast and high-resolution mode (Hitachi HT7700, Hitachi, Tokyo, Japan).

The surface composition was determined using the energy dispersive X-ray (EDX)
and X-ray fluorescence (EDXRF) analysis. The maps of titanium and dopants (Eu, or La)
elements were performed using the Hitachi HT7700 (Hitachi, Tokyo, Japan) operating in the
STEM mode with a system to the energy dispersive X-ray microanalysis (Thermo Scientific,
Waltham, Massachusetts, USA). The content of appropriate elements was determined using
an Epsilon4 EDXRF spectrometer (PANalytical, Malvern, UK).

Parameters of the porous structure such as BET surface area, pore-volume, and pore
size were determined using a 3FLEX surface characterization analyzer (Micromeritics
Instrument Co., Norcross, GA, USA) by the Brunauer–Emmett–Teller (BET) method based
on low-temperature N2 sorption. The surface area was determined by the multipoint BET
method using adsorption data in a relative pressure (p/p0) range of 0.05–0.30.

The differential reflectance spectroscopy (DRS) was carried out using a Thermo Scien-
tific Evolution 20 (Thermo Scientific, Waltham, Waltham, MA, USA) spectrophotometer
equipped with a PIN-757 integrating sphere. The bandgap energies of the obtained samples
were calculated according to the method presented elsewhere [57].

To determine the thermal stability of the obtained doped materials, a TGA analysis was
performed. For this purpose, the Jupiter STA 449F3 apparatus (Netzsch, Selb, Germany)
was applied.

3.4. Photocatalytic Activity of TiO2-Eu and TiO2-La Systems
3.4.1. The Used Light Source

The synthesized systems’ photo-oxidation activity was evaluated in the degradation
process of metronidazole, which was used as a model pharmaceutical. An innovative
LED lamp based on the COB (chip-on-board) system was used as a light source. Currently,
COB diodes are the most effective source of light in LED lamps. In COB, the integrated
circuits (e.g., microprocessors) are wired, bonded directly to a printed circuit board, and
covered by a blob of epoxy. Thanks to that, the completed LED can be more compact,
lighter, and less costly. In the research, an LED system was used based on a diode with a
wavelength of 395–405 nm and a power of 20 W (BRIDGELUX, Fremont, CA, USA). Due to
the power used, the diode was equipped with an aluminum passive radiator, which allows
the dissipation of the generated heat. Finally, the resulting system was connected to the
driver (TOPXIN Electronics Co., Shenzhen, China), and the obtained power was confirmed,
which was in line with the assumed value. The resulting UV-LED light source is shown
in Figure 13.
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Measurement of the power and energy consumption of the UV-LED lamp was car-
ried out using a GB202 wattmeter (GreenBlue, Maclean Energy, Shenzen, China). The
calculations of the cost of consumed electricity are based on Eurostat data.

3.4.2. The Photo-Oxidation Measurement

The 100 cm3 of the metronidazole with a certain concentration and 100 mg of the TiO2-
Eu or TiO2-La systems were introduced into the reactor. Next, the resulting suspension
was mixed in darkness within 30 min to establish adsorption/desorption equilibrium,
after that the UV-LED lamp was switched on, and the reaction mixture was irradiated.
Every 30 min (up to 180 min, then the irradiation was stopped), 3 cm3 of the suspension
was collected and then filtered and analyzed using a UV-Vis spectrophotometer (V-750,
Jasco, Tokyo, Japan) in the 200–700 nm wavelength range. The maximum absorbance
of metronidazole at wavenumber 319 nm was observed. The photocatalytic activity of
the synthesized system was determined by applying a calibration curve method with the
formula y = 0.028x − 0.009, where x was the metronidazole concentration, and y was the
maximum absorbance value.

The loss of metronidazole content in the solutions after photodegradation was de-
termined by LC-MS/MS technique in MRM (multiple reaction monitoring) modes. The
chromatographic separation was performed using the liquid chromatographic system Ulti-
Mate 3000 RSLC from Dionex (Sunnyvale, CA, USA). For determination of metronidazole
residue after photodegradation, 5 µL samples were injected into a 150 mm × 2.0 mm I.D.
analytical column packed with 3 µm Luna C18 (Phenomenex, Torrance, CA, USA). The
column was kept at 35 ◦C. The mobile phase consisted of water (A) and acetonitrile (B) at a
flow rate of 0.2 mL min−1. The following gradient was used: 0 min 40% B, 2.7 min 100%
B, 3 min 100% B. MS–MS detection was performed in a positive ionization mode with the
precursor ion of analyte-to-fragment ion transitions with associated declustering potential
(V), and collision energies (V) were: MRM1: 172→128, 56, 21; MRM2:172→82, 56, 37. The
first MRM transition was used to quantitate, and the second was used as confirmation. The
analyte was detected using the following settings for the ion source and mass spectrometer:
curtain gas 10 psi, nebulizer gas 40 psi, auxiliary gas 40 psi, temperature 450 ◦C, ion spray
voltage 5500 V, and collision gas set to medium.

Metronidazole degradation products in solutions after photodegradation were deter-
mined by the LC-MS technique. The chromatographic separation was carried out under the
same conditions used to determine the loss of metronidazole after the photodegradation
process. Total ion chromatograms within an m/z range between 100 and 1200 and mass
spectra corresponding to the obtained chromatographic peaks were recorded.

4. Conclusions

The main purpose of the work was to include the microwave technique in the synthesis
of TiO2-lanthanides (Eu or La) systems. The obtained XRD results indicated that regardless
of the analyzed systems, two crystal structures were noted for the obtained samples, anatase
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and rutile. The absence of characteristic peaks from europium and lanthanum on the XRD
patterns may indicate that the dopants particles have high dispersion on the TiO2 surface,
which agrees with the available literature. Moreover, the surface analyzes proved that the
dopants nano-particles are present only on the TiO2 surface without disturbing the crystal
lattice.

The fundamental aspect of the research was the use of a low-cost UV-LED light source
in the degradation process of metronidazole. The obtained results of photo-oxidation
tests confirm the high degradation efficiency for the synthesized materials doped with
selected lanthanides. The highest removal of the tested pharmaceutical was obtained for
the TiO2-0.25%Eu and TiO2-0.25%La systems, for which the degradation efficiency was
nearly 100% after 180 min, while satisfactory results (<90% removal) were obtained after
120 min of irradiation. Finally, the electricity consumption of the UV-LED lamp used in our
research was compared with a conventional high-pressure mercury lamp. The obtained
results indicated 10 times lower power demand, which confirms that UV-LED lamps can
be an alternative to the currently used UV lamps.
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